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A B S T R A C T

A higher-valent NiO catalyst, enriched with trivalent Ni (Ni3+) and exposed {111} crystal facets, was developed
to enhance selective two-electron oxygen reduction (2e– ORR) for electrochemical hydrogen peroxide (H2O2)
production, leading to highly efficient organic pollutant removal. The catalyst was synthesized via a precipitation
method, incorporating crystal facet and cation vacancy engineering to expose active sites. It demonstrated 96%
selectivity and 59 A g− 1 mass activity, attributed to weakened *OOH binding, as shown by density functional
theory. Integrated into an advanced electro-Fenton (EF) flow cell, the system achieved 100% removal of 200mL
of 50 ppm bisphenol A (BPA) in 4minutes, with 93% total organic carbon removal within 2 hours. This study
provides a scalable and efficient solution for decentralized environmental remediation and wastewater
treatment.

1. Introduction

In recent years, the escalating global scarcity of clean water, exac-
erbated by numerous persistent and toxic contaminants, poses a signif-
icant threat to all creatures, increasing the risk of infections and
facilitating the spread of diseases. This underscores the urgent need for
access to safe water in modern society [1]. Non-biodegradable and
long-lasting estrogen-like compounds, phenolic endocrine disruption
chemicals (EDCs), can rapidly decrease human reproductive capacity by
influencing multiple endocrine-related pathways. They may also in-
crease cancer risks and interact with other substances in aquatic envi-
ronments to produce harmful compounds, causing severe health issues

even at low concentrations [2,3]. One of the notable representatives
among various EDCs, bisphenol A (BPA) is highly accessible in aquatic
systems due to its ubiquity in multiple products such as medical
equipment, electronic manufacturing, building coatings, and product
packaging. It is thus necessary to develop effective wastewater treat-
ment techniques for such recalcitrant pollutants [4,5].

BPA can, in principle, be eliminated by advanced oxidation processes
such as conventional Fenton and Fenton-like reactions [6–9]. However,
degradation processes up to complete mineralization are reported to be
slow and ineffective. Considerable research efforts have been invested to
improve the performance. Among these efforts, on the basis of in situ
hydrogen peroxide (H2O2) production and energy utilization,
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electro-Fenton (EF) processes have been actively studied recently
[10–12]. EF is an oxidation reaction between added ionic Fe and in-situ
obtained H2O2 to generate hydroxyl radicals (•OH) (Fe2+ +H2O2 +

H+→Fe3+ +H2O+ ⋅OH) during the electrocatalytic process of the
two-electron oxygen reduction reaction (2e−  ORR, O2 + H+ +

e− →∗OOH, ∗OOH+ H+ + e− →H2O2) [13,14]. By utilizing the catalytic
reaction for H2O2 production in the cathodic part, the EF system can
decompose durable toxicants into smaller molecules with activated •OH
radicals from the produced H2O2 and regenerated ferrous ions. Despite
the effectiveness of the EF process, challenges arise in achieving fast and
complete removal of concentrated pollutants in large quantities [15,16].
This is because, EF kinetics are heavily controlled by the H2O2 pro-
duction rate catalyzed at the cathode, while in non-flowing degradation
devices such as a batch reaction or an H-type cell, the produced H2O2
would undergo self-decomposition over extended cell operation,
thereby decreasing •OH generation and hindering mineralization [17].
To address these challenges, developing highly efficient and robust 2e–

ORR electrocatalysts is essential while designing more advanced elec-
trochemical cell assemblies that allow for the mass production of H2O2
and simultaneous Fenton reactions.

The 2e– ORR catalysts have predominantly relied on carbon mate-
rials. However, considering the acidic Fenton environment, carbon-
based materials exhibit inadequate catalytic activity at low pH values
[18–21]. This would lead to carbon degradation and demetallation,
which has been identified as the main contributor to significant active
site depletion [22–24]. To address these limitations, abundant and
cost-effective earth resources, particularly non-noble transition metal
oxides, are considered promising candidates for 2e⁻ ORR catalysts. The
electric field effect on the surface of transition metal oxides makes
breaking O–O bonds challenging, which favors the "end-on" adsorption
mode of O₂ over the "side-on" mode. This hinders the cleavage of O–O
bonds, thereby enhancing the selectivity for the 2e⁻ ORR pathway [25,
26]. Moreover, as inorganic materials, they are relatively resistant to
•OH attack [27,28]. In recent years, extensive research has optimized
the intrinsic properties of metal oxides by altering their composition,
crystallinity, and introducing defects to enhance their catalytic activity
and selectivity for the 2e– ORR. However, achieving satisfactory levels of
both activity and selectivity remains a formidable task [29–32]. Among
various transition metal oxides, NiO has recently emerged as a 2e– ORR
catalyst through amorphous structure to induce end-on O2 adsorption,
enhancing 2e– ORR properties compared to crystalline forms [33,34].
However, the amorphous nature limits active cation density, creating a
trade-off between crystallinity and H2O2 performance. Increasing crys-
tallinity boosts O2 adsorption sites but conflicts with 2e– ORR selectivity.
Decreasing crystallinity, on the other hand, enhances 2e– ORR selec-
tivity but reduces active sites [35,36]. In other words, this trade-off in
NiO is seen as a hurdle to overcome for its utilization as a 2e– ORR
catalyst material, and it clearly shows that this trade-off cannot be
resolved by crystallinity control alone. To overcome the aforementioned
limitations and achieve balanced selectivity and activity for the 2e– ORR
in NiO, defect engineering can be explored as an alternative strategy. In
this regard, there are diverse examples demonstrating the potential of
high-valence state cation defects on NiO surfaces to improve catalytic
properties in various catalytic reactions[37–41]. However, to the best of
our knowledge, the simultaneous control of the crystal facet and surface
defects in NiO catalysts for highly active and selective 2e– ORR has not
been reported to date.

In addition, from a system perspective, since the O2 supplied in the
conventional EF reaction system relies mostly on low concentrations of
dissolved O2 in an electrolyte, the level of produced H2O2 is very low
[42]. Furthermore, as the reaction typically occurs in a batch system, the
generated H2O2 is not effectively utilized for pollutant removal due to its
self-decomposition. In this regard, to maximize the water treatment ef-
ficiency of the EF process, there is a critical need to develop both
outstanding transition metal catalysts for the 2e– ORR and advanced

electrochemical cell designs capable of maximizing H2O2 production.
In this study, we developed a high-performance NiO catalyst with

nickel vacancies (NivO) by carefully controlling the facets and va-
cancies. And utilized this catalyst in an advanced EF system, demon-
strating its effectiveness in degrading high concentrations of persistent
pollutants. Here, the synthesized {111}-NivO, a trivalent nickel (Ni3+)-
rich NiO with surface exposure of the (111) facet, was synthesized by a
precipitation method involving crystal facet and cation vacancy engi-
neering. The catalyst exhibits an ultra-high selectivity of up to 96 % and
an impressive mass activity of 59 A g− 1, which far exceeds all other Ni-
based catalysts reported in the literature. Density functional theory
(DFT) computational studies indicate that for the (111) surface of NiO,
which tends to form Ni vacancies, an increase in the concentration of
these vacancies leads to weaker binding of the *OOH intermediate
species. In addition, excellent 2e– ORR performance is confirmed
through a flow cell device with Faradaic efficiencies (FE) of >85 % in
various pH conditions under a long-term stability test. Moreover, an
advanced EF system when combined with a flow cell for electrochemical
H2O2 mass production enables 100 % removal of large amounts of
highly concentrated BPA pollutants (200 mL at 50 ppm) with high ef-
ficiency. Specifically, the process demonstrates an exceptionally rapid
100 % degradation of BPA within 4 min with a remarkably high kinetics
value in pseudo-first-order reaction (k = 1.125 min− 1), marking
approximately 102 times greater efficiency than that of the batch-type
EF system. Additionally, the system shows competitive total organic
carbon removal (TOC), reaching 93 % within 2 h.

2. Materials and methods

2.1. Chemicals

Nickel (II) sulfate hexahydrate (NiSO4⋅6 H2O, ≥99 %), oxalic acid
dihydrate (C2H2O4⋅2 H2O, ≥99 %), sodium hydroxide (NaOH, ≥98 %),
and commercial nickel (II) oxide (NiO, 99.99 % trace metals basis) were
purchased from Sigma Aldrich. Potassium hydroxide (KOH, 93 %), so-
dium sulfate anhydrous (Na2SO4, 99 %), methyl alcohol (CH3OH,
99.5 %), and phenol (>99 %) were purchased from Daejung Chemical.
Sodium carbonate (Na2CO3, 99~100.5 %) was obtained from Samchun
Chemical Co., Ltd. Sulfuric acid (H2SO4, 98 %) was purchased from
Baker Analyzed™ A.C.S. Reagent. Carbon black KetjenBlack DJ-600 was
purchased from the fuel cell store. Bisphenol A (BPA, 97 %) was pur-
chased from Alfa Aesar.

2.2. Synthesis of {100}-NivO

In a typical synthesis[9], 0.02 mol acid precipitation agent of
C2H2O4⋅2 H2O was dissolved in 50 mL of deionized water under mag-
netic stirring, gradually reaching a solution temperature of 50◦C in an oil
bath. Simultaneously, under ambient conditions, 0.02 mol of
NiSO4⋅6 H2O was dissolved in 50 mL of deionized water. The resulting
nickel sulfate solution was then added dropwise to the oxalate solution
under vigorous stirring without pH correction. After 30 min, a turquoise
precipitate formed, and the solution was transferred to an ice bath to
reduce underwent calcination in an air environment at 1000◦C for 1 h
with a heating rate of 10◦C min− 1, labeled as {100}-NivO or referred to
as NiO-1000–10-a, denoting the synthesis conditions. The same exper-
imental procedures were replicated by varying the pyrolysis tempera-
ture from 500 to 1000◦C, resulting in NiO-500–10-a, NiO-800–10-a,
NiO-900–10-a, NiO-1000–2-a, and NiO-1000–15-a, each named-based
on the product, heat treatment temperature, heating rate, and the spe-
cies of precipitation agent. For example, "NiO-500–10-a" denotes the
sample treated at 500◦C with a heating rate of 10◦C min− 1 using acid as
the precipitate agent.
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2.3. Synthesis of {111}-NivO

By a precipitation method for NiO synthesis, a pH of 13.4 base so-
lution was created by a 25 mL mixture of Na2CO3 (0.34 mol L− 1) and
NaOH (1.2 mol L− 1) aqueous solution, using magnetic stirring at room
temperature. Simultaneously, a 0.51 mol L− 1 of NiSO4 solution was
formed by dissolving NiSO4⋅6 H2O in 25 mL deionized water. Gradually,
this precursor solution was added incrementally to the above-mentioned
base solution. The resulting mixture was stirred at room temperature for
30 minutes. The precipitated nickel hydroxide (Ni(OH)2) suspension
underwent heating at 50◦C with continuous stirring for 2.5 days in an oil
bath. Subsequently, a light-green powder was obtained through centri-
fuge separation and removal of the aqueous supernatant. The powder
was multiple-rinsed with distilled water, followed by additional centri-
fugation. The final product was dried at 70◦C under vacuum conditions.
It was then heated in an air-filled box furnace at a rate of 10◦C min− 1

until reaching 1000◦C, maintained for 1 hour, resulting in the NiO-
1000–10-b sample, also designated as {111}-NivO. For a comparative
analysis, Ni precipitates made by base precipitation were also subjected
to altered heating temperatures (500–1000◦C) and ramping speeds (2
and 15◦C min− 1), producing NiO-500–10-b, NiO-800–10-b, NiO-
900–10-b, NiO-1000–2-b and NiO-1000–15-b, respectively.

2.4. Materials characterization

Scanning electron microscopy (SEM) was conducted with a FEI
Inspect F50 microscope at 10 kV to characterize the materials. Trans-
mission electron microscopy (TEM) techniques including selected area
electron diffraction (SAED), high-resolution TEM (HRTEM), and energy
dispersive X-ray spectroscopy (EDS) mapping were used on a Tecnai G2
operated at 200 kV to further analyze the structure and composition. X-
ray absorption fine structure (EXAFS) data were measured at 1D XRS
KIST-PAL beamline in Pohang Accelerator Laboratory and processed
with IFEFFIT software to obtain Fourier-transformed Ni K-edge spectra.
X-ray diffraction (XRD) patterns were collected using a Rigaku Smartlab
diffractometer with a Cu Kα source at 40 kV to determine the crystalline
phases present. A 532 nm Renishaw Raman spectrometer was employed
to analyze vibrational modes. X-ray photoelectron spectroscopy (XPS)
on a ThermoFisher Nexsa system was carried out to examine surface
chemical states. Electron paramagnetic resonance (EPR) spectra ac-
quired with a 77 K Bruker-A300 spectrometer at 9.45 GHz band gave
information on unpaired electrons. Optical absorption was measured by
UV–vis spectroscopy on a Varian Cary 300 spectrophotometer at
319 nm.

2.5. Electrochemical measurements

A standard three-electrode cell consisting of a rotating ring disk
electrode (RRDE) setup and an Autolab potentiostat (PGSTAT302N,
Metrohm Autolab USA) was used for electrochemical testing. The
working electrode was an RRDEwith a 0.196 cm2 glassy carbon disk and
a 0.072 cm2 platinum ring, having a determined collection efficiency of
0.250 based on a potassium ferricyanide redox system [43,44]. The
counter and reference electrodes were platinum wire and Ag/AgCl in
0.1 M KOH electrolyte), while in 0.1 M Na2SO4 electrolyte and 0.1 M
H₂SO₄ acidified Na₂SO₄ (pH 3), a saturated calomel electrode (SCE) was
used as the reference electrode. Potentials were converted to the
reversible hydrogen electrode (RHE) scale (ERHE = EAg/AgCl + 0.197 +

0.059 × pH, and ERHE = ESCE + 0.241 + 0.059 × pH). Catalyst ink was
prepared by dispersing 3 mg of a NiO/KBmixture of the synthesized NiO
commercial Ketjenblack EC-600JD (KB, Fuel Cell Store) in a mass ratio
of 1:1 into a solution of 1.8 mL ethanol and 50 µL of 5 wt% Nafion. The
ink was then drop-cast onto the RRDE disk as the working electrode. The
loading amount was varied from 10, 20, and 50 μg cm⁻2 for performance
optimization. Electrochemical ORR measurements were conducted at
room temperature in an O2 pre-saturated electrolyte. Prior to the oxygen

reduction reaction (ORR) measurements, the disk electrode was condi-
tioned with cyclic voltammetry (CV) in the Ar-purged electrolyte. Ten
cycles were run from 0.05 to 1.0 V at a 100-mV s− 1 scan rate. Additional
CV cycles (20 cycles, 0.1–1 V vs. RHE, 50 mV s− 1) were then conducted
on the ring electrode to stabilize the CV response. After this initial
conditioning, ORR polarization curves were obtained using linear sweep
voltammetry (LSV). The measurements were conducted at 1600 rpm
rotation speed without iR compensation. The disk potential was swept at
10 mV s− 1 scan rate while holding the ring at a fixed 1.20 V vs. RHE over
a 0.05 V range. Testing was performed in oxygen-saturated electrolytes.
Here, current density (J, mA cm− 2) was determined from LSV polari-
zation curves of corrected disk current (Id, mA) and ring current (Ir, mA)
in Ar-saturated and O2-saturated electrolytes using Eqs. (1) and (2)：

Jd = Id/Ad (1)

Jr = Ir/(Ad × N) (2)

H2O2 selectivity (%), electron transfer number (n), and mass activity
(A g− 1) were calculated sequentially with Eq. (3− 5) below:

Selectivity(100%) = 200× (Ir/N)/(Id + Ir/N) (3)

Electron transfer number(n) = 4× Id/(Id + Ir/N) (4)

Here, the collection efficiency (N) of the RRDE electrode was
determined to be 0.25 by measuring the redox of hexacyanoferrate ([Fe
(CN)₆]3⁻/[Fe(CN)₆]⁴⁻) [43].

Kinetic current density (Jk, mA cm− 2) was then corrected for mass
transport losses:

I/Jm = 1/Jl + 1/Jk (5)

Here, Jm (mA cm− 2) denotes the measured total current density
(which can be substituted with Jd, the disk current density). Jl (mA
cm− 2) is the diffusion-limited current density. Obtaining the limiting
current is often difficult because it requires measurement across the
whole potential range, which can be addressed by combining the Levich
Eq. with the total number of electrons transferred (n), determined from
the rotating ring-disk electrode (RRDE) system. The Levich Eq. is as
follows (Eq. (6)):

Jl = 0.62nFD2/3
0 ω1/2υ− 1/6C0 (6)

Here, F is the Faraday constant with a value of 96,485 C mol− 1. D0
represents the diffusion coefficient of oxygen in the electrolyte at 298 K,
which is 1.85 × 10− 5 cm2 s− 1 in 0.1 M KOH. ω is the electrode rotation
speed of the electrode (rad s− 1). υ is the kinematic viscosity of the
electrolyte, measured 0.89 × 10− 2 cm2 s− 1 here. C0 stands for the bulk
concentration of O2 in the electrolyte, given as 1.21 × 10− 6 mol cm− 3.

The Tafel slopes b (mV dec− 1) were also acquired from the value of Jk
as the Eq. (7):

E = C+ blog(Jk) (7)

where E and C represent the applied potential (V vs. RHE), constant
related to exchange current density (mA cm− 2).

To assess intrinsic electrochemical activity, the electrochemical
surface area (ECSA) was determined from the active catalytic site den-
sity, computed using double-layer capacitance and Cdl values (Eq. (8)):

ECSA = Cdl/Cs (8)

where Cs is the specific capacitance with a value of 40 µF cm− 2 in 0.1 M
KOH electrolyte. Here, Cdl (mF cm− 2) can be generated by Eq. (9):

j = Cdl × v (9)

where j (mA cm− 2) is the current density and v is the scan rate (mV s− 1),
making ECSA proportional to Cdl, derived from the predicted slope of the
j− v curve. Resistance assessment via electrochemical impedance
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spectroscopy (EIS) involved Nyquist plots at 0.75 V vs. RHE with an
RRDE electrode rotation of 1600 rpm in O2-saturated electrolyte after
pre-cleaning the disk of part by CV scanning in Ar gas for 20 cycles from
0.05 to 1.0 V at a scan rate of 100 mV s− 1, which provides the infor-
mation of the initial resistance from the electrolyte (Rs,Ω), the resistance
of the passive film or corrosion products on the catalyst layer surface (Rc,
Ω), charge transfer resistance (Rct, Ω), constant phase element with the
capacitance (Qc, μF cm− 2), and electric double-layer capacitor (Qct, μF
cm− 2).

2.6. DFT computational details

Spin-polarized density functional theory (DFT) calculations were
performed using the Vienna Ab initio Simulation Package (VASP) with
the Perdew-Burke-Ernzerhoff (PBE) exchange-correlation functional
[43]. To describe the interaction between ions and electrons, the
projector-augmented-wave pseudopotentials were used [43]. Hubbard
U correction was considered to minimize the self-interaction error of 3d
transition metal oxides, and the U value for the Ni 3d orbital was set to
6.4 eV. The energy cutoff was set to 650 eV for bulk and 400 eV for slab
models, respectively. In particular, an energy cutoff of 500 eV was
chosen for single-point calculations to perform the partial density of
state (PDOS) and partial Hessian calculations. For the NiO bulk struc-
ture, the rock-salt crystal structure was optimized with a Mon-
khorst–Pack k-point mesh of 15×15×15. Two different slab models,
{100}-NiO and {111}-NiO, were then optimized using the Mon-
khorst–Pack scheme and Γ-centered k-point mesh of 5×5×1, respec-
tively. The {100}-NiO slab models were constructed with four layers of
2×2-unit cells, where the bottom two layers were frozen during the
structure optimization. The {111}-NiO slab models were designed with
six layers of 3×3-unit cells, where only the top three layers were allowed
to relax during the structure optimization. In the case of Ni2O3 models, a
monoclinic Ni2O3 crystal structure was chosen for a bulk structure,
where the bulk structure was optimized with a Γ-centered k-point mesh
of 7 × 11 × 11. A {100}-Ni2O3 slab model with three layers was then
constructed from the optimized bulk structure. For all slab models, an
additional vacuum layer of 20 Å was considered and a dipole correction
was employed along the normal direction.

The vacancy formation energies per atom of Ni (ΔEvac (Ni), eV) and
(ΔEvac (O), eV) were defined as given in Eq. (10):

ΔEvac(Ni/O) =
ESCF(N ∗ vac) − ESCF(pris) + N× μ(Ni/O)

N
(10)

Here, N is the number of vacancies, and ESCF (vac) (eV) and ESCF
(pris) (eV) are the electronic self-consistent field energy of the surface
slabs with/without vacancy, respectively. μ (Ni/O) represents the
chemical potential of Ni or O. For μ (O), the entropy term (TΔS) of the
gaseous O2 molecule was corrected to account for the synthesis tem-
perature (1273.15 K). Similarly, the O passivation energy (ΔEpas (O), eV)
was obtained from Eq. (11) below:

ΔEpas(O) =
ESCF(N ∗ O) − ESCF(pris) + N× μ(O)

N
(11)

whereN is the number of absorbed oxygen atoms and ESCF (O) (eV) is the
electronic self-consistent field energy of the oxygen-absorbed surface
slab.

To obtain the reaction-free energy under the aqueous environment,
an implicit solvation model was introduced. The Poisson-Boltzmann
implicit solvation model, which was implemented in the VASPsol
package, was used to describe the implicit water solvent of which the
corresponding dielectric constant was 78.4. The solvation effect coupled
Gibbs free energies (Gsol, eV) were calculated according to Eq. (12):

Gsol = ESCF + ZPE − TΔSi + ΔEsol (12)

where ΔEsol (eV) is the solvation energy of the system, ZPE is the zero-

point energy, and TΔSi is the entropic correction of vibration, rotation,
and translation at 298.15 K. For the gas-phase species, the solvation
effect was not considered. Furthermore, only the vibrational entropy
was considered for the OOH intermediate (*OOH).

2.7. Flow cell test

To evaluate the H₂O₂ production rate, faradaic efficiency, and sta-
bility, we utilized a 6.5 × 6.5 cm2 three-electrode flow cell system
connected to a potentiostat (SP-150, Biologic). The cell consists of two
compartments: an anode compartment, where the oxygen evolution
reaction (OER) occurs, and a cathode compartment for ORR. These
compartments are separated by a membrane. For the ORR, the working
electrode was prepared by sonicating a catalyst ink containing 3 mg of
catalyst, 50 μL of 5 % Nafion solution, and 2.25 mL of ethanol for
30 minutes. This ink was then spray-coated onto a 2.3× 2.3 cm2 piece of
commercial carbon paper gas diffusion media (Sigracet 39 BB, Fuel Cell
Store) at a loading of 0.3 mg cm⁻2, followed by drying at 80◦C. The
actual working area of the electrode that contacts the electrolyte was
2 cm2. In a 1 M alkaline solution made by KOH pellets with a pH of 14, a
Hg/HgO electrode was used as the reference electrode, and a NiFeMo
foil served as the counter electrode. The proton exchange membrane
employed was the Nafion® N-117, produced by Fuel Cell Store. O₂ was
continuously supplied to the cathode compartment at a rate of
20 mL min⁻1, and the electrolyte flow rate was maintained at
40 mL min⁻1 in both the cathode and anode compartments.

Applying constant current densities ranging from 10 to 300 mA cm⁻2

induced H₂O₂ generation, catholyte samples were collected, neutralized,
and titrated against a Ce4+ solution to quantify the H2O2 produced (e.g.
2Ce4+ + H2O2 → 2Ce3+ + 2 H+ + O2).[45] In the previously reported
procedure, a Ce4+ titrant was prepared by dissolving Ce(SO4)2 in 0.5 M
H2SO4 to form a 0.6 mM standard solution and calibrated against UV–vis
absorption spectra from 800 to 300 nm to generate a standard curve at
319 nm based on the Eq. (13):

Abs = ε × l×
[
Ce4+

]
(13)

where Abs is the absorbance at 319 nm, [Ce4+] is the Ce4+ concentration
(mM), ε is the molar absorptivity of Ce4+ (mM− 1 cm− 1), and l is the path
length (cm).

After 1 hour of electrolysis in the flow cell device, a quantitative
aliquot of the working electrode compartment electrolyte at a certain
applied current (5 µl for 20–400 mA, 1 µl for 600 mA) was sampled and
injected into 4.5 mL of standard Ce⁴⁺ stock solution in 0.5 M H₂SO₄.

The H2O2 concentration (mol L− 1) in the electrolyte after the ORR
electrolysis was calculated using the Eq. (14):

H2O2 concentration =

[
Ce4+

]

Before −
[
Ce4+

]

after

2× Vtitration
× 4.5 (14)

Here, Vtitration (mL) denotes the volume of the electrolyte taken from
40 mL KOH electrolyte for titration, where the

[
Ce4+

]

Beforeand
[
Ce4+

]

after

absorbances of the Ce⁴⁺ stock solution at 319 nm before and after
injecting the H₂O₂-containing aliquot, respectively. Since the total
working electrolyte is 40 mL, the H₂O₂ yield (mol) is calculated as Eq. 15

H2O2 yield = H2O2 concentration× 40 (15)

Faradaic efficiency (FE, %) was described by Eq. (16):

FE =
100× 2× 96485× H2O2 yield

∫ t
0 Idt

(16)

where
∫ t
0 Idt stands for the cumulative charge (C) passed during elec-

trolysis.
The H₂O₂ production rate (mol g⁻1 h⁻1) can be calculated by Eq. (17)
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H2O2 production rate =
H2O2 yield

catalyst loading
(17)

To assess the stability, a 500 mL electrolyte solution containing 1 M
KOH was continuously circulated through the electrochemical cell. This
was achieved with a consistent flow rate of 40 mL min− 1 and a constant
O2 flow rate of 20 mL min− 1. Constant current testing at 200 mA over
36 h was conducted with 100 % IR compensation every 1 h. Similarly,
the H2O2 performance test and stability measurement in neutral solution
(1 M Na2SO4, pH=7) and acid electrolyte (0.5 M H2SO4 adjusted 1 M
Na2SO4, pH=3) were carried out following the same procedure in the
alkaline electrolyte by only changing the counter electrode in the OER
electrocatalyst with Ir foil and the reference electrode with an Ag/AgCl
electrode.

2.8. Flow cell type EF degradation of pollutants

Electron-Fenton degradation experiments were conducted using a
flow cell setup. The setup consisted of an Ir foil as the counter electrode,
a {111}-NivO/KB ink mixture (with a 1:1 mass ratio of {111}-NivO to
KB) spray-coated on a GDL as the working cathode, and an Ag/AgCl
electrode as the reference. The ink preparation conditions were consis-
tent with those used in the flow cell test, with catalyst loading varied at
0.2, 0.6, and 0.9 mg cm-2. 50 ppm Bisphenol A (BPA) in the electrolyte
of O₂-saturated acidified 1 M Na₂SO₄ (pH 3) was circulated only in the
cathode part during H₂O₂ production for degradation, and was vigor-
ously stirred at 400 rpm, operating under different current densities of
100, 200, and 400 mA. Notably, to mitigate Fe2⁺ precipitation caused by
pH changes during in-situ H₂O₂ production, the electrolyte pH was
continuously adjusted by adding acid to maintain it at approximately pH
3 throughout the 2-hour reaction. Fenton catalyst Fe2⁺was introduced at
concentrations of 0.3, 1.3, and 1.5 mM, respectively. Purged O₂ flow
rates were varied at 10-, 20-, and 40-mL min⁻1. To determine BPA
concentration, small aliquots (0.6 mL) were taken at specific intervals
and promptly measured using a high-performance liquid chromatog-
raphy (HPLC) machine equipped with a Shim-pack GIS C18 column (4.6
× 150 mm, Agilent) at 40◦C and a UV/Vis detector. The mobile phase, a
40:60 (v/v) mixture of methanol and water, flowed at 1.0 mL min− 1,
with an injection volume of 50 μL at λ = 270 nm. The mineralization
assessment was quantified on a TOC analyzer (multi N/C, 3100) from
10 mL aliquots at intervals using a standard non-permeable organic
carbon method (NPOC). The BPA degradation efficiency (BPAde, %) was
calculated using the provided Eq. (18), and the corresponding first-order
rate constant (k) of BPA degradation was derived from the linear fitting
of time-dependent BPA concentration alternation for the quantitative
comparison the pseudo-first-order kinetic of the reaction from Eq. (19),
and TOC removal (%) was calculated according to Eq. (20):

BPAde =
[BPA]0 − [BPA]t

[BPA]0
× 100 (18)

ln(
[BPA]t
[BPA]0

) = − kt× 100 (19)

TOC removal =
[TOC]0 − [TOC]t

[TOC]0
× 100 (20)

where [BPA]0 (mg L− 1) and [TOC]0 (ppm) is the initial concentration of
the BPA solution, [BPA]t (mg L− 1) and [TOC]t (ppm) is the concentration
of the BPA solution during the reaction at time t (min), and k (min− 1) is
the first-order rate constant.

3. Results and discussion

3.1. Synthesis and characterizations of materials

Using a precipitation method, NiO with controlled exposed crystal

facets and maximized trivalent nickel (Ni3+) content arising from Niv
was successfully synthesized. As illustrated in Fig. 1a, various NiO
structures are produced by gradually forming green precipitates upon
adding precipitation agents to a nickel (II) sulfate hexahydrate
(NiSO4⋅6 H2O) solution, followed by air calcination at different tem-
peratures (see more details in the Experimental Section). NiO mor-
phologies annealed from 500◦C to 1000◦C at 10◦C min− 1 heating rate,
were studied using scanning electron microscopy (SEM), high-resolution
transmission electron microscopy (HRTEM), selected area electron
diffraction (SAED) patterns, and energy-dispersive X-ray spectroscopy
(EDS) mapping. Specifically, taking NiO produced by acid precipitation
under different heating conditions as an example (Figs. S1-S7 and
Table S1), a noticeable morphological evolution is observed. Irregular
polycrystalline particles with an average crystal size of 23.94 nm are
formed at 500◦C. While cubic-like particle aggregates appear at 800◦C,
single crystal cuboid NiO with high density (100) facet exposure grad-
ually forms from 900 to 1000◦C, showing an increased crystal size of
64.10 nm. Simultaneously, the Ni3+ cation content increases progres-
sively, induced by Ni2+ vacancies maintaining charge neutrality across
samples (1/2 O2

(g) ↔OO
x + V″Ni+ 2 h+, Ni2+ + h+ →Ni3+, where OO

x is an
oxygen atom on the NiO lattice site and V″Ni is a Ni2+ vacancy) [38]. This
was confirmed by X-ray photoelectron spectroscopy (XPS) spectra
(Fig. S8 and Table S2). Particularly in the {100}-NivO sample treated at
1000◦C with a ramping speed of 10 ◦C min− 1, the abundance of
higher-valent Ni reaches its maximum. In contrast, when maintaining a
high pyrolysis temperature of 1000◦C, using a slower heating rate of 2 ◦C
min− 1 allows for a more prolonged interaction with O₂ in the air. This
extended exposure provides sufficient time for structural reformation
and atomic rearrangement, resulting in a more uniform and stable
oxidation process. Consequently, the (100) crystal facet dominated NiO
with fewer cation vacancies is formed (as indicated by a decrease in the
relative atomic ratio of Ni3⁺ to Ni2⁺ from 3.16 to 2.25, based on decon-
voluted Ni2p XPS spectra; see Figs. S8-S10).

This suggests that the precipitation method for NiO synthesis, con-
ducted at high temperatures with rapid heating, can facilitate fast
crystallization and surface diffusion, promoting the formation of va-
cancies. However, when a faster heating rate of 15◦C min− 1 is applied,
the resulting NiO retains the same exposed {100} crystal facet but shows
a slightly reduced Ni3⁺/Ni2⁺ atomic ratio of 2.8 (Fig. S11 and S12). This
slight reversal may be attributed to the accelerated temperature in-
crease, which could induce internal stress, leading to structural refor-
mation and rearrangement of surface atoms during calcination. These
adjustments may result in a more stable surface structure by reducing
the number of coordinatively unsaturated Ni atoms, particularly those at
edges and corners [46].

Pyrolysis of an alkaline precipitate solution containing aqueous
nickel sulfate was also conducted in the air under the same pyrolysis
condition for validation (Fig. S13-S19 and Tables S3-S4). Similarly, only
polycrystalline NiO aggregates with 44.5 nm average size formed at
500◦C. From 800◦C, polyhedron growth gradually occurred, with some
evident hexagonal-like octahedrons. At 1000◦C, a complete trans-
formation into highly dense irregular octahedrons was observed
(Figs. 1b-1g). The SAED pattern and the HRTEM images depicted in
Fig. 1h and Fig. 1i suggest a single-crystalline cubic structure, with
heptagonal-like surfaces having four long sides parallel to {111} NiO
planes along the [110] zone axis, indicating dominant exposed {111}
facets in the synthesized {111}-NivO. The {111}-NivO exhibited a
similar abundance of Ni2⁺ vacancies as {100}-NivO, with a maximized
Ni3⁺ content (relative Ni3⁺/Ni2⁺ ratio reaches to 3.25). However, when
the heating rate was reduced to 2◦Cmin− 1, the Ni3⁺/Ni2⁺ ratio decreased
to 2.48 (Fig. S20-S21 and Table S4). Conversely, increasing the heating
rate to 15◦C min− 1 led to a decrease in the relative amount of defects in
the resulting {100}-NivO sample, with the Ni3⁺/Ni2⁺ ratio at 3.05,
showing a trend similar to that of {100}-NivO produced under the same
conditions (Fig. S22-S23).Thus, it can be concluded that a heating rate of
10◦C min− 1 is optimal for forming a highly cation-defective structure,
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Fig. 1. Strategy for crystal facet and defect engineering of NiO based on control of precipitation agent and synthesis temperature. (a) Schematic illustration of the
synthesis process for NivO. (b, c) SEM images, (d-f) EDS element mapping images, (g) TEM image, (h) SAED pattern, and (i) HRTEM image of {111}-NivO.

Fig. 2. Material characterization of the obtained NiO samples and their references. (a) XRD pattern. (b) Deconvoluted XPS O 1 s spectra. (c) EPR spectra and their
calculated g factor of {100}-NiO, {100}-NivO, and {111}-NivO. (d) The normalized XANES spectra at Ni K-edge. (e) Fourier-transform EXAFS spectra in R space of
{100}-NiO, {100}-NivO, and {111}-NivO and their references.
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promoting the creation of single crystals and maximizing the introduc-
tion of Ni vacancies (Niv).

It is known that under oxygen-rich conditions, the predominant
defect in NiO is the nickel vacancy [47]. In the case of rapid crystalli-
zation at high temperatures, the observed effect can be elucidated by
rearrangements within the surface layer, wherein the nickel ions
migrate into the bulk of the crystal, thereby creating cationic vacancies.
The charge associated with these vacancies is compensated by an
elevated concentration of Ni3+ species [48]. This underscores the in-
fluence of high temperature and a rapid pyrolysis rate on the optimal
inclusion of Ni cation defects in NiO. For comparison, a commercially
available stoichiometric (100) facet-exposed NiO cuboid, {100}-NiO,
was also employed (Fig. S24 and S25). Despite sharing the same cubic
structure as the bunsenite NiO reference and exhibiting nearly identical
crystal sizes (~64.7 nm for {100}-NiO, ~64.1 nm for {100}-NivO,
~67.1 nm for {111}-NivO), as determined by an XRD analysis (Fig. 2a
and Table S5). The precise compositions of different Ni species were
further quantitatively examined to identify the presence of Niv in
various NiO samples using XPS. Although the distinction between
samples is noticeable in both Ni2p and O1s spectra, directly illustrating
the Ni3+/Ni2+ ratio is complicated and obscured in the Ni 2p spectrum
due to the presence of multiple overlapped Ni2+, Ni3+ peaks, and sat-
ellite Ni signals. However, clearer differences indicative of Ni2+ and
Ni3+ chemical bonds are evident in the O1s spectra at approximately
529 and 531 eV, corresponding to O binding with nearby Ni2+ and Ni3+,
respectively [49]. As illustrated in Fig. 2b and Table S5, except phys-
isorbed H2O on the NiO surface (~533 eV), visible differences exist in
the peak area of O(Ni3+) and the relative atomic ratio of O(Ni3+) and O
(Ni2+) species (O(Ni3+)/O(Ni2+)). The O(Ni3+)/O(Ni2+) ratios are
similar for {100}-NivO and {111}-NivO (1.27 and 1.3), but approxi-
mately 3.3 times higher than that in {100}-NiO (0.38), indicating more
defects in the produced catalysts versus commercial compounds. Addi-
tionally, different fitting ratios of Ni3+ and Ni2+ species (Ni3+/Ni2+) in
the deconvoluted peaks of Ni2p spectra between the Ni2+ state (binding
energies: ~853 eV and 871 eV) and Ni3+ state (binding energies:
~855 eV and 874 eV) shows the real Niv diversities in the NiO samples
(3.25 for {111}-NivO, 3.16 for {100}-NivO, and 2.31 for {100}-NiO),
implying the higher possibility of Niv in {111}-NivO and {100}-NivO
rather than commercial {100} NiO-reference (Fig. S26) [40].

To further characterize the defects in NiO, we used electron para-
magnetic resonance (EPR) spectroscopy. This technique measures the g
factor, determined by the resonance frequency of a paramagnetic sub-
stance, to identify and quantify the unpaired electrons in different forms
of NiO [50]. As expected, {111}-NivO and {100}-NivO exhibit much
stronger EPR signals, arising from unpaired localized Ni electrons
compared to {100} NiO, with prominent signals of g values at 2.26 and
2.23, respectively. This verifies that Niv is dominantly present in these
two samples. At the same time, pristine NiO shows a lack of Ni defects, as
no signal was observed in EPR (Fig. 2c and Fig. S27) [51]. Furthermore,
Ni K-edge X-ray absorption near edge spectroscopy (XANES) and
extended X-ray absorption fine structure (EXAFS) spectra were also
measured to disclose the real coordination environment for various
forms of NiO and other Ni-based references. As depicted in Fig. 2d, the
near-edge absorption energy of all the samples is located within the
range of those of Ni and

NiO2 references, indicating that their positive valence state is be-
tween +0 and +4. However, in contrast to the {100} facet domain of
NiO, both {100}-NivO and {111}-NivO exhibit comparably higher Ni
binding energy shifts in the absorption edge (blue dashed box), and
stronger peak intensity (red dashed box), suggesting higher average
oxidation states of Ni due to the existence of larger contents of high-
valent Ni3+. This is consistent with the higher Ni3+/Ni2+ ratios
observed in the XPS analysis. Furthermore, the distinctly lower peak
intensity at the higher coordinated 2nd Ni-Ni shell in the R-space for
{111}-NivO and {100}-NivO, compared to {100}-NiO, strongly implies
the formation of nickel vacancies (Fig. 2e and Fig. S28). Additionally,

the simulated structural parameters from quantitatively fitted EXAFS
spectra in the nickel K-edge (Table S6) reveal that the mean coordina-
tion numbers of Ni-Ni in {111}-NivO and {100}-NivO are around 11 and
11.4, respectively, which are lower than that of commercial NiO bulk
(11.8 in stoichiometric {100}-NiO). This is direct evidence of the exis-
tence of Niv. Moreover, the decreased distances in the 1st shell of Ni-O
and the 2nd shell of Ni-Ni in {111}-NivO, and a decrease in the Ni-O
bond distance and an increase in the Ni-Ni distance for {100}-NivO,
all confirm the presence of nickel defects derived from high-temperature
crystallization on different exposed crystal planes on the surface of NiO
[52–54].

As reported, Niv are well recognized as primary point defects in
synthesized NiO, while oxygen vacancies (Ov) also emerge from air
environment calcination conditions [49,55]. Despite the absence of
obvious peak splits in the EPR spectra for Ni and O defects, the potential
presence of dual vacancies in varying amounts is feasible due to the close
signal positions (the g factor is approximately 2 for Ov and 2.1–2.3 for
Niv) [31,49,51,56]. Notably, the absorption edge of the {111}-NivO is
slightly positively shifted (blue dashed box). This indicates a higher
amount of hypervalent-state Ni3+ existed in {111}-NivO than in
{100}-NivO, which is consistent with the absolute content of Ni3+

observed in XPS analyses (Fig. 2b and Table S5). The EXAFS fitting re-
sults in Fig. S29 and Table S6 also reveal a slightly lower coordination
number between Ni and O in the case of {100}-NivO compared to
{111}-NivO and commercial {100}-NiO samples (5.7 for {100}-NivO,
5.9 for {111}-NivO and 6 for {100}-NiO). This lower value indicates the
possibility that Ov are created and accumulate around Ni in {100}-NivO.
In addition, further support can be obtained from EXAFS spectra with a
lower intensity for the 1st shell Ni-O in {100}-NivO, indirectly indi-
cating a minor amount of Ov (Figs. 2b, 2e, Fig. S28 and Table S6). It is
known that under O-rich conditions for NiO crystallization, the forma-
tion of Ni-defective crystals is energetically preferred over those with O
defects (~38 eV for Niv and ~9 eV for Ov) [31,57]. However, consid-
ering the different exposed surfaces for {100}-NivO and {111}-NivO,
the formation energy of Niv and Ov can be regulated. For NiO exposed to
a large amount of (100) planes, introducing a small amount of Ov
together with predominated Niv simultaneously allows more stable
lattice configurations, while the formation of Ov on the (111) facet is
challenging, whether in isolation or within a Niv-rich environmentas
confirmed by the subsequent DFT simulations.

3.2. Electrocatalytic ORR performance evaluation

The excellent H2O2 production performance of {111}-NivO was
confirmed by a three-electrode system utilizing a RRDE. The tests were
conducted at a rotational speed of 1600 rpm in an O2-saturated elec-
trolyte. Here, to compensate for low conductivity and to eliminate the
effects of differing electrical conductivities among the various NiO
samples, all samples were initially physically mixed with carbon black
(Ketjenblack EC 600JD (KB)) in a 1:1 ratio to achieve uniform charge
transfer resistance (Fig. S30 and Table S7). The catalyst loading was
optimized at 20 µg cm− 2, striking a balance between high selectivity and
large current densities (Fig. S31). In the ORR polarization curves
measured in a 0.1 M KOH electrolyte with a pH of 13 (Fig. 3a), {111}-
NivO/KB exhibits the earliest onset potential (0.75 V vs. RHE) among
various NiO- based catalysts, indicating rapid kinetics of the surface O2/
HO2

- process. This heightened ORR activity was further evidenced by the
Tafel slopes, where {111}-NivO/KB boasts the lowest slope of 50 mV
dec− 1 among various NiO-based catalysts for superior ORR kinetics
(Fig. S32a). In addition, the mass-transport corrected kinetic current
density for H2O2 production (jk, H2O2) on {111}-NivO/KB, estimated
using the Koutecky–Levich Eq., achieves a positive current density of
2.24 mA cm− 2 at 0.65 V vs. RHE, comparable to or even better than
state-of-the-art noble-based nanoclusters (Fig. S32b). The distinct
highest current densities are also observed in the ring part. This confirms
the superior activity of {111}-NivO/KB, especially in the mixed-
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controlled area (0.4–0.6 V vs. RHE), where it displays a competitive ring
current density of 2.09 mA cm− 2 compared to well-reported non-noble-
based materials at 0.5 V vs. RHE (Fig. 3b and Table S8). With up to 23 %
enhanced selectivity compared to the (100)-facet exposed {100}-NiO
sample, {111}-NivO/KB exhibits excellent catalytic performance,
boasting 96 % ultrahigh selectivity and high mass activity of 59 A g− 1 at
0.65 V vs. RHE in 0.1 M KOH (Fig. 3c). This performance is achieved
with an approximately 2e– transfer process (Fig. S33). More importantly,
the outstanding balance between high selectivity and mass activity
substantially surpasses all other reported Ni-based catalysts (Fig. 3d and
Table S9). In contrast, pure KB exhibits 26 % lower selectivity, reduced
current densities, and a significantly lower mass activity of 28 A g⁻1

compared to the {111}-NivO/KB composite. This indirectly demon-
strates the positive influence of {111}-NivO on selective H₂O₂
production.

Furthermore, the {111}-NvO plays a significant role in stabilizing
reaction intermediates. To confirm this, a Peroxide Reduction Reaction
(PRR, H₂O₂ + 2H⁺ + 2e⁻→ H₂O) test was performed for both the KB and
{111}-NivO/KB catalysts, using the same method as in the ORR test.
This experiment was conducted in an Ar-saturated 0.1 M KOH electro-
lyte containing 10 mM H₂O₂. As shown in Fig. S34, the {111}-NivO/KB
catalyst exhibits the lowest PRR current compared to other samples,
indicating that the active sites of the {111}-NivO based catalyst effec-
tively prevent the further reduction of H₂O₂. Notably, the significantly
lower PRR activity of {111}-NivO/KB compared to pure KB underscores
the role of {111}-NivO in the selective synthesis of H₂O₂, highlighting its
superiority over KB as an electrocatalyst.

When changing the electrolyte from alkaline to neutral and acidic
conditions, a similar catalytic trend is observed, with the formed {111}-
NivO/KB catalyst consistently surpassing the electrocatalytic perfor-
mance of other comparison catalysts. In 0.1 M Na₂SO₄ as the electrolyte,

the {111}-NivO/KB composite exhibits the highest current density and
approximately 90 % selectivity, which is 13 %, 8 %, and 5 % higher
than that of KB, {100}-NiO/KB, and {100}-NivO/KB, respectively
(Figs. 3e and 3f). In acidic conditions (Fig. S35), the {111}-NivO/KB
composite similarly demonstrates the highest ring current densities and
an average competitive selectivity of 93 % for H₂O₂ production
compared to the other reference samples. The electrochemical transfer
number in both neutral and acidic electrolyte conditions also confirms
the 2e⁻ catalytic process for the optimized {111}-NivO/KB sample, with
an average electron transfer number of 2.20 and 2.14 in these two
electrolytes, respectively (Fig. S35 and S36). This enhanced perfor-
mance underscores the beneficial influence of the {111}-NivO compo-
nent for selective H₂O₂ generation across varying electrolyte pH
environments.

To verify the superior performance of {111}-NivO, electrochemical
surface areas (ECSA) were examined. As illustrated in Fig. S37, {111}-
NivO exhibits a reduced ECSA compared to {100}-NiO and {100}-NivO,
suggesting that its heightened activity and selectivity for the 2e– ORR
stem from the tailored crystal facet and vacancies rather than ECSA
prominence. To be specific, introducing a sufficient amount of vacancy
on the (100) surface in the backbone of {100}-NiO to form {100}-NivO
can help enhance both disk and ring current density as well as the
selectivity across the entire potential range. While further adjusting the
crystal plane from (100) to (111) with high density and maximum
exposure of Ni3+ active sites, the positive effect on ring current and
selectivity can be amplified, disclosing the crucial role of crystal facet
and cation vacancy engineering.

Additionally, {111}-NivO samples with the same (111) crystal facets
but varying Niv content were prepared by pyrolyzing NiO at 1000◦C
with different ramping speeds, ranging from 2 to 15◦C min− 1. Based on
their identical exposed (111) facets and only varying ramping speeds

Fig. 3. The H2O2 performance of the catalysts by RRDE. (a) ORR polarization curves of {111}-NivO/KB, {100}-NivO/KB, {100}-NiO/KB, and KB in 0.1 M KOH. (b)
Comparison of ring current density between {111}-NivO/KB obtained from the ORR curve and a reported catalyst at 0.5 V vs. RHE. (c) Calculated H2O2 selectivity
from their ORR curves in alkaline electrolyte. (d) Comparison of the calculated mass activity of {111}-NivO /KB from the ORR curve and that of the reported Ni-
based catalysts at 0.65 V vs. RHE. (e) 2e– ORR polarization curves of {111}-NivO/KB, {100}-NivO/KB, {100}-NiO/KB and KB in 0.1 M Na2SO4. (f) Calculated H2O2
selectivity from their ORR curves in neutral electrolytes.
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during synthesis, the samples were designated as {111}-NivO (2◦C
min− 1), {111}-NivO (10◦C min− 1), and {111}-NivO (15◦C min− 1). As
shown in Fig. S38, the catalytic performance of the KB mixture with
these {111}-NivO samples was evaluated, revealing a trend in enhanced
current density, selectivity, and mass activity: {111}-NivO (10◦Cmin− 1)
> {111}-NivO (15◦C min− 1) > {111}-NivO (2◦C min− 1). This trend
corresponds to the relative Ni3⁺/Ni2⁺ ratios observed in the XPS analysis
(Fig. S23). Similarly, samples with exposed (100) facets, prepared under
the same conditions ({100}-NivO (10◦C min− 1), {100}-NivO (15◦C
min− 1), and {100}-NivO (2◦C min− 1)), showed a consistent trend in
H₂O₂ production electrocatalytic activity, underscoring the positive role
of Niv as active sites for the 2e⁻ ORR (Fig. S39).

3.3. Theoretical calculations

To investigate the effect of surface vacancies and high-valent Ni
active centers for the 2e– ORR in NiO catalysts, density functional theory
(DFT) calculations were performed. Based on the electron paramagnetic
resonance (EPR) data (Fig. 2c), a NiO catalyst model with Niv was
formulated, and an additional Ni2O3 catalyst model was considered in
order to disentangle the effects of high-valent centers and vacancies
(Fig. 4a). Various surface configurations, including the Ni-terminated

NiO with exposed (111) surface and Niv (Ni-rich {111}-NivO), the
NiO (100) surface with Ni vacancy ({100}-NivO), and the NiO (100)
surface with Ni and O vacancies ({100}-NivOv), were examined to
elucidate surface vacancy configurations (Fig. S40 and S41). As shown
in Fig. 4b, the Ni-rich {111}-NivO exhibited a preference for a Ni
vacancy-rich environment, in contrast to the {100}-NivO surface. These
DFT results align with the differences in the quantity of EPR signals
observed in the experiments (Fig. 2c). Additionally, the successful syn-
thesis of Ni-terminated {111}-NivO provides further evidence of the
exposed Ni surface. Moreover, DFT calculations reveal that the alter-
ations in the NiO surface environment influence the oxidation state of Ni
active centers. XPS simulation results confirm that an increase in the
number of Niv leads to further oxidation of the Ni active center on both
facets (Fig. 4c).

The two facets not only differ in their preference for Niv but also
exhibit variations in the impact of Niv on catalytic activity. In Figs. 4d
and 4e, for {111}-NivO, which favors vacancies, an increase in the
number of vacancies leads to weak binding of *OOH (* denotes a surface
site). Conversely, on {100}-NivO, the energetic advantage resulting
from changes in vacancy number is negligible. Even on Ni vacancy-rich
{100}-NivO with high oxidation states (the number of vacancies > 5)
and Ni2O3 surface, low 2e– ORR activity is predicted. This suggests that

Fig. 4. DFT results of the electrochemical 2e– ORR performance of the catalysts. (a) Atomic structures of various nickel oxide catalysts. The pristine structures of the
NiO (100) facet (top) and NiO (111) facet and Ni2O3 (100) (bottom) are presented. The sequence of Niv formation, as determined through DFT calculations, is
indicated by the number on the top view of (100) and (111) facets. The color code for an atom is blue = Ni and red = O. (b) The vacancy formation energy of Ni. (c)
The XPS simulation data of Ni as a function of the number of Niv. (d-f) The reaction energy diagrams for Ni-rich {111}-NivO (d), {100}-NivO and {100}-Ni2O3 (e),
and {100}-NivOv. (f) The reaction energy diagrams were plotted at 0.7 VRHE (# means number of elements).
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the increase in Ni oxidation states induced by defects is not a major
contributing factor to the enhancement of catalytic activity. In partic-
ular, on the (111) facet, increasing the oxidation state of Ni in the
absence of Ni vacancies (surface oxidation) is predicted to lead to
excessively weak binding, resulting in reduced catalytic performance
(Fig. S42). To explore the origin of the observed improved catalytic
activity of the {100}-NivO sample in our experiments (Fig. 2a), we
considered a NivOv catalyst model, where Ni and O vacancies coexist.
For the clean {100}-NivO surface, the formation energy of O vacancy,
ΔEvac (O), was calculated to be as high as 4.41 eV, indicating that O
vacancy formation is not favorable. However, as the number of Niv on
{100}-NivO increases, O vacancy formation becomes readily favored
(Fig. S41h). In contrast, O vacancy formation on the Ni-rich {111}-NivO
surface is unlikely to be favorable, even with a high number of Niv.
According to Fig. 4b, it would be difficult to find high concentrations of
Niv on {100}-NivO. The cumulative ΔEvac (Ni) for {100}-NivO with
three Niv is 4.62 eV (3 × 1.54 eV), resembling the ΔEvac (O) of pristine
{100}-NiO. Consequently, the energetic benefit for oxygen vacancy
formation diminishes beyond the presence of four Niv. Considering the
energy trade-off balance, the structure of the {100}-NivO sample is
speculated to involve a moderate Ni vacancy environment (i.e., the
number of vacancies= 2–3) coexisting with one oxygen vacancy ({100}-
NivOv). Indeed, for this case, the Ni active center exhibited a reduced
overpotential on the {100}-NivOv (Fig. 4f).

To gain a comprehensive understanding of the effects of vacancies,
we conducted partial density of states (PDOS) calculations for the 3d
orbital of the Ni active center in NiO catalyst models. As depicted in
Fig. S43a, the most significant difference between the two Ni PDOSs on
{100}-NivO and {111}-NivO lies in the position of the dz2 state. On the
pristine {100}-NivO, the dz2 state is partially occupied, with the unoc-
cupied state contributing to bonding with the OOH intermediate
(*OOH). However, the unoccupied dz2 is relatively far from the Fermi
level, enhancing its antibonding properties and leading to the formation
of energetically unstable bonds. In Fig. S44, it is confirmed that the
energy level of the unoccupied dz2 on {100}-NivO does not significantly
change with an increasing number of Niv, supporting the negligible ef-
fect of Niv on the catalytic activity for the 2e– ORR on {100}-NivO
shown in Fig. 4d. On the other hand, on the (111) facet, the dz2 state is
fully occupied below the Fermi level on both pristine {111}-NivO and all
Ni vacancy configurations (Fig. S45). Unlike the (100) facet, the (111)
facet necessitates charge transfer from the dz2 state to another unoccu-
pied state to form *OOH binding. Consequently, the charge transfer cost
influences the bond strength of *OOH. Fig. S44b illustrates a scheme for
the orbital interaction between *OOH and the (100) or (111) facet. As
shown in Fig. S45a-d, when the vacancy density is low (the number of
vacancies < 4), the empty states are near the Fermi level. However, as
the vacancy density increases, the energy of the lowest unoccupied state
gradually rises (1.03 eV, 1.47 eV, and 2.17 eV for 4, 5, and 6 Niv,
respectively). This is consistent with the trend of the *OOH binding
strength to decrease with the number of vacancies in the 2e– ORR energy
profile of Ni-rich {111}-NivO (Fig. 4c). The difference in the d orbital
splitting of the Ni center due to the Ni vacancy effect on the (100) and
(111) facets of NiO can be attributed to the distinction in their coordi-
nation environments. The surface Ni atoms on the (100) facet form
octahedral coordination with oxygen, whereas Ni atoms on the (111)
facet are situated in tetrahedral coordination. As a result, dz2 states
contributing to binding are grouped into different orbital sets, an octa-
hedral field of eg and a tetrahedral field of e. The removal of surface Ni
atoms on the (111) facet strengthens the in-plane effect of oxygen,
influencing the orbital splitting excluding dz2. This clarifies why Niv can
enhance the ORR performance specifically on the (111) facet. The
distinct differences in the positions of interaction states between Ni and
*OOH, as shown in the PDOS diagrams of *OOH adsorption states on the
(100) and (111) surfaces, further support this observation (Fig. S43c-f).

On the other hand, {100}-NivOv also exhibits enhanced ORR cata-
lytic performance, although it has a Ni PDOS similar to that of {100}-

NivO (Fig. S46). The improved performance is attributed to a synergistic
effect. Leveraging this synergistic effect, typically arising from the
spatial proximity of more than two active sites, is considered a prom-
ising strategy to reduce overpotentials by enabling more stable ab-
sorption states. This phenomenon occurs through the creation of a ’dual-
single atom catalyst’-like structure, where two initially isolated Ni active
sites on the (100) surface can share one intermediate due to the presence
of an O vacancy. Consequently, this leads to the stabilization of the in-
termediate (Fig. S47). However, as discussed in Fig. S48, in the case of
{100}-NivO, the *OOH binding structure remains largely unchanged
even at high concentrations of Niv. The synergistic effect is also evident
in the (111) facet. On pristine {111}-NivO, surface Ni atoms are not
isolated, allowing for bridge or three-fold binding. Fortunately, with an
increase in the number of Niv, the remaining surface Ni atoms become
isolated (Fig. S49). This suggests that steric effects, influenced by
changes in vacancy configuration, also play a role in affecting the
binding strength of *OOH.

3.4. Practical scale H2O2 electrosynthesis

Based on the excellent activity of the {111}-NivO/KB catalyst
confirmed by RRDE tests and DFT calculations, it is possible to mass-
produce H2O2 when applied in a high current density-based electro-
chemical flow cell setup [43]. In the cell device, the working electrode in
the cathode comprises three layers: a catalyst layer, a microporous layer
(MPL), and a gas diffusion layer (GDL). The MPL, typically composed of
carbon black and PTFE, aids in the uniform distribution of gases and
prevents flooding within the gas diffusion layer. The GDL, made of
carbon fiber paper, facilitates the rapid mass transfer of generated H₂O₂
while continuously supplying a large amount of O₂ gas [58]. In this
setup, the {111}-NivO/KB catalyst served as the optimal cathode cata-
lyst in a custom-made flow cell device. The production rate and faradaic
efficiency (FE) of H₂O₂ were recorded under various current densities
(10–300 mA cm⁻2) with iR compensation across different pH conditions
to evaluate the catalytic properties and stability of this high-valence NiO
sample (The detailed cell schematic and the morphology of the working
electrode are shown in Fig. S50 and S51, respectively). In both alkaline
and neutral electrolytes, {111}-NivO/KB exhibits a lower overpotential
across the overall potential range compared to pristine KB, attributed to
excellent ORR kinetics from the RRDE analysis (Figs. 3a, 3e, and
Fig. S52). In the case of the electrocatalytic performance of H2O2 pro-
duction demonstrated in Fig. 5a-c, it is revealed that (111)-faceted NiO
with rich Niv supported on KB, {111}-NivO/KB, has far superior per-
formance as an electrocatalyst for H2O2 production compared to both
pure KB and{100}-NiO/KB (Fig. S53). This significant enhancement is
observed across tests at different pH levels. In particular, in alkaline
electrolytes, our {111}-NivO/KB electrocatalyst exhibits outstanding
cell-operating performance, achieving 14.8 mol g⁻1 h⁻1 of H₂O₂ with a
93 % Faradaic efficiency (FE) at a high current density of 300 mA cm⁻2

(Fig. 5a). This performance surpasses the production rates of previously
reported Ni-based catalysts (Fig. S54 and Table S10) and significantly
outperforms the pure GDL, which has an average selectivity of less than
60 % for H₂O₂ production due to the intrinsic properties of the carbon
material used in its fabrication (Fig. S55). Over 36 h of stability testing,
{111}-NivO/KB maintains ~85 % FE (Fig. S56a), showcasing promising
durability. Likewise, under neutral pH conditions, {111}-NivO/KB
shows a significant overpotential advantage, yielding 9.4 mol g− 1 h− 1

H2O2 at 90 % FE with 36 h stability (Fig. 5c and Fig. S56b). Even under
an acidic environment, it maintains 90 % FE for at least 12 h (Fig. 5d).
The enhanced performance and stability across varying pH environ-
ments suggests {111}-NivO is a promising stable electrocatalyst for
unprecedented mass yield and energy-efficient H2O2 production among
various Ni-based electrocatalysts [59–62].
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3.5. Highly concentrated wastewater treatment

The in-situ H2O2 production through the electrochemical catalytic
process finds a particularly valuable application in water treatment and
environmental clean-up processes. To realize it, a flow cell-EF combined
device that integrated the optimized {111}-NivO/KB cathode catalyst
and EF process enables remarkable acceleration in decay time and speed
for complete pollutant degradation Fig. 6a. Conventional EF devices,
whether in a batch reaction or combined with a separated H-type cell,
still face performance limitations in pollutant decomposition, largely
due to the following reasons. First, H2O2 production is hindered by
relying on the low concentration of dissolved O2 within a finite current
supply. Second, during prolonged operation in a non-circulating elec-
trolyte environment, excessively trapped H2O2 faces the issue of self-
decomposition or obstructs pollutant mineralization by converting
⋅OH into hydroperoxyl radicals (HO2⋅) (H2O2+ ⋅OH→HO2⋅+ H2O).
Both scenarios detrimentally impact mineralization performance, lead-
ing to lower overall removal efficiency [10]. Consequently, the chal-
lenge of continuous H2O2 production in a static environment raises
concerns about the suitability of the EF system for the efficient removal
of phenolic pollutants. According to the performance summary of the
recent state-of-the-art reported catalysts for the BPA removal by using
an EF system (Table S11), it is found that fast removal is only achievable
at low pollutant concentrations in limited wastewater volumes (less than
50 ppm in 100 mL). However, as pollutant concentration increases,
processing time proportionally extends, hindering complete removal
and falling short of industrialization expectations due to limited H2O2
production containment [17]. Thus, the development of a more
advanced oxidation system is imperative to realize super-fast degrada-
tion and high TOC removal.

Impressively, as depicted in Fig. 6a, the integration of the flow cell
system with the EF process, under optimal conditions, demonstrates
remarkable performance (see more details about the optimization in
Fig. S57 and note S1). As shown in Fig. 6b-d, the tests were conducted at
room temperature in a 200 mL O2-saturated acidified 1 M Na2SO4 so-
lution with 50 mg L− 1 bisphenol A (BPA), where the process is operated
under a constant current of 400 mA with a 20 mL min− 1 flowing rate of
O2. Here, {111}-NivO/KB was coated on the GDL with an optimal

loading of 0.6 mg cm− 2 as the 2e– ORR electrocatalyst in the cathode
part, facilitating efficient H2O2 production. Furthermore, 1.3 mM Fe2+

was added to the cathodic electrolyte as the EF catalyst. The results
revealed a significant acceleration in both decay time and speed,
achieving 100 % degradation of the high-concentration, large-volume
BPA pollutant within 4 min by this advanced contaminant degradation
device, which exhibits 102 times faster pseudo-first-order kinetics (k =

1.125 min− 1) compared to the traditional EF process (0.011 min− 1)
under the same current during cell operation (400 mA) (Fig. 6b-d).
Notably, under O₂-deficient conditions, where Ar was used as the inert
gas in the cell, BPA degradation efficiency showed minimal variation
(less than 15 %) under the applied current over 2 hours of operation.
This indicates that the adsorption process on the electrode surfaces,
induced by the applied current, had a negligible effect on pollutant
removal (Fig. S58).

To assess the effect of added Fe2⁺ on H₂O₂ activation, we evaluated
the performance of the {111}-NivO/KB catalyst for BPA decomposition
under optimized Electro-Fenton conditions, both with and without Fe2⁺
(Fig. S59). Before applying a constant current of 400 mA, the catalyst
alone achieved a BPA removal rate of approximately 10 % through
adsorption. However, after applying the current for 2 hours, the in-situ
production of H₂O₂ resulted in only negligible BPA degradation without
any Fe2⁺ additive. Notably, when both H₂O₂ and Fe2⁺ species were pre-
sent simultaneously, BPA decomposition was significantly accelerated,
indicating the catalytic function of Fe2⁺ as an effective Electro-Fenton
catalyst. To further investigate the oxidant produced by Fe2⁺, radical
quenching experiments using tert-butyl alcohol (TBA) were conducted
to identify the reactive species, as TBA is known to have a high reaction
rate with ⋅OH (k = 3.8 × 108 M− 1 s− 1).[63] As shown in Fig. S60, the
degradation rate constant of BPA dropped significantly by over 60 %
within 5 minutes in the presence of 0.005 mM TBA. The inhibitory effect
on BPA decomposition became even more pronounced as the dose of
TBA increased to 0.05 mM, resulting in only 23 % degradation. These
findings strongly confirm that ⋅OH radicals play a key role in BPA
decomposition via the Electro-Fenton reaction.

To elucidate the rapid pollutant removal in this advanced EF system,
a careful examination of electrolyte flow, O2 supply methods, and
applied current density was conducted, around threefold higher kinetics

Fig. 5. H2O2 production performance measured by a flow cell. (a) Faradaic efficiency and H2O2 production under different current densities in 1 M KOH (pH=14).
(b) Faradaic efficiency and H2O2 production rate of the catalyst measured under different current densities in 1 M Na2SO4 (pH=7). (c) Faradaic efficiency and H2O2
production rate of the catalyst measured under different current densities in 1 M H2SO4-regulated Na2SO4 (pH=3). (d) Stability test of the {111}-NivO/KB catalyst
under 100 mA cm− 2 in 1 M H2SO4-regulated Na2SO4 for 12 h (The electrolyte feeding rate was fixed at 40 mL h− 1 and the O2 feeding rate was fixed at 20 mL min− 1

in the test).
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could be achieved due to not only the prevention of self-decomposed
unstable H2O2 but also the avoidance of a side reaction between ⋅OH
and H2O2 through the recycling of trapped H2O2 under electrolyte flow.
It is noteworthy that H2O2 produced from dissolved O2 in the electrolyte,
via pre-purged O2 gas in the EF system, is limited for effective pollutant
degradation. For enhanced degradation speed, ensuring a sufficient
concentration of O2 is crucial. In the flow cell system, a continuous
supply of highly concentrated O2 occurs through fast O2 gas penetration
via the hydrophobic GDL into the catalyst surface. This results in 35
times faster kinetics compared to the electrolyte-flowing EF system,
showing extensive H2O2 production enhancement. Moreover, applying
higher currents accelerated the BPA pollutant removal in the flow cell-
based EF. However, as mentioned earlier, the removal efficiency is
reduced in conventional EF systems due to the instability and reactivity
of excessively captured H2O2 at high current density (Fig. 6d). For
further comparison, a conventional EF with the generally applied cur-
rent of 15 mA was also used for further confirmation of the effect of
applied current. As the results in Fig. S61a-b reveal, the conventional EF
with 15 mA applied current showed higher kinetics (k=0.231 min− 1)
compared to 100 mA (0.017 min− 1) and 400 mA (0.011 min− 1).
Nevertheless, limited H2O2 production under low current density hin-
ders the complete removal of highly concentrated BPA within a short
period. As expected, the TOC in the EF system is only approximately

40 % during the 2 -hour operation. In contrast, 93 % TOC removal can
be accomplished by the flow cell EF due to a combination of continu-
ously producing large amounts of H2O2 under applied high current by
supplying abundant O2 gas and simultaneous expulsion of excessive
H2O2 (Fig. S61c). This highly effective assembly process in both removal
speed and mineralization level of the numerous pollutants with high
concentration surpasses all the other well-designed systems and cata-
lysts in the literature to date (Fig. 6e and Table S11).

To compare the effectiveness of the {111}-NivO/KB catalyst in the
advanced flow cell EF, the same BPA degradation test was evaluated
utilizing pure KB for 2 hours under optimal conditions. It is found that
even though fast removal speed of within 4 minutes was still achieved
for both KB and for{100}-NiO/KB, the TOC removal reached only 45 %
and 65.1 % after 2 hours of cell operation, due to the lower H₂O₂ pro-
duction efficiency (averaging 60 % for KB, 80 % for {100}-NivO/KB,
and 90 % for {111}-NivO/KB) in acidic conditions (Fig. S62). Also, to
explore the effect of the electrocatalytic materials on the system, the EF
recycling test was also run without adding any BPA pollutant inside of
the cathodic electrolyte (a pH=3 of 200 mL of 1 M H2SO4-regulated
Na2SO4 electrolytes with the addition of 1.3 mM Fe2+) to directly check
the stability of H2O2 production performance under every 2-hour
operation. The catalytic surface underwent continuous degradation
due to the long-term chemisorption and aging of the produced •OH on

Fig. 6. Pollutant removal performance by a flow cell and electro-Fenton system combined advanced degradation system. (a) Schematic illustration of different BPA
removal systems: conventional electro-Fenton (left), and flow cell type electro-Fenton (right). (b-d) BPA removal efficiency and pseudo-first-order reaction constant
(k) by different effects on the above systems. (e) the comparison of the BPA removal performance (degradation times, BPA concentration, and volume) in flow cell
type electro-Fenton system by using {111}-NivO/KB and other reported systems with various catalysts. (f) the TOC removal comparison of 50 ppm BPA with different
reported catalysts (For all the experiments conducted here, the electrolyte flow rate was fixed at a constant 40 mL min− 1, and O₂ was supplied at 20 mL min⁻1. The
test involved treating a 200 mL solution containing 50 ppm BPA in 1 M Na2SO₄, which was adjusted to pH 3 with H₂SO₄. Except for the experiment exploring the
effect of current in section d, all other experiments were conducted under an applied current of 400 mA for comparison).
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the KB catalyst. Additionally, when carbon materials are employed as
cathodes, the oxygen atoms present on the carbon surface can be
removed by electrons under reducing potentials, leading to the loss of
some active oxygen-containing functional groups, such as carboxyl
species, which are crucial for catalytic activity [64–66]. For this reason,
the FE of KB falls faster than {111}-NivO/KB during the cycling mea-
surement. These results thus demonstrate the better performance and
stability of {111}-NivO/KB as the electrocatalyst in the advanced
oxidation system than KB (Fig. S63).

To evaluate the reusability and stability of the {111}-NivO/KB
catalyst for potential applications in the flow cell electro-Fenton system,
we conducted cycling tests for 5 cycles using the same electrode. After
each cycle, the electrode was collected, rinsed with DI water, and dried
in an oven at 60 ºC overnight for reuse in subsequent cycles. As shown in
Fig. S64, there was a negligible reduction in BPA decomposition effi-
ciency, with only a minor decrease in H₂O₂ yield and Faradic efficiency
after 5 cycles. Additionally, the Ni leaching concentration was below the
problematic level (< 0.2 mg kg⁻1), which is well within the standard for
industrial wastewater discharged into inland waters (< 3 ppm) [67].
This was determined by analyzing the post-reaction solution using
inductively coupled plasma mass spectrometry (ICP-MS). SEM images of
the used catalyst, displayed in Fig. S65, show no significant changes in
morphology, indicating that the catalyst was well-preserved. These re-
sults demonstrate that the {111}-NivO/KB catalyst is stable and effec-
tive for continuous H₂O₂ supply in the electro-Fenton reaction.

Additionally, this optimal design also demonstrates distinct advan-
tages in pollutant removal compared to well-designed catalyst and pu-
rification processes (Fig. 6f and Table S12). Under this recycling system,
persistent pollutant elimination was implemented, which could be
further expanded into other heavy pollutants, such as phenol. As
confirmed, the system attains 84.9 % TOC removal with 10–30 times
faster kinetics for 200 mL of 50 ppm phenol degradation, owing to the
remarkable performance among the well-reported cases (Fig. S66 and
Table S13). This high-performance material and system technology
opens up new possibilities for wastewater treatment.

4. Conclusions

The exposed crystal facet and high-valent cation vacancies on the
NiO surface can be systematically manipulated by tuning the condition
of a used precipitant agent, heat treatment temperature, and heating
rate. As a result, we successfully synthesized NiO catalysts with exposed
(111) domain crystal facets and Niv with excellent 2e– ORR perfor-
mance. Combined with the DFT simulations, the NiO with a (111)
crystal plane exposed surface and abundant high valence state defects
(Ni3+), {111}-NivO, was shown to possess highly optimal binding en-
ergy for the 2e– ORR process. At 0.65 V vs. RHE in an alkaline solution,
this top-performing catalyst could achieve excellent balanced catalytic
performance with up to 96 % ultrahigh selectivity with high mass ac-
tivity of 59 A g− 1 due to the existence of highly exposed active sites Ni3+

on the (111) plane with high concentration, which was 23 % greater
than the (100) facet domain stoichiometric NiO reference. The observed
enhancement in catalytic activity for the {111}-NivO case is substanti-
ated by DFT results, which indicate that an increased number of Niv on
the Ni-terminated NiO (111) surface leads to a weaker binding affinity of
the *OOH intermediate, thereby confirming improved performance. In a
flow cell device for the H2O2 mass production with this catalyst, over
85 % faradaic efficiencies were achieved at all pH conditions and the
catalyst maintained this high level of efficiency over an extended period
of operation, demonstrating excellent stability. Additionally, in only
4 min, by combining flow cell technology with the EF technique, 100 %
removal of a 200 mL solution of 50 ppm BPA was accomplished at a
more than a hundred times faster rate (k = 1.125 min− 1) than with the
conventionally used EF system. Mineralization was also very high with a
93 % TOC reduction in two hours. The rapid removal of BPA is achieved
not only by the continuous and adequate supply of large amounts of

H2O2 along with the flow of O2 gas under high current density condi-
tions but also by the contributions from the timely recycling of excessive
trapped H2O2 through electrolyte cycling. Furthermore, the robust and
active inorganic-based {111}-NivO catalyst exhibited better durability
and performance in the advanced Fenton system than pure carbon black
catalyst. Our findings open up new possibilities for high-efficiency
wastewater treatment in decentralized or remote areas.
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