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ABSTRACT: Electrochemical synthesis of hydrogen peroxide (H,0,) via two-
electron water oxidation reaction (2e-WOR) is an ideal process for delocalized
production for water cleaning and other applications. Previously reported water
oxidation catalysts have limited activity and selectivity, imposing a bottleneck for broad
adoption of this technology. We identify ZnO as a new stable, nontoxic, active, and
selective catalyst for 2e-WOR to generate H,0,. Using density functional theory
calculations, we propose that the (1010) facet of ZnO is an effective catalyst for 2e-
WOR and confirm the prediction experimentally. We synthesize ZnO nanoparticles
with a high fraction of (1010) facets and find that this catalyst gives an overpotential of e 18 20 22 21 26 2% 30
40 mV at 0.1 mA/cm” and peak Faradaic efficiency of 81% toward H,O, evolution.
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1. INTRODUCTION

Potable water is vital for human life. Even though water
resources are abundant on earth, <1% is accessible for human
usage;' available resources are often contaminated by urban,
industrial, and agricultural activities.” Many water pollutants
need to be removed by total oxidation using an efficient and
safe oxidizing agent.” Hydrogen peroxide (H,0,) is an elegant
and green solution, capable of eliminating harmful bacteria,
organic molecules, taste, and odor, leaving no residual behind.
Moreover, it works over a wide pH range and can treat water
with diverse quality. However, the cost and safety concerns
related to H,O, production and transportation are obstacles
for its widespread application.

Direct thermocatalytic H,0, synthesis from H, and O, is
now well-described.”” Electrochemical synthesis of H,O,
presents an alternative that has attracted much attention in
recent years because an efficient process at ambient conditions
combined with a cheap electricity source, including photo-
voltaics or wind, could provide an ideal process for
decentralized production and applications.”” Most studies
have considered H,O, production by reduction of O,.”~"" The
oxidative process, while less studied in the literature, is
particularly attractive due to its simplicity and the use of water
as raw material. One major challenge is that the two-electron
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water oxidation reaction (2e-WOR) is only thermodynamically
feasible at potentials above 1.76 V (at standard conditions). A
limited number of catalyst materials are stable at such highly
oxidizing conditions, and the competing 4-electron oxygen
evolution reaction (OER) puts additional requirements on the
catalyst in terms of selectivity toward H,O, production. While
many studies have sought to find efficient OER catalysts,'> "¢
few have focused on the thermodynamically less-favorable 2e-
WOR. Recent studies have demonstrated preferential 2e-WOR
over several metal oxides such as MnO,, TiO,, BiVO,, WO,,
Sn0O,, Co;0, and CaSn0;.""*° These studies have shown
that CaSnO; is the most active and selective electrocatalyst
toward 2e-WOR.”' However, CaSnO; is hazardous to the
aquatic environment, and the experimentally measured limiting
potential of CaSnOj is still higher than the theoretical best
limiting potential U Given the unique potential of 2e-WOR
for ambient-condition onsite synthesis of H,0,, it is essential
to identify a more efficient catalyst based on earth-abundant
and nontoxic materials.
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Figure 1. DFT calculation results of activity of (1010) and (0001) ZnO samples for O, and H,0, evolution. (a) Free energy diagram of H,0
oxidation to OH"® (red), H,0, (green), and O, (blue) for the most active (1010) ZnO. (b) Volcano plots showing the calculated limiting potential
U, for four-electron H,0O oxidation to O, (blue dashed line) and two-electron H,O oxidation to H,O, (black solid line) as a function of OH*
binding free energies (AGgyx). The convention is such that a low value of Uy (a high value of —Uy) corresponds to a low overpotential and thus a
high rate. The full lines correspond to the trend model described in the text, and DFT calculated values for different catalyst materials are
included.”* The 0.5 and 1 ML H ter. of (0001) ZnO indicate two different terminations at the bottom of the slabs.

In the present article, we use our previously developed
theoretical model for catalytic activity and selectivity of the 2e-
WOR to identify new catalysts.”” The analysis predicts ZnO to
be better in terms of overpotential and selectivity for H,O,
synthesis than known catalysts for the process and the (1010)
facet to be the best. ZnO is a cheap, nontoxic material that has
been known for centuries. It has been studied as a catalyst in
photochemical production of H,0,”>** but to the best of our
knowledge has not been studied for the 2e-WOR. We
confirmed experimentally a remarkable activity and 2e-WOR
selectivity compared to other reported metal oxide materials, as
well as superior stability. In addition, we experimentally
examined nanoparticles with different morphologies and
identified the (1010) facet as especially promising. We devised
a method for controlling which facet is dominating to produce
the most effective 2e-WOR catalyst.

2. EXPERIMENTAL SECTION

2.1. Computational Details. We performed density
functional theory (DFT) calculations using the Vienna Ab
Initio Simulation Package (VASP)*° with RPBE exchange-
correlation functional’” and projector augmented-wave (PAW)
pseudopotential.”* We noted that applying the Hubbard U
correction results in weakening the calculated adsorption
energies. However, the trends in activity remain unchanged.”
The energy cutoff, a convergence criterion for self-consistent
iteration, and geometry relaxation were set to 500 eV, 107* eV,
and 0.05 eV/A, respectively. Bulk ZnO in the most stable
hexagonal wurtzite structure was fully relaxed using (10 X 10 X
6) Monkhorst pack k-points mesh, resulting in lattice
parameters of a = 3.334 A and ¢ = 5.379 A, which are in
good agreement with the previous theoretical calculation and
experiment.”””" Using the optimized unit cell, we modeled five
layered ZnO (0001) and (1010) using (2 X 1) and (2 X 2)
supercells, respectively, where the bottom three layers were
kept fixed to the bulk positions. We added ~15 A of vacuum
layer to avoid an imaginary interaction between repeating
layers in z-direction. The ZnO(0001) facet is polar with
inherent dipoles, which will cause an unphysical electron
transfer to the atoms at the surface and affect the magnitude of
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DFT calculated adsorption energies. To quench the dipoles,
we considered different hydrogen coverages (0, 0.5, and 1 ML)
at the terminal oxygen atoms of the ZnO (0001) slab. This
approach has been employed and validated in several previous
reports.””** Our results (summarized in Table S1) indicate
that the effect of the hydrogen coverage between 0 and 0.5 ML
is small, while that between 0.5 and 1 ML is significant. When
we consider the solvation effect using VASPsol, the differences
become more significant. However, we noted that the O-
terminated (0001) surface is stable up to 0.5 ML of H**>**
Thus, we used the calculated DFT result of 0.5 ML of H*. For
comparison, we plotted the results of both 0.5 and 1 ML H*
termination in Figure 1b.

Under the reaction conditions, surface Zn atoms may be
precovered by oxygenated species such as O and OH
depending on their reactivity, which then significantly affect
the catalytic properties. Thus, we constructed the surface
Pourbaix diagrams considering O* and OH* terminations on
ZnO surfaces and determined the most stable surface coverage
at 1.76 Vyyg, the equilibrium potential of H,0/H,0,
(Supporting Information, Figure S1). On the basis of the
determined most-stable surface coverage under the reaction
conditions, we investigated free ener%etics along the reaction
pathway of H,O oxidation to H,0,."

To convert calculated electronic energies into free energies,
we added free energy corrections for adsorbates, which include
zero-point energy, enthalpy, and entropy at 300 K using the
harmonic oscillator approximation. For gaseous molecules, we
used the ideal gas approximation with the partial pressure of
101 325 Pa for H, and 3 534 Pa for H,O, which is the vapor
pressure of H,O. To avoid a poor description of a triplet O,
molecule in RPBE, we used experimental formation free
energies of H,O and H,0, as references. The effect of
potential was included using the computational hydrogen
electrode (CHE) method,” where the chemical potential of
proton and electron pair equals to that of a half of hydrogen
gas (u(H" + ¢7) = 1/2 u(H,)) at standard conditions. As the
potential is applied, the chemical potential of an electron is
shifted by —eU,,, where ¢ and U, are elementary charge and
electrode potential, respectively. To take into account the
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effect of solvation on free energetics, we employed an implicit
solvation method (VASPsol)™® as implemented in VASP,
where the dielectric constant of the solvent was set to be 78.4
for water. This implicit solvation model yields calculated
solvation energy of —0.17 eV for OH* adsorbate on ZnO
(1010) and —0.19 eV on ZnO (0001). This result agrees
extremely well with the average calculated value of —0.19 eV
for solvation energy of OH* across different oxides reported by
Siahrostami and co-workers’”** using explicit solvent methods.

2.2. Synthesis of (1010) ZnO Nanorods and (0001)
ZnO Nanoparticles. For the synthesis of (1010) ZnO
nanorods on fluorine-doped tin oxide (FTO) substrates, the
seed layer precursor was first prepared by dissolving 4.390 g of
zinc acetate dehydrate [Zn(CH;C0OO0),-2H,0] in 20 mL of 2-
methoxyethanol and then adding an equal mole number of
monoethanolamine (MEA). Next, the precursor solution was
spin-coated on an FTO substrate. The spin-coating was
conducted 3 times with an intermediate annealing step on a
hot plate at 150 °C for 10 min and a final annealing in a box
furnace at 350 °C for 30 min. The seed layer-coated FTO was
placed in an autoclave (with the coating side facing the outside
walls), which contained a mixture of 0.04 M zinc nitrate
(Zn(NO,),6H,0) and 0.04 M hexamethylenetetramine
(HMT). The ZnO nanorod growth was carried out at 95 °C
for 8 h. The obtained ZnO nanorod arrays were washed with
deionized water and ethanol, dried in an oven at 60 °C
overnight, and further annealed at 550 °C for 2 h.

For the synthesis of (0001) ZnO nanoparticles, a precipitate
was first made and then deposited onto FTO. The precipitate
solution was made by adding 5.268 g of Zn(CH;C0OO0),-2H,0
and 3.364 g of hexamethylenetetramine (HMTA) to a mixture
of 32 mL of ethylene glycol (EG) and 8 mL of water in an
autoclave. The autoclave was heated in an oven at 95 °C for 11
h. The obtained precipitate was rinsed with deionized water
and ethanol thoroughly and dried at 60 °C overnight with
additional annealing at 300 °C for 1 h. The ZnO precipitate
was then collected and dispersed in isopropanol. The
concentrations for both were kept at 0.3 mg/mL. After
sonication for 2 h, the suspension was spin-coated on top of
FTO glass using two steps, 500 rpm for S s and 2500 rpm for
20 s. The as-coated sample was dried at 150 °C for 10 min.
This process was repeated 3 times for good coverage over FTO
surface. Finally, the sample was annealed in a box furnace at
350 °C for 2 h to remove residue and for better attachment.

2.3. Electrochemical Performance Measurement for
2e-WOR. The electrochemical characterization methods for
2e-WOR were reported in detail previously.'” Briefly, the
catalytic performance was determined by using a potentiostat
with the three-electrode system, in which ZnO/FTO was used
as the working electrode, Ag/AgCl was used as the reference
electrode, and carbon paper was used as the counter electrode.
The electrolyte used was 2 M potassium bicarbonate. The Ag/
AgCl reference electrode was calibrated by being placed in a
pH = 0 solution (1 M H* H,SO, solution) and connected with
a Pt electrode with hydrogen gas purging the solution. The
potential between Ag/AgCl and Pt electrodes was measured by
a high-precision voltmeter, and this value is further used to
calculate the experimental potential value vs RHE with
additional considerations of the pH of the electrolyte
(+0.0591 X pH). The error bars for electrochemical results
are summarized from five independent measurements. The
amount of generated H,O, was detected by using H,O, strips
(Quantofix) with help from a strip reader (Macherey-Nagel
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Quantofix Relax Test Strip Reader). Here, after we applied the
desired potential bias to the anode, we started to measure the
H,0, concentration every 20 min for S times. It should be
noted that the measured H,0O, concentration is lower than
what is being produced because H,0O, is unstable due to
potential reduction to H,O at the cathode or disproportiona-
tion reaction,” which may lead to underestimated Faraday
efficiencies.

O, was detected by gas chromatography (GC) analysis. The
FE for H,0, production (%) is calculated using the following
equation:

FE(O, or H,0,)
amount of detected O, or H,0, (mol)

X 100%

theoretical maximum O, or H,O,

where the theoretical maximum amount of O, or H,0, equals
the total amount of electrons divided by four or two (in mol),
respectively.

2.4. Other Measurements and Characterizations. The
morphology of the samples was obtained using scanning
electron microscopy (FEI XL30 Sirion SEM). The trans-
mission electron microscopy (TEM) images were obtained by
a transmission electron microscope (FEI Tecnai) equipped
with a field-emission gun (FEG), scanning unit (STEM) with
bright-field/dark-field detector, energy-dispersive X-ray spec-
troscopy (EDS) for compositional analysis, and charge-coupled
device (CCD) camera. The crystalline information was
obtained using the X-ray diffraction system with a Siemens
diffractometer D500/5000 in the Bragg—Brentano geometry.

3. RESULTS AND DISCUSSION

3.1. Theoretical Analysis. Our theoretical analysis is
based on understanding trends in free energy diagrams (FEDs)
for the 4e-WOR (producing O,), the 2e-WOR (producing
H,0,), and the 1e-WOR (producing OH radicals)."” Figure la
shows a calculated FED for (1010) ZnO based on a density
functional calculation (see calculation details in Experimental
Section and Supporting Information, Table S1), but the
general model is not dependent on the electronic structure
method used. The FED shows the energy of a set of
intermediates leading to the three different products. We
treat selectivity trends and activity trends separately. First,
consider the question of selectivity. The free energy diagram
illustrates that the thermodynamic driving force toward H,O,
is largest when (1) adsorbed O* is less stable than H,O, in
solution (AGo+ < AGy,0,(3.5 €V)) and (2) adsorbed OH* is

more stable than OH radicals in solution AGgy: < AGgy®.
Point (1) means that H,0, is produced instead of O* and (2)
means that adsorbed OH does not readily desorb as a radical.
Using the known scaling relation between the adsorption
energy of O* and OH* (AGg+ = 2AGoy+ + 0.28)," the two
conditions can be described by a single relation: 1.6 eV <
AGoy+ < 2.4 eV. Clearly, according to the calculations, ZnO
(1010) is in the right window for a high selectivity toward
H,0,. Next, to understand catalytic activity, we use the
limiting potential (Up) as a measure of the rate—the lower the
limiting potential, the higher is the rate. U is defined as the
lowest potential at which all the elementary steps become
thermoneutral,'” and it has been shown to qualitatively agree
with experimental onset potentials for oxygen electrochemis-
try.'” Figure 1b combines the selectivity criterion and the
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Figure 2. Morphology and crystallinity characterization of (1010) and
(0001) ZnO samples. SEM images showing that (a) (1010) ZnO is
composed of nanorods and (b) (0001) ZnO contains nanoparticles.
TEM images showing that (c) (1010) and (d) (0001) ZnO grow
along the [0001] and [1010] directions, respectively. (e) X-ray
diffraction (XRD) spectra of both (1010) and (0001) ZnO,
confirming the growth direction of TEM images.

activity measure in a single diagram. Materials in the green
region should primarily produce H,0,, and the higher the

value of —Uj, the higher the rate is expected to be. Clearly
both the (1010) and (0001) facets of ZnO are predicted to be
active and selective with (1010) ZnO near the top of the
activity volcano and further away from the region of O,
production than (0001) ZnO. Both should be more active
than BiVO,,"” the hitherto best catalyst material.

3.2. Experimental Realization. To examine these
theoretical predictions, we synthesized two ZnO samples on
fluorine-doped tin oxide (FTQ) substrates, each with a
different dominant facet exposure. One has the facet (1010)
exposed, while the other has dominant (0001) facet (see
details in the Experimental Section); henceforth, there are
referred to as (1010) and (0001) ZnO, respectively. Their
morphologies are illustrated by the scanning electron
microscopy (SEM) and high-resolution transmission electron
microscopy (TEM) images in Figure 2a—d. The (1010) ZnO
sample is composed of nanorods with an average diameter of
15—20 nm and length of ~150 nm. The (1010) ZnO sample
has a growth direction of [0001], with a 90° angle between the
(0002) facet and the (1010) facet, indicating the dominant
exposed surface facet of (1010) (Figure 2c). This facet is also
confirmed by a high-resolution TEM (HRTEM) image of the
ZnO nanorod (Supporting Information, Figure S2a). In
comparison, the (0001) ZnO sample is composed of
nanoparticles with an average diameter of 45 nm (Figure 2b)
with a [1010] growth direction (Figure 2d). Detailed TEM
measurements show that the angle between two (1010) facets
is 120° (Supporting Information, Figure S2b), indicating the
exposed facet of (0001) for wurtzite ZnO. The X-ray
diffraction (XRD) spectra in Figure 2e further confirm the
growth direction of [0001] for (1010) ZnO and [1010]
direction for (0001) ZnO, which is consistent with the
HRTEM results.

Next, we compared the activity, selectivity, and stability of
the two ZnO samples for the 2e-WOR for producing H,0,.
The electrochemical performance was determined in a
bicarbonate electrolyte using the standard three-electrode
system, with ZnO/FTO as the working electrode, Ag/AgCl
as the reference electrode, and carbon paper as the counter
electrode. Figure 3a shows the current density and Faraday
efficiency (FE) for H,0, production as a function of the
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Figure 3. Comparison of the catalytic activity, selectivity, and stability of (1010) ZnO (red) and (0001) ZnO (black) for 2e-WOR toward H,0,
production. (a) Overall current density (solid lines) and FE of H,0, (dash lines) vs applied bias. Experimental conditions: the J—V curves were
measured from 0.5 to 3.2 V with a scan rate of 50 mV/s in a three-electrode configuration, with catalyst on top of FTO as the working electrode, C
paper as the counter electrode, and Ag/AgCl as the reference electrode. The electrolyte used was 2 M KHCO; without any gas purging (vol = 3§
mL). The H,0, concentration was measured every 20 min for S times under each bias, which was used to determine the error bar. (b) The 72 h
stability test results for both (1010) ZnO and (0001) ZnO under 2.0 V vs RHE. The current densities were measured every 10 s.
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Figure 4. Comparison of the catalytic activity and selectivity of 2e-WOR H,0, production. (a) Overall current density J—V curves for (1010) ZnO,
(0001) ZnO, and several reported metal oxides in ref 20. (b) Corresponding Jy;,0,—V curves for the current density toward the H,0, formation, for

which Jy o, was calculated by multiplying the overall current ],y with the Faraday efficiency at each potential. Experimental conditions for ZnO

samples are the same as those shown in Figure 3.

applied potential. The (1010) ZnO sample has an earlier
current onset and higher current density than those of (0001)
ZnO. The (1010) ZnO sample achieves 0.1 mA/cm? at 1.80 V
vs RHE, corresponding to an overpotential of 40 mV (the
thermodynamic theoretical 2e-WOR potential is 1.76 V vs
RHE).*” It should be noted that the J—V curve of (1010) ZnO
shows negligible change after the iR correction (Supporting
Information, Figure S4), indicating a small ohmic loss. Figure
3a further shows that (1010) ZnO has a higher FE for H,O,
than that of (0001) ZnO over the entire examined potential
range. In addition, the FE of (1010) ZnO for H,0, maintains a
high value of 70% over a broad potential range (2.4—3.2 V vs
RHE), and its peak value exceeds 80%. We have also measured
the FE for O,, and the sum of both FEs is ~90—100%
(Supporting Information, Figure S3), confirming the accuracy
of the FE (H,0,) measurement. These experimental results
support the theoretical predication that (1010) ZnO has better
activity for 2e-WOR than (0001) ZnO. Finally, both (1010)
and (0001) ZnO samples show stable performance under a
constant bias of 2.0 V vs RHE for 72 h (Figure 3b), which is
beneficial for on-site electrochemical synthesis of H,O, for
water treatment. In addition, the pH value of the electrolyte
remains nearly the same, showing that bicarbonate is an
effective buffer for at least 72 h.*' Nevertheless, the long-term
stability of ZnO and electrolyte can be different as ZnO can
dissolve into zinc ions. In addition, over long periods of time,
without CO, purging, gas evolution at the anode would
remove dissolved CO,, changing the electrolyte pH values.
Such effects would compromise the long-term performance of
the ZnO catalysts.

4. CONCLUSIONS

The present work highlights several interesting aspects. First of
all, we have used a theoretical model to predict the activity and
selectivity trends for the 2e-WOR, identifying a new catalyst,
ZnO. We have also shown that the activity is facet-dependent
and have devised a new synthesis method to exploit such
dependence. To the best of our knowledge, we have achieved
the best performance of 2e-WOR to date with ZnO, as
reflected by the comparisons of the total current density J—V'
curves (Figure 4a), the calculated current density toward H,O,
formation (Figure 4b), and the Faraday efficiencies at 3.0 V vs
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Figure S. Faraday efficiency (FE) at 3.0 V vs RHE for (1010) ZnO,
(0001) ZnO, and several reported metal oxides in refs 18 and 19.
BiVO,, SnO,, and WO; are from ref 19, and the others are from ref 18
(@ 3.0 V under two-electrode system). The FE of ZnO samples is
extracted from the results in Figure 3a. The error bars represent the
FE range from S independent measurements.

RHE (Figure S) of various electrocatalysts reported here and
in previous studies.'®'” These comparisons reveal that both
(1010) and (0001) ZnO are generally good H,0, catalysts for
2e-WOR, with (1010) ZnO being the best to date. Given the
unmatched electrocatalytic performance, low cost, and non-
toxicity of ZnO, this work demonstrates a very attractive
catalyst for on-site production of H,0, from WOR. Toward
this goal, further research is needed to test ZnO for potential
commercial use of H,0, production, its durability under light
for even lower-bias H,O, production, the stability of H,O,
generated in this system, the system level of optimization, and
testing with different types of water.
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V) curves (PDF)
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