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Manipulating the intrinsic activity of heterogeneous catalysts at the atomic level is an effective strategy to
improve their electrocatalytic performances but remains a great challenge. Herein, we synthesized Ni**-
rich, Ru-doped NiO nanoparticles (Ru—-NiO) through a two-step thermal treatment method. As an OER
catalyst, the obtained Ru—NiO exhibited a low overpotential of 220 mV at a current density of 10 mA
cm™ and a Tafel slope of 78 mV dec™? in alkaline media, outperforming NiO-based electrocatalysts pre-
pared via the conventional sol-gel synthesis method and conventional calcination synthesis method.
Employing this strategy, the introduction of trace amounts of Ru atoms in the NiO lattice, leading to
lattice strain and electron redistribution, results in superior OER activity. Our results further illustrate that
the Ru-—O—-Ni bonds in the precursor play a vital role in this strategy for the formation of Ru=NiO nano-
particles with lattice strain. At the same time, density functional theory (DFT) results further confirmed
that the Ru—NiO nanoparticles have a low d-band center caused by the lattice strain effect to improve the
adsorption energy of oxygen-containing intermediates, ultimately accelerating OER kinetics. Thus, this

rsc.li/dalton

1. Introduction

Electrocatalytic water splitting is regarded as a promising
approach for H, production and reducing fossil fuel energy
consumption.’ Electrocatalytic water splitting consists of two
half-reactions: the cathodic hydrogen evolution reaction (HER)
and anodic oxygen evolution reaction (OER).>? Currently, the
bottleneck in this process is mainly derived from the compli-
cated multi-step proton-coupled electron transfer in the
anodic OER,* which results in a high kinetic barrier and low
electrolysis efficiency, consequently requiring a large overpo-
tential to overcome its sluggish reaction kinetics.> Therefore,
intensive efforts have been devoted to developing well-known
state-of-the-art noble metal Ir- and Pt-based catalysts for the
OER.®’ Nevertheless, their high cost, scant reserves and
instability largely prevent their practical applications.®®
Consequently, considerable attempts have been devoted to
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work provides a new pathway for the design of NiO-based OER catalysts.

developing relatively cost-effective and earth-abundant alterna-
tives to these electrocatalysts.

Recently, transition metal oxides as OER electrocatalysts
have aroused increasing attention owing to their abundant
reserves, low lost and comparable catalytic activities to noble
metals.’® Among them, NiO possessing excellent redox reversi-
bility, a large surface area and high activity has been applied
to catalyze the OER in the electrocatalytic water splitting
process.'' However, the OER performance of pristine NiO is
still insufficient to meet the industrial demand because of its
undesirable electrical conductivity, inferior stability and
limited number of active sites.'> As a consequence, developing
versatile strategies to precisely modulate the electronic con-
figuration of NiO is crucial, thereby enhancing its active site
density while optimizing its adsorption/desorption energetics
for reactants and intermediates, which could ultimately lead
to significantly improved oxygen evolution reaction (OER) cata-
Iytic performance.

Recently, lattice-strain engineering to improve electro-
catalytic performance by regulating electron configuration has
become a hotspot in the field of the OER."*™'® Many types of
strain strategies have been reported to achieve unique catalytic
activity. Among them, heterogeneous atom doping is a promis-
ing strategy. Moreover, it has been proven that doping high-
valent non-3d transition metal ions can effectively adjust the
electronic structure of 3d metals and increase the number of
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active sites, thus enhancing their electrochemical perform-
ance.'® As a typical high-valent non-3d transition metal ion,
the ionic radius of Ru®" (0.68 A) is similar to that of Ni*"
(0.69 A), which makes the entry of Ru into the NiO lattice poss-
ible. Furthermore, the electronegativity value of Ru®" is larger
than that of Ni**, which can adjust the electronic structure of
NiO when Ru atom is doped into the NiO lattice.”
Consequently, it can be inferred that doping the Ru atom into
the NiO lattice can efficiently induce lattice strain and accu-
rately regulate its electronic structure, simultaneously boosting
the valence state of Ni species to improve its catalytic OER per-
formance. However, both the conventional sol-gel method and
the conventional calcination method can induce phase
changes during the introduction of the Ru atom into the NiO
lattice, further inhibiting the formation of the Ru-O-Ni bond
in the intermediate, which eventually leads to the difficult
entry of Ru atoms into the NiO lattice matrix.

Herein, we synthesized Ni*"-rich, Ru-doped NiO nano-
particles (Ru-NiO) through a two-step thermal treatment
method, which showed a superior performance in the oxygen
evolution reaction (OER) compared with the catalysts prepared
via the conventional sol-gel synthesis method and convention-
al calcination synthesis method. The incorporation of Ru
atoms induced a lattice-strain effect, leading to electron redis-
tribution and an increase in high-valent Ni** active sites,
which consequently enhanced its oxygen evolution reaction
(OER) performance. This was proven by density functional
theory (DFT) calculation results. Simultaneously, during the
two-step thermal treatment process, the appropriate pretreat-
ment temperature (160 °C) was found to be crucial for introdu-
cing the Ru atom into the NiO lattice. Our results further con-
firmed the advantage of the two-step thermal treatment strat-
egy for the introduction of the Ru atom into NiO lattice.

2. Experimental section

2.1. Materials and reagents

Ni(NO),-6H,0, ethylene glycol (EG), triethanolamine (TEOA),
and RuCl;-xH,0 were purchased from Tianjin Tianli Chemical
Reagent Co., Ltd, Sinopharm Chemical Reagent Co., Ltd,
Tianjin kemiou Chemical Reagent Co., Ltd, and Shanghai
Macklin Biochemical Co., Ltd, respectively. Ethylene glycol was
used to prepare all samples. All reagents were analytical grade
reagents and used without further purification.

2.2. Preparation of pure Ni and 3% Ru-doped Ni sol
precursor solutions

6.9790 g (24 mmol) of nickel nitrate hexahydrate Ni
(NO3),-6H,0 and 3.2 mL of triethanolamine were dissolved in
22.5 mL of ethylene glycol (C,HgO). Then, 7.5 mL of ethylene
glycol solution containing a concentration of 0.096 M Ru** was
added to the above-mentioned mixed solution. The mixed
solution was stirred for 2 h at 80 °C and aged for 24 h at room
temperature to form the 3% Ru-doped Ni sol precursor solu-
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tions. Meanwhile, Ni sol precursor solutions without Ru
doping were prepared in the same way as mentioned above.

2.3. Preparation of precursor wet gel and Ru-NiO-T and NiO

The 3% Ru-doped sol precursor solution was pretreated at
different temperatures (120 °C, 160 °C, 190 °C, 200 °C, 250 °C
and 270 °C, respectively) for 3 h at a rate of 1 °C min~" in air
to form a wet gel. Subsequently, the obtained wet gel was cal-
cined at 450 °C for 4 h at a rate of 5 °C min™" in air to generate
Ru-NiO-T nanoparticles (T stands for precursor pretreatment
temperature, and the sample named Ru-NiO when T =
160 °C). As a comparison, pristine NiO nanoparticles without
Ru doping were also synthesized using the above-mentioned
method (named NiO).

2.4. Preparation of Ru-NiO-1 and Ru-NiO-2

Two samples were synthesized via the conventional sol-gel
method'® and conventional calcination method,"® respectively.
3% Ru-doped Ni sol precursor solutions were heated to form a
dry gel, and the resultant dry gel was ground and calcined at
450 °C for 4 h at a heating rate of 5 °C min™" to form the refer-
ence sample (named Ru-NiO-1). In addition, a 3% Ru-doped Ni
sol-gel precursor solution was directly calcined at 450 °C for 4 h
at a heating rate of 5 °C min™" to form the reference sample via
the conventional calcination method (named Ru-NiO-2).

2.5. Electrochemical measurement

All electrochemical tests were performed on a Shanghai
Chenhua 660E workstation. The electrocatalytic water oxi-
dation activity of the samples were measured using the typical
three-electrode system with Pt and Hg/HgO as the counter and
reference electrodes, respectively. In this work, all the poten-
tials were referenced to the reversible hydrogen electrode
(RHE). The OER performance of the obtained samples was
evaluated by coating them on functionalized exfoliated graph-
ite foil (FEG) electrodes.?® All samples were tested in 1 M KOH
electrolyte. The method for preparing the electrode was as
follows: the as-prepared samples, PVDF and conductive carbon
black in a ratio of 7:2:1 were mixed and ground, and then
N-methyl-2-pyrrolidone (NMP) was added to form a slurry.
Afterwards, the slurry was coated on the FEG (1 x 1 cm?), and
then the obtained FEG was dried at 80 °C for 8 h. The catalyst

loading was approximately 1 mg cm ™2,

2.6. Physical characterization

Powder X-ray diffraction patterns (PXRD) were recorded using
a Rigaku D/max 2500 diffractometer with Cu Ko radiation. The
morphology and structure of the catalysts were observed by
scanning electron microscopy (SEM, Hitachi $4800) and high-
resolution transmission electron microscopy (HR-TEM, Talos
F200X) equipped with an energy dispersive X-ray spectroscopy
(EDX) detector. The FTIR spectra of the samples were recorded
in transmission mode (Thermo Nicolet 8700 FTIR) in the
range of 4000-400 cm™'. X-ray photoelectron spectroscopy
(XPS) (PerkinElmer PHI5300) was performed to analyze the
surface compositions and valence state of the elements.
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3. Characterization
3.1. Exploration of optimal synthesis methods

According to Scheme 1, the synthesis of 3% Ru-doped NiO
nanoparticle (Ru-NiO) was achieved through a two-step
thermal treatment method. Briefly, a 3% Ru-doped Ni sol-gel
precursor solution was prepared utilizing ethylene glycol as
the solvent and TEOA as a chelating agent and surfactant.
Subsequently, the obtained sol-gel precursor was heated at
160 °C, and then calcinated in air at 450 °C. As shown in
Fig. 1a, the diffraction peaks of all the samples at 37.4°,
43.44°, 62.98°, 75.58° and 79.52° can be assigned to the (111),
(200), (220), (311) and (222) planes of NiO (JCPDS no. 04-0835),
respectively. This result indicates that no phase change
occurred when Ru was doped in the NiO lattice. However, it
was found that the diffraction peaks of all the Ru-doped NiO
samples slightly shifted towards the high angle region, which
can be attributed to the lattice-strain due to the substitution of
Ru for Ni in the NiO lattice.> Among the three samples, the
biggest peak shift was observed for Ru-NiO, which indicates
that using two-step thermal treatment strategy to introduce the
Ru atom in the NiO lattice is a highly effective method.
According to Bragg’s equation, the greater the diffraction peak
shift to the high angle area, the smaller the lattice parameter,
indicating a certain degree of lattice compression compared to
pristine NiO. Thus, it was found that the lattice parameter of
Ru-NiO is smaller than that of the pristine NiO, which was
further supported by DFT calculations (Table S1f). The Ru-
NiO, Ru-NiO-1 and Ru-NiO-2 catalysts were analyzed by
Fourier transform infrared spectroscopy (FTIR). As shown in
Fig. 1b, a sharp absorption peak near 470 cm™" was observed
for the three samples, which belongs to the Ni-O bond.
Excitingly, an additional peak appeared at 570 cm™ in the
FTIR spectrum of Ru-NiO, which belongs to the Ru-O-Ni
bonding vibration.”>** This indicates that the Ru atom can
react with lattice oxygen to form Ru-O-Ni bonds via the two-
step thermal treatment strategy. However, no peak corres-
ponding to the Ru-O-Ni bond was found in the spectrum of
Ru-NiO-1. Meanwhile, a strong peak attributed to the Ru-O
bond at 580 cm™" is clearly observed in the spectrum of Ru-
NiO-2, which may be due to the formation of RuO, by the con-
ventional calcination method. On account of the abovemen-
tioned analysis, we believe that using the two-step thermal
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Scheme 1 Synthesis of 3% Ru-doped NiO nanoparticles achieved
through a two-step thermal treatment method.
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Fig. 1 Morphological and structural characterization. (a) XRD patterns
of Ru=NiO, Ru-NiO-2, Ru-NiO-1, NiO and simulated data from the
reported crystal structure. (b) FTIR spectra of Ru—NiO, Ru-NiO-2, and
Ru—NiO-1. (c) TEM image of Ru—NiO. (d) Corresponding elemental EDX
mapping of Ru—NiO. (e) HRTEM image of Ru—NiO; (f) SAED pattern of
the Ru—NiO nanoparticles.

treatment method is more conducive to the entry of the Ru
atom into the NiO lattice.

Scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) revealed that the as-prepared Ru-NiO
is composed of near-spherical nanoparticles with a diameter
of about 25 nm (Fig. 1c and Fig. S1f). The corresponding
elemental mapping by energy dispersive X-ray (EDX) spec-
troscopy demonstrated that Ru, Ni, and O elements are uni-
formly distributed on the surface of the Ru-NiO nanoparticles
(Fig. 1d). This serves as evidence for the formation of a
uniform Ru-doped NiO structure in the nanoparticles without
phase segregation. The high-resolution TEM (HRTEM) image
of the Ru-NiO nanoparticles provided clear microstructural
information about the Ru-NiO interface. As shown in Fig. 1e,
two distinct lattice stripes with the measured interplanar
crystal spacings of 0.231 nm and 0.199 nm can be observed,
corresponding to the (111) and (200) crystal planes of NiO,
respectively. Interestingly, these two interplanar crystal spa-
cings of Ru-NiO are smaller than that of the pristine NiO (111
and 0.241 nm) and (200 and 0.208 nm), which could be caused
by the lattice strain due to the incorporation of the Ru atom
into the NiO lattice. Additionally, one lattice stripe spacing is
0.224 nm, which belongs to the crystal plane of RuO, (200).
Briefly, the lattice positions of the Ni atoms were replaced by
Ru atoms in the Ru-NiO sample, resulting in lattice distortion
and a reduction in the interplanar spacing. The results demon-
strate that Ru-NiO exhibits a certain degree of lattice com-
pression in comparison to the pristine NiO, which is consist-
ent with the above-mentioned results of the XRD analysis.
Therefore, the decrease in the lattice parameter confirms the
successful doping of the Ru atom in the NiO lattice. In
addition, oxygen vacancies were formed as the substitution
reaction occurred, consistent with the results reported in other
references.>® As shown in Fig. 1e, an amorphous region can be
clearly observed in the Ru-NiO sample, which is caused by

This journal is © The Royal Society of Chemistry 2025
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oxygen vacancies. This can lead to the generation of dis-
location defects and unsaturated coordinated sites, which can
optimize the local electronic structure and increase the access
to the active sites, eventually improving the electrocatalytic
activity.>® Furthermore, the selected area electron diffraction
(SAED) pattern indicates that the Ru-NiO nanoparticles have
high crystallinity (Fig. 1f). It is worth noting that SAED
revealed the (111), (200), (220), (311) and (222) crystal planes of
the NiO nanoparticles, which are in accordance with the
results of the XRD analysis. Nevertheless, no Ru species was
found in the SAED pattern, which further suggests that a trace
amount of Ru atoms substituted the Ni atoms in the NiO
lattice. The XRD and HRTEM results substantiate that the
doping of the Ru®** cation into the NiO matrix led to a lattice
strain effect.

To study the electronic structure information of the
samples, X-ray photoelectron spectroscopy (XPS) was carried
out. The XPS survey spectrum of Ru-NiO confirms the pres-
ence of Ni, Ru, C, O, and N (Fig. S2at), indicating the for-
mation of Ru-NiO (the corrected C 1s binding energy was cal-
culated to be 284.80 eV, and all spectral peaks were adjusted
accordingly). The high-resolution XPS Ni 2p;/, spectra of Ru-
NiO, pristine NiO, Ru-NiO-1 and Ru-NiO-2 are shown in
Fig. 2a and Fig. S2b.t It can be seen that the Ni 2p3, XPS
curve of Ru-NiO is obviously different from that of the pristine
NiO, Ru-NiO-1 and Ru-NiO-2. Two main peaks are centered at
854.28 eV and 856.10 eV, which are assigned to Ni** and Ni*",
respectively.”®?” Among these samples, the Ni**/Ni** ratio in
the Ru-NiO nanoparticles is highest, suggesting the existence
of rich Ni*" species on their surface. Moreover, the electro-
negativity of the Ni atom (Pauling electronegativity of 1.91) is
lower than that of Ru atom (Pauling electronegativity of 2.20),
indicating that the electrons can be withdrawn from the Ni
atom to the Ru atom via Ru-O-Ni bonding in the Ru-NiO
nanoparticles.”® Meanwhile, it is worth noting that the
binding energy of Ni 2p;/, in the Ru-NiO nanoparticles exhi-
bits a positive shift by about 0.3 eV, 0.3 eV and 0.5 eV com-
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Fig. 2 (a and b) High-resolution Ni 2p, O 1s XPS spectra of Ru—-NiO,
Ru-NiO-2 and Ru-NiO-1; (c) polarization curves; (d) corresponding
overpotential at 10 mA cm™2 (i710); (e) Nyquist plots of Ru—NiO, NiO, Ru—
NiO-1 and Ru—NiO-2 recorded at a potential of 1.53 V (vs. RHE); (f) plots
used to calculate surface double-layer capacitance (Cq4) of Ru—NiO,
NiO, Ru—NiO-1 and Ru-NiO-2.
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pared with that of Ru-NiO-1 and Ru-NiO-2, and NiO
(Table S2t), respectively. These results imply that the Ru atom
in the place of Ni atom in the NiO lattice is conducive to the
formation of rich Ni** species on the surface of the Ru-NiO
nanoparticles. It is well known that the high valence state
NiOOH species are the real active sites for the OER. For
example, we reported the construction of Ni**-rich nanograss
arrays through the introduction of the high-valence metal strat-
egy. The result indicates that the Ni**-rich system can facilitate
the formation of NiOOH species, leading to an improvement
in the OER performance.'® Moreover, increasing the Ni**/Ni**
ratio in NiO nanoparticles is a great challenge. In this case, the
Ni**/Ni*" ratio in the Ru-NiO nanoparticles was improved
enormously compared to the pristine NiO, Ru-NiO-1 and Ru-
NiO-2 (Table S37). Thus, it can be concluded that the in situ
substitution of the Ni atom by the Ru atom in the NiO lattice
favors the regulation of the electronic configuration of the Ni
atoms and increases the Ni**/Ni** ratio, which is beneficial for
the enhancement of the real active sites and the OER catalytic
activity. As seen in Fig. 2b, the high-resolution O 1s spectrum
of Ru-NiO shows the characteristic peaks at 528.50 eV, 529.56
eV, 531.17 eV and 533.02 eV, which are attributed to the
metal-oxygen M-O (Ru-O or Ni-O) bond,* OH bond*° and
oxygen vacancy (O,) bond®* and CO;*>7, respectively.*?
Compared to the binding energy of O 1s for the pristine NiO,
Ru-NiO-1 and Ru-NiO-2 samples, a significant negative shift
in this peak can be observed for the Ru-NiO nanoparticles.
This means that the electron deflection occurs between Ni and
O (Fig. 2b, Fig. S2 and Table S27}). In addition, the peak area of
lattice O in the NiO lattice became smaller, while that of
oxygen vacancies became larger, suggesting the formation of
more oxygen vacancies when the Ru atom is introduced into
the NiO lattice. However, there was no obvious change in the
peak area of the oxygen vacancies and lattice oxygen in the
Ru-NiO-1 and Ru-NiO-2 samples (Fig. 2b). To further illustrate
this phenomenon, the formation energy of O vacancies for the
pristine NiO and Ru-NiO samples was calculated using the
DFT+U method (Table S61). The results demonstrate that it is
very easy to form O vacancies in the NiO lattice upon doping
the Ru atom. As seen in Fig. S2d,T the binding energy of Ru
3ps,2 is located at 463.16 eV in Ru-NiO, 463.98 eV in Ru-NiO-1
and 463.89 eV in Ru-NiO-2. This indicates that the valence
state of Ru is +4 in these samples.®® It can be seen that the
binding energy of Ru in Ru-NiO undergoes a more significant
negative shift compared to that of Ru-NiO-1 and Ru-NiO-2,
which manifests that the two-step thermal treatment method
makes it easier for the Ru atom to enter the NiO lattice, and
while more electrons could be withdrawn from the Ni atom
through the Ru-O-Ni bonding in the Ru-NiO nanoparticles.
The results of the Bader charge calculation revealed that the
sectional charge of the Ni atom adjacent to the Ru atom in the
Ru-NiO nanoparticles decreases from 1.2 to 1.16, which is con-
sistent with the DFT+U calculation and XPS results. According
to the Bader charge analysis, it can be observed that the
charge around the Ni atom decreases, while that around the
Ru atom increases, indicating that electron transfer occurs

Dalton Trans., 2025, 54, 11868-11877 | 11871
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from the Ni atom to the Ru atom by O bridges in Ru-NiO.
Thus, these results elucidate that the lattice strain effect facili-
tates local reconstruction or mutation of the atomic and elec-
tronic configurations on the catalyst surface.* Furthermore, it
also demonstrates that the two-step thermal treatment strategy
could achieve more Ru atoms in the place of Ni atoms in the
NiO lattice and modulate the electronic structure of the Ni
atom as well as increase the Ni**/Ni** ratio, ultimately generat-
ing high valence state NiOOH species as the active sites for the
OER.

To evaluate the OER performance, electrochemical tests
were carried out for Ru-NiO, pristine NiO, Ru-NiO-1 and Ru-
NiO-2. The linear scanning voltammetry curves are shown in
Fig. 2¢, where it can be observed that the catalytic activity of
Ru-NiO is better than that of pristine NiO, Ru-NiO-1 and Ru-
NiO-2. Fig. 2d shows the corresponding overpotentials
@10 mA ecm™2 (o) for Ru-NiO, pristine NiO, Ru-NiO-1 and
Ru-NiO-2. Among them, the Ru-NiO nanoparticles exhibit the
lowest overpotential of 220 mV at the current density of 10 mA
cm ™2, which is significantly superior to that of NiO (279 mV),
Ru-NiO-1 (319 mV), and Ru-NiO-2 (317 mV), indicating that
the in situ substitution of the Ni atom by the Ru atom in the
NiO lattice is beneficial for the OER. Fig. S3f presents the
corresponding Tafel slopes of 102 mV dec™!, 78 mV dec™?,
147 mV dec™, and 146 mV dec™" for the pristine NiO, Ru-NiO,
Ru-NiO-1, and Ru-NiO-2, respectively, further revealing that
the Ru-NiO nanoparticles exhibit excellent reaction kinetics.
Additionally, the electrocatalytic activity of Ru-NiO is superior
to several reported NiO-based electrocatalysts and homemade
RuO, (Table S7 and Fig. S4t). To further probe the charge
transfer processes, electrochemical impedance spectroscopy
(EIS) was performed. As shown in Fig. 2e, among these
samples, Ru-NiO displays the smallest radius, demonstrating
that it possesses the lowest charge transfer resistance (R.) and
the best electrical conductivity. The electrochemical active
surface area (ECSA) of the samples was assessed by measuring
their double-layer capacitance (Cq). The Cq was calculated
based on the cyclic voltammograms (CVs) at different scan
rates to understand the source of the remarkable OER activity
(Fig. S5a-dt). The Cq value of the Ru-NiO nanoparticles is the
highest, 142 mF cm ™2, surpassing that of the pristine NiO, Ru-
NiO-1 and Ru-NiO-2 nanoparticles. This result indicates that
the Ru-NiO nanoparticles possess the maximum ECSA and
more exposed active sites for electrochemical activity (Fig. 2f).
The enhanced OER activity of the Ru-NiO nanoparticles is
attributed to their abundance of Ni*" active sites by introdu-
cing the Ru atom into the NiO lattice. Furthermore, the fara-
daic efficiency was tested to determine whether the current
density was mainly derived from O, evolution. As shown in
Fig. S6a,T the high faradaic efficiency (about 76%) of the Ru-
NiO nanoparticles confirms their highly efficient current-to-
oxygen conversion. Additionally, long-term stability is another
essential criterion for evaluating the practical application of
catalysts. Remarkably, the Ru-NiO nanoparticles showed favor-
able operating OER stability with no significant potential
change at 10 mA cm™> over 24 h (Fig. S6bt). Besides, they dis-
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played considerable durability during the chronopotentio-
metric stability test (Fig. Séct). It is obvious that the current
density of the Ru-NiO nanoparticles remained around 99%,
suggesting their great stability for OER. Fig. S6df exhibits the
multi-step chronopotentiometric curve for the Ru-NiO nano-
particles in 1 M KOH at current densities ranging from 20 mA
em™? to 240 mA cm™~> without the iR correction. The potential
leveled off at 1.56 V for the initial current value and remained
unchanged for 500 s. This result implies that the Ru-NiO
nanoparticles can facilitate the rapid outward release of
oxygen gas and inward diffusion of the electrolyte, suggesting
effective mass transportation behavior.*® In short, doping the
Ru atom into the NiO lattice can reduce the overpotential and
increase the ECSA, which are beneficial for the structural stabi-
lity of the Ru-NiO nanoparticles and the release of oxygen
bubbles. It can be inferred that using the two-step thermal
treatment strategy is more conducive to the substitution of Ru
for Ni in the NiO lattice, resulting in more catalytically active
sites of Ni** for OER.

3.2. Effect of two-step thermal treatment on entry of Ru into
NiO lattice

A series of samples was synthesized under different pretreat-
ment temperature conditions (120 °C, 160 °C, and 190 °C) to
investigate the effect of temperature on the incorporation of
Ru into the NiO crystal lattice. As shown in Fig. 3a, the charac-
teristic peaks of NiO (JCPDS no. 04-0835) were observed in all
the samples, which shifted to the higher angle area, indicating
the presence of lattice distortion caused by the introduction of
Ru into the NiO lattice. However, the extra diffraction peaks of
metal Ni° (JCPDS no. 01-0126) can be observed in Ru-NiO-190,
which is due to the reduction of metal ions in the presence of
EG under high-temperature conditions.>® Additionally, the
diffraction peak intensity of metal Ni° increased gradually as
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Fig. 3 (a) XRD patterns of Ru—NiO, Ru-NiO-120, and Ru—-NiO-190 and
simulated data from the reported crystal structure; (b) FTIR spectra of
Ru—-NiO, Ru—-NiO-120 and Ru—-NiO-190; (c) localized magnification of
the FTIR spectra of Ru—NiO, Ru—NiO-120 and Ru—-NiO-190; (d and e)
high-resolution Ni 2p and O 1s XPS spectra of Ru—NiO, Ru—-NiO-120
and Ru—NiO-190.
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the precursor treatment temperature increased (Fig. S9af).
This is because the reduction capacity of EG increases with an
increase in the precursor treatment temperature, resulting in
more Ni** being reduced to metal Ni® in the sample.?”-*

Fig. 3b shows the FTIR spectra of Ru-NiO-120, Ru-NiO and
Ru-NiO-190. A peak corresponding to the C-H bond can be
observed at 2850-3000 cm™" in the spectra of Ru-NiO-120 and
Ru-NiO-190, which is similar to that of Ru-NiO-1 and Ru-
NiO-2 (Fig. 2b). This result is attributed to the residual alkyl
group in the M-O-R bond of the metal alcoholate (M rep-
resents a metal ion, while R represents an alkyl group).
Conversely, the disappearance of the C-H bonds in the Ru-
NiO samples may be ascribed to the fact that the double metal
association reaction is more likely to occur at 160 °C, resulting
in the formation of intermediate Ni[Ru(OR),.,], which makes
the removal of C-H bonds easier after annealing treatment.
Therefore, this intermediate is more favorable to form an Ni-
0O-Ru bond.***° However, it can be found that Ru-NiO showed
the characteristic peak at 470 cm™" (Ni-O bond), which is
broad with a weak intensity, while it has a stronger character-
istic peak at 570 cm ' compared to Ru-NiO-120 and Ru-
NiO-190, resulting from the existence of the Ru-O-Ni bond
derived from the pretreated precursors at 160 °C (Fig. 3c). This
result indicates that the two-step thermal treatment strategy
can enhance the entry of the Ru atom into the NiO lattice
because it provides suitable conditions for the association
reaction of bimetallic alcohol salts, but this process needs to
be carried out within a specific temperature range.

The FTIR spectra of all the precursors were recorded to
further explore the influence of temperature on the association
reaction process. As shown in Fig. S7a and S7b,T peaks corres-
ponding to the C-H bond (2850-3000 cm™') can be observed
for all the samples, which are attributed to M-O-R (Ni/Ru-O-R
and Ni[Ru(OR),+,]) or polyhydric alcohols (EG or TEOA). The
peaks at 3000-3500 cm™" belong to the OH group of EG or
TEOA.*" With an increase in the pretreatment temperature
(120-190 °C), the intensity of the peaks corresponding to the
OH and C-H bonds decreased due to the increase in the
degree of deprotonation and the evaporation of EG and TEOA,
respectively.*>** Combined with the XRD analysis results
(Fig. S9at), Ni*" was reduced to metal Ni’ when the pretreat-
ment temperature increased to 190 °C, while low a deprotona-
tion degree occurred when the temperature was 120 °C. These
results are disadvantageous for the formation of Ni/Ru-O-R or
Ni[Ru(OR),+1], and unfavorable for the creation of Ru-O-Ni
bonds, ultimately restricting the entry of the Ru atom into the
NiO lattice. In summary, an appropriate pretreatment tempera-
ture (160 °C) not only offers proper conditions for the associ-
ation reaction of bimetallic alcoholates, but also avoids the
phase change caused by the reduction of polyhydric alcohol
and helps to form Ru-O-Ni bonds and promote the entry of
the Ru atom into the NiO lattice.

XPS was performed to investigate the effects of the pretreat-
ment conditions on the electronic structure of Ru-NiO-120,
Ru-NiO and Ru-NiO-190. The high-resolution Ni 2p3/,, spec-
trum is shown in Fig. 3d, where it can be seen that the
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binding energy of Ni 2p;/, in Ru-NiO is positively shifted com-
pared with that of Ru-NiO-120 and Ru-NiO-190 (Table S4%).
This result further implies that the proper pretreatment temp-
erature (160 °C) is more favorable for the substitution of the
Ru atom for the Ni atom in the NiO lattice. Meanwhile, the
highest Ni**/Ni*" ratio was also found in Ru-NiO, meaning
that the introduction of Ru atoms can further regulate the elec-
tronic structure and create more -catalytically active sites
(Table S57). Interestingly, the Ni**/Ni** ratio in the samples syn-
thesized via the two-step thermal treatment method is higher
than that synthesized by the conventional sol-gel method and
conventional calcination method (Fig. 2a and Table S37t). This
indicates that the two-step thermal treatment method is more
effective than the traditional methods in promoting the entry of
the Ru atom into the NiO lattice. The high-resolution O 1s
spectra of Ru-NiO-120, Ru-NiO and Ru-NiO-190 are shown in
Fig. 3e. In the case of Ru-NiO, more oxygen vacancies are
formed due to the introduction of more Ru atoms into the NiO
lattice, according to the peak area ratio of lattice oxygen and
oxygen vacancy. However, this phenomenon is not obvious in
Ru-NiO-120 and Ru-NiO-190. In addition, it can be seen that
the peak intensity of Ru-O in Ru-NiO is lower than that in Ru-
NiO-120 and Ru-NiO-190, demonstrating that it is more favor-
able for the Ru atom to enter the NiO lattice when the pretreat-
ment temperature is 160 °C. This result is also confirmed by the
fact that the intensity of Ru 3p in Ru-NiO is the lowest com-
pared with Ru-NiO-120 and Ru-NiO-190 (Fig. S6bt). Thus, the
XPS results show that the two-step thermal treatment method is
more beneficial for the entry of the Ru atom into the NiO
lattice, and the optimization of the electronic structure is more
obvious when the pretreatment temperature is 160 °C (with the
highest Ni**/Ni*" ratio).

The linear scanning voltammetry curves of Ru-NiO-120,
Ru-NiO and Ru-NiO-190 are shown in Fig. 4a. As seen in
Fig. 4b, Ru-NiO exhibits the lowest overpotential of 220 mV at
the current density of 10 mA cm™>, making it superior to Ru-
NiO-120 (239 mV) and Ru-NiO-190 (252 mV). As shown in
Fig. S8a,t Ru-NiO shows the lowest Tafel slope value, demon-
strating its enhanced OER kinetics. In addition, Ru-NiO shows
the best electron conductivity (Fig. 4c and d) and the largest
number of electroactive sites (Fig. S8b-df) for OER tests.
Furthermore, Fig. S9(b-d)} show the electrochemical pro-
perties of the samples treated at higher precursor treatment
temperatures (Ru-NiO-200, Ru-NiO-250 and Ru-NiO-270),
which deteriorated compared with that of Ru-NiO-160. This
implies that the appropriate pretreatment temperature
(160 °C) is more favorable for the substitution of Ru for Ni in
the NiO lattice, further regulating the electronic structure and
create more catalytically active sites. It is interesting that the
electrochemical properties of the sample synthesized via the
two-step thermal treatment method are superior to that of the
samples synthesized via the conventional sol-gel method and
conventional calcination method (Fig. 2c-f). This indicates
that the two-step thermal treatment method is more effective
than the traditional methods in promoting the entry of the Ru
atom into the NiO lattice.
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Fig. 4 (a) Polarization curves; (b) corresponding overpotential at 10 mA
cm™2 (510); (c) Nyquist plots of Ru—NiO, Ru—NiO-120 and Ru—-NiO-190
at a potential of 1.53 V (vs. RHE); (d) surface double-layer capacitance
(Cq) of Ru=NiO, Ru—NiO-120 and Ru-NiO-190.

In summary, based on the above-mentioned analysis, the
formation mechanism of Ru-NiO by the different preparation
methods is shown in Scheme 2, where the two-step thermal
treatment method is more effective than the conventional sol-
gel method and conventional calcination method in promot-
ing the entry of the Ru atom into the NiO lattice. However,
Ni** is reduced to metal Ni° leading to a phase change when
the pretreatment temperature increase to 190 °C and higher,
and a low deprotonation degrees occurs at a low temperature
(120 °C). These results are disadvantageous for the formation
of Ni/Ru-O-R or Ni[Ru(OR),4], and further the generation of
Ru-O-Ni bonds is difficult, ultimately making it challenging
for the Ru atom to enter the NiO lattice. Briefly, an appropriate
pretreatment temperature (160 °C) not only offers suitable con-
ditions for the association reaction of bimetallic alcoholates,
but also avoids the phase change caused by the reduction of
polyhydric alcohol, finally resulting in the easier formation of
Ru-O-Ni bonds and promoting the entry of the Ru atom into
the NiO lattice.

3.3. DFT calculations for OER

DFT calculations were conducted to elucidate the intrinsic
OER catalytic mechanism of Ru-NiO. Based on the four-step
mechanism of adsorbate evolution under alkaline conditions,
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Scheme 2 Synthetic reaction mechanism of different methods for the
substitution of Ru for Ni in the NiO lattice.
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the optimal models (Ni atom in (200) crystal plane was chosen
to adsorb O species in the pristine NiO and Ru-NiO models)
and corresponding geometries of the various intermediates of
Ru-NiO were established, as shown in Fig. 5a and Fig. S10a.7
For comparison, that of pristine NiO was also calculated
(Fig. 5b and Fig. S10bt). The Gibbs free energy can be
obtained using the equation G = Ey + Ezpg — Ts, where G
stands for Gibbs free energy, and Ey, Ezpr and Ts represent the
total energy, zero-point energy and entropy of system, respect-
ively. Generally, the step with the largest change in Gibbs free
energy (AG) in the four-electron transfer step of alkaline OER
is determined as the rate-determining step (RDS).** The rate-
determining step (Max(AG), Fig. 5a and b) of pristine NiO and
Ru-NiO is step one (Step I), which is homologous for them. It
can also be concluded that the AG value of pristine NiO (AG; =
1.55 eV) is greater than that of Ru-NiO (AG; = 1.50 eV), which
reveals that Ru-NiO needs a lower theoretical onset overpoten-
tial (0.27 V) for OER. This follows that the doping Ru atoms
can induce lattice strain to optimize the adsorption energy of
the oxygen-containing intermediates and reduce the reaction
free energy barrier as well as accelerate the catalytic kinetics.*?
Furthermore, the electronic structures were calculated by
using the VASP software based on the DFT+U method, aiming
to gain a better understanding of the doping effect. The total
density of states (TDOS) is plotted in Fig. 5c. It is seen that
that doping with Ru atoms and introducing O vacancies can
make the bandgap of NiO narrower, suggesting an improve-
ment in its conductivity. In addition, the peak intensity of Ru-
NiO is stronger than that of the pristine NiO near the Fermi
level via the local amplification of TDOS, indicating its more
conductive electronic structure (Fig. 5d).*° As seen in Fig. 5e
and f, the d-band center (g4) of Ru-NiO (¢q = —1.78 €V) is
closer to the Fermi level (E, = 0 eV) than that of the pristine
NiO (eq = —2.89 eV). The upward shift in ¢4 leads to an
enhancement in the adsorption strength, making it easier for
the OH reactant to be adsorbed and activated on the surface of
the catalyst, thus improving the reactivity of the reaction.?’
These observations indicate that Ru doping primarily induces
lattice strain, effectively optimizing the electronic structure of
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Fig. 5 (a and b) OER reaction mechanism diagram of Ru—NiO and NiO,
and corresponding Gibbs free energy diagrams for both at U = 0 V; (c
and d) total density of state (TDOS) curves of Ru—NiO and NiO; (e and f)
Ni-projected DOS and calculated d-band center of Ru—NiO and NiO,
respectively.
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NiO, promoting the adsorption of the OER intermediates, and
ultimately enhancing its OER performance. Hence, the theore-
tical analysis and experiment results are in excellent agree-
ment on the fact that the OER performance of NiO can be
regulated by Ru doping and introducing O vacancies. As listed
in Table S6,f the surface oxygen vacancy formation energy of
Ru-NiO is the smallest, indicating that oxygen vacancies are
more likely to be formed after Ru doping into the NiO lattice.
The Bader charge analysis revealed that the sectional charge of
the Ni atom decreases from 1.2 to 1.16 when Ru is doped into
the NiO lattice. On the one hand, it can be observed obviously
that the electrons are withdrawn from the Ni atom to the Ru
atom by the Ru-O-Ni bonds in Ru-NiO. On the other hand,
the formation of oxygen vacancies can promote the formation
of high-valence state Ni** active sites. These results are in
accordance with the EIS and XPS results. In summary, the DFT
calculations demonstrate that the lattice strain-induced
surface structural distortion elevates the electronic state energy
level, optimizing the adsorption of the intermediates, while
increasing the population of Ni** active sites, thereby enhan-
cing the OER performance.

4. Conclusion

In summary, we synthesized Ni**-rich, Ru-doped NiO nano-
particles (Ru-NiO) through a two-step thermal treatment
method, which showed an excellent performance in the
oxygen evolution reaction (OER). As an OER catalyst, the
obtained Ru-NiO exhibited a low overpotential of 220 mV at
the current density of 10 mA cm™2 and a Tafel slope of 78 mV
dec™ in alkaline media, outperforming most previously
reported NiO-based electrocatalysts. Meanwhile, the superior
OER performance of Ru-NiO is attributed to the lattice strain
effect caused by the introduction of trace heterogeneous Ru
atom. This result was further confirmed by the DFT results.
Additionally, the experimental results suggest that using two-
step thermal treatment method is easy to retain the Ru-O-Ni
bond from the precursor, and furthermore form an Ni**-rich,
Ru-doped NiO catalyst compared with the conventional sol-gel
synthesis method and the conventional calcination synthesis
method. We think that this study provides a simple and
efficient improved sol-gel method for doping trace hetero-
geneous Ru atoms into the NiO lattice, which opens a new
avenue for the design of nickel-based electrocatalysts with an
enhanced OER catalytic performance.
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