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Due to their electrical conductivity, graphenes in small weight percentage can increase the efficiency of semiconducting

catalysts. Besides conductivity, other reasons for this beneficial influence of graphenes in PEC are the large contact area
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with the particles of the semiconductor and the fast electron migration from the conduction band of the semiconductor to
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graphenes, enhancing charge separation efficiency and lifetime. The purpose of the present review is to show how

addition of graphenes increases the photoelectrocatalytic activity of semiconductors as photoanodes or photocathodes.

The existing literature has been grouped according to the photoelectrocatalytic reaction, including CO, reduction, H,

generation and pollutant degradation, making emphasis in the photoelectrode preparation, since it determines the

properties of the resulting composite. The final section summarizes the state of the art and forecasts future developments

in the field.

Introduction

Due to the global warming and the need to decrease
greenhouse gases emission to the atmosphere, the
development of alternative green energy sources has become
an urgent need. As inexhaustible green energy, solar light
reaching the Earth surface is attracting considerable attention
as one of the possible alternatives to the use of fossil fuels 3
In this context, photocatalysis, aimed at converting photons
into chemical energy, is one of the most explored techniques
that could serve to obtain usable fuels from sunlight a3,

In this regard, considerable research efforts are being carried
out in order to prepare suitable photocatalysts for either solar-
to-energy conversion as well as environmental remediation. &9
In particular, the search of photocatalysts capable exhibiting
high performance in applications such as CO, reduction, water
splitting, pollutant degradation and bacterial disinfection has
attracted the interest of the scientific community in the last
decade **3, However, photocatalysis requires in many cases
the use of sacrificial agents and exhibits low production rates,
limiting severely its applicability. One possibility to circumvent
the problem, increasing production rates and avoiding
sacrificial agents, is to apply a bias potential to the
photocatalyst that in this case should be in contact with an
electrode ™. Considering the increasing production of
electricity by renewable energy, photoelectrocatalysis (PEC) is
attracting an increasing attention because of its possibilities as
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method to convert solar energy into chemical energy with the
required efficiency and productivity to reach
commercialization The application of an electric field
increases the separation of charge carriers in a semiconductor
and may result in a light productivity rate of the target
product. In this way, PEC combines the advantages of
photocatalysis and electrocatalysis 18,

The focus of the present review is to describe the state of the
art for the use of graphene in PEC. Considering the electrical
conductivity of graphene and its growing use in photocatalysis
as cocatalyst, there is much obvious potential on developing
photoresponsive electrodes containing graphene for PEC.
Although there are a substantial number of articles in
photocatalysis using graphene as co-catalyst in combination
with semiconductors 17'19, they will not be considered in the
present review that it is focused on the use of graphene and its

derivatives in PEC. Also, those reports in where the
photoresponse and the photocurrent of transparent
conductive electrodes that have a thin layer of a

semiconductor and graphene have been measured, without
analyzing the products evolved in the photoelectrochemical
process will not be necessarily included in this review.

Since Fujishima and Honda published the first observation of
light-induced water electrolysis, using TiO, as photolectrodezo,
a high number of semiconductors have been used for
photocatalysis and PEC including ZnO, Fe,03;, WO3, CdS, BiVO,,
Bi,W0O, and NaTaO321. However, it is clear that TiO, is still the
most studied semiconductor owing to the combination of
remarkable properties such as low cost, high photocatalytic
activity under UV light irradiation and long term stability
against corrosion” *2. The main problem of TiO, is its wide
energy band (3.2 eV) and as consequence, TiO, can only
absorb UV light from solar energy, resulting in a very
unsatisfactory TiO, photocatalytic activity under sunlight
irradiation. To circumvent this limitation of TiO,, several other
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semiconductor materials have been studied as visible light
active photocataysts, such as metal sulfides or oxides, and
metal nanoparticlesm'27 General issues common to all
photocatalysts are how to maximize solar energy absorption
and decrease the electron-hole pair recombination.

Due to its unique properties, graphene has become a
promising material in different fields ranging from renewable
energy 28 29 4o catalysis 3035 The high electrical conductivity
and charge mobility, its theoretical high specific surface area,
the excellent optical transmittance and high chemical
stability%"38 allows graphenes to be used in different fields
such as sensors 39'42, capacitors 43"45, transparent conductive
films46'49, nanocomposites, transistors 3052 and catalysis 3
Specifically in the field of solar-to-energy conversion, the use
of different carbon based nanomaterials (graphene, graphene
oxide, doped-graphenes, fullerenes, carbon nanotubes, carbon
quantum dots...) either as photocatalysts >*57 or as additive in
semiconductors (LDHs, CdS, ZnS, TiO,, ZnO, g-C3N,...) to
improve their photocatalytic performance has grown very fast
in the last years 881 This enhanced photocatalytic efficiency
derives from the occurrence of better charge separation due
to the migration of photogenerated electrons in
semiconductors to graphene and their consequent
delocalization. A possible influence of graphene enlarging in
the absorption range of the semiconductor has also been
claimed 2 ®* ®3_ The recent development of graphene-based
photoelectrodes in solar-to-energy conversion is summarized
in Figure 1. As can be observed, the number of publications
per year has increased continuously in the last 5 years.
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Figure 1. Number of publication related to the use of
graphene-based materials as photoelectrodes in solar-to-
energy conversion in the last years. * Number of publications
up to June 1% of 2017. Source SciFinder ®

This review presents different materials composed by
semiconductors and graphene as co-catalyst and electrical
conductive material for their use in photoelectrochemistry in
three main applications, i.e., in CO, reduction, H, production
and pollutant degradation. When presenting the existing
photoelectrodes, special attention will be paid to the
preparation procedure, since it will determine the morphology
of the composite and the resulting properties. Also the

2| J. Name., 2012, 00, 1-3

conditions of the photoelectrocatalytic cells will be
commented particulary considering the potential role of the
electrolyte not only to equilibrate charges, but also as
sacrificial agent undergoing transformation during the
photoelectrocalytic process. Stability of the graphene-
containing photoelectrodes will also be commented when data

on this issue has been provided.

Photoelectrochemical CO, reduction

There is a considerable number of studies showing that when
semiconductor materials (TiO,, WO3;, Cu,0, ZnO, g-C3N,, etc.)
are combined with graphene in very small weight percentages
there is a synergetic effect 10, 6a-67 and, as result, the
photocatalytic activity is enhanced for H, generation 8870 as
well as for CO, reduction 73 Not surprisingly in view of the
effect of the addition of graphene in photocatalysis, some
photoelectrochemical studies have also focused on
establishing performance of TiO,/graphene composite as
photoanode76‘ 7 in comparison  with analogous
photoelectrodes lacking graphene. In one of these studies
TiO,/graphene photoanode has been used to promote the
photoelectrochemical CO, reduction in aqueous media’®.
TiO,/graphene composite was prepared forming TiO, by sol-
gel from tetra-n-buthyl orthotitanate [Ti(OBu),] in the
presence of reduced graphene oxide (rGO). In this procedure a
final calcination step at high temperature (600 °C) is required
to induce the crystallization of the initially amorphous TiO,
solid initially obtained by sol-gel into the anatase phase that is
the photocatalytically most active TiO, crystallographic form.
SEM characterization of TiO, samples containing or not rGO
does not show differences in the average TiO, particles size
(18-24 nm), but aggregation of these TiO, nanoparticles (NPs)
is diminished by the presence of graphene, i. e. TiO, NPs
exhibit less agglomeration and are more uniformly dispersed
when graphene is present than in the absence of graphene.
Differences in the UV-Vis absorption spectra show that the
presence of rGO increases the absorption intensity compared
with the sample lacking of rGO. It was commented that this
higher absorption intensity should be beneficial for the
photoelectrocatalytic process, since more photons could be
absorbed. However, it should be pointed out that the higher
absorptivity of TiO, when rGO is present is most probably due
to an internal filter effect of few or multiple layer rGO sheets
and, in this case, the photocatalytic activity should not be
increased but decreased, since the photons are really not
absorbed by TiO,. While single layer graphene is almost
completely transparent to all wavelengths in the UV-visible
spectral range, transparency of the sample decreases and
visually becomes grey or black in appearance is observed for
few-layer graphene samples due to the occurrence of m-m
stacking among the graphene layers.

Photoelectrochemical studies wusing the TiO,/graphene
photoanode indicate that the photocurrent in an aqueous
solution containing Na,SO, (0.1 M) and triethanolamine (TEA)
(0.5 M) increases in the presence of CO,, and this was taken as
an indication that photocatalytic CO, reduction was taken
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place, although product analysis is still necessary to confirm
this assumption. The pH value influences the photocurrent in
the presence of CO,, reaching a maximum at pH 11. This was
justified considering possible differences in
photoelectrocatalytic reduction of HCO; (7.5<pH<8.5) and
CO32' (dominant at pH>11.5), the latter one being less prone to
undergo reduction. Accordingly, it seems that HCOj3 is better
substrate for the photoelectrochemical reduction and basic pH
values are more favourable, provided that it does not change
HCOj3 speciation.
Electrochemical impedance spectroscopy (EIS) shows for
TiO,/graphene electrodes different arc sizes as a function of
the pH. It was, then, concluded that the observation of higher
photocurrent at higher pH values was due to the lower charge
transfer resistance under these conditions. It was observed
that the presence of graphene on the photoanode increases
the anodic current of the TiO, electrode, a fact that was
attributed to the conductive properties of graphene. However,
it should be commented that the interest of this study would
be higher if direct evidence of CO, reduction as well as the
resulting product distribution would have been provided. This
could have done by complete analysis of the aqueous as well
as the gas phase during the photoelectrocatalytic study.
Without this data, the proposed synergy of graphene on the
photoelectrocatalytic HCO;3 reduction cannot be considered as
confirmed on solid ground.

The interaction of CO, with TiO, nanoparticles supported on G
or r-GO (containing preferentially epoxy groups) has been
studied in models using density functional theory (DFT)
calculations. This work revealed that the type of G supporting
TiO, should exert a significant influence on the CO, binding
energy. Thus, it is predicted that r-GO containing mainly epoxy
groups should adsorb stronger CO, on the TiO, surface, due to
a higher charge delocalization on the r-GO sheet when
compared with TiO, supported in G 78,

Photoelectrocatalytic CO, reduction has been reported also by
Hasan and co-workers using Cu-doped TiO, supported on rGO
((Cu)TiOz-rGO)W. Cu doping (at nominal 1 mol%) and formation
of the composite of doped TiO, and graphene was achieved by
synthesizing TiO, (30-45 nm) by sol-gel from Ti(OBu), in an
ethanol/water solution in the presence of Cu(NO;), as dopant
precursor and 1 wt% rGO. The preparation procedure was
completed by calcination of the material at 450 °C for 4 h. The
anatase phase of TiO, in this composite was confirmed by XRD,
while Cu phases were not detectable, something not surprising
considering the low Cu proportion in the material. The
presence of Cu as cu®* and cu* (56 %) could be, however,
detected and differentiated by XPS. The strongest evidence in
support of Cu doping into the TiO, framework was obtained by
HR-TEM measurements. d-Spacing of Cu-doped TiO, was 0.35
and 0.26 nm for two different facets. The presence of Cu
atoms in the lattice caused an enhancement of light
absorption of the doped TiO, sample in the 400-800 nm range.
A decrease in the emission intensity of (Cu)TiO,-rGO was
observed in photoluminescence, suggesting a decrease in the
efficiency of e/h" recombination that is the process
responsible for light emission. In addition, EIS also shows lower
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resistance of the semiconductor/electrolyte interface for
(Cu)TiO,-rGO compared to related binary materials. Moreover
(Cu)TiO,-rGO electrodes resistance decreases from 536.9 to
217 Q-cm™ for dark and illuminated electrodes, respectively,
due to the generation of photocurrent.

With regard to the photoelectrocatalytic CO, reduction,
irradiation of (Cu)TiO,-rGO in 10 % aqueous solutions of
methyl diethanolamine (MDEA) saturated with CO, gives rise
to formation of methanol and formic acid (quantified by HPLC).
No photocurrent was observed for TiO, and TiO,-rGO, while
(Cu)TiO,-rGO exhibits a maximum photocurrent at a bias
potential of -0.61 V vs SCE. The estimated electrical current-to-
chemical reduction efficiency was 32.47 % that is a remarkable
value and probably enough for commercial application
provided that the process can be performed under natural
sunlight irradiation in the absence of sacrificial MDEA and the
photoelectrode is stable for very long periods.

The photoelectrochemical CO, reduction has also been
reported by Hasan and co-workers for Ga,05-TiO,-rGO
composite deposited on ITO electrode”. The reason for
combining Ga and Ti oxides is to determine the effect of 3d"°
Ga cations in one phase with 3d° Ti atoms in another phase.
The preparation of the composite was carried out by sol-gel
hydrolysis starting from Ti(OBu), and Ga(NOjs); under acid
conditions (acetic acid pH<3) in the presence of suspended
rGO. rGO was obtained by hydrazine reduction of GO prepared
by Hummers oxidation of graphite. The photoanode was finally
prepared by electrophoretic deposition of the suspension
containing the three components. No analytical data of the
final composition of the photoanode was given, although 1
mol% Ga(NO3); is used in the synthesis and the rGO content in
the suspension was 1 wt%. Ga,05-TiO,-rGO composite was
calcined at 550 °C in order to crystalize the anatase phase.
Although Ga doping of TiO, was claimed in accordance with its
small percentage, X-ray diffraction clearly revealed two peaks
at 37.6 and 38.5° corresponding to B-Ga,0; indicating that, at
least in part, Ga is present in a separate phase.

The photoelectrochemical activity Ga,05-TiO,-rGO for CO,
reduction in the presence of triethylamine (TEA) was
evidenced by the remarkable increase in the voltammetry
response  when  the photoanode  containing  this
nanocomposite was illuminated after CO, saturation, while in
the absence of CO, the photocurrent is negligible (see Figure
2) and formic acid is not detectable. This remarkable increase
in the current density was taken as an evidence of the
occurrence of CO, reduction.
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Figure 2. Voltammetric response of the illuminated Ga,0s—TiO,-rGO/ITO electrode in

the presence of 5% TEA solution (a) in the dark, (b) under illumination with a solar

simulator and (c) under illumination with CO, saturated solution. Reproduced from ref.

7 with permission from The Royal Society of Chemistry.

However, it should be commented that performing the
photoelectrochemical reduction at -0.57 V vs SCE constant
potential, the of formic acid, although
increasing linearly with the time, is very small, reaching 178
ppm at 2 h. The study should have been completed by i)
quantifying the selectivity of the CO, reduction process versus
hydrogen evolution, ii) by given efficiencies of CO, reduction,
and iii) by providing data of a control at same conditions in the
absence of rGO and/or Ga in the photoanode.

Cheng and co-workers developed a photoelectrocatalytic
cell for CO, reduction by water consisting in a photoanode
made of TiO, nanotubes and Pt NPs supported on rGO and
deposited on a conductive Cu foam separated by a Nafion
membrane®. Note that in this system rGO is not in contact

concentration

with the semiconductor, but it is acting as support of Pt NPs.
The scheme of the cell is similar to that shown in Figure 3. Also
worth noting is that in these experiments different electrolytes
for the photoanode (0.5 M H,SO,) and cathode (0.5 M
NaHCO;) compartments were used. The proton conductivity of
Nafion membrane and the photoelectrocatalytic reaction
should at long term equilibrate these two electrolytes,
resulting presumably in a much decrease activity of the
system.

The Pt NPs-rGO (with a particle size of 3.6 nm and a loading of
Pt between 1 and 16 wt%) cathode was prepared by ethylene
glycol reduction of H,PtClg-6H,0 in the presence of dispersed
GO obtained by Hummers oxidation of graphite. Pt-rGO
powders were suspended in a mixture of Nafion solution and
deionized water (1:1) and deposited on Cu foam, although no
indication of the adherence of the Pt-rGO on Cu foam was
given.

A synergistic effect of the photoelectrocatalytic process
combining light and electrode polarization was observed by
comparing the performance of the CO, reduction (2 V bias
voltage and light) of the photoelectrocatalytic reaction with
respect two control experiments, one of the purely
photocatalytic (light, but not voltage) and other solely
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Figure 3. Schematic diagram of the photoelectrocatalytic system comprising TiO,

nanotubes as photoanode and Pt-rGO supported on a metal foam as catode. The metal
combines Cu or Ni. Reprinted with permission from ref. & Copyright (2014) American
Chemical Society.

electrocatalytic (2 V bias potential, no light) reaction. Figure 4
summarizes the products obtained and illustrates the
advantage of combining light and polarization potential.

One important finding of the photoelectrocatalytic CO,
reduction process using Pt-rGO/Cu foam was also the synergy
between Pt-rGO and the Cu foam, since both components
independently are active for CO, reduction to C; and C,
carboxylic acids and in the case of Pt-rGO also to methanol and
ethanol. When the two components (Pt-rGO and Cu) are
combined forming the cathode, propionic acid is also
detectable in a significant extent and the overall rate of CO,
reduction increases from about 1500 nmol-h™cm™ to about
2850 nmol-h™-cm™. It would be important to determine the
origin of this synergy in order to maximize the effect. By
studying the performance of a series of Pt-rGO samples with
various Pt loadings, an optimal Pt loading on rGO of 4 wt% was
determined to maximize CO, reduction, reaching a conversion
rate of about 4000 nmol-h™-cm™.
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Figure 4. Products and generation rates in the photoelectrocatalytic (PEC) cell with Pt—
rGO/Cu foam cathode and TiO, nanotube photoanode. Note: (1) PEC: voltage applied
through the cell was 2 V. The Pt-rGO loading amount on Cu foam was 4 mg-cm’z. Pt
loading amount on rGO was 2 wt%. (2) Photocatalytic (PC): no voltage was applied
through the cell. The connection between cathode and anode was through an external
wire. (3) Electrocatalytic (EC): TiO, nanotubes in the dark. Reprinted with permission
from ref. %. Copyright (2015) American Chemical Society.
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The existence of an optimal Pt loading is related to the
agglomeration of Pt NPs on rGO resulting in larger metal
particles with lower activity when Pt NP loading is too high. As
can be observed the products generated during the CO,
reduction with Pt-rGO (formic, acetic, propionic acid, methanol
and ethanol) have a particularly high economic value since
they are liquids and many of them have two or three carbon
atom chains.

When instead of Cu, a Ni foam is used as support,
photoelectrocatalytic CO, reduction rate by water
measured (approximately 1130 nmol-h™-cm™), even if the TiO,
nanotube array is modified with Pt NPs by electrodeposition to
favour the e /h* separation and the electrical conductivity of
the anode®. However, it should be commented that in the
H,SO, in the photoanode
compartment present in the study with Cu foam was replaced
by 1 M NacCl as electrolyte (Figure 4).

The origin of the photoproducts was confirmed to be CO, by
performing a control experiment replacing 1 M NaHCO;
electrolyte by 1 M Na,SO,, whereby only H, evolution was
detected. 13C-isotope labelling of CO, could have also
confirmed the origin of the photoproducts on a firm ground.
Comparing the performance of a cell having Pt-rGO deposited
on Ni with analogous cathode containing Pt-CNT (CNT: carbon
nanotubes) and Pt-C (C: active carbon) it was concluded that
rGO is the most active material. Moreover, product selectivity
for the CO, reduction changes from methane, formic and
acetic acid when Pt-CNT is used to ethanol (major) and acetic
acid (minor) using Pt-rGO. The current efficiency reached with
the Pt-rGO cathode is 78 % in total. This is a very interesting
product distribution due to formation at some stage in the
reaction mechanism of C-C bonds, increasing considerably the
added value of the products that could be used not only as
solar fuels, but also as primary products for the chemical
industry. The higher efficiency of Pt supported on rGO
compared to other related carbon materials should be related
to the unique morphological and physical properties of rGO,
including electrical conductivity, single-atom layer thickness
and large surface area.

In a pioneer work, Grimes and co-workers showed that N-
doped TiO, nanotubes containing Pt and Cu NPs exhibit high
activity for the natural sunlight, photocatalytic gas-phase CO,
reduction by water to methane®. The system reached an
efficiency of 111 ppm~cm'2-h"1 that is among the highest rate
reported for this reaction. The high activity for this catalytic
system derived from a combination of factors including N-
doping of TiO, to promote visible light absorption by
narrowing TiO, band gap due to the presence N-atoms and/or
oxygen vacancies and the presence of Pt and Cu NPs as co-
catalysts to increase selectivity for CO, reduction and methane
formation respect to alternative H, generation82

In this context, it is of interest to test this multicomponent
material also under photoelectrochemical conditions. Bias
voltage could increase even further the efficiency of the N-
doped TiO, nanotube array for CO, reduction. Working in this
field, Cheng and co-workers reported the
photoelectrochemical reduction of HCO; electrolyte in CO,-

lower
was

measurements with Ni foam cell,
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saturated H,0 using a Pt-modified TiO, nanotube array grown
on Ti foil that was used as photoanode, combined with Pt
modified rGO as cathode® Figure 5 illustrates the
configuration of the two-compartment photoelectrochemical
cell employed in these experiments. The operation potential
range was scanned from +1.4 V to +2.6 V, finding that product
generation increases steadily with the applied voltage, but the
current efficiency has an optimal about 2 V. The analysed
products included hydrogen, methane, carbon monoxide,
formic acid, methanol, acetic acid and ethanol. A maximum
carbon conversion rate of 1500 nmol-h™-cm™ was reached at a
bias voltage of 2 V upon irradiation from 320 nm to 410 nm.
From the application point of view, it would be necessary to
increase the selectivity of the process.

The influence of the applied bias voltage on the carbon atom
conversion rate in the range potential from 1.4 V to 2.6 V
shows that the amount of products formed, in particular acetic
acid and ethanol, increases with the voltage as indicated the
Figure 6. However, it should be commented that the current
efficiency for CO, reduction first grows and, then, decreases
when the bias voltage of the cell exceeds 2 V, due to the
competitive H,0 electrolysis, whose efficiency increases above
2V.

Concerning the optimal pH value of the cathodic electrolyte (1
M NaHCO;) for achieving the highest product generation rate
in CO, reduction, it was found that the maximum product
formation was reached at pH 8.8, decreasing this rate for
lower or higher pH values. This pH dependency is likely to be
related with speciation of HCOj3 in the aqueous phase.

Besides metal oxides, metal sulfides have also been widely
used as semiconductors. The main advantage is that the band
gap of sulfides (typically below 2.5 eV) is generally much
narrower than oxides®" . Consequently, metal sulfides absorb
in the visible wavelength range. One of the studies using metal
sulfides as semiconductor reports the activity of a mixed
copper-indium sulfide as photocathode for the CO, reduction

-
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n

‘hﬂ".\'

Figure 5. Schematic of the photoelectrochemical cell used for CO, conversion with N-
doped TiO, nanotube arrays as photoanode and Pt-rGO as cathode. Reprinted with

permission from ref. . Copyright (2014) Elseview.
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in absence and in presence of rGO as co—catalystse. CulnS,
cathode containing or not rGO was prepared by
electrodeposition on a conductive transparent indium tin
oxide (ITO) electrode from a dimethyl sulfoxide (DMSO)
solution that contained an equimolar concentration of CuCl,
and InCl3-4H,0 and three times excess or sulfur powder. For
the preparation of CulnS,/rGO photocathode, GO in different
concentrations was present during the electrodeposition of
CulnS, to form CulnS,/rGO. It is supposed that the GO
undergoes simultaneous electrochemical reduction during the
electrochemical deposition of CulnS,/rGO. The better
performance of the photocathode containing rGO was
determined by comparing the current density versus bias
voltage for CulnS, and CulnS,/rGO electrodes in the dark and
under UV-Vis illumination (350-650 nm). Figure 7 shows the
photocurrent for this photocathode, showing the beneficial
effect of the presence of rGO in the photocurrent generated
by the photocathode. By applying an optimal bias voltage of -
0.59 V and using as electrolyte 0.1 M acetate buffer solution
and 10 mM pyridine under CO, saturation (pH value 5.2),
methanol was the only product detected with an efficiency of

6 | J. Name., 2012, 00, 1-3
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Figure 7. Photocurrent density for CulnS, and CulnS,/rGO hybrid thin films in the
potential range from -0.8 to 0 V in 0.1 M Na,SO,4 aqueous solution (a) in dark, (b) CulnS,
thin film under illumination, and (c) CulnS,/rGO hybrid thin film under illumination.
Reprinted with permission from ref.%. Copyright (2016) ScienceDirect.

1.4 % for CulnS,/rGO photocathode that was higher than for
CulnS, in the absence of rGO. Control experiments indicate
that no methanol was formed in the absence of pyridine or in
the presence of pyridine without acetate buffer. The reasons
for this requirement of the simultaneous presence of acetate
buffer and pyridine in the CO, reduction are not clear, because
the obvious presumable role of both components should be
pH control. In fact, the effect of the pH value on the current
density and methanol concentration is remarkable, finding
that 5.2 units is the optimal value. It was proposed that at this
pH of 5.2, equimolar concentrations of pyridine and pyridinium
should exist and the simultaneous presence of both species is
optimal for the formation of CsHsN-H--0=C=0 intermediate
that is proposed to be the key species in the CO, reduction to
methanol.

One of the main problems when metal sulfides are used as
photocatalysts is the poor stability under operation conditions
and their tendency to undergo photocorrosion, leading to the
formation of the corresponding metal oxides. However, in the
present case the linearity of methanol concentration with the
irradiation time (in the mM range, see Figure 8) as well as the
absence of change in the morphology of CulnS, and
CulnS,/rGO electrodes during the reaction suggest the stability
of the mixed sulfide under the reaction conditions.
Nevertheless, it should be commented that 10 h of reaction
time could not be long enough to observe changes due to
corrosion that could appear at longer times.

Table 1 summarizes the graphene-based photoelectrodes
reported in this section as well as their working conditions and
performance.

This journal is © The Royal Society of Chemistry 20xx
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Tablel. Summary of graphene-based photoelectrodes for reported for CO,
reduction with indication of the applied bias potential, products formed and

their performance.

Sample Bias(V) Products Performance | Ref.
TiO,/rGO - No analysis - 74
(Cu)TiO,/rGO -0.61 CH3OH and HCOOH 32.5%" 75
Ga,05-TiO,- .
-0.57 HCCOH 178 ppm 77
rGO
HCOOH, CH;COOH, .
4000
Pt /Cu/rGO 2 C,HsOH, CH3OH, 5 78
nmol/h-cm
C,HsCOOH, H,
CH,, CO, H,, HCOOH, P
1500
Pt NPs-rGO 2 CH30H, CH3COOH, , 81
nmol/h-cm
C,HsOH
CulnS,/rGO 0.59 CH;0H 1.4 % 84

? referred to current-to-chemical reduction efficiency. ® total HCOOH
production in 2h. © Maximum CO, conversion rate. 4 Maximum CcO,
conversion rate.
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Figure 8. Temporal evolution of methanol using (a) CulnS, and (b) CulnS,/rGO hybrid
thin film electrodes at -0.59 V. Reprinted with permission from ref.®. Copyright (2016)
ScienceDirect.

Photoelectrochemical hydrogen production

Besides CO, reduction, the use of solar light to obtain H, from
H,O in the presence of a photocatalyst has been widely
studied as a possibility for the renewable, clean and large-scale
production fuel 8789 However, the strict thermodynamic
requirements, on one hand, and the need to use of narrow
band gap semiconductor materials to harvest the maximum
possible visible light photons, on the other hand, explain why
the current state of the art has achieved insufficient
efficiencies (~1%) for large scale industrialization % And for
this reason, PEC is being considered, among other
methodologies, a very promising approach for the generation
of H, from H,0 1

Although TiO, is by far the most widely used photocatalyst
combined with rGO for photoelectrochemical hydrogen
generation,gz’ % other semiconductors have also been
combined with rGO for their used as photoelectrodes.

This journal is © The Royal Society of Chemistry 20xx

In one of these studies, Ng and co-workers used BiVO, as
photocatalyst to promote visible light (A > 420 nm) reduction
of GO to rGO in ethanol suspension and then BiVO,-rGO was
drop-cast on and ITO electrode. In comparison to BiVO,, the
composite BiVO,-rGO exhibits significantly higher
photoresponse in the voltage range from -0.5 V to +1 V .
Figure 9 shows the incident photon to current efficiency (IPCE)
values at +0.75 V bias of BiVO,-rGO photoelectrocatalyst that
is considerably higher than analogous BiVO, electrode.

The efficient photorresponse presented in Figure 9 is also
reflected in the much higher efficiency of BiVO,-rGO
composite for water splitting into H, and O, using 0.1 M of
Na,S0, electrolyte at an external bias of 0.8 V, reaching an
evolution rate of 0.75 and 0.21 pmol-h'1 for H, and O,,
respectively. This higher efficiency of BiVO,-rGO is attributed
to the slower charge recombination due to the presence of
rGO that promotes charge separation and facilitates the
electron transport from BiVO, to ITO electrode. Other role for
the rGO sheets is to provide a good dispersion of BiVO,
particles and improve the contact of these particles with the
surface of rGO.

In a different approach, Ke et al. developed a three component
photoelectrode composed by TiO, beads/Ag/G for the
photoelectrochemical hydrogen production . They found that
incorporation of the G sheets on the TiO, based photoanode
improved the charge collection efficiency. On the other hand,
light harvesting enhancement was achieved through either
light scattering of TiO, beads or by excitation of the resonance
surface plasmon of the Ag nanoparticles.95

In another three component nanostructured photoelectrode
the combination of TiO, nanowires with rGO and Cu,0 was
evaluated as photoanode for hydrogen production under UV-

Vis light irradiation in the presence of methanol as sacrificial
b)
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Figure 9. IPCE and diffuse reflectance spectra of BiVO, and BiVO,-rGO. Reprinted with
permission from ref. " Copyright (2010) American Chemical Society.

electron donor at 0.6 V bias potential%. The rationale behind
the preparation of this photoanode was to increase the
interfacial contact between TiO, and Cu,O that was considered
as one of the main reasons for the limited efficiency of the
Cu,0/TiO, heterojunction. The photoelectrode was prepared
by synthesizing TiO, nanowires on fluorine doped tin oxide
(FTO) by hydrothermal deposition using Ti(OBu), as precursor
and HCI to promote its hydrolysis and condensation at 180 °C
for 6 h, followed by calcination at 450 °C for 2 h to increase the
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crystallinity of the nanowires. FE-SEM images show that these
nanowires grow perpendicular to FTO. Subsequently, GO
suspended in water was deposited on the thermal-treated TiO,
nanowires and then reduced in-situ by heating under N, at 400
°C and final UV light irradiation. Then, Cu,0 was deposited
starting from cu® solution that was reduced on the electrode
by Na,SO;. Figure 10 summarizes the process for the
preparation of FTO/TiO,/rGO/Cu,0.

The photoelectrode was characterized by XRD, Raman and XP
spectroscopy. These techniques are in agreement with the
formation of each of the three components. The nanowire
morphology of TiO, (170 nm average), the presence of rGO
nanosheet and the process of deposition of Cu,0 was followed
by FE-SEM. As it was expected, while TiO, nanowires absorb
from 200 to 400 nm and rGO has not influence in the
absorption spectrum, deposition of increasing amounts of
Cu,O shifts the onset of the absorption spectrum from 400
beyond 550 nm.

Importantly, FTO/TiO,/rGO/Cu,0 photoelectrode exhibits a
high photocurrent reaching more than 0.1 mA-cm? at 0.8 V
upon illumination with a Xe lamp (UV-Vis) with an optimal
amount of TiO, deposited on the electrode. This better
performance of FTO/TiO,/rGO/Cu,0 is in agreement with the
expected role of each of the components promoting electron
transfer as well as the observed visible light photoresponse
due to the presence of Cu,O.

FTO/TiO,/rGO/Cu,0 exhibits the lower resistance for charge
transfer in the series of control samples tested. The IPCE
values at 0.6 V versus Ag/AgCl of bias voltage for the

TiO, ;’ » & .:d
= = 3 =
= o
b g 8
2 2
£
=}

TiO,/RGO

Schematic illustration of the of FTO/TiO,/rGO/Cu,0
heterostructured photoelectrodes. Reprinted with permission from ref. %, Copyright

(2016) ScienceDirect.

Figure 10.

synthesis

multicomponent FTO/TiO,/rGO/Cu,0 photoelectrode reaches
a value of 55 % in the 370 — 400 nm region, appearing an
obvious peak in the visible region from 425 — 450 nm that was
attributed to the photoresponse derived from Cu,O.

The performance of the FTO/TiO,/rGO/Cu,0 as photoanode
for hydrogen production and methanol oxidation (20 %
aqueous solution) was tested in a two compartment cell
sketched in Figure 11.

8 | J. Name., 2012, 00, 1-3

At 0.6 V vs SCE electrode bias potential under Xe lamp
irradiation the hydrogen production rates for TiO, and
FTO/TiO,/rGO/Cu,0 were in average rate of 211.8 and 631.6
umol-h"l‘m'z, respectively. It is proposed that the presence of
rGO and Cu,0 decreases the electron-hole recombination and
enhances the electron transport to the transparent conductive
electrode. The long term stability of the FTO/TiO,/rGO/Cu,0
photoelectrode was determined for 10 h, observing that the
current density even increases during this time. This stability
was attributed to the positive effect of methanol as reducing
agent that maintains Cu atoms as Cu(l) ions during the
operation of the system, the increase in the current density
being attributed to a favorable change in the morphology of
these particles.

It is worthy noticing that introduction of doped-G in contact
with semiconductors can promote the formation of p-n
heterojunctions which could enhance photoelectrochemical H,
production due to favorable charge transfer between the p-
and n-type semiconductor materials.

In this regard, Hong and Nam reported the deposition of G
monolayers on top of Si photocathodes and subsequent
plasma treatment in N, atmosphere in order to induce the
incorporation of abundant nitrogen atoms in the G net 7 This
nitrogen doped G exhibited a remarkable increase in the
exchange current density as well as a significant anodic shift of
the photocurrent onset. Moreover, the N-doped G acts as
passivating agent, inhibiting Si surface oxidation during
operation of the photoelectrode in water solutions, enhancing
the chemical stability of the Si photocathode 7.

In similar approach, S. Agnoli and co-workers reported a one-
pot synthesis of N-doped G / MoS, nanocomposite which was
seven times more efficient that single MoS, electrodes %, They
claimed that the nitrogen dopant in G provided anchoring sites
to MoS,, providing local p-n heterojunctions which allowed
more efficient charge separation % Moreover, theoretical
calculations in MoS, has revealed that, in spite of its very
promising ability for H, production, derived from the edges of
its 2D layers 99, the main drawbacks of this material for
implementation in commercial applications are derived from
its limited surface area, the few exposed active edge, and its
low conductivity 1% These limitations have been overcome
through deposition of MoS, on G surface. In fact, Zhu et al.
carry out a theoretical and experimental work in order to
explain this behavior 1o, They found that there is a direct
relationship between electrode conductivity and the H,
production performance. Thus, based on first-principles
calculations, they establish how an excess of negative charge
density in the electrode affects the variation of Gibbs free
energy and therefore, the H, production performance 101
Continuing with the photoelectrocatalytic performance of the
combination of metal sulfide and graphene, Zhang and co-
workers reported the preparation of CdyZn,,S sheets with
lateral dimensions in the micrometre range, containing
diethylenetriamine (DETA) and having nanopores as it can be
observed in Figure 12 192 This material was obtained starting
from ZnS-DETA that was submitted to ion-exchange with cd*
at 160 °C for 6 h. This hydrothermal treatment replaced in the
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inorganic-organic hybrid sheet part of Zn>* ions by Cd”" and at
the same time created some porosity on the sheet around 5
nm of diameter.

Upon visible light irradiation in water containing Na,S and
Na,SO; as sacrificial electron donor this material generates
hydrogen at a rate of 1.67 mmol-g'l-h'l. In a further
development of the same material, these authors prepared a

Pt elactrade

Heterostructure ZH*E H,

photoanode

Calomel electrode

CH,OH XL HCHO+2H | |

Figure 11. Schematic diagram of the two-compartment cell used equipment for

photoelectrochemical hydrogen production by methanol decomposition. Schematic
illustration of the synthesis of FTO/Ti02/rGO/Cu20 heterostructured photoelectrodes.
£, % Copyright (2016) ScienceDirect.

Reprinted with permission from re
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Figure 12. (a) SEM and TEM (inset) images and (b) EDX spectrum of nanoporous
ZnosCdosS nanosheets. Reprinted with permission from ref.’%. Copyright (2014)
ScienceDirect.

composite of ZngsCdpsS and 5 % of rGO and used the
composite for the photoelectrocatalytic visible light generation
of hydrogen103
counter electrode and saturated calomel (SCE) as reference

. A three-electrode cell, photoanode, Pt foil as

electrode, and at a bias potential of 0.6 V generates hydrogen
at a rate of 12.05 umol-h_lcm’z. Figure 13 shows the temporal
evolution of H, for two different potentials.

The photoelectrode containing rGO enjoyed a high stability
with a steady hydrogen generation for 3 h. However, it should
be commented that besides as sacrificial electron donor, the
presence of $% in the solution should increase the stability of
the chalcogenide and in the absence of sz photocorrosion of
the mixed metal sulfide could probably occur.

It has been observed that in this system, the presence of rGO
in the composite influences the photocurrent density that
increases gradually along the rGO content in the range from 1
to 5 %, decreasing somewhat the H, production rate when the
amount of rGO increases from 5 to 8 %.

Although CdS is the studied containing
photocatalyst for H, generation, the toxicity of cd* makes

most sulfur

convenient to find alternatives that can be environmentally

This journal is © The Royal Society of Chemistry 20xx
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more benign. Besides seeking for other transition metal to
replace Cd**, the combination of metal sulfides having narrow
band gap with wide band gap metal oxides, the former acting
as light harvesters for the wide bandgap oxide, is known to
increase the stability of the photocatalyst, while still enjoying
high photocatalytic performance. In one of the examples
combining metal oxides, sulfides and graphene, a
photoelectrode constituted by TiO, nanorods on transparent

30

(b)

(]
(4]
r

0.6V

N
o
i

0.5V

Amount of H, / umol
2

104 !
54 !
0 ;
0 1 2
t'h

Figure 13. Temporal evolution of H, upon visible light illumination of ZngsCdsS/rGO
composite film photoanode at two different bias potentials immersed in an aqueous
solution containing Na,S (0.1 M) and Na,SO3 (0.1 M) in the working electrode chamber
and NaOH (0.1 M) in the counter electrode chamber. Reprinted with permission from
ref.’%, Copyright (2014) ScienceDirect.

FTO electrode was modified by consecutive deposition cycles
in which Bi,S; and rGO were depositedm. The resulting
composite is schematically represented in Figure 14, where the
proposed role of each of the components has been indicated.
The Bi,S; and rGO containing material was denoted as “smart
umbrella” sensitized TiO, nanorods. It was found that this
photoelectrode has an optimal bias potential of 0.4 V vs NHE
to maximize the photocurrent efficiency, whose maximum
value was 1.2 + 0.02 %. It was assumed that the photocurrent
was related with the ability of the system to promote water
splitting although no evidence for H, evolution was provided.
Concerning photostability of the composite, also in the present
case the common electrolyte solution used in metal sulfides
consisting in a mixture of Na,S and Na,SO; was employed. It
has been already commented that it is likely that the presence
of S” ions contributes decisively to the apparent photostability
of the metal sulfide.

In another work, Jia and co-workers deposited
electrochemically MoSe, by reduction of Na,MoO, and H,SeO;
in a NaAcO/HAcO aqueous buffered solution on an electrode
containing rGO mixed with polyimide (P)'®. SEM images of
the resulting photoelectrode indicate the presence of MoSe,
NPs with a particle concentration that depends on the
electrodeposition time.

Photoelectrochemical measurements of MoSe,/rGO/PI
photoelectrode indicate that MoSe, behaves as p-type
semiconductor. The system enjoys an excellent reversibility
and stability. This MoSe,/rGO/PI electrode exhibits
electrocatalytic and photoelectrocatalytic activity for H,

J. Name., 2013, 00, 1-3 | 9
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evolution, the performance improving when the amount of

MoSe, deposited increases, achieving a maximum current

H,0

Figure 14. Schematic diagram of the “smart-umbrella” Bi,S3/rGO-modified TiO,
nanorods structure. The Bi,S3 NPs act as the “canopy” and can efficiently harvest
sunlight. The rGO sheet layers and 1D TiO, NRs act as the “ribs” and “stretchers”,
respectively, and can quickly transport electrons. The FTO conductive layer acts as the
“shaft”. The Pt counter electrode serves as the “handle”. Reproduced from ref."® with
permission from The Royal Society of Chemistry.

density of 29 mA-cm™ at -0.8 V vs SCE in the dark. This
cathodic current increases upon illumination. The most
remarkable feature was the diminution of the free energy
barrier of discharge for H, generation, due to the small size of
MoSe, NPs and high surface area to rGO composite. A value of
82 mV-dec” suitable for practical application of hydrogen
evolution reaction catalysts was obtained from the Tafel plot
for MoSe, /rGO/PI.

A three component structure ITO/rGO/CdS/Ag,S electrode
having nanometric thickness has been reported by Wang and
co-workers with enhanced photoelectrochemical efficiency for
hydrogen generation than related 1TO/CdS electrode®®. The
purpose of the multilayer assembled was to extend the
photoresponse of the CdS by including a narrow band gap
metal sulfide (Ag,S) and increase charge separation, electron
mobility and conductivity by the presence of rGO.

The structured three-component ITO/rGO/CdS/Ag,S electrode
was prepared stepwise by depositing consecutively each
component. Initially, GO coating transparent ITO was
electrochemically reduced to rGO at an optimal voltage of -
0.75 V vs Ag/AgCl. Subsequently, the layer of CdS was
fabricated by the so-called successive ionic layer adsorption
and reaction (SILAR) in which ITO/rGO electrode was
immersed for 20 s in two different aqueous solutions
containing cd* and S%, respectively, rinsing the electrode with
distilled water after each step. Deposition of CdS was
performed for 10, 20 and 30 cycles, found an optimal
performance for the electrode prepared in 20 cycles.

10 | J. Name., 2012, 00, 1-3

Analogously Ag* was deposited following also a similar method
for a number of cycles (10, 20 and 30). It was again found that
also 20 cycles result in the optimal performance of the
electrode. Other configurations in which the order of the CdS
and Ag,S layers was inverted (ITO/rGO/CdS/Ag,S wvs
ITO/rGO/Ag,S/CdS) were also found less efficient, presumably
due to the misalighment of the energy levels of CdS and Ag,S.
SEM images of ITO/rGO/CdS/Ag,S at different stages of
electrode preparation show the morphology of each layer, i.e.,
the 2D morphology to rGO, the spherical shape of NPs of 25-50

5

(B)

s PP
a-G/CAS/Ag S

b-G/Ag S/CdS
c-(/CdS
d-CdS

n%

Ll L L -y Ll -

0.1 02 03 04 05
Voltage(V)

Figure 15. Efficiency for hydrogen generation of (a) ITO/rGO/CdS/Ag.S, (b)

ITO/rGO/Ag,S/CdS, (c) ITO/rGO/CdS and (d) ITO/CdS. Reprinted with permission from

ref. . Copyright (2014) ScienceDirect.

02 -0.1 0.0

nm for CdS and the nanorod shape of 30-60 nm diameter and
100-200 nm length for Ag,S, respectively. The thickness of the
optimal performing electrode was 40 nm for rGO, 30 nm for
the CdS layer and 40 nm for the Ag,S film. Interestingly,
although it is claimed that Ag,S nanorods grow perpendicular
to the ITO electrode and the lengths of these nanorods
according to TEM images is between 100-110 nm the thickness
of the Ag,S layer was of 40 nm. The thickness of Ag,S rGO
(about 40 nm) appears to be much smaller than the length of
the nanorods. Comparing with control materials in the absence
of rGO, it is suggested that the presence of rGO is beneficial to
accelerate the nucleation growth of the CdS particles, since in
the absence of rGO much less uniform layers are observed.

As commented above the purpose of the preparation of
combined CdS and Ag,S layers is to expand the visible light
absorption of the composite electrode towards the near
infrared region due to the narrow band gap (0.92 eV) of Ag,S
as compared to CdS (2.43 eV), while still preserving the ability
to generate hydrogen. These assumptions were confirmed by
comparing the photoelectrochemical activity of ITO/rGO/CdS
that was smaller (3.45 mA-cm‘Z) than the three components
ITO/rGO/CdS/Ag,S (5.18 mA-cm‘Z). Figure 15 shows the plot of
the hydrogen generation efficiencies for a serie of CdS

photoelectrodes showing the advantage of the
multicomponent assembly.
The maximum hydrogen generation efficiency upon

illumination in UV-Vis range achieved was 4.11 % with a
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maximum generation rate of 221 umol-h"1 at photocurrent
density of 5.18 mA-cm? at 0.55 V vs Ag/AgCl. It is proposed
that this high efficiency rises from the large percentage of e /h*
separation and the increased charge mobility due to the
appropriate energy level alignment of the sulfides (Figure 16).
Specifically by polarization of the electrode, the energy levels
of Ag,S increase and, then, after absorption of one long
wavelength photon, conduction band electron of Ag,S can
move to the conduction band of CdS and then on rGO,
decreasing in this way the recombination rate. In summary,
the superior performance of ITO/rGO/CdS/Ag,S is proposed to
arise from the light harvesting ability of Ag,S and the
subsequent electron migration from Ag,S to CdS and rGO. It is
should be, however, commented that as previously indicated
for other CdS photoelectrodes, the main drawback of sulfides
is the need of Na,S as electrolyte to stabilize CdS avoiding its
conversion to the corresponding oxides.
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Figure 16. Relative energy levels of CdS, Ag2S (A) before and (B) after Fermi level

alignment. Reprinted with permission from ref. e, Copyright (2014) ScienceDirect.

Table 2 summarizes those graphene based photoelectrodes for
water splitting commented in this section as well as their
working conditions and H, evolution.

Table2. Summary of the graphene containing photoelectrodes for H, evolution

with indication of the applied bias potential and sacrificial agent.

Sample Bias(V) | Sacrificial | H, evolution | Ref.

BiVO,-rGO 0.8 0.1M Na,SO, 0.75 umol/h 92
TiO,/rGO/Cu,0 0.6 CH30OH 631.6 |.1mo|/h~m2 94
Cd,Zn1,S/rGO 0.6 Na,S/Na,S03 12.05 umol/h-cm2 100
TiO; /Bi;S3/rGO 0.4 Na,S/Na,S03 1.2%" 102
MoSe,/rGO/PI 0.6 H,S0, 82 mV/dec” 66
rGO/CdS/Ag,S 0.55 Na,S/Na,S03 221 umol/h 62

® referred to photocurrent efficiency. ® Obtained from Tafel
plot.

Photoelectrochemical pollutant degradation and
organic molecules.

Besides hydrogen generation, PEC can also be efficient for
degradation of pollutants in aqueous solutions. Dyes are
convenient probes to evaluate the activity of photoelectrodes
for pollutant degradation, since the process can be followed by
optical absorption spectroscopy. In one of these works dealing
with dye decolorization, it has been found that rGO deposited

This journal is © The Royal Society of Chemistry 20xx

on ordered TiO, nanotubes (TNT) arrays increases the

efficiency of TNT arrays as photoelectrode for the degradation
of methyl orange under visible light irradiation™®.

TNT arrays were fabricated by anodization of metallic Ti foil*®”
% Then, rGO was deposited by dipping TNT in an aqueous
suspension of GO, submitting the resulting electrode to
hydrothermal heating in an autoclave at 180 °C for 4 h to
perform reduction of GO. Although rGO coated TNT arrays
were not calcined, but XRD shows that the material contains
some anatase phase, but probably in lesser extent than if the
TNTs would have been calcined. SEM image indicates that rGO
coats the top surface and it is also penetrates partially inside
the TNT holes. The presence of rGO produces an apparent shift
of the absorption band onset of about 20 nm, appearing for
rGO-TNT composite about 418 nm (Figure 17). rGO-TNT
electrodes exhibit an enhanced photocurrent of about 8.4
times higher than that of TNT electrodes. EIS suggests that the
photocurrent observed for rGO-TNT s
apparently due to the faster electron transport and the highest

enhancement

charge separation efficiency of photogenerated e /h* pairs in
TNT. These positive effects have been attributed to the
presence of rGO, since the arc of the impedance spectrum is
smaller for rGO-TNT systems than for TNT electrodes. This
photocurrent enhancement due to the presence of rGO is
accompanied by a remarkable efficiency for methyl orange
degradation of about 5 times higher than that of TNT (Figure
18). It was claimed that this higher photoelectrochemical
efficiency is due to a combination of effects, including the shift
of 20 nm of the onset of the absorption band, the increase of
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Figure 17. Diffuse reflectance UV-Vis absorption spectra of as-prepared (a) TNT and (b)
rGO-TNT nanostructures. Reproduced from ref. 1% \yith permission from The Royal

Society of Chemistry.
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Figure 18. Photoelectrocatalytic activity for the degradation of methyl orange solution
under visible-light irradiation (a) no catalyst, (b) TNT and (c) rGO-TNT electrodes.
Reproduced from ref. 1% With permission from The Royal Society of Chemistry.

the surface area, the beneficial increase of the charge
separation efficiency and the higher e mobility introduced by
the presence of graphene.
Besides dyes, other organic
decomposed by PEC. Thus, Ye and co-workers reported a
photoanode consisting in Pt NPs supported on TiO, and rGO
was prepared by simultaneous Pt (VI) and GO reduction with
methanol in the presence of TiO, (P25)'®. The Pt loading was
about 20 % that is a very large percentage considering similar
Pt-containing samples used in photocatalysis in where Pt
loading is about 1 %. The presence of TiO, in the system has
several benefits as the increase in the electrochemical surface
area (96.7 mz-g'l) compared to Pt/G (46.5 mz-g"l) or
commercially available of Pt on carbon (48.9 m2~g'1). TiO, also
promotes the electrooxidation of methanol by Pt and,
importantly, also increases the photocurrent upon UV
irradiation by a factor of 2.5 with respect to commercial Pt/Si,
meaning that there is an increase of methanol oxidation. This
increase was due to the combination of electro- and
photocatalysis, because of the presence of Pt and TiO, in
Pt/TiO,/G composite. The role of G in the photoelectrocatalytic
reaction was proposed to be as acceptor of photogenerated e
from TiO, that, then, are transferred from G to Pt, thus,
increasing the efficiency of charge separation. Pt/TiO,/G has
an important positive feature that is the lack of influence of
the presence of CO as poison. It is known in Pt-containing
electrodes that CO is a strong poison for methanol oxidation
reaction. However, when TiO, and G are present, the surface
hydroxyl groups on these two components cause the fast CO
oxidation alleviating the CO poisoning effect on Pt NPs.
Chronoamperometry in methanol (1 M)/H,SO, (1 M) shows
that the stability of Pt/TiO,/G composite is higher than
analogous Pt/G or commercial Pt/C, whose activity decays for
methanol oxidation in a few seconds (Figure 19), due to the
generation of CO as poison. When TiO, is present,
photocatalytic oxidation of CO to CO, minimizes this poisoning
mechanism, increasing considerably the photoelectrode
activity and stability. Figure 18 provides a comparison of the
temporal evolution of current density of various Pt containing
electrodes for methanol oxidation under UV irradiation

molecules can also be
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Figure 19. Chronoamperometry curves of (a) Pt/TiO,/G, (b) Pt/G, (c) Pt/C and (d)
Pt/TiO, under UV irradiation in the N, saturated solution of 1 M CH3;0OH + 0.5 M H,S0,
at 0.67 V for 2000 s. Reprinted with permission from ref. 109, Copyright (2014)
ScienceDirect.
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showing the better performance of Pt/TiO,/G.

Table 3 summarizes those graphene-based photoelectrodes
for organics degradation discussed in this section as well as
their working conditions and performance.

Table3. Summary of the graphene-based photoelectrodes for pollutant
degradation with indication of the applied bias potential, pollutant or organic

molecule mineralized and the corresponding performance.

Sample | Bias(V) Pollulant Performance | Ref.
rGO-TNT 1.0 Methyl orange 3.10° min™ 104
Pt/TiO,/G 100 mV/s b CH3OH oxidation 1349 mA/mg® 107

? referred to forward peak current density under 20 min UV
irradiation and. ® CV curves scan rate.

Conclusions

The present review has shown that, similarly to what has been
reported in photocatalysis, also in PEC the presence of
graphene increases to photoelectrode efficiency with respects
to analogous materials without this component. The reasons
for this beneficial effect of the presence of graphene seem to
be the electrical conductivity together higher
electrochemical surface area, a higher efficiency of e/h*
charge separation and a higher e mobility from the
semiconductor to the electrode. It can be concluded that the
positive in the
photoelectrode appears to be general for all the reported
studies related to CO, reduction, H, generation and for
decomposition of organic molecules and pollutants (Figure 20)

with a

influence of the presence of graphene

ant it is likely to be general for any other photoelectrocatalytic
process.

Nevertheless, the use of graphene-based materials in
photoelectrodes for solar fuel production and environmental
remediation presents still some limitations that must be
overcome. In spite of the theoretical large surface area that
has been reported for graphene, it has been found that in
operating conditions not all the graphene surface is accessible
for the electrolyte, reducing ion diffusion and limiting Faradaic

This journal is © The Royal Society of Chemistry 20xx



efficiency. Probably structuring of graphene in a 3D sponge of
micrometric dimensions will be a way to combine the
advantages of graphene and the increase in electrochemical
area, favouring electrolyte contact. Moreover, the typical
graphene based material employed in PEC is rGO is known to
contain defects and impurities in the form of vacancies or
oxygenated functional groups, among others. The control of
these defects can serve to find adequate balance between
conductivity in the photoelectrodes and
hydrophilicity/hydrophobicity to interact with substrates.
Therefore, the rational design of these defects should be taken
into consideration in
photoelectrocatalytic activity of these materials minimizing

order to enhance the
negative impacts in electrode conductivity.
The general goal in this area should be to show the stability of
the photoelectrodes in long term (at least days and weeks, but
hopefully years) operation, showing that they can reach
efficiencies and product formation rates closer to commercial
application for some of these considering the current interest
processes.
Ti0,/rGO
(Cu)TiO,rGO
Co, 62,0,-Ti0, GO
reduction Pt/Cu/rGO
Pt NPs-rGO
CulnS,/rGO

Polutant rGO-TNT

degradation PL/TIO,/G
/BTVO‘,—rGO
TiO,/rGO/Cu,0
H2 cd,Zn, S/rGO
evolution TiO,/Bi,S,/rGO

MoSe,/rGO/PI
rGO/CdS/Ag,S
——

Figure 20. Summary of the application of the graphene-based photoelectrodes
discussed in the review.
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