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Role of Defects on the Particle Size-Capacitance
Relationship of Zn—Co Mixed Metal Oxide Supported on
Heteroatom-Doped Graphenes as Supercapacitors

Jiajun Hu, Yong Peng, Josep Albero,* and Hermenegildo Garcia*

Supercapacitors are considered among the most promising electrical energy
storage devices, there being a need to achieve the highest possible energy
storage density. Herein small mixed Zn—Co metal oxide nanoparticles are
grown on doped graphene (O-, N- and, B-doped graphenes). The
electrochemical properties of the resulting mixed Zn-Co metal oxide
nanoparticles (4 nm) grown on B-doped graphene exhibit an outstanding
specific capacitance of 2568 F g~' at 2 A g, ranking this B-doped graphene
composite among the best performing electrodes. The energy storage
capacity is also remarkable even at large current densities (i.e., 640 F g~' at
40 A g7"). In contrast, larger nanoparticles are obtained using N- and
O-doped graphenes as support, the resulting materials exhibiting lower
performance. Besides energy storage, the Zn—Co oxide on B-doped graphene
shows notable electrochemical performance and stability obtaining a
maximum energy density of 77.6 W h Kg~' at 850 W Kg~', a power density of
8500 W Kg~' at 28.3 W h Kg™', and a capacitance retention higher than 85%
after 5000 cycles. The smaller nanoparticle size and improved electrochemical
performance on B-doped graphene-based devices are attributed to the higher
defect density and nature of the dopant element on graphene.

Supercapacitors can be classified according
to the energy storage mechanism in i) elec-
tric double-layer capacitors (EDLC), which
work on the principle of charge storage
by electrostatic charge attraction at the in-
terface between electrolyte and electrode,
and ii) pseudocapacitors (PC), which in-
volves charge storage based on reversible
surface faradaic reactions. EDLCs are typi-
cally composed by carbonaceous materials,
exhibiting large surface area, high electrical
conductivity, and stability. PCs are typically
based on metal oxides or polymers, which
can store much more energy via surface re-
dox reactions than EDLC, though they often
provide lower power and present low elec-
trical conductivity and stability.*} For those
reasons, composites of carbon-based mate-
rials and metal oxides have been pointed out
as good candidates to overcome the limita-
tions of their individual components, com-
bining high energy storage with high power

1. Introduction

Supercapacitors are considered very promising electrochemical
energy storage devices, especially for wearable and portable elec-
tronics or, even, electrical and hybrid vehicles,['! as consequence
of their capability to provide high power, their long cycle stability,
and relative low cost.[?!
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and stability.[*]

Graphene (G), a one-atom thick sheet constituted by sp?
carbons in hexagonal arrangement, has demonstrated unique
properties such as high electric and thermal conductivity, high
specific surface area (2630 m? g7!), and may exhibit a strong
interaction with supported metal or metal oxide nanoparticles,
as consequence of the overlap of the extended x orbitals in G
with the d orbitals in metal atoms.l’} However, the sp? hybridized
orbitals in G lead to delocalization of electrons, and thus, G is con-
sidered electrochemically inert. In this regard, heteroatom doped
G-based materials have been more recently used to enhance the
capacitor properties of G. Nitrogen has been the most preferred
heteroatom for doped G, since it has demonstrated to improve
the overall capacitance.l®! Alternatively, other heteroatoms, such
as B, S, and P, have been also investigated as active components
for supercapacitors.!”]

On the other hand, transition metal oxides are generally con-
sidered very convenient candidates as electrode materials in PC
as consequence of the variety of oxidation states for redox charge
transfer reactions. However, in comparison to single metal ox-
ides, bimetallic oxide materials are more preferred since they can
overcome some of the constraints of single metal oxides, such
as their low electrical conductivity and electron transfer resis-
tance. Therefore, mixed metal oxides with adequate stoichiom-
etry have been extensively investigated as active components in
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supercapacitor electrodes, due to the multiple valences of transi-
tion metal cations exhibiting low activation energy for electron
transfer and enhancing their electrochemical performance for
charge storage and release.!l Among the transition metal ox-
ides, Co;0, has been exhaustively investigated for supercapaci-
tor applications,® due to its high theoretical capacitance (3560
F g71) and good electrochemical performance.['’! However, in
many cases, the observed specific capacitances are far below
the theoretical maximum as consequence of the sluggish elec-
trical conductivity, incomplete Faradaic charge of all the Co ions
and restricted electrochemical stability during the galvanostatic
charge-discharge (GCD) cycles.'!l In order to solve these prob-
lems, the introduction of a second metal ion, such as Zn®* or
Ni**, forming mixed metal oxides, has demonstrated to improve
not only their electrical conductivity, but also the capacitance.!?]
In this regard, ZnCo,0, is one of the benchmark materials
in supercapacitors,['* exhibiting a high theoretical capacitance
(2650 F g7!) due to their high electrochemical activity and rich
redox reactions." However, it still suffers from insufficient elec-
trical conductivity, low surface area, and large capacitance upon
decrease cycling.I®]

In order to circumvent all mentioned issues, mixed metal ox-
ide composites with heteroatom doped G have been proposed
as high performing materials for supercapacitor electrodes.!¢!
However, the influence of defects and heteroatom doping on G
on the performance of these G-supported mixed metal oxides as
electrodes for supercapacitors still remains mostly unexplored.

In this manuscript, we report the preparation and perfor-
mance of mixed Zn—-Co metal oxide (ZCO) nanoparticles sup-
ported on heteroatom doped G. The three doped G used in the
present study, O-doped (OG), N-doped G (NG), and B-doped G
(BG) were prepared from biomass wastes as precursors. Mixed
Zn-Co metal oxide nanoparticles were subsequently deposited
on the three defective Gs. It must be highlighted that, unlike the
well-known spinel crystal structure ZnCo,O, the obtained ZCO
nanoparticles presented a strong interaction with the doped G
support, manifested among other properties on the small aver-
age particle size of ~4 nm on BG and ~50 nm on NG or OG.
In comparison micrometric crystals are typically reported for the
standard ZnCo, O, material.l'31]

The charge storage properties of the new ZCO/G composites
have been studied in detail. A remarkable high capacitance (2568
F g at2 A g') was obtained from ZCO/BG electrodes, while
lower capacitance values obtained for ZCO/NG and ZCO/OG
electrodes were 1638 and 1484 F g~1 at 2 A g1, respectively. These
values for ZCO/G composites were higher than those obtained
from their individual components. Remarkably, ZCO/BG pre-
sented a notable capacitance (640 F g~1) at very high current den-
sity (40 A g™'), which makes this material very convenient for fast-
charge applications in portable devices and vehicles. Moreover,
complete supercapacitor devices were fabricated using ZCO/BG
as anode and a N-doped carbon as cathode, obtaining an energy
density of 77.6 W h kg™! at 850 W kg™' and a maximum power
density of 8500 W Kg~! at 35.1 W h Kg~! energy density. More-
over, ZCO/BG composite has demonstrated to be very stable dur-
ing 5000 charge—discharge cycles.

The obtained energy storage values are among the high-
est reported in the literature, including those obtained from
ZnCo, O, /carbonaceous materials composites (see Table S1,
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Supporting Information). For instance, K. Jiang reported
the hydrothermal synthesis of ZnCo,0,/r-GO (r-GO: reduced
graphene oxide) composites as supercapacitors. The obtained mi-
croscopic ZnCo,O, particles were stacked onto r-GO, and op-
timized asymmetric devices exhibited a maximum energy of
49.1 W h Kg! at 400 W Kg~1.11 In different example, A. Gaur
reported the preparation of g-C;N, supported ZnCo,O, elec-
trodes for energy storage applications. Microscopic particles of
ZnCo,0,/g-C;N, composites were obtained. Symmetric super-
capacitors were fabricated, obtaining 39 W h Kg~! energy den-
sity at 1478 W Kg~! power density.!'>! These precedents remark
the relevance of the herein presented synthetic procedure to ob-
tain small nanoparticles, considered in many applications a key
factor to obtain large active surface areas, and, as consequence,
improved energy storage properties.

The origin of the improved performance and observed differ-
ences between ZCO/BG and ZCO/NG were investigated in de-
tail. The data suggest that the higher density of defects and the
nature of the doping element promote in the case of BG large
amounts of small (%4 nm) and narrow size distributed ZCO
nanoparticles on its surface, while larger (%50 nm) and with a
wider size distribution nanoparticle were observed on NG. More-
over, impedance spectroscopy measurements revealed that the
defective nature also promotes faster charge transfer reactions
with the electrolyte in the case of BG. Altogether, enhancing
the overall capacitive properties in ZCO/BG over ZCO/NG or
ZCO/OG.

2. Results and Discussion

2.1. Materials Preparation and Characterization

The ZCO/G samples are composed by three different graphenes
(G) and the mixed Zn—Co metal oxide (ZCO). Sample prepara-
tion is schematically illustrated in Scheme 1 and described in
detail in the Experimental Section. In brief, following reported
procedures chitosan and a mixture of alginic acid and boric acid
(1:1 wt:wt) were pyrolyzed at 900 °C under Ar atmosphere to ob-
tain NG and BG, respectively.l'® Alginate pyrolysis renders, on
the other hand, a material similar in composition to OG.[l The
chemical composition of the different graphenes was determined
by combustion elemental analysis (EA) and the metal content in
the ZCO/G composites was determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES). It should be
noted that alginic acid and chitosan are polysaccharides having
similar structure (see Scheme 1) and the structure and functional
groups of the resulting graphenes are similar except for the pres-
ence of dopant elements. This similar structure should minimize
the influence of the substrate on the particle size of the deposited
metal oxide.

Then, ZCO-G composites were prepared through a two-step
synthesis. In brief, an aqueous solution containing the ZCO pre-
cursors (Zn(NO;),, Co(NO;),) and the different G dispersions
(OG, NG, and BG) were submitted to hydrothermal synthesis
at 135 °C for 14 h in a Teflon-lined autoclave. The mixture,
also containing urea, should gradually decompose during the
hydrothermal synthesis, generating NH; to increase the solution
pH value forming the mixed ZCO oxide, while PVP should con-
trol the morphology and growth of the nanoparticles becoming
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Scheme 1. Preparation procedure of a) OG, NG, and BG, and b) the mixed Zn—Co metal oxides—doped G composites, comprising hydrothermal
reaction with ZCO precursor and the corresponding doped G (1) and subsequent thermal annealing (2).
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Figure 1. a) XRD patterns of (a) ZCO/BG, (b) ZCO/NG, (c) ZCO/OG, and (d) ZCO. The standard patterns of (e) ZnO (PDF #21-1486) and (f) Co;O,4
(PDF #43-1003) are also included. b) Raman spectra of (a) ZCO/BG, (b) ZCO/NG, (c) ZCO/OG, and (d) ZCO. Laser excitation 514 nm.

deposited on the G. After hydrothermal reaction, the obtained
solids were profusely washed with ultrapure MilliQ water and
ethanol, and dried at 80 °C overnight. Finally, the composite
materials were annealed at 200 °C under Ar atmosphere for
2 h. For comparison purposes, unsupported ZCO oxide was
also prepared using identical synthetic procedure, but in the
absence of G. Table S2, Supporting Information, summarizes
the main analytical data of the samples under study. As can be
seen there, the percentage of Co, Zn, and O in ZCO was of 32.1,
36.5, and 24.7 wt%, respectively. These analytical data indicate
the formation of mixed Zn—Co oxide with an empiric formula of
Zn,Coy 430, 57, close to ZnCoO; but indicating a considerable de-
gree of O atom vacancies. The Zn and Co ratio can be adjusted by
means of the Zn and Co precursors content. Hence, samples with
approximately double Zn wt% (Z2CO) or Co wt% (ZC20) were
also prepared (Table S2, Supporting Information). It is worth
noticing that ZCO shows very different stoichiometry than the
benchmark ZnCo, O, spinel structure that is a reference material
in supercapacitors. It is also remarkable the large ZCO loadings

Adv. Sci. 2022, 9, 2204316
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on the different G that can be achieved in this synthesis, typically
near 70 wt%.

The crystal structure of the prepared samples was analyzed by
X-ray diffraction (XRD). As can be seen in Figure 1, ZCO peaks
(31.1°, 33.4°, 36.9°, 44.7°, 59.3°, and 65.3°) can be assigned to
the overlap of the standard XRD pattern of Co;O, (PDF #43-
1003) (31.2°, 36.6°, 44.8°, 59.2°, and 65.1°) and the main diffrac-
tion peak of ZnO (PDF #21-1486), centered at 33.8°. Interest-
ingly, the observed peaks in ZCO do not exactly match the ones
of the standard Co;0, and ZnO phases. This shift in the an-
gles of the diffraction peaks has been previously reported in Zn-
doped Co,0, and Zn, _ ,Co,O mixed oxides,[?”) and it has been
attributed to the insertion of Zn?* ions in the Co, 0, lattice and to
the difference in Zn?* and Co?* ionic radii (0.060 and 0.058 nm,
respectively). Therefore, XRD provides evidence of the formation
of mixed zinc—cobalt oxide. The XRD pattern of the ZCO/G com-
posites present broader and less intense ZCO peaks, together
with the broad band characteristic z—z layer stacking in graphitic
carbons near 24° (Figure 1a). The ZCO/OG XRD pattern shows
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similar reflections than ZCO, with no significant contribution
from ZnO at ~33.8°. In contrast, ZCO/NG XRD pattern shows
a main peak at 33.5°, assigned to ZnO species, together with
other peaks at 31.2°, 36.1°, and 59.9° due to Co;O,. In the case of
ZCO/BG, its XRD pattern shows similar diffraction pattern than
the unsupported ZCO. In conclusion, ZCO crystal structure can
be assigned to a mixture of Co;0, and ZnO in different propor-
tion depending on the nature of the G support. Interestingly, de-
pending on the different doped G support (OG, NG, and BG),
the exposure of some crystal facets could be favored over the oth-
ers as determined from the differences in the relative intensity of
the corresponding diffraction peaks, indicating that the doping in
the graphenic support could influence the preferential growth of
certain crystal facets of the mixed ZCO metal oxide. The samples
containing different Zn and Co ratios (Z2CO/NG and ZC20/NG)
present similar XRD pattern as the related ZCO/NG sample (see
Figure S1, Supporting Information), but in the material with
larger Zn content (Z2CO) the 33.5° peak can be clearly observed,
while in ZC20 this peak was not obvious, indicating that these
samples are also constituted by mixed Co;0,/ZnO oxides, but
with different percentages.

The Raman spectra of OG, NG, and BG are shown in Fig-
ure S2, Supporting Information. In all cases, the spectra exhibit
the typical peaks at 1590 and 1350 cm™!, corresponding to the
characteristic G and D bands, respectively, in heteroatom-doped
G. The Raman spectrum of ZCO (Figure 1b) shows four peaks lo-
cated in the low frequency region at 486, 526, 619, and 688 cm™,
corresponding to four Raman-active modes of ZCO.

These Raman shifts are slightly shifted and broader than
those of the characteristic Co,O, vibrational bands assigned to
the E,, Fy,, F,,, and A;, modes (482, 523, 618, and 691 cm™/,
respectively).l?!] It is known that Raman scattering is very sen-
sitive to the material crystalline structure,??] and the observed
peaks shift and broadening has been previously reported in Zn-
doped Co;0, spinel structure.[?!] It is worth noticing that the typ-
ical Raman shifts of pure ZnO, located at 327, 380, and 437 cm™?,
could not be observed,[?] in agreement with XRD data that show
aresidual ZnO amount present in ZCO. Additional peak in ZCO
at 1057 cm™! could be attributed to residual Co,05, which Raman
shifts have been reported at 690 and 1080 cm~1.124]

Raman spectra of ZCO/OG, ZCO/NG, and ZCO/BG are also
presented in Figure 1b. These spectra also show the characteristic
D and G bands of doped graphenes. However, the four vibrational
modes of ZCO can only be observed in ZCO/OG, while these
bands are undetectable in ZCO/NG and ZCO/BG. It is worth
noticing that the ZCO loading in all these samples is very sim-
ilar (Table S2, Supporting Information), and therefore, the lack
of observation of these vibrational bands could be interpreted as
due to the high dispersion and strong interaction of ZCO with
the G support with the occurrence of charge density transfer be-
tween the semiconductor ZCO and the NG and BG supports.

The surface chemical composition of the composites was fur-
ther investigated by X-ray photoelectron spectroscopy (XPS). As
can be seen in Figure S3, Supporting Information, the high-
resolution C 1s peaks of OG, NG, and BG are very similar, and the
best fitting to individual components show the presence of sp?
graphenic C (284.5 eV), sp® C atoms (285.1 eV), and carbon atoms
bonded to oxygen with single or double bond (x286.8 eV) or car-
boxylic acid (~289.5 eV) groups. Additionally, XPS N 1s peak in
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NG was deconvoluted in three individual components, assigned
to pyridinic N (398.0 eV), quaternary graphitic N (400.3 eV),
and N-oxides (402.9 eV), respectively. Alternatively, deconvolu-
tion of XPS B 1s signal to individual components in BG re-
vealed the presence of BC; (190.5 eV), BC,0 (191.7 eV), and
BCO, (192.1 eV) coordination, respectively. The sp? C-B compo-
nent (282.8 eV), indicative of the boron substitution in graphene,
was also appreciated in the C 1s spectrum of BG, while C atoms
bonded to N (285.5 eV) can also be observed in the C 1s peak of
NG.

The chemical composition of ZCO was also investigated by
XPS. Figure S4a, Supporting Information, shows the characteris-
tic Zn 2p peak doublet corresponding to Zn?*. The spin-orbit cou-
pling of Zn 2p 3/2 and Zn 2p 1/2 peaks appears at binding energy
0£1022.3 and 1045.3 eV, respectively. These core level binding en-
ergies are shifted from those typical ZnO spectrum./?’! However,
the separation between them is of 23.0 eV, in good agreement
with reference values in literature for ZnO (23.2 eV).?]

The XPS Co 2p spectrum shows also two major peaks with
binding energies at 781.72 and 797.71 eV, corresponding to Co 2p
3/2 and Co 2p 1/2, respectively. The spin-orbit splitting of these
two peaks is 16.0 eV. Two strong satellite peaks located at 786.91
and 803.44 eV were also observed. The XPS Co 2p peaks were
deconvoluted into two different components. The fitting peaks
with the binding energies of 781.5 and 797.2 are attributed to
Co**, while the peaks at 783.4 and 798.8 eV are ascribed to Co?*.
These peaks are shifted to higher binding energies compared
to those of Co;0, (780.0 and 795.1 eV)1**) and ZnCo,0, (780.8
and 795.9 eV),?”] which unlike ZCO exhibits very weak satellites.
It has been previously reported that the Co 2p signals shift to
higher binding energies when Zn ions are incorporated in Co;0,
lattice,”8] indicating electronic interaction between Zn and Co.
Moreover, the intensity of the two satellite peaks also increases
with Zn ion content, due to the existence of unpaired electrons
in Co*+.128

The XPS Ols spectrum can be deconvoluted in four com-
ponents, 529.5, 530.9, 532.1, and 533.4 eV, corresponding to O
species in the mixed metal oxide structure, O-C bonds, oxygen
vacancies, and chemisorbed H,O, respectively.!?’]

XPS measurements also allowed us to determine the atomic
percentage of each element on the surface of ZCO. An atomic
Zn:Co ratio near 1:1 was measured, in good agreement with the
analytical data obtained from ICP-OES.

Overall, XRD, Raman, and XPS point out the formation of a
Co,0, and ZnO phases in ZCO with a large Zn?* content in-
serted in the Co;0, lattice with Co** and Co** valence states.

The sample morphology and the ZCO size distribution were
studied by high-resolution transmission electron microscopy
(HRTEM). The samples exhibit the characteristic 2D morphol-
ogy of doped graphenes with micrometric lateral size and the
typical wrinkles (Figure 2a). The HRTEM images of ZCO/BG
show the presence of small nanoparticles homogeneously dis-
tributed on the graphene sheets (Figure 2b), with an average
particle size of 3.7 + 0.6 nm, determined by measuring a sta-
tistically relevant number of particles. The HRTEM images also
allowed us to measure 0.215 and 0.202 nm lattice fringes, very
similar to the interplanar distances of the (200) and (400) facets
of ZnO and Co,0,, respectively (Figure 2c). It is worth noticing
that no pure ZnO and Co;O, crystal phases have been detected
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Figure 2. a—c) Selected HRTEM images of ZCO/BG. b) also includes the histogram of ZCO particle size distribution. Red numbers indicate the average
particle size and standard deviation after measurement of the diameter of 48 nanoparticles. c) The lattice fringes of the (200) and (400) facets in ZCO
have been indicated in red. e) EDS analysis of some nanoparticles in a selected STEM image (d). TEM images of f) ZCO/NG, g) ZCO/BG, and h) ZCO.

in the ZCO XRD patterns. However, the presence of nanomet-
ric crystals of these phases cannot be totally discarded. Energy-
dispersive X-ray spectroscopy (EDS) of representative ZCO/BG
scanning transmission electron microscopy (STEM) images (Fig-
ure 2d) confirms that individual ZCO nanoparticles supported on
BG are constituted simultaneously by Co and Zn. Nanoparticles
containing uniquely Zn or Co have not been found. Importantly,
HRTEM image of ZCO/NG (Figure 2f) shows notable differences
in the ZCO particle size compared with ZCO/BG (Figure 2g).
While ZCO small nanoparticles (3.7 nm) are homogeneously dis-
tributed over the BG sheets, larger nanoparticles (=50 nm) can be
observed in ZCO/NG. A representative STEM image of ZCO/OG
is presented in Figure S5, Supporting Information. As can be
seen there, the ZCO particle size in OG is very similar than that
of ZCO/NG, about 50 nm or larger. Interestingly, images of ZCO
(Figure 2h) shows very large (micrometric size), rod-like mor-
phology, when this mixed metal oxide is self-standing and not
supported on the doped Gs. The observed differences in ZCO
morphology and particle size arising from identical hydrother-
mal conditions indicate strong interactions between mixed ZCO
metal oxide and the different doped G.

Adv. Sci. 2022, 9, 2204316

In summary, the hybrid ZCO/G samples were composed by
doped, defective G sheets containing a large loading of homo-
geneously distributed nanoparticles. It is worth noticing that de-
spite the large ZCO loading on the G layers, the nanoparticles
formed are relatively small, particularly in BG, with a narrow size
distribution, highlighting the suitability of doped G as support of
these metal oxide nanoparticles and the convenience of this syn-
thetic procedure.

2.2. Electrochemical Performance

Electrodes containing the different ZCO-G composites were fab-
ricated on Ni foam as described in the Experimental Section in
order to investigate their electrochemical properties. In the elec-
trochemical measurements, electrodes containing the compos-
ite materials were used as working electrodes, while Hg/HgO
electrode and Pt wire were used as reference and counter elec-
trodes, respectively. KOH aqueous solution (6 M) was used as
electrolyte. For comparison purposes, Co;0,/NG and ZnO/NG
materials were also prepared using identical synthetic procedure

2204316 (5 of 11)  © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH

85U8017 SUOWILLOD 3A1IE1D) 3|qeot|dde 8Ly Aq peusenob afe sajole YO ‘88N JO Sa|nJ 10 Akeiq1T8UIIUO /8|1 UO (SUOIPUOD-PUR-SLLIBY/WIOD A8 | 1M AlRIq 1 BUI|UO//SdNL) SUORIPUOD pUe SWe | 8U} 89S *[£202/c0/72] Uo ARiqi]auljuo AB[IM Blousfe A 80 BO1U98Y0d TeISIBAIUN AQ 9TEY0ZZ0Z SAPE/Z00T 0T/I0p/W0o" A8 M Ake.d1jpul uo//:Sdny Woly papeo|umod ‘v ‘220z ‘r8es6Te



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

QO
~

O
-

0.5 0.5 —Co,0,/NG
——ZC20IN-G
——ZCOING
=, 041 o 94 ———Z2COING
s b ZnO/NG
5 03 3 03]
et o
G 02 S 02
- -
° °
o g1 04
0.0 0.04
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000
Time (s) Time (s)

Figure 3. a) GCD curves of ZCO, ZCO/OG, ZCO/NG, and Z2CO/BG. b) GCD curves of ZnO/NG, Co;0,/NG, ZCO/NG, Z2CO/NG, and ZC20/NG.

Current density 2 A g™

(see Experimental Section), and electrodes containing these sin-
gle metal composites were fabricated and tested.

Figure 3a shows GCD and Figure S6, Supporting Information,
the cyclic voltammogram (CV) curves of ZnO/NG, Z2CO/NG,
ZCO/NG, ZC20/NG, and Co,0,/NG at a scan rate of 50 mV ™!
in the potential range from 0 to 0.5 V. As can be seen in Fig-
ure S6, Supporting Information, ZCO/NG provides the largest
CV area, suggesting higher capacitance than the other samples.
The observed peaks in the CV denote pseudo-capacitive behavior.
The higher capacitance of ZCO/NG was confirmed by the GCD
curves, obtaining a value of 1638.8 F g~! at 2 A g~'. The calcu-
lated capacitance values of all studied samples are summarized
in Table S3, Supporting Information. As can be seen in Figure 3a,
Figure S6, and Table S3, Supporting Information, the capacitance
of ZCO/NG is superior to the ones of its individual metal oxides
(ZnO and Co,0,) as well as to Z2CO/NG and ZC20/NG, with
ZCO stoichiometries different to 1:1. It is worth noticing that the
anodic peaks in CV from ZnO/NG and Z2CO/NG are very simi-
lar, with maximum at 0.404 and 0.406 V, respectively. In compar-
ison, the anodic peaks obtained from Co,0,/NG and ZC20/NG
are located at 0.362 V, while ZCO/NG is centered at 0.369 V.
This is indicating that electrodes containing pure ZnO/NG or
Z2CO/NG, with larger Zn content, present higher oxidation po-
tential than that of pure Co;0,/NG and ZC20/NG, while the
sample with 1:1 stoichiometry (ZCO/NG) is in between.

We have also investigated the effect of the heteroatom doping
in the different G in the capacitive properties of these electrodes.
For that, CV and GCD curves of ZCO, ZCO/OG, ZCO/NG, and
ZCO/BG were acquired at a scan rate of 50 mV s~ in the voltage
range from 0 to 0.5 V (Figure 3, Figure S6 and Table S3, Support-
ing Information, respectively). It can be observed that ZCO, in
the absence of heteroatom doped G, exhibited the lowest capaci-
tance (1376 F g™' at 2 A g7'). When ZCO was supported on OG a
slight capacitance increase was measured (1484 F gt at2 A g™1).
Further increase was achieved with NG (1638.8 Fg~' at2g!). Re-
markably, ZCO/BG presented the highest capacitance of 2568 F
g tat2 A g, being almost twice than ZCO and 57% larger than
ZCO/NG. Co,;0,/BG and ZnO/BG electrodes were also prepared
similarly as ZCO/BG, but in the presence of a single metal, and
their electrochemical performance investigated (see Figure S7,
Supporting Information). The specific capacitance of these ma-
terials, obtained from the GCD curves, are summarized in Ta-
ble S3, Supporting Information. As can be seen, the specific ca-
pacitance of Co;0,/BG and ZnO/BG materials is higher than
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that of Co;0,/NG and ZnO/NG, while ZCO/BG presents the
highest capacitance of all samples under study, thus, reconfirm-
ing the role of B as dopant element and the superiority of the
mixed oxide.

CV and GCD curves of ZCO/BG at different scan rates and
current densities can be seen in Figure S8, Supporting Informa-
tion. As the scanning speed increased, the anodic peak of the
CV curves shifted to higher potentials, whereas the cathodic peak
shifted toward lower potentials. This is not surprising since the
redox reaction rate at the electrode surface can be extremely fast
at such a scan rate (50 mV s7!), and therefore, different voltages
are required for the redox reactions. On the other hand, the GCD
curves at different current densities show capacitance decrease
with current density increase. This again is typically assigned to
the accumulation of charges and ions on the electrode surface. It
is worth noticing that even at a high current density of 40 A g7,
the specific capacitance obtained with the ZCO/BG electrode is
of 640 F g~!, which is among the highest capacitance values for
these high current densities,*! indicating its superior rate capa-
bility. This performance of ZCO/BG is very convenient for super-
capacitor fast charge/discharge cycles, especially, for commercial
applications in portable devices and automotive.

To further study the ZCO/BG performance a full supercapac-
itor device was fabricated and studied. This asymmetric super-
capacitor consisted of a carbonaceous material derived from chi-
tosan and KOH precursors (CS—-KOH) assembled as cathode and
ZCO/BG as anode, respectively. The preparation procedure of
CS—KOH with a KOH corrosion treatment ensures a large sur-
face area of CS-KOH as previously reported.[*!) The performance
of the CS-KOH electrode was first evaluated by CV and GCD
curves in the range from 0 to —1 V at different scan rates and
current densities, respectively. The results are presented as Fig-
ure S9, Supporting Information.

CV and GCD curves of ZCO/BG//CS-KOH device were mea-
sured in the potential window range from 1.5 to 1.8 V at a
constant scan rate of 100 mV s7' and 5 A g7!, and the curve
shape did not change up to a voltage value of 1.7 V, indicating
ZCO/BG//CS-KOH asymmetric supercapacitor can operate at
this high working voltage (1.7 V) (Figure S10, Supporting In-
formation). The ZCO/BG//CS-KOH asymmetric supercapacitor
shows remarkable high energy densities from 77.6 W h Kg™! at
850 W Kg~! power density to 35.1 W h Kg~' at 8500 W Kg~! (see
Table S4 and Figure S11a, Supporting Information), indicating
excellent energy storage properties. For comparison purposes,

2204316 (6 0f11) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH

85U8017 SUOWILLOD 3A1IE1D) 3|qeot|dde 8Ly Aq peusenob afe sajole YO ‘88N JO Sa|nJ 10 Akeiq1T8UIIUO /8|1 UO (SUOIPUOD-PUR-SLLIBY/WIOD A8 | 1M AlRIq 1 BUI|UO//SdNL) SUORIPUOD pUe SWe | 8U} 89S *[£202/c0/72] Uo ARiqi]auljuo AB[IM Blousfe A 80 BO1U98Y0d TeISIBAIUN AQ 9TEY0ZZ0Z SAPE/Z00T 0T/I0p/W0o" A8 M Ake.d1jpul uo//:Sdny Woly papeo|umod ‘v ‘220z ‘r8es6Te



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

a) - T
— 704 CZO/BG // CS-KOH
2 !
E 60 Ref. 13 \‘
A

2 50 & \
- *  Ref.16 \. A
§‘ 40 Ref. 12 . Ref. 9 ~a
7] N~ N
S 30 + CZOING // CS-KOH
© Ref. 18
3 201 Ref. 6
3 10
g J
w ® Ref.7

0 s ;

100 1000

Power density (W/kg)

o

Capacitance retention (%)
(2]
o

10000

www.advancedscience.com

1nnmmmuuuummnrmumm”nm“m
My
444437

o

2000 3000 4000

Cycle numbers

0 1000 5000

Figure 4. a) Ragone Plot with specific energy and power for different related materials in the literature. b) Capacitance retention over 5000 charge—
discharge cycles using ZCO/BG//CS—KOH device at the voltage window of 1.7 V and current density of 5 A g~ .

asymmetric devices containing ZCO/NG and CS-KOH as anode
and cathode, respectively, were also fabricated. The GCD curves
at different current densities are presented in Figure S10b, Sup-
porting Information and the obtained values of energy density
and power density summarized in Table S4, Supporting Informa-
tion. As can be seen there, the energy storage characteristics of
ZCO/NG//CS-KOH are lower than that of ZCO/BG//CS-KOH,
in good agreement with their respective capacitive characteris-
tics.

The energy density and power density values of ZCO/BG//CS-
KOH were compared with related materials in a Ragone plot (Fig-
ure 4a). Table S1, Supporting Information, provides comparison
of the performance parameters of these reported devices. In the
best of our knowledge, the asymmetric supercapacitor based on
ZCO-BG is among the most efficient devices reported in the lit-
erature, confirming its excellent energy storage properties.

Besides the efficient energy storage properties, ZCO/BG//CS-
KOH has demonstrated outstanding cycling stability. A 5000-
cycle performance of the asymmetric supercapacitor at a current
density of 5 A g7! is presented in Figure 4b. The performance
remained nearly constant during the first 1000 cycles, while only
a minor performance degradation taking place along the other
4000 cycles, retaining 85.7% of the performance after 5000 cy-
cles.

Taking advantage of the remarkable performance of
ZCO/BG//CS-KOH, we have built a quasi-solid-state, flat,
flexible supercapacitor of 1 X 3 cm?, using poly vinyl alcohol
(PVA)-KOH gel electrolyte (see Experimental Section for further
details and Figure S12, Supporting Information). The CV and
GCD curves obtained from ZCO/BG//PVA-KOH//CS-KOH
are presented in Figure S13, Supporting Information, and this
exhibits a capacitance of 158.7 F g~! at 2 A g7!, and an energy
density of 49.6 W h Kg™! at power density of 1500 W Kg~!.
Moreover, measurements of the GCD at 4 A g~! upon different
mechanical stress (Figure S14, Supporting Information) revealed
very similar behavior, highlighting the robustness of this device.

2.3. Origin of the Pseudocapacitive Properties of ZCO/BG
We were interested in gaining understanding on the origin of the

improved energy storage properties of ZCO/BG over ZCO/NG.
Pumera and co-workers have previously reported that B-doped G

Adv. Sci. 2022, 9, 2204316

exhibits higher electrical conductivity than N-doped G.32! How-
ever, the role of B or N doping in the G capacitance has been lately
questioned by the same authors,!*}] and the distinctive structural
differences in terms of density of defects between N- and B-doped
G has been proposed as the determining factor for their different
capacitive properties, rather than the type or heteroatom content.

The ratio of the intensity of the D and G Raman peaks (I /1)
is often used as quantitative analysis of the G defectivity. In the
present work, the Raman spectra presented in Figure S2, Sup-
porting Information, allowed us to determine an I, /I ratio for
NG and BG of 0.75 and 0.81, respectively, indicating larger con-
centration of defects in BG. Moreover, the defect nature in NG
and BG has been investigated by electron paramagnetic reso-
nance (EPR). As can be seen in Figure 5, the larger EPR signal
in BG indicates a higher concentration of radicals that are asso-
ciated to defects. The observed EPR signal in BG at g =~ 2.0016
can be assigned based on the literature to localized # electrons
trapped at defects or atom vacancies, indicative of extended sp?
domains,?*l while the g ~ 2.0032 in NG has been attributed to
the formation of C-related dangling bonds."**! Thus, BG contains
a larger density of defects consisting in trapped electrons, favor-
ing higher conductivity, while NG present lower density of de-
fects that in addition should be less mobile because they are as-
sociated to sp? carbon related radicals. The different EPR signals
in BG and NG supports were consistent with the ones observed
in ZCO/NG and ZCO/BG composites, indicating that after the
mixed metal oxide deposition, the characteristic defects in NG
and BG remained mostly unchanged.

In order to further investigate the observed differences in ca-
pacitance between ZCO/NG and ZCO/BG, the high-resolution
XPS Co 2p peaks of these samples were analyzed in more de-
tail. For comparison purposes, the XPS Co 2p of ZCO was
also included in the comparison, together with the ZCO/NG
and ZCO/BG spectra in Figure S15, Supporting Information.
As can be seen there, the Co 2p 3/2 peaks in ZCO/NG and
ZCO/BG can be deconvoluted in two different components, as-
signed to Co** and Co?* species, together with the correspond-
ing prominent satellite peaks, in good agreement with the mea-
sured spectrum of ZCO. However, the Co 2p peaks are negatively
shifted 1.23 and 1.71 eV in ZCO/NG (780.49 eV) and ZCO/BG
(780.01 eV), respectively, from the binding energy measured for
ZCO (781.72 eV). It is worth noticing that these binding energies
for the Co 2p peaks in ZCO/NG and ZCO/BG are very different
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Figure 5. EPR spectra of a) NG and BG and b) ZCO/NG and ZCO/BG at ro

from the reported values of Co metal (778.2 eV) and Co—C bonds
at 778.47 eV.1*] Therefore, the formation of Co metal and Co,C
species that could also be observed by XRD or TEM can be ruled
out. The observed chemical shifts of Co 2p have been attributed
to an enhancement in electron density of the oxidized Co species
when they are in contact with the doped G. Similar detailed study
of high-resolution XPS has also shown a shift in the Zn 2p peaks
in ZCO/NG (1021.15 and 1044.28 eV) and ZCO/BG (1021.02
and 1044.11 eV), which are also 1.11 and 1.24 eV down shifted
from the measured values for Zn 2p in the reference ZCO sam-
ple (1022.26 and 1045.36 eV), indicating similar electron density
transfer from the doped G to the oxidized Zn. Notice that the O
content in ZCO/NG and ZCO/BG materials is lower than that
of ZCO (Table S2, Supporting Information), despite NG and BG
also have O atoms, suggesting a partial reduction of the ZCO ma-
terial with the generation of O vacancies (detected in XPS O 1s
of the samples) in the hydrothermal synthesis of ZCO/doped G
composites, in agreement with the obtained XPS data. Further-
more, regarding the influence of the dopant element on G, the
Co 2p 3/2 peak in ZCO/BG presents a 0.48 eV more negative
shift than that in ZCO/NG, suggesting a higher electron density
transfer from BG to ZCO than from NG. This can be correlated
with the higher density of defects assigned to z electrons in BG
defects, as observed in the EPR measurements.

The differences in terms of density of defects and electron
transfer density observed by EPR and XPS can derive for the dif-
ferent ZCO crystal growth, as suggested by the XRD patterns
and HRTEM images presented in Figures 1 and 2. In this re-
gard, larger ZCO nanoparticles (=50 nm) have been observed in
ZNO/NG, while ZCO small nanoparticles (%4 nm), with narrow
size distribution, have grown in BG sheets. It is worth noticing
that the nanoparticles size plays a decisive role in different fields
such as heterogeneous catalysis, electrocatalysis, and energy stor-
age. It is well accepted that small nanoparticles are characterized
by their high surface to volume ratio and large number of ex-
posed surface atoms. Therefore, smaller nanoparticles have typi-
cally demonstrated enhanced activity in different applications. In
the present study, the observed differences in ZCO particle size
arising from identical hydrothermal conditions indicates the dif-
ferent interactions, due to the different G defectivity, between the
mixed ZCO metal oxide and the different doped G.

A direct consequence from the observed differences in parti-
cle size could be a different electrochemically active surface area

Adv. Sci. 2022, 9, 2204316 2204316

Magnetic field (G)

om temperature.

(ECSA) that rather than the specific surface area determined by
isothermal gas adsorption is the relevant parameter to under-
stand the relative performance of this series of samples. CV of
ZCO/NG and ZCO/BG at different scan rates (5-20 mV s71) al-
lowed us to determine the ECSA by measuring double-layer ca-
pacitance (Cp,). As shown in Figure S16, Supporting Informa-
tion, ZCO/NG and ZCO/BG presented Cp,; of 1.07 and 1.57 mF
g7!, respectively. Hence, one of the reasons of the enhanced ca-
pacitance in ZCO/BG can be attributed to its higher ECSA as con-
sequence of the smaller ZCO size. Since the synthesis conditions
are identical, the differences in ECSA are probably derived from
the higher density of defects in preformed BG and its different
nature, promoting stronger interaction with the nascent mixed
metal oxide than in the case of NG. This specific interaction with
nascent ZCO should favor the formation of a larger number of
seeds, resulting in the growth of a larger number of small ZCO
nanoparticles compared to in the NG surface.

On the other hand, the observed differences depending on the
doped G are also reflected in electric behavior. Electrochemical
impedance spectroscopy (EIS) measurements in ZCO, ZCO/NG,
and ZCO/BG were performed and the results are presented as
Figure S17, Supporting Information. The obtained Nyquist plots
consist of a semicircle and a line. Typically, semicircle radius is
related to the electrical resistance at the electrode—electrolyte in-
terface (Rcp), while the line at lower frequencies can be attributed
to the Warburg factor (W), which is related with ions diffusion
coefficient. These parameters can be obtained from the best fit-
ting of the experimental data to a model circuit. The model cir-
cuit together with the calculated parameters from the Nyquist
plots of these samples presented in Table S6, Supporting Infor-
mation. As can be seen in that Table, the Rt in ZCO/BG (2.10
Q cm™?) is lower than that of ZCO/NG (4.10 Q cm™2) and ZCO
(3.44 Q cm™2), indicating improved electronic conductivity. More-
over, the lower W values suggest a larger ion diffusion coefficient
in ZCO/BG than in ZCO/NG and ZCO. These data would indi-
cate that BG is not only contributing in the growth of ZCO small
nanoparticles, but also improving the charge transfer and ion dif-
fusion with the electrolyte, exhibiting, in overall, enhanced capac-
itive properties than ZCO/NG.

In order to further investigate the differences in charge storage
mechanism between ZCO/BG and ZCO/NG, we have calculated
the PC versus EDLC contributions. For that, we have measured
CV curves of these samples at scan rates from 0.2 to 5 mV s™!
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Figure 6. Percentages of EDLC and PC contributions at different scan rates for a) ZCO/BG and ¢) ZCO/NG. EDLC- and PC-controlled contributions in
b) ZCO/BG and d) ZCO/NG electrodes obtained from CV profile at 5 mV s~'.

(Figure S18, Supporting Information), and analyzed the obtained
peak currents (i) and scan rates (v) of these CV curves using Equa-
tion (1).

i=at (1)

where a and b are constant parameters. It has been previously
reported that b value of 0.5 corresponds to EDLC-controlled
charge storage mechanism, while b value of 1 is attributed to PC-
controlled mechanism. The calculated b values in anionic and
cathodic peaks (Figure S18, Supporting Information) are 0.77
and 0.64; and 0.72 and 0.67, for ZCO/BG and ZCO/NG, respec-
tively. These intermediate values indicate that in both materials
the EDLC and PC mechanisms are contributing to the charge
storage. More detailed and accurate PC-controlled contributions
can be quantitatively determined by Equation (2).

i(v) = kv +kyp'/? )

where k,v refers to PC, while k,v'/? corresponds to EDLC mech-
anism. As can be seen in Figure 6, the EDLC contribution (red
region) is of 41% and 48% of the total current at 0.2 mV s~! scan
rate for ZCO/BG and ZCO/NG, respectively, while 65% and 79%
are achieved at 5 mV s~!. These results are in good agreement
with the highest ECSA in ZCO/BG, as consequence of the small-
estnanoparticle size, providing higher electrochemical active sur-
face for Faradaic reactions, and therefore, higher a PC contribu-
tion. On the contrary, the lower ECSA in ZCO/NG, due to the
higher ZCO particle size, give rise to a lower PC contribution in
the overall energy storage mechanism.

Adv. Sci. 2022, 9, 2204316

It is worth noticing that ZCO/NG sample present redox peaks
at higher potential than that of ZCO/BG. In order to rational-
ize this result, it must be commented that both samples con-
tain mixed Zn and Co oxide nanoparticles with Co and Zn mo-
lar ratios close to 1. However, the XRD patterns of ZCO/NG
and ZCO/BG, presented in Figure 1, show a sharper and more
intense peak related to the ZnO phase in ZCO/NG than in
ZCO/BG, suggesting a higher crystallinity of ZnO in ZCO/NG.
On the other hand, it has been previously reported that the redox
potential in ZnO is higher than that of Co,0,.I*”] Therefore, we
conclude that the larger redox potential in ZCO/NG with respect
to ZCO/BG could be the consequence of the higher contribution
of larger ZnO crystals in the ZCO/NG sample.

3. Conclusion

Precedents in the literature have reported that the combination of
mixed metal oxides and doped Gs renders composites with a high
performance as electrodes for supercapacitors. Herein we have
shown that wise selection of the dopant element can increase
further this perform. Thus, Zn—Co mixed metal oxide nanopar-
ticles have been deposited by hydrothermal synthesis on three
heteroatom doped G observing a large influence of the dopant
element on the supercapacitor performance of ZCO nanoparti-
cles depending on the doped G support. ZCO/BG presents the
highest specific capacitance of 2568 F g=! at 2 A g~!. Moreover,
supercapacitors containing ZCO/BG and CS-KOH as anode and
cathode, respectively, have demonstrated 86% capacitance reten-
tion after 5000 cycles and a maximum energy density of 77.6 W
hkg™ at 850 W kg™'. The origin of the improved performance of
ZCO/BG has been attributed to the nature of the dopant element,
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and to larger density of defects in BG, resulting in the forma-
tion of small ZCO nanoparticles homogeneously distributed on
BG surface with a strong interaction with the BG support. Under
identical synthetic conditions larger nanoparticles are formed in
NG. Moreover, lower charge transfer resistance has been mea-
sured in ZCO/BG than in ZCO/NG, indicating that the BG sup-
port is also contributing to enhance the electronic and ionic con-
ductivity of this composite. The electrochemical performance of
ZCO/BG for charge storage, combining double layer and pseudo-
capacitance mechanisms, ranks this composite at the top of the
list of efficient components for the preparation of supercapacitors
with high specific power and capacitance.

4. Experimental Section

Chemicals:  Commercially available reagents were purchased from
Sigma-Aldrich and used without further purification.

NG Synthesis:  N-doped graphene (NG) was obtained as reported by
pyrolysis of chitosan powder in horizontal electrical furnace under Ar flow
(200 mL min~") at 900 °C for 2 h. The heating rate was 2 °C min~".

BG Synthesis: B-doped graphene was obtained as reported by pyrol-
ysis of equal amounts of alginic acid and H3BO; under Ar flow (200 mL
min~") at 900 °C for 2 h. The heating rate was 2 °C min~".

OG Synthesis:  OG was obtained as reported by pyrolysis of alginic acid
under Ar flow (200 mL min~") at 900 °C for 2 h. The heating rate was 2 °C
min~T.

ZCO/G, Z/G, and C/G Syntheses: ~ First, 20 mL of the different G dis-
persions (1 mg mL™") was prepared by sonicating at 700 W for 2.5 h. Then,
0.6 mmol of Co(NO3),-6H,0, 0.6 mmol Zn(NO3),-6H,0, 16 mg PVP, and
1.2 mmol of urea were dissolved in 22 mL deionized water. After that, 3 mL
of G dispersion were mixed into the above solution and introduced into
the Teflon-lined autoclave (for the preparation of the ZCO sample with-
out G, 3 mL of deionized water was added instead). The hydrothermal
reaction was carried out at 135 °C for 14 h. After that, the solids were
profusely washed with water and ethanol by filtration, and dried at 60 °C
overnight. Finally, the obtained materials were annealed under Ar atmo-
sphere at 200 °C for 2 h. Z/G and C/G were prepared following exactly the
same procedure, but using only the amount of either zinc or cobalt nitrate
in the preparation of the material. The ZCO/G, Z/G and C/G mass loading
is ~1.1-1.3 mg cm~2 in all electrodes.

Chitosan—KOH Synthesis: 2 g chitosan (CS) was pyrolyzed under Ar
atmosphere at a heating rate of 2 °C min~" up to 700 °C for 1.5 h. Then,
650 mg of the obtained powder and 1.3 g KOH were mixed in 100 mL
ethanol. Then, the solvent was evaporated at 75 °C. The obtained pow-
der was pyrolyzed using identical conditions. The final solids were washed
several times with water by filtration to remove the KOH excess and dried
at 60 °C overnight.

Sample Characterization: XRD patterns were obtained in a Philips
XPert diffractometer (40kV and 45mA) equipped with a graphite
monochromator employing Ni-filtered Cu Ka radiation (1.541178 A). The
chemical analysis was determined by ICP-OES (iCAP 7400, Thermo Sci-
entific, Waltham, MA, USA). HRTEM images were recorded in a JEOL
JEM 2100F under an accelerating voltage of 200 kV. Samples were pre-
pared by applying one drop of the suspended material in ethanol onto a
carbon-coated copper TEM grid and allowing it to dry at room tempera-
ture. Raman spectra were collected with a Horiba Jobin Yvon-Labram HR
UV-visible-NIR (200-1600 nm) Raman Microscope Spectrometer using
a 514 nm laser. The chemical composition of the samples was determined
by combustion chemical analysis by using a CHNS FISONS elemental
analyzer. X-ray photoelectron spectra (XPS) were measured on a SPECS
spectrometer equipped with a Phoibos 150 MCD-9 detector using a non-
monochromatic X-ray source (Al) operating at 200 W. Before spectrum
collection, samples were evacuated in the prechamber of the spectrom-
eter at 1 x 10™° mbar. The measured intensity ratios of the components
were estimated from the area of the corresponding peaks after nonlinear
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Shirley-type background subtraction and corrected by the response fac-
tor of the spectrometer for each element. EPR spectra were recorded in
a Bruker EMX instrument operating at frequency 9.80 GHz, sweep width
30.6 G, time constant 80 ms, and microwave power 200 mW.

Electrochemical Measurements: ZCO/G electrodes were prepared by
performing the ZCO/G synthesis into the Teflon-lined autoclave in which
a 1x 3 cm Ni foam was previously introduced.

CS—KOH electrodes were fabricated mixing CS—~KOH powder, carbon
black, and PVDF at 8:1:1 ratio, and grinding the mixture in an Agatha mor-
tar using N-methylpyrrolidone (NMP) and ethanol as solvents. The ob-
tained slurry was then brushed onto a 1 cm? piece of nickel foam and
dried overnight at 60 °C.

In the electrochemical measurements, the as-fabricated electrode,
Hg/HgO electrode, and a platinum wire were used as the working, ref-
erence and counter electrode, respectively. The 6 M KOH was used
as electrolyte. For complete supercapacitor device measurements, the
ZCO/G/NF, CS-KOH/NF, and glass microfiber filters were used as pos-
itive electrode, negative electrode, and separator, respectively.

Cyclic voltammograms (CVs), GCD, and electrochemical impedance
spectra (EISs) were measured on a Gamry potentiostat (Interface 5000E)
in three-electrode configuration. CVs were recorded in potential scan rate
range of 10-50 mV s~'. EISs were recorded with a frequency range of
0.01 Hz—100 kHz. The capacitance of electrodes (Cs) was calculated based
on the discharge time in GCD according to formula:

Cs= I X At 3)
mXx AV

where | (A) represent discharge current, AV (V) is the potential window,
At represents discharge time(s), m (g) is the accurate weight of active
material on working electrode.

For the asymmetric supercapacitor, the negative electrode was obtained
by coating a mixture of CS-KOH and PVDF with a percentage ratio of
90 versus 10 wt% onto a nickel foam. The mass loading of active materials
used for anode and cathode must abide the charge balance relationship
(Q+ = Q-) as following equation:

M, C_xAV_ @
M_ "~ C, XAV,

Therefore, the necessary amount of CS-KOH in each cathode, in order
to store the same number of charges than the anodes for each superca-
pacitor, was calculated.

The energy density (E) and the power density (P) of the as-obtained
supercapacitor were evaluated by varying current densities. The values can
be achieved by the following formulae:

I X At
Casc = Wxcav ©)
Casc X AV?
e )
E
P=— 7
o Y]

the symbols I, At, AV, and M separately represent constant discharge cur-
rent (A), discharge time (s), potential window (V), and mass (g) of the all
active material.

Quasi-Solid-State, Flexible Device Assembly: For the gel electrolyte
preparation, 6 g of PVA powder were dissolved in 50 mL of MilliQ water at
85 °C. Alternatively, 6 g of KOH was also dissolved in 10 mL of MilliQ water
and added to the PVA solution. The obtained PVA-KOH gel electrolyte was
spread on a plastic wrap and allowed dried at room temperature. ZCO/BG
and CS-KOH inks were deposited on Ni foam as previously described.
ZCO/BG cathode, PVA-KOH electrolyte and CS—KOH anode were sand-
wiched and sealed using Metlonix 1170-60 thermoplastic.

Statistical Analysis: The ZCO average particle size together with the
standard deviation was obtained after measuring a statistically relevant
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number of nanoparticles (n = 48) using the following equations:

a2
A=¥;5D= Z(DTA) @®)

where, A is the average particle size, D is the measured nanoparticle di-
ameter in nm, n is the number of accounted nanoparticles and SD is the
standard deviation. The data is presented as mean + SD.
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