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ABSTRACT: The development of high performance yet cost-effective catalysts for electrochemical synthesis of H202 is a
great challenge. Here, the amorphous nickel oxide NiOx supported on carbon nanosheets was prepared by the photochemi-
cal metal organic deposition method. The evolution of crystalline structure, microstructure, and 2-electron oxygen reduc-
tion reaction (2e-ORR) activity in 0.1 M KOH was systematically investigated. The results reveal that the amorphous NiOx is
highly efficient and selective towards 2e-ORR, with onset potential of 0.76 V vs. reversible hydrogen electrode (RHE), 91%
selectivity and electron transfer number of ~2.2 over a wide potential range of 0.15-0.60 V vs. RHE, which is outstanding
among the metal oxide-based catalysts for 2e-ORR. Such performance is closely associated with the mesoporous structures
of the carbon nanosheets. Furthermore, the appropriate bonding strength of Ni-OH derived from the amorphous nature is
crucial for the high selectivity. The theoretical calculation reveals that the *OOH intermediate prefers to adsorb on the
amorphous NiOx-C by the end-on mode, facilitating the 2e-ORR process. The present amorphous NiOx loaded on carbon
nanosheets can be promising electrocatalysts for synthesizing H20: after the stability issues are well addressed.

1. INTRODUCTION

H202, as a multifunctional and environmentally friendly
oxidant, is a very important chemical in modern industry,
which has wide applications in bleaching, textile industry,
chemical synthesis, waste water treatment, disinfection,
semiconductor manufacturing.®-2 Currently, ~95% of H20:
is synthesized by the anthraquinone process, which is,
however, energy-intensive, time-consuming and also pro-
duces many by-products. In addition, the storage and
transportation of highly concentrated H202 produced from
the anthraquinone process also poses serious safety risks.
In such context, the two-electron reduction of O is attract-
ing increasing attention due to its environmental friendli-
ness and on-site production of dilute H20x.

The electrochemical oxygen reduction reaction (ORR) is
a multi-electron reaction, which can proceed via the four-
electron route to form H20 (02 + 2H20 + 4e- — 40H:- in
basic medium) or via the two-electron route to form H20:
(O2 + H20 + 2e- —HO3 + OH-in basic medium). The reaction
mechanisms of both routes have been widely studied,® *
which involve the same first intermediate of *OOH. Wheth-
er the product is H20 or H20: depends on the tendency to
break the 0-O bond.2 The further single-electron reduc-

tion of *OOH results in the selective production of Hz202,
but the further reduction to Hz0 is inhibited only on cata-
lysts that can maintain the 0-O bond. Therefore, the ra-
tional design of catalysts with appropriate bonding
strength with *OOH is the key to achieve efficient and se-
lective two-electron reduction of 02.56

Various electrocatalysts towards 2e-ORR have been de-
veloped. Noble metals such as Au clusters,” Pt/TiN,8 or
metal alloys such as Au-Pd,? Pt-Hg,®> Au-Pt-Nil? are effective
to promote the 2e-ORR. However, the large-scale applica-
tion of noble metal catalysts is limited by their high cost
and earth-scarcity. In contrast, the non-noble metal (e.g.,
Ni, Co, Fe)-based materials!!-13 and carbon-based materi-
als 14 are promising alternatives. In particular, the reason-
able modification can greatly improve the catalytic per-
formance of non-noble metal oxides, even comparable to
the noble metal catalysts.!5-19 Since the electrical conduc-
tivity of many metal oxides (except IrO2, RuOy, etc) is gen-
erally not high enough for electrocatalysis, they are sup-
ported on conductive supports such as the carbon-based
materials. The pore characteristics, the defect structure,
and the heteroatom doping! 20 provide great opportunities
to tune the ORR properties. It is widely proved that carbon
that has high proportion of mesopores shows higher activi-
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ty towards 2e-ORR because such microstructure is benefi-
cial for mass transfer, favoring the releasing of generated
H20: and avoiding the further reduction to H20 and thus
leading to high selectivity to H202.21.22

The amorphous metal oxides show much higher electro-
catalytic activity than their crystalline counterparts to-
wards oxygen evolution reaction,?3-25 urea oxidation reac-
tion26 at the potentials when the electrical conductivity of
materials is not dominating, due to their more coordinately
unsaturated cation sites available for reaction, the iso-
tropic and single-phase characteristics.?’” Although there
are very limited studies on the amorphous metal oxides as
catalysts for 2e-ORR, the traces demonstrate that the
amorphous materials can be competitive catalysts. The
sub-5 nm amorphous Pd nanoparticles prepared by the
electrochemical deposition from Pd ions during O: reduc-
tion yields H202 selectivity of > 95% and high kinetic cur-
rent density.28 The semiconducting metal-organic gra-
phene analog Niz(HITP)z with low crystallinity shows high
selectivity of 80% towards 2e-ORR over 0.2-0.6 V vs. re-
versible hydrogen electrode (RHE) in 0.1 M KOH.2° The
coordinatatively unsaturated nature of the central Ni at-
oms in metal-organic framework has more open sites for
the adsorption of oxygen molecules and thus is preferred
for H202 synthesis.'> The hydrogen plasma etched TiOzx
with poor crystallinity at the surface shows high 2e-ORR
performance.3 Very recently, the amorphous NiO
nanosheets is found to be effective towards H202 produc-
tion compared with its crystalline counterpart, with selec-
tivity of 88.9-90.4% vs. 28.4-34.7% at potential of 0.2-0.6 V
vs. RHE in 0.1 M KOH.3!

Herein, the amorphous nickel oxides, prepared by a sim-
ple and scalable method, were designed as electrocatalysts
for 2e-ORR. The results show that in 0.1 M KOH, the amor-
phous NiOx supported on carbon nanosheets show higher
activity and selectivity (~91%) over a wide potential range
of 0.15-0.60 V vs. RHE towards 2e-ORR compared with the
crystalline NiO.

2. EXPERIMENTAL
2.1. Catalyst synthesis

The carbon nanosheets (C) were prepared by pyrolysis of
sodium citrate (Tianjin Yuanli Co., Ltd, GR) at 650-800 °C
for 1 h in Ar atmosphere32. The resultant powders were
washed with 0.5 M H2S04 to remove the inorganic impuri-
ties and then with the deionized water until it is neutral,
followed by vacuum drying at 60 °C for 24 h.

The NiOx-C catalysts were synthesized by the photo-
chemical metal organic deposition (PMOD) method, which
is a classical method to prepare amorphous materials. 23-25
33,34 Briefly, the nickel (II) 2-ethylhexanoate (78% in 2-
ethylhexanoic acid, Strem, 10-15% Ni) precursor was dis-
solved in a mixed solution of n-hexane (Tianjin Yuanli Co.,
Ltd, AR) and acetone (Tianjin Damao Co., Ltd, AR). Then
required amount of carbon was added. The mixture was
ultrasonicated for 30 min, during which the temperature
was controlled < 30 °C by adding ice from time to time.
Subsequently, the mixture was magnetically stirred in a
fume hood to volatilize the solvent. The resultant concen-

trated dispersion was evenly coated on an aluminum foil,
followed by being irradiated with ultraviolet light (185 and
254 nm) for 12 h to form the composite NiOx-C. In the
composite, the Ni content (mass ratio of Ni to Ni+C) was
varied over 5-40%. The obtained NiOx-C was then subject-
ed to heat treatment at 200, 400, and 600 °C for 1 h in
flowing Ar (100 ml min') in a tube furnace at a heating
rate of 5 °C min'.

2.2. Characterization

Fourier transform infrared (FTIR) spectroscopy (Nicolet
6700 model) was used to monitor the decomposition pro-
cess of metal organic precursor. The phase evolution was
examined by X-ray diffraction (XRD, Rigaku Corporation
D/MAX-2500 diffractometer) with Cu K« radiation. X-ray
photoelectron spectroscopy (XPS, Thermo Fisher Scientific
Escalab-250Xi) was conducted on a SPECS system with Al
K« as the X-ray source. The binding energy was calibrated
with adventitious C 1s at 284.8 eV. The morphologies were
observed by scanning electron microscopy (SEM, FEI Com-
pany Apreo S LoVac microscope) equipped with an energy
dispersive spectrometer (EDS) unit. The nitrogen sorption
isotherms analysis was performed on physical sorption
instrument (Quantachrome Autosorb-1) in liquid nitrogen
at -196 °C. The uncalcined and 200 °C-calcined samples
were degassed at 150 °C for 6 h whereas those calcined at
400 and 600 °C were degassed at 300 °C for 6 h. The sur-
face area of micropore was estimated using the t-plot
method. The pore size distribution (PSD) was obtained by
non-linear density functional theory (NLDFT) method.

2.3. Electrochemical test

The catalyst inks were prepared by mixing NiOx-C (2 mg),
C (0.5 mg) with isopropanol (Tianjin Yuanli Co., Ltd, AR,
250 pL), deionized water (250 pL) and Nafion (D-520, 5%,
10 pL) and then ultrasonicated for 30 min. 12.5 pL of ink
was pipetted onto the glassy carbon disk and left to dry for
2 h at room temperature, followed by adding 4 pL of Nafi-
on alcohol solution (0.5 wt.%). The ORR performance was
evaluated with rotating ring-disk electrode (RRDE, Pine
Electronic, America, E7R9, d = 5.61 mm) controlled by the
electrochemical station (CHI 760E) in a three-electrode
setup in 0.1 M KOH, where the RRDE, Pt mesh and Hg/HgO
were used as the working, counter and reference elec-
trodes, respectively. RRDE was polished with 50 nm alu-
mina slurry for at least 5 min before use.

The electrochemical test was first performed in N: at-
mosphere. Cyclic voltammetry (CV) was scanned between -
0.9 and 0.2 V vs Hg/HgO at 200 mV s for 50 cycles to ob-
tain a steady state. Next, CV was scanned at 20 mV s for 2
cycles and linear sweep voltammetry (LSV) at 10mV s
1 with 1600 rpm. Subsequently the electrolyte was purged
with Oz for 30 min. CV and LSV were then recorded. During
the LSV test, the Pt ring potential was held at 0.6V vs
Hg/HgO. All the ORR polarization current was corrected by
subtracting the capacitive background current. The elec-
trochemical double-layer capacitance (Ca) of the catalysts
was determined from CV in the non-Faradaic reaction re-
gion (0-0.1 V vs. Hg/HgO) at different scan rates (10-70
mV s1). The electron transfer number (n) and HO; selec-
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tivity (%) were calculated according to eqs. 1 and 2, re-
spectively.
_ Iring
n=d» |Idisk|+lring/N (1)
Iring/N
|Idisk|+lring/N (2)
where laisk and Iring are the disk and ring currents, respec-
tively. N is the collection efficiency, which is determined by
the size of RRDE and here is 0.37.

The mass-transport-corrected kinetic partial current
density (/) for H202 production was calculated according
to eq.3.

HO3 selectivity (%) = 200 *

1 1 1

142 3
J Ja  Jk (3
where ] is the total current, /4 is the mass-transport-limited
current to H202 production (obtained from the ring).

The durability of catalysts was examined by accelerat-
ed durability test (ADT) via 10000 CV cycles. All the poten-
tials were converted to RHE.

2.4. First-principles calculations

All calculations were performed using first-principles den-
sity functional theory (DFT), as executed in the Vienna Ab
initio Simulation Package (VASP).3536 The exchange corre-
lation functional employed was the Perdew-Burke-
Ernzerhof (PBE) functional of generalized gradient approx-
imation (GGA).3” The simulation of aqueous solution envi-
ronment relies on the combination of implicit solvent
model (VASP Solvation Package).38 39 Each free energy was
corrected by vibrational frequency analysis, which was
thermodynamically corrected at room temperature of
293.15 K. A plane-wave cut-off of 520 eV was applied to
expand the electron wave functions and the core electrons
were replaced by the projector augmented wave (PAW)
pseudopotentials. A sufficient vacuum layer (20 A) was
added to the z-axis to eliminate all hypothetical interac-
tions between metal surfaces. The reciprocal space was
sampled using a 3 x 3 x 1 mesh grid by using the Gamma k-
point scheme. The structures were relaxed until the total
energy variation was less than 10-7 eV and all forces on
each atom were less than 0.01 eV A-1. The DFT-D3 ap-
proach was used to describe the van der Waals interac-
tions.*? The crystalline NiOx surfaces were simulated using
slabs containing 4-layer and the 2-layer terminations, re-
spectively. The original model of amorphous NiOx-C was
obtained through thermostatic molecular dynamics simu-
lation, and a double-layer C-periodic structure was used to
simulate the carbon carrier. A typical method for calculat-
ing the Gibbs free energy is according to egs. 4 and 5.

AE.45 = Etotal — (Eagsorbate + Esurface) (4)
AG = AE,45 + AE, + Azpg — TAS — neU (5)
where Ewt is the total energy of the adsorbed surface.

Eadsorbate is the energy of the adsorbed surface. Esurface is the
energy of the pure surface. AG is the Gibbs free energy of

each ORR process. AEso, AZPE, T, AS and neU are the solva-
tion correction energy, zero-point energy, temperature,
entropy and the relative equilibrium potential, respective-
ly. By empirical definition, the negative value of Eads repre-
sents the energy released or relatively stable adsorption.

3. RESULTS AND DISCUSSION

The amorphous NiOx was prepared by the PMOD method,
23-25,33,34 where the organic ligands C-H (3000-2800 cm)
and C=0 (1700-1400 cm, Figure S1) decompose into CO:
and H20 during UV irradiation, accompanied by the elec-
tron transfer from ligands to metal center. The metal is
oxidized in the ambient air atmosphere.33 Based on the
FTIR result, the photolysis is complete within 12 h. The
XRD results of NiOx-C calcined at different temperatures
are shown in Figure 1. Only a broad and weak diffraction
peak at 23° is observed for C due to its low graphitization
degree. No obvious difference is found for the uncalcined
and 200 °C-calcined NiOx-C samples compared with C, indi-
cating their amorphous nature, which has been widely
confirmed.23 33, 3¢ With temperature increasing to 400 °C,
however, NiO appears, which indicates the occurrence of
crystallization at temperatures = 400 °C. The diffraction
intensity increases further when the calination tempera-
ture elevates to 600 °C, along with the appearance of Ni
metal due to the reduction of NiOx by carbon in the compo-
site.
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Figure 1. XRD patterns of pristine carbon nanosheets py-

rolyzed at 800 °C and NiOx-C calcined at different tempera-
tures.
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To further examine the oxidation state of elements at the
surface, XPS was run. For the uncalcined and 200 °C-
calcined catalyst, Ni exists as mainly Ni?* (Figure 2a) with
the binding energy at ~856.5/874.2 eV.22 When the
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Figure 2. XPS spectra of Ni 2p, O 1s and C 1s for NiOx-C calcined at different temperatures. (a) Ni 2p. (b) O 1s. (c) C 1s.

calcination temperature increases to 400 and 600 °C, peaks
at ~854.3/871.9 eV appear, indicating the formation of Ni
metal due to the reduction of NiOx by carbon in the compo-
site catalysts. The O 1s spectra (Figure 2b) can be deconvo-
luted into lattice oxygen at ~530.0 eV, epoxy/hydroxyl (C-
0) at ~532.0 eV, carbonyls (C=0) at 533-534 eV.#! Similar-
ly, the deconvolution of C 1s spectra (Figure 2c) shows
several peaks, sp? bonded carbon at 284.8 eV, carbon sin-
gly bound to oxygen (C-0) at 285.8 eV, carbon bound to
two oxygen (COOH) at ~289.0 eV.14 For the uncalcined and
200 °C-calcined samples, C-O and COOH bonds dominate,
which have been widely reported as the active sites for 2e-
ORR.1% 41,42 As the calcination temperature increases, the
lattice oxygen appears at = 400 °C, also an indicator of the
crystallization. The characteristic peaks (C=0) exhibit ob-
vious shift to higher binding energy with the calcination
temperature, which may result from the formation of car-
bon vacancies.1# 42

In this work, the carbon nanosheets were prepared from
pyrolysis of sodium citrate considering its high mesopo-
rosity,32 which is reported to be beneficial for the 2e-ORR
process.2t-22 The microstructures of pristine carbon pyro-
lyzed at different temperatures were examined by SEM
and Nz sorption (Figures 3a and S2). All the carbon materi-
als have a three-dimensional honeycomb shape assembled
with carbon nanosheets, forming large number of pm-scale
pores, similar with the reported.32 Furthermore, each car-
bon sheet contains cracks of mesopores and micropores.
The Brunauer-Emmett-Teller surface area (Sger) of pristine
carbon increases with the pyrolysis temperature from 650
to 750 °C, but further increasing the temperature results in
declined surface area probably due to the growth of mi-
cropores, as evidenced by the increased proportion of
mesopore surface area (Smeso, Table S1). After loading NiOx
on the 800 °C-pyrolyzed carbon sheets by the PMOD pro-
cess, the porosity decreases obviously, with NiOx infiltrat-
ing into the pores (Figure 3b). Nevertheless, the meso-
pores and micropores still exist in each carbon sheet. Such
hierarchical microstructure can provide more active sites

and mass transfer channels, which facilitates the catalytic
process.*? The elemental mapping (Figure S3) reveals that
Ni distributes uniformly in the porous carbon. The calcina-
tion temperature has a significant impact on the micro-
structure (Figure S4). The 200 °C-calcined samples show
similar microstructure with the uncalcined ones. However,
the 400 °C treatment results in the partial collapse of the
hierarchical microstructure and the carbon sheets tend to
aggregate. The 600 °C treatment leads to complete damage
to the structure. No 3D honeycomb structure can be found;
instead, the samples are composed of nanoparticles alt-
hough they are still porous.

The pore properties of NiOx-C calcined at different tem-
peratures were further examined by N: sorption and the
results are shown in Figures 3c and d. All the isotherm
curves exhibit a hysteresis loop at medium to high relative
pressure, indicating the presence of mesopore and
macropore. In addition, the type I isotherms are also ob-
served indicating the existence of micropore, which is fur-
ther confirmed by the PSD results. The results clearly
demonstrate the hierarchically porous structure. The de-
tailed pore properties are listed in Table 1. Loading NiOx
seriously reduces Sger of carbon from 473.4 to 141.6 m? g,
both micropore and mesopore. Accordingly, the Ni-
precursors preferably enter the micropores due to the
large capillary force and also occlude the mesopores. How-
ever, the proportion of mesopores increases from ~60% to
94%. Although the 200 °C calcination shows no influence
on Sger, the micropore surface area (Smicro) increases prob-
ably due to the elimination of adsorbed surface functional
groups. Further increase in the baking temperature results
in increase in all the surface area, but the proportion of
mesopore decreases. During heat-treatment in Ar atmos-
phere, NiOx can be reduced to Ni metal by carbon in the
composite, leading to generation of micropore and thus
quickly increased Smicro. However, the 600 °C-calcination is
high enough to induce the sintering of NiOx and Ni parti-
cles, growth and even collapse of the mesopores, leading to
reduced Sger and mesopore proportion.
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Table 1 Pore properties of pristine carbon nanosheets
pyrolyzed at 800 °C and NiOx-C calcined at different tem-
peratures.

Sample Surface area (m?g1) Smeso/SBET
SBET Smicro Smeso
C 473.4 190.3 283.1 0.598
Uncalcined  141.6 8.1 133.5 0.943
200 °C 155.8 39.1 116.7 0.750
400 °C 344.8 111.4 237.4 0.688
600 °C 333.6 148.3 185.4 0.556

As aforementioned, the pore property has a significant
influence on the 2e-ORR. During our initial screening, we
loaded 20% Ni on the carbon sheets pyrolyzed at 650-800
oC and tested the ORR performance. The CV results in Na-
saturated and Oz-saturated 0.1 M KOH are shown in Figure
S5a. No visible oxygen reduction peaks in N:-saturated
KOH can be found, which implies that no reduction reac-
tion occurs in nitrogen atmosphere. However, in O2-
saturated KOH, there are distinctive oxygen reduction
peaks, indicating that these catalysts could catalyze the
ORR in the oxygen atmosphere. The LSV curves in O2-
saturated KOH are shown in Figure S5b. The disk current
maintains almost constant with the pyrolysis temperature,
however, the ring current increases, being maximum for
the 800 °C-pyrolyzed samples. All the samples show high
2e selectivity (Figure S5c), with the HO; selectivity > 70%
and electron transfer number < 2.6. In particular, the 800
oC-related samples show the highest HO; selectivity and

lowest n over a wide potential range. In addition, the load-
ing amount of Ni also has an impact on the catalytic per-
formance and 20% is the optimum value (Figure S6). Ac-
cordingly, the NiOx-C composite with 20% Ni loaded on
800 °C-pyrolyzed carbon nanosheets were selected for
further study.

Before further discussion, the role of glassy carbon elec-
trode should be noted. It is well-known that the glassy car-
bon is active for 2e-ORR in alkaline solution.3.17. 4445 [n our
work, the NiOx-C catalysts were loaded onto the glassy
carbon. The ORR performance of pristine glassy carbon in
0.1 M KOH was tested and the results are shown in Fig. S7.
It shows superior selectivity towards 2e-ORR, with ~98%
selectivity over a wide potential range (0.5-0.1 V vs. RHE),
which is similar with the reported.3 17 4445 However, the
activity is rather poor, with onset potential at 0.58 V vs.
RHE. When the amorphous NiOx-C was loaded, the 2e-ORR
activity is substantially increased, with the ring current
increasing and the onset potential shifting to more positive
potential although the selectivity decreasing slightly. Such
results reveal that it is the NiOx-C loaded on glassy carbon
that determines the activity, rather than the glassy carbon.
It is probably due to the fact that the NiOx-C ink was evenly
coated and formed a uniform film on the glassy carbon,
preventing the exposure of glassy carbon to the electrolyte
solution.

To investigate the effect of crystallization on the 2e-ORR
performance, the corresponding LSV results in O2-
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saturated 0.1 M KOH are shown in Figure 4a. The pristine
carbon was also included for comparison. The pristine po-
rous carbon shows high disk current, which is highest at
the most negative potential, which is probably due to its
high mesoporosity and high content of oxygen defects... 14
* However, it shows only moderate ring current, J, o, and
onset potential (0.76 V vs. RHE). After loading amorphous
NiOy, the disk current decreases whereas the J, o, increas-
es, by 30%, 17% and 18% at 0.6, 0.4 and 0.2 V, respectively,
indicating the increased 2e-ORR activity and selectivity.
This result infers that carbon and amorphous NiOx are es-
sential for high activity and selectivity towards 2e-ORR.
The 200 °C-calcined sample shows no obvious difference in
disk current but lower ring current compared with the
uncalcined one. However, the 400 and 600 °C-calcination
leads to enhanced disk current along with positive shift in
onset potential (0.80 and 0.78 V for 400 and 600 °C sam-
ples, respectively) but decreased ring current, indicating
decreased 2e-ORR activity and selectivity, which is proved
by the decreased HO; selectivity and increased n values
(Figure 4b). The uncalcined samples show almost constant
HO; selectivity of 91% and n values of 2.2 over a wide po-
tential range of 0.15-0.60 V vs. RHE, but the 400 and 600 °C
samples show quickly decreased HO; selectivity and in-
creased n value when the potential is lower than 0.3 V. The
HO; selectivity is 85.4%, 79.4% and 82.9% at 0.5V, 84.0%,
74.1% and 72.0% at 0.2 V for the 200, 400 and 600 °C-
calcined samples, respectively. The results apparently re-
veal that the amorphous NiOx loaded on carbon nanosheets
shows higher 2e-ORR activity and selectivity (onset poten-
tial of 0.76 V vs. RHE, HO; selectivity of ~91%) than its
crystalline counterpart, which are also higher than the
reported metal oxides such as Nb20s-rGO (0.76 V,
74.9%),16 Fe304/graphene (0.79 V, 62%),1” CoxOy/C (0.69
V, 74%)'8 and 4% Ce02/C (0.75 V, 88%).1° Furthermore,
the performance of the present amorphous NiOx-C is com-
parable with the reported amorphous materials such as
MOF NSs-300 (0.75 V, 99%),'> Pd (0.65 V, 95%)28 and 5-
Ni3(HITP)2 (0.69 V, 80%), 2° a-NiO NSs (0.74 V, 90.4%).31
The detailed comparison can be found in Table S2.

The mass-transport-corrected kinetic partial current
density for H202 production (Jk), which is a common metric
for 2e-ORR,35 is presented in Figure 4c for our amorphous
NiOx-C and the reported catalysts.14 29.41,47-50 QObviously, the
amorphous NiOx-C shows outstanding performance. Con-
sidering the easy fabrication and excellent performance,
the amorphous NiOx supported on carbon nanosheets can
be promising catalyst for H202 production.

To gain an in-depth understanding of the better 2e-ORR
performance of the amorphous materials, the electrical
double layer capacitance (Ca) was measured, which is an
evaluation of the electrochemical surface area. It should be
noted that Cahas limitation in interpreting the active sur-
face area for electrocatalysis.5! Here we use Cato qualita-
tively illustrate the change trend of surface area of samples
calcined at different temperatures. Ca is measured by CV in
the non-Faradaic potential range with various scan rates
and the results are shown in Figure 5a. Cashows similar
trend with Sger. Interesting, Ca shows good correlation
with the disk current in Figure 4a, but it cannot explain the
2e-ORR selectivity. During the 2e-ORR process, the 02 mol-
ecules combine with electrons to generate H202, which is
released from the pores or continues to react to generate
H20. Therefore, the larger pores such as mesopores facili-
tate the overflow of the generated H20: from the pores.+3
52,53 As shown in Figure 5b, the 2e-ORR selectivity is al-
most linearly related with the proportion of mesopores
(Smeso/Sger), showing the strong dependence of 2e-ORR
selectivity on the pore properties.

In alkaline medium, 2e-ORR proceeds with eq. 6,

0, +*+H,0 + e~ - HOO" + OH™ (6)
followed by eq. 7.

HOO* + e~ — *+ HO; (7
where * is the active site.13 The catalytic activity and selec-
tivity are determined by the binding strength of the reac-
tion intermediate *OOH with the active site, here we as-
sume the Ni-related species. Considering the constant scal-

ing between the binding free energy of *OOH and *OH of ~
3.29 eV,5* the binding free energy of HO* is used as a de-



scriptor for the current 2e-ORR. The metal-OH binding
energy was calculated with eq. 8.55 56

D(M — OH) = 38.96 — AHI(\)/IyOX/ZX + 23.06(Xy — Xon)? (8)
where AHl?,lyOX is the negative heat of formation of the ox-

ide MyOx at 298 K; Xum is the electronegativity of metal ele-
ment and Xou is 3.3.25
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Figure 5. (a) Double-layer capacitance of NiOx-C calcined
at different temperatures. (b) Relationship between HO2
selectivity and Smeso/Sper for NiOx-C calcined at different
temperatures.

The relationship between M-OH bond strength and 2e
selectivity is illustrated in Figure 6 and Table S3; the de-
tailed LSV, HO3 selectivity and n values are provided in
Figure S8. It is obvious that NiOx shows the highest selec-
tivity, probably due to its appropriate M-OH bonding
strength, which is critical for the 2e-ORR route.! It is noted
that the bond strength here is calculated based on the crys-
talline materials. It can be smaller due to the amorphous
nature where the local coordination environments distrib-
ute in a disordered range.5? In addition, compared with the
crystalline NiOx in this work and the reported,15 28 29 the
present amorphous NiOxsupported on carbon nanosheets
shows outstanding 2e-ORR activity and selectivity, which
is probably originated from its amorphous nature. The
ORR mechanism depends on the way O: interacts with the
catalyst surface. Among the three models, the Pauling
model is desirable for the 2e-ORR, where the oxygen mole-
cule interacts in an end-on position with no rupture of the
0-0 bond and thus generating H202.58 It is reported that

the coordination number (CN) significantly affect the ad-
sorption model. The lower the CN, the higher selectivity
towards 2e-ORR.15.28,59 The amorphous material is charac-
terized by abundant unsaturated sites and isotropic na-
ture,23.25 which is probably beneficial for the adsorption of
02 molecule according to the Pauling model. Such argu-
ment is also proved by the recent report. 3
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Figure 6. Relationship between M-OH bond strength and
the selectivity towards 2e-ORR.

The theoretical Tafel slope for egs. 6 and 7 are 120 and
40 mV dec?, respectively. The Tafel slope is 79.1, 66.4,
62.2,122.8 and 96.9 mV dec! for C, unclacined, 200-, 400-
and 600 °C-treated catalysts, respectively (Figure S9a). The
corresponding results for the MOx-C catalysts are provided
in Figure S9b and Table S3 with 50-85 mV dect. Accord-
ingly, the first step of forming *OOH (eq.6) is the dominat-
ed rate-determining step (RDS) for the 400- and 600 °C-
calcined samples, whereas probably the second step (eq. 7)
for the amorphous samples during 2e-ORR, which is also
proved by the theoretical calculation results below. In ad-
dition, according to Holewinski and Linic, the Tafel slope
decreases with the coverage of OH (0) from 120 to 60 mV
dec! when 6 increases from 0 to 0.6.0 Generally, the
amorphous materials show more unsaturated sites at the
surface and thus higher coverage,?> 6! which is beneficial
for the adsorption of reactants. Accordingly, the supported
amorphous NiOx samples show the lowest Tafel slope, in-
dicating the fastest reaction kinetic process.

To further explore the 2e-ORR process, the DFT calcula-
tion was performed. Here, the implicit solvent model is
used to compare and correct the thermodynamic proper-
ties of crystalline NiOx and amorphous NiOx-C during ORR.
For the adsorption pattern, *OOH tends to adsorb on the
crystalline NiOx by the side-on mode, with 0-O bond signif-
icantly being elongated to ~1.40 A (compared with the
original length of 1.25 A), leading to the breakage of 0-0O
bond and thus forming Ni-O and Ni-OH structure (Figure
7a), which is beneficial for the 4e-ORR process. However,
*OOH prefers to adsorb on the amorphous NiOx-C by the
end-on mode, with 0-O bond slightly being elongated to
~1.30 A, forming Ni-0-OH, which greatly facilitates the 2e-
ORR to form H20:2(Figure 7b).58.62.63 The free energy de-
pendent reaction coordinate diagram was calculated and is
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shown in Figure 7c and d. For 2e-ORR, the amorphous NiOx
has a lower overpotential than crystalline NiOx, with theo-
retical overpotential of 0.45 and 2.58 V, respectively. Fur-
thermore, they show different RDS, which is from *OOH to
HO; for amorphous NiOx-C but from Oz to *OOH for crys-
talline NiOx (Figure 7c), which is in agreement with the
change of Tafel slope as aforementiond. For 4e-ORR, the
RDS is from *OOH to *O (theoretical overpotential: 1.86 V)
for amorphous NiOx-C but Oz protonation (theoretical
overpotential: 2.32 V) for crystalline NiOx (Figure 7d). The
amorphous material still has obvious thermodynamic su-
periority. By comparing Figure 7c and d, the amorphous
NiOx-C prefers to generate HO; at lower overpotential
through the 2e process, leading to the higher activity and
selectivity towards 2e-ORR.
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Figure 7. Adsorption model of *OOH on (a) crystalline
NiOx and (b) amorphous NiOx-C. The black, red, brown and
pink balls are Ni, O, C and H atoms, respectively. The reac-
tion coordinate of amorphous NiOx-C and crystalline NiOx
for (c) 2e-ORR and (d) 4e-ORR transport processes in alka-
line solution.

The durability is an important performance matric of the
catalyst, which is evaluated by ADT. As shown in Figure 8a,
both the disk current and the ring current decrease slight-
ly, the half-wave potential was shifted negatively by 20 mV.
In addition, the 2e-ORR selectivity changes slightly. The
postmortem SEM analysis (Figure 8b) reveals that micro-
structure was damaged to some extent, which should be
responsible for the performance degradation. The degra-
dation of amorphous materials during electrocatalysis has
been widely reported,2+28.34 which are believed to be re-
lated with the leaching of active species into the solution.
Improving the interaction between the active species with
the support can be an alternative to improve the
stability.11.28
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Figure 8. Durability test of NiOx-C catalyst to produce
H20.. (a) Catalytic performance of NiOx-C catalyst before
and after durability test. (b) SEM microstructure after du-
rability test.

4. CONCLUSIONS

This work demonstrates that the amorphous NiOx pre-
pared by the facile PMOD method onto the carbon
nanosheets can be highly active and selective towards 2e-
ORR to produce H202. The hierarchical property of the car-
bon support is critical for the high performance. Both
amorphous NiOx and the mesoporous carbon nanosheets
are essential for the high performance, contributing to the
high onset potential of 0.76 V vs. RHE and high HO; selec-
tivity of ~91% and n of ~ 2.2 over 0.15-0.60 V vs. RHE,
which is superior to its crystalline counterparts and higher
than that of most reported 2e-ORR electrocatalysts. The
amorphous nature renders the preferential end-on adsorp-
tion of *OOH on the active sites and the appropriate Ni-OH
bond strength affords high selectivity towards H:0: for-
mation. This work sheds lights on the development of
high-performance and cost-effective 2e-ORR electrocata-
lysts by engineering the crystallinity of metal oxides and
the pore structure of the carbon support.
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