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ABSTRACT: Efficient bifunctional oxygen catalyst is a crucial requirement to
ensure optimal and stable performance in metal—air batteries and fuel cells, both of
which are considered front runners to replace combustion technologies based on
fossil fuels. Our work focuses on this critical requirement, and we propose, via a
combined experiment-computation approach, a porous nanostructured non-
stoichiometric zinc cobaltite (ZnCo,0,-ZCO) as an efficient bifunctional catalyst
for oxygen reduction and evolution reactions (ORR and OER). The defects were
incorporated into the ZCO nanocubes by sintering the product obtained from
hydrothermal synthesis under different conditions. The ZCO samples annealed
under air (ZCO-Air) and vacuum (ZCO-Vac) show bifunctional electrocatalytic 5
activity (under alkaline conditions) toward ORR (@ —3 mA cm™) and OER (@ ; , - .
10 mA cm™?) at potential differences of 0.92 and 0.87 V, respectively. Both samples 06 08 P;;Znﬁaly 22 RH::'?V) w18
exhibit superior electrocatalytic activity than the prevalent standards, namely, Pt/C

for ORR and IrO, for OER, and show long-term stability crucial for practical applications. As calculated using first principles, the
electronic density of states confirms that defects formed during annealing of ZCO (in air/vacuum) play a crucial role in enhancing
electrocatalytic activity by altering the band gap of bulk ZCO to more optimal levels, suitable for the oxygen electrocatalysis. With
effective activity toward ORR and OER, the work here establishes ZCO, with an appropriate heat treatment protocol, to be a suitable
bifunctional catalyst for metal—air batteries and fuel cells.
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1. INTRODUCTION

The overwhelming dependence on traditional fossil fuels has
led to a significant global energy crisis. Consequently, there is a
critical need to develop alternative renewable energy-based
technologies which can substitute fossil fuels leading to a
sustainable environment and living. Fuel cells, metal—air
batteries, and water splitting devices' > comprise a class of
devices where the performance is predominantly determined
by chemical processes such as the oxygen reduction reaction
(ORR) and oxygen evolution reaction (OER) 7° Tian and co-
workers discussed the advantages and limitations of ORR
electrocatalysts, such as platinum group metal (PGM)
catalysts, non-PGM catalysts, carbon-based, and single-atom-
based catalysts.” Specifically, the ORR and OER are kinetically
nontrivial, and there is a persistent demand for efficient oxygen
electrocatalysts. Platinum (Pt)® and Pt-based materials”'® have
been demonstrated as superior electrocatalysts for ORR. On
the other hand, RuO,'" and IrO,"” are the best candidates for
OER. However, these materials are not bifunctional, that is,
they cannot be used simultaneously for ORR and OER.
Additionally, they are expensive and scarcely abundant, thus
limiting their practical usage. Therefore, it is essential to
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develop efficient and cost-effective bifunctional oxygen electro-
catalysts.

Several bifunctional catalysts have been proposed as
alternatives to Pt-type metals. Wang et al, in their review
article, outlined various composite materials with bifunctional
activity for oxygen electrocatalysis."> Some of the candidate
catalysts that have been studied include heteroatom-doped
carbon materials,"* !¢ transition-metal-based oxides, sulfides
(such as MnO,, Co;0,, Co3S,, CosSy, and Ni,S,)," "> Ni-
doped cobalt sulfides (such as NiCo,S,”" NiCo,S,@
graphene,”” and NiCo,S,@g—C;N,—CNT>’), Ni-sulfides
with Se substitution (NiSysSeps”">”), and Ni—Mn-doped
Co-oxides (CoMn,0,4 NiCo,0,, which typically show good
ORR and OER activity).m27 Among Co-based spinel
bimetallic oxides, zinc cobaltite (ZCO)>® is highly active, as
Zn** and Co’" occupy the tetrahedral and octahedral sites,
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respectively. This facilitates better utilization of the redox-
active Co®*, thus making ZCO a promising candidate.

In the past, various synthesis and engineering techniques
have been adopted to improve the electrocatalytic efhiciency of
electrocatalysts, including tuning of morphology, various
components to form a composite, introducing defects, and
band engineering. Basu and co-workers grafted flower-like
ZCO onto a reduced graphene oxide (RGO) sheet as an
example of morphology tuning, where the authors reported
enhanced electrocatalytic activity toward ORR and OER as
compared to RGO and bare-ZCO.”” Wang and co-workers
provide a detailed perspective on designing controlled defects
in a given catalyst for enhanced performance toward ORR and
OER.* Furthermore, Wang et al. demonstrated improved
electrocatalytic activity of carbon-supported Co;0, toward
ORR by fine-tuning the electronic band gap.”’ Zhao et al.
explained various methods of creating oxygen vacancies in
perovskite oxides and discussed their role in improving the
electrocatalytic performance of ORR.*> Wang and co-work-
ers”” synthesized porous ZCO microspheres and demonstrated
enhanced ORR performance to bulk ZCO. Similarly, Zhang et
al. reported synthesizing porous ZCO spindle-like structures
via the solvothermal method and showed improved OER
performance.”® In our work, we incorporated the defects in the
nanoporous ZCO structure and studied their bifunctional
electrocatalytic performance for ORR and OER.

In this work, we combine the hydrothermal synthesis
approach with an appropriate heat treatment protocol to
enhance the electrocatalytic properties of ZCO. Generally,
metal oxides synthesized at ambient temperatures possess non-
stoichiometry at metal and oxygen sites,”*® which is also the
case in ZCO. However, the authors intentionally induced
higher defects by annealing the room-temperature (RT)
hydrothermally synthesized samples under vacuum to improve
their electrocatalytic properties. Two sets of samples, one
annealed in air—ZCO-Air and the other annealed under
vacuum—ZCO-Vag, are characterized using various analytical
techniques. Their electrochemical performance is quantified
toward OER and ORR. The authors have also performed
density functional theory (DFT)*”*® -based calculations to
highlight the changes in the electronic density of states (DOS)
induced by defects within the ZCO structure. Significantly, the
electrochemical performance of both defective samples exceeds
the electrochemical activity of Pt (for ORR) and IrO, (for
OER), signifying the importance of defect-engineered ZCO in
diverse energy harvesting and storage applications.

2. EXPERIMENTAL SECTION

2.1. Materials. Commercially purchased high-purity chemicals of
zinc nitrate hexahydrate [Zn(NO,),-6H,0], cobalt nitrate hexahy-
drate [Co(NO,),-6H,0], ammonium fluoride (NH,F), hexamethy-
lenetetramine (HMT), de-ionized water (DIW-resistivity of —18.2
MQ cm), and ethanol were used as received.

2.2. Synthesis. 2 mM cobalt nitrate, 1 mM zinc nitrate, S mM
NH,F, and 6 mM HMT were added to deionized water, stirred, and
dissolved; the final volume was up to 300 mL. Later, the whole
reaction mixture was transferred to a Teflon-lined stainless-steel vessel
and kept at 180 °C in an electric furnace for 4 h. Subsequently, the
reaction mixture was cooled down naturally, and the product was
separated by centrifuging at 7000 rpm for 10 min and dried at 80 °C
for 12 h. Finally, the samples were annealed at 400 °C for 4 h with a
heating rate of 10 °C/min in two different atmospheres to get the
final products: one in the ambient atmosphere in a box-type electric

furnace and the other under vacaum (4 mTorr) in a tubular furnace.
These samples were named ZCO-Air and ZCO-Vac, respectively.

2.3. Characterization. The instrumentation used to study the
electrocatalysts is presented in the Supporting Information.

2.4. Electrocatalytic Activity. The catalyst ink was prepared
using the following procedure to cast on a rotating ring disk electrode
(RRDE). In a typical process, 2 mg of active catalyst dispersed in the
mixture of ethanol (475 uL) and Nafion (S wt %—25 uL) solution of
500 uL, ultrasonicated for 30 min before casting. Then, 10 uL of
dispersed catalyst ink was drop-casted on the RRDE (3 mm diameter
Pt disk) and dried in the ambient atmosphere. In a conventional
three-electrode configuration, catalyst-loaded RRDE, graphite rod,
and Ag/AgCl were used as working the counter and reference
electrodes in 0.1 M KOH electrolyte solution to study the
bifunctional oxygen catalytic properties. The electrolyte solution
was saturated with N, by continuously purging N, gas for 30 min
before electrochemical studies. In this condition, cyclic voltammetry
(CV), linear sweep voltammetry (LSV), and impedance measure-
ments were carried out at different rpm to study the kinetics of the
OER and ORR.

Similarly, all measurements were repeated in the O,-saturated
solution (30 min O, purging). These two data were used to get
background-corrected data for ORR. In a typical procedure, the
current values of the polarization curves in N,-saturated were
subtracted from O,-saturated ones at identical experimental
parameters such as scan rate, direction, and rotation rate. All the
measured data were iR-corrected using the series resistance value
obtained from the impedance spectra as follows: E = Eyyp — iR, where
E = iR-corrected potential (V), Egyr = the measured potential in
reversible hydrogen electrode (RHE) (V), i = the measured current
before background correction (mA), and R = the series resistance
determined from the impedance spectra ().

2.5. DFT Calculations. All DFT calculations were performed
using the Vienna Ab initio Simulation Package,*”** employing the all-
electron, frozen core projector augmented wave (PAW)*' theory and
spin polarization without preserving any underlyiné structural
symmetry. The authors used the Hubbard U-corrected™* strongly
constrained and appropriately normed (ie, SCAN + U)*~*
functional to model the electronic exchange and correlation, where
the PAW potentials used are identical to our previous work.*® We
used a plane-wave basis with a kinetic energy cutoff of 520 eV to
describe the electronic one-electron wavefunctions. For the relaxation
of all structures, we used convergence criteria of 0.01 meV and <[0.03|
eV/A on the total energies and atomic forces, respectively. For
relaxing the structure of bulk ZCO, we sampled the irreducible
Brillouin zone using a I'-centered k-point grid with a density of 32 k-
points per A (KPPA). In contrast, for both ZCO-Air and ZCO-Vac
structures (which contain Zn and O deficiency), we utilized a I'-
centered grid with a density of 24 KPPA to reduce computational
costs. Upon structure relaxation of ZCO-Air and ZCO-Vac, we
performed a single self-consistent field calculation with a I'-centered
grid of density 32 KPPA to ensure that the computed energies can be
compared with the bulk structure. Note that the cell volume, shape,
and ionic positions can change for bulk ZCO, while only ionic
positions can change for ZCO-Air and ZCO-Vac during relaxation.
For bulk ZCO, we used the conventional unit cell as obtained from
the Inorganic Crystal Structure Database,*” while for ZCO-Air and
ZCO-Vac, the authors used a2 X 2 X 1 and a 2 X 1 X 1 supercell,
respectively, of the relaxed conventional cell of bulk ZCO. Details on
the choice of supercell sizes for the defective structures and the steps
taken for enumerating defective configurations, done using the
pymatgen*® library, are detailed in the Supporting Information. For
calculating the DOS of the relaxed bulk ZCO structure, we used a I'-
centered k-point grid with a density of 96 KPPA (with the new k-
points added at zero weight to the set of k-points used for structure
relaxation) and sampled the electronic energies from —20 to 20 €V in
steps of 0.005 eV. Similarly, for the DOS calculations of ZCO-Air and
ZCO-Vac structures, we used a I'-centered grid of density 32 and 64
KPPA, respectively. All our DOS calculations involved doing a single
“fake” self-consistent calculation at the SCAN + U level of theory.
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Figure 1. Rietveld-refined XRD data of (a) ZCO-Air and (b) ZCO-Vac samples. Black and red/magenta traces correspond to observed and
calculated intensities, with blue dots representing the difference profile. Green dashes represent peaks observed in a standard ZCO crystal. SEM and
TEM images of (c,e) ZCO-Air and (d,f) ZCO-Vac samples show cubic morphology and their respective insets show the d-spacing values of the

samples.

Table 1. Rietveld Refinement Parameters of ZCO Samples

lattice parameters

position parameters

sample formula sum space group a=b=c(4)
ZCO-Air Zn;,5C0160003120 Fd3m (227) 8.098 (2)
ZCO-Vac Zn65,C01600038.66 Fd3m (227) 8.112 (6)

v (A)?
53114

533.78

atom  occupancy x y z goodness of fit
Zn 0.96 0.375 0.375 0.375 0.99
Co 1 0 0 0
(] 0.98 0.245 0.245 0.245
Zn 0.81 0.375 0.375 0.375 0.96
Co 1 0 0 0
[e] 0.89 0.238 0.238 0.238

3. RESULTS AND DISCUSSION

3.1. Structure and Morphology. Figure lab shows the
refined X-ray diffraction (XRD) structures of ZCO-Air and
ZCO-Vac. Both the samples show similar XRD patterns as a
standard ZnCo,0, crystal structure with space group Fd3m.*
However, the samples have different peak intensities, full-
width-at-half-maxima (FWHM), and peak positions. The
broadening of the dominant XRD peak of ZCO-Vac compared
to ZCO-Air suggests a smaller crystallite size for the vacuum
annealed sample. The unit cell parameters of ZCO-Air (a = b =

13637

¢ =8.098 A, and V = 531.14 A?) are lower as compared to
those of ZCO-Vac (a = b = ¢ = 8.112 A, and V = 533.78 A%).
The occupancy parameters (OPs) are refined for both samples
and listed in Table 1. No OP variations are observed in the Co
elements in both the samples, whereas the OP changed from
0.96 to 0.81 for Zn and from 0.98 to 0.89 for O of the samples,
respectively. Binary or ternary metal oxides have been reported
to show metal/oxygen vacancy/deficiency in the synthesized
samples in the ambient atmosphere.””>" ZCO-Air and ZCO-
Vac samples exhibit Zn and O vacancy/deficiency, with the

https://doi.org/10.1021/acsaem.2c02257
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Figure 2. Core-level XPS of O 1s (a,d), Zn 2p (b,e), and Co 2p (c,f) of ZCO-Air and ZCO-Vac.

vacancy/deficiency being higher in ZCO-Vac (cf. Table 1).
Therefore, annealing in vacuum conditions induces a higher
defect concentration in ZCO than the as-synthesized or air-
annealed sample.

Scanning electron microscopy (SEM) images of ZCO-Air
and ZCO-Vac are given in Figure Ic,d. Although the
morphology of both the samples appears similar (cubic),
differences in porosity can be seen in the higher magnification
micrographs (Figure S1). The ZCO-Air sample has highly rigid
surfaces (cf. Figure 1c), whereas the ZCO-Vac sample shows
porous cubic shapes (cf. Figure 1d). Both the samples are
formed by the self-assembly of nanoparticles, which generally
occurs via Ostwald ripening.”" Transmission electron micros-
copy (TEM) and high-resolution TEM images (Figure S2a,b)
of ZCO-Air and ZCO-Vac (Figure S2d,e) samples also
indicate higher porosity for the vacuum-annealed sample
compared to the air-annealed sample and do signify self-
assembly of nanoparticles. The estimated d-spacing values are
slightly higher for ZCO-Air (0.278 nm, inset of Figure le) than
for ZCO-Vac (0.269 nm, inset of Figure 1f). Selective area
electron diffraction (SAED, Figure S2c,f) patterns of both
samples reveal that ZCO-Air has higher crystallinity than
ZCO-Vac, which is in line with the XRD results.

3.2. Surface Properties. Figure 2 compares the surface
states of the samples, as characterized via X-ray photoemission
spectroscopy (XPS). The XPS broad spectra of both samples
(Figure S3) show peaks corresponding to O, Zn, Co, and C
elements (C, observed due to the sample preparation for XPS
measurements under non-vacuum conditions). O 1 s spectra of
ZCO-Air (Figure 2a) display three peaks corresponding to Zn/
Co—0 bonds (O1: 529.5 eV), O*~ deficiency (02: 531.1 eV),
and —OH groups (03:532.1 eV), while the ZCO-Vac (Figure
2d) has similar peaks near O1: 529.4 eV, 02: 531.0 eV, and
03:531.9 eV, respectively. Zn 2p spectra (Figure 2b,e) of both
the samples show doublets of the spin—orbit split of Zn 2p, ),
and Zn 2p;;, at 1044.0/1043.9 and 1021.0/1020.9 eV for
ZCO-Air and ZCO-Vag, respectively. The energy difference
between these Zn 2p,/,/2p;, peaks is ~23 eV, which
corroborates previous lattice reports of standard Zn?* states.”
Co 2p spectra (Figure 2¢,f) of both the samples display three
sets of doublet peaks: the spin—orbit split of Co 2p,,, and Co

13638

2p,,for (i) Co®* and (ii) Co®* states, and (iii) satellite peaks.
Co 2ps), states for Co®"/Co*" are at 779.6/780.7 and 779.5/
780.4 eV in ZCO-Air and ZCO-Vag, respectively, while for Co
2py/y the corresponding peaks were observed at 794.6/796.1
eV (ZCO-Air) and 794.5/795.8 eV (ZCO-Vac). Therefore,
XPS data indicate that Co exists in both +2 and +3 states in
both samples.53_56 The at % of O, Zn, and Co are 57.85,
22.29, and 19.86 for ZCO-Air and 63.92, 17.35, and 18.73 for
ZCO-Vag, respectively (Table 2). The deficiency of O and Zn
for ZCO-Vac is higher than that for the ZCO-Air samples,
which supports our XRD refinement.

Annealing-atmosphere-dependent porosity variation of the
samples is analyzed and compared by N, adsorption and
desorption profiles, as presented in Figure S4. The surface area,
pore volume, and pore size are 37.57 m* g”*, 0.132 cm® g7/,
and 11.61 nm for ZCO-Air and 44.32 m* g”', 0.082 cm® g7/,
and 6.76 nm for ZCO-Vac, respectively (cf. Table in the inset
of Figure S4). The surface area of ZCO-Vac is ~20% higher
than that of the ZCO-Air sample because of a higher surface
porosity observed in the SEM images (cf. Figure 1d). Due to
this higher surface area, the ZCO-Vac catalyst will provide a
larger effective contact area for redox reactions.

3.3. Electrochemical Studies. First, the catalytic activity
of the ZCO samples and the standard Pt/C is examined by
measuring CV in 0.1 M KOH electrolyte solution saturated
with N, and O,. Figure 3 shows the CV curves of all samples
measured against a RHE. While no redox events are observed
in the N,-saturated electrolyte (dashed black lines in Figure S5
for ZCO-Vac), clear peaks are observed in the O,-saturated
electrolyte (dashed red lines in Figure S5 for ZCO-Vac). This
indicates that the ZCO samples are electrochemically active
toward ORR. Furthermore, the peak current of the ZCO-Vac
sample (blue lines in Figure 3) is significantly higher in
magnitude than standard Pt/C (black line). This result
signifies that the ZCO-Vac sample, with its porous morphology
and larger surface area, provides more ORR catalytic sites. The
electrochemical active surface area (ECSA) for both ZCO
samples is determined by measuring CV at different scan rates
(Figures S6 and S7). The ECSA values for ZCO-Air and ZCO-
Vac are 6.02 and 7.92 cm™?, respectively (Figure S8). With

https://doi.org/10.1021/acsaem.2c02257
ACS Appl. Energy Mater. 2022, 5, 13635—13644


https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c02257/suppl_file/ae2c02257_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c02257/suppl_file/ae2c02257_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c02257/suppl_file/ae2c02257_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c02257/suppl_file/ae2c02257_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c02257/suppl_file/ae2c02257_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c02257/suppl_file/ae2c02257_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c02257/suppl_file/ae2c02257_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c02257/suppl_file/ae2c02257_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c02257/suppl_file/ae2c02257_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c02257/suppl_file/ae2c02257_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c02257/suppl_file/ae2c02257_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02257?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02257?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02257?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02257?fig=fig2&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.2c02257?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Energy Materials

www.acsaem.org Article

Co
19.86
18.73

elemental at %

Zn
22.29
17.35

(¢}
57.85
63.92

Co4
796.1
795.8

Co2*

Co2
780.7 (10.73) [2.78]
780.4 (10.64) [2.35]

Co 2p

Co3
794.6
794.5

Co3*

Col

779.6 (9.13) [1.46]
779.5 (8.09) [1.36]

Zn2
1044.0
1043.9

Zn 2p

Znl

peak binding energy (eV+0.2)/(relative atomic concentration (%))/[fwhm (eV)]
1021.0 (22.29) [2.30]
10209 (17.35) [2.06]

03
532.1 (4.52) [1.30]
531.9 (11.73) [1.18]

O 1s
02

531.1 (12.56) [1.30]
531.0 (14.61) [1.18]

529.5 (40.77) [1.30]
529.4 (37.58) [1.18]

sample
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Figure 3. CV of ZCO samples and standard Pt/C in O,-saturated 0.1
M KOH at 1600 rpm with a scan rate of 10 mV s™'. The ZCO-Vac
sample shows higher peak current density values than Pt/C.

larger ECSA, ZCO-Vac is expected to show higher electro-
catalytic activity toward ORR and OER.

LSVs for standard Pt/C and ZCO samples in O, saturated
0.1 M KOH solution are shown in Figure 4a. The ORR half-
wave potential values of ZCO-Vac and ZCO-Air samples are
approximately 0.88 and 0.85 V, respectively, which is better
than the standard Pt/C (0.80 V). All LSVs in the paper are iR-
and background-corrected (Figure S9). For comparison, the
ORR data of samples were also recorded using Pt as a counter
electrode in the three-electrode setup, and the corresponding
figures and discussion are added in the Supporting Information
(Figure S10). Tafel plots of ZCO samples are given in the inset
of Figure 4a, which exhibit slopes of 68.2, 63.7, and 62.4 mV
dec™ for Pt/C, ZCO-Air, and ZCO-Vac, respectively. Thus,
ZCO samples have a lower Tafel slope than the standard Pt/C.
Notably, ZCO-Vac, with its porous morphology and larger
ECSA value, provides more catalytic sites and thereby shows
higher electrocatalytic activity toward ORR than ZCO-Air and
Pt/C. The broad current plateau in both ZCO samples
highlights the four-electron pathway for ORR.>” The parallel
straight lines with nearly equal slopes in the Koutecky—Levich
(K-L) plots (Figure 4b,c) indicate first-order kinetics, rate-
determined by the four-electron pathway mechanism for ORR.
Moreover, the electron-transfer number calculated from the
K-L plots is ~3.70—3.75 for ZCO-Air (Figure 4b) and 3.93—
4.0 for ZCO-Vac (Figure 4c), which suggests a higher catalytic
activity for the ZCO-Vac toward the four-electron oxygen
reduction process.

Furthermore, we carried out rotating ring disc electrode
(RRDE) measurements at various rotation speeds for both
ZCO samples in O,-saturated 0.1 M KOH solution. The LSV
curves measured at disk and ring currents are depicted in
Figure S11 for ZCO-Air and Figure S12 for ZCO-Vac. The
electron-transfer number is nearly equal to 4 for both ZCO
samples using the RRDE measurements, as shown in Figure
S13, which is similar to the electron-transfer number calculated
from K—L plots. The formation of H,0, (peroxide)% is also
shown in Figure S13.

We further studied the OER activity of these samples by
performing LSV in N,-saturated 0.1 M KOH solution at 1600
rpm. ZCO-Vac and ZCO-Air show overpotentials of 0.51 and
0.53 V for OER, respectively, to achieve the current density of
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Figure 4. (a) LSV curves (iR- and background-corrected) and Tafel plots (inset of the figure) of the catalytic ORR process of ZCO-Air, ZCO-Vac,
and Pt/C at a rotation rate of 1600 rpm with a scan rate of 10 mV s™'. K—L plots at various potentials (vs RHE) for ZCO-Air (b) and ZCO-Vac
(c). Comparison of LSV curves (iR-corrected) and Tafel plots (inset of the figure) of the catalytic OER process of the ZCO samples in N,-
saturated 0.1 M KOH at a rotation rate of 1600 rpm with a scan rate of 10 mV s™* (d).

Table 3. Comparison of the Oxygen Catalytic Activity of Reported ZCO Composite, Bare ZCO, and Our Samples

catalyst with composition ~ ORR (V versus RHE) at [ = —3 mA/cm™> OER (V versus RHE) at I = 10 mA/cm™> AE = Eqpg — Eope  activity/reference

ZnCo,0, 0.696 1.64 0.944 ORR/OER>
RGO-ZnCo,04 0.851 1.53 0.679 ORR/OER*
ZnCo,0,/N-CNT 0.75 1.65 0.90 ORR/OER*®
ZnCo,0,/Co0;0,/NC-CNT 1.61 OER**

ZnCo,0, 0.70 ORR®’

lilac flower-shaped-ZnCo,0, 0.75 (at I = =2 mA/cm™) ORR®

ZnCo,0,-nanosheets 0.62 1.57 0.95 ORR/OER®!
mesoporous ZnCo,0, 0.72 1.60 0.88 ORR/OER®*
ZCO-Vac 0.88 1.75 0.87 Present work
ZCO-Air 0.85 1.77 0.92 Present work

10 mA/cm® (Figure 4d). These overpotentials are slightly
higher than that of ZCO composites.”” The Tafel plots for
OER are given in the inset of Figure 4d, where ZCO-Air shows
a Tafel slope of 93.3 mV dec™' and ZCO-Vac displays a slightly
lower slope of 84.5 mV dec™. Tafel slopes of both ZCO
samples are better than those of the standard IrO, (99.8 mV
dec™), further supporting the use of defective-ZCO (ZCO-
Vac) as a bifunctional oxygen electrocatalyst.

13640

The impedance spectra of both ZCO samples and standard
Pt/C and IrO, show similar features in high- and low-
frequency regions (Figure S14), highlighting that both the
samples and standard Pt/C and IrO, have nearly identical
resistance values (37—40 Q) and similar kinetics for ORR and
OER processes. The ORR catalytic activity of the ZCO-Vac
sample is comparable to reported ZCO composites and shows
better activity than that of defect-free ZCO (cf. Table 3).*”
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We analyze the stability of the ZCO samples by performing
chronoamperometry (CA) measurements in O, (ORR) and
N, (OER)-saturated 0.1 M KOH solution, as displayed in
Figure S15 and its inset, respectively. As observed in the ORR
stability plot (Figure S1S5), the current density remains at
~95% for ZCO-Vac compared to ZCO-Air (78%) even after 6
h, highlighting the stability of the ZCO-Vac sample. Similarly,
higher current density retention of 93% for ZCO-Vac than
ZCO-Air (75%) was obtained in the OER after 6 h of CA
(inset of Figure S15). Moreover, both catalysts retained their
initial morphology (Figure S16) even after the CA test,
suggesting higher stability of the catalysts. Figure 5 combines
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Figure S. Combined LSV curves (bifunctional activity) of ZCO
samples with standard Pt/C and IrO, were measured in O,-/N,-
saturated 0.1 M KOH at a rotation rate of 1600 rpm with a scan rate
of 10 mV s7".

the LSVs of both OER and ORR to investigate the potential
range where the oxygen catalytic reactions occur. The ZCO-
Vac sample shows OER and ORR catalytic activity with a
potential difference of 0.87 V. In contrast, the ZCO-Air sample
displays a corresponding potential difference of 0.92 V
(marginally higher than ZCO-Vac). The porous nature and
the surface defects contribute to the larger ECSA of ZCO-Vag,
which resulted in enhanced ORR and OER electrocatalytic
performance than ZCO-Air.

The formation of oxygen vacancies at the surface requires
smaller energy when compared to the energy required to form
vacancies in the bulk of ZCO. Thus, ZCO-Vac has a higher
number of vacancies, which acts as adsorption sites for ORR
and OER. The presence of oxygen vacancies on the surface of
ZCO-Vac influences oxygen adsorption during the ORR and
OER by changing the surface chemistry, such as active site,
elemental composition, and —OH at the surface. Thus, ZCO-
Vac with higher surface oxygen vacancies shows better
bifunctional oxygen catalytic activity than ZCO-Air.

3.4. DFT Calculations. To explore the fundamental
structural reasons contributing to the better observed electro-
catalytic performance of defective ZCO versus the standard
Pt/C/IrO, samples and especially defect-free ZCO,”” we
calculated the electronic DOS, which is displayed in Figure 6.
Our calculations predict a semiconducting behavior for both
bulk and defective ZCO (i.e., ZCO-Air and ZCO-Vac
structures), as indicated by the band gap values on each
panel of Figure 6. The predicted band gap of bulk ZCO (1.82
eV) is lower than the reported optical band gaps (2.4—3.2
eV),”” which is expected of a ground state theoretical
framework such as SCAN + U.*® The nature of the valence
and conduction band edges (VBE and CBE) also change
qualitatively from bulk ZCO (where O p states do play a role
at the VBE) to ZCO-Air and ZCO-Vac (where only Co d
states are at the VBE), highlighting the redox-activity of Co
and the co-existence of Co**/*>* ions upon Zn and O vacancy
formation, in agreement with our XPS measurements (Figure
2).

Significantly, we predict that the band gaps decrease
monotonically from bulk ZCO (1.82 eV, Figure 6a) to
ZCO-Air (0.73 eV, Figure 6b), and eventually ZCO-Vac (0.64
eV, Figure 6¢), and indicating that a qualitatively similar trend
may be observed in experiments as well. Note that a robust
bifunctional electrocatalyst must exhibit an “optimal” bulk
band gap so that it is equally efficient at both ORR (a
reduction reaction) and OER (an oxidation reaction). Hence,
we expect that defects in ZCO (during synthesis and especially
during heat treatment) play a critical role in reducing the bulk
band gap to more optimal levels, which enhances the
electrocatalytic performance of defective ZCO, especially
against defect-free ZCO.” Thus, in addition to the band gap
reduction by the defects, the formation of a porous
morphology further promotes catalytic reactions, resulting in

a) Bulk ZCO b) ZCO-Air c) ZCO-Vac
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Figure 6. Electronic DOS of bulk (a), air-annealed (b), and vacuum-annealed (c) structures of ZCO, as calculated using SCAN + U. Orange, green,
red, and purple lines indicate O p, Zn d, Zn s, and Co d states. Positive (negative) DOS values correspond to up (down) spin electrons. The band
edges are indicated by dotted blue lines with the zero on the energy scale arbitrarily set to the valence band maximum. The text annotation

indicates the band gap of each structure within each panel.

https://doi.org/10.1021/acsaem.2c02257
ACS Appl. Energy Mater. 2022, 5, 13635—13644


https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c02257/suppl_file/ae2c02257_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c02257/suppl_file/ae2c02257_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c02257/suppl_file/ae2c02257_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c02257/suppl_file/ae2c02257_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02257?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02257?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02257?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02257?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02257?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02257?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02257?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02257?fig=fig6&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.2c02257?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Energy Materials

www.acsaem.org

defective-ZCO outperforming the standard Pt/C and IrO, for
ORR and OER, respectively.

4. CONCLUSIONS

We synthesized ZCO-Vac and ZCO-Air samples via a
hydrothermal method and demonstrated their electrocatalytic
activity toward ORR and OER. The refined data from XRD
suggested the existence of Zn and O vacancies in both samples,
with ZCO-Vac exhibiting a higher concentration of Zn and O
vacancies than ZCO-Air. ZCO-Vac displayed porous nano-
cubes with a larger ECSA than the ZCO-Air sample.
Subsequently, we found that ZCO-Air and ZCO-Vac show
better ORR activity than the standard Pt/C sample and a
better OER activity (overpotential) than the standard IrO,. In
the case of ORR, we expect the reaction to occur via a 4e”
pathway forming H,O from O, without forming other
intermediates such as H,0,. ZCO-Vac shows higher oxygen
bifunctional activity and is more stable than ZCO-Air because
of its porous nature, higher defects, larger ECSA, and possibly
a more “optimal” band gap than ZCO-Air (or bulk ZCO), as
indicated by the DOS calculations. Thus, current work
demonstrates a high degree of electrocatalytic activity of
ZCO-Vac toward oxygen reduction and evolution reactions,
making an appropriately synthesized and heat-treated ZCO a
likely bifunctional catalyst for metal—air batteries, fuel cells,
and other applications.
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