o de Tunis

UNIVERSITEIDESTUNIS
P‘

. Ecole Nationale
—Nensit s
\ d'Ingénieurs

ats

L

* e ®  GOBIERNO MINISTERIO
b2 'Q DE ESPANA DE ECONOMIA
| 2 ¥ COMPETITIVIDAD

Theése de doctorat
Universitat Politécnica de Valencia (UPV)
En cotutelle avec
Ecole Nationale Supérieure d'Ingénieurs de Tunis (ENSIT)
Université de Tunis

Spécialité : Physique

Préparation et performances d’une cellule photo-catalytique a base
d’hématite pour la génération d’hydrogene

Présenté par

Feriel Bouhjar

Pour obtenir le grade de Docteur

de I’Université de Tunis et de la Universitat Politécnica de Valencia

Juin 2018

Directeur de these :

Dr.Bernabé Mari Soucase (UPV - SPAIN)


Feriel
Typewritten text
Juin 2018

Feriel
Typewritten text
                                                                  
Directeur de thèse :
Dr.Bernabé Mari Soucase (UPV - SPAIN)





INSTITUTO CRTEn
DEDISENOY ===

/ CENTRE DE RECHERCHES
\“"—‘ ETDES TECHNOLOGIES
FABRICACION = Erbisrece -
LY

Laboratoire de Photovoltaique (LPV), Centre de Recherches et des
Technologies de I'Energie, Technopole de Borj Cédria
Group d’optoelectronica i semiconductorsDepartament de
FisicaAplicada — Institut de Disseny i Fabricacié (IDF)




“We are like tenant farmers chopping down the fence around our house for fuel
when we should be using Natures inexhaustible sources of energy — sun, wind
and tide. ... I’d put my money on the sun and solar energy. What a source of
power! I hope we don’t have to wait until oil and coal run out before we tackle
that.”

Thomas Alva Edison, in conversation with Henry Ford. 1931



CuSCN (HTM)

Dopée Cr heterostructures Cellule photovoltaique Bicouche

) Vole QL Vole
lectrochimique hydrothermal

Les articles




Sommaire

Page
REMEICIEMENTS. ...t e 5
RESUME . . .. 7
ADSITACT. . .o 8
LISte deS f1gUIES. . ettt e e e aaeaas 11
Liste des tableauxX. .. ..o 14
Liste des sigles et abrévViations. .. ....o.uieuiiie i 15

Chapitre I :

*Introduction (cadre théorique, problématique, hypothéses...)...........coovviiiiiiiiiinnnn 17
*Structure de 1a theSe ... 21

Chapitre II : Etude bibliographiqUe. .........coocuiiieiiiiiiiieeciie et 25

Chapitre III : Techniques d’élaborations et caractérisations utilisée ..................cccceeeee.. 55

Chapitre IV:

Article 1: Hydrothermal synthesis of Nanostructured Cr-doped hematite with enhanced
photoelectrochemical aCtiVITY........o.uiiiiiii i e 71

Article 2: FElectrochemical fabrication and characterization of p-CuSCN/n-Fe,0;
heterojunction devices for hydrogen production...............cccoeviiiiiiiiiiiiiiniieenee e
91

Article 3: Influence of a compact a-Fe,Os layer on the photovoltaic performance of
perovskite-based solar Cells..........oooiiiiiiiiiii i e 118

Chapitre VI: discussion genérale.............oviiiiiiiiiiiiiii i, 139

Chapitre V: conclusion et recommandations.............oeviiiiviiiiiiiiiei i 143

ANNEXE  (ATTICIES) .ttt ettt e e 147



Remerciements

Je dois mes profonds remerciements et ma profonde gratitude au Tout-Puissant ALLAH,
Créateur de l'univers, et digne de toutes les louanges, qui m'ont béni avec le potentiel, la
capacité et la détermination nécessaires pour mener a bien ce travail de recherche.

Au terme de ce travail, je tiens a remercier tous ceux qui y ont contribué, directement ou
indirectement, lors des deux années et 6 mois de la thése en cotutelle.

Je souhaiterais tout d’abord remercier I’Ecole Doctorale Tunis ainsi que L'Ecole nationale
supérieure d'ingénieurs de Tunis ,Laboratoire de Photovoltaique (LPV) Centre de Recherches
et des Technologies de 1'Energie Technopole Borj Cédria et 1’université polytechnique de
valence (UPV) Groupe d’optoélectronique et semi-conducteurs département de Fisica
Aplicada — Institut de Disseny i Fabricacid (IDF) qui m’ont offert I’opportunité d’effectuer ce
travail de thése dans les meilleures conditions.

Je souhaite exprimer mes sinceres remerciements, mon respect et mon admiration au directeur
de 1'école de physique appliquée, et a l'université polytechnique de Valence pour m'avoir
accepté comme chercheuse dans son groupe de recherche admiré.

Je remercie Monsieur le professeur Soto Camino Juan Universitat Politécnica de Valencia
(UPV - SPAIN), qui m’a fait I’honneur de présider mon jury de thése.

Je tiens également a remercier Monsieur le professeur Ennaoui Ahmed, Institut de
recherche informatique (Qatar), pour leur participation a 1’évaluation scientifique de ces
travaux en tant que rapporteurs et puis en tant que membres dans le jury. Je le remercie aussi
pour la rédaction de rapport dans les délais trés contraignants.

Jadresse mes remerciements a Monsieur le Professeur Mongi Bouaicha, chef de
laboratoire photovoltaique au Centre de Recherches et des Technologies de I'Energie,
Technopole de Borj Cédria, d’avoir accepté de participer au jury de these.

Jaimerai exprimer mon admiration sans limite pour Monsieur le Professeur Brahim
Bessais, directeur de cette thése. Qui m’a encadré pendant toute la durée de cette these. Il a
toujours su m’indiquer les bonnes directions tout en me laissant beaucoup de liberté. Il
possede ce talent de pouvoir expliquer les concepts les plus techniques de maniere tres
simple et pédagogique. J’ai sincérement appréciée de travailler avec lui et je lui suis

extrémement reconnaissante pour tout le temps qu’il m'a consacré, toute la patience dont



il a fait preuve et toutes les qualités humaines qu’il possede. Les mots ne pourront, hélas,
jamais exprimer toute I’ampleur de ma reconnaissance. Je n'oublierai pas ses efforts tout au
long de ma vie.

Je souhaiterais exprimer ma gratitude a Monsieur le Professeur Bernabé Mari Soucase,
directeur du laboratoire de Physique Appliquée a 1’Université polytechnique de valence pour
avoir dirigé ma these. L’existence et la reconnaissance nouvelle du laboratoire doivent
beaucoup a son dynamisme et son engagement qui ont peu d’égal. Sa conception des relations
humaines contribue a créer un climat de travail trés agréable. Sans lui, cette thése n’aurait
jamais €été.

J’ai eu la chance de travailler avec Monsieur le Professeur Miguel Alfonso Mollar qui m’a
beaucoup appris sur le plan expérimental. Ses connaissances dans le domaine de
I’électrochimique m’ont aidé tout au long de ma thése, sans oublier nos discussions
scientifiques qui ont toujours €té fructueuses.

Je remercie également monsieur Dr.Lassaad mohamed Chourou Maitre Assistant (CRTEn)
pour sa disponibilité et ses conseils avis€s concernant 1’¢lectrochimie.

Mes sinceres remerciements vont au parrainage du Ministére de I'Enseignement Supérieur et
de la Recherche Scientifique Tunisie (Université de Tunis), pour mener des recherches
pendant 9 mois a I'Universitat Politecnica de Valencia (UPV) Espagne. Cette étude n'aurait
pas été possible sans ce soutien financier.

De plus, j'aimerais remercier chaleureusement Dr. Shafi ullah pour son aide et son soutien,
grace a sa bonté et sa gentillesse, il a rendu mon séjour a valence possible et sans aucun
problémes.

La reconnaissance ne serait jamais complete sans exprimer ma gratitude a ma famille : mes
fréres et mes sceurs (Fahmi, Faten, Fares et Farah) ¢évidemment, Anis, Ines et Manel et leur
soutien inconditionnel a joué un role clé¢ dans mes efforts de recherche et sans oublier mes 7
petits adorables (Fariheéne ,Fakhredine, Rayan, Fahed, Adam, Fadi et Anas) que dieu les
protege.

Je remercie du fond du coeur mes parents Jilani et Jamila pour m’avoir toujours permis de
suivre le chemin des études. Merci pour leur soutient, leurs encouragements et surtout leur
amour qui a toujours €té une source motivante. Je remercie spécialement Ma mére Jamoula
pour tout ce qu’elle a fait pour moi. Elle a beaucoup sacrifi¢ pour m’offrir toutes les
conditions nécessaires afin que je puisse devenir ce je suis. Ma reconnaissance envers elle est
inexprimable.

Milles excuses a tous ceux que j’aurais oublié.



RESUME(Francais)

L’hydrogene est un vecteur énergétique qui a déja démontré ses capacités a pouvoir remplacer
le pétrole en tant que carburant.Cependant, les moyens de production actuellement mis en
ceuvre restent fortement émetteurs de gaz a effet de serre. La photo-¢lectrolyse de I’eau est un
procédé permettant, a partir d’énergie solaire, de séparer les composés élémentaires de 1’eau
que sont I’hydrogéne et I’oxygene en utilisant un semi-conducteur aux propriétés physiques
adéquates.L'hématite (a-Fe,O3) est un matériau prometteur pour cette application en raison de
sa stabilité chimique et de sa capacité a absorber une partie importante de la lumiere (avec une
bande interdite comprise entre de 2.0 — 2.2 eV). Malgré ces propriétés avantageuses, il
existe des limites intrinseques a l'utilisation de 1’oxyde de fer pour le craquage
photoélectrochimique de l'eau. La premiere contrainte est la position de sa bande de
conduction qui est inférieure au potentiel de réduction de l'eau. Cette contrainte peut étre
surmontée par l'ajout en série d'un second matériau, en tandem, qui absorbera une partie
complémentaire du spectre solaire et amenera les €lectrons a un niveau énergétique plus €levé
que le potentiel de dégagement de 1'hydrogeéne. Le second obstacle provient du désaccord
entre la courte longueur de diffusion des porteurs de charges et la longue profondeur de
pénétration de la lumiere. Il est donc nécessaire de controler la morphologie des ¢lectrodes
d’hématite sur une échelle de taille similaire a la longueur de transport du trou.

Dans cette theéseun nouveau conceptest introduit pour améliorer les performances
photoélectrochimiques. En utilisant la méthode hydrothermale nous avons déposé des couches
minces d'hématite dopées au Cr sur des substrats en verre conducteur. Nous avons aussi
préparépar voie ¢€lectrochimique une hétérojonctionp-CuSCN/n-Fe,O; en déposant
séquentiellement du a-Fe,Os et des films de CuSCN sur des substrats FTO (SnO,: F).Enfin
nous avons utilisédes couches minces uniformes et denses d'oxyde de fer (a-Fe,O3) comme
couche de transport d'¢électrons (ETL) a la place du dioxyde de titane (TiO,)
conventionnellement utilis¢ dans des cellules photovoltaiques a base de pérovskites
CH;3NH;Pbl; (PSC). Ce dernier concept a montré une augmentation du photocourant de 20%
et d’un IPCE30 fois plus grand que I’hématite simple, suggérant une meilleure conversion des
longueurs d'onde élevées (> 500 nm).

Mots clés:

Photoélectrochimie, division de l'eau, production d'hydrogene, évolution de I'oxygene, semi-

conducteurs métal-oxyde, hématite, oxyde de fer, nanostructures, surface.



ABSTRACT (Anglais)

Hydrogen is an energy carrier that has already demonstrated its ability to replace oil as a fuel.
However, the means of production currently used remain highly emitting greenhouse gases.
Photo-electrolysis of water is a process that uses solar energy to separate the elemental
compounds of water such as hydrogen and oxygen using a semiconductor with adequate
physical properties. Hematite (a-Fe,O3) is a promising material for this application because of
its chemical stability and ability to absorb a significant portion of light (with a band-gap
between 2.0 - 2.2 eV). Despite these advantageous properties, there are intrinsic limitations to
the use of iron oxide for the photoelectrochemical cracking of water. The first constraint is the
position of its conduction band, which is lower than the water reduction potential. This
constraint can be overcome by the addition in series of a second material, in tandem, which
will absorb a complementary part of the solar spectrum and bring the electrons to a higher
energy level than the potential of hydrogen release. The second obstacle comes from the
disagreement between the short diffusion length of the charge carriers and the long light
penetration depth. It is therefore necessary to control the morphology of the hematite
electrodes on a scale of similar size to the transport length of the hole.

In this thesis a new concept is introduced to improve the photoelectrochemical performances.
Using the hydrothermal method we deposited thin layers of Cr-doped hematite on conductive
glass substrates. We also electrochemically prepared a p-CuSCN / n-Fe,O3 heterojunction by
sequentially depositing a-Fe,Os and CuSCN films on FTO (SnO,: F) substrates. Finally, we
have used uniform and dense thin layers of iron oxide (a-Fe,O3) as an electron transport layer
(ETL) in place of titanium dioxide (TiO;) conventionally used in photovoltaic cells based on
perovskites CH3;NH;3;Pbls (PSC). This latter concept showed a 20% increase of the
photocurrent and an IPCE 30 times greater than the simple hematite, suggesting better
conversion of high wavelengths (> 500 nm).

Keywords:

Photoelectrochemistry, Water Splitting, Hydrogen Production, Oxygen Evolution, Metal-

Oxide Semiconductors, Hematite, Iron Oxide, Nanostructures, Surface.



RESUM (Valencia)

L'hidrogen ¢és un proveidor d'energia que ja ha demostrat la seva capacitat per reemplagar el
petroli com a combustible, perd els mitjans de produccid actuals continuen essent fortament
emissors dels gasos responsables d'efecte hivernacle. La fotoelectrolisi de 1'aigua és un procés
que, a partir de l'energia solar, separa els compostos elementals d'aigua com I'hidrogen i
l'oxigen utilitzant un semiconductor amb propietats fisiques adequades. La hematita (a-Fe,O5)
¢s un material prometedor per a aquesta aplicacidé a causa de la seva estabilitat quimica i
capacitat d'absorbir una porci6 significativa de la llum (amb un gap entre 2,0 i 2,2 eV).
Malgrat aquestes propietats avantatjoses, hi ha limitacions intrinseques per a 1as d'oxid de
ferro per a la descomposicio fotoelectroquimica de 1'aigua. La primera restriccio €s la posicio
de la seva banda de conduccidé que és inferior al potencial de reduccidé d'aigua. Aquesta
limitacié es pot superar mitjancant 1'addicid en serie d'un segon material, en tandem, que
absorbira una part complementaria de l'espectre solar 1 portar els electrons a un nivell
d'energia més alt que el potencial per a I'alliberament d'hidrogen. El segon obstacle prové del
desacord entre la curta durada de la difusi6 dels portadors de carrega i la llarga profunditat de
penetracio de la llum. Per tant, €s necessari controlar la morfologia dels eléctrodes d'hematita
en una escala de mida similar a la longitud del forat del transport.

En aquesta tesi, es presenta un nou concepte per millorar el rendiment fotoelectroquimic.
Mitjangant el metode hidrotermal es van dipositar capes primes de hematita Cr-doped sobre
substrats de vidre conductor. També s’han preparat electroquimicamentheterounions de tipus
p-CuSCN/n-Fe,05 dipositant seqiiencialment una capa de a-Fe,O; 1 altra de CuSCN sobre
substrats FTO (SnO,: F).Finalment, s’han produit cél-lules solars de perovskitesi oxid de
ferro. Per aixo es va depositaruna capa prima,densai uniforme d’oxid de ferro (a-Fe,Os) com
a capa de transport d'electrons (ETL) en lloc de dioxid de titani (TiO;) que s'utilitza
convencionalment en les cel-lules fotovoltaiques de perovskita hibrida del tipus CH3;NH;3Pbl;
(SGP). Aquest ultim dispositiu va mostrar un augment del fotocorrent del 20% i1 una IPCE30
vegades superior a la hematita simple, la qual cosa suggereix una millor conversio a longitud
d’ones per sobre de 500 nm.

Paraules clau:Fotoelectroquimica, divisié d'aigua, produccié d'hidrogen, evolucio d'oxigen,

semiconductors d'oxids metal-lics, hematita, 0xid de ferro, nanoestructures.



RESUMEN (Castellano)

El hidrégeno es un portador de energia que ya ha demostrado su capacidad para reemplazar el
petroleo como combustible. Sin embargo, los medios de produccion actualmente en uso
siguen siendo altamente emisores de gases de efecto invernadero. La foto-electrélisis del agua
es un proceso que, a partir de la energia solar, separa los compuestos elementales del agua
como el hidrogeno y el oxigeno utilizando un semiconductor con propiedades fisicas
adecuadas. La hematita (a-Fe,O3) es un material prometedor para esta aplicacion debido a su
estabilidad quimica y su capacidad para absorber una porcion significativa de la luz (con una
banda prohibida entre 2.0 - 2.2 eV). A pesar de estas propiedades ventajosas, existen
limitaciones intrinsecas al uso de 6xido de hierro para la descomposicion fotoelectroquimica
del agua. La primera restriccion es la posicion de su banda de conduccion que es menor que el
potencial de reduccion de agua. Esta limitacion se puede superar mediante la adicion en serie
de un segundo material, en tdindem, que absorberd una parte complementaria del espectro
solar y llevar a los electrones a un nivel de energia mas alto que el potencial para la liberacion
de hidrégeno. El segundo obstaculo proviene del desacuerdo entre la corta longitud de
difusién de los portadores de carga y la profundidad de penetracion larga de la luz. Por lo
tanto, es necesario controlar la morfologia de los electrodos de hematita en una escala de
tamafo similar a la longitud de transporte del orificio.

En esta tesis, se introduce un nuevo concepto para mejorar el rendimiento fotoelectroquimico
de la hematita. Usando el método hidrotermal depositamos capas delgadas de hematita dopada
con Cr en sustratos de vidrio conductivo. También se ha preparado por medios
electroquimicos una heterounion del tipo p-CuSCN/n-Fe,Os depositando secuencialmente una
capa de a-Fe;Os y una pelicula de CuSCNsobre sustratos de FTO (SnO;: F).Finalmente, se ha
preparado células solares de perovskitas y 6xido de hierro. Para ello se depositdé una capa
delgada, densa y uniformede 6xido de hierro (a-Fe,Os) como capa de transporte de electrones
(ETL) en lugar de dioxido de titanio (TiO,) que se utiliza convencionalmente en las células
fotovoltaicas perovskitastipoCH3;NH;Pbls; (SGP). Este tltimo dispositivo mostré un aumento
en la fotocorriente del 20% y un IPCE30 veces mayor que la hematita simple, lo que sugiere
una mejor conversion de las longitudes de onda por encima de 500 nm.

Palabras clave:

Fotoelectroquimica, division de agua, produccion de hidrégeno, evolucion de oxigeno,

semiconductores de 6xido de metal, hematita, 6xido de hierro, nanoestructuras
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Figure 7: Vertical cross section of (a) a-Fe, O3 (A), (b) a-Fe,Os/a-Fe,O; thin films.

Figure 8 A: EDX spectrum for (a) MAPDI;, (b) a-Fe O3 (A)/a-Fe,03(B), (¢) a-Fe,O3(A)/a-
Fe,03(B)/MAPDI;, and (d) solar cell.
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Figure 8 B: EDX mapping for(a) a-Fe,O3(A)/a-Fe,O3(B)/MAPDI;, (b) Fe map, (¢) O map, (d)
C map, (e) N map, (f) Pb map and (g) I map.

Figure 9: Transmission and Tauc plot (inset) of a-Fe,Os/a-Fe,Osbilayer

Figure 10: Absorbance (a) and Transmission (b) plots of perovskite thin films.

Figure 11: Taucplot of the perovskite thin films.

Figure 12: Photocurrent intensity for a-Fe,Os3(A), a-Fe,O3(B) and a-Fe;Os/a-Fe,Os (bilayer)
electrodes under successive on/off illumination cycles, measured in 1 M NaOH electrolyte
under a bias potential of +0.1 V.

Figure 13: IPCE for a-Fe,O; (A), a-Fe,O3; (B) and a-Fe,Os/a-Fe,Os(bilayer) at 0.4 V (vs.
Ag/AgCl) applied potential in N, degassed 1 M NaOH.

Figure 14: J-V curve solar cell devices in the dark and illumination.

Liste des tableaux

(Article 1) :

Table I: Summary of the results obtained for doped hematite photoelectrodes, fabrication
methods and photoelectrochemical characteristics

Tablel: Variation of the crystallite size of undoped and Cr-doped a-Fe,O3 vs Cr content.
Table 2: Optical band-gap for a-Fe,Os thin films having different Cr-doping.

Table 2: EDS analysis (atomic percent of elements) in undoped and Cr-doped a-Fe;Osfilms.
(Article 2):

Table I. Hematite-based heterostructures, including fabrication methods, suggested charge
transfer and photoelectrochemical characteristics.

(Article 3):
Table 1. Photovoltaic performance of perovskite (MAPbI3) solar cells. Jsc, Voc and FF stand
for short-circuit current density, open-circuit voltage, and fill factor, respectively.

Table 2: Photovoltaic parameters of Perovskite solar cells.

14



Liste des Abréviations et des Symboles

A Absorption coefficient

AC Alternatingcurrent

AFM Microscopie a force atomique
ALD Atomic layer deposition

APCVD Atmospheric pressure CVD

C Capacitance (in F)

CVvD Chemical vapor deposition

DSC Dye-sensitized solar cell

DRX Diffraction des Rayons X

E Elementary charge (= 1.602 10" C)

Ec Potential of the edge of the conduction band (in V)
EDS Spectroscopie a Dispersion d'Energie

Er Fermi energylevel (in eV)

Eg Bandgap energy (in eV)

ERredox Redox potential or electrolyte energy mediator (in V)
EV Potential of the edge of the valence band (in V)

AJmax Maximum of the photocurrent transient (in mA cm ?)

AJSS Photocurrent transient amplitudes in NaOH, difference between steady state
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AJSS, H,O, Photocurrent transient amplitudes in NaOH + H,O,, difference between steady
state values (in mA cm )

ANIPCE Difference in normalized IPCE measurements

AVSS, H,O, Photovoltage transient amplitudes in NaOH + H,0,, differencebetween steady

state values (in V)

€0 Permittivity of free space (= 8.85419 102 Fm™")

€, €sC Dielectric constant

H, dihydrogene

EIS Electrochemicalimpedancespectroscopy

ETL couche de transport d'électrons (Electronic Transport Layer)

FTO Oxyde d'¢tain dopé¢ au Fluor (F doped SnO,)
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ks Boltzmann constant (= 1.380 10-23 J K"
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OER Oxygen evolution reaction
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RHE Reversible hydrogen electrode

SCE Saturated calomel electrode

STH Solar-to-hydrogen conversion efficiency
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TEM Analyse par microscopie électronique a transmission
UV-vis Ultraviolet-visible

Vp or Vapp.  Applied bias potential (in V)
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Vi Flat-band potential (in V)
VRHE Volts vs. RHE
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Chapitre I
Introduction



I. Introduction et problématique
I.1 Contexte général

La crise énergétique est devenue un mot qu’on entend presque tous les jours. La vulnérabilité
des prix des ressources €nergétiques fossiles a souvent augmenté durant les dernieres années.
Toutefois il y a des débats sur I’origine de cette crise, réserves manquantes ou causées par des
spéculations. Afin de surmonter cette crise apparente et prévisible, il y a des recherches
intenses sur des énergies alternatives. Les philosophies majeures derriere ces approches sont
la durabilité¢ et I'omniprésence de fournir éternellement de I'énergie avec les ressources
domestiques. Ainsi les formes d’énergies préférées sont celles collectées naturellement
comme les énergies solaires, €¢olienne et géothermique. Ces sources d’énergie primaires sont
difficiles de les utiliser telles qu’elles, en effet elles doivent €tre converties sous une forme
secondaire adéquate et facilement utilisable.

De plus ces sources d’énergie naturelles existent avec des aspects de basse densité dans le
milieu urbain, nécessitant parfois des conditions environnementales extrémes pour un
maximum d’efficacité. Ainsi, les installations d’énergie solaire dans le désert ou les éoliennes
en pleine mer en sont de bons exemples.

Pour ces raisons, 1’¢lectricité est typiquement générée sur des sites lointains des
agglomérations et est préte a étre transportée et distribuée a travers le réseau vers les
consommateurs finaux. Ainsi, a quoi bon est-on amené a produire et délivrer 1’énergie sous
forme chimique?

1.2 Nécessité de I’énergie chimique renouvelable

La figurel montre les prévisions par secteur d’utilisation de I’énergie primaire aux Etats Unis
comme exemple[

1].

La plupart de la consommation industrielle, commerciale et résidentielle est consommeée par
des installations fixes, opérant donc en puisant leurs énergies sur le réseau de distribution
¢lectrique. Toutefois, une large part de la consommation énergétique est sous forme
d’énergies stockées, ou bien énergies hors du réseau.

Un bon exemple est le transport qui compte plus que 25% du total de la consommation
comme le montre la figurel, en plus les installations de secours, les installations
physiquement séparées, les appareils mobiles nécessitent des matrices de stockage d’énergie

pour des opérations hors du réseau. Ceci amene a prendre des mesures pour satisfaire la
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demande des opérations hors du réseau en plus de la demande en relation avec le réseau de

distribution.
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Figure 1.1 : Utilisation de [’énergie primaire par secteur [1], 2009-2035 (quadrillion btu)
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Figurel.2 : Energie théorique spécifique d’une sélection de matériaux

En considérant que le réseau électrique constitue le ceeur de notre infrastructure, la batterie
semble mériter alors d’étre un choix de premier ordre. La figure2 [2] présente une liste de
matrices de stockages en fonction de leurs énergies spécifiques. Bien qu’il soit clair d’aprés la
figure2 que les batteries ont une plus basse énergie spécifique comparée aux sources d’énergie
d’origine chimique, leur fabrication simple leur donne de grands avantages incluant la
miniaturisation des construits et une incorporation facile dans les appareillages. En plus,
comme il n’y a pas une nécessité d’échange physique de matiére alors les batteries sont

appropriées pour les appareils portatifs comme les outils électroniques essentiellement.

19



Il y a des essais en cours pour ¢tendre 1’usage des batteries dans des applications plus
énergivores tel que le transport. Toutefois, comme le montre la figure2, malgré que les
chercheurs aient développé des batteries a haute énergie spécifique, leurs contenus
énergétiques sont encore plus bas que les combustibles chimiques conventionnels. Cela
montre que les technologies actuelles des batteries ne peuvent pas compleétement répondre a
toutes les demandes du transport terrestre par exemple. Ceci est plus problématique dans le
transport aérien et maritime. Malgré la perte énorme d’énergie sous forme de chaleur, la turbo
propulsion est le choix dominant pour les moteurs d’avions a cause de sa haute poussée
spécifique. Selon ces aspects I’'idée de remplacer les combustibles chimiques avec les
batteries est encore prématurée dans les domaines a utilisation intensifs en énergie. Le
rechargement des batteries est un autre sujet a considérer sur le plan pratique. En effet, tandis
que le combustible chimique peut étre rechargé pendant quelques minutes, le rechargement
des batteries prend des heures d’alimentation continue. Enfin la dégradation a long terme des
batteries augmente le colt global de leur exploitation.

Malgré que I’hydrogéne ait une excellente énergie massique spécifique, sa basse densité
volumique lui donne le titre de la plus mauvaise matrice énergétique en volume spécifique. En
plus, sa nature explosive fait apparaitre des contraintes de sécurité pour le stockage. Dans la
pratique il est stocké sous forme de gaz compressé ou combiné a une phase appropriée a
travers des liaisons chimiques. Les premieres méthodes étaient accompagnées de problémes
de sécurité et pour les dernicres solutions, les technologies sont encore dans un stade peu
avancé. Une derni¢re alternative de stockage, qui semble la plus intéressante, consiste a
intégrer I’hydrogéne solaire dans les procédés de synthese d’hydrocarbures synthétiques
[3,4,5](procédés Fisher-Tropsch). Dans ce procédé, largement utilis€é, des liquides
synthétiques d’hydrocarbures sont fabriqués a partir d’hydrogeéne. En utilisant 1’hydrogéne
issu, de la photo-¢lectrolyse de 1’eau dans le procédé Fisher-Tropsch, on arrive a le stocker
sous une autre forme chimique trés stable. Cette option de stockage est trés convenable non
seulement parce qu’elle fournit une phase condensée sécurisée semblable aux hydrocarbures
déja utilisés, mais aussi elle permet d’intégrer facilement les vastes infrastructures de
I’économie basée sur les énergies fossiles déja existantes (stations de carburants, fabrication
de plusieurs dérivés du pétrole ...). En conclusion, I'utilisation de I’hydrogeéne et son stockage

devraient étre pensés simultanément.
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Structure de la these

Le chapitre 1consiste en uneintroduction, dans laquelle le cadre de la these est défini.

Le chapitre 2 consiste en une ¢étude bibliographique, consacréeessentiellement a la
présentation del’aspect fondamental de 1’échange et de transfert de charge dans un systeme
photo-¢électrochimique (PEC) et regroupe les différentes propriétés des matériaux étudiés dans
le courant de ce travail. Le chapitre 2est divisé en trois parties. Dans la premiére partie, nous
donnons des notions sur la photoelectrolyse de 1’eau et le systéme photoé¢lectrochimique avant
d’aborder la description des phénomeénes ayant lieu a I’interface semiconducteur/électrolyte a
I’obscurité et sous éclairement. Dans la deuxiéme partie, on a parlé du choix des semi-
conducteurs pour les mesures PEC. La troisieme partie présente les matériaux étudiés en
donnant leurs propriétés structurales, électriques et optiques, les techniques de préparation de
ces matériaux sous forme nanométrique ainsi que leurs domaines d’application qui sont en
lien direct avec leurs propriétés et leur morphologie.

Le Chapitre 3concerne la partie expérimentale, les techniques et les caractérisationsutilisées
au cours de ce travail.

Le chapitre 4comprend trois articles publiés dans des revues scientifiques indexées, et
constitue le corps principal de la theése. Dans le premier article, nous avons déposé des
couches minces d'hématite sur des substrats en verre conducteur dopées au Cr en utilisant la
méthode hydrothermale. Dans le deuxiéme article nous avonspréparé une hétérojonctionp-
CuSCN/n-Fe,0; en déposant séquentiellement a-Fe,O; et des films de CuSCN sur des
substrats FTO (SnO,: F).Dans le troisieme article, des couches minces d'oxyde de fer a-Fe,O;
uniformes et denses sont utilisées comme couche de transport d'électrons (ETL) dans des
cellules photovoltaiques a base de pérovskites CH3NH;Pbl; (PSC).

Les publications de cette thése :

Le premier article estintitulé "Hydrothermal synthesis of Nanostructured Cr-doped hematite
with enhanced photoelectrochemical activity” [6].Cet article a été publi¢ le 10 janvier
2018dans « Electrochimica Acta »(Volume 260, 10 January 2018, Pages 838-846),le facteur
d'impact en 2017 était de 4.798. Dans cet article nous avons utilisé la méthode hydrothermale,
pour préparer des couches minces d'hématite dopées au Cr sur des substrats en verre
conducteur. La réponse photoélectrochimique montre que les échantillons sont efficaces pour
la décomposition de 1'eau et que le niveau de dopage affecte le rendement photocatalytique

des films. L'échantillon optimal est a-Fe,O3 dopé avec 16% de Cr. On pense que ce résultat
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pourrait étre bénéfique dans les domaines de la photocatalyse et des dispositifs
photoélectriques.

Le deuxieme article présenté¢ dans cette thése est intitulé "Electrochemical fabrication and
characterization of p-CuSCN/n-Fe,Osheterojunctiondevices for hydrogen production "
[7].Cet article a été publié dans « Journalof the ElectrochemicalSociety » en 2017 (Volume
164, issue 13, H936-H945).Le facteur d'impact en 2017 était de 3.25.Dans ce travail, nous
décrivons la fabrication d’une hétérojonction a travers le dépdt €lectrochimique de films a-
Fe;O3/CuSCN. Ayant diverses compositions, les films de CuSCN ont ¢été¢ déposés sur des
surfaces lisses de o- Fe,Os;. La caractérisation des films a été réalisée en utilisant des
techniques de diffraction des rayons X (XRD) et FESEM.

Le troisieme article intitulé « Influence of a compact a-Fe,Os layer on the photovoltaic
performance of perovskite-basedsolarcells» [8] a ¢été publié dans « Journalof the
Electrochemical Society» en 2018(Volume 165(2) H30-H38).

Cet article se concentre principalement sur le dépdt d'un film compact de a-Fe,Os et son
impact sur la croissance de la couche de perovskite, fournissant une compréhension globale
des propriétés de l'interface a-Fe,O3 / perovskite. L'impact de la croissance du film a-Fe;Os
sur les propriétés de l'interface a-Fe,Os / perovskite et sur les performances des PSC est
¢tudié. Un film a-Fe,Os morphologiquement uniforme permet d'obtenir un PEC de 5,7%. Ces
résultats montrent la possibilité d'application de a-Fe,O; dans les PSC et fournissent le
principe du choix de la couche de transport d'électrons pour des PSC efficaces.

Apres la compilation des articles, le chapitre 5 présente une bréve discussion sur les
principaux résultats obtenus tandis que le chapitre 6 présente les conclusions finales de la

theése ainsi que la réalisation des objectifs proposés et les futures lignes de travail.
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Chapitre I1

Etude bibliographique



I .Photoélectrolyse de I'eau
I.1.Principe de base et détails de la technologie

Le principe de la décomposition photoélectrochimique de 1’eau est basé sur la conversion de
I’énergie lumineuse en électricité dans une cellule impliquant deux électrodes, immergées
dans une solution aqueuse ¢électrolytique, ou aumoins une €lectrode est composée d’un semi-
conducteur expos¢ a la lumiere et capable de 1’absorber. Cette €lectricité est ensuite utilisée
pour 1’¢lectrolyse de I’eau.

Par définition, la photoélectrolyse de I’eau consiste a dissocierla molécule d’eau par le
courantélectrique généré¢ pour donner suite al’éclairement d’un semi-conducteur qui joue le
role d’un photocatalyseur. En effet, les cellules photoélectrochimiques (PEC) immergées dans
un ¢lectrolyte aqueux et illuminées par la lumiere solaire peuvent décomposer l'eau en
hydrogene et en oxygene. Sous leur forme la plus simple, elles peuvent étre décrites comme
des dispositifs photovoltaiques/électrolytiques intégréesou monolithiques. Une large variété
de processus PEC et de photocatalyse susceptibles de dissocier l'eau sont ¢tudiés de par le
monde. Quatre étapes principales sont mises en jeu dans le processus photoélectrochimique de

la dissociation de I'eau. La figure 1 résume les quatre étapes.

B.o l CB—\C H2 ﬁ-
= H,0
.G. —— |
<02 hv OZD
VBTN H0

2 H,0O |
n-type Counter p-type g Counter
semiconductor electrode semiconductor electrode
electrode electrode

Figure I1.1 : Schémas de principe de la photoélectrolyse de I’eau

+ La premiére étape consiste a générer des paires d'électrons-trousa la surface du semi-
conducteur (photoanode ou photocathode) lorsque celui-ci est soumis a la lumicre
visible.

« La deuxieme étape correspond a 1’oxydation de 1'eau a la surface de la photoanode (ou
réduction de I’eau a la surface de la photocathode) suite a la création des pairs

électrons-trous.
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o,

% La troisiéme étape englobe le transport des ions hydrogéne (H") et des électrons de la
photoanode a la cathode (ou de 1’anode a la photocathode) respectivementvia
I'électrolyte et la connexion électrique.

% Enfin, les électrons présents a la cathode (ou a la photocathode) réduisent les ions H"

pour former des molécules d'hydrogéne (H»).

I.2. Description du processus

Le courant électrique dissocie la molécule d'eau (H,O) en ions hydroxyde (HO") et
hydrogéne H' : dans la cellule électrolytique, les ions hydrogéne acceptent des électrons a la
cathode dans une réaction d'oxydoréduction en formant du dihydrogene gazeux (H,), selon la
réaction de réduction :

2H* + 2e~ —» H,(g9) 1)
Du coté de I’anode des ions hydroxyde sont oxydésperdant ainsides électrons, ce qui

permetde « fermer » le circuit €lectrique (équilibre de la réaction chimique en charge) :
2H,0(l) » 0,(g) + 4H* (aq) + 4e~ (2)

Ce qui donne I'équation de décomposition par ¢lectrolyse suivante :
2H,0(l) > 2H;(g) + 0:(g) 3)

La quantité de dihydrogene gazeux produite est donc deux fois celle dudioxygene. Selon la loi
d'Avogadro, le volume récupéré de dihydrogene produit est aussi deux fois plus important que
celui dudioxygene.

En utilisant 1’équation de Nernst, il est possible de déterminer le potentiel des réactions

d’oxydation et de réduction de I’eau en fonction du pH :

EH;0% /H, = —0.06XpH//E0,/H,0 = 1.23 — 0.06xpH (4)

Lors de 1'¢lectrolyse de l'eau, deux électrodes métalliques sont plongées dans une solution
d’eau et une différence de potentiel est appliquée entre ces électrodes. La Figure 2 montre que
le courant obtenu varie fortement lors de la réduction de I’eau pour un potentiel de ~0V, puis
lors de I’oxydation de I’eau pour un potentiel ~1.23V a un pH de I’ordre de 0. Dans le cas ou
on utilise un solvant, la différence de réaction cinétique entre le solvant et le métal pour

I’oxydation et la réduction de 1’eau provoque des décalages de potentiels réactionnels. Les
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domaines définis autour du potentiel d’oxydation ou de réduction sont nommés « domaine de
surtension » et sont caractérisés par une augmentation de type exponentielle du courant pour
I’oxydation et une diminution du méme type pour la réduction.

Domaine de surtension anodique

4 i

H,0 5=> 1/20,

I >

|
1.23V V

A s o,
b
AII SIS

I
N
A
Il
{

Domaine de surtension cathodique

Figure I1.2 : Courbe I(V) observée lors de l'électrolyse de l'eau a pH = 0.

I.3.Cellule Photoélectrochimique (PEC)

1.3.1. Définition

Laphotoélectrochimie est la partie de la chimie qui étudie les processus d’échanges
¢lectroniques qui sont initiés ou induits par uneradiation lumineuse arrivant sur un matériau.
Honda [
1] a définila photoélectrochimie comme étant I’ensemble des réactions mises en jeu sur une
¢lectrode dansun état excité. L’excitation peut concerner directement I’électrode métallique
ou semi-conductrice ou les molécules adsorbées a la surface d’une électrode ou bien a
I’interface ¢lectrode/électrolyte. Cesréactions peuvent étre une suite d’excitations des
composés réactifs en solution. La photoélectrochimie concerne plus les matériaux semi-
conducteurs. C’est une technique puissante permettant d’évaluer la photoactivité ou 1’activité
sous radiationappropri¢e des matériauxsemi-conducteurscristallins ou nanocristallins, tels que
le TiOy[2]ou autres. Ainsi, une réaction photoélectrochimique est I’ensemble des phénomenes
qui permettent la conversion de 1’énergie des photons d’une radiation lumineuse en énergie
électrique (paires €lectron-trou), cette derniere énergie pouvant induire ensuite des réactions
chimiques telles que les réactions d’oxydation et de réduction. La nature du courant et du
potentiel rend compte des réactions qui se déroulent a I’interface de I’¢lectrode de travail (ET)
et I’¢électrolyte. Les réactions qui ont lieu a la surface de 1’¢électrode de travail en contact avec

I’¢lectrolyte dépendent de la nature de 1’¢lectrode oudu matériau, mais aussi des entités que
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comportent 1’¢électrolyte. En variant le potentiel, le courant varie. Le potentiel est varié entre
un premier potentielE; et un deuxieme E; et ce domaine de potentiels définit alors la zone
d’¢lectro-activité. Ce domaine est souvent petit de ’ordre de 1V afin de pouvoir détecter les
réactions d’oxydation et de réduction soit du matériau soit des composés présents dans
I’¢lectrolyte.Dans le domaine d’¢électro-activité, 1’ensemble des phénomenes peuvent étre
¢lucidés par la chimie des interfaces qui explique lemouvement ou le transfert des charges et
la variation d’énergie des bandes aux interfaces semi-conducteur/€lectrolyte et interfaces

métal/électrolyte.

1.3.2 Interfaces semi-conducteur/électrolyte

L’¢tude des processus aux interfaces semi-conducteur/¢électrolyte
s’averetresintéressante et importante pourlestechnologiesportantsurlacorrosion, 1’électro-
catalyse la détection, les batteries et la photocatalyse etc. [3]. La grande particularité des semi-
conducteursestlapossibilitéd’introduction de certaines
impuretésquipeuventaugmenterlenombredeporteurs decharges deplusieursordresde grandeur.
L’oxyde de Fer est un semi-conducteur naturellement de type n car les porteurs négatifs sont
plus nombreux que les porteurs positifs. Si n; représente la densité intrinseque de

porteursdechargespositives ou négatives, les approximations de Maxwell Boltzmann donnent

nxp = n} )]
Avec :
E.—Ef
n=N_.ex <——> 6
Ef-E,
p = Ny exp (— ;7) r e e v e (7))

ou N, et N, représentent respectivement les densités d’états dans la bande de conduction et
dans la bande de valence, kg est la constante de Boltzmann et Efest le niveau de Fermi défini
comme étant lepotentielderéférencepourl’occupationdesniveaux
d’énergie:c’estlepotentielélectrochimiquedesélectronsdansun ~ matériau il estconstanta

I’équilibre (pas de tension imposée ni d’injection ou création de porteurs).

1.3.3 Choix des électrodes pour le syst¢éme PEC
Deux critéres sont essentiels pour le choix des matériaux semi-conducteurs des cellules PEC:
l'existence d'une bande interdite "parfaite" (large gap) et la possibilit¢ d'éviter la

recombinaisondesporteursde charge. L'énergie minimale théorique du photon devant étre
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absorbée par une photoanode "parfaite" est de 1.23
eV.C'estlaforceélectromotriceminimalethéoriquenécessaireauxcellulesPECpour  dissocier la
molécule d'eau.

Trois concepts de systéme peuventétre envisagés pour dissocierl’eau : lessystémesa
photoélectrode  simple, a double photoélectrodes et les systémes hybrides
photoélectrode/photovoltaique.Du point de vue matériaux, des semi-conducteurs alarge gap
(comme le ZnO, TiO; et Fe,03) fournissentla tensionsuffisante pour assurerla décomposition
de I’eau. En effet, le dioxyde de titane (Ti0O;) est le matériau photoé¢lectrode le plus étudié ; il
a été testé avec succes dans des cellules PEC par Honda et Fujishima dés le début des années
1970. Toutefois, le champ d'investigations'estélargial'utilisationd'autresmatériauxsemi-
conducteurs,plusparticuliérementl’oxyde de Fer hématite (Fe,Os), le vanadate de bismuth
(BiVOQ,), 'oxyde de zinc (ZnO) et le trioxyde de tungstene (WOs). La phototension des
cellules PEC qui s'applique a chacun de ces matériaux photoanodes étant inférieure a 1.23eV,
latension de polarisation nécessaire pour dissocier I'eau.L.’Université des Sciences de Tokyo a
fait part, début janvier 2007, des progrés dans cette technologie en utilisant un
photocatalyseur réalisé a partir d’un sulfure mixte Ag-Cu-In avec du Ru en surface. Ce
photocatalyseur captetoutelalumiere visible dansla gamme 400 — 800 nm. De I’hydrogene
estformé avec un debit de 3.1 1/h.m?. [4].Desprototypesamulti-
jonctionsontpermisdesrendementsdel’ordrede12a14%, maisavecdes instabilités de systéme
[12].Enrevanche,desrendementsstablesde10%devraientpouvoirétreatteints. Unsystéme, étudié
en Suisse appelé¢ dual-bed, comporte des zones de production d’hydrogeéne et d’oxygéne
séparées, afin de permettre une meilleure optimisation des deux réactions. Ce systéme
comprend une photoanode en couche mince de WO; polycristallin et une
cellulesolairecathode en TiO, avec un colorant DSC, en 1999 le rendement global a atteint
5 %. Des travaux de développement en cours sur ce systéme sont orientés sur la recherche de
nouveaux matériauxd’électrodes,commel’hématite(a-Fe,O3)entant que photoanode, ou encore

sur le développement de pigments organiques [12].

1.3.4 Courant d’oxydation et courant de réduction
Les ¢lectrons etlestrous peuvent diffuser del’interface ouils sont produits versl’intérieur selon
le niveau de Fermi du semi-conducteur.
Uncourantd’oxydationoucourantanodiqueestcomptéparconventionpositivement.Il
correspondaladiffusiondesélectronslorsqu’ilssontmajoritairesalorsquel’onauraun courant

cathodique dans le cas ou se sont les trous majoritaires qui diffusent. C’est-a-dire que le
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courant anodique se produit lorsqu’une oxydation a lieu a la surface de 1’¢lectrode. Le courant
cathodique va correspondre au phénomene de réduction a la surface de 1’¢lectrode. Dans le

cas d’un semi-conducteur illuminé, la densité totale de photocourant est donnée par la relation

] = e(]n(d) _]p(d)) (7)

dn (%) d, ()
J = el Dp(=xma = Dp(5emal  (8)

Ounetpsontlesconcentrationsd’électronsetdetrous,destl’épaisseurdelacouchedu
photocatalyseur, D, et D, sont les coefficients de diffusion respectivement des électrons et des
trous, e est la charge élémentaire. A I’équilibre, les deux types de porteurs de charge obeissent

aux relations suivantes:

Zn
D, dx g2 + Gn(x) R, x)=0 9)
d*p
D, — x2 +6G6,(x) —R,(x) =0 (10)

G(x) est le taux degénération et R(x) est le taux de ecombinaison des paires électron-trou.
Enl’absencedetoutemoléculeorganique,lagénérationestlamémepourlestrousetles ¢lectrons,

mais les termes de transport et de recombinaison sont différents.

1.3.5 Electrolytes
Les électrolytes sont des conducteurs ioniques. Les charges sont localisées dans les orbitales
moléculaires des especesioniques. Un électrolyte peut étreinerte c'est-a-dire qu’il ne participe
pas aux réactions de transfert de charges. Un électrolyte est défini par un couple redox

Ox/Red. Les réactions entre les deux especes sont les suivantes:

0x®*D + e~ - RedCtD (11)
Red®™D) - 0x) + e~ (12)

Le modele de Gerischer-Marcus décrit les especes ioniques comme des états €lectroniques

vides et remplis :0x“"V est 1état vide et 1’état occupé correspond a Red“™.

31



¢
E
[ -
/ — E® ox
/
E® redox
E® red
AN
D red >

Figurell 3: Fonction de distribution des états d’énergie pour des électrons dans un électrolyte.

Les densités de ces especes sont calculées par les expressions suivantes:
Doy (E) = Cox XW ;1 (E) (13)

Dred(E) = Creq XWred(E) (14)

C,x et Cq représentent les concentrations alors que W, et W,.; sont des fonctions de densités

d’états des especes oxydées et réductrices. Cette fonction d’état est donnée par la formule :

E,—E)2
) 1s)

-1

W(E) = (4mAT 2) exp (—
Z estl’énergie deréorganisation, eestla probabilité detrouver une espece Ox ou Red a un
niveau t. Le mod¢le est une approximation qui considere le potentiel redox comme le niveau
de Fermi de D’électrolyte. C’est un modéele de transfert isoélectronique appliqué par de

nombreux ¢€lectrochimistes des semi-conducteurs, car a partir d’un tel schéma d’énergie il est
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possible de prédire la bande d’énergie mise en jeu au cours du processus de transfert de
charge aux interfaces.
[.3.6Comportement d'un semi-conducteur sous éclairement

L'absorption d'un photon d’une énergie supérieur a Eg engendre la création d’une paire
¢lectron/trou. Cette paire, lorsqu’elle est séparée, va augmenter la quantit¢ de porteurs de
charges libre dans la bande de conduction ainsique dans la bande de valence. Lors de la
séparation de la paire €lectron/trou, une augmentation des densités de charge de chacun des
deux types de porteurs est observée. La densité des porteurs de charge majoritaires va étre
légerement augmentée du fait qu'elle est déja forte. La densité de porteurs de charge
minoritaire sera augmentée fortement par rapport a sa valeur initiale avant illumination. Cette

évolution est représentée schématiquement sur la Figure 11-4.

Typen  E(ev) (b) E(eV) #  Typep E(eV)

(@) E(ev) #
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porteurs porteurs porteurs porteurs

Figure I1.4 : Création d'une paire électron/trou dans un semi-conducteur de type n/p (a/b) et effet sur
les pseudos niveaux d'énergies des porteurs et sur la densité des porteurs. [5]

I. 3.7 Electrode semi-conductrice plongée dans un électrolyte
On discute dans ce qui suit le cas d’une ¢électrode semi-conductrice. Lors de la mise en contact
du semi-conducteur avec I’électrolyte, une égalisation du niveau de Fermi se produit a
I’interface entre les deux. La quantité d’especes oxydées ou réduites présente en solution suit
une loi de probabilité autour du potentiel de réaction que I’on peut comparer a la loi de Fermi
Dirac et qui est présenté sur la Figure II-5a. Selon le potentiel imposé a la solution, la majorité
des especes présentes seront soit oxydees soit réduites. Elles peuvent participer a une réaction
électrochimique si des charges sont transmises via I’interface électrode/solvant. Le niveau de
Fermi du semi-conducteur s’ajuste au niveau de Fermi de la solution, donc au potentiel fixé

par l’appareillage. L’interface entre le semi-conducteur et 1’électrolyte est définie
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schématiquement comme présentéedans laFigure II-5a. Sur ce schéma, un semi-conducteur de
type p en désertion est présenté, c’est le régime de fonctionnement commun d’une électrode
semi-conductrice dans un montage d’¢lectrochimie. Ainsi, les bandes sont courbées de telle
facon queles porteurs de charge majoritaires sont entrainés vers le coeur du matériau, et les

porteurs minoritaires ont tendance a rester en surface.

\
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Figure I1.5 : (a) Distribution des états énergétiques d'un couple oxydo-réducteur en solution et
représentation du diagramme énergétique d’'un semi-conducteur de type p. Courbes I(V) obtenues par
une jonction électrolyte/semi-conducteur sous obscurité en fonction du type de semi-conducteur :

n(b)etp (c). [13]

L’utilisation d’une électrode semi-conductrice permet d’effectuer 1’¢lectrolyse de I’eau sous
potentiel grace aux porteurs libres du semi-conducteur. Une limitation du courant existe
cependant pour les courants générés par les porteurs minoritaires du semi-conducteur. La
faible présence de ces porteurs ne permettra pas d’obtenir une augmentation exponentielle du
courant d’oxydation pour un type n et de réduction pour un type p. Un palier de courant sera
atteint pour de forts potentiels. Les courants obtenus sont représentés sur la Figure 11-5b et c.
On observe ici les courants d’oxydations et de réduction de 1’eau.

Sous illumination, le semi-conducteur utilisé comme électrode subit des variations de densité
de porteurs de charges majoritaires et minoritaires. Dans une situation de désertion au coeur du
semi-conducteur, induisant une gamme de potentiel avec trés peu de courant généré sous
obscurité, les porteurs minoritaires générés par 1’illumination au sein du matériau vont migrer
vers la surface, et les porteurs majoritaires générés vont migrer vers lecceur du matériau. Les
mouvements de porteurs au sein du matériau vont créer une différence de potentiel en surface
qui sera notée photopotentiel. Ce photopotentiel s'accompagne d'un photocourant généré par
la paire électron-trou une fois séparé. Le semi-conducteur étant dans une situation de
désertion, lors de I’illumination de celui-ci ; dans ce cas une augmentation de la quantité de

porteurs de charges minoritaires a lieu, avec possibilité¢ de réaction d’oxydoréduction entre les
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porteurs minoritaires et I’électrolyte. Au courant visible lors du test sous obscurité (courbes
rouges sur la Figure II-6) va s’ajouter une contribution positive (semi-conducteur de type n)
ou négative (semi-conducteur de type p). Le photocourant généré est dépendant de la
cinétique de transfert de porteurs minoritaires du semi-conducteur vers la solution
d'¢lectrolyte. Ainsi, lors d'une manipulation avec un potentiostat, les courants visibles

al’obscurité ou sous illumination sont représentés sur la Figure I1-6.

Courant Courant visible a I'obscurité

/__._——_-__
Courant visible
sous illumination

Potentiel Potentiel

Courant visible
sous illumination

Courant
Courant visible a I'obscurité

Type n Type p

Figure 11.6 : Caractéristiques courant/tension d'une jonction entre un semi-conducteur et un
électrolyte sous illumination. En rouge . le courant issu des porteurs majoritaires (sous obscurité et
sous illumination), en bleu : le courant sous illumination issu des porteurs minoritaires. [13]

Ces différences de signe sous éclairement et a 1'obscurité seront utilisées afin de caractériser la
nature des semi-conducteurs obtenus. La différence de courant dans la zone de désertion du
semi-conducteur sera utilisée pour déterminer si le courant photogénéré est anodique ou

cathodique.

1.3.8Effets de la nature de semi-conducteur sur la réponse PEC
Selon la nature des semi-conducteurs, deux types de comportements peuvent étre observeés
sous potentiel dans un é€lectrolyte (ici ’eau). Dans la méthode présentée ici, des variations de
courant induites par I’augmentation des porteurs minoritaires de chacun des semi-conducteurs
peuvent étre observées. Pour cela une variation de I'éclairement dans la zone de désertion des
semi-conducteurs est établie, soit entre les potentiels d'oxydation et de réduction de I'eau.
Dans ce cas, onobserve une oscillation des courants vers des courants positifs pour un semi-
conducteur de type n et négatifs pour un semi-conducteur de type p. Les résultats théoriques
de cette analyse en fonction de chaque type de semi-conducteur sont indiqués sur la Figure II-

7.
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Figure I1.7 : Résultats de la caractérisationcourant/tension selon le type de semi-conducteur sous
éclairement alternatif [13].

Les deux types de résultats attendus permettront de conclure clairement sur le type n ou p des
semi-conducteurs testés. Cette méthode s’applique sur toustypes d’échantillons, méme tres

résistifs. Il suffit d utiliser un potentiostat ayant une précision de 1’ordre du nano ampere.

I1. Choix des semi-conducteurs pour les photoélectrodes (PEC)

Les matériaux semi-conducteurs approprié€s pour les photo-anodes destinées a la séparation de
la molécule d’eau doivent satisfaire a plusieurs exigences. Cependant, il est tres difficile de
fabriquer une ¢lectrode idéale tant que la configuration du dispositif final dépend des
techniques de traitement du matériau. Dans cette section, les propriétés fonctionnelles les plus
importantes d'une électrode appropriée sont discutées.

I1.1. Bande interdite et position des limites de bandes

Une exigence fondamentale pour uneélectrode semi-conductrice est que le niveau d’énergie
de sa bande interdite ne doit pas étre inférieur a 1.23 V (par rapport a 1'¢lectrode réversible
d'hydrogene (Vern) dans des conditions standard),lepotentiel nécessaire pour briser une
molécule d'eau en hydrogéne et oxygene. Cependant, il a ét€ montré qu'un matériau semi-
conducteur avec une bande interdite d'environ 2 eV est le meilleur matériau pour les
photoanodes. Bolton[6] a montré que dans un systeme idéal, la perte d'énergie réelle Ujoss par
molécule d'hydrogene (H,) dans le processus PEC global est de ~ 0.3 - 0.4 eV tandis qu’un
Ulpssde ~ 0.8 eV pourrait étre considéré comme une bonne estimation dans un systéme
pratique. Ujos ne peut pas étre nulparce que l'énergie de I'ensemble des paires d'électrons-

trous photo-générés est thermodynamiquement I'énergie interne et non 1'énergie de Gibbs, par
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conséquent, les considérations entropiques imposent une perte d'énergie minimale de 1'ordre
de 0.3 a 0.4 eV. Un autre parametre important est la position des extrémitésde la bande de
conduction et de la bande de valence dusemi-conducteur. Le matériau idéal devrait avoir un
gap de ~ 2 eV tandis que les extrémités de ses bandes doivent chevaucher les potentiels redox
de la dissociation de I'eau. Par exemple, comme le montre la Figure 8, les bords de bande de
SrTi0; satisfont a cette exigence, cependant, il s'agit d'un matériau a large bande interdite et,

par conséquent, seulement environ 4 % du spectre solaire visible est absorbé.
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Figurell. 8 :Schéma des bandes de quelquesmatériaux semi-conducteurs et positions de leurs limites
de bandes en fonction du potentiel redox de I’hydrogene et l’oxygene [7]

D'autre part, Fe;Os a unebande interdite presque idéale. Cependant, sa limite de bande de
conduction est situéelégerement en hautdu potentiel d'évolution de 1'hydrogene, par
conséquent, un potentiel de polarisation est nécessaire pour conduire la réaction de réduction.

Dans les semi-conducteurs de type n et de type p, le potentiel de bande plate peut étre utilisé
comme indicateur pour les positions de bord de bande de conduction et de valence. La
division photoélectrochimique de 1'eau peut avoir lieu sans l'imposition d'un potentiel, si le
potentiel de bande plate d'un semi-conducteur de type n se situe au-dessus du potentiel redox
de la réaction H'/H,. En d'autres termes, les photoanodes avec un potentiel de bande plate
négatif, relativement au potentiel redox de la réaction H'/ Ha,n'ont pas besoin d'un potentiel
de polarisation pour décomposer 1'eau. La figure 9 illustre les potentiels de bandes plates de

plusieurs oxydes par rapport aux potentiels de bandes interdites Eg.
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Figure I1.9. Potentiel de bande plate de quelques oxydes métalliques par rapport
a l’énergie de bande interdite [8]

I1. 2.Stabilité

Lorsque 1'électrode semi-conductrice est éclairée, des paires ¢électron-trou sont générées. Ces
¢lectrons et trous ont de forts potentiels,respectivement oxydants et réducteurs. S’ils ne sont
pas injectés dans I'¢lectrolyte ou transférés au substrat conducteur, alors sous certaines
circonstances, ils peuvent oxyder ou réduire le semi-conducteur lui-méme. Cependant, ceci
est seulement un c6té du probleme. Une é¢lectrode semi-conductrice idéale ne doit pas
seulement résister a la corrosion associée aux électrons et trous photogénérés, mais elledoit
également étre résistante a la corrosion et a la dissolution électrochimique. Généralement, la
plupart des oxydes sont stables dans ces conditions, et par conséquent, considérés de bons
candidats en tant que matériaux photo¢lectrodes dans les €lectrolytes aqueux dans des cellules
photoélectrochimiques.

I1.3. Propriétés électriques

Lorsqu'une ¢lectrode semi-conductrice est éclairée, les porteurs de charges photogénérés
doivent étre transportés efficacement. Généralement, la conductivité €lectrique d'un semi-
conducteur est plus petite que celle d'un métal de plusieurs ordres de grandeur. La

conductivité électrique (o) d'un semi-conducteur est décrite parl'équation 16:

o =enu, +epu, + Z;eiy; (16)
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Ou n est la concentration des électrons, p est la concentration destrous, i est la concentration
des 1ons, Ziest le nombre de charges des ions, p,, 1, et p; sont respectivement les mobilités des
¢lectrons, des trous et des ions. Il faut noter qu'a la température ambiante, le composant
ionique de I'équation ci-dessus peut étre ignore.

Lorsque la concentration des porteurs de charge augmente, la mobilité des porteurs diminue,
pour donner suite a l'interaction coulombienneentre les €lectrons et les trous. Par conséquent,
la conductivité optimale est obtenue lorsqu’on atteint un €quilibre entre la concentration des
porteurs et leur mobilité. L'introduction de défauts dans le semi-conducteur peut améliorer la
conductivité. Cela est réalis€ en incorporant des cations donneurs ou accepteurs dans la
structure semi-conductrice et par le controle de la pression partielle d'oxygene pendant la
préparation d’un matériau semi-conducteur [16].

Le mécanisme de transport des porteurs de charge dans 1'électrode nanostructurée est
généralement considéré étre dominée par la diffusion. Par conséquent, la longueur de
diffusion des ¢€lectrons et des trous est un parametre important pour un semi-conducteur. Elle
peut étre optimisée par la modification de la composition chimique [9].De plus, une
nanostructure modifiée peut permettre un meilleur transport de charge, par exemple, si la
taille des nanostructures (exemple : des nanoparticules) est inférieure a la longueur de
diffusion des transporteurs, alors ceci conduira relativement a une faible recombinaison dans
lamasse. Cependant, il peut également étre désavantageux, car il pourrait augmenter la

recombinaison aux limites interparticulaires particulierement au niveau des joints de grains.

I1.4 Généralités sur I’oxyde de Fer (Fe;03)
I1.4.1. Historique du Fe;O3

Au cours des dernieres décennies, une large gamme de matériaux tels que les oxydes
métalliques, les nitrures métalliques et les sulfures ont été utilisés comme photoélectrodes.
Comme les premiers rapports sur la dissociation de 1'eau par voie PEC ont émergé au début
des années 1970, différents groupes de recherche ont commencé a chercher unmatériau semi-
conducteur a utiliser comme photoélectrode. Les premicres investigations ont impliqué des
semi-conducteurs a large bande interdite tels que TiO,, [9]SrTiO3, [10] et SnO,,[11]. Comme
présenté ci-haut, TiO, et SrTiOs possedent des positions de limites de bande idéales puisque
les limites des bandes deconduction et de valence couvrent les potentiels redox de 1'évolution
de H, et O, (voir Figure III-1). Cependant, leurs inconvénients sont qu’ils absorbent
seulement une petite quantité de 1’énergie solaire (environ 3-4 %),étant donné que leur

limited'absorption se situe dans la gamme des longueurs d'onde comprise entre 360-410 nm.
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Les matériaux avec une énergie de bande plus basse vont absorber une plus grande partie du
spectre solaire suscitant un espoir de conversion efficacede I'énergie solaire.

Les sulfures métalliques sont un autre groupe de matériaux qui ont suscité un intérét
considérable dans la préparation des €lectrodes PEC. Le CdS est 'un des sulfures métalliques
qui a été étudi¢ de maniere approfondie[19,12]. Le CdS a une bande interdite de ~ 2.4 eV qui
est un niveau énergétique approprié¢ pourune ¢lectrode PEC. Les positions d'énergie des bords
de bande de conduction et de valence duCdS permettent la photodissociation de 1'eau sans
avoir besoin d'un potentiel de polarisation externe.

Cependant, il a tendance a subir une photo-corrosion sous une irradiation prolongée puisqu'il
se convertit en Cd* " et sulfate (en présence d'oxygene) [13].

La plupart des nouvelles technologies énergétiques respectueuses de l'environnement sont
généralement soit trés cher en raison du colit du matériau de départ ou a cause du processus de
fabrication cofliteux. Par conséquent, ils sont constamment en concurrence avecles
technologies bien établies déja existantes. Donc, le colit de production et la facilit¢ de
fabrication sont les facteurs déterminants dans le processus de sélection des matériaux utilisés
dans la photodissociation de I'eau.

L'hématite (a-Fe,O3) est un matériau candidat fort en tant qu’électrode PEC pour le clivage de
I'eau. En effet 1'hématite remplit la plupart des criteres de sélection d'un matériau
photocatalytique appropri¢ pour le fractionnement de l'eau tel que la bande interdite, la
stabilité¢ chimique et photoélectrochimique et la facilité¢ de fabrication.

Les premiers rapports sur l'application d’électrodes d'hématite dans des cellules PEC ont été
publiés par Hardee et Bard [14,15] en 1976 et 1977. Ils ont préparé des ¢lectrodes
polycristallines d’hématite en utilisant la CVD et l'acétylacétonate de fer comme précurseur.
Quinn et. al. [16] ont préparé une électrode formée d’un monocristal d'hématite. Le
comportement du monocristal était similaire aux €lectrodes polycristallines rapportées par
Hardee et Bard atteignant une densité de photocourant de ~ 80 pA.cm™ a la longueur d'onde
400 nm et 0.5 V vs. SCE en utilisant un électrolyte NaOH a 2 M.

D'autres études sur les performances PEC des électrodes d'hématiteont été effectuées par
Kennedy et al.[17] sur des poudres d'hématite. Leurs travaux incluaient la détermination du
potentiel de la bande plate et de l'effet de la densité de I'¢lectrolyte et des donneurs en
fonction de ’efficacité de conversion de 1'énergie solaire. Ils ont montré que le potentiel de
bande plate descend vers des valeurs négatives lorsque le pH de 1'électrolyte augmente. Ils ont
¢galement calculé la longueur diffusion dans I'¢lectrode d'hématite qui était d'environ 2-4 nm,

ce qui était considérablement plus faible que les valeurs duTiO, (100 nm).
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La conductivité des électrodes semi-conductrices est significativement plus faible que celle
des ¢lectrodes métalliques. L'hématite en phase pure est un isolant de Mott et a une faible
conductivité qui limite son efficacité quantique dans les processus photoélectrochimiques a de
trés petites valeurs [18].Le dopage est largement considéré comme une solution a ce
probleme. L'effet de différents agents dopants a été abondamment étudié¢ dans la littérature.
Un des premiers rapports sur 'effet de dopage sur la photoactivité des électrodes d'hématite a
été publié par Shinar et Kennedy [19] en 1982. Ils ont étudié I'effet de différents oxydes tels
que ZrO,, CeO,, V,0s, Nb,Os et également Al4C; sur la photoactivité¢ des électrodes
d'hématite préparées a l'aide de traitement conventionnel de poudre.

Une de leurs découvertes intéressantes é€tait que la meilleure performance obtenue n'était pas
nécessairement pour I'échantillon avec le plus bas niveau de dopage, alors qu’on s’attendait
que les niveaux de dopage faibles conduisent a la formation d'une large couche
d'appauvrissement, et par conséquent, a une efficacité quantique plus élevée [27].

Cependant, le niveau de dopage idéal était différent pour chaque dopant. Merchant et. al.[20]
ont rapporté une amélioration de 1'efficacité de 1'électrode d'hématite en présence de Fe;O4 a
la surface des films d'hématite et ontaffirmé que cela était di a la présence de Fe* © qui
agissent comme des centres donneurs pouvant fournir des électrons par voie d’excitation
thermique. Cependant, les ions Fe* © peuvent fonctionner comme des centres de piégeage
d'¢lectrons qui ne contribuerait pas au photocourant [21].

En 1999 Khan et Akikusa [22]ont rapporté une photoélectrode d’hématite trés efficace
préparée en utilisant la méthode de pyrolyse par pulvérisation atteignant une efficacité de
conversion pratique de 1.84% et la valeur IPCE maximale de 22.5% a 370 nm. Leurs résultats
ont montré une amélioration de la densité apparente des donneurs (2.2 x 10’ cm™ a la
fréquence AC de 1000 Hz et dans un ¢lectrolytelM NaOH), laquellea été attribuée a la
méthode de préparation qui serait responsable de I'amélioration de l'efficacité de la
conversion. La densité des donneurs rapportée était presque trois fois plus €levée que celledes
échantillons au TiO, dopés rapporté par Kennedy et. al.[30] (~ 7.3 x 10" cm™ a 1000 Hz et
NaOH 1 M). Beermann et. al.[29] ontétudi¢ l'effet de la nanostructure sur l'efficacité de la
conversion des €lectrodes d'hématite. Ils ont préparé des ¢lectrodes comprenant des nanotiges
d'hématite paralleles et perpendiculaires a la surface du substrat. L’IPCE rapporté est
d'environ 18% a 360 nm a un pH = 12. Le méme groupe a étudié¢ l'effet de l'intensité
lumineuse sur I'efficacité¢ de la conversion et a conclu que I'IPCE des électrodes en forme de

nano-batonnets était indépendante de l'intensité lumineuse [23].
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Bien que I'hématite ait une bande interdite idéale de ~ 2.1-2.3 eV son bord de bande de
conduction est positionné en dessous du potentiel redox de 1'hydrogéne nécessitant donc un
potentielexterne pour initier la réaction de fractionnement de I'eau. De plus, les efficacités des
photocourants rapportées pour I'hématite étaient la plupart du temps bien en dessous des
niveaux attendus. La mauvaise performance des ¢€lectrodes d'hématite a été attribuée a sa
cinétique de transfert de charge relativement lente et a un taux élevé de recombinaison

¢lectron-trou due a sa courte longueur de diffusion.

11.4.2 Propriétés structurales

Le a-Fe,O3; est un minéral commun largement connu sous la dénomination commune
d’hématite et est répandu dans le sol et les roches. Son nom "hématite" vient du nom grec
"haima = sang" en raison de sa couleur rouge. Cependant, s'il est formé¢ de gros grains
cristallins, il apparait comme noir ou gris brillant.

L'hématite est une source majeure dans l'industrie des pigments inorganiques en tant que
pigment rouge. Comme il s'agit d'un produit majeur de la corrosion du fer et de l'acier, il a fait

l'objet d'études approfondies.

Figure I1.10 : Représentation schématique de la structure de I’hematite a-Fe;03.[24]

L'hématite est isostructurale au corindon (Al,O3). Sa structure est constituée de
distorsionhexagonale (hcp) a proximité des plans (001) constitués d'atomes d'oxygene avec

des ions Fe (IlT)occupant 2/3 des interstices octaédriques (Figure 10 )[25]. Par conséquent,
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chaque atome d'oxygene est entouré par quatre atomes de Fe et chaque atome de Fe a six
voisins d'oxygene. Cet arrangement conduit a la formation de paires d'octaédres Fe(O)s dont
chacun partage des bords avec troisvoisins octaédriques dans le méme plan et un bord et une
face avec l'octaedre situé sur le plan adjacent[26].L'hématite est habituellement indexée en

symétrie hexagonale, c'est-a-dire (hkil), ou h + k= -1 et 1 est généralement omis.

I1.4.3 Structure électronique et électrique

Comprendre la configuration ¢€lectronique et les propriétés €lectriques des oxydes de fer,en
particulier 1'hématite, est cruciale dans l'application réussie de a-Fe,O; en tant que
photoélectrode de fractionnement de l'eau. Fe’ © a la configuration électronique 1s*2s°2p°
3s?3p°3d’ tandis que Fe” " a la configuration1s*2s*2p®3s*3p°3d®. Par conséquent, les électrons
dans l'orbitaled et leurs caractéristiques sont ceux qui définissent les propriétés €lectriques des
oxydes de fer.

Une orbitale est une région de I'espace occupée par un seul électron ou une paire d’¢€lectrons.
Si deux é€lectrons occupent une orbitale, ils auront des spins opposés. Il y a cinq différentes
orbitales d orientées selon 5 orientations différentes dans I'espace. Les régions au sein des
orbitales ou la densité €lectronique est maximale sont appelées lobes de l'orbitale. Les cing
orbitales sont classées en deux séries d'orbitales selon la direction de leurs lobes. Trois
orbitales (ty), a savoir dyy, dy,, dy,, ont chacun quatre lobes qui sont dirigés autour des
coordonnées des axes du noyau. Le deuxieme ensemble d'orbitales (e,), dx*-y” et dz*, ont leurs
lobes orientés tout au long des axes [31]. Dans les oxydes et les hydroxydes de fer, les ions Fe
sont coordonnés aux ions chargés négativementO” / OH . Par conséquent, en raison du
champ ¢lectrostatique de la coordination, les orbitaux d de Fe ne montrent pas des énergies
¢gales contrairement a leur état fondamental.

Les orbitaux d peuvent étre remplis de différentes manieres. La régle générale montrant le
remplissage des orbitales d est décrit comme (t2,)"(e,)™ ol m et n représentent le nombre
d'¢lectrons situés a chaque ensemble d'orbitales. Par exemple, la configuration de I'état
fondamental de la coordination tétraédrique pour Fe’ * est (eg)’(t2g)’. Cela signifie que les
deux premiers ¢électrons entrent dans les orbitaux e, et les trois autres entrent t2,. Les
diagrammes de Tanabe-Sugano (Figure 11) représentent les ¢énergies de différents états
multiélectroniques (multiplets), formés comme les résultats de la division du champ
¢lectrostatique causée par les ligands, en fonction de 1'énergie de stabilisation du champ

cristallin. Ce diagramme est utile pour le l'interprétation du comportement optique des oxydes
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de fer et fournit un outil utile pour prédire les transitions électroniques entre différents états
[34].

La structure ¢lectronique de l'oxyde de fer peut étre simplifiée par de plus petites entités
structurelles qui ressemblent a des propriétés similaires a celles des oxydes réels. Par
exemple, FeOs représente Fe’™ en coordination octaédrique, c'est-a-dire hématite, et FeOy”
est utilisé pour la coordination tétraédrique de Fe® © dans la magnétite (Fe;O4). Les
diagrammes orbitaux moléculaires de ces deux types sont représentés a la Figure 12.
L'hématite est un semi-conducteur extrinseque avec une bande interdite de ~ 2.1-2.3
eV[27].Le comportement de type n et de type p peut étre induit dans la structure de 1'hématite;
cependant, c'est plus difficile d'induire une conductivité de type p. Dans 1'hématite de type n,
la bande de conduction comprend les orbitales Fe® © d vides tandis que la bande de valence est
composée d’orbitales Fe 3d 2t,, completement remplis et quelques orbitales 2p antiliants de

I'oxygene.

“E ‘A
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Figure I1.11 Diagramme de Tanabe-SuganoduFe(lll).[34]
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Figure II.12 Les diagrammes orbitaux moléculaires de FeOs~ and FeO4™ [34]

11.5 Méthodes d’élaboration du Fe; O3

Une variété¢ de méthodes de fabrication telles que sol-gel [28] ont déja été utilisée pourla
préparation de photoélectrodes d’hématite. Deux types différents de photoélectrodes ont
¢galement été fabriqués ; granules et films. Dans ce qui suit, les principales techniques de
fabrication pour la préparation des deux types de photoélectrodes d’hématite sont brievement

discutées.

I1.5.1 Procédés de préparation en poudre

La préparation d'électrodes d'hématite en utilisant les techniques de traitement des poudres
conventionnelles €tait I'une des premieres méthodes utilisées [29]. Des poudres de a-Fe,Os de
différentes puretés sont utilisées comme maticres de départ. Ces poudres sont ensuite
mélangées, pressées et frittées pour former les photoélectrodes désirées.

Des échantillons d'hématite dopée peuvent également étre préparés si les poudres d'hématites
de départ sont mélangées avec les poudres d'agents dopants avant le frittage. Il y a des
inconvénients associ€s avec cette méthode. Par exemple, les ¢€lectrodes sont constituées de
grosses particules d'hématite qui résultent entrainent des €lectrodes avec de petites surfaces.
Les échantillons produits sont trés €pais et le taux de recombinaison est généralement tres
¢levé. En outre, le procédé comprend également des procédures de mélanges et de frittages
énergivores. En raison de ces inconvénients, le procédé de traitement des poudres n'a ¢été
utilisé que dans les premiers stades du développement des photoélectrodes d'hématite et n'est
plus considéré comme une méthode appropriée pour la fabrication de photoélectrodes.

I1.5.2 Pyrolyse par pulvérisation

45



La pyrolyse par pulvérisation est un procédé courant pour la préparation de photoélectrodes
d’hématite qui a ét¢ largement utilisé par des groupes de recherche a travers le monde. Dans
cette méthode, une solution contenant du fer est utilisée comme précurseur. Le précurseur est
ensuite converti en petites gouttelettes a 1'aide d'un atomiseur et transféré sur un substrat
chauffé. Lorsque le précurseur se trouve sur le substrat, il subit des réactions chimiques qui
conduisent a sa décomposition et un film est formé.

Une large gamme de précurseurs de fer peut €tre utilisée dans cette méthode. Différentes
concentrations d’agents dopants peuvent également étre ajoutées au précurseur de départ ou
utilisées comme précurseurs. Les films produits par cette méthode ont relativement une bonne
microstructure et fournissent une haute surface interne permettant la pénétration de
1'¢lectrolyte dans la photoélectrode d’hématite poreuse.

Comme le dépot est effectu¢ a des températures d'environ 450 °C, il n'y a pas besoin d'une
¢tape supplémentaire de recuit. La pyrolyse par pulvérisation est une technique trés rapide et
polyvalente et permet le dépot de films translucides sur différents substrats. Cependant, 1'un
des problémes communs de cette méthode est le colmatage du jet atomiseur qui augmente les

colits de maintenances de l'appareil de dépaot.

I1.5.3 Dépot chimique en phase vapeur (CVD)

Le dépot chimique en phase vapeur a été la premiere méthode utilisée dans la préparation de
photoélectrodesd'hématite par Hardee et Bard [22,23] en 1976 et 1977. 1l est trés similaire a la
pulvérisation par pyrolyse sur plusieurs aspects, mais leur différence fondamentale est que les
réactions dans CVD prennent placer dans la phase gazeuse ; le précurseur subit
unedécomposition avant d'atteindre le substrat et les particules du matériau de film souhaité
sont déposées sur le substrat.La pyrolyse par pulvérisation a été la méthode de dépdt préférée
pour la production d'hématiteen raison de la simplicité de l'appareil de dépot et de la
disponibilité des matériaux de démarrages.

Cependant, les résultats sans précédent rapportés par Cesar et al.[30] ont renouvelé 1’intérét
pour la fabrication de photoélectrodes a hématite en utilisant la CVD a pression
atmosphérique (APCVD). L'une des raisons de 1'amélioration récente de la performance PEC
est considérée a cause de la nanostructure dendritique unique des films d'hématite préparés
par cette technique. Le principal avantage de cette méthode est que 'appareil est encore plus

simple que la technique de pyrolyse par pulvérisation.
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Un inconvénient majeur de I'APCVD des films d'hématite est le nombre limité de précurseurs
de fer adapté a cette technique, car il nécessite un matériau avec une pression de vapeur
suffisamment élevée a la température ambiante. Toutefois, d’autres types de CVD comme la
CVD assisté par les aérosols (AACVD) présentent un grand degré de flexibilité dans la

s¢lection de matériaux de départ tout en préservant I’avantage de simplicité de I’APCVD.

I1.6. Technique de préparation a haute température
I1.6.1 APCVD

Les procédés CVD réalisés a pression atmosphérique sont généralement connus sous le nom
de APCVD. Dans cette méthode, le matériau de départ doit posséder une pression de vapeur
suffisamment €levée a la pression atmosphérique afin de fournir un taux de dépot satisfaisant.
Certains précurseurs de I'APCVD sont chauffés a des températures supérieures a la
température ambiante afin d'atteindre pression de vapeur adéquate pour le dépot. Certains
réactifs dans les réacteurs a pression atmosphérique doivent étre fortement dilués avec des gaz
inertes pour empécher la précipitation en phase vapeur. Les réacteurs sous pression

atmosphérique sont raisonnablement simples et peu coliteux.

11.6.2 AACVD

AACVD offre une meilleure capacité et flexibilité¢ que le procédé CVD classique,en
particulier pour la fabrication de composés multi composants avec une steechiométrie bien
controlée. Des produits chimiques peu cotiteux et respectueux de 1'environnement peuvent
étre utilisés comme précurseurs, ce qui est important pour la production a grande échelle ou
en série. En outre, ’AACVD a généralement un taux de dépot plus €élevé et un cott global
inférieur a celui de la méthode CVD classique.

Comparée aux méthodes CVD classiques, la technique AACVD présente les principaux
avantages suivants[31, 32]:

1. Un plus large choix et la disponibilité de précurseurs pour les produits CVD de haute qualité
a faible colt, qui sont un probléme critique pour la production de masse.

i1. Simplification de la livraison et de la vaporisation des précurseurs via la génération d'un
aérosol précurseur.

i11. Taux de dépot éleve, qui peut étre obtenu a partir d'un taux de transport de masse €élevédu

précurseur et I'amélioration possible de la sélection des précurseurs.
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iv. Un environnement de réaction plus flexible (AACVD peut étre utilisé sous basse pression,
pression atmosphérique, ou méme dans une atmosphere ouverte).

v. Simplification de la synthése de produits multicomposants avec contréle précis de la
steechiométrie.

La génération d'aérosols a ultrasons est la méthode la plus courante dans le procédé¢ AACVD.
Un générateur d'aérosol a ultrasons a un transducteur pi¢zoélectrique placé sous la solution
précurseur. Lorsqu'un champ électrique a haute fréquence est appliqué, le transducteur vibre
et provoque la formation de fines gouttelettes[33]. La taille moyenne des particules atomisées
ou nébulisées (dy) est liée a la tension superficielle (T), la densité (o) et la fréquence ().

Laformule suivante est utilisée pour déterminer la taille des gouttelettes [34]:

d,=0.73 VT 17

L'équation 17 suggere que lorsque les caractéristiques physiques d'un liquide précurseur sont
connues, le diamétre des gouttelettes d'aérosol est seulement une fonction inverse de la
fréquence ultrasons. Une fréquence ultrasonique plus élevée sera nécessaire pour obtenir des
gouttelettes plus fines. La génération ultrasonique offre des avantages en termes de fourniture

d'une taille de gouttelette appropriée pour le processus AACVD[35].

Droplets

Cup
(Nebulizer)

P\
Transducer

Figure I1.13 Schéma du générateur ultrasonique d’aérosol [36]

Les gaz vecteurs sont utilisés pour aider a la délivrance de 1'aérosol généré et son transport
dea la zone de réaction. L'argon et l'azote sont les vecteurs inertes les plus couramment
utilisésgaz, tandis que 1'air comprimé est également utilis¢ pour le dépot de produits d'oxydes.
Des gaz réactifs comme H, peuvent également étre introduits a ce stade avec d'autres gaz

vecteurs primaires pour aider la réaction CVD ultérieure [37].
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I1.7 Technique de préparation a basse température :

Une approche de préparation d'électrode hématite nanostructurée est de fabriquer des films
amorphes a basse température, puis les recuire a des températures plus €levées pour obtenir
des ¢lectrodescristallines. Le principal avantage des méthodologies a basse température est le
meilleur controle de la formation du film en raison des basses températures des procédés. Ces
méthodes de fabrications sont facilement transposables a 1'échelle industrielle. La perspective
intéressante de cette approche est le potentiel de réduire la consommation d'énergie a 1'étape
post recuit par I'introduction de l'irradiation par micro-ondes. L'objectif principal de cette
approche est de conserver la nanostructure du film amorphe tout en augmentant la cristallinité
des ¢lectrodes d'hématite.

I1.7.1. Méthode et principe de I’électrodéposition

Le but de I’¢lectrodéposition est d’appliquer une couche superficielle sur un métal pour
conférer a cette surface les différentes propriétés désirées. L’¢électrodéposition est une réaction
d’oxydoréduction qui est déclenchée par une source de courant. Le bain d’¢lectrolyse contient
le sel métallique approprié, le substrat (¢lectrode de travail) sur lequel doit s’effectuer le dépot
et ’électrolyte dans lequel il baigne les ions métalliquesM™ de charge positive. La
polarisation des ¢lectrodes va provoquer une migration de ces ions vers la cathode ou 1’ion
métallique est neutralisé par les €lectrons fournis par la cathode et se dépose sur celle-ci sous
forme de métal M suivant la réaction :

MY " 4+ne- oM......... e ... ....... 18

La réduction de I'ion M"™ et 1’oxydation de I’atome métallique M se produisent
simultanément. L’équation susmentionnée est associé¢e un potentiel d’équilibre qui suit la loi

de Nernst, a savoir :

_ RT (1
Eeq = Ey+—XIn SR I
nF Qe

Ou
E: le potentiel standard du couple ox/red (V),
R: la constante des gaz parfaits (8.314 J.K'.mol),

T: la température a laquelle s’effectue la réaction (K),
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n: le nombre d’¢lectrons mis en jeu,
F: la constante de Faraday (96485,338 C / mole d’électrons),
a: lactivité du réactif ou du produit (a=y *concentration [mol.I"'], oil y n’est que trés rarement
¢gal a un.
On confond cependant trés souvent activité et concentration).
Lorsque 1’on soumet 1’¢lectrode métallique a un potentiel £ différent du potentiel Eeg, on
favorise la réactionsoit dans le sens 1 de la réduction, soit dans le sens 2 de 1’oxydation. En
particulier, lorsque le potentiel appliqué est inférieur a Eeq, il y a réduction de 1’ion
métallique en solution et dépdt du métal sur 1’¢lectrode. La différence de potentiel entre le
potentiel de 1’¢lectrode et le potentiel d’équilibre est appelée la surtension. Elle s’exprime de
la manicre suivante :

N=E;—E¢q oo v 20
Ou E : le potentiel appliqué (V), i: le courant d’¢lectrolyse, considéré négatif par convention

dans le cas d’une réduction (4).

11.7.2 Autres méthodes

La synthése a basse température de nanostructures d'hématite a partir de solutions chimiques
est largement €étudiée et, par conséquent, des méthodes viablespour la fabrication d'une large
gamme de nanostructures d'hématites ont €té développées, comprenant des nanoparticules
[38], des nanocubes [39 ,40], des nanobattonnets [41] et des nanostructures en trois
dimensions [42]. La synthese hydrothermale comme méthode principale a basse température
est une technique attrayante, car elle permet d'adapter la taille et la morphologie, un degré
d'agglomération contrélé, une incorporation réduite d'impuretés et une température de
traitement relativement basse. Récemment, Tang et. al.[43] ont rapporté la fabrication de tiges
d'hématites creuses et des microspheres en utilisant une solution de FeCls. Yang et. al.[44] ont
produit avec succeés plusieurs formes tridimensionnelles nanostructurées telles que des
nanocubes d'hématites en utilisant un processus hydrothermal assisté par des anions avec
recuit ultérieur. De plus, Almeida et. al.[45] ont présenté une méthode simple de production
de nanostructures d'hématites avec des formes contrdlables en contrélant la concentration de
PO, dans les conditions hydrothermales.

Malgré tous ces succes, la fabrication de films minces directement a partir de solutions
chimiques estrestée un défi jusqu'a présent. L'hématite, en particulier, est un matériau difficile

a fabriqueren couches minces a partir de solutions chimiques puisque la formation
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d'hydroxyde de fer en particulier FEOOH est favorisée dans de tels systémes. En 2000, Pejova
et. al.[46] a rapporté la préparation d'hématite en film mince en utilisant une méthode CBD
(Chemical Bath Deposition). Le dépot de film était essentiellement a la suite du traitement
thermique d'une solution aqueuse de chlorure de fer (II) contenant de l'urée. Le produit
chimique de la réaction globale du processus de dépot a été suggéré pour conduire a la

formation de Fe;O3.H,0 selon les réactions suivantes:
2Fe3* + NH,CONH, + 5H,0 — Fe,05.H,0 + 2NH** + CO, + 4H" ................... 21
Le dépot a été effectué a 90-100 °C et donc l'urée a été décomposée en CO, et NHs. A la suite

de ce traitement de vieillissement en milieu aqueux, Fe,O03;.H,O a été converti en FeOOH.

Afin d'obtenir 'hématite, les films ont subi un recuit a 300-400 °C.
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Chapitre III

Techniques d’élaboration et
Caractérisations Utilisées
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A. Elaboration d’une couche d’oxyde de Fer

1. La voie électrochimique « Electrodeposition »

Lors de 1'¢lectrodéposition, un revétement métallique est électrodéposé sur la cathode d'une

cellule électrolytique constituée d'une électrode positive (anode), d'une électrode négative

(cathode) et d'un électrolyte solution (contenant les ions métalliques) a travers laquelle circule

le courant ¢électrique. En contrdlant avec soin le flux d'électrons, le poids du matériau déposé

peut étre mesuré selon la loi d'électrolyse de Faraday [1].Les principales variables

d'¢lectrodéposition comprennent la densité de courant, la distribution du courant, le pH, la

température, l'agitation et la composition de la solution. Un procédé typique de galvanoplastie

consiste entrois types d'¢lectrodes et d'¢lectrolytes (Fig.III-1) :

L’¢lectrode auxiliaire (compteur): c’est une électrode qui aide a faire passer le courant
atravers la cellule; le courant passe de WE et de CE; généralement aucun processus
d'intérét ne se produit a la surface de la CE; exemple: fil de Pt.

L’¢lectrode de référence (ER): c’est une ¢€lectrode qui peut maintenir un potentiel constant
en changeant les conditions expérimentales; le potentiel WE est référencé par rapport au
potentiel ER; les ER sont typiquement des anodes dans des cellules ¢électrochimiques;
exemple: NHE.

L’électrode de travail (WE) / Indicateur Electrode: c’est typiquement unecathode;
exemple: ¢électrode sélective aux ions ou métal noble.

L’¢lectrolyte de support: c’est une substance ionique (généralement un sel) qui assure la
conduction; exemple: KCI. L'¢électrolyte de support réduit la migration; il ne subit pas de
chimie redox, et donc ses ions sont appelés ions spectateurs. Parfois, 1'¢lectrolyte de

support est appelé simplement I'¢lectrolyte.

oo S—

Gas outlet
Gasinlet

Figurelll-1. Représentation schématique
de cellules electrochimiques a trois
électrodes.

\

a
EXEEL -k
o 100

Thermostat

Water tank
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2. La voie hydrothermale

Le processus hydrothermal (Fig. III-2) met en jeu une réaction hétérogéne qui requiert la
présence  de  solvantsaqueuxsoushautepressionetahautetempératurepourladissolutionetla
recristallisationdematériauxquisontrelativementinsolublesdanslesconditionsordinaires.Il s'agit
d’un procédé régulierement utilisé lors de la synthése de couches avec une composition de
phasesparticulieres.La voie
hydrothermalepeutégalementétreutiliséepourlasynthesedenanocristaux,oupourla conception de

matériaux destinés a une application spécifique.

e ™

Muffle furnace

Autoclave Hot air oven

¥,

Hydrothermal proces

Figure 2. Représentation schematique de processus hydrothermal.

Lesnanoparticulesobtenuesau cours du processushydrothermalpeuventsubiruntraitement
supplémentairedemaniereamodifierlataille,la
morphologieetlastructurecristallinedesnanoparticules.Lasynthésehydrothermalemetenjeu
différents mécanismes :

* Un phénomene de dissolution-cristallisation qui assure le transport de maticre via la
solution: c’est le cas de la “’maturation’” d’Ostwald qui entraine unecroissance
secondaire
desparticules.Danslecasouleprécipitéinitialn’estpaslaphasethermodynamiquement
stable, un nouveau régime de nucléation (le plus souvent hétérogeéne) et de croissance
se met en place et conduit a la nouvelle phase.

¢ Unréarrangemental’étatsolidequientrainelaréorganisationlocaledela
structureinitiale,parexemple,commelacristallisationd 'unephaseamorpheoula

déshydratation d’un hydroxyde.
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Une agrégation de particules primaires qui peut contribuer a abaisser 1’énergie

\

interfaciale et a accroitre fortement la taille des particules finales. Ce dernier

mécanisme

est

actuellementl’objetd’unecontroversepoursavoirs’ilpermetd’ obtenirunedispersion.

I’agrégationpeutétreparfoisordonnéeetconduirealaformationdemonocristauxpar

¢liminationdesjointsdegrains(liaisonchimiqueentrelessurfacesourecristallisationdes

zones de joints).

3. Le recuit

Le recuit a un effet important surles propriétés physiques des couches minces.L'effet du recuit

a D’air a des températures comprises entre450 et700°C a été étudi¢.Une température optimale

de 550 °C a été obtenue (voir figure III-3). La figure 3 montre le profildu recuit ; on observe

deux lignes (rouge et noire), larouge correspond ala température maximale et la noire a la

température requise, t, représente le temps pendant lequel nous devons atteindre la

température requise (550 °C), t; le temps ou la température reste constante pendant 4 heures et

tsau le temps de chute de la température. Les films tels que déposés ont été recuits a 550 °C a

I’air. Apres le recuit le film apparait uniformément rouge.

Température (°C)

700

550

Température maximale
Température requise

ts

Temps (h)

300 400

200 500
O%4d @ ©

Figure 3. Schéma de principe du processus de recuit.

B. Méthode d’analyse

1 Spectroscopie UV-visible

La spectroscopie optique UV-visible (UV-vis) permet de mesurer 1'absorption des photons par

le matériau. Dans ce travail, les spectres UV-vis ont été enregistrés en utilisant un
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spectrophotometre haute résolution (HR 4000-vis-NIR). La lampe est utilisée comme source
d’excitation. Un détecteur mesure ensuite la transmission et 1'absorbance de 1'échantillon. La
lumiere transmise traverse 'échantillon avant d’étre détectée, tandis que 1'absorbance est une
mesure de la lumicre absorbée par 1'échantillon.
2 . Analysepardiffraction des rayons X (DRX)

La diffraction des rayons X est largement utilisée pour caractériser les matériaux cristallins.
C'est un outil qui permet d’identifier les différentes phases cristallines présentes dans les
matériaux solides ou en poudre. L'interférence constructive de deux ondes X donne le

diagramme de diffraction des RX (Fig.11I-4)

atomic
plane
atomic
plane
°

L ]
L ]
L ]

Figure I1I-4 : Représentation schématique de la diffraction des rayons X par un cristal (loi de Bragg)

La relation générale entre la longueur d'onde des rayons X incidents, I'angle d'incidence et
l'espacement entre les plans cristallins des atomes est connue sous le nom de loi de Bragg et
s'exprime comme suit:
nA = 2d sin@ (1)

ou n est l'ordre de diffraction, 4 est la longueur d'onde des rayons X incidents, d est
l'espacement interplanaire du cristal et @ est I'angle d'incidence. Etant donné que dans un
cristal les atomes sont disposés de fagon périodique, les ondes diffractées seront constituées
de maxima d'interférence (pics) avec la méme symétrie que dans la distribution des atomes.
Le diagramme de diffraction des RX permet donc de déterminer la distribution des atomes
dans un cristal. La diffraction des RX peut non seulement étre utilisée pour identifier la phase
cristalline d'un matériau par comparaison aux données provenant de structures connues, mais
aussi dequantifier les changements dans les parametres cellulaires, 1'orientation cristalline, la

taille des cristallites et d'autres parametres structuraux. La taille moyenne des cristallites peut
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étre estimée a partir du diagramme de diffraction des RX en utilisant 1'équation de Scherrer

[2,3]:

Ou B est I'élargissement de la ligne a mi-hauteur (FWHM, aprés prise en compte de
I'élargissement de l'instrument), K est la constante de Scherrer qui est d'environ 0.9, 4 est la

longueur d'onde incidente et D est taille de la cristallite.

3 .Microscopie électronique a balayage a émission de champ (FESEM)

FESEM est une technique utilisée pour obtenir des informations topographiques et
morphologiques sur un échantillon (voir figure III-5). Dans la mesure MEB, 1'échantillon a
¢tudierest bombardé par un faisceau d'électrons. L'électron d'un faisceau incident excite un
¢lectron du matériau qui quitte 1'échantillon s'il a une énergie suffisante (appelée électron
secondaire) ou est dispersé¢ (appelé électron rétrodiffusé). Les électrons secondaires et
rétrodiffusés sont détectés par deuxdétecteurs différents. Les ¢électrons secondaires

proviennent généralement de la surface de I'échantillon.

Figure I1I-5. Image de la microscopie électronique a balayage (FESEM), un Zeiss ULTRA 55

S'ils proviennent profondément del'intérieur de 1'échantillon, les électronsperdront
suffisamment d'énergie en transit vers la surface etne pourront quitter I'échantillon. Le nombre
d'électrons détectés change en fonction de I'orientation de la surface. En raison de la variation
du nombre d'électrons détectés, la luminosité du moniteur change, ce qui donne une image

tridimensionnelle. En revanche, les ¢électrons diffusés en arriére possédent des énergies
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différentes selon qu'ils sont dispersés a partir d'un noyau plus lourd ou plus léger. Les
¢lectrons dispersés a partir d'un noyau plus lourd ont une énergie plus élevée que ceux
dispersés a partir d'un noyau plus léger, et ainsi I'image de 1'¢élément noyau plus lourd apparait
plus brillante [4]. Dans notre étude,la MEB a été réalisée sur des couches minces déposées sur
substrat de FTO, a I'aide de Zeiss ULTRA 55 Excel équipé d'un canon a émission de champ
de 30 kV.

4. Spectroscopie a dispersion d'énergie (EDS)

La spectroscopie a dispersion d'énergie (EDS) permet une mesure quantitative de la
composition ¢lémentaire d'un échantillon. Spécifiquement, lorsqu'un électron incident entre
en collision avec un électron atomique interne, I'électron du noyau est ¢jecté, laissant un vide.
Un ¢électron de la coque externe remplit le vide laissé par 1'électron de base et un photon X est
émis.Les tensions de fonctionnement typiques dépendent de la profondeur de I'échantillona
sonder. Cette profondeur peut étre estimée en utilisant un logiciel utilisant des simulations de
Monte-Carlo. Des tensions de fonctionnement plus élevées permettent ¢galement d'inclure des
pics d'énergie plus €levés, ce qui augmente la précision de la caractérisation. La précision de
la caractérisation est augmentée par des temps d'acquisition plus longs, des détecteurs de

résolution plus ¢élevée.

5. Microscopie a force atomique (AFM)
Un microscope a force atomique est capable de fournir une image tridimensionnelle de la
surface et est donc treés utile pour caractériser la topographie de surface (voir figure 11I-6).
Dans un AFM, on utilise un porte-a-faux avec un bout pointu (quelques centaines de
nanometres de diametre) composé de Si ou de SiO,. En raison de la variation topographique,
le porte-a-faux dévie et la déviation est mesurée en utilisant un faisceau laser réfléchi par le
porte-a-faux. Si le laser change de position en raison de la force sur le cantilever, une tension
est appliquée a la piézoélectrique pour faire revenir le laser a son origine. La force sur le
porte-a-faux dépend des caractéristiques de surface del'échantillon. La pointe est maintenue
en contact continu ou alterné avec la surface de 1'échantillon et le porte-a-faux se déplacesur
I'échantillon a l'aide d'un contréleur piézoélectrique. La hauteur de la pointe change pendant
le mouvement du porte-a-faux et l'amplitude de la déviation est tracée en fonction de la

position de la pointe sur la surface qui crée une carte topographique de la surface. [5]
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Figure I11-6. Images de la microscopie a force atomique multimode 8 de Bruker (AFM)

6. Analyse par microscopie électronique a transmission (TEM)
Le TEM est une technique de microscopie dans laquelle un faisceau d'électrons est transmis
sous vide a travers un échantillon mince. Il est capable de se concentrer sur une seule
nanoparticule pour identifier directement sa morphologie, sa structure cristalline et sa
composition chimique. Le principe du TEM est similaire a celui d'un projecteur de
diapositives: lorsque le faisceau d'¢lectrons traverse I'échantillon, seules certaines parties sont
transmises, formant une image de contraste qui passe a travers une lentille grossissante puis
est projetée sur un €cran fluorescent ou est détectée par une caméra a dispositif de couplage
chargé (CCD). La figure I1I-7 montre une photographie et un diagramme schématique d'une
installation de TEM. La cathode du canon a électrons, qui est souvent faite a partir de filament
de tungsteéne, est chauffée par un courant €levé pour produire un flux d'électrons. Ceux-ci sont
accélérés par un champ de 100-300 keV et, lorsqu'ils voyagent dans la colonne, la tension
croissante augmente leur énergie cinétique et diminue la longueur d'onde effective. Les
lentilles du condenseur sont responsables de la formation du faisceau primaire et de la
focalisation du faisceau sur un petit cylindre, tandis que I'ouverture du condenseur élimine les
¢lectrons diffusés aux grands-angles. Le faisceau frappe I'échantillon sur le porte-échantillon
et une grande partie de celui-ci est transmise, agrandie et focalisée par l'objectif et ensuite par
les lentilles du projecteur. Enfin, un écran fluorescent ou CCD est utilisé pour former une

image.
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Le TEM est capable de créer des motifs de diffraction a partir d'une zone minuscule, appelée
Diffraction de zone sélectionnée (SAD); en agissant surles réglages de la Ientille
ducondenseur, la SAD peut aller de quelques centaines de nanométresnm a un nanomeétre de

diamétre.

Figure Il1I-7. Image de la microscopie électronique a transmission (TEM) JEOL JEM 2100F

La microanalyse aux rayons X par dispersion d'énergie (EDX) est utilisée pour mesurer les
rayons X ¢émis lors d'un bombardement électronique dans un MET afin de définir Ila
composition chimique des matériaux sur les nano et micro-échelles. Les éléments présents
dans 1'échantillon sont déterminés a partir des énergies de rayons X émis par la zone excitée
par le faisceau d'électrons. La proportion de détection des rayons X caractéristiques donne une
mesure des quantités des éléments présents dans 1'échantillon. Les pourcentages de poids sont
calculés en utilisant des énergies de créte spécifiques relatives aux coques d'énergie
individuelles des atomes de chaque élément et les zones de pic sont déterminées en utilisant
un étalon calibré interne, habituellement du cobalt. Les mesures MET des films minces

rapportés dans ce travail ont été faites a 1’aide d’un JEOL JEM2100F fonctionnant a 200 keV.

7. Analyse photoélectrochimique
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7.1. Cellule, électrolyte et montage

Le composant principal de la cellule PEC est le semi-conducteur, qui convertit les photons
incidents en paires €lectron-trou. Ces ¢électrons et ces trous sont spatialement séparés 1'un de
'autre en raison de la présence d'un champ ¢lectrique a l'intérieur du semi-conducteur, la
figure II1-8 montre un diagramme d'énergie simplifi¢é qui constitue l'anode et une contre-
¢lectrode. Les deux électrodes sont interconnectées via une source de circuit externe.
Lesunitésdebasedel’analyseurélectrochimiqueetphotoélectrochimiqueutilisé sont :

* Unecelluleenverred’unecontenancede100mletpossédantunhublotenquartz(qui
contrairement au verre, laisse passer la lumiere UV). Elle est positionnée
perpendiculairement aufaisceauconformémentalafigurelll-
8.Elleestbaséesurunsystémeatroisélectrodes immergées dans la solution a analyser. Les
trois €lectrodes sont :

- Une ¢lectrode de travail: ¢lectrode de Fe,Os de surface active égal a 1 cm?.

- Uneélectrodederéférence : électrodeAg/AgCl (3M KCl)

- Une électrode auxiliaire (parfois aussi, appelée contre €lectrode) : €lectrode de Pt,
elle assure le passage du courant dans le circuit €lectrique et sa mesure.

* Unpotentiostat/galvanostat Autolab detypePGSTAT302N (Metrohm, Netherlands)
pilotéparunlogicielNova 10.

* Unelampea Xe est wutilisée pour ['illumination de films semi-conducteurs,
d’intensité¢150Watts (PLSSXE 300/300UV) émettantprincipalementdansl’UV-A(domaine
d’absorption du Fe,;0O3) et illumine la totalit¢ de la surface de 1’¢lectrode.Divers filtres
passe-bande a ondes longues sont situés entre la source de lumiere et I'¢lectrode échantillon
[6],couplé par un chopper. L'ensemble du systéme estcontrdlé par un logiciel fait maison.

* La solution de I’¢lectrolyte est composée de NaOH 0.1M (le volume de la solution est ¢gal
a0.1L).

Lorsque des semi-conducteurs dopés n sont mis en contact avec un électrolyte, le courant

circule jusqu'a ce que leurs potentiels €lectrochimiques soient équilibrés et que 1'équilibre soit

atteint. L'absorption de photons avec une énergie dépassant la bande interdite génere des
paires ¢lectrons-trous proches de l'interface semi-conducteur/électrolyte. Dans le cas ou le
niveau de Fermi (Er) se situe au-dessus du potentiel redox standard (Vo redox), les électrons
seront retirés du semi-conducteur vers I'¢lectrolyte, laissant derrieére eux des charges positives.
Une séparation de charge se produit lorsque les trous atteignent la surface et réagissent avec

I'¢lectrolyte. Le champ é€lectrique est important en ce qui concerne le processus de séparation

64



des pairs électrons/trou photogénérés. L'ordre de charge dans I'¢lectrolyte est souvent décrit

dans les termes des couches de Helmholtz et Gouy-Chapman [7].

'WE

illumination

al P

Light source filtres Choping system

Figure IlI- 8. Diagramme schématique d'une cellule photoélectrochimique (PEC).

7.2. Techniques ¢électrochimiques

Les méthodes ¢€lectrochimiques peuvent étre classées selon deux groupes distincts : les
méthodes stationnaires et les méthodes nonstationnaires dites transitoires, dans notre cas on
n’utilise que les méthodestransitoires.

¢ Techniques transitoires
Les différentes techniques transitoires se différencient les unes des autres par la forme du

signal respectif appliqué : une impulsion, un balayage ou une modulation.

7.2.1. La chronoampérométrie
Lachronoampérométrieconsisteaimposeral’électrodedetravailunpotentieletaenregistrer, en
fonction du temps, le courant qui traverse ’interface électrode /électrolyte. Le choix de la

tension d’excitation est dicté généralement par les courbes de polarisation I-E.

7.2.2.L.a méthode a balayage en potentiels: Voltamétrie cyclique
Les mesures de Voltamétrie cyclique reviennent a effectuer des balayages lin€aires en
potentielsautourd’unepositiondonnéeetd’ observerleséventuellesapparitionset/ou
disparitiondesphénomenesélectrochimiques(oxydationet/ouréduction).Lebalayagede—0.2 a 0

V avec une vitesse de50 mV/s™.
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7.2.3. Voltampérométrie cyclique (CV) a un potentiel de bande plate

et une densité de donneur déterminés
Comme décrit par Boschloo et Fitzmaurice, la voltamétrie cyclique peut étre utilisée pour
calculer les potentiels de bandes plates des ¢lectrodes dans I'électrolyte aqueux. Pour ce faire,
il faut veiller a ce que la plage de potentiel soit telle que le film €lectrode soit toujours dans
des conditions d’appauvrissement ; c'est-a-dire que le potentiel appliqué est plus positif que le
potentiel debande plate (Vfb). Ils ont montré que le courant estune fonction
approximativement linéaire du potentiel appliqué, dans les directions des balayages avant et
inverse. De plus, le courant a un potentiel donné¢ dépend linéairement de la vitesse de
balayage. S'il n'y a pas de pics dus a des réactions ¢électrochimiques, on peut supposer qu'il n'y
a pas de courant faradique et que 1'origine de ce courant doit donc étre capacitive. La capacité

différentielle (C) est donnée par

C= d—Q =1 E = ! 3)
av av v

Avec Qla charge, V le potentiel, I le courant et v(Vs™) la fréquence de balayage utilisée pour
l'enregistrement de 1aC-V. Par conséquent, si la densité de courant est tracée en fonction de la
vitesse de balayage a différents potentiels, la pente de ces diagrammes peut €tre considérée
comme la capacité de la couche de charge spatiale a un potentiel donné (la capacité de
1'¢lectrode nanostructurée peut étre calculée en utilisant 1'équation ci-dessus).

Les données provenant des balayages avant des C-V sont utilisées pour calculer la capacité.
Les relations linéaires sont obtenuesa des potentiels proches de Vib. A partir des diagrammes
de Mott-Schottky, la densité¢ des donneurs Npet le potentiel debandes plates peuvent étre

calculés en utilisant 1'équation ci-dessous :

1 2 ( KT
= E—Efq — —) Poursemi — conducteur de typen 4
Csc?  esggNpAg? b e yp )
1 2 (E E +KT)P ' ducteur de t (5)
= - — — ) Pour semi — conducteur de e
Cyc? esggNpAg? b7 e ypep

Avec ela charge de 1’¢électron,e la constante di¢lectrique dusemi-conducteur, &, la permittivité

duvide, As la surface de 1’¢lectrode de travail, kla constante deBoltzmann et 7la température.
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7.2.4. IPCE

L'efficacité de conversion du photon incident (IPCE) est obtenue en mesurant le flux de
photons incident provenant d'un monochromateur (TMc300, Bentham Instruments Ltd.,
Berkshire, Royaume-Uni) ou on utilise une lampe axénon de 300W. La lumiere est calibrée
en utilisant une photodiode au silicium. Les spectres de photocourant sont mesurés a un
potentiel constant par rapport a Ag / AgCl en combinant un amplificateur a verrouillage
(Bentham 485, Bentham Instruments Ltd., Berkshire, Royaume-Uni) avec un potentiostat
intégré. Les lectures sont recueillies a des intervalles de 20 nm tandis que la lumiére

monochrome balaie I’intervalle spectral 360-680 nm.

1240-ipnotocurrent (nA/cm?)

0, =
IPCE( A)) }\(nm)'jphotons(ﬂw/cmz)

* 100% 6)

OUippotocurrentesSt la densité de photocourant, A(nm)la longeureu d’onde de la lumiere

o s . , . o 2
incidente, et I’énergie des photons incidents par seconde et par cm”.
) photons

8. Mesures de la caractéristique courant-tension (J-V)

L'efficacité d'une cellule solaire est évaluée a travers sa caractéristique courant-tension (J-V)
qui fournit des informations quantitatives sur la qualité globale du dispositif et aide a
identifier les problémes au sein de la cellule solaire et ceux associés a ses contacts électriques.
Une cellule solaire, lorsqu'elle n'est pas éclairée (c'est-a-dire dans 1'obscurité), le courant dans
une diode peut en outre étre décrit par I'équation de la diode de Schokley [8], qui est donnée

par

I = Io(exp (£4) - 1) )

Oul, est le courant net circulant dans la cellule, I, est le courant de saturation sombre (ou
courant de fuite), V;, est la tension appliquée, g est la charge de I’électron, n est le facteur
d'idéalité de la diode, k est la constante de Boltzmann et 7 est la température absolue. En
revanche, lorsque la lumiere est incidente sur la cellule solaire, le courant total est une

superposition a la fois du courant d'obscurité et du courant généré par la lumiere (Ip) [9].

|4
I=1Iy—1,=Io(exp(2) - 1) -1, @®)
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Les deux courants circulentdans des directions opposées dans la cellule solaire. Les électrons
et les trous générés par la lumierese déplacent a travers le circuit externe.Si au cours d'une
mesure J-V unetension directe suffisamment grandeest appliquée, elle polarise la diode avant,
puis les électrons et les trous surmontent la barriére de potentiel donnant naissance au courant
de diode I,. Les équations (7) et (8) peuvent étre utilisées pour tracerdes courbes J-V comme
le montre la figure 9.La qualit¢ d'une cellule solaire est mesurée en fonction de quatre
paramétres de performance différents. Le premier parametre est le courant de court-circuit Jsc,
qui est équivalent a Iy dans I'équation (8). C'est le courant lorsque la cellule solaire est court-
circuitée. Le courant de court-circuit résulte de la génération de porteurs de charge par la
lumiere et de la séparation de ces porteurs de charge par le champ électrique intégré.
Jscdépend de certains facteurs tels que le spectre et I'éclairement énergétique de la lumiére, les
propriétés optiques des matériaux formant la cellule solaire, son épaisseur, ainsi que la durée
de vie des porteurs minoritaires dans la couche absorbante.Le second parameétre est la tension
développée a travers la cellule solaire lorsqu'elle est en circuit ouvert, de sorte qu'aucun
courant ne peut circuler. Cette tension est connue sous le nom de tension decircuit ouvert,
Vco. La tension en circuit ouvert dépend de plusieurs facteurs tels que la bande interdite de la
couche active, le comportement de la diode dans 1'obscurité, la densité de défauts a la jonction
et les pertes parrecombinaison.

Le troisieme parametre de performance fourni par la mesure J-V est le facteur de remplissage,
FF, c’estlerapport de la puissance de sortie maximale de la cellule solaire au produit de Iscet

Vo, donné par :

P |4 x1I
FF = max _ __ VmaxXImax (9)
Isc XVoc Isc XVoc

Ou ILyae et Viyae sont respectivement les valeurs de la tension et du courant au point de
puissance maximale, comme illustré sur la Figure I1I-9. Le facteur de remplissage dépend
¢galement de la densité des défauts dans la masse du semi-conducteur et de la jonction, ainsi
que des résistances shunt et série, présentes dans la cellule solaire. Le quatrieme parametre est
l'efficacité de la cellule solaire, qui est le rapport de la puissance de sortie de la cellule solaire

a la puissance incidente. L'efficacité d'une cellule solaire est donnée par:

Pmax Vimax*Imax
n = fmex = o (10)

in incident solar radiation xArea of solar cell ™" """
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Ou FF est le facteur de remplissage (équation9) et P;, est la puissance incidente (provenant
du soleil ou d'un simulateur solaire). Il est a noter que ces quatre parametres peuvent dépendre
du spectre utilis€é pour la mesure ainsi que de la température. Les cellules solaires sont

généralement mesurées a température ambiante et avec un spectre solaire AM 1.5.

Jsc

Vmp Voc

MPP

Jmp

/ ."um‘n."Oﬂ

Figure IlI- 9. Exemple de courbes J-V pour une cellule solaire dans l'obscurité et pour la méme
cellule solaire sous éclairage.
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Abstract

Using the easily applicable hydrothermal method Cr-doped hematite thin films have
been deposited polycrystalline on conductive glass substrates. The hydrothermal bath
consisted of an aqueous solution containing a mixture of FeCl3-6H,0 and NaNO; at
pH = 1.5 The samples were introduced in an autoclave and heated for a fixed time at
a fixed temperature and then annealed in air at 550 °C. The concentration of the
incorporated Cr atoms (Cr#4+* ions) was controlled by varying the concentration of the
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Abstract

Using the easily applicable hydrothermal method Cr-doped hematite thin films have been
deposited polycrystalline on conductive glass substrates. The hydrothermal bath consisted of
an aqueous solution containing a mixture of FeCl;.6H,O and NaNOj at pH = 1.5. The samples
were introduced in an autoclave and heated for a fixed time at a fixed temperature and then
annealed in air at 550°C. The concentration of the incorporated Cr atoms (Cr*" ions) was
controlled by varying the concentration of the Cr(ClO4)sprecursor solution, varied from 0 %
to 20 %. All samples followed morphological and structural studies using field-emission
scanning electron microscopy, high-resolution transmission electron microscopy and X-ray
diffraction. Chronoamperometry measurements showed that Cr-doped hematite films
exhibited higher photoelectrochemical activity than the undoped films. The maximum
photocurrent density and incident photon conversion efficiencies (IPCE) were obtained for 16
at.% Cr-doped films. This high photoactivity can be attributed to both the large active surface
area and increased donor density caused by Cr-doping in the a-Fe,Osfilms. All samples
reached their best IPCE at 400 nm. IPCE values for 16 at.% Cr-doped hematite films were
thirty times higher than that of undoped samples. This high photoelectrochemical
performance of Cr-doped hematite films is mainly attributed to an improvement in charge

carrier properties.

Keywords:Thin films; Hematite; Chromium;, XRD analysis;, FESEM analysis;, TEM

analysis; Optical properties; Photoelectrochemicalproperties.
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1. Introduction

For the last twenty years, hematite (a-Fe;O3) is considered as the most promising material in
view of cost, abundance and photocatalytic properties. Hematite has emerged as an efficient
photocatalyst used in solar water splitting as well as hydrogen production due to its
appropriate optical band gap (2.1-2.2 eV). According to theoretical predictions, solar-to-
hydrogen efficiency of hematite can reach 16.8% and water splitting photocurrent can extent
12.6 mA/cm® [1,2,3]. Moreover, hematite exhibits an extraordinary chemical stability in an
oxidative environment. However, the applied performance of hematite for solar water splitting
is far from the ideal case which has been limited by several factors such as poor conductivity,
short lifetime of the excited state carrier (10 ps), poor oxygen evolution reaction (OER)
kinetics, short hole diffusion length, and improper band position for an unbiased
Photoelectrochemical method [4].

So far, the photoelectrochemical activity (PECA) of hematite has remained quite low because
of two main drawbacks. First, the conduction band edge energy of a-Fe,Ossystem lies below
the reversible hydrogen potential, thus hindering the charge-transfer process of
photogenerated carriers (electrons and holes) at the hematite/electrolyte. Second, undoped
hematite exhibits a rapid non-radiative electron—hole recombination due to its high density of
intrinsic defects. As a result, the defects induce a short diffusion length almost 4 nm compared
to the light penetration depth. Therefore, hematite has a relatively poor conductivity, severely
limiting the overall photocurrent. However, incorporating foreign metallic atoms into the a-
Fe,Os structure has been considered an effective approach to inhibit the above-mentioned
drawbacks and consequently enhance the PECA of hematite.

A large range of elements, mostly belonging to transition metals such as Sn [5], Cu [6], Pt [7],
Si[8,9,10,11], Ti [12,13,14], V[7], Al [7,15], Cd [16], Mo [17], Nb [18], Mg [7], Rh [19], Ce
[20], Co [21], Cu [7,22], Zn [7,23], Cr [7,17], Pt [11], and Ta [24] have been used to dope
hematite.Table I shows a review of the achievements in some typically doped a-Fe,Osthat can
be found in the literature. Data in Table I includes the kind of the doping agents and the
performance of the hematite water splitting photoelectrodes. These data are compared with
the Cr-doped hematite obtained from the hydrothermal method described in this work. To
dope a-Fe,0s;, diverse methods have been attempted, using a range of synthesizing methods
including sol-gel [25,26,27], hydrothermal [28,29], magnetron sputtering [30,31], atomic
layer deposition [32], spray pyrolysis Diagramme de Tanabe-Sugano du Fe(Ill)
[8,33,34,35],atmospheric pressure chemical vapor deposition (APCVD) [11,36,37], and
electrodeposition [38,39,40,41]. These dopants influence the conductivity of the hematite as
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well as band gap width, the Fermi level, and charge-transfer- processes. However, based on
the literature, some researchers reported contradictory effects of doping on
photoelectrochemical performances. This apparent discrepancy in the results has mainly been
attributed to the doping concentration and processing methods. Undoped and doped hematites
have been grown by various methods that can roughly be categorized in two groups. The first
group involves physical deposition using gas as precursors and necessitates expensive and
sophisticated devices as is the case in atomic layer deposition, chemical vapor deposition and
magnetron sputtering. The second group includes wet chemical synthesizing methods
requiring solution precursors and relatively low cost, simple utensils or set ups as in the case
of electrochemical deposition, spray pyrolysis, sol-gel coating and hydrothermal growth.
Compared to the methods, the hydrothermal method has several advantages. First, it is a
reproducible, facile and inexpensive method since it consists of sealed “one pot” reactions
requiring an operating temperature as low as 100°C. Second, it allows crystalline growth of
versatile nanostructured doped hematite with precise control of the microstructure
morphologies. Recently, McFarland and co-workers [38] were able to fabricate Pt, Mo and Cr
doped and undoped hematite films as PEC electrodes for water splitting. They found that the
photoactivity of the iron oxide was improved by co-deposition with Mo or Cr. The best
performing samples were 5% Cr and 15% Mo doped, which had IPCEs at 400 nm of 6% and
12%, respectively, with an applied potential of 0.4V vs Ag/AgCl. These IPCE values were 2.2
and 4 times higher than the undoped sample for the 5% Cr and 15% Mo samples,
respectively. No evidence was found that the improved performance was due to the
electrocatalytic effects of the dopant at the surface of the hematite thin film. The major effect
of the Mo and Cr dopants is to improve the charge transport properties of the hematite so that
a greater fraction of the photon generated electron/hole pairs is available for surface redox
chemistry.

Furthermore, under factual operating conditions, high over potentials are desirable not only
because of non-idealities but also due to the complexity of water splitting reactions. Current
progress in nanostructured hematite synthesis including nanoparticles [42,43], nanowires [44]
and nanonets [45] opens opportunities in tackling the drawbacks mentioned above. As a
matter of fact, nanostructured photoanode offers an increased semiconductor/electrolyte
interfacial area for water oxidation, as well as a substantial reduction of the diffusion length
for minority carriers [46,47,48]. In this way, hole recombination can be decreased if the
surface feature dimensions are tuned to be close to the hole diffusion length of a-Fe,O; (2 — 4

nm [49] or 20 nm [50]). Nanostructures increase light absorption by increasing light scattering
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and trapping. As a result, nanostructured hematite photoelectrodes greatly facilitate the
collection of charge carriers better than if they were simply bulky and smooth[51]. An
additional doping of hematite photoanodes has been extensively studied to perform a further
enhancement of the photoactivity of these photoanodes [51, 52,53]. Numerous studies have
shown that PEC water splitting is advantageous combining nanostructure and doping effects
[54,55]. Therefore, a more straightforward and up scaling fabrication method of
nanostructured doped hematite electrodes is needed to compare the doping effects in terms of
PECA before addressing their stability under real operating conditions. To date, no significant
data have been published on optical, structural and electrical properties as well as PECA of
chrome doped a-Fe,;Osfilms when synthesized by the hydrothermal method. In this study, we
prepared Cr-doped a-Fe,O; thin films by a hydrothermal process. The photoelectrochemical
response shows that the samples are effective for the photo splitting of water and the doping
level affects the photocatalytic of the thin films. The optimum sample is a-Fe,Os doped with
16at.% Cr. It is believed that this result could bebeneficial for the applications of Cr-doped a-

Fe,Os in the fields of photocatalysis and photoelectrical devices.

Table I: Summary of the results obtained for doped hematite photoelectrodes, fabrication
methods and photoelectrochemical characteristics

. . Light Photocurrent
Dopant Pr;? atll‘lat(lion POt?tlal Electrolyte Intensity HT;:E Density Ref.
etho V) (mW-cm™) (%) (mA-cm™®
undoped 3 0.690
0.4 vs. 410
Mo o 1 M NaOH 12 2,00 [17]
Cr Electrodeposition | Ag/AgCl 6 12
Undoped 05 vs U.A. Negligible
Si Sputtering 'SCE ’ 1 M NaOH 100 3 0.100 [53]
Ti 15 0.620
Undoped 0.800
Ti 4.000
Ti-Al . 0.45 vs. 4.000
Ta Spray Pyrolysis NHE 0.1M NaOH U.A. U.A. 1.000 [52]
Ti-Pt 0.800
Ni Negligible
Undoped . 0.4vs. 3 0.690
Pt Electrodeposition Ag/AgCl 1 M NaOH 410 12 1340 [38]
Undoped . 0.4 vs. 3 0.690
Al Electrodeposition Ag/AeCl 1 M NaOH 410 3 ~1.000 [39]
Undoped . 0.5 vs. Negligible
Ti Spray Pyrolysis SCE 1 M NaOH 150 U.A. 1980 [56]
Undoped . 0.2 vs. 0.5 M H,SO, U.A.
Mg Spray Pyrolysis SCE U.A. U.A. 0.22 [57]
Undoped . 0.5 M H,S04 40 U.A. U.A.
7n Spray Pyrolysis 0 vs. SCE 20 UA. [58]
Undoped 0.1vs. Negligible 1.77 our
Cr Hydrothermal Ag/AgCl IM NaOH 100 6 263 work

U.A. = Unavailable
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2. Experimental
2.1. Material and methods
The flowchart illustrating the synthesis of nanostructured a-Fe,O; thin films by the
hydrothermal method is displayed in Figure 1. Initially, a fluorine-doped tin oxide (FTO)
coated glass plate purchased from Pilkington glass company (USA), was cut into small
rectangular pieces having a surface of 3x1 cm” to serve as a starting substrate. These pieces
were ultrasonically pre-cleaned by sequential rinses with acetone, distilled water, and ethanol.
The hydrothermal bath was an aqueous solution containing a solution 0.15MFeCls;, IMNaNO;
and 1M Cr(ClO4); [°,%°,°']. Some drops of hydrochloric acid (HCI]) were added to adjust the
pH of the mixture to 1.5. Cr(ClO4)ssolutionswere added to the bath intended for Cr-doped
films. The additional amount of Cr was calculated so that the molar ratio Cr/(Cr+ Fe)
remained in the range of 0-20 at. %. All chemicals were purchased from Sigma Aldrich and
used as received without any additional purification. Double deionized water, exhibiting a
resistivity close to 15 MQ-cm was generated by a Milli-Q academic ultra-pure water
purification system (Millipore, Bedford, MA, USA). Once the solution was prepared, some
FTO glass substrates were placed at the bottom of a Teflon recipient. Only 20 ml were
transferred to the recipient so that the substrates were partially immersed in the solution.
Then, the recipient was inserted in a stainless-steel autoclave. The filled autoclave was tightly
sealed before being heated at 100 °C for 6h in an oven. Finally, the system (autoclave with the
samples) was naturally cooled down to room temperature. Under hydrothermal conditions, the
aqueous solution enables the Fe*hydrolysis ions with OH", producing iron oxide nuclei, as
described by the following reaction (1):

Fe* g + 30H oy —p-FeOOH, + H,O (1)
Finally, a uniform yellowish layer of akageneite f-FeOOH covered the FTO/glass substrates
uniformly. The akageneite-coated substrates were then washed with deionized water and
subsequently introduced in a muffle furnace to be sintered in air at 550°C for 4 hours. At
theend of this calcination step, the B-FeEOOH was converted into a-Fe,Os. Correspondingly, as
illustrated in Figure 1, the color of the substrate turned from yellow to red-brown indicating a
phase transition from B-FeOOH to a-Fe,Os; [57].The chemical reaction expected to occur

during this phase transition is represented by the reaction displayed below (2):

2B-FeOOH5) —Fe;035+H20 1 or ) (2)
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.‘_ HCl1 Autoclave i i

PH=1.5

B -FeOOH a-Fe,O
(7 = N -

g Co— 2

PH meter Hydrothermal proces = z
FTo
FTO
Hydrothermal growth calcination step
(100°C 6h) (550°C 4h)

Fig. 1: Schematic illustration of Cr-doped hematite photoanodes synthesized by the
hydrothermal method.

2.2. Characterization setup

Microstructural properties of various hematite films were obtained at room temperature using
a RigakuUltima IV X-ray diffractometer (XRD) in the Bragg-Bentano configuration using
CuKa radiation (A = 1.54060 A). Chemical composition, surface morphology, and topography
were characterized using energy dispersive spectroscopy (EDX) coupled to a field emission
scanning electron microscope (FESEM) Zeiss ULTRA 55, equipped with an In-Lens SE
detector. The selected electron diffraction and high-resolution transmission electron
microscopy (HRTEM) images were obtained by a JEOL-2010 TEM set at an acceleration
voltage of 200 kV.Optical absorption was recorded with a UV-visible spectrophotometer
HR4000 provided by Ocean Optics. The spectrophotometer was coupled to an integrating
sphere to collect both specular and diffuse transmittance.

The photoelectrochemical measurements of the samples were performed in a quartz cell to
facilitate light reaching the photoelectrode surfaces.The surface area of the working electrode
was 0.2 cm”.The electrolyte consisted of 1 M solution of NaOH (pH = 13.6) with a pure
nitrogen stream bubbling before and during the test to remove the dissolved oxygen. The
chronoamperometric curves of the hematite thin films were also obtained at + 0.1 V (vs.
Ag/AgCl) both in dark and under illumination performed by a 300 W Xenon lamp
(PLSSXE300/300UV). The luminous intensity of the Xenon lamp was fixed at 100 mWem™.
The set-up was completed with an automatic shutter and a filter box. The whole system was
controlled by homemade software.

For wavelength-dependent photocurrent measurements a monochromator giving a ~20 nm

band-pass from 360 to 680 nm was used together with cut off filters to eliminate secondary -
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harmonics. To be able to detect low photocurrent intensity, the set-up was completed with a
photo-chopper and a lock-in amplifier (signal recovery). The absolute intensity of the incident
excitation light was measured with a radiometer/photometer (international light). The incident
photon to electron conversion efficiency (IPCE) of the samples was calculated as follows:

1240-i rrent (WA/cm?)
0 _ photocurrent
IPCE( A)) - A(nrn)'iphutuns(Ilu//c"lz)

*100% (3)

Were iphotocurrent 1S the photocurrent densities, A(nm)is wavelength of the incident light and

jphotons 18 the measured irradiance.

3. Results and discussion

3.1. Morphological characterization

3.1.1. FESEM analysis

The morphology of undoped and Cr-doped a-Fe;Os samples obtained under hydrothermal
conditions was monitored by FESEM images (Figure 2). Figure 2 shows a typical
morphology of hematite nanorod (NR) arrays grown on the FTO substrates by the
hydrothermal process. Top view images show clearly that hematite NRs are uniformly
distributed on the substrate and oriented upward with respect to the substrate. While others are
detached from the substrate, being free standing and horizontal. Each hematite NR looks like
a grain of rice as can be seen in Fig. 2 (a,b,c,d, and e (200nm)) of the as-prepared sample,
enabling the identification of a typical nanoparticle formation. On the other hand, top-view
analysis of Cr-doped a-Fe,Os electrodes synthesized during hydrothermal treatment 550 °C
for 4h showed that this substrate is formed by rods. The effect of different Cr-doped a-Fe,O;

did not affect the morphology of the iron oxide nanoparticles.
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Fig. 2: FESEM of hydrothermal deposited o-Fe;0;3 (a) undoped, (b) 4at.% Cr, (c) 8at.% Cr,
(d) 16 at.% Cr, and (e) 20 at.% Cr (1um and 200nm).

3.1.2. HRTEM analysis

The morphology of a-Fe,Osnanostructure films was characterized by TEM and HRTEM.
Figure 3 (a, b) shows a low magnification TEM image of the a-Fe,Osnanostructures analyzed
shows that the as-synthesized NRs exhibit a smooth surface and a relatively uniform diameter
along the axial direction, using the high-resolution transmission electron microscopy
(HRTEM) technique Figure 3 (c, d, e, f) shows a clear interplanar distance of 2.24 nm,
matching the djjo spacing of pure hexagonal hematite. The NRs tend to have a parallel
alignment, owing to weak Van der Waals attraction. The inset displays the electron diffraction
(ED) pattern, which was taken of the entire area. The diffraction ring indicates the
polycrystalline nature of a-Fe,Osand is highly consistent with the XRD results (Figure
4).Furthermore, the elemental mapping images (Figure 3 B) of the Fe (Ka), O (Ka), Cr( Ka)
nanorod reveal that the Cr dopants are distributed over all the nanostructures without any

segregation on the surface or inside the crystals.
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images of the Cr-Fe,03 photoanode.

3.2. Structural characterization

Figure 4 shows the XRD patterns of doped and undoped hematite films. The diffraction peaks
match the JCPDS Card No. 33-0664.Diffraction peaks located at 20 = 24.2°, 33.1°, 35.6°,
40.9°, 49.5°, 54.1° and 64°correspond to (012), (104), (110), (113), (024), (116) and (300)
diffraction planes,respectively. No peak corresponding to mixed oxides or impurities was
detected in any of the samples. Hematite (a-Fe,O3) belongs to the space group R-3c (167)
with the lattice parameters a= 5.036 A, b= 5.036 A, and ¢ = 13.74 A. This result proves that
after being heated in air at 550°C for 4 h, the precursor was completely converted from
FeOOH to a pure a-Fe,Os;rhombohedral phase.Hence, undoped and Cr-doped hematite films

havethe same crystal structure as a-Fe,;Os.

The crystallite size of the samples was calculated using the Debye—Scherer formula:

(KM
~ (Bcos 8)

“4)

where A = 1.5405 A is the wavelength of Cu Ka radiation, B, the full width at half maximum
(FWHM) of the main diffraction peak in radian, 0, the Bragg angle and k, the Scherrer's

constant equal to 0.90.
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Table 1 displays the calculated crystallite sizes for hematite samples doped at different Cr
concentrations for the most intense peaks that correspond to (012) and (110) diffraction
planes. The average crystallite size was found to decrease from44 nm to 11.7 nm for (012)
and 40.6 nm to 4.8 nm for (110) as Cr doping varied from 0% to 20%, leading to a gradual
decline of the intensity of the (012) and (110) XRD lines (See Fig. 4). The shift to higher
angles observed for XRD peaks as Cr content increases (Table 1) confirms the replacement of
Fe*" ions (ion radius = 0.74 A) by the smaller Cr ** ions (ion radius = 0.69 A). This
replacement results in a contraction of thea-Fe,Oslattice.It is also worth noting that EDX and

optical analysis confirmed Cr-doping.

L —undoped
Cr2at%
Cr8at%
Cr16at %
Cr20at%

Intensity (a.u.)

+Hematite
& FTO
- . <75 <757 T
20 25 30 35 40 45 50 55 60 65 70
2 theta (degree)

Fig.4: XRD patterns of a-Fe;Osand Cr-doped o-Fe;Ojsfilms at different Cr concentrations.

Tablel: Variation of the crystallite size of undoped and Cr-doped a-Fe;Ojzvs Cr content.

20 (° Crystallite 20 (° Crystallite

Sample ID Peak ((0)12) SiZe [nm] Peak (( 1)10) sfie [nm]
Fe,0; 24.13 44.0 33.14 40.6
Fe,0s: Cr 4% 2421 31.6 33.24 315
Fe,0s: Cr 8% 24.28 23.2 33.26 23.1
Fe,Os : Cr 16% 24.30 17.7 33.28 18.6
Fe,Os : Cr 20% 24.32 11.7 33.33 4.8
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3.3. EDX analysis

Elemental analysis of the a-Fe,Osthin films was done by Energy Dispersive X-ray analysis
(EDX) spectra (Fig. 5). The L line of the Fe element peaks at 0.6398 keV, while the K-line of
oxygen peaks at 0.525 keV. The atomic percentages of Fe, Cr, and O in undoped and Cr-
doped a-Fe,Os3 are shown in Fig. 5. The excess of oxygen (detected by EDX) could have
arisen from SnO,, as all Cr-doped films keep the hematite structure, it can be assumed that the
films do not deviate excessively from the stoichiometric composition. The calculated atomic
ratio of Fe and O is approximately equal to 2:3, which agrees with the stoichiometric
composition of a-Fe,0s, indicating that the films are rather thick so that only oxygen coming
from the hematite is detected. On the other hand, the Cr concentration in the films is different

from that existing in the precursor solution.

] [¢] undoped a-Fe03 B (]
. - Cr;4at%
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Cr |0
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Fig.5: EDX spectrum of (a) undoped a-Fe;0s, (b) 4at.%Cr-doped o-Fe;0s, (c) 8at.%Cr-
doped a-Fe;0; (d) 16at.% Cr-doped a-Fe;O3 and (e) 20 at.% Cr-doped a-Fe;0s.

3.5 Optical characterization of Cr-doped Fe,O; thin films

Figure 6 shows the optical transmission spectra in the wavelength range of 450 to 800 nm.
The films displayed a transparency above 65% with an excitation wavelength above 600 nm.
With increasing Cr content, the absorption edge (550-700 nm) shifted towards the longer
wavelength region. It appears that a-Fe,Oshas a high absorbance in the blue region, indicating
its applicability as an absorbing material in this wavelength range (Figure 7). The effect of Cr-

doping on the band-gap energy of the synthesized films was determined from the Tauc plot.
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The band-gap energy (E,) is estimated from the optical transmission spectra by calculating

the absorption coefficient as follows [30]:

a=%ln (71) (5)

60 3.0

50 4 undoped 2.5 undoped
_ Cr 20% 1 Cr 20%
& 404 Cr 16% S 2.0 Cr16%
g Cr 8% s Cr 8%
§ 301 Cr 4% § 1.5 Cr 4%
: g
2 204 S 1.0

[72)

E ©
(= < 1

10 4 0.5

0 7 - . T 0.0 T T T T T

500 600 700 800 500 550 600 650 700 750 800

wavelength (nm) Wavelength (nm)

Fig. 6: Transmittance spectra of undoped and  Fig.7. Absorbance spectra of undoped and
Cr doped o-Fe;0; Cr doped o-Fe;0;
The relation between the absorption coefficient and the incident light energy hv is

approximated as [62]:
ahv=A (hv-Eg)" (6)

where a is the absorption coefficient, 4 is a constant, & is the Planck’s constant, v is the
photon frequency, E, is the optical bandgap, and n is equal to 1/2 for direct bandgap
transitions and 2 for indirect ones. Figure 8 shows the Tauc plot for direct bandgap transitions
for undoped and Cr-doped a-Fe;Os films. The optical band-gap energy of undopeda-
Fe,Osfilmswas estimated to be 2.154 eV, slightly lower than that of bulk a-Fe,Os (2.3 eV). It
can be observed that the optical band-gap of Cr-doped a-Fe,Osremainsin the range of 2.05 eV
- 2.1eV (Table 2).

5
4 4 ——undoped
——Cr4a%
Cr8% .

3 31 Cr16% Fig.8: Tauc plot of undoped and Cr-
s doped o-Fe;03
o
£ 24
g

1

0 Ll Ll v Ll I I

1.8 1.9 2.0 2.1 2.2 2.3
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Table 2. Optical band-gap for a-Fe;O; thin films having different Cr-doping

a-Fe,0s: Cr-doping Cr0% Cr 4% Cr 8% Cr 16% Cr20%

Bandgap energy (Eg)
(eV)

2.15 2.09 2.08 2.05 2.07

3.6 Photoelectrochemical properties of the Cr-doped a-Fe,Oselectrode.

The photocurrent response was measured under visible light irradiation. To improve the
photocurrent response of a@-Fe,Os films the charge carrier transport must be enhanced in bulk
and on the surface to reduce carrier recombination at both sites. All measurements were made
in 1M NaOH [63,64] electrolyte and under a potential bias of 0.4 V.

Furthermore, we conducted chronoamperometric measurements under repeated light-on and
light-off conditions for all hematite films with and without Cr doping. As shown in Fig. 9, the
photocurrent of hematite is low and all Cr-doped hematite films exhibit higher photocurrents
than undoped ones. Hematite films with 16 at. % of Cr displays the highest photocurrent,
which is consistent with the UV-vis.

The results clearly demonstrate that the photocurrent density generated from the Cr-doped -
Fe,Oselectrode is significantly higher than that of undoped electrodes due to the presence of
an easier electron transport mechanism. In fact, structural studies showed that XRD peaks
exhibited a slight shift towards higher diffraction angles as Cr doping increases, which
indicates that Fe*™ ions were replaced by smaller Cr*'ions. Accordingly, Cr (Cr*") acts as an
electron donor in the a-Fe,Osmatrix, thus confirming the substitution of Fe’” by Cr*'ions.

In fact, Cr doping increases the donor concentration and enhances thechargecarrier
transportation by increasing the electric field across the space charge layer. The growth of the
donor concentration would reduce the width of the space charge layer; hence, the charge
carriers within the region should be efficiently separated before recombination. On the other
hand, a higher concentration of dopant would provide more efficient defect-
scattering/recombination inhibiting the increased separation efficiency,which might also

explain the variation of the photocurrent density with the doping levels.
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Figure 9: Photocurrent intensity for Cr-doped Fe;Os electrodes under on/off illumination, measured
in IM NaOH electrolyte with a bias potential of +0.4 V, under successive illumination cycles.

Figure 10 shows the performance of doped samples as compared to undoped sample.
Significant performance enhancements were observed upon doping throughout the
illumination wavelengths. The performance of the 4 at.% Cr-doped films is 4 times higher
than that of the undoped sample. The IPCE of 16 at.% Cr-doped films measured at 400 nm
with an applied bias of +0.4 V (vs. Ag/AgCl) is 6%, which corresponds to a thirty-fold
improvement over the undoped hematite. The higher photon energy was absorbed in the
outmost layers of hematite and therefore, the photogenerated holes have a shorter diffusion
path to reach the surface where they will contribute in H,O oxidation reaction. An anodic
applied bias will increase the collection efficiency of the electrons, and an IPCE improvement
can be seen in Figure 10. Furthermore, the applied bias will enable H,O reduction at the Pt
counter-electrode by overcoming the mismatch (0.4 V (vs. Ag/AgCl)) between the hematite
conduction band edge level and the reversible hydrogen potential (see Figure 11). The
improved IPCE performance is implausible to be related to an increase in the absorption of
the doped samples since no significant change was obtained in the absorption spectra of the

different Cr-doped samples (see Figure 7).
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Figure 10: IPCE for undoped and Cr-doped o-Fe;Os films at an applied potential of +0.4 V
(vs. Ag/AgCl) inl M NaOH.
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Figure 11: Energy diagram of the n-type hematite photoanode and schematic illustration of
the photoelectrochemical water splitting on photoanode and cathode.
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4. Conclusions

Cr-doped a-Fe,O; films were successfully deposited on FTO-coated glass substrates using the
hydrothermal method and an annealing process. The concentration of the incorporated Cr
atoms (Cr*" ions) was controlled by varying the concentration of the Cr(ClOgs)sprecursor
solution, (i.e., the concentration of the dopant in the sample can be controlled by adjusting the
electrolyte composition). The Cr dopant served as an ionized donor and was found to increase
the carrier density of the a-Fe,Osfilms. The major effect of Cr atoms is the improvement of
the conductivity and the charge transport properties of the a-Fe,Osfilms. The photoactivity of
the iron oxide was improved by co-deposition with Cr. The best performing samples have a
doping rate of 16 at% Cr, which in turn has anIPCE of 6% at 400 nm, with an applied
potential of +0.4V (vs Ag/AgCl). These IPCE values were thirty times higher than that of the
undoped sample. Hence, a greater fraction of the photon-generating electron—hole pairs is
available for surface redox chemistry. The apparent optimum at 16 at.% Cr doping may
balance these competing effects most effectively and yield the best PCE performance. The Cr-
doped a-Fe,0Os films provide potential applications in photocatalysis for water splitting or in

photoelectrical devices.
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p-CuSCN/n-Fe;03 heterojunctions were electrochemically prepared by sequentially
depositing a-Fe203 and CuSCN films on FTO (SnO5:F) substrates. Both a-Fe;03 and
CuSCN films and a-Fe;03/CuSCN heterojunctions were characterized by field emission
scanning electron microscopy (FESEM), energy-dispersive X-ray spectroscopy (EDX)
and X-ray diffraction (XRD). Pure crystalline CuSCN films were electrochemically
deposited on a-Fep03 films by fixing the SCN/Cu molar ratio in an electrolytic bath to
1:1.5 at 60°C, and at a potential of -0.4 V. The photocurrent measurements showed
increased intrinsic surface states or defects at the a-FepO3/CuSCN interface. The
photoelectrochemical performance of the a-Fe;03/CuSCN heterojunction was
examined by chronoamperometry and linear sweep voltammetry techniques. The a-
Fe;03/CuSCN structure exhibited greater photoelectrochemical activity compared to
the a-Fe;03 thin films. The highest photocurrent density was obtained for the a-
Fe;03/CuSCN films in 1 M NaOH electrolyte. This strong photoactivity was attributed to
both the large active surface area and the external applied bias, which favored the
transfer and separation of the photogenerated charge carriers in the a-Fep03/CuSCN
heterojunction devices. The flatband potential and donor density were maximal for the
heterojunction. These results suggest a substantial potential to achieve heterojunction
thin films in photoelectrochemical water splitting applications.
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Abstract

p-CuSCN/n-Fe,O3; heterojunctions were electrochemically prepared by sequentially
depositing a-Fe,O3 and CuSCN films on FTO (SnO,:F) substrates. The a-Fe,Os; and CuSCN
films and the a-Fe,O3/CuSCN heterojunctions were characterized by Field Emission Scanning
Electron Microscopy (FESEM), Energy-Dispersive X-ray spectroscopy (EDX), and X-Ray
Diffraction (XRD). Pure crystalline CuSCN films were electrochemically deposited on a-
Fe,0; films by fixing the SCN/Cu molar ratio in the electrolytic bath to 1:1.5 at 60 °C and at a
potential of -0.4 V. The photocurrent measurements showed an increase of the intrinsic
surface states or defects at the a-Fe,O3/CuSCN interface. The photoelectrochemical
performance of the a-Fe,O3/CuSCN heterojunction was examined by chronoamperometry and
linear sweep voltammetry techniques. It was found that the a-Fe,O3/CuSCN structure exhibits
a higher photoelectrochemical activity when compared to a-Fe;Os thin films. The highest
photocurrent density was obtained for a-Fe,O3/CuSCN films in 1 M NaOH electrolyte. This
high photoactivity was attributed to the high active surface area and to the external applied
bias; which favors the transfer and the separation of the photogenerated charge carriers in a-
Fe;O3/CuSCN heterojunction devices. The flat band potential and the donor density were
found to be maximal for the heterojunction. These results suggest a substantial potential to
achieve heterojunction thin films in photoelectrochemical water splitting applications.

Keywords:a-Fe,Os/CuSCN;  Interface; Electrochemical deposition;  Heterojunction;
photocurrent; Mott-Schottky.
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Introduction

In recent years, a great deal of attention has been paid to heterogeneous thin film deposition
on highly structured semiconductor substrates such as Fe,Os, ZnO, TiO,, and GaN to form
heterojunction; the latter semiconductor are essential in many electrical, photoelectrical, and
catalytic applications generally requiring an enlargement of the interface area.
Thermodynamically, the water splitting reaction is an uphill process that requires a minimum
energy of 1.23 eV as the Gibbs free energy change is AG°= 237.2 kJ mol™ or 2.46 eV per
H,O molecule [
1].However, a high overpotential is needed due to non-idealities in real operations taking into
account the water splitting reaction complexity. The water splitting process requires two steps
as it is not quite as straightforward as ripping apart the three atoms in H,O. The full reaction
requires the participation of two H,O molecules, which are then separated according to the
following reduction and oxidation half-reaction[2].

Reduction reaction:

2H ' +2¢  —  Hy(EY,;=0.00V/RHE) )
Oxidation reaction:

2H,O+4h" —  O,+4H (ES, =—1.23 V/RHE) (2)
Overall reaction:
2H,0 —  2H,+ O, (AE =-1.23 V/RHE) 3)

where RHE indicates a reversible hydrogen electrode (RHE).

Given that four-electron water oxidation is the rate-limiting step in the overall water splitting
reaction, the development of high-efficiency photoanodes for O, evolution capable of
overcoming the high overpotential requiring to perform this reaction represents an important
barrier that must be overcome [3].Hematite (a- Fe,O3) is one of the most promising
photoanode candidates as it has a narrow bandgap of ~2.1-2.2 eV and allows a ~16.0%
theoretical solar-to-hydrogen (STH) efficiency for photoelectrochemical (PEC) water splitting
[4,5,6]. Moreover, compared to other narrow bandgap semiconductors, a- Fe,O; offers many
additional advantages, including excellent stability in alkaline solutions, earth abundance, and
nontoxicity [3-7].However, a- Fe,Os has extremely poor electrical conductivity with a hole
diffusion length of 2—4 nm([8]and suffers from a high charge carriers recombination leading

toa low PEC performance; the future success of a- Fe;O3; photoanodes in PEC water splitting
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remains questionable, as a- Fe,Os itself can hardly achieve rather high PEC efficiency for
practical potentialuse and necessitates modification to improve the PEC performance.

Herein, an overview of the synthesis, modification, and characterization of nanostructured o-
Fe;Os thin film is provided with an emphasis on charge carrier dynamics and PEC
properties[9]. In the past few years, an increasing number of studies focused on a-Fe;O3
heterostructures, which incorporate the second material to promote charge separation,
chargecollection, and surface catalysis. Indeed, higher PEC activities have been achieved with
such o-Fe,;Os heterostructure-based photoanodes than with their single-component counter-
parts, such as WOs/a-Fe,O3 [10], ZnO/a-Fe,Os[11], n-Si/a-Fe,03[12], a-Fe,O3/NiO[13],a-
Fe;053:Ti/CuyO[14],p-S1/ a-Fe, O3 /Au[15],and a-Fe,O3/Gr/Bi1V_x MoxO4[16].

Table I shows a review of the characteristics of some typical a-Fe,Os-based semiconducting
heterojunctions that can be found in the literature. Data in Table I include the type of the
heterostructure, the fabrication method, the suggested electrons and holes charge transfer and
the main photoelectrical properties of these heterostructures. These data are compared with

the electrochemically deposited Fe,O3/CuSCN heterojunction described in this work.

The CuSCN is a p-type hole-conducting material, transparent in the visible light spectrum
range, having a reasonable hole conductivity (>5x107*S-cm™") [17] and a good chemical
stability [18].In this work, we describe the electrochemical deposition of Fe,O3/CuSCN
heterojunction films. CuSCN films having various compositions were deposited on smooth
Fe,Os surfaces. The characterization of the films was carried out using FESEM and X-ray

diffraction (XRD)techniques.

Table I: Hematite-based heterostructures including fabrication methods, suggested charge transfer
and photoelectrochemical characteristics.

Fabricati

Heterostructure abrication Suggested charge transfer Photoelectrochemistry Ref
method

Electron Hole
Photocurrent:22uAcm “at
0.8V vs. Ag/AgCl
WO3/ a-Fe,03 Sol—gel WO;— a-Fe,0; None (500 W Xe lamp) lec- [19]
trolyte: 0.2 M Na,SOy4
(pH=17.5)
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spin coating and

Photocurrent:22 mA cm’
*at 0.8V vs. Ag/AgCl;

WO3/ a-Fe,O3 None None : Ivte: [20]
Spray pyrolysis electrolyte: 0.05 M PBS
(PH=7)
. -2
Hydrothermal and Photocurrent:1.6mA cm
ZnO/a-Fe,05 spin coatin a-Fe;,O3 —Zn0O Zn0O — a-Fe,03 at 0.6V vs. Ag/AgCl, [21]
P & electrolyte:1 M NaOH
Photocurrent: 0.39 mA
2
. t 1.5 V vs. RHE (64
o-Fe, 03 Hydrothermal and | BiV,4Mo,04— a- a-Fe,03 em \; 2 :220 (. 22]
/Gr/BiV, Mo,O; |  spin coating Fe,0, LBiV Mo 0, | VM nm);
electrolyte: 0.01 M
NaQSO4
Photocurrent: 0.44 mA
2
cm™”at0.2 Vvs.
. . ZnFe,O - -Fe,O
a-Fe,03/ZnFe,0y4 Spin coating M@ et = Ag/AgCl; electrolyte: 0.1 | [23]
Fe203 ZHFCQO4
M glucose and 0.5 M
NaOH (pH = 13.0)
Photocurrent: 0.3 mA cm’
a-Fe,0;: Hydrothermal and ZnFe,04 —a- a-Fe,0;: Ti — %at 1.4 V vs. RHE; 24
Ti/ZnFe,0, surface treatment Fe,05: Ti ZnFe,O4 [24]
electrolyte: 1 M KOH
Photocurrent: 3.34 mA
o-Fe;0s: Hydrothermal and MgFe, 04— a- a-Fe,0s: Co cm™ at 1.4 V vs. RHE; [25]
Co/MgFe,04 wet impregnation Fe,05: Co —MgFe,04 electrolyte: 0.01 M
NaQSO4
Photocurrent: 0.53 mA
Hydroth 1 2 .
p-CaFe,0,/n- ydrothermal and p-CaFeyO4 —> - n-Fe;05— p- cm™at 1.23 V vs. RHE;
Fe.0 two-step Fe.0 CaFo.0 [26]
2 annealing e At electrolyte: 1.0 M KOH
(pH=13.9)
Photocurrent: 2.60 mA
. . Cu,0 —a-Fe,0s3: a-Fe,03: Ti — cm?at 0.95 V vs. SCE
a-Fe,O3: T1/Cu,O Spra rolysis ] 27.2
2 2 pray pyroty Ti Cu,0 (Xe lamp. 150 mW em?); | 2728
electrolyte: 0.1 M NaOH
Photocurrent: 2.90 mA
a-Fe,0;— em? at 0.59 V vs. our
a-Fe,O3/CuSCN electrodeposition | CuSCN— a-Fe,04 Ag/AgCl. (Xe lamp: 150 l:)rk
w
CuSCN W); electrolyte 0.1 M

NaOH(pH = 13.9)

2. Experimental details

2.1. Electrodeposition
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The iron oxide films were deposited using an electrodeposition bath consisting of an aqueous
solution containing ferric chloride (FeCl;. 6H,0, purity (p)>98.0), hydrogen peroxide
(H20,>99.99%), Potassium fluoride (KF, p>99.97%) and Potassium chloride (KCI,
p=>99.0%). Potassium perchlorate (KClO4, p>99.0%), Copper(Il) perchlorate hexahydrate
(Cu (ClOy4)2'6H,0, p>98.0%), Ammonium thiocyanate (NH4SCN , p>99.0%) and
triethanolamine (TEA, CgHisNOs, p>99.5%) were used as precursors for the
electrodeposition of CuSCN.All chemicals were purchased from Aldrich chemicals and used
as received.The experimental set-up used to prepare a-Fe,Os films consisted of a computer-
controlled potentiostat/galvanostat and a classical three-electrode electrochemical cell. The
electrochemical cell was filled with an electrolyte solution containing deionized water + SmM
FeCl; +5mM KF+ IM H,0, + 0.1 M KCI. The working electrode (WE) is a fluorine-doped
tin oxide (FTO) coated glass having a sheet resistance of 10 Q/[];it was previously cleaned in
an ultrasonic acetone bath for 15 min and then rinsed in distilled water and dried. Pt and
Ag/AgCl electrodes were used as counter-electrode and reference electrode, respectively. The
films were deposited by cathodic electrodeposition. In order to have a thickness of
approximately 500 nm for all Fe,Osfilms, the deposition potential was fixed at - 0.1V and the
debited charge was 1.2 C. The temperature of the solution was fixed at 298 K by a thermostat.
After the deposition process, the films were rinsed with distilled water. To obtain the desired
a-Fe,Osphase, the deposited films were annealed at 650°C for 2hin air. The electrodeposition
of CuSCN was performed in the same way thanthe Fe,Os films. The deposition potential was
fixed at -0.4 V and the debited charge was 1C giving rise to a film thickness a of about 3um.
The temperature of the solution was fixed at 333 K by a thermostatic bath. The electrolytic
bath was prepared from 0.1M KClOy, 0.01 M Cu (ClO4),-6H,0, 0.05 M NH4SCN and 0.06 M
TEA (CsH sNO3). About 0.5-1.0 mL of 2 M NHj3 was added to the electrolyte to keep the pH

of the solution around 9.

2.2. Materials characterization

The crystal structure of a-Fe,Osand a-Fe,O3/CuSCN heterojunction were investigated by
XRD (Rigaku Ultima IV diffractometer in the Bragg-Bentano configuration) using the CuKa
radiation (A = 1.54060 A). The microstructural and elemental analyses were characterized
using a Zeiss ULTRA 55 model scanning electron microscope (SEM) equipped with an
energy dispersive spectroscopy (EDS) system. To determine the band gap energy was

estimated from the optical absorption, which was measured by recording the transmission
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spectra using a UV-Visible spectrophotometer (Ocean Optics HR4000) coupled to an
integrating sphere (in order to collect both specular and diffuse transmittance).
The photoluminescence (PL) was measured using a He-Cd laser (A=325 nm) and a Jobin

Yvon-Horiba spectrometer coupled to a Hamamatsu back-thinned Si-CCD detector.

2.3. Photoelectrochemical and electrochemical analyses

The PEC measurements were performed in a quartz cell to facilitate the light reaching the
photoelectrode surface. The light exposed surface of the working electrode is 0.25 cm”. The
electrolyte used in all PEC measurements is 1.0M NaOH (pH = 13.6). The electrolyte was
purged with nitrogen gas before the experiments in order to prevent any possible reaction with
dissolved oxygen at the counter-electrode. A potentiostat/galvanostatAutolab PGSTAT302N
(Metrohm, Netherlands) with a Pt rod counter-electrode and an Ag/AgCl saturated in 3 M
KCI reference electrode was used.The films were illuminated with a 150 W Xenon lamp
(PLSSXE300/300UV) coupled to a chopper and a selective blue filter (A >400 nm).The set-up
was completed with an automatic shutter and a filter box. The whole system was controlled
by a homemade software. The J-V curves were monitored by linear sweep voltammetry
(LSV) at 100 mV/s setting the potentiostat in the range of 0V to +0.8 V vs Ag/AgCl. The
chronoamperometry curves of the films were also obtained at +0.1 V both in dark and under
illumination with an intensity of about 1 SUN (100 mW cm™) at the film surface. Mott—
Schottky measurements were performed using an electrochemical impedance analyzer in the
three-electrode configurationin a 0.1 M NaOH electrolyte solution; theAC amplitude was
10mV and the frequency was in the 100 kHz - 0.1 Hzrange. The flat band potential (Vg,) and

the donor density (Np) were determined in the dark from the impedance measurements.

CuSCN

I ————

FTO

l

Glass

Schematic cross-sectional view of heterojunction: FTO glass,
compact a-Fe;0s, and CuSCN (HTM).
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3. Results and discussion

Figure 1 shows a schematic cross-sectional view of the a-Fe,Os3/CuSCN heterojunction

deposited on FTO glass substrates.

3.1. Potential variation

Figure 2.a shows the cyclic voltammogramof the Fe,Osfilms recorded at 50 mV/s.During the
negative sweeps Fe’" was reduced to Fe. In the reduction region, the film is deposited at
apotential ranging between —0.2 and 0 V. These films showed negligible photo-activity and
were not further characterized[29].Furthermore, in the positive sweep the films were
deposited by an electrochemical oxidation of the Fe*™ ions to Fe’" ions followed by
precipitation of Fe*™ ions as ferric hydroxide (Fe (OH);). The anodic deposition of the Iron
oxide is represented by the following equations [30].

Fe oFe™ + ¢ 4)
Fe’" + 30H — Fe (OH);|  (5)

Figure 2.b shows a cyclic voltammogram performed at 200mV/s ontoaa-Fe,Os electrode
using the electrolytic solution described in the experimental section. The voltammetric scan
was initiated at 0 V towards the negative direction of up to -0.8 V. The cathodic threshold
potential for the reduction of Cu”* to Cu” ions in the solution is about -0.20 V. The cathodic
current increases slowly to -0.40 V, then steeply up to -0.60V, and then becomes almost
constant. The initial slow increase of the current indicates the existence of Cu(Il)-TEA
complexes in the solution that results in slow diffusion leading to a shift of the reduction
potential to more negative values as well as small cathodic reaction current density [31]. The
electrodeposition of CuSCN is manifest when a white film appears on the electrodesurface at
about -0.30Vand subsequently grows rapidly as the potential increases up to -0.60 V, which is
referred to as the kinetically controlled region. In the potential range -0.60 to -0.80 V, the
saturation current density indicates that the diffusion process reaches a limit accompanied
with a minor co-deposition of copper. Small brown spots are observed in the film when the
deposition potential was above -0.60 V. The voltammetric scan from -0.80 to 0.40V shows a
sharp peak at about -0.20 V, which means that the CuSCN layer acts as a passivating layer for

the a-Fe,Os electrode. Another maximum around 0.30 to 0.40 V is related to the oxidation of
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Cu” to Cu”" ions. Hence, the growth process of the CuSCN film from the TEA chelated
aqueous solution suggests that the cupric ions related to the Cu(Il)-TEA complexes and
stabilized in the electrolyte solution, were first reduced to cuprous ions (Cu®*+e'—Cu"), and
then the CuSCN film forms from the reaction between cuprous ions and thiocyanate ions
(Cu™+SCN —CuSCN). Such a deposition takes place in a potential ranging between -200 and
-550 mV. Thereafter, Cu codeposition would occur. Hence, one may conclude that the
appropriate deposition potentials in the sole deposition of CuSCN in the TEA-chelated
aqueous solution should be selected in the potential range of -200 to -550 mV. To further
study the influence of the composition of the electrolytic bath on the nucleation and growth of
the CuSCN films electrodeposited on the a-Fe,Ossurface, chronoamperometry measurements
based on current transient recorded during the electrodeposition process at -0.40 V were
performed. Figure 3 shows the chronoamperometry for a CuSCN film depositesd from an
electrolyte containing Cu and SCN in the molarproportion of 1:1.5. The rapid surge in the
current density observed at the onset of the applied potential is due to the double layer
charging, and then, the current density decayed gradually due to an increase in the electric
resistance of the electrochemical system related to nucleation and growth of CuSCN crystals
having semiconductor characteristics[32]. After an interval of about 200 s, there is a gradual

increase of the current density for a period of time and then the current density becomes

constant.
02 0,50
= — CuSCN
(a) (b)

o - /\
s 0,0 o 0,254 i
g —=—Fey04 E H
E < p
- £ 5
> 021 < 0,004 >
a B ” e
S ’ < 1st point
kel 0.4 A S g
;&; ] , 1stpoint 5'0'25‘
5 s
o

0,6 © 0,50 ’
.. T T L T 5. T e T ] T g T b T h T M L o T v T M T v T A T M
4,0 0,8 -0,6 -04 -02 00 02 04 06 08 10 08 06 04 02 00 02 04 0§
Potential (V) Potential (V)
Figure 2.a: Linear sweep voltammetry of Fe,O; Figure 2.b: Linear sweep voltammetry of
precursor solution in the range of -1V to 1V on the ~ CuSCN precursor solution in the range of -0.8V
. . . . -1 -1
indium fluoride oxide electrode at a rate 50mVs™". to 0.6V at a rateof 200 mVs™.
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3.2. Morphological, chemical composition and structural characterizations

Figures 4a and 4b display the FESEM images of the CuSCN and the a-Fe,Os films deposited
on FTO substrates, respectively. FESEM image of CuSCN(Figure 4a) shows a mixture of
leafy and intrinsic trigonal pyramid shapes with some dispersion in the grain sizes. Figure 4b
shows the morphology of the a-Fe,Osfilms, revealing nanostructured grains having a size
dimension of about 20 nm. Figures4 ¢ and 4d show the CuSCN films deposited on a-Fe,O;
covered substrates at different magnifications. For CuSCN films deposited on a-Fe,Oszonly
trigonal pyramid shapes with bigger grain sizes of approximately 3 um are observed. On the
other hand, one may notice that the grainsize of CuSCN films deposited on a-Fe,O; are

greater than those deposited on FTO.

100



Figure 4: FESEM images for (a) CuSCN (b) o-Fe;0s(c) o-Fe,O3/CuSCN (1um)
(d) a-Fe;O3/CuSCN (10um).

Figure 5 shows vertical cross section images of a-Fe,Os3 (Figures 5 a-b), CuSCN (Figure 5c¢)
and a-Fe;O3/CuSCN (Figure 5d) thin films deposited on FTO glass. The thickness of thea-
Fe,Osfilms 1s about 500nm and that of the CuSCN layer is about 3.7 pm. Figure 5d shows a
cross-sectional FESEM image of the complete device (FTO/a-Fe,O3/CuSCN). The overall
thickness between the border of the FTO layer and the top of the CuSCN layer corresponding
to the a-Fe,O3/CuSCNheterojunction is about 4. 2um.The stoichiometric proportions of the
CuSCN films prepared in an electrolyte solution having a molar ratio [Cu® T]/[SCN] of 1:1.5
at a static potential of -400 mV and a temperature of 333 K were estimated by EDX analyses.
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cross-section a-Fe>0; (a)

a-Fe;0/CuSCN

Figure 5: Vertical cross section of (a-b)o-Fe;0s, (c) CuSCN and (d) heterojunction thin films.

Figures 6a and 6b show EDXelemental analyses of the electrodeposited a-Fe,Osand CuSCN,
respectively. The line observed at 0.72 keV corresponds to the L line of Fe, while the oxygen
K line is peaking at 0.525 keV. The calculated atomic ratio of Fe and O is approximately
equal to 2:3, which well agrees with the stoichiometric composition of a-Fe,O;. The
percentages of the elements calculated from the EDX spectra are shown in the inset of figure
6a. Figure 6b shows the EDX spectrum of the electrodeposited CuSCN film; only lines
corresponding to Cu, S, C and N are observed. The inset in Figure 6b displays the calculated
percentages for the elements of the CuSCN film. The content of S in CuSCN film represents
the SCN content in the film, as S is not provided from environmental impurities. It is reported
in the literature that when SCN is in stoichiometric excess, Cu(SCN)(1+x) would show p-type
semiconductor characteristics [33]. It may be pointed out that the composition of the films in
the above reference [32,34] is determinedfrom the X-ray photoelectron spectroscopy (XPS)
technique. In the XPS technique, only the composition of the surface is determined, which is
released from the excess of SCN ions during the growth of the film, and it is very likely that

some SCN ions might have been adsorbed on the surface, and consequently XPS analysis
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would show a stoichiometric excess of SCN.However, in the work of Zang et al. [35], the
composition of the film determined by EDX analysis showed a stoichiometric excess of
copper and still the films behaved like a p-type semiconductor like of that prepared herein.
These results are confirmed by Mott—Schottky measurements performed on these samples,

which reveal the p-type behavior of the electrodeposited CuSCN films (See Figure 14 b).

1@ a-Fex0;3
15—
3 10—
o - Element Percentage (%)
Fe 38
] o 62
[Fe]/[0] 1.51
o ST Trrvr Trrrrr T T T Trrrrrrrrr T rrTrTrTrrr T
1 2 3 R keV
(b) CuSCN
7] Percentage
Element
(%)
>
< 2 [ 29.9
Q. -’
8 ] 245
- Cu 26.6
3] a m a [Cu)/[s] 1.08
o LJN SN S S S N S S S S SN S S S S S S S S S S S
0 0.5 1 1.5 2 25 keV

Figure 6: (a) EDX spectrum for a-Fe;0s,(b)EDX spectrum for CuSCN thin films

Figure 7 shows the XRD patterns of the Fe,O; and CuSCN layers deposited on FTO
substrates. The XRD patterns of the Fe;O3/CuSCN bilayer and the FTO substrates are also
shown. The XRD peaks of the a-Fe,Osfilms are observed at 20 = 24.1°, 33.1°, 35.6°, 40.9°,
49.4°, 54.0° and 64°, which correspond to the (012), (104), (110), (113), (024), (116) and
(300) planes of the hematite phase, respectively. The dominant peaks are associated to the
(104) and (110) planes. The diffraction peaks of the trigonal structure of the a-Fe,Os;matches
well with the reference pattern JCPDS card file n°33-0664, which corresponds to the space
group R3c (167) with lattice parameters a=b = 5.03 nm and ¢ = 13.74 nm.

It is well known that CuSCN exists in two polymorphic forms, a and B, where the 3 form is
commonly available and more stable [36,37]. B-CuSCN has a hexagonal crystal structure
where layers of SCN ions separate Cu cation planes and strong three-dimensionally Cu—S
bonds interconnect these layers. For the CuSCN films, all diffraction peaks can be well
indexed to the trigonal-phase B-CuSCN (space group R3m, n° 160). Compared with the
standard diffraction pattern of CuSCN (JCPDS card file no. 29-0581), no specific peaks

related to other phases of CuSCN or impurities can be observed, indicating a high purity and
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crystallinity of the final products. For the Fe,O3;/CuSCN bilayer, all peaks match the Fe,Os
and CuSCN patterns except those marked with asterisks that come from the FTO substrate.

—FTO
—~Fe203

- —CuscN

S _Fe203/CusCN

intensity XRD

“Fe,04(JCPDS33-0664)

L BN BB B B | '%%
10 15 20 25 30 35 40 45 50 55 60 65 70
degree(20)

Figure 7: XRD spectra of FTO,a-Fe;0;, CuSCN andtheFe;O3/CuSCN bilayer.

3.3. Optical properties of CuSCN

Figure 8a and 8b show the transmission and absorption spectra of the CuSCN film and the a-
Fe,0s, respectively. The energies of the optical bandgaps can be determined from the the
transmission spectra [38].The transmittance spectrum of CuSCN (Figure 8a) shows a high
optical transmission value above 60% in the visible range.A significant increase in the
absorption below 320 nm can be assigned to the intrinsic band gap absorption of CuSCN.It
appears that a-Fe,O; films have a high absorbance in the visible region, indicating their

applicability as an absorbing material [39](Figure 8b).

70 15 70 2,0
(a) (b)
60 4 +— Transmittance CuSCN 60 4 * — transmittance Fe,0,
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Figure 8: Transmittance and absorbance spectra of CuSCN(a) and o-Fe;Os (b).
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To calculate the optical band-gap energy (Eg) of the films, the absorption coefficient can be

estimated as follows:
=1 1
a = In (T) 6)

The relation between the absorption coefficient a and the energy of the incident light Av is

given by [40]: ahv = A (hv - Eg)" @)

where a is the absorption coefficient, A is a constant, & is the Planck’s constant, v is the
photon frequency, Eg is the optical band gap, andn is equal to 2 for direct transition, and to
1/2 for indirect transition. According to the Tauc plot((ahv) *vs.hv) (Fig. 9), the optical band
gap Eg of the typical CuSCN film is about 3.3 eV. Jaffe et al.[4]1]predicted the existence of an
indirect bandgap of 3.5 eV from an electronic band structure model calculated using the
density functional theory, although absorption measurements performed on CuSCN samples
indicated the presence of an indirect bandgap of 3.9 eV.Figure 9 depicts the Tauc plot of a-
Fe,Os films. One may point out direct band gap energy of about 2.1 eV, which is smaller than

that of bulk a-Fe,Os (2.3 eV) [42].
30

254

16 20 24 28 32 36 40
hu(eV)

Figure 9: Tauc plot of CuSCN and a-Fe,0;
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Figure 10 shows the normalized photoluminescence (PL) spectra for a-Fe,Os; and CuSCN
films and for the a-Fe,O3/CuSCN bilayer, the excitation wavelength is the 325 nm of a He-Cd
laser. The PL spectrum of the a-Fe,O; shows a wide PL peak centered around 623 nm with a
Full Width at Half Maximum (FWHM) of about 100 nm. The PL spectrum of CuSCN
exhibits a broad band centered at 590 nm and slightly shifted to higher energy as compared to
a-Fe,0s;. Radiative transitions in CuSCN would involve deep levels (located near the middle
of the gap) because the energy of the emitted photons is approximately half of the band gap
energy. The PL spectrum of the Fe,O3/CuSCN bilayer is indistinguishable of the PL spectrum
of a-Fe,0;. Fig 11a depicts a scheme of the energy band diagram corresponding to a-Fe,O;
and CuSCN before and after the formation of the heterojunction. This scheme is useful to
explain the PL behaviors. Radiative recombination mainly takes place in the Fe,Os layer,
which means that instead of recombining through CuSCN deep levels the photoelectrons
generated in the CuSCN layer move to Fe,O; where they recombine radiatively. As a result,
the PL spectrum of the Fe;O3/CuSCN heterojunction does not show any recombination in the

CuSCN layer.
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Figure 10:PL spectraof a-Fe;0s;, CuSCN and Fe,O3/CuSCN.

3.4. Photoelectrochemical measurements

3.4.1. Current voltage characteristics

The nanostructured a-Fe;Os and CuSCN films, and the a-Fe,O3;/CuSCNheterojunction, were
used as photoelectrodes in a photoelectrochemical cell, and current-voltage characteristics
were recorded under dark and illumination. The externally applied bias was varied from 0V vs

Ag/AgCl (cathodic bias) to 0.8 V vs Ag/AgCl (anodic bias).
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Figure 12 shows the photocurrent density versus applied potential for all films. For the
CuSCN films, the photocurrent slightly increases for potentials over 0.4 V and then remains
constant up to 0.8V. For a-Fe,O3,the photocurrent continuously increases for potentials above
0.55 V. In the case of the a-Fe,O3;/CuSCN heterojunction (Fig.12) the current density in the
dark is negligible in all the potential range, while under illumination the photocurrent starts
increasing continuously with the applied potential from 0.2 V; it is always higher than that
observed for Fe,O; and CuSCN independently. Both a-Fe;Os; and the a-Fe,O3/CuSCN
heterojunctions behave like photoanodes under illumination. The photocurrent density
exhibited by the a-Fe,O3/CuSCN heterojunction may be due to improved visible light

absorption and to an efficient separation of the photogenerated charge carriers (Fig.11a).

A proposed mechanism for the enhanced photocurrent density heterojunction a-Fe,Os/
CuSCN sample can be described as follows: under visible light irradiation, both a-Fe,Os and
CuSCN could be excited; in that case an electron transfer occurs from the CuSCN conduction
band to that of the a-Fe,Os, which in turn may lead to hydrogenproduction at the counter-
electrode. This transfer process is thermodynamically favorable since the valence and
conduction bands in CuSCNbecome more negative than thatof the a-Fe,Osband levels, which
in turn enhances the separation of the photogenerated charge carriers.After an initial decay in
the photocurrent observed in the first illumination cycle the photocurrent tends to keep
constant under long-term illumination that means an effective charge separation inside the a-
Fe;O3/CuSCN heterojunction.A similar type of band positioning and charge carrier movement
has also been reported earlier in case of TiO,/Si [43], CuO/ ZnO [44], CuFe,04/Ti0,[45],
Bi,03/BiV0O4[46], and MoS,/CdS [47].

The measurements of the photocurrent under pulsed light were achieved using a
chronoamperometry technique (Fig. 13.a). In the steady state, the a-Fe,O3/FTO electrode
shows aphotocurrent density f about 5pA/cm” However, the o-
Fe,03/CuSCN/FTOheterojunction shows a photocurrent densityof about 15uA/cm?, which is3
times bigger than that of the a-Fe,Os/FTO electrode. Figure 13b showsthe variation of the
photocurrent density versus elapsed time during switch on/offof light for both a-Fe,O3;/FTO
and o-Fe;O3/CuSCN/FTO electrodes. The photocurrent density drops in the first two cycles
and then was steady and quasi-reproducible after several on—off cycles of light, with no
overshoot at the beginning or the end of the on—off cycle, indicating that the direction of the
electron diffusion isfree from grain boundaries, which can create traps to hinder electron

movement and slow down the photocurrent generation[48].
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Figure 11: (a) Energy band diagram of a-Fe;O3; and CuSCN before and after the formation p-n
Junction (b) schematic energy band diagram of the o-Fe;Oz; and CuSCN heterojunction with the band

bending and alignment due to the solution.

It is believed that deposition of CuSCN on o-Fe,O3; enhanced the photoactivity of the
photoanode in two aspects: (i) the p—n junction can effectively extract holes and separate

charge carriers, leading to enhanced photocurrent, and (ii) The loading of the heterojunction

108



photoanode with CuSCN further facilitates the electron transfer at the electrode/electrolyte

interface and thus enhances the photoelectrochemical water oxidation.

To validate the energy band diagram suggested in Figure 11, we have made additional
measurements of the photocurrent generated by the heterostructure under illumination with a
wavelength that excites only the hematite (A >400 nm).Figure 13c¢ shows the photocurrent
generated by the a-Fe,O3/CuSCN heterostructure under white light illumination and under
light illumination with A >400nm. When using white light both a-Fe,Os; and CuSCN are
exited and the charge transfer is that shown in Figure 11 (b); holes generated in the hematite
are transferred to the valence band of the CuSCN and photogenerated electrons in the CuSCN
are transferred to a-Fe,O;. When illuminating at wavelengths higher than 400 nm (A >400
nm) only the hematite part is excited and the measured photocurrent is due to the charge
transfer from a-Fe,O3; to CuSCN. As expected the photocurrent is lower in this case because

the charge transfer from CuSCN to a-Fe,O3 has not been activated.
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Figure 12:1-V characteristics of the a-Fe;03;, CuSCN and Fe;O3/CuSCN electrodesinthe dark and
under illumination.
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Figure 13:(a) Photocurrent intensity for o-Fe,O; and a-Fe;O3/CuSCN electrodes under on/off
illumination, measured in IM NaOH electrolyte under a bias potential of +0.1 V, (b) Time dependence
of the photocurrent intensities fora-Fe,0; and a-Fe;03/CuSCN electrodesunder successive
illumination cyclesand (c) Time dependence of the photocurrent intensities for a-Fe,O3;/CuSCN
electrode under on/off illumination cycles (white light and A>400 nm).

3.4.2. Mott—Schottky analysis

The Mott-Schottky plot (1/C?vs applied potential) was obtained and analyzedfor all the
samples. The flat band potential is an important physical property as regard tothe performance
of the material in photoelectrochemicalwater splitting. Both Np and Ep, were estimated from

the Mott-Schottky equations (Eqgs. 8and 9) [49]:

1 2 KT ,
Co? o EsaNpAs (E — Ef¢p, — ?)for n-type semiconductor 8)
1 2 KT ,
VR (E — E¢p, + 7)f0rp-type semiconductor 9

where, e is the electron charge, ¢ is the dielectric constant of the semiconductor, &, is the
vacuum permittivity, As is the surface area of the working electrode, k is the Boltzmann’s
constant, and T the temperature.The positive slopes confirm that a-Fe;Osis a n-type semi-
conducting material, and the negative slopes indicate that the CuSCN is a p-type semi-
conductingmaterial. The calculated donor density increases from 1.6-10*' cm™forthe a-Fe,Os
photoanodeto 2.8-10*' cm™for a-Fe,03/CuSCN. By taking the x-axis intercept of the linear fit
to the Mott-Schottky plots, the flat band potential was estimated to be -0.14 V vs Ag/AgCl for
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the a-Fe,Osphotoanode, and to -0.64V vs Ag/AgCl for the a-Fe,O3;/CuSCN heterojunction
(Fig. 14a and 14c).

4,0
051 ( (b)
- /.
Fe203 A 354
0,4 & 3,0 \ —=— CuSCN
. 3
L) » N ‘
o 7 o 4 0
= 0,31 K E-]
o g o ‘
i r' 201 &
NG 0,24 s & \
15
& A b \
T 0,14 A S10- \
A A 77/‘” \\
b0 s . Vysadey 051 Vo 0y . == . .
e : ; 0,0 — . : :
0,4 0,2 0,0 0,2 0,4 000 005 010 015 0,20 0,25 0,30
Potential (V v.s Ag/AgCl) Potential (V v.s Ag/AgCl)
3,5x10°
(c)
3,0x10° - +— Fep03 /CuSCN
7
o 7
2,5x10° s
o //
u 2,0x10° y
NT) 4
o | 7
Qw 1,5x10 ”

1,0x10° 4
5,010’

0,0 5 . . -

T T
-1,0 -0,8 -0,6 -0,4
Potential (V v.s Ag/AgCl)

Figure 14:Mott—Schottky plot for (a) a-Fe;O0s, (b) CuSCN, (c) a-Fe;O3/CuSCN.

4. Conclusions

Semiconducting materials such as n-Fe,O3; and p-CuSCN were successfully electrodeposited
on FTO substrates. Chelating agents and a weak basic electrolyte solution of NHswere used to
avoid acidic etching of the a-Fe,Os;. This enables us to study the energetic behavior of both
semiconductors and the n-Fe;Os/p-CuSCN heterojunction performances as regard to
photoelectrochemical applications. FESEM shows that CuSCN can easily grow thicker to
cover the a-Fe,Ossubstrate. EDX analyses revealed that CuSCN films have a slight excess of
copper. The photoelectrochemical performance of the nanostructured a-Fe,O3;/CuSCN
heterojunction is higher than that of FTO/a-Fe,O; and FTO/CuSCN.A maximum
photocurrent density of 2.9 mA/cm® at 0.59 V versus Ag/AgCl was exhibited for the -
Fe;O3/CuSCN photoelectrode. The improvement of the photocurrent density is attributed of
two major combined factors: (i) generation of anelectric field inthe heterojunction that
suppresses the recombination of photogenerated charge carriers and (ii) application of an

adequate external bias favoring the transfer and separation of the photogenerated charge
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carriers in the a-Fe,O3;/CuSCN heterojunction. Enhancement in the photocurrent density has
also been attributed to an appropriate band edge alignment of the semiconductors that

enhances lightabsorption inboth semiconductors.
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Abstract
In this study, uniform and dense iron oxide a-Fe,;Osthin films are used as an electron-transport

layer (ETL) in CH3NH;3Pbls-based perovskite solar cells (PSCs), in substituting the Titanium
dioxide (TiO,) ETL conventionally used in planar heterojunction perovskite solar cells. The
a-Fe,O; films were synthesized using an electrodeposition method for the blocking layer and
a hydrothermal method for the overlaying layer, while 2,2°,7,7’-tetrakis (N, N’-di-p-
methoxyphenylamine)-9,9’ spirobifluorene (spiro-OMeTAD) was employed as a hole
conductor in solar cells. Based on the above synthesized a-Fe;Os films the photovoltaic
performances of the PSCs were studied. The a-Fe,O; layers were found to have a significant
impact on the photovoltaic conversion efficiency (PCE) of the PSCs. This was attributed to an
efficient charge separation and transport due to a better coverage of the perovskite on the a-
Fe;Os films.As a result, the PCE measured under standard solar conditions (AM 1.5G,
100mW cm™) reaches 5.7%.

Keywords:a-Fe;0;; Electrochemical deposition; hydrothermal deposition;, XRD analysis,

FESEM analysis;, Optical properties;, photoelectrochemical properties;, CH3;NH3Pbl;,

perovskite solar cells,
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1. Introduction:

Up until now, organ metallictrihalide perovskites CH;NH3;PbX; (X is iodine or a mixture of
iodine, chlorine and bromine) have been considered as the most promising light absorption
materials for solar energy conversion because of their wide absorption range |
1], high extinction coefficient[2], ambipolar charge transport[3], and long electron—hole
diffusion length[4]. However, recently, Perovskite-based solar cells (PSCs) have attracted
increasing attention due to their superior performance and ease of fabrication. Indeed,
spectacular progress in improving the photovoltaic performance has been achieved in this
field, and the power conversion efficiency (PCE) of PSCs has been greatly increased
surpassing 20% [5,6,7 ,8 ,9,10].

To further understand the material properties and the mechanisms of the functioning device,
simplified planar heterojunction structured devices have become the focus of many research
endeavours[11]. PSCs are usually composed of a fluorine doped tin oxide (FTO) conductive
substrate, a compact electron-selective layer (ESL), a mesoporous scaffold layer (optional), an
organic—inorganic hybrid perovskite layer, a hole-transporting material (HTM), and a metallic
electrode [12].

The quality of the ESL and perovskite layers is indispensable to get efficient PSCs [13],and
plays an important role in reducing thestructural and electronic defects in the films, which in
turn can significantly affect the device performance. In the case of PSCs, a lot of emphasis
has been placed on perovskite film processing and alternative hole transport materials, due to
the high cost of 2,2°,7,7’-tetrakis-(N,N-di-p-methoxyphenamine)-9,9’-spiro-bifluorene (spiro-
OMeTAD)[14].0n the other hand, less attention has been paid to processing ESLs. Frequently
integrated in PSCs as a promising ESL material, TiO is a semiconductor with a wide band
gap[15]. However, TiO, has low electron mobility, which might create unbalanced charge
transport in the perovskite[16]. Besides, this compact layer often requires high temperature
sintering at 450—-500°C prior to use[17,18,19]making it incompatible with flexible substrates
and easy fabrication. Indeed,Snaith et al[14]suggested that oxygen vacancies in the TiO;
electrode are activated by UV light, which increase charge traps causing the degradation of
the PCEs of the PSCs. Therefore, many efforts have been done to use other n-type inorganic
nanocrystals as alternative electron conductors in PSCs.

Several n-type inorganic nanocrystals such as ZnO[20], SnO,CdSe[21], CdS and a-Fe,O3
have been considered as possible substitute of TiO,, and have displayed considerable power

conversion efficiency[22,23]. Among all the alternative materials, a-Fe,O3 has been widely
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used as an anode material for super capacitors[24]. Itis one of the most common n-type
materials, and the most stable iron oxide with n-type semiconducting properties under
ambient conditions. It has been used as photoanode in dye-sensitized solar cells to enhance
the electron transfer rate[25], however its use as an electron transporting replacing TiO, has
not yet been reported. Thus, we employed low cost a-Fe,Os for the first time as the ETL
material instead of TiO, in planar perovskite cells. The charge accumulation at the
perovskite/a-Fe,Os interface is significantly reduced and hence is prominently effective in
reducing the hysteresis[26]. Furthermore, the fabricated solar cells show a good stability upon
exposure to ambient air without any encapsulation.The studied materials for perovskite solar
cells are CH3NH;Pbls,CH3NH3Pbl; «Cly, CH3;NH3PbBr3, CH;NH3Pb(1.xBry)s3,
HC(NH;),Pbl; HC(NH»),Pb(I; xBry);, and CH3;NH3;Snl;. In Table 1, the reported
performances are summarized in terms of material CH3NH3Pbl; and cell configuration. HTM
materials are also important for high efficiency perovskite solar cells, where the most studied
HTM is spiroMeOTAD,but polymertic HTMs such as the thiophene derivative P3HT and
tryarylamine-based PTAA have also been tested. In addition, inorganic HTMs such as NiO,

Cul, and CuSCN are confirmed to be suitable for perovskite solar cells.

Materials Cell configuration J [mA/em”2] | V [V] FF PCE (%) Ref
sc oc
MAPb13 mesoporous-TlOZ/MAPbIS/splro-MeOTAD 17.6 0.888 0.62 9.7 [27]
MAPbDI /PCBM 10.32 0.60 0.63 39
3 [28]
mesoporous-TiO2 /MAPbISIPSHT-MWNT 14.8 0.76 0.57 6.45 [29]
rutile TiO nanorod/MAPbI /spiro- 15.6 0.955 0.63 9.4 30
2 3 [30]
MeOTAD
mesop0rous-ZrOZ/MAPbIS/spiro-MeOTAD 17.3 1.07 0.59 10.8 [31]
NiO/MAPbI /PCBM 13.24 1.040 0.69 9.51 32
3 [32]
mesoporous-TiO /MAPbI /Cul 17.8 0.55 0.62 6.0
P 2 3 [33]
Fe203/MAPb13/ spiro-MeOTAD 11.27 1.55 0.33 5.7 our work

Table 1. Photovoltaic performance of perovskite (MAPDI;) solar cells. J., Vo, and FF stand for short-

circuit current density, open-circuit voltage, and fill factorrespectively.
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The present report mainly focuses on the deposition of a compact a-Fe,Os film, and its impact
on the growth of the perovskite layer, providing a comprehensive understanding of the
properties of the a-Fe,Os/perovskite interface. The a-Fe,O; films are fabricated using an
electrodeposition method for the blocking layer and a hydrothermal method for the overlying
layer. Then the as-synthesized a-Fe,Os films are used for PSCs. The impact of the growth of
the a-Fe,O; film on the properties of the a-Fe,Os/perovskite interface and on the performance
of PSCs is investigated. Morphologically uniform o-Fe,Os; film let’s achieve a PCE of
5.7%.These results show the application possibility of a-Fe,O; in PSCs, and provide the

principle for the choice of the electron transport layer for efficient PSCs.

2. Experimental details
2.1. Synthesis of a-Fe;Oj3 thin films
2.1.1. Under layer fabrication (a-Fe;O3 (A))

The experimental set-up used to prepare a-Fe,Osthin films consists of a computer-controlled
potentiostat/galvanostat and a classic threeelectrodes electrochemical cell. The
electrochemical cell was filled with a solution containing SmM FeCl; +5SmM KF+ 1M H,0,
+0.1M KClI as supporting electrolyte in deionized water. The working electrode is a substrate
composed of fluorine-doped tin oxide (FTO) coated glass having a sheet resistance of 10
Q;the previous substrate is cleaned in an ultrasonic acetone bath for 10 min, then rinsed in
distilled water and dried. Pt and Ag/AgCl electrodes were used as a counter electrode and a
reference electrode, respectively. The films were deposited by cathodic electrodeposition. The
deposition potential was fixed at - 0.15 V and the deposited charge was 1.2 C for all samples
in order to have a thickness of approximately 40-60 nm for all Fe,Osfilms. A thermostat fixed
the solution temperature at 298K. After deposition, the films were rinsed with distilled water.
To obtain the desired a-Fe,Osphase, the deposited films were annealed in air at 650°C for 2h.
The transition between phases, from B-FeOOH (yellow) to a-Fe,Os (red—brown) is shown in

figure 1.
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Figure 1: Schematic representations of a typical three-electrode electrochemical cell

2.1.2. On layer fabrication (a-Fe;O3 (B))

Nanostructured a-Fe;,Os; (B) thin films were obtained after annealing hydrothermally
deposited iron films on a smooth a-Fe,O3 surface (A). The bath was done by filling a 30-mL
recipient, with a 20-mL aqueous solution containing 0.15 M of FeCl;.6H,O and 1 M NaNOs3
at pH 1.5 (adjusted by HCI), leading to the deposition of iron hydroxides (FEOOH). Iron films
were deposited on the a-Fe,O; (A) substrate from an iron precursor solution (FeCl;.6H,0).
[34,35,36].A piece of FTO/a-Fe,O3 (A) was put into the autoclave, then heated at 100°C for
6h and naturally cooled down to ambient temperature. Under hydrothermal conditions, this
solution enables the interaction of Fe’ ions with OH", producing iron oxide nuclei, as

described by Eq. (1):

Fe* oy + 30H ,—PB-FeOOH, + H,0 (1)

As a result, a uniform layer of B-FeOOH grows on the FTO substrate. The akageneite-coated
substrate was then washed with deionized water and subsequently sintered in air at 550°C for
4 hours. During the annealing process, the B-FeOOHconverts into o-Fe;Os.The phase
transition from B-FeOOH (yellow) to a-Fe,Os (red—brown) is shown in figure 2. During the
phase transition, the occurring chemical reaction is due to the thermal treatment, it can be

represented by Eq. (2):
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ZB-FCOOH(S) —>F6203(S) +H20 (L or G) (2)
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Figure 2: Schematic representations of the syntheses methods adopted for a-Fe,O; hematite

photoanode film electrodeposited on a-Fe,03(A4) substrate.

2.2. fabrication of the perovskite-based Solar cell (CH;NH3PbI; or MAPDI3)

The MAPbDI; perovskite precursor solution was prepared from an equimolar of
Methylammonium iodide (CHsNH3;I or MAI)/Lead (II) iodide(Pbl,), in a
40%dimethylformamide (DMF) solution with ratios 1:1 (1:1 mol %) for MAI: Pbl, and then
stirred for 2h at 70 °C. The mixture was deposited onto (FTO) covered glass by spin-coating
at 3500 rpm for 11 s. A drop of toluene was added after 2-4 s before the end then dried at
5000 rpm for 30s.The resulting perovskite layers were then annealed at 100°C for 1h. Before
the deposition process, the FTO glass substrates were cleaned with ethanol, isopropanol, and
water for 15 min, and then dried with clean dry air. The reaction results in the formation of a

compact and flat crystalline MAI-DMFPbI, intermediate phase film.

PbL,-MAI-DMF— MAPbI;+ DMF1 (3)

The intermediate phase film is successfully converted into a crystalline perovskite film by
annealing at 100 °C, as shown in Eq. (3). The DMF is removed in the intermediate phase film,

leaving a compact and flat morphology (Fig. 3).

Dense and

Ry
SR S N

Perovskite solution  Spining 3500 A drop of Then dried at 5000
rpm for 11 s toluene was rpm for the 30s
added after 2-4 s

Figure 3: Solvent engineering procedure for preparing the uniform and dense perovskite film
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The hole-transporting layer (HTM) was then deposited via spin-coating using a 0.788M
solution of 2,2°,7,7’-tetrakis-(N, N-di-p-methoxyphenylamine)9,9’-spirobifluorene (spiro-
OMeTAD) in  chlorobenzene, with  additives of 0.0184M  lithium  bis
(trifluoromethanesulfonyl) imide (added in 0.61M acetonitrile solution) and 0.0659M 4-tert-
butylpyridine. The HTM was spin coated at 4500 rpm for 30 s inside adrybox. Finally,the top
anode (a 50 nm-thick gold (Au) film)contact was deposited by thermal evaporation under a
vacuum of ~10-6Torr, yielding an active area of 0.2 cm?, to complete the creation of the

device (inset in Fig. 4).

Figure 4 A: Scheme of the perovskite solar cell

Figure. 4 B shows the energy level diagram for the different solar cell components, depicting
the conduction band of a-Fe;Os, conduction and valence bands of CH3;NH;Pbl; perovskite,
and position of the highest occupied molecular orbital (HOMO) of Spiro-OMeTAD as HTM.
In this scheme,the electrons and holes generated in CH3NH3Pbl; can be energetically injected

into the a-Fe,O3; and HTM phases respectively.[37,38]
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Figure 4 B: Energy-level diagram for each component of the device

122



3. Results and discussion

3.1. Structural characterization

The crystal structure of a-Fe,Os and a-Fe,Os/perovskite thin films wasinvestigated by X-ray
diffraction (XRD) using a Rigaku Ultima IV diffractometer in the Bragg-Brentano
configuration (the X-ray radiation is Acuke= 1.54060 A). Figure 5 (a) shows the XRD patterns
of a-Fe,O3(A), a-Fe,O3(B) and a a-Fe,Os/a-Fe,Osbilayer deposited on FTO substrates. The
diffractograms of the a-Fe,Os/a-Fe,Osand the FTO substrates are also shown.The XRD lines
of the a-Fe,Osfilms are observed at 20 = 24.1°, 33.1°, 35.6°, 40.9°, 49.4°, 54.0° and 64°,
corresponding to the (012), (104), (110), (113), (024), (116) and (300) planes of the hematite
phase, respectively. The dominant lines correspond to the (104) and (110) planes. The
diffraction lines of the trigonal structure of a-Fe,Osmatches well with the reference pattern of
the JCPDS card file n°33-0664, which corresponds to the space group R3c (167) with lattice
parameters a=b=5.03 nm and c= 13.74 nm.

Figure 5 (b) shows the X-Ray diffractograms for the MAPbI; and a-Fe;O3 (A)/a-Fe,Os (B)/
MAPDBI;/FTO thin films. XRD lines are located at 15°, 20°, 24.4°, 28.4°, 31.8°, 40.6° and 43°.
MAPDI; thin films crystallize and stabilize into the same cubic structure (Fig. 5 (¢)). The most
intense diffraction line located below 15° corresponds to the (100) diffraction plane and the
lines located at about 20°, 30° and 34° are related to the (110), (200) and (210) orientation
planes, respectively. One may also observe two diffraction lines located at 26.5° and
33.7°corresponding to the FTO substrates. For the a-Fe,Os (A)/a-Fe,Os (B)/MAPbI:/FTO
layers, all lines match the a-Fe,O3; (A), a-Fe,Os (B), and MAPbI; patterns except those
marked with a solid dark point that come from the FTO substrate.
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Figure 5 (a) XRD spectra of o-Fe,03(4), a-Fe,03(B) and o-Fe;0s/0-Fe,Osbilayer.
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Figure 5 (b). XRD patterns of MAPbI; and o-Fe;03(A)/o-Fe;O3(B)/MAPbI;/FTO.
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3.2. Morphological characterization

The microstructural and elemental analyses were characterized using a Zeiss ULTRA 55
model scanning electron microscope (FESEM) equipped with an energy dispersive
spectroscopy (EDS) system. Figure 6 displays the FESEM images of (a) a-Fe,Os (A), (b) a-
Fe,03 (B), (¢) a-Fe;03(A)/a-Fe,O3(B), (d) MAPDI;, (e) a-Fe O3 (A)/a-Fe,O3(B)/MAPDI; and
() the solar cell deposited on FTO substrates, respectively. Figure 6 (a) shows vertically
grown segregated nanostructured islands made up of small Fe,O3(A) nanoparticles, showing
some grain size dispersion. Figure 6 (b)shows the microstructure of the as-prepared sample.
The later allows us to point out the formation of typical anisotropic-like nanoparticles, mainly
composed of nanostructured rods, which is a characteristic of the mesoporous film. Figure 6
(c) depicts the morphology of a-Fe,Os/a-Fe,Osbilayer that reveals nanostructured aggregates
having a grain size of approximately 20 nm. The a-Fe,O3(B) grains deposited on a-
Fe;Os(A)are larger than those deposited on FTO.Figure 6 (d) shows that the MAPbI; film is
composed of dense and homogenous fibre-like crystals with the presence of voids due to
solvent evaporation.Figure 6 (e) shows that the fibre-like MAPbI; films deposited on a-
Fe;03(A)/a-Fe,03(B) have dissimilar shapes and sizes.Figure 6 (f) shows the a-Fe,O3(A)/a-
Fe,O3(B)/MAPDI;/spiro-OMeTAD/Au, where the MAPDI; film becomes uniform with a
denser morphology.
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Figure 6: FESEM images of (a) a- Fe;O03(A), (b) a-Fe;O3(B), (c) o- Fe;O3(A)/a-Fe;O3(B),
(d)MAPbI;, (e) a-Fe;O3(A)/a-Fe;O3(B)/MAPDI; and (f) solar cell.
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Figure 7 shows the vertical cross section of the FESEM image of the entire structure (a-Fe,Os

(A)/ 0-Fe,Os3 (B)/ MAPbIs/spiro-OMeTAD/Au) deposited on FTO. The thickness of the cell is
about 4.8um.

Cursor Height =4.875um
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ULTRA 5544 22 Noise Reduction - Pixel Avg ESB Grid = 600V

Figure 7: Vertical cross section of (a) a-Fe;03(A), (b) a-Fe,0s/a-Fe,0j; thin films.

3.3. EDX analyses

Figure 8.A shows a EDX elemental analysis of the deposited MAPbI;, a-Fe,O3;(A)/a-
Fe;03(B), a-Fe,O3(A)/a-Fe,O3(B)/MAPbI;. The line observed at 0.72 keV corresponds to the
L line of Fe, and the oxygen K line is peaking at 0.525 keV. The calculated atomic ratio of Fe
and O is approximately equal to 2:3, whichwell agrees with the stoichiometric composition of
a-Fe>Os. The percentage of each element was calculated from EDX analyses (Fig. 8).The
element ratio of the MAPbI; film i1s shown in Figure 8.A (a);two featured lines peaking at
2.48 and 3.98 keV are assigned to the Pb and I elements, respectively.The EDXpresented in
Fig.8.A (a) shows that Pb and I are well distributed on a large energy scale. Figures 8.A (c-d)
show the elemental composition of the solar cell and confirm the presence of each element
formingthe cell. The line observed at 2.3 keV corresponds to the M line of the gold (Au)

contacts.
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Figure 8.4: EDX spectrum for (a) MAPbI;, (b) a-Fe;03(A)/a-Fe;O3(B), (c) a-Fe;O3(A4)/o-
Fe,03(B)/MAPbI;, and (d) solar cell.

Figure 8.B showsthe spatial distribution ofa-Fe,O;+MAPbDI;, wherePb and I are three-
dimensionally well-distributed in the a-Fe,Os film. The atomic percentage calculated from the
EDX analyses indicates that the Pb to I ratio is 1:3. Compared to the Fe atomic ratio, Pb has a
relatively lower atomic percentage indicating that the perovskite sensitizer does not densely
cover thea-Fe,Os surface.It can be concluded that the a-Fe,Oscomposites can uniformly

encapsulate the CH;NH;PbI; crystals.
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(e) N map, (f) Pb map and (g) I map.

3.4. Optical characterization of a-Fe;Oj3 thin films

The band gap energy was determined from the optical absorption by recording the
transmission spectra using a UV-Visible spectrophotometer (Ocean Optics HR4000) coupled
with an integrating sphere (to collect both specular and diffuse transmittance). Figure 9 shows
the transmission spectra of the a-Fe,Os/a-Fe,Os bilayer, from which the optical band gap
energies can be determined. The transmittance spectrum of the a-Fe,Os/a-Fe,O; bilayer
shows a high optical transmission ratio: above 30% in the visible range. A significant increase
in absorption below 533 nm can be assigned to the intrinsic band gap absorption of the a-

Fe,Os/a-Fe, 05 bilayer.

According to the solid band theory, the relation between the absorption coefficient a and the

energy of the incident light Av is given by[39]:
ahv=A (hv-Eg)" ()]

Where a is the absorption coefficient, 4 is a constant, & is the Planck’s constant, v is the
incident photon frequency, Eg is the optical band gap, and n is equal to 2 for a direct

transition, and to 1/2 for an indirect transition. Figure 9 depicts the Tauc plot of a-Fe,Os/a-
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Fe,Os bilayer. One may point out a direct band gap energy of about 2.3 eV, smaller than that
of bulk a-Fe,03 (2.3 V).
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Figure 9: Transmission and Tauc plot (inset) of a-Fe,Os/a-Fe;Osbilayer
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Figure 10: Absorbance (a) and Transmission (b) plots of perovskite thin films.

Figure 10 shows the transmission and the absorbance of theMAPDbI; perovskite thin film. The

main features of the transmission spectra arethe existence of a sub-band gap absorption tail
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followed by astrong rise of the absorption, which corresponds to excitonicabsorption, and
then a transition from the valence band to theconduction band. When excitonic absorption
dominates theabsorption spectrum, the classical relationship between the coefficients (o) and
the band gap energy (Eg) is commonly used for calculating the direct band gap of a
semiconductor:

(a.hv)’=A(E-Eg)  (5)
Where E is the incident photon energy and A is a constant [40].One may point out a direct

band gap energy of about 1.58eV.
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Figure 11: Taucplot of the perovskite thin films.

3.5.Photoelectrochemical properties of a-Fe;Oj3 electrodes.

The PEC measurements were performed in a quartz cell to enable light reaching the
photoelectrode surface. The surface area of the light-exposed working electrode was about
0.25 cm®. The electrolyte used in all PEC measurements is 1M NaOH (pH = 13.6). The
electrolyte is purged with nitrogen gas prior to experiments to prevent any possible reaction
with dissolved oxygen at the counter-electrode. A potentiostat/galvanostatAutolab
PGSTAT302N (Metrohm, Netherlands) with a Pt rod counter electrode and an Ag/AgCl
saturated in 3 M KCl reference electrode was used. The films are illuminated with a 300 W

Xenon lamp (PLSSXE300/300UV) equipped with a UV cut-off filter (A> 420 nm). The set-up
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was completed with an automatic shutter and a filter box. The whole system was controlled
by homemade software. The chronoamperometry curves of the films were also obtained at
+0.1 V, both in the dark and under illumination with a light intensity of about 1 SUN (100
mW cm™) at the sample surface.

For wavelength-dependent photocurrent measurements a monochromator giving a ~20 nm
bandpass from 360 to 680 nm was used together with cut off filters to eliminate secondary -
harmonics.The incident photon to electron conversion efficiency (IPCE) of the samples was

calculated as follows:

1240-ippotocurren (p.A/cmZ)
IPCE(%) - )\(nmz;fljz:hotons (Itiw/cmz) *100% (6)

The photocurrent density—voltage (J-V) characteristics of thea-Fe,O3(A)/a-Fe,O3(B)/MAPDI;
solar cell were registered using a potentiostat/galvanostatAutolab PGSTAT302 under AM
1.5G illumination (50mW cm™) provided by a calibrated solar simulator (using a standard
silicon solar cell before measurement).

The photocurrent intensities under pulsed light were measured using a chronoamperometric
technique (Fig. 12). All measurements were made in 1M NaOH[41,42] electrolyte and under
a potential bias of 0.1 V. Figure 12 shows the variation of the photocurrent density according
to the elapsed time during on/off cycles. In the steady state, the a-Fe,O3(A)/FTO electrode
shows a photocurrent density of about 3mA/cm?. However, the o-Fe,03/0-Fe,03/FTO bilayer
shows a photocurrent density of about 12mA/cm?, which is 4and 2 times greater than that of
the a-Fe,O3(A)/FTO and a-Fe,O3(B)/FTO electrodes, respectively. The photocurrent density
dropped in the first two cycles and then was steady and quasi-reproducible after several on—
off cycles of light illumination. There was no overshoot at the beginning or at the end of the
on—off cycle, meaning that the direction of the electron diffusion is free from grain
boundaries, which can create traps to hinder electron movement and slow down the

photocurrent generation[43].
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Figure 12: Photocurrent intensity for o-Fe,03(A), a-Fe,O3(B) and o-Fe;Os/a-Fe,0; (bilayer)
electrodes under successive on/off illumination cycles, measured in 1 M NaOH electrolyte under a

bias potential of +0.1 V.

Figure 13 shows the action spectra for the best performing a-Fe,Os/a-Fe,Os/FTO bilayer
samples compared to the a-Fe,O3(A), a-Fe,O3(B) films. Significant performance gains were
observed upon all throughout the illumination wavelengths. The best performing samples
were a-Fe,O3/ a-Fe,O3/FTO bilayer, which had IPCEs at 400 nm of 9%, with an applied
potential of 0.4V v.s Ag/AgCl. These IPCE values were 3 times higher than the a-Fe,O3; (A)
and a-Fe,Os (B) samples for the a-Fe,Os/ a-Fe,O3/FTO bilayer samples.The high energy
photons are absorbed in the outermost layers of hematite and therefore, the photogenerated
holes have a shorter diffusion path to reach the surface where they will participate in oxidative
chemical reaction. A positively applied potential will increase the collection efficiency of the
electrons and the IPCE increases, as shown in Figure 13. Furthermore, the applied bias will
facilitate hydrogen production at the Pt counter electrode by shifting its negative potential to
overcome the approximately 0.4 V (vs. Ag/AgCl) difference between the hematite flat band
potential and the hydrogen redox level.
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Figure 13: IPCE for o-Fe;03(4), a-Fe;03(B) and a-Fe;0s/0-Fe,Os(bilayer) at 0.4 V (vs. Ag/AgCl)
applied potential in N, degassed 1 M NaOH.

3.6. Photocurrent density—voltage (J-V) of the solar cell device.

Figure 14 depicts the dark and under illumination (J—V) characteristicsof the a -Fe,O3(A)/a-
Fe,O3(B)/MAPDIs/Au solar cell. From the J-V curves, we can deduce open-circuit voltage
(Vo) and short-circuit current density (Js.). These parameters are summarized in Table 2. The
power conversion efficiency (n (%)) and Fill factor (FF (%)) are calculated from the

following equations:

FF — lmaxvmaX(7)

[SCVOC

IchocFF

M(%) ==%52<=5100 (8)

where, Pjypyc 1 the power of the incident light, I, and Vp,a.are the current andvoltage
corresponding to the maximum power point (Mpp),ls. is the short circuit current, and V. is
the open circuit potential, both can be extracted from the (J-V) curves.However, under
illumination, the current magnitude of the cell increases up promptly. The current becomes
stronger and increases more rapidly. This is sincethe conductivity of a-Fe,O; is improved
with the incorporation of perovskite. It should be emphasized that proper perovskite can

greatly enhance the separation of electron-hole pairs.The device exhibited an encouraging

133



solar conversion efficiency of 5.76%, with its open circuit voltage (Voc) of 1.55 V, short-

circuit current density (Jsc) of 11.27 mA/cm2, and fill factor (FF) of 33%.

30 —

- —=— Dark
251 —a— Light
20 4

154

Current density (mA/cm2)
(8]

Voltage (V)

Figure 14: J-V curve solar cell devices in the dark and illumination.

Sample oy | JelmA el | ViaclV] | Juax [mA cm™] | Fill factor [%] n /%]

Perovskite solar

1.55 11.27 0.99 5.7 33% 5.76%

cells

Table 2: Photovoltaic parameters of Perovskite solarcells
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4. Conclusion
In this study, we the performance of PSCs based on a-Fe,Osas the electron transport material,
perovskite as the light harvester, and spiroMeOTAD as the hole transporting material. The a-
Fe,O; thin film was prepared by the electrodeposition and the hydrothermal processes. The
perovskite layer is synthesized on the surface of the a-Fe,Os thin film using the spin coating
method. It was found that the growth of the a-Fe,O; thin film has a clear influence on the
uniform formation of the perovskite layer. Dense a-Fe,O; thin films with appropriate grain
sizes can ensure uniform coverage of the perovskite film, forming a better contact between the
a-Fe,O; film and the perovskite layer, which 1s able to not only facilitate the charge transport,
but also to reduce charge recombination of the a-Fe,Os/perovskite interface.The
photoelectrochemical performance of the nanostructured a-Fe,Os/ a-Fe,Osbilayer is higher
than that of FTO/ a-Fe,O; (A) and FTO/ a-Fe,O; (B). Water splitting performance was
evaluated and the highest photocurrent density of 12 mA/cm®v.s Ag/AgCl was exhibited for
the a-Fe,O3;/ a-Fe,Osbilayer photoelectrode, which had IPCEs at 400 nm of 9%, with an
applied potential of 0.4V v.s Ag/AgCl.The dependence of the photovoltaic properties of PSCs
on a-Fe,0; is carefully examined. The stability of PSCs is also studied. The best-performing
device with a PCE of 5.76%, a V.. of 1.55V, a J,. of 11.27 mA cm'z, and a FF of 33% is
demonstrated. This effect can be ascribed to the dense perovskite films that lead to full
coverage of the a-Fe,O; film, forming a better contact with the a-Fe,O; thin film. In addition,
the best performing device is also the most stable among all the devices presented. Therefore,
we can state that the contact between a-Fe,O3; and the perovskite layer is the critical factor
that determines the photovoltaic performance of PSCs. Moreover, the results indicate the
great potential of a-Fe,Os as an electron transport material, which provides high variety for

perovskite-based solar cell design.
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Chapitre V

Discussion générale
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Dans ce chapitre, nous discutons les principaux résultats de la présente thése, fruits de trois
années de recherche et des publications présentées dans le chapitre précédent.

Les résultatsobtenusont montréque les dispositifs fabriqués ont des performances
supérieuresaux dispositifsphotoélectrochimiquesabasede 1’oxyde de fer seul. Plusieurs idées
ont été avancées afind’améliorerles rendements de conversion.

Des films de a-Fe,Osdopés au chrome ont ét¢ déposés avec succes sur des substrats de verre
revétus de FTO en utilisant le procédé hydrothermique et un procédé¢ de recuit. La
concentration des atomes de Cr incorporés (ionsCr' 7) a été contrdlée en faisant varier la
concentration de la solution duprécurseur Cr (ClO4); (2 savoir, la concentration du dopant
dans I'échantillon est controlée en ajustant la composition électrolytique). L'effet majeur des
atomes de Cr est I'amélioration de la conductivité et des propriétés de transport de charge des
films de a-Fe;Os;. La photoactivité de I'oxyde de fer a été améliorée par dopageauCr. Les
¢chantillons les plus performants ont un taux de dopage de 16 at.% Cr, qui a son tour a un
IPCE de 6% a 400 nm, avec un potentiel appliqué de + 0,4V (vs Ag/AgCl). Les valeurs de
I’IPCE du matériau dopé étaient trente fois plus €levées que celles du matériau non dopé. Par
conséquent, une fraction plus grande de paires é€lectron-trou est disponible pour la chimie
redox de surface. L'optimum apparent avec un dopage de 16 at.% de Cr peut équilibrer ces
effets concurrents de la manicre la plus efficace et donner les meilleures performances de
PCE. Les films o-Fe;O; dopés au Cr fournissent des applications potentielles dans des
dispositifs photoélectriques ou dans la photocatalyse appliquée au craquage de I'eau.

Le n-Fe;0; et p-CuSCN ont ¢té électrodéposés avec succes sur des substrats FTO formant
ainsi une hétérojonction. Une solution électrolytiquede base faible (NHs) est utiliséepour
éviter l'attaque acide de a-Fe,O;. Cela nous a permisd'étudier le comportement énergétique
des deux semi-conducteurs et les performances photoélectrochimiques de I’hétérojonction n-
Fe;Os3/p-CuSCN. La FESEM montre qu’on peut facilement fabriquer du CuSCN ¢épais pour
recouvrir le substrat a-Fe,O;. Lesanalyses EDX ont révélé que les films de CuSCN ont un
léger exces encuivre. Les performances photoélectrochimiques de 1’hétérojonction
nanostructurée a-Fe,O3/CuSCN sont supérieures a celle de FTO/a-Fe,Os et FTO/CuSCN. La
photoélectrode a-Fe,O3; / CuSCN exhibe un maximum de densité de photocourant de 2.9
mA/cm® 4 0.59 V (vs Ag / AgCl). L'amélioration de la densité de photocourant est attribuée a
deux facteurs principaux combinés: (1) génération dun champ ¢€lectrique dans I'hétérojonction
qui supprime la recombinaison des porteurs de charge photogénérés et (ii) l'application d'une
polarisation externe adéquate favorisant le transfert et la séparation des porteurs de charge

photogénérés dans ['hétérojonctiona-Fe,O3/CuSCN. L’amélioration de la densité de
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photocourant a également ¢été attribuée a un alignement appropri¢ des bords de bande des
semi-conducteurs améliorant ainsi l'absorption de la lumiére dans les deux semi-conducteurs.

Finalement dansl’étudebasée sur le a-Fe,O; comme matériau de transport d'électrons, nous
avons utilisé les perovskites comme absorbeur de lumiere de lumiere, et le spiroMeOTAD
comme matériau de transport de trous. Le film mince d'a-Fe,O; a été préparé par
¢lectrodéposition et les processus hydrothermaux. La couche de pérovskite a étésynthétisée
sur la surface du film mince d'a-Fe,O; en utilisant la méthode de revétement par
centrifugation. Il a été constaté que la croissance du film mince d'a-Fe,O3; a une influence
¢vidente sur la formation uniforme de la couche de pérovskite. Des couches minces denses de
a-Fe,O3; avec des granulométries appropriées peuvent assurer une couverture uniforme du
film de pérovskite, formant un meilleur contact entre le film d’a-Fe,Os et la couche de
pérovskite, ce qui facilite non seulement le transport de charge, mais aussi réduit la
recombinaison des charges a l'interface a-Fe,Os/perovskite. Pour le craquage de 1’eau la
densité¢ de photocourant maximale observée pour la photoélectrode a-Fe,Os/a-Fe,O; est de
12mA/cm’ vs Ag/AgCl, 'IPCE évaluée a 400 nm est de 9% avec un potentiel appliqué de
0.4V vs Ag/AgCl. La dépendance des propriétés photovoltaiques des PSC sur o-Fe,Osa
étésoigneusement examinée. La stabilité des PSC a étéégalement étudi€e. Le dispositif le plus
performant aun PCE de 5.76 %, un Voc de 1.55 V, un Jsc de 11.27 mAcm™ et un FF de 33 %.
Cet effet peut étre attribué aux films de pérovskite dense qui conduisent a une couverture
compléte du film mince d’a-Fe;Oset un meilleur contact. De plus, le dispositif le plus
performant est également le plus stable parmi tous les dispositifs présentés. Par conséquent,
nous pouvons affirmer que le contact entre a-Fe,Os et la couche de pérovskite est le facteur
critique qui détermine lesperformances photovoltaiques des PSC. En outre, les résultats
indiquent ungrand potentiel de 1'a-Fe,Os en tant que matériau de transport d'électrons, pour la

conception de cellules solaires a base de perovskite.
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Chapitre VI

Conclusion et perspectives
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Conclusions

Dans cette partie nous analysons le niveau de conformité des objectifs énoncés dans
l'introduction aux résultats obtenus. Les principales conclusions sont également compilées, les
contributions les plus pertinentes de ce travail sont exposées et plusieurs lignes de travail
futures sont proposées.

Comme nous I'avons vu tout au long de ce document, nous avons réussi a ¢laborer I’oxyde de
fer par voie hydrothermale et voie électrochimique. Afin d’améliorer les performances de
cette photoanode nous avons dopé I'oxyde de fer, et ’avons utilis¢ dans une cellule

photovoltaiquecomme matériau de transport d'électrons.

Atteindre les objectifs

Le premier objectif consiste en [’élaboration et la caractérisation de l'oxyde de fer
(hématite)dopé au chromeparla voie hydrothermale (article 1).
Le deuxieme objectif consiste utiliser l'oxyde de fer dans deshétérostructures et 1’utiliser

comme matériau de transport d'électrons dans une cellule photovoltaique (articles 2 et 3).
Futures lignes de recherche

Enfin, il y a plusieurs facons de continuer les travaux entamés dans cette thése. D'une part,
outre le chrome on peut ¢tendre le dopage a plusieurs ¢éléments. D'autre part, il est prévu
d'étendre 1'étude a d'autres hétérostructures en utilisnat I’hématite.

Il serait également intéressant de combiner plusieurs couches et méme plusieurs cellules
(tandem cell).

Les couches minces d'oxyde de fer peuvent présenter un grand potentiel pour une recherche
de pointe visant a améliorer pour leurs caractéristiques ¢lectriques et optiques et les rendre
rentables dans plusieurs applications.

Les procédés de fabrication tels que I'¢lectrodéposition et lI'hydrothermal, etc. sont des
techniques treés appropriées et peu colteuses pour améliorer I'efficacité et réduire le cott de

fabrication des films minces.
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p-CuSCN/n-Fe; 03 heterojunctions were electrochemically prepared by sequentially depositing a-Fe,O3 and CuSCN films on
FTO (SnO;:F) substrates. Both a-Fe;O3 and CuSCN films and a-Fe,O3/CuSCN heterojunctions were characterized by field
emission scanning electron microscopy (FESEM), energy-dispersive X-ray spectroscopy (EDX), and X-ray diffraction (XRD). Pure
crystalline CuSCN films were electrochemically deposited on a-Fe,O3 films by fixing the SCN/Cu molar ratio in an electrolytic
bath to 1:1.5 at 60°C, and at a potential of —0.4 V. The photocurrent measurements showed increased intrinsic surface states
or defects at the a-Fe,O3/CuSCN interface. The photoelectrochemical performance of the a-Fe,O3/CuSCN heterojunction was
examined by chronoamperometry and linear sweep voltammetry techniques. The a-FeoO3/CuSCN structure exhibited greater
photoelectrochemical activity compared to the a-Fe;O3 thin films. The highest photocurrent density was obtained for the o-
Fe,03/CuSCN films in 1 M NaOH electrolyte. This strong photoactivity was attributed to both the large active surface area and
the external applied bias, which favored the transfer and separation of the photogenerated charge carriers in the a-Fe,O3/CuSCN
heterojunction devices. The flatband potential and donor density were maximal for the heterojunction. These results suggest a
substantial potential to achieve heterojunction thin films in photoelectrochemical water splitting applications.

© 2017 The Electrochemical Society. [DOI: 10.1149/2.1431713jes] All rights reserved.
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In recent years, a great deal of attention has been paid to hetero-
geneous thin film deposition on highly structured semiconductor sub-
strates, such as Fe,03, ZnO, TiO,, and GaN, to form heterojunctions.
The last semiconductors are essential in many electrical, photoelec-
trical and catalytic applications, and generally require an enlarged
interface area. In thermodynamic terms, the water splitting reaction is
an uphill process that requires a minimum energy of 1.23 eV as the
Gibbs free energy change is AG® = 237.2 kJ mol~! or 2.46 eV per
H,0 molecule.! However, a high overpotential is necessary due to non
idealities in real operations by taking into account water splitting re-
action complexity. The water splitting process requires two steps as it
is not quite as straightforward as ripping apart the three atoms in H,O.
The full reaction requires the participation of two H,O molecules,
which are then separated according to the following reduction and
oxidation half-reaction.”

Reduction reaction:

2H" +2¢” — H, = (E), =0.00V/RHE) (1]
Oxidation reaction:
2H,0 +4h* — 0, +4H" (E), = — 1.23V/RHE) [2]
Overall reaction:

2H,0 — 2H,+ O,(AE = —1.23V/RHE) [3]

where RHE indicates a reversible hydrogen electrode (RHE).

Given that four-electron water oxidation is the rate-limiting step
in the overall water splitting reaction, one major barrier that must be
overcome is to develop high-efficiency photoanodes for O, evolution
to be capable of overcoming the high overpotential, which implies
having to perform this reaction.> Hematite (a- Fe,03) is one of the
most promising photoanode candidates as it has a narrow bandgap
of ~ 2.1-2.2 eV and allows ~ 16.0% theoretical solar-to-hydrogen
(STH) efficiency for photoelectrochemical (PEC) water splitting.*-
Compared to other narrow bandgap semiconductors, o- Fe,O3 also
offers many additional advantages, including excellent stability in
alkaline solutions, earth abundance and nontoxicity?’7 However, o-
Fe, O3 has extremely poor electrical conductivity with a hole diffusion
length of 2—4 nm,? and it undergoes a high charge carriers recombi-
nation that leads to poor PEC performance. The future success of

“E-mail: bmari @fis.upv.es

a-Fe,O; photoanodes in PEC water splitting remains questionable as
a- Fe,0j itself can hardly achieve relatively good PEC efficiency for
practical potential uses, and requires modifications to improve PEC
performance.

An overview of the synthesis, modification, and characterization of
nanostructured an a-Fe, O3 thin film is provided herein, and emphasis
is placed on charge carrier dynamics and PEC properties.” Increas-
ingly more studies has focused on a-Fe, O3 heterostructures in recent
years, which incorporate the second material to promote charge sep-
aration, charge collection and surface catalysis. Indeed greater PEC
activities have been achieved with such a-Fe, O heterostructure-based
photoanodes than with their single-component counterparts; e.g.,
WO;/a-Fe,05,'° ZnO/ a-Fe, 05, n-Si/ a-Fe,05,'? a-Fe,05 /NiO,!?
a-Fe,05:Ti/Cu,0,'* p-Si/ a-Fe,03 /Au,” and a-Fe,O3 /Gr/BiV,_,
MOXO4.I6

Table I shows areview done of the characteristics of some typical -
Fe,0;-based semiconducting heterojunctions that can be found in the
literature. The data in Table I include heterostructure type, fabrication
method, suggested electrons and holes charge transfer, as well as the
main photoelectrical properties of these heterostructures. These data
are compared with the electrochemically deposited Fe,O3;/CuSCN
heterojunction described in this work.

CuSCN is a p-type hole-conducting material that is transparent
within the visible light spectrum range, which possesses reason-
able hole conductivity (>5 x 107*S-cm™!)!” and good chemical
stability.'® In this work, we describe the electrochemical deposition of
Fe,03/CuSCN heterojunction films. CuSCN films with several com-
positions were deposited on smooth Fe, O3 surfaces. Characterization
of films was carried out by FESEM and X-ray diftraction (XRD)
techniques.

Experimental

Electrodeposition.—Iron oxide films were deposited using an
electrodeposition bath that consists of an aqueous solution contain-
ing ferric chloride (FeCls. 6H, O, purity (p)>98.0), hydrogen peroxide
(H,0,, >99.99%), potassium fluoride (KF, p>99.97%) and potassium
chloride (KCl, p>99.0%). Potassium perchlorate (KClO4, p>99.0%),
copper(Il) perchlorate hexahydrate (Cu (ClOy), - 6H,O, p>98.0%),
ammonium thiocyanate (NH4SCN, p>99.0%) and triethanolamine
(TEA, C¢H5sNO;3, p>99.5%) were used as precursors for the elec-
trodeposition of CuSCN. All the chemicals were pujglpsed from
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Table I. Hematite-based heterostructures, including fabrication methods, suggested charge transfer and photoelectrochemical characteristics.
Suggested charge transfer
Heterostructure Fabrication method Electron Hole Photoelectrochemistry Ref.
WO3/ a-Fe, O3 Sol-gel WO3— a-Fe, O3 None Photocurrent: 22 pAcm ™2 at 0.8 19
V vs. Ag/AgCl
(500 W Xe lamp) elec- trolyte:
0.2 M NaySO4 (pH =17.5)
WO3/ a-Fe, O3 spin coating and None None Photocurrent: 22 mAcm ™2 at 20

Spray pyrolysis

ZnO/o-Fe, 03 Hydrothermal and

spin coating

a-Fe; 03 —7Zn0O

a-Fey O3 /Gr/BiV
Moy Oy

BiVix Mo,O4 —
a-Fe, O3

Hydrothermal and
spin coating

a-Fey03/ZnFe; Oy Spin coating

a-Fe,03: Ti/ZnFey Oy Hydrothermal and ZnFe;04 —a-FeyO3:
surface treatment Ti
a-Fe;03: Hydrothermal and wet MgFe>04
Co/MgFe;04 impregnation — a-Fep,03: Co
p-CaFe;04/n-Fe, O3 Hydrothermal and p-CaFe 04 —
two-step annealing n-Fe, O3

a-Fe, O3: Ti/Cu O Spray pyrolysis

a-Fep, O3/CuSCN electrodeposition

Aldrich chemicals and were used as received. The experimental setup
followed to prepare a-Fe, O3 films consisted of a computer-controlled
potentiostat/galvanostat and a classical three-electrode electrochemi-
cal cell. The electrochemical cell was filled with an electrolyte solution
that contained deionized water + 5 mM FeCl; + 5 mM KF + 1 M
H,0, + 0.1 M KCI. The working electrode (WE) is a fluorine-doped
tin oxide- (FTO) coated glass with a sheet resistance of 10 /L. It was
previously cleaned for 15 min in an ultrasonic acetone bath and then
rinsed in distilled water and dried. The Pt and Ag/AgCl electrodes
were used as a counter-electrode and a reference electrode, respec-
tively. Films were deposited by cathodic electrodeposition. To obtain
a thickness of approximately 500 nm for all the Fe,O;films, the depo-
sition potential was fixed at —0.1 V and the debited charge was 1.2 C.
The temperature of the solution was fixed at 298 K by a thermostat.
After the deposition process, films were rinsed with distilled water. To
obtain the desired a-Fe,O; phase, the deposited films were annealed at
650°C for 2 h in air. The electrodeposition of CuSCN was performed
in the same way as with the Fe,O; films. The deposition potential was
fixed at —0.4 V and the debited charge was 1 C, which gave rise to
a film thickness of about 3 pm. The solution temperature was fixed
at 333 K by a thermostatic bath. The electrolytic bath was prepared
from 0.1 M KClOy, 0.01 M Cu (ClOy4), - 6H,0, 0.05 M NH,SCN and
0.06 M TEA (C¢H;5NO3). About 0.5-1.0 mL of 2 M NH; was added
to the electrolyte to keep the pH of the solution at around 9.

Materials characterization.—The crystal structures of the a-
Fe,0; and a-Fe,03/CuSCN heterojunction were investigated by XRD
(Rigaku Ultima IV diffractometer in the Bragg-Bentano configura-

ZnFe; 04 — a-Fep 03

Cuy0 —a-Fey03: Ti

CuSCN— a-Fe, O3

0.8 V vs. Ag/AgCl; electrolyte:
0.05 M PBS (pH=7)
Photocurrent: 1.6 mA cm™2 at 21
0.6 V vs. Ag/AgCl; electrolyte:
1 M NaOH
Photocurrent: 0.39 mA cm™

7ZnO — a-Fe, 03

2

a-Fer O3 —BiV|x at 22

Moy Oy 1.5V vs. RHE (64 mW cm~2 A >
420 nm); electrolyte: 0.01 M
NaySOy4
a-Fe, O3 — ZnFep 04 Photocurrent: 0.44 mA cm™2 at 23

0.2 V vs. Ag/AgCl; electrolyte:
0.1 M glucose and 0.5 M NaOH

(pH = 13.0)
a-Fe;03: Ti — Photocurrent: 0.3 mA cm™2 at 24
ZnFe; Oy 1.4 V vs. RHE; electrolyte: 1 M
KOH
a-Fey03: Co Photocurrent: 3.34 mA cm™2 at 25
—MgFe;04 1.4 V vs. RHE; electrolyte: 0.01
M Na;SO4
n-Fe, O3 — Photocurrent: 0.53 mA cm™2 at 26
p-CaFe, 04 1.23 V vs. RHE,; electrolyte: 1.0

M KOH (pH = 13.9)

Photocurrent: 2.60 mA cm™2 at 27
0.95 V vs. SCE (Xe lamp, 150

mW cm~2); electrolyte: 0.1 M

NaOH
Photocurrent: 2.90 mA cm™2 at our
0.59 V vs. Ag/AgCl. (Xe lamp: work
150 W); electrolyte 0.1 M
NaOH(pH = 13.9)

a-Fey03: Ti - Cu0

a-Fe, O3 — CuSCN

tion) using CuKa radiation (A = 1.54060 A). The microstructural
and elemental analyses were characterized with scanning electron mi-
croscope (SEM) (model Zeiss ULTRA 55), equipped with an energy
dispersive spectroscopy (EDS) system. To determine the bandgap, en-
ergy was estimated from the optical absorption, which was measured
by recording the transmission spectra in a UV-Visible spectropho-
tometer (Ocean Optics HR4000) coupled to an integrating sphere to
collect both specular and diffuse transmittances.

Photoluminescence (PL) was measured by an He-Cd laser (A =325
nm) and a Jobin Yvon-Horiba spectrometer coupled to a Hamamatsu
back-thinned Si-CCD detector.

Photoelectrochemical and electrochemical analyses.—The PEC
measurements were taken in a quartz cell to help the light reach the
photoelectrode surface. The light-exposed surface of the working elec-
trode was 0.25 cm?. The electrolyte used in all PEC measurements
was 1.0 M NaOH (pH = 13.6). The electrolyte was purged with nitro-
gen gas before the experiments to prevent any possible reaction with
dissolved oxygen at the counter-electrode. A potentiostat/galvanostat
Autolab PGSTAT302N (Metrohm, the Netherlands), with a Pt rod
counter-electrode and an Ag/AgCl saturated in 3 M KCl reference
electrode, was used. Films were illuminated by a 150 W Xenon lamp
(PLSSXE300/300UV) coupled to a chopper and a selective blue filter
(N > 400 nm). The setup was completed with an automatic shutter
and a filter box. The whole system was controlled by homemade soft-
ware. The J-V curves were monitored by linear sweep voltammetry
(LSV) at 100 mV/s by setting the potentiostat within the range of
0V to+0.8 V vs. Ag/AgCl. The chronoamperometrygjgves of the
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Figure 1. Schematic cross-sectional view of FTO/glass, compact a-Fe;O3,
and CuSCN (HTM).

films were also obtained at 4-0.1 V in the dark and with illumination
at an intensity of about 1 SUN (100 mW cm™2) on the film surface.
Mott—Schottky measurements were taken using an electrochemical
impedance analyzer with the three-electrode configuration ina 0.1 M
NaOH electrolyte solution; the AC amplitude was 10 mV and fre-
quency fell within the 100 kHz-0.1 Hz range. The flatband potential
(Ves) and donor density (Np) were determined in the dark from the
impedance measurements.

Results and Discussion

Figure 1 shows a schematic cross-sectional view of the o-
Fe,03/CuSCN heterojunction deposited on the FTO glass substrates.

Potential variation.—Figure 2a shows the cyclic voltammogram
of the Fe, 03 films recorded at 50 mV/s. During negative sweeps, Fe>*
reduced to Fe. In the reduction region, the film was deposited at a
potential that ranged between —0.2 and 0 V. These films showed negli-
gible photo-activity and were not further characterized.?® Furthermore
in positive sweeps, films were deposited by the electrochemical oxi-
dation of Fe?* ions to Fe** ions, followed by the precipitation of Fe**
ions as ferric hydroxide (Fe (OH)3). The anodic deposition of the iron
oxide is represented by the following equations®

Fe’* < Fe** + e [4]

Fe*" +30H™ — Fe(OH), | [5]

Figure 2b shows a cyclic voltammogram performed at 200 mV/s
onto an a-Fe, O3 electrode using the electrolytic solution described in
the experimental section. The voltammetric scan was initiated at 0 V
toward the negative direction of up to —0.8 V. The cathodic threshold
potential for the reduction of Cu?* to Cu* ions in the solution was
about —0.20 V. The cathodic current increased slowly to —0.40 V, then
steeply to —0.60 V to become almost constant. The initial slow in-
crease in the current indicated the existence of Cu(Il)-TEA complexes
in the solution, which resulted in slow diffusion and led to a shift of
the reduction potential to more negative values, as well as to small
cathodic reaction current density. 2! The electrodeposition of CuSCN
is manifest when a white film appears on the electrode surface at about
—0.30 V, and subsequently grows rapidly as the potential increases
up to —0.60 V, which is referred to as a kinetically controlled region.
Within the potential range —0.60 to —0.80 V, the saturation current
density indicated that the diffusion process reached a limit, accompa-
nied by a minor co-deposition of copper. Small brown spots are ob-
served on the film when the deposition potential goes above —0.60 V.
The voltammetric scan from —0.80 to 0.40 V showed a sharp peak at
about —0.20 V, which meant that the CuSCN layer acted as a passivat-
ing layer for the a-Fe,O; electrode. Another maximum around from
0.30 to 0.40 V is related to the oxidation of Cu™ to Cu** ions. Hence
the growth process of the CuSCN film from the TEA chelated aqueous
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Figure 2. (a) Linear sweep voltammetry of the Fe,O3 precursor solution
within the range of —1 V to 1 V on the fluoride doped Tin oxide electrode at
a rate of 50 mVs~!. (b) Linear sweep voltammetry of the CuSCN precursor
solution within the range of —0.8 V to 0.6 V at a rate of 200 mVs~'.

solution suggested that cupric ions, which were related to the Cu(II)-
TEA complexes and stabilized in the electrolyte solution, first reduced
to cuprous ions (Cu>*+e~—Cu*), and then the CuSCN film formed
from the reaction between cuprous ions and thiocyanate ions (Cu™
+ SCN™— CuSCN). Such a deposition took place within a potential
range from —200 to —550 mV. Thereafter, Cu codeposition would oc-
cur. Hence we can conclude that the appropriate deposition potentials
in the sole deposition of CuSCN in the TEA-chelated aqueous solution
should be selected within the potential range from —200 to —550 mV.
To further study the influence of the electrolytic bath composition
on the nucleation and growth of the CuSCN films electrodeposited
on the a-Fe, O3 surface, chronoamperometry measurements, based on
the current transient recorded during the electrodeposition process at
—0.40 V, were taken. Figure 3 shows the chronoamperometry for a
CuSCN film deposited from an electrolyte that contained Cu and SCN
in the molar proportion of 1:1.5. The rapid surge in current density
observed upon the onset of the applied potential was due to double
layer charging. Then the current density gradually decreased due to
an increase in the electric resistance of the electrochemical system,
which was related to the nucleation and growth of the CuSCN crystals
with semiconductor characteristics.??> After an interval of about 200 s,
the current density gradual increased for a period of time and then the
current density became constant.

Morphological, chemical composition and structural char-
acterizations.—Figures 4a and 4b display the FESEM jmages of the
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Figure 3. Chronoamperometry of CuSCN with a Cu: SCN ratio of 1:1.5.

CuSCN films and the a-Fe,O; films deposited on FTO substrates,
respectively. The FESEM image of CuSCN (Figure 4a) shows a mix-
ture of leafy intrinsic trigonal pyramid shapes with some dispersion
in grain sizes. Figure 4b depicts the morphology of the a-Fe,O; films,
and reveals nanostructured grains with a size dimension of about 20
nm. Figures 4c and 4d illustrate the CuSCN films deposited on the o-
Fe,0; covered substrates at different magnifications. For the CuSCN
films deposited on a-Fe, O3, only the trigonal pyramid shapes with
bigger grain sizes of approximately 3 pm are observed. We can see
that the grain size of the CuSCN films deposited on a-Fe, O5 are bigger
than those deposited on FTO.

Figure 5 shows the vertical cross-section images of the a-Fe,O3
(Figures 5a-5b), CuSCN (Figure 5¢) and a-Fe,O3/CuSCN (Figure 5d)
thin films deposited on FTO glass. The thickness of the a-Fe,O; films
and the CuSCN layer is about 500 nm and about 3.7 pum, respectively.

cross-section a-Fe>O0;

1 Em ;

0 < :
L
Vo ; : -

B

Figure 4. FESEM images of (a) CuSCN (b) a-Fe; 03 (c) a-FepO3/CuSCN
(1 wm) (d) a-Fe;O3/CuSCN (10 jum).

Figure 5d shows a cross-sectional FESEM image of the complete de-
vice (FTO/a-Fe,O3/CuSCN). The overall thickness between the FTO
layer border and the top of the CuSCN layer that corresponded to the
a-Fe,03/CuSCN heterojunction is about 4.2 wm. The stoichiometric
proportions of the CuSCN films prepared in an electrolyte solution
with a molar ratio [Cu? *]/[SCN~] of 1:1.5 at a static potential of —400
mV and a temperature of 333 K were estimated by EDX analyses. Fig-
ures 6a and 6b show the EDX emental analyses of the electrodeposited
a-Fe, O3 and CuSCN, respectively. The line observed at 0.72 keV cor-
responds to the L line of Fe, while the oxygen K line peaks at 0.525
keV. The calculated atomic ratio of Fe and O approximately equals 2:3,
which well agrees with the stoichiometric composition of a-Fe,O;.
The percentages of the elements calculated from the EDX spectra are
shown in the inset of Figure 6a. Figure 6b depicts the EDX spectrum

Ium B

(¢) B a-Fex0/CuSCN

Figure 5. Vertical cross-section of (a-b) a-Fe; 03, (¢) CuSCN and (d) heterojunction thin films. 152
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Figure 6. (a) EDX spectrum for a-Fe, O3, (b) EDX spectrum for the CuSCN thin films.

of the electrodeposited CuSCN film; only the lines that correspond
to Cu, S, C and N are observed. The inset in Figure 6b displays the
percentages calculated for the elements of the CuSCN film. The S
content in the CuSCN film represents the SCN content in the film as S
is not provided from environmental impurities. It has been reported in
the literature that when SCN is in stoichiometric excess, Cu(SCN)(j.+)
will show p-type semiconductor characteristics.*? The composition of
films in the above reference®>33 was determined by the X-ray photo-
electron spectroscopy (XPS) technique. In the XPS technique, only
the surface composition was determined, which was released from the
excess SCN ions during the film’s growth. It is quite likely that some
SCN ions might have been adsorbed on the surface, and consequently
the XPS analysis would show a stoichiometric excess of SCN. How-
ever in the work of Zang et al.’* the film composition determined
by an EDX analysis revealed a stoichiometric excess of copper, and
films still acted as a p-type semiconductor, similarly to that prepared
herein. These results were confirmed by the Mott—Schottky measure-
ments taken on these samples, which revealed the p-type behavior of
the electrodeposited CuSCN films (See Figure 14b). Figure 7 shows
the XRD patterns of the Fe,O; and CuSCN layers deposited on the
FTO substrates. The XRD patterns of the Fe,O3/CuSCN bilayer and
the FTO substrates are also shown. The XRD peaks of the a-Fe,03
films are observed at 26 = 24.1°, 33.1°, 35.6°, 40.9°, 49.4°, 54.0°
and 64°, which respectively correspond to the (012), (104), (110),
(113), (024), (116) and (300) planes of the hematite phase. The domi-
nant peaks are associated with planes (104) and (110). The diffraction
peaks of the trigonal structure of the a-Fe,O; well match the refer-
ence pattern JCPDS card file no. 33-0664, which corresponds to space
group R3c (167) with lattice parameters a = b = 5.03 nm and ¢ =
13.74 nm.

It is well-known that CuSCN exists in two polymorphic forms, o
and B, where B is commonly available and more stable.>3 3-CuSCN
has a hexagonal crystal structure in which layers of SCN ions separate
Cu cation planes, and these layers asre interconnected by strong three-
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dimensionally Cu-S bonds. For the CuSCN films, all the diffraction
peaks can be well indexed to the trigonal-phase B-CuSCN (space
group R3m, no. 160). Compared to the standard diffraction pattern of
CuSCN (JCPDS card file no. 29-0581), no specific peaks related to
other phases of CuSCN or impurities were observed, which indicates
the high purity and good crystallinity of the final products. For the
Fe,0;/CuSCN bilayer, all the peaks matched the Fe,O; and CuSCN
patterns, except those marked with asterisks, which came from the
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£ 5 E —FTO
[i) o
g = S s - —Fe203
3 g s = S 5 —CuscN
© oz S 8 Z| S _Fe203/CuSCN
~ Mg 8sa 21 =
& = 10 @ @ =
Z 3 e [T
o & RS gz =z g
(74 * 132 2 e
x i T ¢
> * %
-
7]
c
[
et
c
=1 v . .
"Fezoa(JCPDSCB-l]GmI) w
#CuSCN(JCPD $29.0581)
| DL B B R

———TT——
30 35 40 45
degree(26)

————
10 15 20 25 50 55 60 65 70

Figure 7. XRD spectra of FTO, a-Fe;O3, CuSCN and the Fe,O3/CuSCN
bilayer. 153
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Figure 8. Transmittance and absorbance spectra of (a) CuSCN and (b) a-
Fe,03.

Optical Properties of CuSCN

Figures 8a and 8b respectively show the transmission and absorp-
tion spectra of the CuSCN film and a-Fe,O;. The energies of the
optical bandgaps can be determined from the transmission spectra.’’
The transmittance spectrum of CuSCN (Figure 8a) reveals a high
optical transmission value above 60% within the visible range. A sig-
nificant increase in absorption below 320 nm can be assigned to the
intrinsic bandgap absorption of CuSCN. It appears that the a-Fe,Os
films possess high absorbance in the visible region, which indicates
their applicability as absorbing material®® (Figure 8b). To calculate
the optical band-gap energy (E,) of films, the absorption coefficient
can be estimated as follows:

1 I | (6]
a=-In|—
d T
The relation between the absorption coefficient « and the energy
of incident light kv is given by:*

ahv = A(hv — Eg)" [7]

where o is the absorption coefficient, A 1is a constant, h is
Planck’s constant, v is photon frequency, Eg is the optical bandgap,
and n equals 2 for the direct transition, and equals 1/2 for indirect
transition. According to the Tauc plot (( ahv)? vs. hv) (Fig. 9), the
optical bandgap Eg of the typical CuSCN film is about 3.3 eV. Jaffe
et al.** predicted that an indirect bandgap of 3.5 eV existed from an
electronic band structure model, which was calculated by the Density
Functional Theory. However, the absorption measurements taken on

30

,5] —+—CuSCNj

16 20 24 28 32 36 40
ho(eV)

Figure 9. Tauc plot of CuSCN and a-Fe,0s3.

the CuSCN samples indicated the presence of an indirect bandgap of
39eV.

Figure 9 depicts the Tauc plot of the a-Fe,O; films, which might
indicate a direct bandgap energy of about 2.1 eV, which is smaller
than that of the bulk a-Fe,05 (2.3 eV).*!

Figure 10 shows the normalized photoluminescence (PL) spectra
for the a-Fe, O3 and CuSCN films and for the a-Fe, O3/CuSCN bilayer,
where the excitation wavelength is 325 nm of a He-Cd laser. The PL
spectrum of a-Fe,O; shows a wide PL peak that centers around 623
nm with a Full Width at Half Maximum (FWHM) of about 100 nm.
The PL spectrum of CuSCN exhibits a broad band centered at 590
nm that slightly shifts to higher energy compared to a-Fe,O3. The
radiative transitions in CuSCN would involve deep levels (located
near the middle of the gap) because the energy of the emitted photons
is approximately half the bandgap energy. The PL spectrum of the
Fe,03/CuSCN bilayer is indistinguishable of the PL spectrum of a-
Fe,0;. Figure 11a depicts a scheme of the energy band diagram that
corresponds to a-Fe, O3 and CuSCN before and after heterojunction
formation. This scheme is useful for explaining PL behaviors. The
radiative recombination takes place mainly on the Fe,O; layer, which
means that instead of recombining through the CuSCN deep levels,
the photoelectrons generated on the CuSCN layer move to Fe, O3,
where they radiatively recombine. As a result, the PL spectrum of the

1,0 4

—— Fe203
T F6203/CUSCN
—— CuSCN

0,8 4

0,6 4

0.4 1

Normalized PL intensity

0,2
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Figure 10. The PL spectrum of a-Fe; O3, CuSCN and F62034%QSCN.
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Figure 11. (a) Energy band diagram of a-Fe,O3 and CuSCN before and after p-n junction formation, (b) Schematic band energy diagram of the a-Fe;O3 and

CuSCN heterojunction with the band bending and alignment due to the solution.

Fe,03/CuSCN heterojunction shows no recombination on the CuSCN
layer.

Photoelectrochemical measurements.—Current voltage
characteristics.—The nanostructured a-Fe, O3 and CuSCN films, and
the a-Fe,O3;/CuSCN heterojunction, were used as photoelectrodes
in a photoelectrochemical cell. Current-voltage characteristics were
recorded in the dark and with illumination. The externally applied
bias varied from O V vs. Ag/AgCl (cathodic bias) to 0.8 V vs.
Ag/AgCl (anodic bias).

Figure 12 shows the photocurrent density versus the applied po-
tential for all the films. The photocurrent for the CuSCN films slightly
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increases for those potentials over 0.4 V and then remains constant
up to 0.8 V. For a-Fe, 03, the photocurrent continuously increases for
those potentials above 0.55 V. For the a-Fe,O3;/CuSCN heterojunc-
tion (Fig. 12), the current density in the dark is negligible within the
whole potential range, but with illumination the photocurrent starts
increasing continuously with the applied potential from 0.2 V; it is al-
ways higher than that observed for Fe,O3; and CuSCN independently.
Both a-Fe,05 and the a-Fe,O3/CuSCN heterojunctions behave like
photoanodes with illumination. The photocurrent density exhibited by
the a-Fe,O3/CuSCN heterojunction may be due to improved visible
light absorption and to the efficient separation of the photogenerated
charge carriers (Fig. 11a). 155


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society, 164 (13) H936-H945 (2017) H943

1,0x10*
Fe O
.3 23
o B:0X10 Fe,0_/CuSCN
s Fe,O_/CuSCN Dark
6,0x10™4 CusCN

&

Current Density/A cm
» >
[=] o
x x
- —_
o (=]
w
1 L

0,0 — —
LN B e B e S S B O A
00 01 02 03 04 05 06 07 08
Potential (V vs Ag /AgCl)

Figure 12. 1-V characteristics of the a-Fe,O3 and CuSCN electrode in the
dark and with illumination (0 V-0.8 V).

A mechanism proposed for the enhanced photocurrent density
heterojunction a-Fe, O3/ CuSCN sample is described as follows: both
a-Fe, 03 and CuSCN could be excited with visible light irradiation. In
this case an electron transfer occurs from the CuSCN conduction band
to that of the a-Fe, O3 which, in turn, may lead to hydrogen production
at the counter-electrode. This transfer process is thermodynamically
favorable since the valence and conduction bands in CuSCN become
more negative than those of the a-Fe, O3 band levels which, in turn, en-
hances the separation of the photogenerated charge carriers. After an
initial decay in the photocurrent in the first illumination cycle, the pho-
tocurrent tends to remain constant with long-term illumination, which
means an effective charge separation inside the a-Fe,O3/CuSCN het-
erojunction. A similar type of band positioning and charge carrier
movement has also been previously reported earlier for TiO,/Si,*?
Cu0/Zn0,*” CuFe,04/TiO,,* Bi,03/BiVO,,* and MoS,/CdS.*

Photocurrent measurements were taken under pulsed light by a
chronoamperometry technique (Fig. 13a). In the steady state, the a-
Fe,03/FTO electrode gave a photocurrent density of about 5 jLA/cm?.
However, the a-Fe,O3;/CuSCN/FTO heterojunction showed a pho-
tocurrent density of about 15 L A/cm?, which is 3 times bigger than
that of the a-Fe,O3/FTO electrode. Figure 13b shows the variation
of the photocurrent density versus the time elapsed during the switch
on/off of light for both the a-Fe,03;/FTO and a-Fe,0;/CuSCN/FTO
electrodes. Photocurrent density dropped in the first two cycles, and
then became steady and quasi-reproducible after several on—off cycles
of light with no overshoot at either the beginning or the end of the
on—off cycle. This result indicates that the direction of the electron
diffusion was free from grain boundaries, which could create traps that
hinder electron movement and slow down photocurrent generation.*’

It is believed that the deposition of CuSCN on a-Fe, O3 enhanced
the photoactivity of the photoanode in two aspects: (i) the p—n junction
could effectively extract holes and separate charge carriers to lead to
an enhanced photocurrent; (ii) the loading of the heterojunction pho-
toanode with CuSCN further facilitated the electron transfer at the
electrode/electrolyte interface, and thus enhanced photoelectrochem-
ical water oxidation.

To validate the energy band diagram suggested in Figure 11, we
took further measurements of the photocurrent generated by the het-
erostructure with illumination and a wavelength that excited only the
hematite (A > 400 nm). Figure 13c shows the photocurrent generated
by the a-Fe,O3;/CuSCN heterostructure with white light illumination
and light illumination with A > 400 nm. Both a-Fe,O; and CuSCN
were exited with white light, and the charge transfer is that shown in
Figure 11b; the holes generated in the hematite were transferred to the
valence band of CuSCN and the photogenerated electrons in CuSCN
were transferred to a-Fe,O3. When illuminating at wavelengths above
400 nm (A > 400 nm) only the hematite part was excited and the mea-
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Figure 13. (a) Photocurrent intensity of the a-Fe;O3 and a-Fe,O3/CuSCN
electrodes with on/off illumination, measured in 1 M NaOH electrolyte at a
bias potential of +0.1 V. (b) Time dependence of the photocurrent intensi-
ties for the a-Fe;O3 and a-Fe,O3/CuSCN electrodes subjected to successive
illumination cycles; (c) Time dependence of the photocurrent intensities for
the a-Fep O3/CuSCN electrode with on/off illumination cycles (white light and
N > 400 nm).

sured photocurrent was due to the charge transfer from a-Fe,O; to
CuSCN. As expected the photocurrent was lower in this case because
the charge transfer from CuSCN to a-Fe,O3 was not activated.

Mott—Schottky analysis.—The Mott-Schottky plot (1/C? vs. the
applied potential) was obtained and analyzed for all the samples. The
flatband potential is an important physical property as regards the
material’s performance during photoelectrochemical water splitting.
Both Np and Erpp were estimated from the Mott-Schotfky equations
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where, e is the electron charge, € is the dielectric constant of
the semiconductor, €, is vacuum permittivity, A s is the surface
area of the working electrode, k is Boltzmann’s constant, and T
is temperature. The positive slopes confirmed that a-Fe,O; was a n-
type semi-conducting material, and the negative slopes indicated that
CuSCN was a p-type semi-conducting material. The calculated donor
density increased from 1.6-10?! cm™ for the a-Fe,03 photoanode
to 2.8 - 10%! cm™ for a-Fe,03/CuSCN. By taking the x-axis intercept
of the linear fit to the Mott-Schottky plots, the flatband potential was
estimated to be —0.14 V vs. Ag/AgCl for the a-Fe, O; photoanode, and
to be —0.64 V vs. Ag/AgCl for the a-Fe,O03;/CuSCN heterojunction
(Figs. 14a and 14c).

Conclusions

Semiconducting materials, such as n-Fe,O3; and p-CuSCN, were
successfully electrodeposited on FTO substrates. Chelating agents
and a weak basic electrolyte solution of NH; were used to avoid the
acidic etching of a-Fe,O3. This enabled us to study the energetic be-
havior of both semiconductors and the n-Fe,O3/p-CuSCN heterojunc-
tion performances for the photoelectrochemical applications. FESEM
showed that CuSCN was able to easily grow thicker and cover the
a-Fe, 05 substrate. The EDX analyses revealed that the CuSCN films
had slightly excess copper. The photoelectrochemical performance of
the nanostructured a-Fe,O3;/CuSCN heterojunction was better than
that of FTO/a-Fe,O3 and FTO/CuSCN. A maximum photocurrent
density of 2.9 mA/cm? at 0.59 V versus Ag/AgCl was exhibited for
the a-Fe,O3/CuSCN photoelectrode. The improved photocurrent den-
sity was attributed to two major combined factors: (i) generation of
an electric field in the heterojunction, which suppressed the recom-
bination of the photogenerated charge carriers; (ii) application of an
adequate external bias that favored the transfer and separation of the
photogenerated charge carriers in the a-Fe; O3/CuSCN heterojunction.
Enhanced photocurrent density was also attributed to the appropriate
band edge alignment of the semiconductors, which enhanced light
absorption in both semiconductors.
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ABSTRACT

Using the easily applicable hydrothermal method Cr-doped hematite thin films have been deposited
polycrystalline on conductive glass substrates. The hydrothermal bath consisted of an aqueous solution
containing a mixture of FeCls-6H,0 and NaNOs at pH = 1.5. The samples were introduced in an autoclave
and heated for a fixed time at a fixed temperature and then annealed in air at 550 °C. The concentration
of the incorporated Cr atoms (Cr** ions) was controlled by varying the concentration of the Cr(ClO4)s
precursor solution, varied from 0% to 20%. All samples followed morphological and structural studies
using field-emission scanning electron microscopy, high-resolution transmission electron microscopy
and X-ray diffraction. Chronoamperometry measurements showed that Cr-doped hematite films
exhibited higher photoelectrochemical activity than the undoped films. The maximum photocurrent
density and incident photon conversion efficiencies (IPCE) were obtained for 16 at.% Cr-doped films. This
high photoactivity can be attributed to both the large active surface area and increased donor density
caused by Cr-doping in the a-Fe;0j3 films. All samples reached their best IPCE at 400 nm. IPCE values for
16 at.% Cr-doped hematite films were thirty times higher than that of undoped samples. This high
photoelectrochemical performance of Cr-doped hematite films is mainly attributed to an improvement in

Photoelectrochemical properties charge carrier properties.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

For the last twenty years, hematite (a-Fe,03) is considered as
the most promising material in view of cost, abundance and pho-
tocatalytic properties. Hematite has emerged as an efficient pho-
tocatalyst used in solar water splitting as well as hydrogen
production due to its appropriate optical band gap (2.1-2.2 eV).
According to theoretical predictions, solar-to-hydrogen efficiency
of hematite can reach 16.8% and water splitting photocurrent can
extent 12.6 mA/cm? [1-3]. Moreover, hematite exhibits an
extraordinary chemical stability in an oxidative environment.
However, the applied performance of hematite for solar water
splitting is far from the ideal case which has been limited by several
factors such as poor conductivity, short lifetime of the excited state
carrier (10 ps), poor oxygen evolution reaction (OER) kinetics, short
hole diffusion length, and improper band position for an unbiased

* Corresponding author.
E-mail address: bmari@fis.upv.es (B. Mari).

https://doi.org/10.1016/j.electacta.2017.12.049
0013-4686/© 2017 Elsevier Ltd. All rights reserved.

Photoelectrochemical method [4].

So far, the photoelectrochemical activity (PECA) of hematite has
remained quite low because of two main drawbacks. First, the
conduction band edge energy of a-Fe;O3; system lies below the
reversible hydrogen potential, thus hindering the charge-transfer
process of photogenerated carriers (electrons and holes) at the
hematite/electrolyte. Second, undoped hematite exhibits a rapid
non-radiative electron—hole recombination due to its high density
of intrinsic defects. As a result, the defects induce a short diffusion
length almost 4 nm compared to the light penetration depth.
Therefore, hematite has a relatively poor conductivity, severely
limiting the overall photocurrent. However, incorporating foreign
metallic atoms into the a-Fe;03 structure has been considered an
effective approach to inhibit the above-mentioned drawbacks and
consequently enhance the PECA of hematite.

A large range of elements, mostly belonging to transition metals
such as Sn [5], Cu [6], Pt [7],Si[8—11], Ti[12—14],V [7], Al [7,15], Cd
[16], Mo [17], Nb [18], Mg [7], Rh [19], Ce [20], Co [21], Cu [7,22], Zn
[7,23], Cr [7,17], Pt [11], and Ta [24] have been used to dope he-
matite. Table 1 shows a review of the achievements in some
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Table 1

Summary of the results obtained for doped hematite photoelectrodes, fabrication methods and photoelectrochemical characteristics.
Dopant Preparation Potential (V) Electrolyte Light Intensity IPCE (%) Photocurrent Density Ref.

Method (mW-cm™2) (mA-cm~?

undoped Electrodeposition 0.4 vs. Ag/AgCl 1 M NaOH 410 3 0.690 [17]
Mo 12 2,00
Cr 6 1,2
Undoped Sputtering 0.5 vs. SCE 1 M NaOH 100 UA. Negligible [53]
Si 3 0.100
Ti 15 0.620
Undoped Spray Pyrolysis 0.45 vs. NHE 0.1 M NaOH UA. U.A. 0.800 [52]
Ti 4.000
Ti-Al 4.000
Ta 1.000
Ti-Pt 0.800
Ni Negligible
Undoped Electrodeposition 0.4vs. Ag/AgCl 1 M NaOH 410 3 0.690 [38]
Pt 12 1.340
Undoped Electrodeposition 0.4 vs. Ag/AgCl 1 M NaOH 410 3 0.690 [39]
Al 8 ~1.000
Undoped Spray Pyrolysis 0.5 vs. SCE 1 M NaOH 150 UA. Negligible [56]
Ti 1.980
Undoped Spray Pyrolysis 0.2 vs. SCE 0.5 M H,S04 UA. UA. U.A. [57]
Mg 0.22
Undoped Spray Pyrolysis 0 vs. SCE 0.5 M H,S0,4 40 UA. UA. [58]
Zn 20 UA.
Undoped Hydrothermal 0.1vs. Ag/AgCl 1 M NaOH 100 Negligible 1.77 our work
Cr 6 2.68

U.A. = Unavailable.

typically doped a-Fe,03 that can be found in the literature. Data in
Table 1 includes the kind of the doping agents and the performance
of the hematite water splitting photoelectrodes. These data are
compared with the Cr-doped hematite obtained from the hydro-
thermal method described in this work. To dope a-Fe;03, diverse
methods have been attempted, using a range of synthesizing
methods including sol—gel [25-27], hydrothermal [28,29],
magnetron sputtering [30,31], atomic layer deposition [32], spray
pyrolysis [8,33—35], atmospheric pressure chemical vapor deposi-
tion (APCVD) [11,36,37], and electrodeposition [38—41]. These
dopants influence the conductivity of the hematite as well as band
gap width, the Fermi level, and charge-transfer- processes. How-
ever, based on the literature, some researchers reported contra-
dictory effects of doping on photoelectrochemical performances.
This apparent discrepancy in the results has mainly been attributed
to the doping concentration and processing methods. Undoped and
doped hematites have been grown by various methods that can
roughly be categorized in two groups. The first group involves
physical deposition using gas as precursors and necessitates
expensive and sophisticated devices as is the case in atomic layer
deposition, chemical vapor deposition and magnetron sputtering.
The second group includes wet chemical synthesizing methods
requiring solution precursors and relatively low cost, simple uten-
sils or set ups as in the case of electrochemical deposition, spray
pyrolysis, sol—gel coating and hydrothermal growth. Compared to
the methods, the hydrothermal method has several advantages.
First, it is a reproducible, facile and inexpensive method since it
consists of sealed “one pot” reactions requiring an operating tem-
perature as low as 100 °C. Second, it allows crystalline growth of
versatile nanostructured doped hematite with precise control of
the microstructure morphologies. Recently, McFarland and co-
workers [38] were able to fabricate Pt, Mo and Cr doped and
undoped hematite films as PEC electrodes for water splitting. They
found that the photoactivity of the iron oxide was improved by co-
deposition with Mo or Cr. The best performing samples were 5% Cr
and 15% Mo doped, which had IPCEs at 400 nm of 6% and 12%,
respectively, with an applied potential of 0.4 V vs Ag/AgCl. These
IPCE values were 2.2 and 4 times higher than the undoped sample

for the 5% Cr and 15% Mo samples, respectively. No evidence was
found that the improved performance was due to the electro-
catalytic effects of the dopant at the surface of the hematite thin
film. The major effect of the Mo and Cr dopants is to improve the
charge transport properties of the hematite so that a greater frac-
tion of the photon generated electron/hole pairs is available for
surface redox chemistry.

Furthermore, under factual operating conditions, high over-
potentials are desirable not only because of non-idealities but also
due to the complexity of water splitting reactions. Current progress
in nanostructured hematite synthesis including nanoparticles
[42,43], nanowires [44] and nanonets [45]| opens opportunities in
tackling the drawbacks mentioned above. As a matter of fact,
nanostructured photoanode offers an increased semiconductor/
electrolyte interfacial area for water oxidation, as well as a sub-
stantial reduction of the diffusion length for minority carriers
[46—48].

In this way, hole recombination can be decreased if the surface
feature dimensions are tuned to be close to the hole diffusion
length of a-Fe;03 (2—4 nm [49] or 20 nm [50]). Nanostructures
increase light absorption by increasing light scattering and trap-
ping. As a result, nanostructured hematite photoelectrodes greatly
facilitate the collection of charge carriers better than if they were
simply bulky and smooth [51]. An additional doping of hematite
photoanodes has been extensively studied to perform a further
enhancement of the photoactivity of these photoanodes [51—53].
Numerous studies have shown that PEC water splitting is advan-
tageous combining nanostructure and doping effects [54,55].

Therefore, a more straightforward and up scaling fabrication
method of nanostructured doped hematite electrodes is needed to
compare the doping effects in terms of PECA before addressing
their stability under real operating conditions.

To date, no significant data have been published on optical,
structural and electrical properties as well as PECA of chrome
doped a-Fe;O3; films when synthesized by the hydrothermal
method. In this study, we prepared Cr-doped a-Fe,03 thin films by
a hydrothermal process. The photoelectrochemical response shows
that the samples are effective for the photo splitting of water and
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the doping level affects the photocatalytic of the thin films. The
optimum sample is a-Fe,03 doped with 16 at.% Cr. It is believed that
this result could be beneficial for the applications of Cr-doped a-
Fe,0s in the fields of photocatalysis and photoelectrical devices.

2. Experimental
2.1. Material and methods

The flowchart illustrating the synthesis of nanostructured o-
Fe,Osthin films by the hydrothermal method is displayed in Fig. 1.
Initially, a fluorine-doped tin oxide (FTO) coated glass plate pur-
chased from Pilkington glass company (USA), was cut into small
rectangular pieces having a surface of 3 x 1 cm? to serve as a
starting substrate. These pieces were ultrasonically pre-cleaned by
sequential rinses with acetone, distilled water, and ethanol. The
hydrothermal bath was an aqueous solution containing a solution
0.15 M FeCl3, 1 M NaNOs and 1 M Cr(ClOg4)3 [59—61]. Some drops of
hydrochloric acid (HCl) were added to adjust the pH of the mixture
to 1.5. Cr(ClO4)3 solutions were added to the bath intended for Cr-
doped films. The additional amount of Cr was calculated so that the
molar ratio Cr/(Cr + Fe) remained in the range of 0—20 at. %. All
chemicals were purchased from Sigma Aldrich and used as received
without any additional purification. Double deionized water,
exhibiting a resistivity close to 15 MQ cm was generated by a Milli-
Q academic ultra-pure water purification system (Millipore, Bed-
ford, MA, USA). Once the solution was prepared, some FTO glass
substrates were placed at the bottom of a Teflon recipient. Only
20 ml were transferred to the recipient so that the substrates were
partially immersed in the solution. Then, the recipient was inserted
in a stainless-steel autoclave. The filled autoclave was tightly sealed
before being heated at 100 °C for 6 h in an oven. Finally, the system
(autoclave with the samples) was naturally cooled down to room
temperature.

Under hydrothermal conditions, the aqueous solution enables
the Fe>* hydrolysis ions with OH™, producing iron oxide nuclei, as
described by the following reaction (1):

Fe3+(aq) + 30H (aq) — B—FEOOH(S) + HyO (1)

Finally, a uniform yellowish layer of akageneite B-FeOOH
covered the FTO/glass substrates uniformly. The akageneite-coated
substrates were then washed with deionized water and subse-
quently introduced in a muffle furnace to be sintered in air at 550 °C
for 4 h. At the end of this calcination step, the B-FeOOH was

FgCI;.SHO,NaNO;, Cr (ClO,); :

Autoclave

Hydrothermal proces

PH meter

Hydrothermal growth

converted into a-Fe,0s3. Correspondingly, as illustrated in Fig. 1, the
color of the substrate turned from yellow to red-brown indicating a
phase transition from B-FeOOH to a-Fe;03 [57]. The chemical re-
action expected to occur during this phase transition is represented
by the reaction displayed below (2):

2B-FeOOH(s) — Fe»03(s) +H,0 (L or G) (2)

2.2. Characterization setup

Microstructural properties of various hematite films were ob-
tained at room temperature using a Rigaku Ultima IV X-ray
diffractometer (XRD) in the Bragg-Bentano configuration using
CuK,, radiation (A = 1.54060 A). Chemical composition, surface
morphology, and topography were characterized using energy
dispersive spectroscopy (EDX) coupled to a field emission scanning
electron microscope (FESEM) Zeiss ULTRA 55, equipped with an In-
Lens SE detector. The selected electron diffraction and high-
resolution transmission electron microscopy (HRTEM) images
were obtained by a JEOL-2010 TEM set at an acceleration voltage of
200 kV. Optical absorption was recorded with a UV—visible spec-
trophotometer HR4000 provided by Ocean Optics. The spectro-
photometer was coupled to an integrating sphere to collect both
specular and diffuse transmittance.

The photoelectrochemical measurements of the samples were
performed in a quartz cell to facilitate light reaching the photo-
electrode surfaces. The surface area of the working electrode was
0.2 cm? The electrolyte consisted of 1 M solution of NaOH
(pH = 13.6) with a pure nitrogen stream bubbling before and
during the test to remove the dissolved oxygen. The chro-
noamperometric curves of the hematite thin films were also ob-
tained at + 0.1 V (vs. Ag/AgCl) both in dark and under illumination
performed by a 300 W Xenon lamp (PLSSXE300/300UV). The lu-
minous intensity of the Xenon lamp was fixed at 100 mWcm 2. The
set-up was completed with an automatic shutter and a filter box.
The whole system was controlled by homemade software.

For wavelength-dependent photocurrent measurements a
monochromator giving a ~20 nm bandpass from 360 to 680 nm was
used together with cut off filters to eliminate secondary -har-
monics. To be able to detect low photocurrent intensity, the set-up
was completed with a photo-chopper and a lock-in amplifier
(signal recovery). The absolute intensity of the incident excitation
light was measured with a radiometer/photometer (international
light). The incident photon to electron conversion efficiency (IPCE)

Muffle furnace

Hot air oven

FTo

calcination step

(100°C 6h) (550°C 4h)

Fig. 1. Schematic illustration of Cr-doped hematite photoanodes synthesized by the hydrothermal method.
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of the samples was calculated as follows:
1240-ipnotocurrent (nA/ sz)
A(nm) 'jphotons (F‘W/sz)

Were iphotocurrent 1S the photocurrent densities, A(nm) is wave-
length of the incident light and j,potons is the measured irradiance.

IPCE(%) = «100% (3)

3. Results and discussion
3.1. Morphological characterization

3.1.1. FESEM analysis

The morphology of undoped and Cr-doped a-Fe,03 samples
obtained under hydrothermal conditions was monitored by FESEM
images (Fig. 2). Fig. 2 shows a typical morphology of hematite
nanorod (NR) arrays grown on the FTO substrates by the hydro-
thermal process. Top view images show clearly that hematite NRs
are uniformly distributed on the substrate and oriented upward
with respect to the substrate. While others are detached from the
substrate, being free standing and horizontal. Each hematite NR
looks like a grain of rice as can be seen in Fig. 2 (a, b, ¢, d, and e
(200 nm)) of the as-prepared sample, enabling the identification of
a typical nanoparticle formation. On the other hand, top-view
analysis of Cr-doped a-Fe;03 electrodes synthesized during hy-
drothermal treatment 550 °C for 4 h showed that this substrate is
formed by rods. The effect of different Cr-doped a«-Fe,03 did not
affect the morphology of the iron oxide nanoparticles.

3.1.2. HRTEM analysis

The morphology of a-Fe;03 nanostructure films was character-
ized by TEM and HRTEM. Fig. 3 (a, b) shows a low magnification
TEM image of the a-Fe,03 nanostructures analyzed shows that the
as-synthesized NRs exhibit a smooth surface and a relatively uni-
form diameter along the axial direction, using the high-resolution
transmission electron microscopy (HRTEM) technique Fig. 3 (c, d,

e, f) shows a clear interplanar distance of 2.24 nm, matching the
dq10 spacing of pure hexagonal hematite. The NRs tend to have a
parallel alignment, owing to weak Van der Waals attraction. The
inset displays the electron diffraction (ED) pattern, which was
taken of the entire area. The diffraction ring indicates the poly-
crystalline nature of a-Fe;03 and is highly consistent with the XRD
results (Fig. 4). Furthermore, the elemental mapping images
(Fig. 3B) of the Fe (K,), O (K,), Cr(K,) nanorod reveal that the Cr
dopants are distributed over all the nanostructures without any
segregation on the surface or inside the crystals.

3.2. Structural characterization

Fig. 4 shows the XRD patterns of doped and undoped hematite
films. The diffraction peaks match the JCPDS Card No. 33—0664.
Diffraction peaks located at 20 = 24.2°, 33.1°, 35.6°, 40.9°, 49.5°,
54.1° and 64°correspond to (012), (104), (110), (113), (024), (116)
and (300) diffraction planes, respectively. No peak corresponding to
mixed oxides or impurities was detected in any of the samples.
Hematite (a-Fe,03) belongs to the space group R-3c (167) with the
lattice parameters a = 5.036 A, b = 5.036 A, and ¢ = 13.74 A. This
result proves that after being heated in air at 550 °C for 4 h, the
precursor was completely converted from FeOOH to a pure a-Fe;03
rhombohedral phase. Hence, undoped and Cr-doped hematite films
have the same crystal structure as oa-Fe;Os.

The crystallite size of the samples was calculated using the
Debye—Scherer formula:

(KW
b= (Bcos6) )

where A = 1.5405 A is the wavelength of Cu K,, radiation, B, the full
width at half maximum (FWHM) of the main diffraction peak in
radian, 0, the Bragg angle and k, the Scherrer's constant equal to
0.90.

Table 2 displays the calculated crystallite sizes for hematite

Fig. 2. FESEM of hydrothermal deposited a-Fe,05 (a) undoped, (b) 4 at.% Cr, (c) 8 at.% Cr, (d) 16 at.% Cr, and (e) 20 at.% Cr (1 pum and 200 nm).
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Tpm |

Fig. 3. (A) HRTEM of hydrothermally deposited undopeda-Fe,03, (B) Element Mapping images of the Cr-Fe,O5 photoanode.
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Fig. 4. XRD patterns of o-Fe;03 and Cr-doped o-Fe,Os; films at different Cr
concentrations.

Table 2
Variation of the crystallite size of undoped and Cr-doped a-Fe,05 vs Cr content.

samples doped at different Cr concentrations for the most intense
peaks that correspond to (012) and (110) diffraction planes. The
average crystallite size was found to decrease from 44 nm to
11.7 nm for (012) and 40.6 nm—4.8 nm for (110) as Cr doping varied
from 0% to 20%, leading to a gradual decline of the intensity of the
(012) and (110) XRD lines (See Fig. 4). The shift to higher angles
observed for XRD peaks as Cr content increases (Table 2) confirms
the replacement of Fe?* ions (ion radius = 0.74 A) by the smaller Cr
3+ jons (ion radius = 0.69 A). This replacement results in a
contraction of the a-Fe,03 lattice. It is also worth noting that EDX
and optical analysis confirmed Cr-doping.

3.3. EDX analysis

Elemental analysis of the a«-Fe,03 thin films was done by Energy
Dispersive X-ray analysis (EDX) spectra (Fig. 5). The L line of the Fe
element peaks at 0.6398 keV, while the K-line of oxygen peaks at
0.525 keV. The atomic percentages of Fe, Cr, and O in undoped and
Cr-doped a-Fe;03 are shown in Fig. 5. The excess of oxygen
(detected by EDX) could have arisen from SnO,, as all Cr-doped
films keep the hematite structure, it can be assumed that the
films do not deviate excessively from the stoichiometric composi-
tion. The calculated atomic ratio of Fe and O is approximately equal

Sample ID 2 0(°) Peak (012) Crystallite Size [nm] 2 0(°) Peak (110) Crystallite Size [nm]
Fe,03 24.13 44.0 33.14 40.6

Fe,03: Cr 4% 24.21 31.6 33.24 315

Fe,03: Cr 8% 24.28 232 33.26 23.1

Fe,05: Cr 16% 24.30 17.7 33.28 18.6

Fe,03: Cr 20% 24.32 11.7 33.33 4.8
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Fig. 5. EDX spectrum of (a) undoped a-Fe,05, (b) 4 at.% Cr-doped o-Fe;03, (c) 8 at.% Cr-doped a-Fe,03 (d) 16 at.% Cr-doped a-Fe,03 and (e) 20 at.% Cr-doped a-Fe,0s.

to 2:3, which agrees with the stoichiometric composition of o-
Fe,03, indicating that the films are rather thick so that only oxygen
coming from the hematite is detected. On the other hand, the Cr
concentration in the films is different from that existing in the
precursor solution.

3.4. Optical characterization of Cr-doped Fe»03 thin films

Fig. 6 shows the optical transmission spectra in the wavelength
range of 450—800 nm. The films displayed a transparency above
65% with an excitation wavelength above 600 nm. With increasing
Cr content, the absorption edge (550—700 nm) shifted towards the
longer wavelength region. It appears that a-Fe;O3 has a high
absorbance in the blue region, indicating its applicability as an
absorbing material in this wavelength range (Fig. 7).

Transmittance (%)

¥ T T
500 600 700 800

wavelength (nm)

Fig. 6. Transmittance spectra of undoped and Cr doped ¢-Fe,03,

The effect of Cr-doping on the band-gap energy of the synthe-
sized films was determined from the Tauc plot. The band-gap en-
ergy (Eg) is estimated from the optical transmission spectra by
calculating the absorption coefficient as follows [30]:

aflln 1
“d\T

The relation between the absorption coefficient and the incident
light energy hv is approximated as [62]:

(5)

ahv = A (hv - Eg) " (6)

where « is the absorption coefficient, A is a constant, h is the

3.0
2.5 4
undoped
—_ Cr 20%
5 2.0 Cr16%
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© g
B
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p- .
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Fig. 7. Absorbance spectra of undoped and Cr doped «-Fe,03,
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Planck's constant, v is the photon frequency, Eg is the optical
bandgap, and n is equal to 1/2 for direct bandgap transitions and 2
for indirect ones. Fig. 8 shows the Tauc plot for direct bandgap
transitions for undoped and Cr-doped a-Fe,Os films. The optical
band-gap energy of undoped a-Fe;0O3 films was estimated to be
2.154 eV, slightly lower than that of bulk a-Fe,03 (2.3 eV). It can be
observed that the optical band-gap of Cr-doped a-Fe;03 remains in
the range of 2.05 eV—2.1 eV (Table 3).

3.5. Photoelectrochemical properties of the Cr-doped «-Fe;03
electrode

The photocurrent response was measured under visible light
irradiation. To improve the photocurrent response of a-Fe;03 films
the charge carrier transport must be enhanced in bulk and on the
surface to reduce carrier recombination at both sites. All mea-
surements were made in 1 M NaOH [63,64] electrolyte and under a
potential bias of 0.4 V.

Furthermore, we conducted chronoamperometric measure-
ments under repeated light-on and light-off conditions for all he-
matite films with and without Cr doping. As shown in Fig. 9, the
photocurrent of hematite is low and all Cr-doped hematite films
exhibit higher photocurrents than undoped ones. Hematite films
with 16 at. % of Cr displays the highest photocurrent, which is
consistent with the UV—vis.

The results clearly demonstrate that the photocurrent density
generated from the Cr-doped a-Fe;O3 electrode is significantly
higher than that of undoped electrodes due to the presence of an
easier electron transport mechanism. In fact, structural studies
showed that XRD peaks exhibited a slight shift towards higher
diffraction angles as Cr doping increases, which indicates that Fe3*
jons were replaced by smaller Cr** ions. Accordingly, Cr (Cr**) acts
as an electron donor in the a-Fe;03 matrix, thus confirming the
substitution of Fe>* by Cr** ions.

In fact, Cr doping increases the donor concentration and en-
hances the charge carrier transportation by increasing the electric
field across the space charge layer. The growth of the donor con-
centration would reduce the width of the space charge layer; hence,
the charge carriers within the region should be efficiently sepa-
rated before recombination. On the other hand, a higher concen-
tration of dopant would provide more efficient defect-scattering/
recombination inhibiting the increased separation efficiency,

——undoped
—Cra4%
. —Cré%
5 —Cr16%
5
5
=
)
0 ¥ T v T L T " T L T
1.8 1.9 2.0 21 2.2 2.3

hv(eV)

Fig. 8. Tauc plot of undoped and Cr-doped o-Fe,0s.

Table 3
Optical band-gap for a-Fe,0s thin films having different Cr-doping.
a-Fe,03: Cr-doping Cr 0% Cr 4% Cr 8% Cr 16% Cr 20%
Bandgap energy (Eg) (eV) 2.15 2.09 2.08 2.05 2.07
1 light on = = undoped Fe,0
1.64 g light off —Fezos—cm': :
) Fey0,-Cra%
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Fig. 9. Photocurrent intensity for Cr-doped Fe,03 electrodes under on/off illumination,
measured in 1 M NaOH electrolyte with a bias potential of +0.4 V, under successive
illumination cycles.

which might also explain the variation of the photocurrent density
with the doping levels.

Fig. 10 shows the performance of doped samples as compared to
undoped sample. Significant performance enhancements were
observed upon doping throughout the illumination wavelengths.
The performance of the 4 at.% Cr-doped films is 4 times higher than
that of the undoped sample. The IPCE of 16 at.% Cr-doped films
measured at 400 nm with an applied bias of +0.4 V (vs. Ag/AgCl) is
6%, which corresponds to a thirty-fold improvement over the
undoped hematite. The higher photon energy was absorbed in the
outmost layers of hematite and therefore, the photogenerated holes

g e—q

E “\‘{ F=—undoped
& 51 —e—Cr 4%

£ e —a—Crg%

s 1., . % —4— Cr16%
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Fig. 10. IPCE for undoped and Cr-doped a-Fe,0s5 films at an applied potential of +0.4 V
(vs. Ag/AgCl) in1 M NaOH.
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(HER) : Counter Cathode 4H,0+4 e" -> 40H + 2H,
(OER) : Photoanode 40H +4h*-> 2H,0+0,
2hv+H,0 - H,+ % O, Net PEC water-splitting
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Fig. 11. Energy diagram of the n-type hematite photoanode and schematic illustration
of the photoelectrochemical water splitting on photoanode and cathode.

have a shorter diffusion path to reach the surface where they will
contribute in H,O oxidation reaction. An anodic applied bias will
increase the collection efficiency of the electrons, and an IPCE
improvement can be seen in Fig. 10. Furthermore, the applied bias
will enable H,O reduction at the Pt counter-electrode by over-
coming the mismatch (0.4 V (vs. Ag/AgCl)) between the hematite
conduction band edge level and the reversible hydrogen potential
(see Fig. 11). The improved IPCE performance is implausible to be
related to an increase in the absorption of the doped samples since
no significant change was obtained in the absorption spectra of the
different Cr-doped samples (see Fig. 7).

4. Conclusions

Cr-doped a-Fe,03 films were successfully deposited on FTO-
coated glass substrates using the hydrothermal method and an
annealing process. The concentration of the incorporated Cr atoms
(Cr** jons) was controlled by varying the concentration of the
Cr(ClO4)3 precursor solution, (i.e., the concentration of the dopant
in the sample can be controlled by adjusting the electrolyte
composition). The Cr dopant served as an ionized donor and was
found to increase the carrier density of the a-Fe;03 films. The major
effect of Cr atoms is the improvement of the conductivity and the
charge transport properties of the a-Fe;0j3 films. The photoactivity
of the iron oxide was improved by co-deposition with Cr. The best
performing samples have a doping rate of 16 at% Cr, which in turn
has an IPCE of 6% at 400 nm, with an applied potential of +0.4 V (vs
Ag/AgCl). These IPCE values were thirty times higher than that of
the undoped sample. Hence, a greater fraction of the photon-
generating electron—hole pairs is available for surface redox
chemistry. The apparent optimum at 16 at.% Cr doping may balance
these competing effects most effectively and yield the best PCE
performance. The Cr-doped a-Fe,0s films provide potential appli-
cations in photocatalysis for water splitting or in photoelectrical
devices.
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In this study, uniform and dense iron oxide a-Fe, O3 thin films were used as an electron-transport layer (ETL) in CH;NH3 Pblz-based
perovskite solar cells (PSCs), replacing the Titanium dioxide (TiO,) ETL conventionally used in planar heterojunction perovskite
solar cells. The a-Fe,O3 films were synthesized using an electrodeposition method for the blocking layer and a hydrothermal
method for the overlaying layer, while 2,2°,7,7’-tetrakis (N, N’-di-p-methoxyphenylamine)-9,9” spirobifluorene (spiro-OMeTAD)
was employed as a hole conductor in the solar cells. Based on the above synthesized a-Fe, O3 films the photovoltaic performance of
the PSCs was studied. The a-Fe, O3 layers were found to have a significant impact on the photovoltaic conversion efficiency (PCE)
of the PSCs. This was attributed to an efficient charge separation and transport due to a better coverage of the perovskite on the
a-Fe> O3 films. As a result, the PCE measured under standard solar conditions (AM 1.5G, 100 mW cm~2) reached 5.7%.
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To date, organometallictrihalide perovskites CH;NH;PbX; (X is
iodine or a mixture of iodine, chlorine and bromine) have been consid-
ered as the most promising light absorption materials for solar energy
conversion because of their wide absorption range,' high extinction
coefficient,> ambipolar charge transport,® and long electron—hole dif-
fusion length.* Recently, Perovskite-based solar cells (PSCs) have
attracted increased attention due to their superior performance and
ease of fabrication. Indeed, spectacular progress in improving pho-
tovoltaic performance has been achieved in this field, and the power
conversion efficiency (PCE) of PSCs has been greatly increased, sur-
passing 20%.51°.

To further understand the material properties and the mechanisms
of the functioning device, simplified planar heterojunction structured
devices have become the focus of many research efforts.!! PSCs are
usually composed of a fluorine-doped tin oxide (FTO) conductive sub-
strate, a compact electron-selective layer (ESL), a mesoporous scaf-
fold layer (optional), an organic—inorganic hybrid perovskite layer, a
hole-transporting material (HTM), and a metallic electrode.'?

The quality of the ESL and perovskite layers is indispensable in
obtaining efficient PSCs'? and it plays an important role in reduc-
ing the structural and electronic defects in the films, which in turn
can significantly affect the device performance. In the case of PSCs,
much emphasis has been placed on perovskite film processing and
alternative hole transport materials, due to the high cost of 2,2°,7,7’-
tetrakis-(N,N-di-p-methoxyphenamine)-9,9’-spiro-bifluorene (spiro-
OMeTAD).'* On the other hand, less attention has been paid to pro-
cessing ESLs. Frequently integrated in PSCs as a promising ESL
material, TiO, is a semiconductor with a wide band gap.'> How-
ever, TiO, has low electron mobility, which might create unbalanced
charge transport in the perovskite.'® In addition, this compact layer of-
ten requires high-temperature sintering at 450—-500°C prior to use'’"°
making it incompatible with flexible substrates and easy fabrication.
Indeed, Snaith et al.'* suggested that oxygen vacancies in the TiO,
electrode are activated by UV light, which increase charge traps caus-
ing the degradation of the PCEs of the PSCs. Therefore, many efforts
have been made to use other n-type inorganic nanocrystals as alterna-
tive electron conductors in PSCs.

Several n-type inorganic nanocrystals such as Zn0,?’ SnO,CdSe,?!
CdS, and a-Fe, O3 have been considered as possible substitute of TiO,,
and have displayed considerable power conversion efficiency.’>?
Among all of the alternative materials, a-Fe,O3 has been widely

“E-mail: feriel88bouhjar@ gmail.com

used as an anode material for super capacitors.?* It is one of the
most common n-type materials, and the most stable iron oxide with
n-type semiconducting properties under ambient conditions. It has
been used as the photoanode in dye-sensitized solar cells to enhance
the electron transfer rate;>> however its use as an electron transporting
replacing TiO, has not yet been reported. Thus, we employed low-
cost a-Fe,O3 as ETL material instead of TiO, in planar perovskite
cells. The charge accumulation at the perovskite/a-Fe,Os interface is
significantly reduced and hence effective in reducing the hysteresis.?®
Furthermore, the fabricated solar cells show a good stability upon
exposure to ambient air without any encapsulation. The studied mate-
rials for perovskite solar cells are CH3;NH;Pbl;,CH;NH;Pbl; Cly,
CH;NH;PbBr;,CH;NH;Pb(1;.xBry);, HC(NH,),Pbl;,HC(NH,),Pb
(I1.xBry)s, and CH3;NH;Snl;. In Table I, the reported performances are
summarized in terms of material CH;NH;3Pbl; and cell configuration.
HTM materials are also important for high efficiency perovskite solar
cells, where the most studied HTM is spiroMeOTAD, but polymertic
HTMs such as the thiophene derivative P3HT and tryarylamine-based
PTAA have also been tested. In addition, inorganic HTMs such as
NiO, Cul, and CuSCN are confirmed to be suitable for perovskite
solar cells.

The present report mainly focuses on the deposition of a compact
a-Fe,0; film, and its impact on the growth of the perovskite layer,
providing a comprehensive understanding of the properties of the a-
Fe,Os/perovskite interface. The a-Fe, O3 films are fabricated using an
electrodeposition method for the blocking layer and a hydrothermal
method for the overlying layer. Then the as-synthesized a-Fe,O; films
are used for PSCs. The impact of the growth of the a-Fe, O3 film on the
properties of the a-Fe, Os/perovskite interface and on the performance
of PSCs is investigated. Morphologically uniform a-Fe,O; film let’s
achieve a PCE of 5.7%. These results show the application possibility
of a-Fe,0O3 in PSCs, and provide the principle for the choice of the
electron transport layer for efficient PSCs.

Experimental

Synthesis of «-Fe;0; thin films.—Under layer fabrication
(a-Fe;03 (A)).—The experimental set-up used to prepare o-Fe,O3
thin films consisted of a computer-controlled potentiostat/galvanostat
and a classic three electrodes electrochemical cell. The electrochemi-
cal cell was filled with a solution containing 5 mM FeCl; +5 mM KF+
1 M H,0, +0.1 M KCl as supporting electrolyte in deionized water.
The working electrode was a substrate composed of fluorine-doped
tin oxide (FTO) coated glass having a sheet resistance of 10 €2; the
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Table I. Photovoltaic performance of perovskite (MAPbI3) solar cells. Js¢, V. and FF stand for short-circuit current density, open-circuit voltage,
and fill factor respectively.

Materials Cell configuration Joe[mA/cm?] Voe [V] FF PCE (%) Ref
MAPbDI3 mesoporous-TiO2/MAPbI3/spiro-MeOTAD 17.6 0.888 0.62 9.7 27
MAPbDI;/PCBM 10.32 0.60 0.63 39 28

mesoporous-TiO; /MAPbI3/P3HT-MWNT 14.8 0.76 0.57 6.45 29

rutile TiO, nanorod/MAPbI3/spiro-MeOTAD 15.6 0.955 0.63 94 30
mesoporous-ZrO,/MAPbI3/spiro-MeOTAD 17.3 1.07 0.59 10.8 31

NiO/MAPbI /PCBM3 13.24 1.040 0.69 9.51 32
mesoporous-TiO2/MAPbI3/Cul 17.8 0.55 0.62 6.0 33

Fe;O3/MAPbDI3/ spiro-MeOTAD 11.27 1.55 0.33 5.7 Our work

previous substrate was cleaned in an ultrasonic acetone bath for 10
min, then rinsed in distilled water and dried. Pt and Ag/AgCl elec-
trodes were used as a counter electrode and a reference electrode,
respectively. The films were deposited by cathodic electrodeposition.
The deposition potential was fixed at —0.15 V and the deposited charge
was 1.2 C for all samples in order to have a thickness of approximately
40-60 nm for all Fe, 05 films. A thermostat fixed the solution temper-
ature at 298 K. After deposition, the films were rinsed with distilled
water. To obtain the desired a-Fe, 05 phase, the deposited films were
annealed in air at 650°C for 2 h. The transition between phases, from
B-FeOOH (yellow) to a-Fe,O; (red—brown) is shown in Fig. 1.

On layer fabrication (a-Fe; O3 (B)).—Nanostructured o-Fe, O3 (B)
thin films were obtained after annealing hydrothermally deposited iron
films on a smooth a-Fe, 05 surface (A). The bath was done by filling
a 30 mL recipient, with a 20 mL aqueous solution containing 0.15
M of FeCl;.6H,0 and 1 M NaNO; at pH 1.5 (adjusted by HCI),
leading to the deposition of iron hydroxides (FeOOH). Iron films
were deposited on the «-Fe, O3 (A) substrate from an iron precursor
solution (FeClz.6H,0).343° A piece of FTO/a-Fe,0;3 (A) was put into
the autoclave, then heated at 100°C for 6 h and naturally cooled down
to ambient temperature. Under hydrothermal conditions, this solution
enables the interaction of Fe’* ions with OH™, producing iron oxide
nuclei, as described by

Fe* uq + 30H gy — B-FeOOH(,, + H,O, [1]

As a result, a uniform layer of f-FeOOH grows on the FTO sub-
strate. The akageneite-coated substrate was then washed with deion-
ized water and subsequently sintered in air at 550°C for 4 h. During

the annealing process, the §-FeOOH converts into a-Fe,;O5. The phase
transition from p-FeOOH (yellow) to a-Fe, O3 (red—brown) is shown
in Fig. 2. During the phase transition, the occurring chemical reaction
is due to the thermal treatment, it can be represented by

2B-FCOOH(S> — F€203(s) + HZO(LorG) [2]

Fabrication of the perovskite-based solar cell (CH;NH;Pbl;
or MAPbI;).—The MAPbI; perovskite precursor solution was pre-
pared from an equimolar of Methylammonium iodide (CH;NH3I or
MAI)/Lead (II) iodide(Pbl,), in a 40% dimethylformamide (DMF)
solution with ratios 1:1 (1:1 mol %) for MAI: Pbl, and then stirred for
2 h at 70°C. The mixture was deposited onto (FTO) covered glass by
spin-coating at 3500 rpm for 11 s. A drop of toluene was added after
24 s before the end then dried at 5000 rpm for 30 s. The resulting
perovskite layers were then annealed at 100°C for 1 h. Before the de-
position process, the FTO glass substrates were cleaned with ethanol,
isopropanol, and water for 15 min, and then dried with clean dry air.
The reaction results in the formation of a compact and flat crystalline
MAI-DMFPbI, intermediate phase film.

PbL,-MAL-DMF — MAPbI; + DMF 1 (3]

The intermediate phase film is successfully converted into a crys-
talline perovskite film by annealing at 100°C, as shown in Eq. 3. The
DMF is removed in the intermediate phase film, leaving a compact
and flat morphology (Fig. 3).

The hole-transporting layer (HTM) was then deposited via
spin-coating using a 0.788 M solution of 2,2’,7,7’-tetrakis-(N, N-
di-p-methoxyphenylamine)9,9’-spirobifluorene (spiro-OMeTAD) in

Computer Potentiostat

WE with FTO, TEC 8,
Plilkington glass substrate

Pt CE

FeCly+ KF + H,0, +
KCl

)

Hematite film formation
steps:

1- FTO substrate cleaning
Electrodeposition
25°C,- 0,15V vs
Ag/AgCl, 10 min

Ag/AgCl RE

2- Yellow colored FeOOH
film
Thermal Annealing
650°C, air, 2h

3- Red colored crystalline a-
Fe,0, nanostructured
films...

Figure 1. Schematic representations of a typical three-electrode electrochemical cell. 170
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FeCly .6H20, NaNO,

100°C 6 h

550°C4 h

Figure 2. Schematic representations of the syntheses methods adopted for a-Fe; O3 hematite photoanode film electrodeposited on a-Feo,O3 (A) substrate.

chlorobenzene, with additives of 0.0184 M lithium bis (trifluo-
romethanesulfonyl) imide (added in 0.61M acetonitrile solution) and
0.0659 M 4-tert-butylpyridine. The HTM was spin coated at 4500
rpm for 30 s inside a drybox. Finally, the top anode (a 50 nm-thick
gold (Au) film) contact was deposited by thermal evaporation under a
vacuum of ~10-6 Torr, yielding an active area of 0.2 cm?, to complete
the creation of the device (inset in Fig. 4).

Figure 4B shows the energy level diagram for the different solar
cell components, depicting the conduction band of a-Fe,0;, con-
duction and valence bands of CH3;NH;Pbl; perovskite, and posi-
tion of the highest occupied molecular orbital (HOMO) of Spiro-
OMeTAD as HTM. In this scheme, the electrons and holes generated
in CH3;NH;Pbl; can be energetically injected into the a-Fe,O; and
HTM phases respectively.?”-3

Results and Discussion

Structural characterization.—The crystal structure of a-Fe,0;
and a-Fe,Os/perovskite thin films was investigated by X-ray diffrac-
tion (XRD) using a Rigaku Ultima IV diffractometer in the Bragg-
Brentano configuration (the X-ray radiation is Acyky = 1.54060 10%).
Figure 5a shows the XRD patterns of a-Fe, 03 (A), a-Fe, 05 (B), and
a a-Fe,03/a-Fe,Osbilayer deposited on FTO substrates. The diffrac-
tograms of the a-Fe,03/a-Fe,O; and the FTO substrates are also
shown. The XRD lines of the a-Fe,O; films are observed at 20 =
24.1°, 33.1°, 35.6°, 40.9°, 49.4°, 54.0°, and 64°, corresponding to
the (012), (104), (110), (113), (024), (116), and (300) planes of the
hematite phase, respectively. The dominant lines correspond to the
(104) and (110) planes. The diffraction lines of the trigonal structure
of a-Fe, O3 matches well with the reference pattern of the JCPDS card
file no 33-0664, which corresponds to the space group R3c (167) with
lattice parameters a = b = 5.03 nm and ¢ = 13.74 nm.

Figure 5b shows the X-Ray diffractograms for the MAPbI; and
a-Fe, O3 (A)/a-Fe, O3 (B)/ MAPDIZ/FTO thin films. XRD lines are

FTO

T

Perovskite solution  Spining 3500
rpm for 11 s

located at 15°, 20°, 24.4°, 28.4°, 31.8°, 40.6°, and 43°. MAPbI; thin
films crystallize and stabilize into the same cubic structure (Fig. 5c).
The most intense diffraction line located below 15° corresponds to
the (100) diffraction plane and the lines located at about 20°, 30°,
and 34° are related to the (110), (200), and (210) orientation planes,
respectively. One may also observe two diffraction lines located at
26.5° and 33.7°corresponding to the FTO substrates. For the a-Fe,0;
(A)/a-Fe, O3 (B)MAPDBIL;/FTO layers, all lines match the a-Fe,Os
(A), a-Fe,05 (B), and MAPDI; patterns except those marked with a
solid dark point that come from the FTO substrate.

Morphological characterization.—The microstructural and ele-
mental analyses were characterized using a Zeiss ULTRA 55 model
scanning electron microscope (FESEM) equipped with an energy dis-
persive spectroscopy (EDS) system. Figure 6 displays the FESEM
images of (a) a-Fe,03(A), (b) a-Fe, 03 (B), (c) a-Fe,03(A)/a-Fe,0s
(B), (d) MAPDI;, (e) a-Fe,03(A)/a-Fe,03(B)/MAPDI; and (f) the so-
lar cell deposited on FTO substrates, respectively. Figure 6a shows
vertically grown segregated nanostructured islands made up of small
Fe,0; (A) nanoparticles, showing some grain size dispersion. Figure
6b shows the microstructure of the as-prepared sample. The later al-
lows us to point out the formation of typical anisotropic-like nanopar-
ticles, mainly composed of nanostructured rods, which is a character-
istic of the mesoporous film. Figure 6¢ depicts the morphology of a-
Fe,05/a-Fe,O3bilayer that reveals nanostructured aggregates having a
grain size of approximately 20 nm. The a-Fe,O3(B) grains deposited
on a-Fe,O3(A) are larger than those deposited on FTO. Figure 6d
shows that the MAPbI; film is composed of dense and homogenous
fibre-like crystals with the presence of voids due to solvent evapo-
ration. Figure 6e shows that the fibre-like MAPbI; films deposited
on a-Fe,03(A)/a-Fe,O3(B) have dissimilar shapes and sizes. Figure
6f shows the a-Fe,O3(A)/a-Fe,03(B)/MAPbI;/spiro-OMeTAD/Au,
where the MAPbI; film becomes uniform with a denser morphol-
ogy. Figure 7 shows the vertical cross section of the FESEM image

Dense and

lntcrmc'(lmt : — | umfurr?)
Phase Film Perovskite
film

CHR L

A drop of
toluene was

Then dried at 5000
rpm for the 30s

added after 2-4 s

Figure 3. Solvent engineering procedure for preparing the uniform and dense perovskite film. 171
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Figure 4. A: Scheme of the perovskite solar cell. B: Energy-level diagram for each component of the device.
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Figure 5. (a) XRD spectra of a-Fe;O3(A), a-Fe;03(B) and a-Fe,Os/a-
Fe,Osbilayer. (b). XRD patterns of MAPbI; and a-Fe,O3(A)/a-
Fe,03(B)/MAPDI3/FTO. (c). Scheme of MAPbI3 perovskite crystallization.

of the entire structure (a-Fe,O3 (A)/ a-Fe,O; (B)/ MAPbI;/spiro-
OMeTAD/Au) deposited on FTO. The thickness of the cell is about
4.8 wm.

EDX analyses.—Figure 8A shows a EDX elemental analysis
of the deposited MAPDI;, a-Fe,O3(A)/a-Fe,05(B), a-Fe,03(A)/a-
Fe,0;3(B)/MAPbI;. The line observed at 0.72 keV corresponds to the
L line of Fe, and the oxygen K line is peaking at 0.525 keV. The
calculated atomic ratio of Fe and O is approximately equal to 2:3,
which well agrees with the stoichiometric composition of a-Fe,Os.
The percentage of each element was calculated from EDX analyses
(Fig. 8). The element ratio of the MAPbIj; film is shown in Fig. 8A (a);
two featured lines peaking at 2.48 and 3.98 keV are assigned to the Pb
and I elements, respectively. The EDX presented in Fig. 8A (a) shows
that Pb and I are well distributed on a large energy scale. Figures 8A
(c-d) show the elemental composition of the solar cell and confirm the
presence of each element formingthe cell. The line observed at 2.3
keV corresponds to the M line of the gold (Au) contacts.

Figure 8B shows the spatial distribution of a-Fe,O3;+MAPbI;,
where Pb and I are three-dimensionally well-distributed in the o-
Fe,0; film. The atomic percentage calculated from the EDX analyses
indicates that the Pb to I ratio is 1:3. Compared to the Fe atomic
ratio, Pb has a relatively lower atomic percentage indicating that the
perovskite sensitizer does not densely cover thea-Fe,O; surface. It can
be concluded that the a-Fe,O; composites can uniformly encapsulate
the CH3;NH;Pbl; crystals.

Optical characterization of o-Fe,0j; thin films.—The band gap
energy was determined from the optical absorption by recording the
transmission spectra using a UV-Visible spectrophotometer (Ocean
Optics HR4000) coupled with an integrating sphere (to collect both
specular and diffuse transmittance). Figure 9 shows the transmission
spectra of the a-Fe,0s/a-Fe, 05 bilayer, from which thg-pptical band
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Figure 6. FESEM images of (a) a- Fe;O3(A), (b) a-Fe,03(B), (¢) a- Fe,03(A)/a-Fe, 03(B), (d) MAPDI3, (e) a-Fep O3(A)/a-Feo, O3(B)/MAPDI; and (f) solar cell.

gap energies can be determined. The transmittance spectrum of the a-
Fe,0;/a-Fe, 05 bilayer shows a high optical transmission ratio: above
30% in the visible range. A significant increase in absorption below
533 nm can be assigned to the intrinsic band gap absorption of the
a-Fe,0s/a-Fe, 05 bilayer.

According to the solid band theory, the relation between the ab-
sog[g)tion coefficient o and the energy of the incident light &v is given
by

ahv = A(hv — Eg)" (4]

where « is the absorption coefficient, A is a constant, & is the Planck’s
constant, v is the incident photon frequency, Eg is the optical band
gap, and n is equal to 2 for a direct transition, and to 1/2 for an indirect
transition. Figure 9 depicts the Tauc plot of a-Fe,Os/a-Fe,O5 bilayer.
One may point out a direct band gap energy of about 2.3 eV, smaller
than that of bulk a-Fe,O5 (2.3 V).

Figure 10 shows the transmission and the absorbance of
theMAPbDIj; perovskite thin film. The main features of the transmission

spectra are the existence of a sub-band gap absorption tail followed
by a strong rise of the absorption, which corresponds to excitonic ab-
sorption, and then a transition from the valence band to the conduction
band. When excitonic absorption dominates the absorption spectrum,
the classical relationship between the coefficients («) and the band
gap energy (Eg) is commonly used for calculating the direct band gap
of a semiconductor

(a.hv)? = A (E-Eg) [5]

where E is the incident photon energy and A is a constant.*’ Note
the direct band gap energy of about 1.58 eV. Figure 11 shows the
corresponding Tauc plot for MAPDI3 perovskite thin films.

Photoelectrochemical properties of a-Fe,0; electrodes.—The
PEC measurements were performed in a quartz cell to enable light
reaching the photoelectrode surface. The surface area of the light-
exposed working electrode was about 0.25 cm?. The electrolyte used
in all PEC measurements is 1 M NaOH (pH = 13.6). The electrolyte is

Cursor Height =4.875um

Mag~ 5.16KX 2 pm WD = 32 mm
ULTRA S5 4422

- Pixel Avg.

Signal A = InLens
ESB Grid -~ s0OV

Time :13:35:46 Date :14 Nov 2016

Figure 7. Vertical cross section of (a) a-Fe,O3(A), (b) a-Fe,O3z/a-Fe; O3 thin films. 173

Downloaded on 2018-01-26 to IP 61.129.42.30 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society, 165 (2) H30-H38 (2018) H35

(a) ' ‘ (b)
VMAPBL = Pb 16.56% 148.1% T a-Fex0; (A)/a-Fe:0: (B)
e 3 uN 8.59% HC 26.75% s
=1 |
[‘ uFed2.2% mO 57.8%
0 ‘
0 1 2 3 4 keV|
1l(c) j(ﬁ:“ (d)
] a-Fez0; (A)/a-Fex0: (B)/ MAPbBI; . .
i | a-Fe:0: (A)/a-Fe:0; (B)/MAPbI: /Au
2= O 46.06% N Fe 23.04% HPh 38N u0 29.4%5%
‘ ‘ 4 Aul120N e 16.06%
. ]l ol 11.2% BN 5.37% 8¢ 12.53% 134.27% I = NG.7%
:1 P S.12% N BC 16.55%
3 p ‘ - € 16.55% I———— = Pb 5.12%
8 ] NG.STX W114.27%
1] ) [ Fe16.06% Im——— Av12-2%
] ° - } 0 29.45%
] ‘ ‘ ) - ) 10 20
: (| mi
o4

larrveunn |
S00nm

Pd Lal ILlal

Mo

S00nm

S00nm

B

Figure 8. A: EDX spectrum for (a) MAPbI3, (b) a-Fe;O3(A)/a-Fe,03(B), (¢) a-Fe,O3(A)/a-Fe,O3(B)/MAPDI3, and (d) solar cell. B: EDX mapping for (a)
a-Fe;03(A)/a-Fe, O3(B)/MAPDI3, (b) Fe map, (c) O map, (d) C map, (e) N map, (f) Pb map and (g) I map.

174

Downloaded on 2018-01-26 to IP 61.129.42.30 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

H36 Journal of The Electrochemical Society, 165 (2) H30-H38 (2018)

30
—a-Fe, 0,/ a-Fe,O,bilayer
s |
@ 204%°
(%) =2
[=
©
__1:_,' S s
E mmmmmmm
2 10+
£
=
533 nm
0 L}

800 900 1000

Wavelength (nm)

400 500 600 700

Figure 9. Transmission and Tauc plot (inset) of a-Fe,O3/a-Fe, O3 bilayer.

purged with nitrogen gas prior to experiments to prevent any possible
reaction with dissolved oxygen at the counter-electrode. A potentio-
stat/galvanostat Autolab PGSTAT302N (Metrohm, Netherlands) with
a Pt rod counter electrode and an Ag/AgCl saturated in 3 M KCl
reference electrode was used. The films are illuminated with a 300 W
Xenon lamp (PLSSXE300/300UV) equipped with a UV cut-off filter
(A> 420 nm). The set-up was completed with an automatic shutter and
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Figure 10. Absorbance (a) and Transmission (b) plots of perovskite thin films.
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Figure 11. Taucplot of the perovskite thin films.

a filter box. The whole system was controlled by homemade software.
The chronoamperometry curves of the films were also obtained at
+0.1 V, both in the dark and under illumination with a light intensity
of about 1 SUN (100 mW cm™2) at the sample surface.

For wavelength-dependent photocurrent measurements a
monochromator giving a ~20 nm bandpass from 360 to 680 nm was
used together with cut off filters to eliminate secondary -harmonics.
To be able to detect low photocurrent intensity, the set-up was
completed with a photo-chopper and a lock-in amplifier (signal
recovery). The absolute intensity of the incident excitation light
was measured with a radiometer/photometer (international light).
The incident photon to electron conversion efficiency (IPCE) of the
samples was calculated as follows

1240 - iphomcurrmr (MA/CmZ)
A (nm) N jphmons (MW/sz)

where iphowocurrent 18 the photocurrent densities, A(nm) is wavelength of
the incident light and jppoons 18 the measured irradiance.

The photocurrent density—voltage (J—V) characteristics of the a-
Fe,03(A)/a-Fe,05(B)/MAPDI; solar cell were registered using a
potentiostat/galvanostatAutolab PGSTAT302 under AM 1.5 G illu-
mination (50 mW cm~2) provided by a calibrated solar simulator
(using a standard silicon solar cell before measurement).

The photocurrent intensities under pulsed light were measured
using a chronoamperometric technique (Fig. 12). All measurements

IPCE (%) = * 100% (6]

16 Iight off —— a-Fex03/ a-FeyOgbilayer|
= a-Fe203 (B)
e lighton " *Fe203(A)
[T} 12 (\
< | [ &
E {
£ 8 -
(]
s —
g 4
° k‘
£ —
& —
o -- J ! U | U
0 20 40 60 80 100 120 140
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Figure 12. Photocurrent intensity for a-Fep,O3(A), a-Fe,O3(B) and a-
Fe;03/a-Fe, 03 (bilayer) electrodes under successive on/off illumination cy-
cles, measured in 1 M NaOH electrolyte under a bias potential»]qf5+0.1 V.

Downloaded on 2018-01-26 to IP 61.129.42.30 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society, 165 (2) H30-H38 (2018) H37

10 -
‘/_,/A\\
\ = -Fe,04 (A)
8. A —o—a:-Fe,0, (B)
—h— u.-Fezoal u.-Fezoa (bilayer)
IS
]
o
o

0

360 380 400 420 440 460 480 500 520 540 560
wavelength(nm)

Figure 13. IPCE for «a-Fe;03(A), a-FepO3(B) and  a-Fep,Os/a-
Fe,O3(bilayer) at 0.4 V (vs. Ag/AgCl) applied potential in N, degassed 1 M
NaOH.

were made in 1 M NaOH*'*? electrolyte and under a potential bias
of 0.1 V. Figure 12 shows the variation of the photocurrent density
according to the elapsed time during on/off cycles. In the steady state,
the a-Fe,O3(A)/FTO electrode shows a photocurrent density of about
3 mA/cm?. However, the a-Fe,03/a-Fe,03/FTO bilayer shows a pho-
tocurrent density of about 12 mA/cm?, which is 4 and 2 times greater
than that of the a-Fe,O3(A)/FTO and a-Fe,O3(B)/FTO electrodes,
respectively. The photocurrent density dropped in the first two cycles
and then was steady and quasi-reproducible after several on—off cycles
of light illumination. There was no overshoot at the beginning or at the
end of the on—off cycle, meaning that the direction of the electron dif-
fusion is free from grain boundaries, which can create traps to hinder
electron movement and slow down the photocurrent generation.*3

Figure 13 shows the action spectra for the best performing o-
Fe,03/a-Fe,O3/FTO bilayer samples compared to the a-Fe,O3(A),
a-Fe,03(B) films. Significant performance gains were observed upon
all throughout the illumination wavelengths. The best performing sam-
ples were a-Fe, O3/ a-Fe, O3/FTO bilayer, which had IPCEs at 400 nm
of 9%, with an applied potential of 0.4V v.s Ag/AgCl. These IPCE
values were 3 times higher than the a-Fe,O; (A) and a-Fe,O; (B)
samples for the a-Fe,0s/ a-Fe,O3/FTO bilayer samples. The high-
energy photons are absorbed in the outermost layers of hematite and
therefore, the photogenerated holes have a shorter diffusion path to
reach the surface where they will participate in oxidative chemical
reaction. A positively applied potential will increase the collection
efficiency of the electrons and the IPCE increases, as shown in Fig.
13. Furthermore, the applied bias will facilitate hydrogen production
at the Pt counter electrode by shifting its negative potential to over-
come the approximately 0.4 V (vs. Ag/AgCl) difference between the
hematite flat band potential and the hydrogen redox level.

Photocurrent density—voltage(J-V) of the solar cell device.—Fig-
ure 14 depicts the dark and under illumination (J-V) characteristics
of the a -Fe,03(A)/a-Fe,05(B)/MAPbI;/Au solar cell. From the J-V
curves, we can deduce open-circuit voltage (V,.) and short-circuit
current density (Ji.). These parameters are summarized in Table II.
The power conversion efficiency (n (%)) and Fill factor (FF (%)) are

30

25 -

20 -+
15 4

Current density (mA/cmz)
(3]

1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Voltage (V)

Figure 14. J-V curve solar cell devices in the dark and illumination.

calculated from

Imax Vmax
FF = - " max (7]
ISC VOC

L Vo FF
(%) = <% % 100 (8]

input

where, P, is the power of the incident light, Iy, and Vi, are
the current andvoltage corresponding to the maximum power point
(Mpp).L;. is the short-circuit current, and V. is the open-circuit po-
tential, both can be extracted from the (J-V) curves. However, under
illumination, the current magnitude of the cell increases up promptly.
The current becomes stronger and increases more rapidly. This is
because the conductivity of a-Fe,O3 is improved with the incorpo-
ration of perovskite. It should be emphasized that proper perovskite
can greatly enhance the separation of electron-hole pairs. The device
exhibited an encouraging solar conversion efficiency of 5.76%, with
its open-circuit voltage (Voc) of 1.55 V, short-circuit current density
(Jsc) of 11.27 mA/cm?, and fill factor (FF) of 33%.

Conclusions

In this study, we measured the performance of PSCs based on
a-Fe,Os as the electron transport material, perovskite as the light
harvester, and spiroMeOTAD as the hole transporting material. The
a-Fe, O3 thin film was prepared by the electrodeposition and the hy-
drothermal processes. The perovskite layer was synthesized on the
surface of the a-Fe,O; thin film using the spin coating method. It
was found that the growth of the a-Fe,O; thin film has a clear influ-
ence on the uniform formation of the perovskite layer. Dense a-Fe, O3
thin films with appropriate grain sizes can ensure uniform coverage
of the perovskite film, forming a better contact between the a-Fe,O3
film and the perovskite layer, which is able to not only facilitate the
charge transport, but also to reduce charge recombination of the a-
Fe,O3/perovskite interface. The photoelectrochemical performance
of the nanostructured a-Fe,Os/a-Fe, O3 bilayer is higher than that of
FTO/a-Fe, 05 (A) and FTO/a-Fe, 05 (B). Water splitting performance
was evaluated and the highest photocurrent density of 12 mA/cm? v.s
Ag/AgCl was exhibited for the a-Fe,03/a-Fe, 05 bilayer photoelec-
trode, which had IPCEs at 400 nm of 9%, with an applied potential

Table I1. Photovoltaic parameters of Perovskite solar cells.

Sample Vol V1 J [mA cm™2]

Vinax [V]

Jmax [MA cm™2] Fill factor [%] M [%]

Perovskite solar cells 1.55 11.27

0.99 5.7 33% 176 5.76%
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of 0.4V v.s Ag/AgCl. The dependence of the photovoltaic properties
of PSCs on a-Fe,0; is carefully examined. The stability of PSCs is
also studied. The best-performing device with a PCE of 5.76%, a V.
of 1.55V, aJ of 11.27 mA cm~2, and a FF of 33% is demonstrated.
This effect can be ascribed to the dense perovskite films that lead to
full coverage of the a-Fe,O; film, forming a better contact with the
a-Fe, O3 thin film. In addition, the best performing device is also the
most stable among all the devices presented. Therefore, we can state
that the contact between a-Fe, O3 and the perovskite layer is the critical
factor that determines the photovoltaic performance of PSCs. More-
over, the results indicate the great potential of a-Fe,O; as an electron
transport material, which provides high variety for perovskite-based
solar cell design.
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Abstract

This work proposes a new strategy to prepare a hematite («-Fe,O5) bilayer photoanode by hydrothermally depositing «-Fe,O3
(B) on the «-Fe,O3 (A) films prepared by electrochemical deposition. Compact smooth surfaced o-Fe,O3 (A) films were
electrochemically deposited on FTO (SnO»:F) substrates from an aqueous bath. The «-Fe,05 (A), &-Fe,O3 (B), and o-Fe, 05/
«-Fe,O3 bilayer films’ characteristics were defined by X-ray diffraction (XRD) measurements, field emission scanning electron
microscopy (FESEM), and energy-dispersive X-ray (EDX) spectroscopy. Pure crystalline o-Fe,O; (B) films with a typical
anisotropic-like nanoparticle formation, which exhibited nanostructured rods covering the substrate and formed the characteristic
mesoporous film morphology, were hydrothermally deposited on «-Fe,O5 (A) films prepared by electrochemical depositing in a
solution bath at 25 °C and a potential of — 0.15 V. The photocurrent measurements exhibited increased intrinsic surface states (or
defects) at the «-Fe,O5 (A)/x-Fe,O3 (B) interface. The photoelectrochemical performance of the o-Fe,O; (A)/x-Fe,O3 (B)
structure was examined by chronoamperometry, which found that the «-Fe,O5; (A)/x-Fe,O5 (B) structure exhibited greater
photoelectrochemical activity than the «-Fe,O5 (A) and «-Fe,O5 (B) thin films. The highest photocurrent density was obtained
for the bilayer o-Fe,O5 (A)/o-Fe,05 (B) films in 1 M NaOH electrolyte. This great photoactivity was ascribed to the highly
active surface area, and to the externally applied bias that favored the transfer and separation of photogenerated charge carriers in
«-Fe,03 (A)/x-Fe,O3 (B). The improved photocurrent density was attributed to an appropriate band edge alignment of semi-
conductors and to enhanced light absorption by both semiconductors. The best performing samples were «-Fe,O5 (A)/x-Fe,03
(B), which reached the maximum incident photon conversion efficiencies (IPCE) of 400 nm at the potential of 0.1 V. In this case,
the IPCE values were 3-fold higher than those of the «-Fe,O3 (A) and «-Fe,O5 (B) films.

Keywords «-Fe,0; - Interface - Electrochemical deposition - Hydrothermal deposition - XRD analysis - FESEM analysis -
Optical properties - Photoelectrochemical properties

Introduction Fe,05, GaN, TiO,, and ZnO to form a heterojunction.
These semiconductor substrates are essential in many
Recently, a great deal of attention has been paid to het-  electrical, photoelectrical, and catalytic applications and

erogeneous deposition on high-pressure structures such as  generally require interface area enlargement. In thermody-
namic terms, the water-splitting reaction is an uphill pro-
cess that requires a minimum energy of 1.23 eV, while the
Gibbs free energy change is AG°=237.2 kJ mol ' or
2.46 eV per H,O molecule [1].

Nevertheless, it also requires a high over-potential because
of non-idealities in real operations and water-splitting reaction
complexity. The water-splitting process comprises two neces-
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Reduction reaction:

2HT +2e —H, (Eored =0.00 V/RHE) (1)

Oxidation reaction:

2H,0 + 4h*—0; + 4H" (E°ox = —1.23 V/RHE) (2)
Overall reaction:
2H,0—2H; + O,(AE = -1 .23 V/RHE) (3)

where RHE indicates a reversible hydrogen electrode (RHE).

Since four-electron water oxidation is the rate-limiting step
in the overall water-splitting reaction, the development of
high-efficiency photoanodes for O, evolution capable of over-
coming the high over-potential required to perform this reac-
tion is a major obstacle that must be overcome [3].

One of the most promising photoanode candidates is he-
matite (x-Fe,O3) because it has a narrow bandgap of ~2.1—
2.2 eV and allows ~16.0% of theoretical solar-to-hydrogen
(STH) efficiency for photoelectrochemical (PEC) water split-
ting [4-6]. Moreover, x-Fe,O5; has many further advantages
over other narrow bandgap semiconductors, of which some
have excellent stability in alkaline solutions, earth abundance,
and non-toxicity [3—7]. Moreover, «-Fe,Os has extremely
poor electrical conductivity with a hole diffusion length of
2—-4 nm [8] and suffers from a high-charge carrier’s recombi-
nation. Therefore, hematite exhibits very poor PEC perfor-
mance. This makes the future success of x-Fe,O3
photoanodes in PEC water splitting somewhat questionable
since «-Fe,Oj itself can hardly achieve a good enough PEC
efficiency for its potential practical use and necessitates mod-
ification to achieve improved PEC performance.

The following overview is that of the synthesis, modifica-
tion, and characterization of the nanostructured o-Fe,Oj3 thin
film, which is provided by emphasizing charge carrier dynam-
ics and PEC properties [9]. Recently, a growing number of
studies have focused on the x-Fe,O5 heterostructures that in-
corporate a second material to improve charge separation,
charge collection, and surface catalysis. Notably, much greater
PEC activities have been achieved with such «x-Fe,O;
heterostructure-based photoanodes than with their single-
component counterparts, and x-Fe,O3 (B) is promising as a
hole-conducting material thanks to its transparency within the
visible light spectrum range, considerable hole conductivity
[10], and chemical stability [11]. Gritzel et al. developed a
new way to enhance the water-splitting efficiency of hematite
by introducing an ultrathin underlayer at the interface of SnO:
F (FTO) substrate and the hematite thin film [12, 13]. This
mechanism consisted in blocking the electrons from transfer-
ring back from the FTO to hematite films, and a charger
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combination at the FTO/hematite interface with an ultrathin
underlayer of wide bandgap or insulating materials, which is a
serious issue for the nanostructured photoanodes with only a
weak interfacial electric field [13]. The underlayer needs to be
thin enough (e.g., 10-50 nm thick) to allow electron tunneling
from hematite to FTO, and to ensure photocurrent generation.
Various materials prepared by the ALD method, such as TiO,,
have been investigated for their properties to be used for the
underlayer: TiO,, for example, significantly shifts the photo-
current onset to 1.1 or 1.3 V vs. RHE and increases the pho-
tocurrent by one order of magnitude [12, 13]. Table 1 shows a
review of the achievements made in some typical o-Fe,Os-
based semiconducting heterojunctions found in the literature.
The data in Table 1 include the kind of heterostructures, the
fabrication method, the suggested charge transfer for electrons
and holes, and the main photoelectrical properties of these
heterostructures. These data are compared with the electro-
chemically and hydrothermal-deposited x-Fe,Os/a-Fe,O;
heterojunction described herein.

In this study, a new bilayered nanostructure was synthe-
sized by electrochemical deposition (A), which consisted in
a top layer of nanorods produced by hydrothermal deposition
(B), and a layer of nanoparticles underneath it (see Fig. 1).
This new double-layered nanostructure combines the nano-
structure’s better photoelectrochemical properties. «x-Fe,O3
(B) films were deposited on a smooth &-Fe,O5 surface (A).
The characterization of these films was carried out by FESEM
and X-ray diffraction (XRD) techniques. The nanostructure’s
morphological and electrochemical properties correlated with
the results of the water-splitting tests to evaluate the perfor-
mance of this new nanostructure as a photocatalyst for hydro-
gen production. The results of this study suggest improved
performance for the iron oxide nanostructures used as
photocatalyst in processes such as water splitting.

Experimental
Underlayer fabrication (a-Fe,03 (A))

The experimental setup used to prepare «-Fe,O; thin films
consisted of a computer-controlled potentiostat/galvanostat
and a classical three-electrode electrochemical cell. The elec-
trochemical cell was filled with a solution that contained
5 mM FeCl; +5 mM KF + 1 M H,0, + 0.1 M KCl in deion-
ized water. The working electrode was an FTO-coated glass
with a sheet resistance of 10 € sq; substrates were cleaned in
an ultrasonic acetone bath for 10 min before being rinsed in
distilled water and dried. Ag/AgCl electrodes and Pt were
used as a reference electrode and a counter electrode, respec-
tively. Thin films were deposited by cathodic electrodeposi-
tion. The deposition potential was fixed at —0.15 V, and the
deposited charge was 1.2 C for all the samples, which gives a
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Hematite-based heterostructures including fabrication methods, suggested charge transfer, and photoelectrochemical characteristics

Table 1

Ref.

Photoelectrochemistry

Suggested charge transfer

Fabrication method

Heterostructure

Hole

Electron

[14]

Photocurrent 22 pA cm > at 0.8 V vs. Ag/AgCl (500-W Xe lamp);

None

WO3 s OC-F6203

Sol—gel

WO}/OC-F6203

7.5)

electrolyte 0.2 M Na,SO,4 (pH
Photocurrent 22 mA cm 2 at 0.8 V vs. Ag/AgCl;

[15]

None

None

Spin coating and spray pyrolysis

WOj,/OC-FezO:;

=7

electrolyte 0.05 M PBS (pH
Photocurrent 1.6 mA cm 2 at 0.6 V vs. Ag/AgCl;

[16]

Zn0O — (x—FeZO3

OC-F6203 — ZnO

Hydrothermal and spin coating

ZHO/OC-F6203

electrolyte 1 M NaOH
Photocurrent 2.60 mA c¢m 2 at 0.95 V vs. SCE

[17]

“-F6203Z Ti— CUZO

CU20 d O(—F62031 Ti

«-Fe,05: Ti/Cu,O  Spray pyrolysis

(Xe lamp, 150 mW cm‘z); electrolyte 0.1 M NaOH

Photocurrent 2.90 mA cm ™2 at 0.59 V vs. Ag/AgCl

(18]

«-Fe,05 — CuSCN

CuSCN — -Fe, 05

Electrodeposition

«-Fe,03/CuSCN

(Xe lamp 150 W); electrolyte 0.1 M NaOH (pH = 13.9)

Photocurrent 3 mA cm 2 at 0.1 V vs. Ag/AgCl

Our work

0(-F6203 (B) - 0(-F6203(A)

oc—FeZO3(A) — O(—Fezo3(B)

Hydrothermal and electrodeposition

0(-F6203/0(-F6203

(Xe lamp 100 W); electrolyte 0.1 M NaOH (pH = 13.9)

100-200nm

40-60nm {

Glass

Fig. 1 Schematic cross-sectional view of the FTO glass, compact o-
Fe,03, and «-Fe,O5 under layer

thickness of about 40—-60 nm for the electrodeposited Fe,O3
films. The solution temperature was set at 298 K (Fig. 2).
After deposition, films were rinsed with distilled water. To
obtain the desired x-Fe,O3 phase, the deposited films were
annealed in a furnace in air at 650 °C for 2 h.

Overlayer fabrication (a-Fe,03 (B))

Nanostructured «-Fe,O3 (B) thin films were obtained after
annealing hydrothermally deposited iron films on a smooth
«-Fe,Oj3 surface (A). The bath consisted of an aqueous solu-
tion that with a 30-mL capacity, filled with 20 mL aqueous
solution with 0.15 M of FeCl;-6H,0 and 1 M NaNO;_ pH 1.5
(adjusted by HCI), which led to the deposition of iron hydrox-
ides (FeOOH) [19]. Iron films were deposited on the x-Fe,O5
(A) substrate from an iron precursor solution (FeCl;-6H,0). A
piece of FTO/x-Fe,O5 (A) was placed inside the autoclave to
be then heated at 100 °C for 6 h in an oven and could cool
down to ambient temperature. Under hydrothermal condi-
tions, this solution enables the interaction of Fe** ions with
OH by producing iron oxide nuclei, as described in Eq. (4):

Fe’* () + 30H (,9—B~FeOOH 5 + H,0 (4)

Finally, a uniform layer of 3-FeOOH on the FTO substrate
was obtained. The akageneite-coated substrate was then
washed with deionized water and was subsequently sintered
in air at 550 °C for 4 h in a furnace. After the annealing
process, 3-FeOOH was converted into «-Fe,O5. The phase
transition went from (3-FeOOH (yellow) to «-Fe,O5 (red—
brown, inset in Fig. 3). The chemical reaction that was expect-
ed to occur during phase transition due to thermal treatment
can be represented by Eq. (5):

2B—FeOOH (i) —Fe;05(5) + HaO(1 or ) (5)

Materials characterization

The crystal structure of the x-Fe,O5 (A), x-Fe,O3 (B), and -
Fe,03(A)/x-Fe,03 (B) thin films was investigated by X-ray

@ Springer
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Fig. 2 Schematic representations
of a typical three-electrode elec-
trochemical cell and an image of
the «-Fe,O; film electrodeposited
on the FTO substrate

Water tank

Hematite film formation
steps:
1- FTO substrate cleaning
~— Electrodeposition
25°C,- 0,15V vs
Ag/AgCl, 10 min

2- Yellow colored FeOOH
film
Thermal Annealing
650°C, air, 2h

e 3- Red colored crystalline a-
Fe,0; nanostructured

{ FeCl;+ KF + H,0, + KCI ‘\

diffraction (XRD) in a Rigaku Ultima IV diffractometer in the
Bragg-Bentano configuration with CuKa radiation (A=
1.54060 A).

The microstructural and elemental analyses were character-
ized by a Zeiss ULTRA 55 model scanning electron micro-
scope (SEM) with an attached energy-dispersive spectroscopy
(EDS) system.

To determine bandgap energy, optical absorption was de-
termined by recording the transmission spectra with a UV-
Visible spectrophotometer (Ocean Optics HR4000) coupled
to an integrating sphere to collect both specular and diffuse
transmittances.

Photoelectrochemical and electrochemical analyses

PEC measurements were taken in a quartz cell to facilitate
light reaching the photoelectrode surface. The light-exposed
working electrode surface was 0.25 cm®. The electrolyte used
in all PEC measurements was 1.0 M NaOH (pH 13.6). The
electrolyte was purged with gas nitrogen before the

Fig. 3 Schematic representations
of the synthesis methods adopted
for &-Fe,O3 hematite photoanode
film electrodeposited on «-Fe,0;

(A) substrate E FeCl,;,6H,0

NaNO,

00°C 6h

@ Springer

100°C 6h

—)

FTO

films.

experiments to prevent any possible reaction with dissolved
oxygen at the counter electrode. A potentiostat/galvanostat
Auto lab PGSTAT302N (Metrohm, Netherlands) with an
Ag/AgCl saturated in a 3 M KCI reference electrode and a
Pt rod counter electrode was used. Films were illuminated
by a 300-W Xenon lamp (PLSSXE300/300UV). The setup
was completed with an automatic shutter and a filter box.
The whole system was controlled by a homemade software.
The chronoamperometry curves of thin films were obtained at
+ 0.1 V in the dark and under illumination with an intensity of
about 1 SUN (100 mW cm ) on the sample surface [20, 21].
For the wavelength-dependent photocurrent measurements, a
monochromator giving a ~20-nm bandpass from 360 to
680 nm was used together with cutoff filters to remove sec-
ondary harmonics. The incident photon to electron conversion
efficiency (IPCE) of samples was calculated as follows:

1240 - iphotocurrent ( HA / sz)
A (nm) J photons ( HW/ cm? )
where iphotocurrent 18 the photocurrent densities, A(nm) is the in-
cident light wavelength, and jnoons 18 the measured irradiance.

IPCE(%) = -100% (6)

550°C 2h

=

FTO
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. J=Ta-Fe 05 (A)
4 a-Fe;05 (B)
—a-Fe;05 la.-Fe,05 bilayer

- %: (012)
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Fig. 4 X-ray diffractogram of the «-Fe,O3 (A), a-Fe O3 (B), and o-
Fe,03/x-Fe,03 bilayers

Electrochemical impedance spectra (EIS) were recorded at a
DC potential of 0.1 V vs. Ag/AgClin 1.0 M NaOH solution and
an AC potential frequency range of 100,000-0.1 Hz with an
amplitude of 10 mV. The Z View software was used for fitting
the experimental EIS data to the equivalent circuit model.

Results and discussion
Structural characterization

Figure 4 shows the XRD patterns of the «-Fe,O5 (A), «-
Fe,05 (B), and «-Fe,O3/x-Fe,O5 bilayers deposited on the
FTO substrates. The diffractograms of the o-Fe,O5/x-Fe,03
bilayer and the FTO substrates are also shown.

The XRD peaks of the x-Fe,O5 films were observed at
20=24.1°, 33.1°, 35.6°, 40.9°, 49.4°, 54.0°, and 64°, which
respectively corresponded to the (012), (104), (110), (113),
(024), (116), and (300) planes of the hematite phase. The
dominant peaks corresponded to the (104) and (110) planes.
The diffraction peaks of the trigonal structure of &-Fe,O3 well

matched reference pattern JCPDS card file no. 33-0664,
which corresponded to space group R3c (167) with lattice
parameters @ = b = 5.03 nm and ¢ = 13.74 nm. No other phases
of «-Fe,O3 were observed in the pattern.

Morphological characterization

Figure 5a—c displays the FESEM images of the «-Fe,O3 (A),
«-Fe,03 (B), and a-Fe,03/a-Fe,O5 bilayer films deposited
on the FTO substrates, respectively. Figure 4a shows the ver-
tically grown segregated nanostructured islands made up of
small a-Fe,O3 (A) nanoparticles, with some dispersion in
grain sizes observed.

Figure 5b shows a typical morphology of hematite nanorods
(NRs) (x-Fe,O3 (B)) grown on the FTO substrates by the hydro-
thermal process. Top view images show clearly that hematite
NRs are uniformly distributed on the substrate and oriented up-
ward with respect to the substrate. While others are detached
from the substrate, being free standing and horizontal. The as-
prepared hematite NRs look like rice grains (Fig. 5b), enabling
the identification of a typical nanoparticle formation.

Figure 6 shows cross-sectional FESEM images of the o-
Fe,05 (A), a-Fe,O5 (B), and «-Fe,Oz/x-Fe,O5 bilayer thin
films deposited on «-Fe,O5 (B). The «-Fe,O3 (A) film (Fig.
6a) was found to be ultrathin (55 nm thick), while the x-Fe,O5
(B) film is ~ 196 nm thick. The x-Fe,O3/x-Fe,O5 bilayer was
found to be about ~251 nm thick (Fig. 6c¢).

EDX analyses

The elemental analysis of the deposited «-Fe,Os/-Fe,05 bi-
layer was achieved by the energy-dispersive X-ray (EDX)
analysis. The EDX spectra of the «-Fe,O5/a-Fe,O5 bilayer
thin films are shown in Fig. 7. The line observed at
0.72 keV corresponds to the L line of Fe, and the oxygen K
line peaks at 0.525 keV. The calculated atomic Fe/O ratio
approximately equals 2:3, which well agrees with the stoichio-
metric composition of «-Fe,O5. The percentages of each ele-
ment calculated from EDX are shown in the inset of Fig. 7.

Fig. 5 FESEM images of x-Fe,O3 (A) (a), «-Fe,05 (B) (b), and a-Fe,0; (A)/x-Fe,O3 (B) (¢)
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Cursor Height=55 nm

Cursor Height = 196.4 nm

Cursor Height=251.4 nm

Fig. 6 Cross-sectional FESEM images of «-Fe,Os (A) (a), a-Fe;03 (A) (b), and «-Fe,O3/a-Fe, 03 (¢) bilayer thin films

Optical characterization of the Fe,0; thin films

Figure 8a shows the transmission spectra of the x-Fe,Os/«-
Fe,05 bilayer thin film, from which the optical bandgap en-
ergies can be determined. The transmittance spectrum of the
«-Fe,03/a-Fe,O5 bilayer has an optical transmission value
above 30% within the visible range. A significant increase in
absorption below 533 nm can be assigned to the intrinsic
bandgap absorption of the &-Fe,Os/x-Fe,05 bilayer. To cal-
culate the optical bandgap energy Eg of thin films, the absorp-
tion coefficient can be estimated as follows [22]:

o tn(2) o

According to the solid band theory, the relation between
absorption coefficient o and the energy of incident light 4v is
given by [23]:

ahv = A(hv—Eg)" (8)

where « is the absorption coefficient, A is a constant, / is the
Planck’s constant, v is the photon frequency, Eg is the optical
bandgap, and »n equals 2 for the direct transition, while it
equals 1/2 for the indirect transition. Figure 8b depicts the
Tauc plot ((chvy? vs. hv) of films o-Fe,05 (A) and «-Fe,05
(B). According to the Tauc plot, we can make out a direct
bandgap energy of about 2.3 eV for x-Fe,O3 (A) and 2.1 eV

K series
L series

Fig. 7 EDX spectrum for «-Fe,Os/a-Fe,0; bilayer
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for «-Fe>O3 (B), which is smaller than that of bulk «-Fe,O5
(2.3 eV). (Eg (A)-Eg (B) =¢; see Fig. 11).

Photoelectrochemical properties of the a-Fe,0;
electrode

The photocurrent intensities under pulsed light were mea-
sured by a chronoamperometry technique (Fig. 9). All the
measurements were taken in the 1 M NaOH [24, 25] electro-
lyte and with a potential bias of 0.1 V. Figure 9 shows the
variation in the photocurrent density vs. the elapsed time
during the switch on/off light for both. In the stable state,
the x-Fe,O5 (A)/FTO electrode shows a photocurrent densi-
ty of about 0.5 mA/cm?. However, the a-Fe,053/x-Fe,05/
FTO bilayer displays a photocurrent density of approximate-
ly 3 mA/cm?, which is 6-fold bigger than that of the o-Fe,O+/
FTO (A), and 3-fold that of the &-Fe,O3/FTO (B) electrodes.
The photocurrent density dropped in the first two cycles to
then become steady and quasi-reproducible after several on—
off light illumination cycles, with no overshoot at the begin-
ning or the end of the on—off cycle. These results indicate that
the direction of the electron diffusion is free of grain bound-
aries, which can create traps to hinder electron movement
and slow down photocurrent generation [26].

Figure 10 shows the spectra for the excellent performing
«-Fe,05/a-Fe,O5/FTO bilayer samples compared to the «-
Fe,05; (A) and «-Fe,O3 (B) sample. Meaningful perfor-
mance gains were observed during the illumination wave-
lengths. For the a-Fe, O3 (A) films, performance was 3-fold
greater than that of the «-Fe,O3 (B) sample. At 400 nm, the
IPCE at a used bias of 0.1 V (vs. Ag/AgCl) was 3.25%,
which corresponded to a 3-fold improvement over the o-
Fe,05/a-Fe,O3/FTO bilayer. Higher photon energy was
absorbed on the outmost layers of hematite and, therefore,
the photogenerated holes had a smaller diffusion way to
reach the surface, where they participated in H,O oxidation
reaction. An anodic used bias would increase the collection
efficiency of electrons, and an IPCE amelioration can be
seen in Fig. 10.
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Fig. 8 a Transmittance of the &-Fe,O3/-Fe,05 bilayer. b Tauc plot of a-Fe,O3 (A) and «-Fe,O3 (B)

Moreover, the applied bias would allow H,O reduction at
the Pt counter electrode by overcoming the mismatch (0.1 V
(vs. Ag/AgCl)) between the hematite conduction band edge
level and the reversible hydrogen potential.

Let us analyze the effect of the different thickness for layers
A (55 nm) and B (196 nm) and bilayer A + B (251 nm). The
absorption coefficient for «-Fe,O5 at 500 nm is about 1.5 x
107 cm™'. This means that the number of photons absorbed
for «-Fe,O5 layers with 55 and 196 nm thick are respectively
30 and 95%. Indeed, this argument is valid to explain the
increase in IPCE between A and B films. However, the overall
thickness of the bilayer A + B is about 251 nm and, in that
case, the number of photons absorbed at 500 nm is about 98%,
which is quite similar to that absorbed by sample B and does
not justify the improved PEC efficiency of the bilayer with
respect to layer B. So, an additional mechanism must be con-
sidered to explain the PEC improvement in A + B bilayer.

To gain further insight into the charge transfer process,
electrochemical impedance spectroscopy was performed at
+0.1 V vs. Ag/AgCl in 1 M NaOH solution (Fig. 11) [27].
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Fig. 9 Photocurrent intensity for the x-Fe,O3 (A), &-Fe,O3 (B), and o-
Fe,05/a-Fe,Oj5 (bilayer) electrodes under successive on—off illumination
cycles. Measurements were made in the 1 M NaOH electrolyte with a bias
potential of + 0.1 V

Figure 11a shows the experimental and fitted results. The lat-
ter (solid lines) have been obtained by assimilating the whole
system as the equivalent electrical circuit displayed in Fig.
11b. The radius of the arcs of the Nyquist plots for the -
Fe,05 (A)/a-Fe,O5 (B) bilayer was found to be much smaller
than that for both «-Fe,O5 (A) and «-Fe,O5 (B) films, indi-
cating that the «-Fe,O3 (A)/x-Fe,O3 (B) bilayer has a higher
charge transfer efficiency.

The «-Fe,O3 (A)/x-Fe,O5 (B) bilayer makes the charge
transfer efficiency (Fig. 11) and charge separation more effi-
cient in the bilayer photoanodes (Fig. 12) as compared to the
«-Fe,03 (A) and «-Fe, O3 (B) films; a dramatic enhancement
of the photocurrent density occurred as shown in Fig. 9.

Table 2 displays the results of the fit of Nyquist plots to the
equivalent electrical model. As expected, the charge transfer
resistance increases proportionally to the layers’ thickness be-
cause they behave as resistor connected in series. The capac-
itance is inversely proportional to the thickness of the dielec-
tric; therefore, the thicker the dielectric, the smaller the capac-
itance. In the case of the bilayer, both capacitors are connected
in series, and then the equivalent capacitance is always smaller

12
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Fig. 10 IPCE for «-Fe,O; (A), «-Fe,03 (B), and «-Fe,05/x-Fe, O3
(bilayer) at the 0.1 V (vs. Ag/AgCl) applied potential in N, degassed
1 M NaOH
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Fig. 11 a Nyquist plots for «-
Fe,05 (A), a-Fe,O5 (B), and -
Fe,05 (A)/x-Fe,O3 (B) bilayer.
Measurements were conducted in
1.0 M NaOH solution at + 0.1 V
vs. Ag/AgCl at room temperature.
b Equivalent circuit used to fit
Nyquist plots. R, solution
resistance; Ry, charge transfer
resistance; Cgc, the space charge
layer capacitance
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than the individual capacitances. For comparison purposes,
the IPCE values at 380 nm are also shown in Table 2. As
mentioned before, due to their respective thicknesses, the
numbers of photons absorbed by the bilayer are quite like
those absorbed by the «-Fe,O5 (B) films. Therefore, an addi-
tional mechanism is required to explain the PEC improvement
for the bilayer.

To shed light on the origin of the improved PEC efficiency,
we have measured the open circuit photovoltage curves of the
photoanodes in the dark and under illumination. Open circuit
photovoltage for all three layers was measured in 1.0 M NaOH
solution and is shown in Fig. 12. Under illumination, the open
circuit photovoltage for thicker sample «-Fe,O5; (B) layer is
slightly higher than that of «-Fe,O5 (B) layer. However, the -
Fe,0; (A)/x-Fe,05 (B) bilayer shows nearly three-times larger
open circuit photovoltage as compared to the individual &-Fe,O;
films. Similar results were obtained by Q. Yu et al. by using a
hematite homojunction without foreign doping. Q. Yu et al. [28]
suggest an enlarged band bending at the photoanode/electrolyte
interface as the responsible mechanism at the origin of the en-
hanced electron-hole separation, which further results in an
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Fig. 12 Open circuit potentials of a-Fe,O5 (A) layer, x-Fe,O3 (B), and
«-Fe,O3/a-Fe,O5 photoanodes
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improved PEC efficiency. In our case, the different methods used
for preparing o-Fe,O; (A) and «-Fe,O5 (B) layers could give
rise to layers with different Fermi level positions and an enhanced
electron-hole separation [29].

Improvement mechanism of PEC properties
by inserting an underlayer into the a-Fe,0s thin film

We reviewed the above explanations, and how the &-Fe,O3
underlayers influenced the PEC properties of a hematite thin
film, as shown in Scheme 10. The light diffusion length in
hematite was in the order of 100 nm (av=1.6x 10" m™' at
500 nm) [30], whereas the hole transmission length in hema-
tite was very short (20 nm [31]; 2—4 nm [32]).

For the simple FTO hematite photoanode, the
photogenerated holes created in the bulk would recombine
with electrons before reaching the semiconductor/electrolyte
interface to oxide water (indicated as (I) and (VI) in Fig. 13a).
The photogenerated electrons could transfer in the external
electric field to FTO (denoted as (IIT) in Fig. 13a). However,
these electrons could readily transfer back (indicated as (IV) in
Fig. 13a) to the hematite film, where they would recombine
with holes (referred as (V) in Fig. 13a). Therefore, when the
«-Fe,Osunderlayer was interjected, it would work as a good
wall to overpower the electrons back transfer (process (IV) in
Fig. 13b) due to the lightweight conduction band offset (€) of

Table 2  Parameters obtained from EIS measurements of the -Fe,O3
(A), a-Fe,05 (B), and «-Fe,O3/a-Fe,05 photoanodes

Samples Charge Space charge Solution  IPCE at
transfer layer resistance, 380 nm
resistance, capacitance, Ry (k) (%)

R (k€))  Csc (HF)

a-Fe,03 (A) 0.896 348 0.099 3

«-Fe,03 (B) 1.048 236 0.018 6

a-Fe,03 2.085 195 0.021 9

(A)Yo-Fe,05 (B)
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(a) (b)

Fig. 13 a Schematic drawing of the FTO/x-Fe,O; interface showing an
unhindered electron transfer. b Blocking the effect of the «-Fe,O3 (A)
underlayer on electrons transfer and the recombination process. The
photogeneration and major recombination of electrons and holes are as
follows: (I) photogeneration of electron and hole pairs; (II) direct
recombinations of the photogenerated electrons and holes in «-Fe,0s3;
(IIT) forward transfer of electrons in the external electric field; (IV)
electrons back transfer via diffusion; (V) recombinations of back
transfer electrons and holes in the VB of «-Fe,O3; and (VI)
recombinations of electrons in the CB of «-Fe,O3 with holes at the
interface of the a-Fe,Os/electrolyte

«-Fe,O5 (A) to either FTO or hematite. The recombination of
the process (V) in Fig. 13b would be well-suppressed.

Furthermore, the «-Fe,Osunderlayer physically separated
the hematite film from FTO, which also helped to repress the
interfacial charge recombination. These actions would benefit
by improving the photocurrent reaction of the photoanodes.
However, the blocking effect of the «-Fe,O5 underlayer was
not only for the electrons back transfer, but also for the elec-
trons forward transfer, i.e., the photoelectrons that transfer
from hematite to FTO. With increasing «-Fe,O3 underlayer
thickness, the process (III) in Fig. 13b would also be sup-
pressed. Therefore, the thin underlayer was needed to allow
the forward electron transfer from «-Fe,O5 to FTO, while the
dense underlayer would be good for the blocking effect. An
optimal thickness for the «-Fe,O5 underlayer would exist that
would balance the blocking function and the electron tunnel-
ing rate. The effects of the «-Fe,O5 layer worked separately
for the photogenerated electrons and holes and donate to the
separation of charge carriers.

Conclusions

Semiconducting materials, such as «-Fe,O53 (A) and «-Fe,0;
(B), were successfully electrodeposited on FTO substrates.
This enabled us to study the energy behavior of both semicon-
ductors and the «-Fe,Oz/-Fe,O5/FTO bilayer performance
about photoelectrochemical applications. FESEM showed
that «-Fe,O3; (B) could easily grow thicker to cover -

Fe>03 (A). The photoelectrochemical performance of the
nanostructured «-Fe,Os/a-Fe,O5 bilayer was better than that
of FTO/x-Fe,03 (A) and FTO/x-Fe,O5 (B). Water-splitting
performance was evaluated and the highest photocurrent den-
sity of 3 mA/cm? vs. Ag/AgCl was exhibited for the a-Fe, 05/
«-Fe,05 bilayer photoelectrodes. The improved photocurrent
density was attributed to two main combined factors: (i) gen-
eration of an electric field on the layer that suppressed the
recombination of the photogenerated charge carriers and (ii)
the application of an adequate external bias by favoring the
transfer and separation of the photogenerated charge carriers
on the x-Fe,03/x-Fe,O5 bilayer. Enhanced photocurrent den-
sity has also been attributed to an appropriate band edge align-
ment of semiconductors that enhances light absorption in both
semiconductors. The best performing samples were those of
the «-Fe,03/x-Fe,O3/FTO bilayer, which had IPCEs at
400 nm of 9%, with an applied potential of 0.1 V vs. Ag/
AgCl. These IPCE values were 3-fold higher than those of
the «-Fe,O3 (A) and «-Fe,O5; (B) samples for the o-Fe,05/
«-Fe,O3/FTO bilayer samples.
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Synthesis of in-gap band CuGaS,:Cr absorbers and numerical assessment of
their performance in solar cells
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ARTICLE INFO ABSTRACT

CuGas$, thin films were obtained by sulfurization of CuGaSe,. CuGaSe, thin films were first electrodeposited
from aqueous solutions containing CuCl,, GaCls, and H,SeO5 and subsequently annealed at 400 °C for 10 min in
forming gas atmosphere and in the presence of molecular sulfur. This sulfurization process resulted in the
complete conversion of CuGaSe, into CuGaS,. The formation of CuGaS, was proven by X-Ray diffraction and
optical spectroscopy. Diffraction peaks of CuGaS, shifted to higher angles than those observed for CuGaSe, films,
and the optical band gap shifted to blue rising from 1.66 eV for CuGaSe, to 2.2 eV for CuGaS,. When Cr ions
were added to the initial electrolyte, the final CuGaS, films exhibited a broad in-gap absorption band centred at
1.63 eV that can be attributed to Cr atoms at the Ga sites. The performance of solar cells based on CuGaS,:Cr
absorbers containing an in-gap absorption band was then estimated by numerical simulation using Solar Cell
Capacitance Simulator Software. Both quantum efficiency and short circuit current of simulated Mo/CuGaS,:Cr/
CdS/ZnO solar cells rose proportionally to the amount of Cr present in the CuGaS,:Cr absorbers. As a result, the
photo conversion efficiency of the simulated devices changed from 14.7% for CuGaS, to 34% for CuGaS,:Cr
absorbers. Nevertheless, when neutral defects related to Cr-doping were introduced in the absorber layer, the
positive effect of the enhancement of photon harvesting due to IGB was compensated by a decline in the carrier
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collection and the overall efficiency of the device diminished considerably.

1. Introduction

CIGS chalcopyrite semiconductors are among the most promising
materials to be used in high-performance photovoltaic devices due to
their direct bandgap, which can be tuned between 1.1 for CulnSe, and
2.2 eV for CuGaS,. Also, their cost-effectiveness and easy processing are
well known. Recently, CIGS thin-film photovoltaic devices reached a
record solar efficiency of 22.3% [1]. Among thin film technologies,
CIGS solar cells have achieved highest conversion efficiencies at la-
boratory scale [2,3]. Efforts to seek an economical and scalable method
for the production of stoichiometric CIGS thin-films have been made to
allow the commercialization of these devices. Among several techni-
ques, electrodeposition has demonstrated to produce CIGS devices with
high efficiency [4]. Currently efforts are being made with regard to
theoretical studies and also to improve inexpensive deposition strate-
gies for the chalcopyrite absorber layer [5].

The band gap energy of semiconductor materials plays a key role in
the performance of photovoltaic devices [6]. According to the Shock-
ley—Queisser limit, the optimal band gap energy of a single band gap PV
device was calculated to be about 1.4 eV [7]. Therefore, it would be
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unreasonable to use CuGaS, thin film as absorber in photovoltaic de-
vices based on one junction due to their high band gap which is about
2.2 eV. However, this energy matches the optimal band gap to host an
in-gap band (IGB) (also known as intermediate band) intended to ab-
sorb photons with energies lower than the gap. In the proposed IGB
material, electrons can follow two ways to be promoted from the va-
lence band to the conduction band: a) absorbing a photon with a higher
energy than the band gap, and b) through the absorption of two pho-
tons with energy below the bandgap. The absorption of one photon
promotes one electron from the valence band to the partially filled IGB
and then the electron is transferred from this IGB to the conduction
band after the absorption of a second photon, allowing a more efficient
use of the solar spectrum in photovoltaic devices. This type of solar cell
would be able to utilize the solar spectrum more efficiently, resulting in
a theoretical efficiency limit of 63.2% [8], which is significantly higher
than the 40.7% limit of conventional single band-gap photovoltaic cells
[7]. Such devices would possess higher open circuit voltages and in-
creased short circuit currents due to the higher band gap energy of the
absorbing material and the greater absorption coming from sub-band
gap photons, resulting in an increase of the overall efficiency [9].
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Fig. 1. The electronic structure and design of an IGB solar cell.

The in-gap absorption band concept is based on an adjustment of
the electronic structure of a semiconductor, by introducing a partially
filled absorption band inside the gap, as presented in the Fig. 1. This
IGB divides the band gap into smaller energy units, sub-band gaps. The
IGB then acts as a stepping stone for low-energy photons and allows the
promotion of electrons from the Valence Band to the Conduction Band
using two photons with energies below the band gap.

The semi-filled IGB will function as an electron receiver as well as
an electron supplier. The electronic structure of an IGB photovoltaic
device will in other words allow absorption of three photons at the
same time. The multi-absorption creates higher density of electron-hole
pairs available for increasing the electric current without lowering the
open voltage of the cell. As a result, the efficiency of the cell rises due to
the enlarged energy output per unit of incoming radiation.

High expectations have been placed in this theoretically model of
wide-spectrum absorption of chalcopyrite by introducing various do-
pants (Ti, V, Cr, Ni, etc.) [10]. The partially-filled IGB can provide
empty states to receive the electrons pumped by photon hv; and further
pump the electrons from there by photon hv,. The solar response is
significantly extended to lower energy photons, especially in the near-
infrared region. As a consequence, the multi-photon absorption of two
sub-band gaps (EV and EC) improves the photocurrent operationally
without photo-voltage degradation.

According to the literature [11], chrome substituting Ga in CuGaS,
chalcopyrite lattices would generate an IGB separated from both va-
lence and the conduction bands. When the transition metal (Cr) IGB
introduced into the CuGaS, lattice, it produces a partially filled band
separated from both conduction and the valence bands that allows
promoting an electron-hole pair through a two photons absorption
process with sub-band gap energies. Therefore, the use of an IGB ab-
sorber would allow harvesting higher amounts of solar photons.

The main determination of the present work is to dope CuGaS, thin
films with the transition-metal Cr to create a suitable IGB absorber [12].
Herein, we report the synthesis and optical characterization of CuGaS,
and CuGaS,:Cr thin films containing an IGB associated to Cr. CuGaS,
thin films were produced by sulfurization of previously electro-
deposited CuGaSe, films. The replacement of Se by S was completely
carried out after sulfurization. Optical analysis showed that the band
gap shifted from 1.66 for CuGaSe, to 2.20 eV for CuGaS,.with the
sulfurization, the position of X-Ray diffractogram peaks also shifted
from 27 to 29 degrees. The effectiveness of Cr-doping was inferred from
the presence of Cr in CuGaS, layers detected by microanalysis and the
optical detection of an in-gap absorption band. Furthermore, the be-
haviour of photovoltaic devices based on CuGaS, absorbers, with and
without an IGB was calculated by specific Solar Cell Capacitance Si-
mulation (SCAPS) software [13].
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2. Experimental

CuGaSe, layers were electrodeposited from an electrolyte solution
containing 2 mMol L™! CuCl,, 4mmolL™"' H,SeO;, 10 mmol L~}
GaCl;, 50 mmol L™ KSCN, 100 mmol L™! NH,Cl and 300 mmol L™ !
LiCl. The precursor solution pH was adjusted between 2.3 and 2.4 by
adding hydrochloric acid (HCl) and potassium hydroxide (KOH). For
better stability of the deposition bath solution, LiCl was used as a
supporting electrolyte, also improving the quality of the deposited
layers.

Electrodeposition was performed on a standard 3-electrode elec-
trochemical cell. The CuGaSe, thin films were deposited onto a 1 pm
thick Mo-coated soda lime glass substrate acting as a working electrode,
a platinum wire was used as counter electrode and Ag/AgCl as a re-
ference electrode.

For doping purposes, Cr>* ions were added to the electrolyte de-
scribed above. 150 mMol L™ of Cr (ClO4); was dissolved in 40 mL of
the electrolyte aqueous solution. The pH of the final solution was ad-
justed between 2.3 and 2.4 using concentrated HCI. Electrodeposition
produced Cr-doped CuGaSe, films and these films, which were subse-
quently sulfurized following the sulfurization procedure described
below.

CuGaS, layers were obtained after subsequent sulfurization of pre-
viously electrodeposited CuGaSe, layers. A complete replacement of the
selenium by sulfur, transforming the precursor CuGaSe, wurtzite film
into a CuGaS, chalcopyrite film took place in a quartz tube kept inside a
cylindrical oven at a 400 °C temperature for 10 min in a forming gas
atmosphere.

The crystal structure of CuGaSe, and CuGaS, thin films were in-
vestigated by X-Ray Diffraction (XRD) with a Rigaku Ultima IV dif-
fractometer in the Bragg-Brentano configuration using CuKo radiation
(A = 1.54060 A). The chemical composition was analysed by means of
Energy Dispersive Spectroscopy (EDS) with a FESEM Zeiss model
Ultra55.

Numerical simulations were performed using SCAPS, which is a one
dimensional computer software to simulate electrical characteristics of
thin film heterojunction solar cells. SCAPS was developed for CIGS and
CdTe thin film solar cells but it has been applied to other thin film
materials [14]. CuGaS,:Cr absorber layers with different Cr contents
were used in the simulation. Besides, the effect of neutral defects re-
lated to Cr-doping on the performance of solar cells was also studied
and discussed.

3. Results and discussion

Fig. 2 shows the XRD patterns of CuGaSe, and CuGaS, thin films at
their different preparation stages: (a) electrodeposited CuGaSe, thin
films and (b) sulfurized CuGaSe, thin films annealed for 10 min at
450 °C. The diffractogram obtained for CuGaSe, thin films matches the
tetragonal crystal system JCPDS No. 075-0104 pattern well. The major
peaks were located at 27.9°, 45.7°/46.2° and 54.3°/55.2° corresponding
to(112),(220)/(204)and (31 2)/(11 2) diffraction planes, re-
spectively.

The sulfurization process of the electrodeposited CuGaSe, films took
place after a short annealing time in the presence of molecular sulfur,
resulting in the formation of the CuGaS, chalcopyrite phase as revealed
by the XRD pattern of sulfurized films [Fig. 2(b)]. The XRD peaks
shifted to higher angles with the sulfurization process. The main XRD
peak corresponding to (1 1 2) diffraction peaks shifted from 27.9 to
29.0 degrees. Furthermore, the peaks corresponding to (2 2 0) and (2 0
4) and (31 2) and (1 1 6) diffraction planes observed for annealed
CuGasSe;, films also shifted to higher angles for sulfurized films. These
XRD peaks match the JCPDS No. 75-0103 pattern corresponding to
CuGas; films. This diffraction pattern confirms the replacement of Se
atoms by S atoms after sulfurization, and consequently, CuGaSe, thin
films were transformed into CuGasS, [15-17].
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Fig. 2. XRD patterns of CuGaSe, and CuGaS$, films: (a) CuGaSe, after annealing at 400 °C
in forming gas atmosphere, and (b) after sulfurization in molecular sulfur for 10 min at
400 °C.

Both CuGaSe, and CuGaS; films exhibited a tetragonal crystalline
structure. The XRD patterns of CuGaSe, and CuGaS, thin films display a
highly crystalline structure offering the possibility of being used for
photovoltaic devices with high conversion efficiency [18].

EDS was used to estimate the composition of deposited CuGaSe, and
CuGaS; films. Fig. 3(a), (b) shows the EDS spectra of annealed CuGaSe,
and CuGaSe, films doped with chrome. Main X-ray peaks belong to Cu,
Ga, Se and Mo, produced by the substrate. In Cr-doped CuGaSe, films,
three lines located at 0.5, 5.5 and 6.0 keV, respectively, support the
presence of chrome in these samples. After sulfurization the lines re-
lated to Se practically disappear, which means that the substitution of
selenium by sulfur has taken place [19]. Only a residual part of sele-
nium (below 1%) remains after 10-min sulfurization. The content of
chrome in doped films always remains between 1% and 2%, irrespec-
tive of the amount of Cr®* added to the starting electrolyte, which
means that the Cr:Ga ratio ranges from 4% to 8%.

Fig. 4 shows the normalized absorbance for CuGaSe,, CuGaS, and
CuGaS,:Cr thin films, respectively. According to Fig. 4(a), the cut-off
wavelength for CuGaSe, is about 746 nm, which corresponds to a band
gap of 1.6 eV. Fig. 4(b) displays the normalized absorbance for CuGaS,
films after sulfurization treatment. The cut-off wavelength for CuGaS,
films shifts to a lower wavelength (563 nm), which means a higher
energy band gap (2.2 eV). Fig. 4(c) shows the normalized absorbance
for CuGaS,:Cr thin films. An additional characteristic with respect to
undoped CuGa$, films is evidenced: in CuGaS,:Cr films, a wide ab-
sorption band centred at 760 nm (1.63 eV) appears. This absorption
band can be assigned to a sub-band related to Cr-doping. According to
theoretical studies, the substitution Ga®* by some transition metals like
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Cr would give rise to a partially filled absorption band into CuGaS,
chalcopyrite structures, which would then support the promotion of
electrons from the valence band to the conduction band through a two-
photon absorption procedure [20].

The proposed in-gap-band concept has gained a great deal of at-
tention in the field of third generation solar cell research. The IGB
position should neither overlap with the valence band (VB) nor with the
conduction band (CB). Such an in-gap-band does not only absorb
photons having an energy higher than that of the band gap (Eg) but also
permits the absorption of photons corresponding to sub-band gap,
which are capable of promotion electrons from the VB to the IGB and
then from the IGB to the CB [21]. The IGB associated to Cr-doped
CuGaS, may allow a higher current to be obtained at the voltage cor-
responding to the energy gap value, which is described in detail in the
simulation part.

4. Numerical simulation of solar cells based on CuGasS,:Cr
absorbers

The performance of photovoltaic devices based on IGB-absorbers
has been numerically simulated using SCAPS. The simulated photo-
voltaic device consists of the following sequence of layers: Mo/
CuGaS,:Cr/CdS/ZnO corresponding to back contact, absorber, buffer
and window layers, respectively.

In the simulation we used the experimental absorption coefficient
measured for CuGaS,:Cr considering that 5% of Ga was substituted by
Cr. To further estimate the effectiveness of the Cr-related IGB, we
proportionally increased the Cr content to 10% and 20% and then
studied its effect on the performance of the solar cell.

Fig. 5 shows the energy band diagram for Mo/CuGaS,:Cr/CdS/ZnO
thin film solar cells. The diagram plots various key electron energy
levels as the Fermi level and the energy band edges. The band gap of
pure CuGaS, is 2.2 eV, which is appropriate for hosting an IGB sepa-
rated from both conduction and valence bands. Cr doping originates an
IGB centred at 1.63 eV, which enhances the absorption and allows
boosting the efficiency of the device.

Fig. 6 shows the External Quantum Efficiency (EQE) under AM1.5
illumination for CuGaS,:Cr solar cells with a different Cr content ran-
ging from 0% to 20%. The EQE is the ratio of the amount of charge
carriers collected by the solar cell with respect to the amount of in-
cident photon energy on the solar cell. The EQE for pure CuGaS, falls to
0 for wavelengths longer than 620 nm, which corresponds to the band
gap of the absorber (2.2 eV). However, due to the absorption of the IGB,
a rise in EQE is observed within the range of 620-1000 nm. This in-
crease in EQE is related to the absorption of sub-band-gap photons
associated to the IGB and the general rule is: the higher the Cr content,
the higher the EQE in the region below the band gap. The key goal of
this research was to improve the performance of solar cells by inserting
an IGB to cover a wider wavelength range.

Fig. 7 shows the J-V characteristic of solar cells for CuGaS, absor-
bers with various Cr contents. Under AM1.5 illumination, the short
circuit current (Js.) depends on the Cr content in the CuGaS, absorber
layer. The short circuit current increases with regard to the Cr per-
centage. For Cr 0%, the CuGa$, absorber gives J,. = 12.6 mA/cm?, and
Js. increases proportionally to the Cr content of up to 29.41 mA/cm? for
Cr 20%, Cr 5%, 10%, and 20%, which means that the remaining Ga
atoms are 95%, 90% and 80% with respect to Ga atoms in pure CuGaS,
absorbers assuming that all Cr atoms are substituting Ga atoms. Un-
fortunately, this cannot be inferred from EDS analysis.

Table 1 displays the main photovoltaic parameters for the studied
devices in relation to the Cr content. Both, the open circuit voltage (Voc
1.34 V) and the fill factor (FF = 89.5) remain constant with the
amount of Cr. However, the short circuit current (Jsc) dramatically
increases with the Cr content, and as a result the photo conversion ef-
ficiency (PCE) increases from 14.73% for the CuGaS, absorber layer
without Cr to 34.00% for CuGaS,:Cr (20%) absorbers. This increase in
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Fig. 4. Comparison of the absorbance of CuGaSe,, CuGaS, and CuGaS,:Cr thin films. The
broad absorption band observed for CuGasS,:Cr, centred at 760 nm, is attributed to the Cr-
related in-gap band.

the PCE is directly related to the effectiveness of the intermediate band
for absorbing photons with energies below the band gap.

In the CuGaS, lattice, Cr atoms should act as a neutral defect and
would then hinder the movement of the carriers. Therefore, Cr doping
adds two effects; a) increasing the photon harvesting through the re-
lated IGB, and b) hindering the carriers drift as the doping modifies the
crystal lattice. In order to take into account both effects, we calculated

CuGaS, cds

ZnO

Energy (eV)

0.0 0.2 0.4 0.6

distance (um)

0.8 1.0 1.2

Fig. 5. Band diagram of the Mo/CuGaS,/CdS/ZnO thin film solar cell.

the photovoltaic parameters for the CuGaSe,:Cr devices for an in-
creasing concentration of neutral defects.

Fig. 8 shows the J-V curves for PV devices based on CuGaSe,:Cr
absorbers with an increasing concentration of Cr-related neutral de-
fects. Several features can be seen in these J-V curves: a) increasing
neutral defects results in a drop of Voc, b) Jsc is also decreased as the
number of neutral defects increases. As a result, PCE drops drastically
with the amount of neutral defects. The photovoltaic parameters of
such devices in relation to the neutral defects concentration are sum-
marized in Table 2.

By introducing neutral defects, the relationship between the PCE
and defects is inverse. When the neutral defect concentration increases
from 10 to 10%° cm ™3, the PCE decreases from 34% to 2.3%, which
means that the performance of the photovoltaic device is very sensitive
to neutral defects. Cr-doping improves photon harvesting and,
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Fig. 7. J-V characteristics of CuGaS,:Cr thin film solar cells with various Cr contents.

Table 1
Output parameters of the modeled Mo/CuGaS,:Cr/CdS/ZnO thin film solar cell with
various Cr content.

Cr (%) Voc (Volt) Jsc (mA/cm?) FF (%) PCE (%)
0 1.344 12.22 89.7 14.73
1.339 20.31 89.5 24.35
10 1.341 23.38 89.5 28.07
20 1.343 29.41 89.5 34.00

consequently, the short circuit current but, simultaneously, spreads the
concentration of neutral defects that obstruct the extraction of carriers
to the external load.

5. Conclusions

CuGa$, thin films were obtained by sulfurization at 400 °C for
10 min of previously electro-deposited CuGaSe, precursor films. The
shift observed in X-ray diffraction peaks and the widening of the optical
bandgap from 1.66 to 2.20 eV confirm the conversion of CuGaSe, into
CuGas.,.

After partial substitution of Ga by Cr atoms, an absorption band
below the gap is observed. This in-gap-band is centred at about 1.63 eV
above the valence band. Apart from transitions from the VB to the CB,
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Fig. 8. J-V characteristics of solar cells based on CuGaS,:Cr 20% absorbers with different
amounts of neutral defects.

Table 2
Output parameters of the modeled Mo/CuGaS,Cr/CdS/ZnO thin film solar cell with
neutral defects.

Neutral Defects (cm ™ 3) Voc (Volt) Jsc (mA/cm?) FF (%) PEC (%)
0 1.34 29.41 89.70 34.00
10'® 1.34 29.32 70.90 30.29
10Y7 1.30 26.48 51.71 17.80
10'8 1.27 23.92 42.70 12.97
10 1.21 21.74 38.82 10.21
10%° 1.10 7.80 26.34 2.26

the IGB band in CuGaS,:Cr films allows the absorption of two sub-band
gap photons and promotes electrons from the VB to the CB via the in-
termediate IGB. As a result, the absorption coefficient of the IGB ab-
sorber extends to a longer wavelength region.

Using the experimental absorption coefficient obtained for
CuGaS,:Cr films with 5% of Ga atoms being substituted by Cr, we
performed numerical simulations to assess the behaviour of a solar cell
based on CuGaS,:Cr absorbers for various amounts of Cr. The absorp-
tion due to the IGB dramatically increases the short circuit current of
the solar cell, and the photo conversion efficiency also grows from
14.7% for the CuGaS, absorber layer without Cr to 34% for the
CuGaS,:Cr absorber layer with 20% Cr content. However, as the
amount of neutral defects related to Cr increases, the efficiency of de-
vices diminishes, showing that the PCE for IGB-absorbers is very sen-
sitive to the presence of neutral defects.
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Introduction
Abstract

At present, photovoltaic solar cell investigations have rapidly
increased due to the higher demand of cleaner energy

This paper reports on the growth of quaternary consumption. In this sense, chalcogenides semiconductors

Cu,ZnSnS, (CZTS) thin films by a single step
electrochemical deposition followed by annealing at low
temperature. The influence of different annealing
atmospheres at constant annealing times (t=45 min) and
fixed preparation controlling parameters; i.e., starting
materials (precursor metal salts) solution concentration,
time of deposition and electrodeposition potential.
Structural, compositional, morphological and optical
properties as well as photoelectrochemical properties
were studied. The films sulfurized during 2 hours, showed
a prominent kesterite phase with a nearly stoichiometric
composition. Samples were characterized by X-ray
diffraction (XRD), scanning electron microscopy (SEM),
EDS and UV-VIS-NIR spectrometry. X-ray diffraction and
confirmed the formation of pure kesterite CZTS films. SEM
shows that films are compact with dense morphology and
homogeneous distribution. EDS analyzed the elemental
constituents of the quaternary Cu,ZnSnS,; with an
apparent Cu deficiency and S rich for the sulfurized
samples. From optical study, the energy gap was indexed
for the sulfurized samples. Eg=1.52 eV. Under illumination
sulfurized CZTS films exhibits negative photocurrent and
positive photovoltage values confirming the p-type
character of the films.

Keywords: Cu,ZnSnS,; Single step electrodeposition; Thin
films; Sulfurization

exhibit unique optical, electrical and chemical properties [1-5].
Consequently, in the last years, these compounds have
attracted the attention of the scientific community. In
particular, the thin film technology has been heavily promoted
by the interest in CdTe and CIGS-based solar cells [6-8].
However, these materials contain scarce elements in the
earth’s crust, such as In, Te and Ga and toxic ones as Cd and Se
[9,10]. CuyZnSnS,; system (CZTS) that crystallizes kesterite
structure is one of the most promising absorber materials for
solar cells, because of its low band gap around 1.5 eV and its
high absorption coefficient (104 cm™) [11]. In addition, the
absence of toxic elements and incorporation of low cost,
abundant and environmentally friendly elements as Zn and Sn,
instead of In and Ga [12]. Currently, 12.6% of efficiency record
has been achieved using hydrazine-based solution. Shockley—
Queisser photon balance calculations display 32.2% of
theoretical conversion limit for CZTS solar cells [13]. Thus, it is
important to highlight that the CZTS efficiency could improve
noticeably and becomes closer to CIGS efficiency (20.1%). In
the past, several chemical routes for CZTS synthesis have been
studied as well as their thin film deposition [14].

There are various preparation methods of CZTS divided into
two main parts; (1) physically vacuum deposition techniques
like sputtering [15,16], evaporation [17-19] and pulsed laser
deposition (PLD) [20]; (2) chemically based non-vacuum
deposition techniques such as electrodeposition [21,22],
hydrazine-based solution [23] and sol gel-based methods [24].
Electrodeposition technique is with favorable unique
advantages that are low-cost, large area plating, convenient
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industrial process, so electrodeposition is highly competitive
degree than other manufacturing techniques for CZTS
synthesis. Three electrode cell processes are characterized by
four main deposition techniques depending upon the starting
precursor species of ions. (1) stacked elemental layer approach
(SEL), (2) metal alloy electrodeposition (MAE), (3)
electrophoretic deposition (EPD), and (4) quaternary
electrodeposition (QED).

In each case, a post-deposition annealing step in the
presence of a molecular conductor source (chalcogenide) to
enhance the growth process. Each process possesses their
own merits and drawbacks, and all of them have drawn
significant attention as comfortable methods for large area
CZTS thin film deposition.

Here, we propose a single-step electrochemical deposition
method (SED) to deposit quaternary elements of copper, zinc,
tin and sulfur onto ITO substrates. The as deposited CZTS films
were further thermally treated in different atmospheres argon
and sulfur, respectively; at different temperatures in order to
enhance the crystallinity of the prepared films. The physical
properties, microstructure and morphology of the as
deposited and treated ones were studied by X-ray diffraction.
The best structure with the smallest crystal size was further

2018
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studied by scanning electron microscopy and EDS. Optical
properties were measured in order to calculate the band gap
energy and the absorption coefficient. Photoelectrochemical
properties were studied also for the sulfurized samples.

Experimental

Methods

CZTS thin-film precursor is grown by single-step
electrodeposition using -1.05 V versus saturated calomel
electrode (SCE) at RT for 45 min. The CZTS thin films were
electrodeposited potentiostatically on ITO substrates.
Substrate cleaning process is performed in an ultrasonic using
some organic solvents (soap, ethanol, acetone, 15 min each
step) in order to obtain uniform and good adherent
deposition. Electrochemical baths were formed of an aqueous
solution containing CuSO,4 (20 mM), ZnSO,4 (10 mM), SnSO,4 (20
mM) and Na,S,03 (0.2 M).

Tartaric acid is used to adjust pH of the solution at 5.0 and
tri-sodium citrate (Na3CgHs07) was as complexing agent. The
precursor films formed were annealed in Ar atmosphere and in
sulfur atmosphere (Table 1).

Table 1 Preparation parameters for Cu2ZnSnS4 as grown, annealed in Ar atmosphere and sulfurized.

Annealing Temperature (°C) Annealing Time Potential (V) pH Deposition Time (S)
atmospheres (Min)

CuyZnSnS; - sulfurized 400 45 -1.05 5.0 2700

CuyZnSnS, - Annealed 450 45 -1.05 5.0 2700

in Ar

CuyZnSnS, -as-grown -1.05 5.0 2700

Materials characterization

The crystal structure of CZTS is investigated by XRD (Rigaku
Ultima IV diffractometer in the Bragg-Bentano configuration)
using the CuK, radiation (A=1.54060 A). The microstructural
and elemental analyses were characterized using a Zeiss ULTRA
55 model scanning electron microscope (SEM) equipped with
an energy dispersive spectroscopy (EDS) system. To determine
the band gap energy was estimated from the optical
absorption, which was measured by recording the
transmission spectra using a UV-Visible spectrophotometer
(Ocean Optics HR4000) coupled to an integrating sphere (in
order to collect both specular and diffuse transmittance).

Photo electrochemical and electrochemical

analyses

The PEC measurements were performed in a quartz cell to
facilitate the light reaching the photo electrodes surface. The
light exposed surface of the working electrode is 0.25 cm?2. The
electrolyte used in all PEC measurements is 0.1 M Na,SO,4. A
potentiostat/galvanostat Autolab PGSTAT 302 N (Metrohm,
Netherlands) with a Pt rod counter-electrode and an Ag/AgCl
saturated in 3 M KCl reference electrode was used. The

2

chronoamperometry curves of the films were also obtained in
dark and under illumination with an intensity of about 1 SUN
(100 mW cm?) at the film surface.

Results and Discussion

Structural properties

The X-ray diffraction (XRD) patterns of Cu,ZnSnS,
quaternary alloy nanostructures as deposited, annealed in Ar
and in sulfur atmosphere are shown in Figure 1. There are five
peaks attributed to the diffractions of the (112), (101), (110),
(105), and (312) planes, at 26=28.35°, 44.05°, 46.68°, 47.31°,
55.54° and 28.27°, 44.05°, 47.32°, 47.42°, 55.96°, respectively
for Cu,ZnSnS, annealed in sulfur and in Ar atmospheres. The
Cu,ZnSnS, (CZTS) nanostructures were found to consist of the
tetragonal structure kesterite phase, with the (112), (105),
(220) and (312) diffraction peaks corresponding to those of
JSPDS card 26-0575.

XRD patterns shown in Figure 1 with diffraction angle 26
varied from 10 to 60 degrees. The observed peaks are
attributed to both CZTS and ITO. However, the XRD pattern of
the as deposited CZTS film shows the ITO characteristic peaks
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only. After annealing in Ar atmosphere (without sulfur) the
XRD pattern corresponds to the kesterite CZTS phase in
addition to ITO peaks. Those annealed in sulfur atmosphere
indicates a good crystallized kesterite phase and disappear of
ITO peaks referring to successful growth of CZTS kesterite
phase.

There is no peak for secondary phases in contrast to some
reports states that copper sulfide, tin sulfide, and copper tin
sulfide compounds exist as intermediates during sulfurization.
Those secondary phase sulfides always form mixtures with
CZTS at low sulfurization temperatures whereas they did not
appear in the prepared CZTS films. This result is due to the
selective process of precursor starting materials, sensitivity
control of solution pHs and complexing agent concentration
dependence. Careful equilibrium between temperature and
annealing atmosphere thus in absence of sulfur we have
increased the temperature of annealing to 450°C. In the same
time, we have decreased annealing temperature in presence
of sulfur to 400°C. Both annealing process were done for 45
min which is also in decrease with comparison to other stated
work where the annealing temperature is set for 1 h or more.

5 -]
i — CETS-pdM26-0573
= ITO & —CuyZnSnSy - sullururized
= —CuyZnSnSy - Ar anncaled
=—CuyZnSnSy - as grown
1.0x10°

=)
a
1)
)

5.0x10"

XRD Intensity (counts)

0.0

10 20 30 40 50 ]
20 (degree)

Figure 1 XRD patterns of the CZTS films as deposited,
annealed at 450°C, 400°C in Ar and sulfur atmosphere,
respectively for 45 min.

- J

As the annealing process were done in different
atmospheres as a function of time stability, lead to an
optimized resultant CZTS kesterite phase. Crystallite size was
calculated according to Scherer’s formula:

D=kM\/BcosB

where B is the Full Width at Half Maximum (FWHM), A
wavelength of X-rays with value is 1.5418 A, K is Scherer’s
constant depending on the crystallite shape and is close to 1
(K=0.9 was used) and 0 is the Bragg angle at the center of the
peak. Table 2 displays the crystallite sizes for CZTS films
annealed in Ar and in sulfur atmospheres, respectively.

Table 2 Crystallite size measurement of Cu,ZnSnS, annealed in
Ar atmosphere and sulfurized films.

© Copyright iMedPub
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Sample Crystallite size (nm)
CuyZnSnS, - Annealed in Ar 27.8
Cu,ZnSnS, - sulfurized 17.3

It is worth to notice that the crystallite size of kesterite
phase Cu,ZnSnS, sulfurized ones has larger crystallite size than
those annealed in Argon atmosphere. The annealing process in
Argon atmosphere were held at 450°C which lead to complete
kesterite phase formation with all kesterite indexed peaks in
addition to those of ITO used substrate. In the mean while
those grown in sulfur atmosphere shown sharp indexed peaks
for kesterite phase only and no substrate ITO representative
peaks.

Optical properties

Figure 2 shows the transmittance and absorbance spectra
for the CZTS thin films as-grown and sulfurized, respectively.
As can be seen the transmittance for the sulfurized sample is
higher in all the studied wavelength range, meaning that the
reflectance of the surface has decreased after the sulfurization
process.

( 7

CulZ n.‘:inSJ— Sulfurized

Absorbance
(0] AoUED WS WEL |

Figure 2 Absorbance and transmittance spectra for kesterite
Cu,ZnSnS,, As-grown (red) and Sulfurized (blue) thin films.

- J

For a direct-band-gap semiconductor, the optical band gap
energy can be evaluated by the expression (ah)2=A(h-Eg),
where Eg is the optical band gap energy, A is an energy
independent constant, h is the Planck constant, v is frequency,
and n is an index that characterizes the optical absorption
process and is theoretically equal to 1/2 for the direct allowed
transitions.

All the CZTS thin film samples exhibited broad absorption in
the visible region. The band gaps were obtained by plotting
(ahu)? versus the photon energy in eV. Extrapolation of the
straight line to zero absorption coefficient (a=0) allows
estimation of Eg.

Figure 3 shows the Tauc plot of Cu,ZnSnS, kesterite thin
films before annealing the (as grown) and sulfurized samples in
199 3
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sulfur atmosphere. The band gaps of the as grown films were
1.83 eV and 1.52 eV for the sulfurized ones which is close to
the reviewed CTZS band gap values.

Ve

10
@ o]
& a
8t g o
b o
S5
s °r
2
< af
O CuZnSns; as grown
2 @ CaZnSnS, sullurized
Eg=1.53 eV
0 2 = L
1.5 20 2.5 3.0
hw {EV}

Figure 3 Tauc plot of (Ahv)? versus (hv) for kesterite
Cu,ZnSnS,, As-grown and Sulfurized thin films.
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Scanning electron microscopy

Figure 4 shows Scanning Electron Microscopy (SEM) images
of the sulfurized CZTS films at different magnifications.
Scanning Electron Microscopy is one of the predominant
techniques to survey the surface of the samples. The SEM

analysis reveals that the grown films revealing good
crystallinity in agreement with XRD data. Uniform,
homogenous, well-covered and good adherence

agglomeration of grains with the films. No secondary phases
have been detected in contrast to annealing in sulfur
atmosphere at low temperatures like, ZnS, SnS, CuSnS and
Cus.

Figure 4 SEM images for kesterite thin films Cu,ZnSnS,-
sulfurized at different magnifications.

- J

The growth temperature determines growth of CZTS films
presence of sulfur enhance the crystallinity of the films. The
films deposited at 400°C in sulfur atmosphere show
homogeneity with smooth islands or small grains owing to
combination of CZTS formed in Ar atmosphere and sulfur. The
smooth region is related to the stoichiometry of the pure
kesterite CZTS formed phase with (Cu:Zn:Sn:S=2:1:1:4) ratio of
constituent films which is highly required to develop efficient
thin film solar cells. The SEM images of the sulfurized CZTS

4
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films grown with optimum growth conditions show very
uniform grain sizes.

EDS analysis

The composition of the as-deposited sample was evaluated
by a quantitative EDS analysis. Figure 5 shows a typical EDS
spectrum revealing peaks of Cu, Zn, Sn and S, due to the
deposited CZTS thin film. It is also obviously noticed that no
presence of any additionally peaks arising from substrate ITO.

The fundamental properties of CZTS have proven to be
suitable to serve as an active layer in solar cell devices. In the
Cu-based chalcogenides the Cu content is of key importance,
that it is strongly affects morphological, structural and
electrical properties of the films. Therefore, as a first
optimization for experimental conditions to synthesize CZTS,
we studied structural and morphological properties of CZTS
thin films as well as corresponding solar cell parameters by
varying the content of Cu. Controlling the amount of copper
lead to varying all other constituent elements, which in turn
lead to varying all other elemental ratios: i.e., Zn/Sn, (Cu/(Zn
+In) and (S/metal) ratios.

Figure 5 shows a typical EDS spectrum of sulfurized films.
Peaks corresponding to the four components Cu, Zn, Sn, and S
of CZTS films are evident in ECS spectrum.

Ve

T Map Sum Spectrum

(<]
(0]
8 keV

B
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Figure 5 EDS elemental composition analysis for sulfurized
Cu,ZnSnS, kesterite thin films.
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The composition of the studied samples is presented in the
Table 3 and their relative positions are indicated in the phase
diagram (Figure 5). The calculated ratios [Cul/([Zn]+[Sn])=0.5
and [Zn]/[Sn]=1.4, where the [s]/([metal]) ratio is equal to
1.65; which is clearly the most effected one due to the high
ratio of sulfur more than 50%. The apparent composition of
the elements is 12.59 at%, 14.79 at%, 10.27 at% and 62.32 at
% for Cu, Zn, Sn, and S elements, respectively. In general, it has
been observed that sulfurized films are moderately poor in Cu
and rich in S. The calculated [Cu]/([Zn]+[Sn])=0.5 and [Zn]/
[Sn]=1.4, where the [s]/([metal]) ratio is equal to 1.65; which is
clearly the most effected one due to the high ratio of sulfur
more than 50%.

Table 3 Compositional
kesterite thin films.

analysis of sulfurized Cu,ZnSnS,;

Elemental
ratio

Elements composition atomic (%) composition

00
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Cu Zn Sn S Cu/Zn Zn/S S/
(%) (%) (%) (%) +Sn n metal
CuyZn 12.5 14.7 10.2 62.3
SnS, 9 9 7 5 0.5 1.4 1.65

Photo electrochemical measurements of CZTS

Photo electrochemistry has been employed to explore the
semiconducting properties of sulfurized Cu,ZnSnS,;. When
semiconductor electrodes are exposed to periodic
illumination, the current driven is affected by the creation of
electron-hole pairs, which alters the concentration of minority
carriers and thereby promotes processes governed by these
carriers. During photoexitation both photopotential and
photocurrent can be observed, even at open circuit potential.
The photo excited electrons and holes are separated in the
space charge layer, and are driven by the electric field in
opposite directions. This migration induces an inverse
potential in the electrode (photopotential), reducing the
potential difference across the space charge layer and
retarding the migration of the carriers. In the case of p-type
semiconductors, the Fermi level of the semiconductor
decreases (the electrode potential increases) when the band
edge level bends downward in the space charge layer.
Moreover a negative photocurrent is registered when
photogenerated electrons move across the space charge
region towards the electrode/electrolyte interface and
increase the cathodic current [11].

Figure 6 shows the photocurrent registered at open circuit
potential and the photopotential developed across the
sulfurized CZTS at 400°C. The cathodic nature of the
photocurrent and the positive value of the photopotential
confirm the p-type character of the sulfurized CZTS film.
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Figure 6 (a) Photocurrent and (b) Photopotential response
of sulfurized Cu,ZnSnS, thin films (T=400°C) using chopped
light (10 sec on/10 sec off) in 0.1 M Na,SO, solution.

Conclusion

Cu,ZnSnS,; thin films with kesterite structure were
successfully synthesized using single step electrodeposition
process. Annealing process in Argon and sulfur atmosphere
were studied as function of time, as the time was fixed where
in Argon atmosphere the temperature was held higher than
those in sulfur atmosphere.

© Copyright iMedPub
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Characterization techniques have revealed the formation of
pure kesterite phase for the prepared Cu,ZnSnS, films in both
argon and sulfur atmosphere. XRD structure study showed
indexed peaks for Cu,ZnSnS, thin films with kesterite structure
with average crystal size about 17 nm.

The morphological study for the sulfurized samples indicates
that both films are polycrystalline with a uniform homogenous
surface morphology suitable for solar cell applications. The
elemental EDS analysis promotes that the prepared sulfurized
films with Cu poor, Zn and S rich Cu,ZnSnS, sulfurized kesterite
films. For the photoelectrochemical performance of the
Cu,ZnSnS, the photocurrent registered at open circuit
potential and the photopotential developed across the
sulfurized CZTS at 400°C improve the cathodic nature of the
photocurrent and the positive value of the photopotential
confirms the p-type character of the film.
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