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ABSTRACT: Nickel peroxides are a class of stoichiometric
oxidants that can selectively oxidize various organic compounds,
but their molecular level structure remained elusive until now.
Herein, we utilized structural prediction using the Stochastic
Surface Walking method based on a neural network potential
energy surface and advanced characterization using the as-
synthesized nickel peroxide to unravel its chemical identity as
the bridging superoxide containing nickel hydroxide, or nickel
superoxyhydroxide. Superoxide incorporation tunes the local
chemical environment of nickel and oxygen beyond the conven-
tional Bode plot, offering a 6.4-fold increase in the electrocatalytic
activity of urea oxidation. A volcanic dependence of the activity on
the oxygen equivalents leads to the proposed active site of the
Ni(OO)(OH)Ni five-membered ring. This work not only unveils the possible structures of nickel peroxides but also emphasizes the
significance of tailoring the oxygen environment for advanced catalysis.
KEYWORDS: Nickel peroxide, Structure prediction, Superoxide, Oxygen species, Electrochemistry

Nickel peroxide, a term coined in the last century by
organic chemists, refers to a class of stoichiometric

oxidants that can efficiently oxidize various organic com-
pounds.1 It was often synthesized by the chemical oxidation of
nickel hydroxide (Ni(OH)2) using strong oxidants, such as
ozone (O3), sodium hypochlorite (NaClO), and sodium/
potassium persulfate (Na2S2O8/K2S2O8).

2−4 These oxidants
have very high oxidative power and can be subject to various
chemical transformations (e.g., oxygen atom transfer, hydrogen
abstraction, secondary radical formation, etc.),5−9 which can
result in strong uncertainties on the nickel peroxide structures.
One structural analog is nickel oxyhydroxide (NiOOH) with
partially dehydrogenated Ni(OH)2, often proposed as the
active phase for the electrocatalytic selective oxidation reaction
(SOR) and oxygen evolution reaction (OER).10−14 However,
some fragmentary evidence by X-ray photoelectron spectros-
copy (XPS) and thermogravimetric analysis (TGA) has
revealed slight differences between nickel peroxide and
NiOOH,15−18 but the detailed molecular-level structure and
the origin of its oxidation activity is still under debate.
Recognizing its structure could not only resolve a long-lasting
mystery but also potentially extend beyond the Bode plot to
tune the local Ni coordination environment for the develop-
ment of next-generation Ni-based electrocatalysts.19−21

Structural prediction via theoretical calculation has emerged
as a powerful tool for chemists owing to the rapidly developing

computing power.22−25 At least thousands of minima are
generally required to determine the structure from a single
composition to ensure the reliability; however, that is
expensive for first-principles calculations.26−28 Recently, a
neural network (NN) potential energy surface (PES) has
been demonstrated to speed up the calculations while
maintaining first-principles accuracy.29,30 The key challenge
of fitting the NN PES is generating a good data set, which in
most cases is obtained from trajectories of molecular dynamics
(MD) simulations that cannot describe chemical reactions.
Accordingly, the Stochastic Surface Walking (SSW) global
optimization tool31−33 was proposed by our group for
generating a database via a smooth trajectory.34,35 The SSW
method is an approach that lies between molecular dynamics
(MD) and basin hoping36−38 and genetic algorithm,39,40 which
can effectively overcome energy barriers and meanwhile retains
information about the evolution of atomic motion.41−43 As a
result, structures generated by the SSW method are evenly
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distributed on the PES and cover a wide region of the PES (see
SI for more details).
Herein, we first adopted a global structural search based on

SSW-NN PES34,44 to glean the possible nickel peroxide
structures via simple Ni/O/H stoichiometries (Figures 1 and
S3−S5). Since the nickel peroxide is made using O3 as an
oxidant (a standard method to achieve nickel peroxides in
previous literature45,46), we used eq 1 to estimate the
formation free energy of nickel peroxides with dissimilar
chemical components. We constructed a series of
Ni12O24+xH24−y unit cells (0 ≤ x ≤ 16 and 0 ≤ y ≤ 18), and
compared their structural viability. For each stoichiometry, we
examined at least 104 local minima via SSW-NN and then
confirmed the results by density functional theory (DFT). The
exchange-correlation energy is treated on the generalized
gradient approximation (GGA) by using the Hubbard term
corrected DFT functional, PBE + U.47 The effective value for
Hubbard terms (Ueff) is set as 5.5 eV for Ni.48
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The grand potential surface shows lower energies at larger
oxygen stoichiometries (Figure 1a), indicating a high level of
oxygen incorporation in nickel peroxide. The global minimum
(GM, No. 5) is located around Ni12O37H10 with a free energy
change of −1.03 eV/Ni, which is more stable than Ni12O24H12
(NiOOH) by −0.75 eV/Ni. Note that the higher stability of
Ni12O37H10 compared to NiOOH is because a relatively high
oxygen chemical potential (μO = G[O3] − G[O2]) is used in
calculations, which represents a strong oxidation environment
in the experiments.

In the GM structure, we observed a large content of bridging
O−O dimers (abbreviated as bOO, 13 bOO units for 12 Ni)
(Figure 1b). The desorption free energy changes of these O−
O dimers are positive (e.g., +0.83 eV, where the free energy of
reference O2 molecule is calculated by G[O2] = 2G[H2O] −
2G[H2] to avoid the overbinding error of O2 calculated in
DFT), confirming the high stability of the O−O dimer. The
bOO dimers have O−O distances of 1.322−1.360 Å and on-
site spins of 0.46−0.74 μB, both representing a chemical nature
between superoxides and peroxides (closer to superoxides).
The Ni−Ni distances buckled by bOO dimers (3.310−3.729
Å) are significantly longer compared to the 3.156 and 2.782−
3.094 Å in Ni(OH)2 and NiOOH, respectively (The divergent
Ni−O bond lengths in NiOOH are caused by the Jahn−Teller
effect of Ni3+). It is worth noting that the extra oxygen
incorporation does not raise the Ni valence much (average
+2.49 for Ni12O37H10) but exerts its oxidative power to the O
valence (average −1.41 for bOO in Ni12O37H10), which
probably explains its activity origin as the stoichiometric
oxidant.
Since dehydrogenation is relatively easier than oxygenation,

we find the structures with the lowest energies for each O/Ni
ratio to delineate a structural-evolution path under synthetic
conditions (Figure 1a). Under the ratio of 2/1, the most stable
structure resides at a low hydrogen stoichiometry, implying
thermodynamically favorable Ni(OH)2 oxidation in O3. The
gradual oxygen incorporation follows a horizontal path with
only slight fluctuations of the hydrogen stoichiometries,
suggesting that the superoxides are replacing the oxides rather
than the hydroxides. Indeed, the local minima of Ni12O30H10
exhibit the displacement of bridging oxides (bO) by ozone
fragments (iO3) while maintaining the hydroxide components
(bOH) (No. 1 in Figure 1c). These ozone fragments can be

Figure 1. (a) Contour plot of the grand potential surface of nickel peroxide using O3 as an oxidant, where the black dots represent the calculated
stoichiometries and the arrows index the structural evolution with the lowest energy point of each O/Ni ratio. (b) Two typical structures of nickel
peroxides with the lowest energies. (c) Several structures of the representative compositions indexed in panel a, and (d) the corresponding
summary table of unit cell parameters and oxygen species. The green circle highlights the ozone fragment. The blue balls are Ni; red balls are O;
white balls are H.

JACS Au pubs.acs.org/jacsau Letter

https://doi.org/10.1021/jacsau.3c00245
JACS Au 2023, 3, 2964−2972

2965

https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00245/suppl_file/au3c00245_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00245/suppl_file/au3c00245_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00245?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00245?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00245?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00245?fig=fig1&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00245?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


gradually converted to bOO units upon increasing oxygen
stoichiometries. Further increasing oxygen stoichiometries
beyond the GM could distort the Ni−O layers, consequently
decreasing its stability.
Note that a stoichiometric structure of NiOOOH

(Ni12O36H12, nickel superoxyhydroxide) could be obtained
along the structural-evolution path, with only 0.052 eV/Ni
higher than the GM. This structure is highly symmetrical with
half bOO and half bOH distributed along the Ni centers. Under
the grand potential surface with reference to O2/H2O instead
of O3, the NiOOOH is more stable than the GM (Figure S3),
indicating that it could be a possible intrinsic structure of
nickel peroxide when exposed to ambient conditions (Figure
1b). Both NiOOOH and the GM revealed the identity of
superoxide-incorporating Ni(OH)2 as a possible structure of
nickel peroxide. To further confirm the stability of the GM
structure, we performed a 10 ns NPT MD simulation for a (2
× 2 × 2) supercell for Ni12O37H10 (the GM structure) using a
G-NN potential. The MD trajectory shows that the nickel
peroxide structure is stable without significant structural
changes (see Figure S4 for details).
It should be emphasized that NiOOOH is more stable than

NiOOH only when exposed to a strong oxidative agent, O3.
While in electrochemical conditions, the conventional
NiOOH, in turn, becomes more stable than NiOOOH (Figure
S3). But the phase diagram results cannot rule out the
possibility of the presence of nickel peroxide due to the
possible kinetic issues (the phase diagram only reflects the
thermodynamics). In fact, the positive free energy change
(∼+0.83 eV) by removing one O−O dimer from the bulk
NiOOOH suggests that the kinetics may prevent NiOOOH
from transforming back to NiOOH. Indeed, the experimental
observations also show that the properties of the NiOOOH
sample did not recover even after the removal of the O3
conditions. For example, we observed the presence of
superoxide before and after electrocatalysis, which will be
discussed later.
To validate the optimized structure via SSW-NN, we

experimentally characterized nickel peroxide materials. An
O3-based strategy with ultraviolet irradiation enhancement was
adopted for the standard synthesis. The material (namely, NP-
UV/O3) immediately turned from green to dark with a
negative shift of the valence band position, corresponding to
the Ni(OH)2 oxidation (Figure S5g,h). The elemental analysis
revealed the stoichiometries of Ni(OH)2 and NP-UV/O3 as
NiO2.14H2.28 and NiO2.65H2.15, respectively(Figure 2a). Since
H2O is inevitably introduced during the material synthesis
contributing to the extra O and H stoichiometry, we further
estimated the water content by the first weight loss plateau,
corresponding to 3.11% and 4.53% for Ni(OH)2 and NP-UV/
O3 respectively (Figure S6a). The extra H2O content in the
NP-UV/O3 likely resulted from the generation of H2O by
reacting O3 with Ni(OH)2. After deducting the H2O
contribution to the stoichiometry, we obtained the stoichio-
metries of NiO1.98H1.96·0.16H2O and NiO2.37H1.63·0.26H2O for
Ni(OH)2 and NP-UV/O3 respectively. Ni(OH)2 possesses a
highly consistent stoichiometric ratio, validating our analysis
approach. The larger oxygen stoichiometry of NiO2.37H1.63
confirmed the extra oxygen incorporation from our structural
prediction. The discrepancy between NiO2.37H1.63 and
theoretically predicted stoichiometries could be contributed
from the incomplete conversion of Ni(OH)2 (Figures S5a−f
and S6b). We also attempted to utilize thinner electro-

deposited Ni(OH)2 precursor materials to increase the relative
ratio of the nickel peroxide phase, and the XRD pattern of the
derived nickel peroxide shows an additional peak at ∼16.0°
with larger interlayer spacings, which agrees with our simulated
XRD pattern of the GM structure (Figure S7). This
corroborates the generation of the superoxyhydroxide phase
during the UV/O3 treatment. The presence of the Ni(OH)2
phase still suggests that complete conversion to the pure phase
is still a grand challenge. However, the extra oxygen
stoichiometry in NiO2.37H1.63 coincides with the missing
hydrogen stoichiometry, which correlates well with the
calculated minima structures (Ni12O36H12 or Ni12O37H10).
Considering the incomplete Ni(OH)2 conversion, we could
dissect the NiO2.37H1.63 into Ni(OH)2 (∼63%) and nickel
superoxyhydroxide (Ni12O36H12 or Ni12O37H10, ∼37%).
We further carried out spectroscopic analysis to glean the

oxygen properties. Raman spectroscopy is a powerful tool for
investigating dioxygen species owing to the unique O−O mode
(Figure 2b). The Ni(OH)2 peaks at 328, 462, and 818 cm−1

gradually disappeared upon O3−UV treatment,49 accompanied
by the evolution of the Eg bending mode of NiIIIOOH at 498
cm−1.50 Further prolonging the treatment generated several
peaks at 926, 1000, and 1100 cm−1, generally attributed to the
O−O bands from the peroxide or the superoxide moieties
(Figure S8). The deconvoluted O 1s XPS (Figure 2c) spectra
exhibited remarkable enhancement in the peak located at 531.8
eV, corresponding to the high-valent oxygen species, such as
peroxide/superoxide51−54 and O vacancies.55 The content of
these high-valent oxygen species could reach a high level of
∼28.6% based on the deconvolution result. Meanwhile, the
O2− and H2O content were also raised due to the inevitable
oxidation of hydroxyls into bridging O for high-O/low-H
phases (e.g., Ni12O37H10) and the generated H2O by reacting
O3 with Ni(OH)2. Although we resolved the high-valent O
species in Raman and XPS, it is rather difficult to differentiate
the peroxide and superoxide in these broad peaks, and
therefore, we further carried out low temperature EPR
measurement (Figure 2d). Two resonance signals centered at
g factors of 2.003 and 2.172, often designated as oxygen
vacancies and Ni3+, were clearly resolved.56,57 The presence of
the two peaks in Ni(OH)2 originated from the incorporation
of oxygen vacancies and facile oxidation of the under-

Figure 2. (a) Elemental analysis, (b) Raman spectra, (c) high
resolution XPS of O 1s orbital, and (d) low temperature EPR spectra
of the pristine Ni(OH)2 and NP-UV/O3 materials.
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coordinated Ni2+ sites during the material synthesis. These two
peaks are almost inevitable for Ni(OH)2-based materials. For
the NP-UV/O3 material, it exhibited a drastic enhancement of
the intensities for the two peaks. It is worthwhile to recall that
the oxygen stoichiometry is higher than the value of 2 as in
Ni(OH)2 and NiOOH, indicating that the oxygen vacancy is
not likely contributing to the enhanced signal. We note that
the superoxide resonance signal also coincides with the oxygen
vacancy band at g factor = 2.003,57,58 while peroxide gives no
signal at this position. Therefore, this band could be an
indicator of superoxide incorporation in the material. This
manifests a large extent of superoxide moieties in the nickel
peroxide (Figure 2d) and supports our structural prediction.
Despite the fact that nickel peroxide is often used as a

stoichiometric oxidant, regulating the Ni−O coordination by
superoxide incorporation could potentially tune the local
electronic states. Herein, the urea oxidation reaction (UOR)
was utilized as a probe catalytic reaction, which is sensitive to
its surface oxophilic structure. Cyclic voltammetry (CV) curves
of Ni(OH)2 and NP-UV/O3 both exhibited characteristic

UOR currents, but NP-UV/O3 demonstrated 4.93 times
higher maximal current and more negative UOR onset
potentials by 49 mV (Figure S9). The electrochemical surface
areas (ECSAs) were 9.68 cm2 and 5.03 cm2 for Ni(OH)2 and
NP-UV/O3 (Figure S10), respectively, showing even lower
surface areas for NP-UV/O3. The lower ECSA after UV/O3
treatment might be caused by the conversion of a layered
Ni(OH)2 phase with well-defined interlayer spacings into a
relatively crowded phase with many bOO moieties. The ECSA
generally scales with the treatment time with lower values
under longer treatment, but when the treatment duration was
more than 10 min, the ECSA started to level off, possibly due
to the complete surface conversion of Ni(OH)2 (Figure S10).
Based on the ECSA, the calculated turnover frequency (TOF)
of NP-UV/O3 at 1.45 V vs RHE (0.179 s−1) was ∼6.4 times
higher than that of pristine Ni(OH)2 (0.028 s−1), demonstrat-
ing the significantly enhanced intrinsic activity (Figure 3a).
Further Tafel kinetics study revealed two Tafel regions for

UOR, and the NP-UV/O3 only exhibited a lower Tafel slope of
∼44.5 mV/decade at smaller overpotentials (compared to 61.2

Figure 3. (a) CV curves, (b) Tafel plots, and (c) correlation between oxygen equivalent and UOR peak current enhancement factor. (d) Active
structure per cell unit under different O/Ni molar ratios. Inset: schematic illustration of the bridging hydroxide/oxide cycle as the active UOR site.
(e) Gibbs free energy profile for the OH−-assisted C−N cleavage pathway at 1.37 V vs RHE. The numbers between two adjacent states in the
profiles represent the free energy change (in eV) of each elemental step. The structures in the figure are the atomic structures corresponding to
each state of Ni12O37H10(1010). Colors in the Figure: Cyan balls are Ni; red balls are O; blue balls are N; gray balls are C; and white balls are H.
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mV/decade for Ni(OH)2) (Figure 3b). A Tafel slope close to
40 mV/decade indicates a rate-determining step (rds) of the
second electron transfer, while the value of 60 mV/decade for
Ni(OH)2 corresponds to the prior step as the rds. It
demonstrates that the altered energy profile upon superoxide
incorporation possibly delays the rds via the facilitated electron
transfer. During electrolysis, the current density at 1.623 V vs
RHE showed only a slight decrease of ∼12.6% over 5 h (Figure
S11a). The linear sweep voltammetry (LSV) curves after the
electrolysis also confirmed good retention of the electro-
catalytic performance (Figure S11b). Structural changes and
amorphization are often inevitable during electrocatalysis,59,60

so we further probed the structural stability during the UOR
process. First, the macroscopic morphologies and lattice fringes
were mostly maintained after electrolysis (Figures S12 and
S13). The EPR spectra of the electrode before and after
electrolysis showed almost identical patterns, implying the
maintained superoxide moieties during UOR (Figure S14). We
further investigated the evolution of superoxide species during
electrocatalysis by in situ Raman spectroscopy. Upon
immersing the NP-UV/O3 material in the alkaline urea
electrolyte, the characteristic OO peaks evolved at ∼1150
cm−1, likely corresponding to the superoxide (Figure S15).
Applying anodic potentials below 1.50 V vs RHE showed
intact peaks at this position, while extending beyond 1.50 V
could gradually diminish the peak due to the loss of
superoxide. A similar trend was observed for consecutive
scans of the Raman spectra under electrolysis at 1.45 V vs RHE
and 1.55 V vs RHE. This likely indicates that the superoxide
species is relatively stable under UOR conditions but not
under OER conditions. Raman spectra collected in the
electrolyte without urea also exhibited much higher NiIII−O
signals at 475 and 550 cm−1 with the loss of superoxide signals
(Figure S16), confirming the stability hypothesis. Another
structural change appeared at the O2− moieties in the XPS.
These O2− moieties disappeared after electrolysis with the
−OH percentage increased. The O2− in the as-synthesized
material could result from the overoxidized phases with
bridging oxygen identities and higher oxygen stoichiometries,
and these species could undergo the O2−/−OH conversion
during the electrocatalytic UOR process (Figure S17).
Another serendipitous discovery was the volcanic depend-

ence of the UOR activity on oxygen equivalents. The effective
oxygen equivalent was estimated using an iodometric
method.15,61 An optimal activity was only observed under a
moderate oxygen equivalent of 109.4 mgO/gCat (Figure 3c).
According to the predicted structures of nickel peroxide, we
discovered that the number of structural units of the five-
membered Ni(OO)(OH)Ni ring also obeys a volcanic
dependence on the oxygen equivalents (Figure 3d). We
selected the representative samples with different oxygen
equivalents and measured the electrochemical impedance
spectroscopy to investigate the effect of bOO units or the
five-membered ring unit (Figure S18). The result showed a
gradual decrease of the charge transfer resistance with the
initial incorporation of the bOO moieties, while the overtreat-
ment by ozone with excessive incorporation of bOO units
eventually increased the charge transfer resistance. This
indicates that the introduction of bOO units to create the
five-membered ring unit accelerates the interfacial electron
transfer, but the overincorporation of bOO units could destruct
the five-membered ring, which has a negative effect on the
electron transfer capability. To further elucidate the correlation

of activity, we calculated the mechanism of urea oxidation on
three selected nickel peroxide surfaces with dissimilar
stoichiometric ratios, Ni12O24H12(1011), Ni12O37H10(1010),
and Ni12O38H6(0110), which correspond to the reference
NiOOH, the global minimum (GM) of nickel peroxide, and a
nickel peroxide with an even higher O/Ni ratio. We replace all
the exposed surface O−O dimers by O or OH (since the
removal of the exposed O−O dimer on the NiOOOH surface
is exothermic), while the other O−O dimers are intact. For
each surface, we considered both OH−-assisted C−N cleavage
and N−N coupling mechanisms,62 where the OH−-assisted
C−N cleavage mechanism follows the * + CO(NH2)2 + OHaq
→ *CO(NH2)2 + OHaq → *NHCONH2 + OHaq →
*HNCO(NH2)OH → *NH2 + *COONH + *OlatticeH
pathway while the N−N coupling mechanism follows the *
+ CO(NH2)2 → *CO(NH2)2 → *NHCONH2 →
*NHCONH → *NCONH → *NNH−CO pathway. The
free energy profiles of two pathways at 1.37 V vs RHE
(electrode potential used in the experiment) are shown in
Figure S19 and Figure S20. The results show that the OH−-
assisted C−N cleavage pathway is always more favorable than
the N−N coupling pathway on all three surfaces, evident from
the overall free energy barrier for each pathway (see the free
energy difference between TS and *CO(NH2)2 state). On the
other hand, the overall free energy barriers for the OH−-
assisted C−N cleavage pathway are 0.953, 0.675, and 0.761 eV
fo r Ni 1 2O2 4H1 2 (1011) , N i 1 2O3 7H1 0 (1010) , and
Ni12O38H6(0110), indicating the activity of urea oxidation
follows the orders of Ni12O37H10(1010) (O/Ni = 3.08) >
Ni12O38H6(0110) (O/Ni = 3.17) > Ni12O24H12(1011) (O/Ni
= 2.00), which is consistent with the volcanic profile observed
in the experiment.
Bader charge analyses of the *NHCONH2 + OHaq state and

the subsequent TS (see Figure 3e) were carried out to
understand the origin of the enhanced UOR activity on
Ni12O37H10 compared to Ni12O24H12. On the Ni12O24H12
surface, the total Bader charges of the *NHCONH2 and
hydrated hydroxyl are −0.91e and −0.59e for *NHCONH2 +
OHaq state and TS, respectively. On the Ni12O37H10 surface,
the total Bader charges of the same atoms are −1.07e and
−0.26e for the *NHCONH2 + OHaq state and TS, respectively
(Figure S21). Both results show that the *NHCONH2 + OHaq
moiety tends to transfer electrons to the NiOOH/NiOOOH
surfaces at the TS. Notably, the Ni12O37H10 surface, with its
higher oxidation state compared to Ni12O24H12, facilitates this
electron transfer, effectively reducing the kinetic barrier of the
rate-determining step.
In summary, we adopted the SSW-NN method to rapidly

determine the chemical identity of nickel peroxide as
superoxide-incorporating Ni(OH)2. This finding agrees well
with the experimental characterizations via stoichiometric
analysis showing extra oxygen and spectroscopic evidence
showing O−O characteristics and superoxide spins. The nickel
peroxide material could act as an efficient UOR electrocatalyst
with 6.4 times higher activities. The enhanced activity was
attributed to the preferred oxidation of bOH in the five-
membered ring Ni(OO)(OH)Ni unit. This work not only
enriches our understanding about the mystery of nickel
peroxide but also creates a new route of extending beyond
the Bode plot for tuning catalytic properties via a combined
effort of calculation and experiment.
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■ MATERIALS AND METHODS

Materials and Reagents
All chemicals with analytical grade were purchased from Aladdin Bio-
Chem Technology Co., LTD, Shanghai, and directly used without
further purification. Carbon paper (thickness = 0.30 mm) was
purchased from Hesen Electric Co., Ltd., Shanghai. Deionized water
(D.I. water) used in this study was generated from a Water
Purification System (>18.2 MΩ·cm−1, Hitech Instruments Co., Ltd.).

Nickel Peroxide Preparation
Nickel peroxide was obtained through ozone or ozone−UV treatment
of Ni(OH)2 powder. Ni(OH)2 powder was first synthesized by
mixing nickel salt precursor and potassium hydroxide (KOH)
solution: 2.907 g of Ni(NO3)2·6H2O was dissolved in 100 mL of
D.I. water under violent stirring for 10 min. Then, 100 mL of 200 mM
KOH solution was gradually added into the Ni2+ solution, and the
resulting suspension was ultrasonicated for 30 min. The green
suspension was transferred into an 80 °C oven for 6 h to perform the
aging process. Finally, the prepared Ni(OH)2 was separated by
filtration with alternating D.I. water and ethanol washing to remove
unreacted ions, and the product powder was dried at 70 °C overnight.
The transformation of Ni(OH)2 into nickel peroxide was achieved

in an ozone flow atmosphere. Ni(OH)2 (0.20 g) was put into a
homemade glass container under continuous stirring to ensure full
contact between Ni(OH)2 powder and the O3 flow. A stable flow of
1.25 mL/min was provided by a commercial ozone generator
(Qingdao Guolin Environmental Technology Co., Ltd.) and injected
into the glass container under ultraviolet light (Shanghai Jiguang
Special Light Factory, wavelength = 253.7 nm, ∼70 W) to convert
Ni(OH)2 into nickel peroxide. The treatment time was adjusted to
obtain nickel peroxides with different degrees of surface oxygen
modification. Preparation of the thinner Ni(OH)2 precursor powder
was conducted by an electrodeposition method. A 0.2 M NaNO3
solution was prepared by adding NaNO3 powder into a 1:1 mixed
solution of water and ethanol. Then, by electrodeposition under −2 V
applied potential on a monolithic pure nickel electrode, the Ni(OH)2
deposits on the electrode surface. The nickel electrode is subsequently
moved from the electrolyte to the 1:1 mixed solution of water and
ethanol and then ultrasonicated to peel off the Ni(OH)2 material.
After filtration, cleaning, and drying, we obtained the electrodeposited
Ni(OH)2 powder.

Characterizations and Analysis
X-ray diffraction (XRD) patterns were collected on a D8 Advance
polycrystalline diffractometer (Bruker AXS, Co. Ltd., German) with a
scan rate of 5°/min in the 2θ range from 10° to 90° (Cu Kα radiation,
λ = 0.15418 nm). X-ray photoelectron spectroscopy (XPS) was
carried out on a Thermo Scientific K-Alpha+ with an X-ray source of
Al Kα to compare the elemental compositions and chemical states of
the prepared samples, and the spectra were calibrated by C 1s binding
energy of 284.6 eV. Raman spectra of the solid samples were collected
on a DXR-Raman Microscope (Thermo Scientific, US) with a 532 nm
laser. The in situ Raman spectra were recorded by a Raman
spectrometer (Horiba Jobin Yvon) equipped with a 532 nm laser. A
2400/mm grating was used; the acquisition time was set as 30 s; the
spectral Raman shift range was set from 200 to 1800 cm−1. The NP-
UV/O3 catalyst for the in situ Raman spectroscopic study was
prepared with catalyst loading of 0.2 mg/cm2 on the roughened gold
working electrode. The in situ Raman spectroscopy was conducted on
a custom-built three-electrode cell (EC-RAIR, Beijing Science Star
technology Co., Ltd.), with a Pt wire as the counter electrode and a
Ag/AgCl electrode as the reference electrode (immersed in saturated
KCl). The Raman spectra were collected under controlled potential
electrolysis under different electrolytes, and consecutive scans were
collected with a time resolution of 30 s. Elemental analysis was
conducted on a LECO ONH836 analyzer (LECO, US). Nickel
element content was analyzed by an inductively coupled plasma
(ICP) atomic emission spectrometer (Agilent 725, US). Thermog-
ravimetric analysis under a nitrogen atmosphere was performed on a

METTLER TGA/SDTA 851e analyzer (METTLER TOLEDO,
Switzerland). Paramagnetic signal of the obtained samples was
recorded on an electrospin resonance spectrometer (Bruker A300,
US) at 77 K by injecting liquid nitrogen. The morphology of the
materials was characterized by transmission electron microscopy
(TEM) (FEI Tecnai F20, US).

Electrochemical Measurement
The electrochemical measurement was conducted on an H-type
electrolysis cell using Ag/AgCl and graphite rods as the reference and
counter electrode, respectively. The measurement was also conducted
using a Hg/HgO (1 M KOH) reference electrode to ensure the
accuracy of the measured potential. One M KOH + 0.33 M urea was
employed as the electrolyte, unless specified. An anion exchange
membrane (AEM, Selemion, Japan) was used to separate the anodic
and cathodic chamber. The electrocatalysts were mixed with Nafion
binder solution (0.16 wt %) to adhere onto 1 × 1 cm2 carbon paper
(CP) as the working electrode. The catalyst loading was maintained at
1 mg/cm2 for all materials, unless specified. The cyclic voltammetry
(CV) measurement was carried out at a scan rate of 5 mV/s, and
linear sweep voltammetry (LSV) was measured with a scan rate of 1
mV/s. The active oxygen equivalent was analyzed by a KI−starch
titration method referring to the previous literature with some
modifications.63−65 Briefly, a certain amount of the synthesized nickel
peroxide powder is dispersed in a 100 mL solution containing acetic
acid (HOAc, 0.1 M), potassium acetate (KOAc, 0.1 M), potassium
iodide (0.1 M), and starch (Color indicator), which is preaerated with
argon to expel the residual air for interference. The iodide in the
solution could be oxidized into I2 by the highly active oxidative
species. It can be observed that the solution will change to dark blue
after the addition of the nickel peroxide powder due to the
chromogenic response between the formed I2 and starch. Then, the
standard sodium thiosulfate solution is titrated into the mixture until
the color disappears. Quantitative results were obtained by the
normalized comparison to standard oxidation reaction by oxygen
atoms (oxygen equivalent). Nickel peroxides obtained from different
treatment periods indicate a series of oxygen equivalent per catalyst to
correlate with electrochemical urea oxidation performance.
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