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ABSTRACT: Because the reconstruction of catalysts is generally observed during
oxidation reactions, understanding the intrinsic structure-related reconstruction
ability of electrocatalysts is highly desirable but challenging. Herein, a controllable
hydrolysis strategy is developed to obtain nickel hydroxide electrocatalysts with
controllable nickel vacancy (Vy;) concentrations, as confirmed by advanced
spectroscopic characterization. Electrochemical measurements show that the
reconstruction can be promoted with the increase of Vy; concentration to generate
true active components, thereby boosting activities for both oxygen evolution reaction
(OER) and urea oxidation reaction (UOR). Density functional theory calculations

Boosted Anodic Oxidation
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confirm that the increased Vy; concentration yields decreased formation energies of
the true active components during reactions. This work provides fundamental understanding of the reconstruction ability
of electrocatalysts in anodic oxidation reactions from the view of intrinsic defects.

eveloping feasible strategies, such as water splitting

and fuel cells, to mitigate energy and environmental

issues has become a focus of world attention.' ™ In
these devices, two typical anodic oxidation reactions, oxygen
evolution reaction (OER) and urea oxidation reaction (UOR),
have received considerable research and development attention
because of their sluggish reaction kinetics.*”'" Developing
highly efficient electrocatalysts is the key to accelerating the
reaction kinetics. In this regard, transition metal-based (Nj, Fe,
Mn, Co, etc.) compounds have recently been considered as
promising alternatives because of their earth-abundant and
tunable properties."' ™" For these catalysts, tuning their atomic
and electronic structures has been proven to be an eflicient
method to optimize the catalytic performance.'”™"> Moreover,
understanding the correlation between intrinsic structure and
catalytic performance is of great importance to reveal the
catalytic mechanisms. Among methods for structural regulation,
atomic defect engineering, especially vacancy defect introduc-
tion, has been considered as an efficient approach to regulate
the atomic and electronic structures of catalysts.'*™>* At this
point, the defect types and concentrations are the main subjects
of variation. For example, some effects have shown that the
defective structure could enhance the activities of oxidation
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catalysts because of the exposure of a great number of active
sites. %% In fact, the detailed correlation between defects and
catalytic properties relies heavily on atomic-level structural
identifications. Therefore, developing feasible methods for the
manufacture and characterization of defects with atomic-level
precision is highly desirable but still challenging.

Moreover, the electrochemical reconstruction of catalysts
generally occurs because of high anodic oxidation poten-
tials.'»*"** Recently, Fabbri et al. reported that dynamic surface
self-reconstruction is the key for electrochemical OER for
highly active perovskite-based catalysts.”* The reconstruction-
derived oxy(hydroxide) layers are identified as the true
catalytically active sites. As reported, the distinct reconstruction
is also observed in many transition-metal dichalcogenides
(TMDs), transition-metal oxides (TMOs), and transition-metal
hydroxides (TMOH)-based OER/UOR electrocatalysts.''®*!
However, understanding the correlation between reconstruc-
tion and intrinsic structure is rarely discussed.
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In this work, we developed a propylene oxide-mediated
alkalinization precipitation method to achieve controllable
hydrolysis of Ni** metal ion aqueous complexes. Various nickel
hydroxide (a-Ni(OH),) samples with adjustable nickel vacancy
(Vi) concentrations (recorded as Vy-a-Ni(OH),-x, x = 1, 2,
3, and 4) were successfully prepared. Atomic-level character-
ization methods, especially X-ray absorption fine structure
spectroscopy (XAFS) and positron annihilation spectroscopy
(PAS), verified the existence of gradient Vy; concentrations in
the obtained samples. Density functional theory (DFT)
calculations were conducted to understand the effect of Vy;
defects on intrinsic structure and related catalytic performance.

In the experiment, in order to synthesize Vy;-tunable
samples, a rate-controlled nucleation and growth process was
employed through a controllable hydrolysis procedure (see
Experimental Section in the Supporting Information for
details), in which the water content played a vital role in the
formation of Vyrich structures (Figures la and S1).>° A fast
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Figure 1. (a) Schematic diagram for the synthesis of Vy;-rich and
Vyi-poor a-Ni(OH),. (b) Typical XRD patterns of Vy;-et-Ni(OH),-
1 and Vy-a-Ni(OH),-4. (c) HRTEM image of Vy;-@-Ni(OH),-4

(Inset: the corresponding FFT pattern).

hydrolysis rate was achieved in water-less condition, which was
revealed by faster pH changes in water-less conditions than that
in water-rich conditions (Table S1). The rapid hydrolysis rate
resulted in the fast crystal growth process, which contributed to
the formation of Vy.’® Powder X-ray diffraction (XRD)
measurements were first performed to investigate the structural
information of these as-prepared samples. Most of these
diffraction peaks coincide well with that of Ereviously reported
a-Ni(OH), samples (Figures 1b and S2).””** Notably, the c-
axis plane diffraction peak of Vy;-a-Ni(OH),-4 obviously shifts
to higher degree compared to that of other Vy;-a-Ni(OH),-x
samples, suggesting the reduced interlayer spacing. This result
is probably caused by the deficiency of intercalated H,O
molecules in the interlayers.”” To verify the above conclusion, a
P-Ni(OH), reference possessing typical brucite-like structure
without interlayer H,O was also synthesized (Figure S3). In
high-resolution O 1s X-ray photoelectron spectroscopy (XPS)
results, the absence of the H,O signal peak in Vy;-a-Ni(OH),-4
and f-Ni(OH),, together with the presence of H,O signal peak
in Vy;-a-Ni(OH),-1, supports the deficiency of interlayer H,O
in Vi-a-Ni(OH),-4 (Figure S4). This conclusion can be also
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evidenced by the slightly increased interlayer spacing when a
trace amount of water was introduced (Figure SS). Trans-
mission electron microscopy (TEM) images of the obtained
Vyai-@-Ni(OH),-x samples show typical nanosheet-composed
structures (Figure S6). A representative, high-resolution TEM
(HRTEM) image of the Vy-a-Ni(OH),-4 was obtained. As
presented in Figure lc, two continuous and ordered lattice
fringes with the same lattice spacing of ~2.31 A together with
the crystal plane angle of 60° are observed, which correspond
to the (200) and (020) planes of a-Ni(OH),, respectively
(JCPDS No. 22-0444). This is further confirmed by the
corresponding fast Fourier transform (FFT) pattern (the inset
in Figure 1c).

To further explore the fine structures, advanced spectro-
scopic techniques were employed to characterize these Vy-a-
Ni(OH),-x and -Ni(OH), samples. Synchrotron-based XAFS,
as one of the most powerful techniques to probe the local
atomic structures, was employed.””~*> As shown in Figure 2a,
the Ni K-edge spectra of all the Vy-a-Ni(OH),-x samples are
similar. Additionally, no energy shift in the amplified spectral
features (site A) indicates the existence of a standard a-
Ni(OH), framework in all samples (Figure 2b), which is
consistent with the above XRD results."” Notably, positive
energy shifts from Vy;-a-Ni(OH),-1 to Vy-a-Ni(OH),-4 occur
at the XAFS adsorption edge, suggesting gradually increased
average valence state in Vy-a-Ni(OH),-x (Figure 2c).
Furthermore, the oscillation function curves of Vy;-a-Ni-
(OH),-x at the k range of 2—14 A™' show the consistency,
with the exception of the gradually reduced oscillation
amplitude (Figure 2d). This suggests the same main structure
for all Vy-a-Ni(OH),x samples, with the difference in
coordination surrounding the centered Ni atoms (Figure
2d).>® To obtain direct observations, extended XAFS
(EXAFS) was obtained by the Fourier transformation (FT)
from the above XAFS data. As can be seen in Figure 2e, there
are two main peaks at ~1.56 and ~2.68 A for all samples,
corresponding to the nearest Ni—O and Ni—Ni bonds from the
first and second shells, respectively.”> For comparison, the
XAFS results of f-Ni(OH), were also analyzed. The larger peak
positions for Ni—O (at ~1.62 A) and Ni—Ni (at ~2.75 A) in f3-
Ni(OH), are observed and further verify the typical a-Ni(OH),
phase of the obtained Vy-a-Ni(OH),-x (Figure S7). It is worth
noting that the intensities of the Ni—Ni peaks follow the
sequence of a-Ni(OH),-1 > Vy;-a-Ni(OH),-2 > Vy-a-
Ni(OH),-3 > Vy-a-Ni(OH),-4, suggesting generally reduced
coordination number (CN); meanwhile, the Vy; exists with
gradually increasing concentrations. A recent report has
demonstrated that the Vy; would lead to the existence of
Ni** in Ni-based oxide materials.”’ Therefore, the gradually
reduced CN and increased valence state revealed by XAFS
demonstrate the mounting Vy; in Vy-a-Ni(OH),-x.

XPS was used to further confirm the presence of Vy; and
qualitatively prove the Vy; concentrations in Vy;-a-Ni(OH),-x.
Except for the peaks assigned to the Ni and O elements, the
peaks assigned to the interlayer/absorbed Cl are also observed,
implying the hydrotalcite-like structure with partly isomor-
phous replacement of bivalent metal cations (Ni**) by the
trivalent metal cations (Ni**) (Figure S8a). To further verify
the existence of Ni*", the high-resolution Ni 2p spectra of all
the samples were analyzed. For the f-Ni(OH),, two character-
istic peaks at 855.37 and 873.00 eV assigned to the 2p;,, and
2py/, signals of Ni** are observed (Figure S8b), revealing its
typical brucite-like structure without the replacement of Ni**.
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Figure 2. (a) Ni K-edge XAFS curves. (b and c) The magnification of site A (b) and site B (c) in panel a for easy viewing. (d) Corresponding
oscillation functions k%¢(k) for Vy;-a-Ni(OH),-x samples. (e) Fourier transformed results of Vy;-a-Ni(OH),-x samples.
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Figure 3. (a) XPS spectrum of Ni 2p for Vy-a-Ni(OH),-4. (b) Comparison of ESR results for Vy-a-Ni(OH),-4 and Vy;-a-Ni(OH),-1.

Table 1. Positron Lifetime Parameters of Vy;-a-Ni(OH),-x Samples Measured at Room Temperature with **Na as Radioactive

Source
samples 7, (ps) 7, (ps) 75 (ns)
Vyr-a-Ni(OH),-1 297.1 4152 534
Vy-a-Ni(OH),2 3014 433.0 5.05
Vy-a-Ni(OH),-3 300.7 4259 488
Vy-a-Ni(OH),4 308.0 4321 517

I, (%) L (%) L (%) L/L
42.51 56.92 0.57 0.747
74.56 24.94 0.50 2.990
76.01 2351 048 3233
85.10 14.35 0.55 5.930

As for Vy;-a-Ni(OH),-x, the results of the Ni 2p XPS spectra
indicate that the peaks at 857.35 and 875.70 eV assigned to
signals of Ni*" also exist together with the new satellite peaks at
high binding energies, besides the contribution of Ni** (Figures
3a and S8c-e). Thus, the intense and distinct signals of Ni*" in
various Vy;-a-Ni(OH),-x samples imply the existence of
considerable Vy,.”"”** Notably, the Vy-a-Ni(OH),-4 shows
Ni** signals that are more intense than those of other Vy-a-
Ni(OH),-« samples, suggesting the presence of Vy; with the
highest concentration in Vy;-a-Ni(OH),-4. Representatively,
the high-concentration Vy; in the Vy-a-Ni(OH),-4 was further
resolved by electron spin resonance (ESR) measurements. It is
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shown that the putative Ni** signal in the ESR spectrum for
Vai-@-Ni(OH),-4 was observed, while similar or relatively low
ESR intensities for Vy;-Fe-a-Ni(OH),-4 or other Vy-a-
Ni(OH),-x samples were observed (Figures 3b and S9 and
Table $2)."*° The ESR analyses further demonstrated the Vi
difference existing in these Vy-a-Ni(OH),-x samples.

To obtain the quantification information on defects in the
obtained Vy;-a-Ni(OH),-x samples, PAS measurements, a tool
for examining defect types and concentrations, were carried
out.”® As can be seen in Table 1, all samples displayed three
distinct lifetime components (7}, 7, and 7;) with relative
intensities I}, I, and I;. The two longest lifetimes, 7, and 73,
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Figure 4. (a) LSV curves and (b) corresponding Tafel slopes for Vy;-a-Ni(OH),-x samples in 1.0 M KOH electrolyte solution. (c) LSV curves
and (d) calculated Tafel slopes for UOR in 1.0 M KOH with the presence of 0.33 M urea. (e and f) Long-term tests for OER and UOR at the

given potentials.

could be attributed to the large defect clusters and the interface
(or large voids) formed in the samples, respectively.””** The
shortest one (7;) was assigned to positron annihilation as
trapped by Vy;. Moreover, the intensities of positron lifetimes
could provide information on the relative defect concentrations.
It is noteworthy that I, of the Vy-a-Ni(OH),-4 reached the
highest value (85.10%), which revealed its highest Vy;
concentration among these Vy;-a-Ni(OH),«x samples. The
above PAS analyses further confirmed the presence of Vy; and
the defect level with the sequence Vy-a-Ni(OH),-4 > Vy-a-
Ni(OH),-3 > Vy;-a-Ni(OH),-2 > Vy;-a-Ni(OH),-1

As reported, Ni(OH),-based materials can serve as efficient
OER and UOR catalysts.'>*” Figure 4a shows the OER linear
scan voltammetry (LSV) curves of Vy;-a-Ni(OH),-x in 1.0 M
KOH solution. Obviously, the Vy;-a-Ni(OH),-4 achieved a
current density of 10 mA cm™ at 0.515 V versus Ag/AgCl,
which is lower than that of Vy-a-Ni(OH),-3 (0.547 V), Vy-a-
Ni(OH),-2 (0.561 V), Vy-a-Ni(OH),-1 (0.664 V), and IrO,
(0.530 V) (Table S3 and Figure S10a). This result
demonstrates the positive correlation between OER activities
and Vy; concentrations, implying the key role of the Vy; in
OER. The superior catalytic activities of Vy;-a-Ni(OH),-4
catalyst was also demonstrated by the smallest Tafel slope of
57.1 mV decade™ among all Vy;-a-Ni(OH),-x catalysts, which
was even comparable to that of IrO, (Figures 4b and S10b). To
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further investigate the charge-transfer abilities, the electro-
chemical impedance spectroscopy (EIS) measurements were
carried out. The obtained Nyquist plots of Vy-a-Ni(OH),«x
samples exhibited gradually decreased charge-transfer resistance
(R,) with increasing Vy; (Figure S11), revealing continuously
promoted charge-transfer abilities in these catalysts. To access
the intrinsic activities of active sites in the above materials for
OER, it is assumed that all metallic Ni sites were catalytically
active, and the turnover frequencies (TOFs) are calculated
(Figure S12). Apparently, the Vy-a-Ni(OH),-4 catalyst shows
a high TOF value (0.156 s™') at a potential of 0.59 V versus
Ag/AgCl, which is approximately 2.4, 4.3, and 52.0 times higher
than that of Vy-a-Ni(OH),-3 (0.064 s™'), Vy-a-Ni(OH),-2
(0.036 s7*), and Vy-a-Ni(OH),-1 (0.003 s7"), respectively. To
further exclude the effect of the active surface areas, the
roughness factors (R) are calculated from cyclic voltammetry
(CV) curves in the double-layer regions by assuming the value
of 60 uF cm™ for the capacitance of a smooth surface.*" It is
obvious that these Vy;-a-Ni(OH),-x catalysts show the
increasing intrinsic current density (true value) and reduced
potential with increasing Vy; concentration (Figure S13 and
Table S3). The above OER analyses indicated that the catalysts
with higher Vi concentration delivered faster charge transfer
and more favorable reaction kinetics, thereby realizing more
active OER than those with lower V); concentration. As
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reported, Fe incorporation in Ni-based OER catalysts can
efficiently promote the electrochemical activity.""** To exclude
the presence of trace Fe in sample preparation procedure and
further promote the OER activity, a Fe-doped Vy;-a-Ni(OH),-
4 sample (Vy;Fe-a-Ni(OH),-4) was prepared. Inductively
coupled plasma-mass spectrometry (ICP-MS) measurements
were carried out to evaluate the distribution of Ni and Fe. The
ICP-MS results demonstrate the absence of Fe in Vy-a-
Ni(OH),-4, while a small amount of Fe (~4.6 atom %) is
obtained in Vy;-Fe-a-Ni(OH),-4 (Table S4). The electro-
chemical measurements demonstrate that Fe incorporation can
significantly boost the OER activities (Figure S14). The
catalytic performance of samples for UOR in 1.0 M KOH
with the presence of 0.33 M urea was also evaluated. Similar to
the above OER catalytic performance, enhanced oxidation
current densities and reduced onset potentials were also
achieved with increasing Vy; as revealed by the polarization
curves (Figure 4c). Furthermore, the calculated Tafel slopes
suggested that the Vy;-a-Ni(OH),-4 catalyst achieved faster
reaction kinetics compared to other Vy;-a-Ni(OH),-x and Pt/
C catalysts (Figures 4d and S15). Similarly, the obtained
charge-transfer resistance and TOFs also revealed the better
catalytic activity of the catalyst with higher Vy; concentration
(Figure S16 and Table SS). Long-term stability, one very
important criterion in judging electrochemical performance, is
necessary for electrode materials. To probe the durability of the
electrocatalysts, the chronoamperometry measurements were
performed over 20 h under the given potentials. It is
noteworthy that the current densities showed negligible
declines in both OER and UOR catalytic processes, suggesting
the excellent catalytic stability (Figures 4e,f and S17).
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In the above OER and UOR catalytic measurements, the
catalyst with high Vy; concentration showed boosted catalytic
performance. To shed light on the origin of this result, the
catalytic process and related intrinsic mechanism were explored.
According to considerable previous contributions, the electro-
chemical oxidation of Ni** to Ni** species (typical NiOOH) in
its oxides/hydroxides catalysts is reversible and determines the
OER and UOR rates in the electrochemical processes.'””!
Therefore, we further explored the correlation between reactive
species formation and defective structures. In these Vy-a-
Ni(OH),-x catalysts, the distinct oxidation peaks (Ni**/Ni**) at
~0.355 V versus Ag/AgCl were observed (the inset of Figure
4a), suggesting the similar reconstruction phenomenon.
Interestingly, the Vy;-a-Ni(OH),-« with higher Vy; concen-
tration displays stronger oxidation peaks, implying the easier
formation of active species. This further demonstrates that the
Vyi in Vyi-a-Ni(OH),-x plays a vital role in the formation of
active species from reconstruction. Subsequently, the larger
current densities were achieved in the catalysts with higher Vy;
concentrations. To further explore the reconstruction, the XPS
results of the catalyst after the electrochemical tests were
compared with that of the fresh catalyst before the tests. In Ni
2p XPS spectra, the binding energy in Vy;-a-Ni(OH),-4 shows
a more positive shift relative to that in Vy-a-Ni(OH),-1,
further demonstrating the much reconstruction in Vy-a-
Ni(OH),-4 with high Vy; concentration (Figure S18a,b). This
conclusion was also verified by the existence of distinct O*~
species assigned to the NiOOH (Figure S18c,d).

To understand the roles of Vy; and its concentrations on the
electronic structures, DFT calculations were performed. First,
the density of states (DOS) of pristine @-Ni(OH), and Vy-
defective a-Ni(OH), were analyzed. As shown in Figure Sa,b,
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the defective a-Ni(OH), with Vy; concentration of 3.7%
exhibited higher DOS near the Fermi level compared to the
pristine @-Ni(OH),. The increased DOS would accelerate the
charge-transfer process to facilitate the reconstruction, thereby
obtaining the active species (NiOOH).">*" Furthermore, the
DOS of defective a-Ni(OH), with high defect concentrations
of 74% and 11.1% were considered. As displayed in Figure
Sc¢,d, a continuous enhancement of DOS near the Fermi level
could be obtained with the increase of Vy; concentrations,
suggesting the increased electronic conductivity for accelerated
charge transfer. This was further illustrated by the calculated
distribution of partial charge density at the Fermi level upon
Vyi introduction (Figure Se). Meanwhile, a consecutive
reduction of Bohr magneton from 2 py to 1.75 up was also
realized, and this reduction could represent the decreased
electron spin filling of e, orbitals. The decreased e,
would enhance the metal—oxygen bond strength, thus leading

occupancy

to enhanced catalytic activities.'®""** Notably, one can see that
the Vyrich a-Ni(OH), with high defect concentrations
exhibits new defect levels in the band gap. The appearance of
defect levels means improved carrier density, thereby enhancing
charge transport properties of catalysts.”®** In brief, the
presence of Vy; leads to the appearance of new defect levels
and the increase of hole density near the Fermi level, which can
accelerate the charge transfer to facilitate the formation of
active species.

As reported, a-Ni(OH), would be reassembled and trans-
formed to y-NiOOH as active species in the electrochemical
OER process.”” To further comprehend the vital roles of Vi in
the formation of active species, theoretical formation energies
of active y-NiOOH from the initial @-Ni(OH), with different
Vi concentrations were also calculated (see computational
details in Experimental Section). As can be seen in Figure 5f,
the calculated formation energies were gradually reduced with
increasing Vy; concentration, further suggesting the positive
role of Vy, introduction. In detail, the a-Ni(OH), with the
highest Vy; concentration of 11.1% displayed the lowest
formation energy of 1.96 eV, which was much less than the
pristine one (2.50 eV). As a direct outcome, Vy;-defective a-
Ni(OH), samples exhibit superior electrocatalytic activities
with increasing Vi

In conclusion, we have successfully developed efficient a-
Ni(OH), electrocatalysts with tunable Ni vacancies and
provided novel understanding of vacancy-promoted recon-
struction during anodic oxidation reactions. The detailed
electrochemical measurements suggested that the a-Ni(OH),
catalysts could show improved activities with the increasing Vy;
concentrations. Based on the experimental data, DFT
simulations revealed that the introduction of Vy; could enhance
the intrinsic conductivities of a-Ni(OH), catalysts, thereby
boosting the formation of active species to promote electro-
chemical oxidation processes. This study demonstrates that
defect-engineered strategies and atomic-level spectroscopic
characterization combined with theoretical calculations provide
in-depth understanding of structure—property relationships for
electrocatalysts. The concept demonstrated here calls for future
efforts toward atomic defect engineering in electrocatalyst
design.
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