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Single atom catalysts have manifested themselves as a new frontier in heterogeneous catalysis owing to

their maximum atom utilization efficiency. However, their tendency to aggregate leads to poor stability,

which limits their application. Herein, we overcome this challenge by stabilising a noble metal single

atom catalyst through anchoring it on a metal oxide support, where a strong electronic metal–support

interaction prevents their aggregation. Specifically, we have synthesized Ru single atoms anchored on

the NiCo2O4 support by using an ultra-low amount of Ru. XAS and HAADF-STEM analysis confirm the

presence of isolated Ru single atoms on the support. These isolated Ru atoms have a high density of

unoccupied orbitals, which is favourable for electrocatalytic activity. The synthesized Ru single atom

catalyst (Ru-SAC) on NiCo2O4 shows superior activity for overall water splitting with a cell potential of

1.57 V, showing excellent stability of 60 h. The synthesized Ru-SAC NiCo2O4 is also active in urea

electrolysis and exhibits a cell potential of 1.41 V to generate a current density of 10 mA cm−2. Density

functional calculations reveal that supported single Ru atoms optimized the binding energies of the

intermediate of both the HER and OER.
1. Introduction

Currently, fossil fuels are the most widely used source of
energy in the world, and this heavy reliance has caused their
rapid depletion and environmental issues.1 To address this
concern, we must seek more abundant, cleaner, and afford-
able energy sources. Electrocatalytic water splitting is
considered as the most reliable method for hydrogen and
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f Chemistry 2024
oxygen generation, providing a pathway towards sustainable
energy.2 During electrocatalytic water splitting, two half-cell
reactions called the hydrogen and oxygen evolution reac-
tions (HER and OER) take place on the cathode and the anode,
respectively. The HER is a two-electron transfer process while
the OER is a multi-step four-electron transfer process with an
intricate reaction mechanism, which makes it sluggish in
nature.3,4 To drive the electrocatalytic water splitting reaction,
it is required to overcome the energy barrier of 237.2 kJ mol−1,
which corresponds to a theoretical potential of 1.23 V.5

However, due to the high overpotential of the HER and OER
the actual applied voltage is much larger compared to the
theoretical value. Therefore, it is essential to develop electro-
catalysts that can reduce the large overpotential and improve
the slow kinetics caused by both half-cell reactions i.e. HER
and OER.6 Standard catalysts, such as Pt, IrO2, and RuO2, are
excellent for the HER and OER, respectively, but their excess
cost and rareness limited their widespread application.7 As
a result, numerous efforts have been made to come up with
affordable substitutes for those traditional electrocatalysts,
which include earth-abundant transition metal oxides8 or
hydroxides,2 sulphides,9,10 selenides,11 and phosphides.12

However, their activity is far from the benchmark, necessi-
tating modication to achieve high efficiency. Recently,
J. Mater. Chem. A, 2024, 12, 23819–23836 | 23819
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scientists have focused on single atom based electrocatalysts
to achieve the benchmark target.

Single-atom catalysts (SACs) have recently demonstrated
astounding electrocatalytic performance in heterogeneous
catalysis for a variety of reactions due to their distinctive char-
acteristics, which include the presence of plentiful homoge-
neous active sites, elevated activity, and selectivity.13

Additionally, the high atomic efficiency resulting in enhanced
utilization of metals compared to conventional nanocatalysts
makes them desirable for electrocatalytic application.14

However, the synthesis of SACs remains a signicant obstacle
due to the tendency of metal ions to aggregate.13 This aggrega-
tion is caused by the high surface energy exhibited by isolated
single metal atoms.15 These metal active centres can be
anchored on diverse supports such as metal oxides,16 metal
phosphites,17 layered double hydroxides,18 carbon-based mate-
rials,19 and metal supports,20 to enhance their stability.

The oxide-supported SACs have received signicant atten-
tion compared to other types of supports. This is primarily
attributed to the abundance of vacant sites, such as metal or
oxygen vacancies, present on the oxide supports.21 These vacant
sites facilitate robust metal–support interactions, preventing
aggregation of isolated metal atoms that leads to enhanced
stability and exceptional electrocatalytic performance.22 This
can be attributed to the synergistic effect resulting from the
interaction between the metal atoms and the support mate-
rial.23 In this context, Wang and co-workers24 reported Ir single
atoms on a NiO matrix, which exhibited an overpotential of
215 mV at a current density of 10 mA cm−2 for the OER. The Ir
atoms that have been substituted in the NiO matrix form
covalent bonds with oxygen, resulting in Ir–O bonds. These
isolated Ir atoms exhibit a favourable oxidation state of +4 and
serve as active sites for the OER. Yin and co-workers25 developed
Ir single atoms anchored on porous NiCo2O4 nanosheets as an
effective electrocatalyst for the OER. The porous morphology
helps to anchor the single atoms effectively on the substrate.
Using density functional theory (DFT) calculations, the same
group has conrmed that the superior OER performance
attributed to the synergistic mutual activation between
anchored Ir and Co sites close to oxygen vacancies leads to
increased electron exchange and transfer capabilities. Further-
more, Yang and co-workers26 used an electrodeposition method
to anchor Ir single-atoms on oxygen-vacancy-modied CoNiO2

substrates. The reported onset potential is 183 mV at 10 mA
cm−2 current density with a very low Tafel slope value (64.8 mV
dec−1) for the OER. Based on various electrochemical studies
and DFT calculations, the same group revealed a synergistic
interaction between the Ir 5d and O 2p electronic bands. This
interaction leads to the formation of more robust Ir–O covalent
bonds, which facilitates the conversion of O–O to OO*, conse-
quently enhancing the efficiency for O2 evolution. Preparation
of Pt single atom doped NiO nanocubes via impregnation &
calcination followed by an etching process was reported by Lin
and co-workers.27 These single Pt atoms doped into the crys-
talline lattice of NiO weaken the nearby Ni–O bonds and
promote a noticeable in-depth phase transition from the NiO to
the OER active NiOOH phase. This enhanced active phase
23820 | J. Mater. Chem. A, 2024, 12, 23819–23836
transformation of NiO led to a rise in electrochemical mass
activity (508 A g−1). As an effective electrocatalyst for the OER,
Yuan and co-workers21 developed atomically dispersed Ru on
oxygen-defective Co3O4. They also conrmed the signicant
synergistic relationship between the transition metal oxide-
based support and single-atom doping via oxygen defects. The
electron decentralisation and d-band centre of Co atoms
synergistically tailored by Ru single atoms lead to enhanced
adsorption of the intermediate and reduced reaction barriers
for the OER, resulting in a low overpotential, a small Tafel slope
value, and good long-term stability in an alkaline medium. Zhai
and co-workers28 reported Ru single atoms anchored on
a defective Ni–Fe layered double hydroxide for the overall water-
splitting reaction. A cell potential of 1.44 V is required to
generate 10 mA cm−2 current density for the overall water
splitting reaction. This higher activity is credited to the
favourable modulation of adsorption energy for the HER and O–
O coupling for the OER, aer single Ru atom decoration on the
defective support. To effectively enhance the activity of the
system, the aforementioned literature suggested single atom
doping on a metal oxide substrate. To synthesize an effective
electrocatalyst for overall water splitting in an alkaline medium,
we used NiCo2O4 as a substrate in this study and doped it with
Ru single atoms.

Motivated by the preceding research, herein, we have
synthesized single atom Ru anchoring NiCo2O4 on a conducting
carbon cloth (CC) surface through a hydrothermal method fol-
lowed by calcination. The catalyst exhibited superior perfor-
mance in 1.0 M KOH for both the HER and OER. All the
nanomaterials were thoroughly characterized by various tech-
niques such as X-ray diffraction (XRD), eld emission scanning
electron microscopy (FESEM), high angle annular dark eld-
scanning transmission electron microscopy (HAADF-STEM), X-
ray photoelectron spectroscopy (XPS), and X-ray absorption
spectroscopy (XAS). The optimised Ru-SAC NiCo2O4 requires
−0.075 V vs. RHE to generate 10 mA cm−2 current density with
a Tafel slope value of 74.44 mV dec−1 for the HER. In the case of
the OER the Tafel slope value is 79.08 mV dec−1 and it requires
1.51 V vs. RHE to generate 10 mA cm−2 current density. The
activity of the synthesized SACs was also examined for overall
water splitting. It was found that a cell voltage of 1.57 V is
needed to generate a current density of 10 mA cm−2 in an
alkaline medium with no apparent degradation up to 60 h. The
advantages of this work can be outlined as follows. First, the
synthesis procedure is straightforward and simple, producing
2.03 wt% Ru single atoms on the NiCo2O4 support, showing the
strong metal–support interaction. Second, the rougher
morphology of nanoowers aer single atom doping increases
the surface area thus providing more active sites. Third, the
synergistic effect between the support atoms and single atom
favours faster charge transfer thus leading to higher activity.
Fourth, the as-synthesized Ru-SAC NiCo2O4 shows remarkable
activity in urea electrolysis. Fih, the DFT result reveals the
metallic behaviour of Ru-SAC NiCo2O4 and the zero-band gap
aer Ru single atom introduction that eases the electron
transport and eventually enhances the electrocatalytic
performance.
This journal is © The Royal Society of Chemistry 2024
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2. Experimental section
2.1. Chemicals

Cobalt(II) chloride hexahydrate and urea were purchased from
Merck, India. Nickel(II) chloride hexahydrate and KOH were
purchased from SRL, India. Hydrated ruthenium(III) chloride
was purchased from Sigma Aldrich. The conducting substrate,
CC, was purchased from Shiree Balaji Scientic Company,
India. The CC was cleaned by dipping it in concentrated nitric
acid for 12 h and then rinsing it in deionized water. Drying the
washed CC in a conventional oven at 50 °C for a few hours
aer cleaning it with Milli-Q water, ethanol, and acetone was
the nal step. The chemicals were not further puried except
for CC.

2.2. Synthesis of NiCo2O4

NiCo2O4 was synthesized on carbon cloth via a hydrothermal
method followed by pyrolysis. First, the carbon cloth (CC) was
cleaned properly and used for the synthesis of NiCo2O4. The
cleaned CC (4 × 3 cm) was placed into an autoclave with 30 mL
aqueous solution containing 0.59 g of CoCl2$6H2O, 0.298 g of
NiCl2$6H2O and 0.225 g of urea. The autoclave was secured
and maintained at 110 °C for 10 h. Aer this rst step, a light
pink coloured metal–carbonate hydroxide complex was
deposited on CC. The as-deposited CC was then cleaned with
water and ethanol and dried at 60 °C for 4 h in the oven. The
obtained complex deposited on CC was subsequently placed in
a muffle furnace and heated at 350 °C for 3 h. Finally, a black
coloured NiCo2O4 on CC was received and used as a bare
sample.

2.2.1 Synthesis of a Ru-SAC on NiCo2O4. Single-atom Ru
doping on the NiCo2O4 support was developed following two
steps. First, synthesis of the metal–carbonate hydroxide
complex on CC was established using 0.59 g of CoCl2$6H2O,
0.298 g of NiCl2$6H2O, and 0.225 g of urea in 30 mL water
followed by hydrothermal treatment at 110 °C for 10 h. Second,
the metal–carbonate hydroxide complex on CC was immersed
in a solution of RuCl3$xH2O (1 mL of 3 × 10−2 M or 10 mg
mL−1) for 10 minutes. Subsequently, it was removed from the
solution and subjected to drying at a temperature of 60 °C for
a period of 1 h. Further, the Ru3+ anchored onmetal–carbonate
hydroxide complex/CC was placed into a muffle furnace and
subjected to a temperature of 350 °C for 3 h. Following this
technique, a black coloured sample was developed on CC and
represented as Ru-SAC NiCo2O4 throughout the MS. To vary
the amount of Ru single atoms, various concentrations of
RuCl3$xH2O solution (5 mg mL−1 and 15 mg mL−1) were taken
and represented as Ru-NiCo2O4 (5 mg) and Ru-NiCo2O4 (15
mg). Other reaction parameters were unchanged during the
tuning of Ru amount.

2.3. Electrochemical measurements

For the electrochemical analysis, three electrode systems were
used. The electrolyte was 1.0 M KOH, and the electrodes were
made with the sample deposited (doped and undoped) on CC as
the WE, Ag/AgCl as the RE, and graphite rod as the CE. There
This journal is © The Royal Society of Chemistry 2024
was no additional polymer binder added during electro-
catalysis. To x the working electrode area (0.4 × 0.4 cm2),
insulated epoxy paste was applied to the sample-deposited CC.
In a xed area of 0.4 × 0.4 cm2, the catalyst loading of NiCo2O4

and Ru-SAC NiCo2O4 was 0.25 mg. All electrochemical analyses
were performed using the CHI604E instrument. During the
linear sweep voltammetry (LSV) analysis, a potential window of
−0.9 to−1.8 V for the HER and 0 to 0.8 V for the OER vs. Ag/AgCl
was used at a scan rate of 2.0 mV s−1, respectively. All results are
given relative to the RHE using the formula ERHE = EAg/AgCl +
0.0591 pH + E0Ag/AgCl. For electrochemical impedance spectros-
copy (EIS) analysis, bare NiCo2O4 and Ru-SAC NiCo2O4 were
used, and the onset potential was chosen as the execution bias
for data recording.
2.4. Computational details

First-principle calculations were carried out under the DFT
framework as implemented in the Quantum ESPRESSO
soware.29–31 The crystal structure for the cubic phase (Fd3m) of
NiCo2O4, as obtained from our X-ray powder diffraction data
under ambient conditions, has been optimized under the
“variable-cell relaxation” method within the Broyden–Fletcher–
Goldfarb–Shanno scheme.32–35 The projector augmented wave
(PAW) pseudopotential36 was considered for electron–ion
interactions and the exchange–correlation term of the pseudo-
potential was framed with the generalized gradient approxi-
mation (GGA) followed by the Perdew–Burke–Ernzerhof (PBE)
functional.37 The crystal structure of the system is allowed to
relax until the convergence criterion for the Hellmann–Feyn-
man force and total electronic energy attains ∼10−3 a.u. and
10−6 Ry respectively under ambient conditions. A gamma-
centered k-point mesh of 8 × 8 × 8 grid was further considered
for geometry optimization and self-consistent-eld (SCF)
calculations.

To understand the tenability in the electronic and optical
properties of the Ru-SAC NiCo2O4 system, a 2 × 2 × 2 supercell
of the bare NiCo2O4 crystal was constructed. A single Ru atom
was then doped by substituting either a Ni or Co atom of the
supercell to obtain the single atom Ru-SAC NiCo2O4 compound.
The valence electrons of Ni, Co, O, and Ru atoms were catego-
rized as plane waves with a kinetic energy cut-off of 60 Ry. A
denser k-point mesh of 20 × 20 × 20 grid was again taken into
account to estimate the electronic band structures (E–k
diagrams), total/orbital resolved projected atomic density of
states (TDOS/PDOS), optoelectronic parameters like dielectric
functions, and electron energy loss spectra (EELS) of the studied
systems. An optical broadening of 0.15 eV was included for
calculating the optoelectronic parameters referred to above.38–40

To precisely comprehend the electronic band gap (Eg) values of
bare and doped compounds, the on-site Coulomb interaction +
Udd = 4.30, 6.70, and 2.05 eV for the 3d orbitals of Ni and Co,
and 4d orbitals of Ru atoms respectively were incorporated into
the DFT calculations.41,42 The electrochemical reaction path-
ways for water splitting of the bare and doped systems were
calculated using the climbing image nudged elastic band
(CINEB) method, as accomplished in QE soware.
J. Mater. Chem. A, 2024, 12, 23819–23836 | 23821
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3. Results and discussion
3.1. Mechanism of formation

The detailed synthesis of Ru SAC anchored on the NiCo2O4

surface is given in the Experimental section. Pristine NiCo2O4 and
Ru-SAC NiCo2O4 samples were developed on the surface of CC via
a hydrothermal method followed by calcination. Urea was used as
a hydrolysing agent. The overall synthetic procedure for the
development of Ru single atoms on the NiCo2O4 surface is given
in Scheme 1. A metal–carbonate hydroxide complex was formed
as an intermediate in the hydrothermal step. Initially, CO3

2− and
OH− were formed aer the hydrolysis of urea, which further
reacted with the Ni2+ and Co2+ salts and formed a pink-coloured
metal–carbonate hydroxide (Ni1/3Co2/3)6(CO3)x(OH)y$H2O
complex.43 XRD analysis (Fig. S1†) was done to conrm the
formation of this intermediate complex. In the next step, this
intermediate was calcined at a high temperature (350 °C for 3 h)
to convert it into NiCo2O4. The single atom of Ru on the NiCo2O4

surface was synthesized without any change in the reaction
conditions except the metal–carbonate hydroxide complex was
immersed in ruthenium chloride solution prior to calcination. A
possiblemechanism for the reactions involved in the formation of
NiCo2O4 is as follows:

H2NCONH2 + H2O / 2NH3 + CO2

NH3 + H2O / NH4
+ + OH−

CO2 + H2O / CO3
2− + 2H+

2Ni2+ + 4Co2+ + xCO3
2− + yOH− + H2O /

(Ni1/3Co2/3)6(CO3)x(OH)y$H2O

�
Ni1=3Co2=3

�
6
ðCO3ÞxðOHÞy$H2O!O2

D
NiCo2O4 þ xCO2 þ yH2O

3.2. Structural characterization and compositional analysis

The crystallinity and phase purity of both single atom doped
and pristine samples are conrmed by XRD analysis. Fig. S2†
shows clear and prominent peaks for both samples, which
matched well with those of NiCo2O4 (JCPDS 00-020-0781). The
2q values for (111), (220), (311), (222), (400), (422), (511),
and (440) crystal planes appear at 18.90, 31.14, 36.69, 38.40,
44.62, 55.43, 59.09, and 64.98, respectively, with cell parameters
Scheme 1 Schematic representation for the synthesis of Ru-SAC NiCo2

23822 | J. Mater. Chem. A, 2024, 12, 23819–23836
a = b = c = 8.11 Å and space group Fd3m. All the peaks corre-
spond to the cubic phase of NiCo2O4. The broad peak observed
at around 25.13 is due to the CC. The values of 2q in the single-
atom doped Ru-SAC NiCo2O4 sample represent no signicant
shi, suggesting that substituting a single atom does not
signicantly alter the crystal structure of the material. The
diffraction pattern indicates that the synthesized material is
pure and free from any impurities due to the absence of any
other peak.

The morphology of both pristine and Ru-SAC NiCo2O4

samples is characterised by FESEM. Fig. S3a and b† show the
FESEM image of the bare sample at various resolutions. The
images reveal the presence of vertically grown nanoowers,
uniformly distributed across the carbon cloth. At low resolu-
tion, highly dense nanoowers are visible. The synthesized
nanoowers are extremely sharp and have a well-dened length,
with thickness ranging from 100 to 300 nm, according to
medium and high magnication FESEM images. The FESEM
images of the Ru-SAC NiCo2O4 sample at low and high resolu-
tions are shown in Fig. 1a and b which conrms the retention in
morphology with a rougher surface. The nanoower
morphology, which is evenly distributed and exhibits a rougher
surface, not only enhances the surface area of the electrode but
also promotes a more efficient interaction between the elec-
trolyte and the electrode. TEM analysis was performed to
conrm the morphology and crystallinity of both pristine
NiCo2O4 and Ru-SAC NiCo2O4 samples. The TEM images
(Fig. S4a and b†) of the pristine sample show a nanoower
morphology. The TEM (Fig. 1c and d) images of Ru-NiCo2O4

also show a uniform nanoower morphology.
To conrm the atomic dispersion of Ru species over the

NiCo2O4 support, HAADF-STEM mapping analysis was per-
formed. Fig. 1e and f show uniformly distributed bright spots
corresponding to the Ru species on the surface of NiCo2O4,
conrming the presence of individual Ru atoms. The elemental
identity of the Ru-SAC NiCo2O4 sample was further identied by
the mapping analysis. Electron energy loss spectroscopy (EELS)
was also performed for the Ru K-edge (Fig. 1g). Owing to the very
small amount of Ru single atoms, it was not detected in the
EELS analysis. The single atom Ru loading on Ru-SAC NiCo2O4

was determined by ICP-AES analysis, which conrms the
loading of Ru is 2.03 wt%, which is included in Table S1 (ESI†).

XAS was employed to delve deeply into the local atomic
structure and electronic environment of Ru doped atoms in the
Ru-SAC NiCo2O4 catalyst. Fig. 2a shows the normalized X-ray
O4 on CC.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Low and high resolution FESEM (a and b), TEM (c and d), and HAADF-STEM mapping (e and f) images of Ru-SAC NiCo2O4. (g) EELS
spectrum of the Ru single atom on the NiCo2O4 surface.
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absorption near-edge spectrum (XANES) of the Ru-SAC NiCo2O4

catalyst at the Ru K-edge, while the XANES spectra of Ru-foil and
RuO2 are also shown for reference. In a typical Ru K-edge
spectrum, peaks A and B refer to the dipole transition from
the 1s to 4p and 4f states, respectively, and represent the
oxidized and metallic states of Ru.44 Moreover, the peak inten-
sities (HA and HB) correspond to the unoccupied density of Ru
4p/4f orbitals (due to electron transition from adjacent atoms)
and the amount of surface oxygen chemisorbed, while the peak
widths are indicative of orbital hybridization. Given that the
high density of unoccupied orbitals is generally reported as
favourable for the electrocatalytic activity of catalysts,45–47
This journal is © The Royal Society of Chemistry 2024
therefore, compared to the Ru-foil, the higher white line
intensity of Ru-SAC NiCo2O4 suggests the highest density of
unoccupied orbitals and thus high performance in electro-
catalytic water splitting. Most importantly, the signicantly
higher threshold energy (E0) of Ru-SAC NiCo2O4 as compared to
Ru-foil (inection point (IP) is shied to higher energy) conrms
the depletion of the Ru-d band.48 The observed depletion in the
d-band, coupled with the signicant surface oxygen chemi-
sorption (reected in the high HA), are characteristic attributes
associated with single atoms. These traits strongly suggest the
Ru atoms are present in the form of single atoms in Ru-SAC
NiCo2O4. On top of that, the XANES Ru K-edge prole of the
J. Mater. Chem. A, 2024, 12, 23819–23836 | 23823
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Fig. 2 X-ray absorption spectroscopy of Ru-SAC NiCo2O4 compared with reference samples. (a) XANES, (b) FT-EXAFS spectra and (c) WT
patterns of Ru-SAC NiCo2O4 and the reference at the Ru K-edge. (d) XANES, (e) FT-EXAFS spectra and (f) WT patterns of Ru-SAC NiCo2O4 and
reference samples at the Ni K-edge. (g) XANES, (h) FT-EXAFS spectra and (i) WT patterns of Ru-SAC NiCo2O4 and reference samples at the Co K-
edge.

23824 | J. Mater. Chem. A, 2024, 12, 23819–23836 This journal is © The Royal Society of Chemistry 2024
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Ru-SAC NiCo2O4 displays broader curve features compared to
Ru-foil. Unlike the distinct oscillation characteristic of Ru
metal, the Ru K-edge of the Ru-SAC NiCo2O4 lacks such
patterns, indicating a lack of long-range order in the presence of
Ru single atoms alongside low atomic number substrate atoms.
Meanwhile, the position of inection point (IP) corresponds to
the oxidation state of target atoms. Unsurprisingly, the Ip of Ru-
SAC NiCo2O4 lies in between those of Ru-foil and RuO2, while
the absorption edge (A00) lies in between of peaks A (oxidized Ru)
and B (metallic Ru). These observations integrally conrm that
Ru single atoms are partially oxidized. Furthermore, a notice-
ably higher energy shi of the edge for Ru-SAC NiCo2O4, relative
to Ru-foil, is evident in the Ru K-edge XANES spectra, suggesting
a charge redistribution favouring a depletion of charge at the Ru
site compared to Ru metal. This positive E0 shi of Ru is
attributed to bonding between Ru atoms and Ni and/or Co
atoms on the substrate.

Fig. 2b shows the Fourier-transformed extended X-ray
absorption ne structure (FT-EXAFS) spectra of the Ru-SAC
NiCo2O4 and the reference samples at the Ru K-edge, while
the corresponding model simulated quantitative structure
parameters are listed in Table S2† and all the overlay tting
curves of EXAFS spectra are given in Fig. S5 (ESI†). Accordingly,
the Ru-foil shows a prominent peak D at 2.42 Å ascribed to the
Ru–Ru scattering path, while peak C corresponds to the Ru–O
bond pair in RuO2. The absence of Ru–Ru scattering and the
coordination number (CN) for the Ru–Ru bond pair (CNRu–Ru =

0) in the Ru-SAC NiCo2O4 spectrum (Table S2†) provide concrete
evidence for the formation of Ru single atoms in Ru-NiCo2O4.
The peak across 1.0–3.0 Å is the convolution results of Ru–Ni,
Ru–Co and Ru–O bond pairs with a CNRu–Ni = 6.83, CNRu–Co =

5.26 and CNRu–O = 2.10, respectively. The K-space curves of
EXAFS oscillation functions are given in Fig. S6.† On top of that,
the Ru-SAC NiCo2O4 exhibits a distinct peak prole as
compared to RuO2 in this region, conrming the partial
oxidation of Ru single atoms instead of oxide formation.

Since the wavelet transform (WT) patterns possess the
capability to distinguish backscattering atoms based on k-space
resolution and radial distance resolution, an analysis of FT-
EXAFS spectra at the Ru K-edge using WT was conducted to
corroborate the atomic dispersion of Ru.49 As depicted in
Fig. 2c, the absence of intensity maxima at 2.55 Å (corre-
sponding to the Ru–Ru bond pair in Ru foil) consistently
conrms the formation of single Ru-atoms in Ru-NiCo2O4. More
interestingly, the presence of intensity maxima at 1.3 Å (corre-
sponding to the Ru–O bond pair in RuO2) with lower intensity as
compared to RuO2 suggests the partial oxidation of Ru single
atoms. In addition, Ru-SAC NiCo2O4 exhibits two interference
patterns in the higher k-range which can be attributed to the
heteroatomic bonding of Ru with Ni and Co.

Further evidence regarding the elemental state of Ni is
conrmed by the Ni K-edge XAS analysis. As shown in Fig. 2d,
the three key features including the pre-edge R, position of
inection point (IP), and the white line intensity (HM), respec-
tively reveal the local symmetry around Ni-atoms, the oxidation
(valence) state relative to that of the reference sample and the
extent of the unoccupied state of the target atom. Accordingly,
This journal is © The Royal Society of Chemistry 2024
all the samples exhibit suppressed (compared to Ni foil) but not
attened pre-edge intensity (R), suggesting the distorted tetra-
hedral geometry of Ni-atoms in experimental samples. Mean-
while, compared to standard NiO, the suppressed HM (fewer
surface chemisorbed oxygen species) and higher energy shi of
IP for NiCo2O4 and Ru-SAC NiCo2O4 indicate the increased
valence (oxidation) state of Ni, which is obvious due to severe
electron relocation from Ni to Ru. Furthermore, as shown in
Fig. 2e, compared to the radiation structure function (RSF)
prole of NiO, the distinct peak proles of NiCo2O4 and Ru-SAC
NiCo2O4 conrm their different local coordination environment
of Ni. Such a scenario is obvious due to different heteroatomic
bonding in NiO and NiCo2O4. More interesting results are ob-
tained from WT patterns. As shown in Fig. 2f, the NiCo2O4 and
Ru-SAC NiCo2O4 exhibit nearly similar patterns in the lower k-
range, while an additional intensity maximum is observed in
the higher k-range of Ru-SAC NiCo2O4, that can be ascribed to
the bonding with Ru single atoms.

The local atomic structure of Co-atoms in the Ru-SAC
NiCo2O4 and reference samples was revealed by XAS analysis
at the Co K-edge. Fig. 2g shows the normalized Co K-edge
XANES spectra of experimental and standard samples. It is
given that the pre-edge (peak X) and the white line intensity (HG)
in the Co K-edge spectrum correspond to the local symmetry
around Co atoms and the density of unoccupied 4p orbitals,
respectively. Moreover, the position of the IP corresponds to the
oxidation state of Co-atoms. Similar to Ni-atoms, compared to
Co-foil, the Co2O3, NiCo2O4, and Ru-SAC NiCo2O4 samples show
suppressed but not attened pre-edge peaks, mainly possessing
distorted tetrahedral Co conguration. Meanwhile, compared
to the pre-edge of Ni K-edge XANES spectra, the pre-edge of Co
K-edge XANES spectra exhibits higher intensity, suggesting the
higher tetrahedral ratio of Co atoms. Such a scenario suggests
the distortion in the octahedral geometry of Co-atoms due to
the heteroatomic (Ni/Ru) bonding. Moreover, the local coordi-
nation environment of Co-atoms is elucidated by the model
analysis of FT-EXAFS spectra (Fig. 2h). Accordingly, both
NiCo2O4 and Ru-SAC NiCo2O4 share similar FT-EXAFS proles
and CNs for various bond pairs. Considering the nearly similar
WT patterns of NiCo2O4 and Ru-SAC NiCo2O4 (Fig. 2i), such
a scenario suggests that Ru single atoms are mainly positioned
on the surface of NiCo2O4 without disturbing the inner atomic
structure. In addition, the absence of intensity maxima at 2.01 Å
(corresponding to the Co–Co bond pair in Co foil) in the WT
patterns conrms the complete oxidation of Co in NiCo2O4 and
Ru-SAC NiCo2O4.

XPS was further used to ascertain the chemical state and
level of oxidation of each element present in both pristine and
single-atom doped samples. The XPS survey scan (Fig. S7a†) of
the pristine sample conrms the existence of Ni, Co, and O. The
deconvoluted XPS spectra of Ni 2p and Co 2p of pristine
NiCo2O4 are given in Fig. S7b and c,† respectively. Ni 2p spectra
were deconvoluted into two doubles and two shake-up satel-
lites. The binding energy (BE) values for the rst two peaks of
the Ni 2p3/2 spin–orbit state are present at 855.95 eV and
854.21 eV, conrming the existence of Ni2+ and Ni3+, respec-
tively. The rst satellite peak of Ni 2p3/2 is at 861.66 eV. Another
J. Mater. Chem. A, 2024, 12, 23819–23836 | 23825
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doublet peak of the Ni 2p1/2 state appeared at 873.59 eV and
872.07 eV, representing the presence of Ni2+ and Ni3+ states,
respectively. The remaining peak at 879.85 eV is due to other
shake-up satellites of the Ni 2p1/2 state. The deconvoluted XPS
data of Co 2p were tted with two spin–orbit doublets and two
shakeup satellite peaks. The binding energy value for the rst
two doublets of 2p3/2 appeared at 779.82 and 781.44 eV assigned
to Co3+ and Co2+, respectively. Two satellite peaks of Co 2p3/2
were observed at 785.11 and 789.57 eV. The doublet for the Co
2p1/2 state appeared at 795.09 and 796.87 eV, which are assigned
to Co3+ and Co2+, respectively. The remaining peak at 804.73 eV
is attributed to another shake-up satellite of Co 2p1/2. The BE
values of Ni 2p and Co 2p matched well with those reported in
Fig. 3 XPS analysis of the Ru-SAC NiCo2O4 sample: (a) survey spectrum
(e) O 1s.

23826 | J. Mater. Chem. A, 2024, 12, 23819–23836
the literature.50 The XPS spectra of O 1s (Fig. S7d†) show three
peaks: O1 (centered at 530 eV), O2 (531.53 eV), and O3 (532.92
eV). The peak at O1 is assigned to the metal–oxygen bond. The
peak at O2 is typically associated with oxygen vacancy or O–H
bonding, while the peak at O3 is caused by oxygen in absorbed
water. Yin and co-workers also reported the binding energy
values related to the lattice oxygen, oxygen vacancy, and oxygen
in absorbed water at similar positions.25

Furthermore, the presence of Ru and other ions in the Ru-
SAC NiCo2O4 sample was conrmed from XPS. The survey
scan (Fig. 3a) conrms the presence of Ru, Ni, Co, and O in the
sample. The deconvoluted Ni 2p XPS spectra are tted with two
nickel doublets and a pair of satellites. For Ni2+ the binding
, and deconvoluted XPS spectra of (b) Ni 2p, (c) Co 2p, (d) Ru 3p, and

This journal is © The Royal Society of Chemistry 2024
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energy appears at 855.81 (2p3/2) and 873.71 eV (2p1/2). The
binding energies centered at 854.1 (2p3/2) and 872.1 eV (2p1/2)
are due to Ni3+. The two satellite peaks appear at 879.86 and
861.6 eV (Fig. 3b). The Co 2p spectrum (Fig. 3c) is deconvoluted
into two distinct sets of spin–orbit coupling peaks (781.57 and
796.65 eV) that correspond to the Co2+ ions in the Co 2p3/2 and
2p1/2 states. The additional two sets for Co3+ are observed at
779.75 and 794.86 eV, corresponding to the Co 2p3/2 and 2p1/2
orbitals. Additionally, the satellite peaks appear at 784.04,
788.56 eV, and 804.1 eV for Co 2p3/2 and 2p1/2, respectively. The
shi in the binding energy values of Ni and Co 2p in the Ru-SAC
NiCo2O4 sample compared to the pristine sample indicates
a substantial electronic interaction between the Ru single atoms
and the support.51 The binding energy of Ru is 463.74 eV for Ru
3p3/2 and 486.0 eV for Ru 3p1/2, as shown in Fig. 3d. These values
are positioned between the binding energies of Ru(0) and Ru(IV),
and the higher oxidation state of Ru is consistent with the Ru K-
edge XANES analysis. Zhai and co-workers reported similar BE
for Ru on a Ni–Fe layered double hydroxide substrate.28 The XPS
spectrum of O 1s was deconvoluted into three peaks (Fig. 3e):
lattice oxygen (M–O) at 530.1 eV, oxygen vacancy or oxygen in
the hydroxyl group at 531.3 eV, and oxygen in adsorbed water
(O–H2O) at 533.1 eV. The binding energy of the O 1s XPS spec-
trum for Ru-SAC NiCo2O4 displays a positive shi compared
with that of pristine NiCo2O4, suggesting a signicant surface
oxygen chemisorption aer Ru single atom introduction. The
values of all the binding energies for NiCo2O4 and Ru-SAC
NiCo2O4 are tabulated in Table S3 (ESI†). Yin and co-workers
also reported a similar chemisorption phenomenon for Ir
single atoms with the oxygen vacancy of the NiCo2O4 surface.25

Ru atoms are present in a higher oxidation state in Ru-SAC
NiCo2O4, which can behave as a Lewis acid and withdraw elec-
trons from adjacent atoms. For both pristine and Ru-SAC
NiCo2O4, the ratio of (area under the curve) Ni2+/Ni3+ is calcu-
lated to validate the electron-pulling behaviour of Ru atoms. For
the NiCo2O4 sample, it is found to be 2.24. However, in the case
of the Ru-SAC NiCo2O4 sample, the ratio of Ni2+/Ni3+ is 1.88. This
decreased value of Ni2+/Ni3+ ratio suggests the increased valence
state of Ni present in the NiCo2O4matrix, which further indicates
the electron relocation between the single atom Ru and the Ni
atoms via strong electronic interaction. The ratio of Co2+/Co3+ for
NiCo2O4 and Ru-SAC NiCo2O4 samples was also calculated and
the values are 9.33 and 1.12, respectively. Therefore, a lower value
of the Co2+/Co3+ ratio aer single atom incorporation suggests
the increase in the Co valence state of the Ru-SAC NiCo2O4

sample, which further conrms the strong interaction between
the support atoms and Ru single atoms. Our group also reported
a similar phenomenon with an increased Ni2+/Ni3+ ratio aer
heteroatom doping.52 Therefore, the results obtained from XPS
are in good agreement with the XAS analysis.

4. Electrocatalytic performance
4.1. HER and OER study

The study of both HER and OER activity involves the use of
a three-electrode system using 1.0 M KOH solution as an elec-
trolyte. LSV analysis was conducted using a scan rate of 2 mV
This journal is © The Royal Society of Chemistry 2024
s−1 for all the materials. The evaluation of the electrocatalytic
activity of a catalyst depends primarily on the assessment of two
crucial parameters: onset potential and overpotential.

The HER performance of NiCo2O4 and 5% Pt/C supported on
carbon cloth was evaluated for comparison. As shown in Fig. 4a
and b Ru-SAC NiCo2O4 shows comparable HER performance
with that of 5% Pt/C and requires a low onset potential of
−0.075 V vs. RHE to generate 10 mA cm−2 current density. Bare
NiCo2O4 and 5% Pt/C have onset potentials of −0.332 and
−0.02 V vs. RHE, respectively to generate 10 mA cm−2 current
density. This improvement in the catalytic activity aer Ru
single atom introduction in the NiCo2O4 matrix should be
attributed to the presence of Ru single atoms. The generated
current density using bare CC is negligible in this potential
window. The LSV graph for the HER activity of other samples
synthesized with various concentrations of RuCl3$xH2O is given
in Fig. S8.† It can be observed from Fig. S8a† that the values of
onset potential of samples using 5, 10, and 15 mg mL−1 RuCl3
are – 0.088, −0.075, and −0.082 mV, respectively for the
generation of 10 mA cm−2 current density. So, efficient elec-
trocatalytic activity is observed using 10 mg mL−1 RuCl3 solu-
tion during the development of Ru single atoms on the NiCo2O4

substrate. Once we optimized the concentration of RuCl3 solu-
tion for Ru single atoms the dipping time of the metal–
carbonate hydroxide complex was varied to conrm any further
improvement in the electrocatalytic activity. However, the
change in the activity of samples was insignicant (Fig. S8b†).
Furthermore, the calcination temperature was also tuned and
optimized at 350 °C (Fig. S8c†). Therefore, the optimized Ru-
SAC NiCo2O4 shows maximum electrocatalytic activity in an
alkaline medium. Table S4 (ESI†) provides comparative infor-
mation with the relevant values for the HER reported in the
literature. The rougher surface of nanoowers and sharp tips
(FESEM and TEM analysis), coupling of Ru single atoms with
the metal oxide support to generate highly oxidized Ru atoms,
and increased valence state of Ni and Co atoms all together
leads to the higher electrocatalytic activity of the sample.

Furthermore, the mass activity is also calculated at a xed
potential of −0.2 V vs. RHE to further prove the enhanced HER
performance of the Ru-SAC NiCo2O4 sample over the pristine
one. The values of mass activity for pristine NiCo2O4, Ru-SAC
NiCo2O4 and 5% Pt/C are 1.61 A g−1, 53.54 A g−1 and 79.16 A
g−1, respectively. Ru-SAC NiCo2O4 has 34 times higher mass
activity than the pristine sample, indicating that it has high
electron exchange and transfer activity, which leads to higher
electrocatalytic activity.

To investigate the kinetics of the electrode material, EIS was
used. As shown in Fig. 4c, the Ru-SAC NiCo2O4 shows a smaller
charge transfer resistance of about 11.91 U, which is smaller
than that of pristine NiCo2O4 (26.93 U), implying the faster
charge transfer in the Ru single atom doped electrode. This
faster charge transfer reveals the close contact between the
electrolyte and electrode which leads to the faster electron
transfer. This can be attributed to the rougher surface aer
single atom doping, which facilitates more efficient interaction
between the electrode and electrolyte as well as faster diffusion
of the reactant. An equivalent circuit is drawn (inset of Fig. 4c)
J. Mater. Chem. A, 2024, 12, 23819–23836 | 23827

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta04284k


Fig. 4 (a and b) LSV analysis of blank CC, NiCo2O4, Ru-SACNiCo2O4, and 5% Pt/C for the HER, (c) Nyquist plots, and (d) Tafel plots of pristine and
single atom decorated samples. The inset of (c) represents an equivalent circuit for impedance. (e and f) LSV before and after 1000 cycles and
long-term stability plot at −0.1 V vs. RHE.
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that consists of solution resistance (RS), charge transfer resis-
tance (RCT), and a constant phase element (CPE). All the recor-
ded values for both samples are listed in Table S5 (ESI†). The
favourable electron transfer and reaction kinetics are conrmed
further by the Tafel slope values (Fig. 4d). The Tafel slope values
are calculated by using the standard Tafel slope equation (given
in the ESI†). The Tafel slope value of the Ru-SAC NiCo2O4

electrode is calculated to be 74.44 mV dec−1, much lower than
those of the bare NiCo2O4 (110 mV dec−1), indicating faster
kinetics in the HER. In an alkaline medium, the HER mecha-
nism involves two steps, Volmer–Heyrovsky or Volmer–Tafel,
according to the literature.53 The Tafel slope value and corre-
sponding HER pathways are given in the ESI.† The rst step of
water splitting in an alkaline medium is the dissociation of
water followed by the adsorption of H+ ions. Ru-SAC NiCo2O4

has a calculated Tafel slope value of 74.44 mV dec−1, indicating
a typical Volmer–Heyrovsky mechanism for alkaline HER and
23828 | J. Mater. Chem. A, 2024, 12, 23819–23836
implying that the H2O dissociation (Volmer step) rather than
the H2 desorption (Tafel step) is the rate-determining step.
During electrocatalysis, the presence of metal ions with
different oxidation states (Run+, Ni3+, Ni2+, Co2+, and Co3+) is
advantageous for the adsorption of the intermediate and the
desorption of H2 gas. Presence of a higher density of unoccu-
pied orbitals of Run+ ions due to the coupling of the Ru single
atom with the support atom is advantageous for electrocatalytic
activity. Moreover, a higher oxidation state and increased
concentration of Ni3+ (d7 system, more unlled d orbitals) in the
Ru-SAC NiCo2O4 sample, collectively enhances the activity.

To further investigate the superior performance arising from
the incorporation of Ru single atoms, electrochemically active
surface area (ECSA) was determined. Double layer capacitance
(Cdl) was subsequently calculated from the CV proles that were
collected in the non-faradaic potential region (Fig. S9a and b†)
at different scan rates. The double-layer charging current was
This journal is © The Royal Society of Chemistry 2024
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measured at a potential of 1.125 V and plotted against the scan
rate for both pristine and Ru-SAC NiCo2O4 samples (Fig. S9c
and d†). The value of Cdl was then calculated from the slope of
the resulting straight line; comparatively, the Ru-SAC NiCo2O4

exhibited a signicantly higher Cdl (2.01 mF) in comparison to
the bare NiCo2O4 (0.24 mF). The calculated ECSA values are
33.63 cm2 and 4 cm2 and the roughness factors are 210.18 and
25 for Ru-SAC NiCo2O4 and NiCo2O4, respectively. ECSA and
roughness factor indicate the intrinsic enhancement of catalytic
active sites aer the introduction of Ru single atoms. All these
parameters used to evaluate electrocatalytic activity, including
Cdl, Rf, ECSA, and mass activity, are listed in Table S5.† Stability
is a critical parameter to evaluate the performance of an elec-
trocatalyst. To check the stability of Ru-SAC NiCo2O4, 1000
consecutive LSV cycles were conducted (Fig. 4e). Remarkably,
the developed electrocatalyst exhibited robustness, as evi-
denced by the absence of any signicant change in both the
onset potential and current density values aer the completion
of the 1000 cycles. Chronoamperometry is checked for long-
term stability in addition to 1000 cycle stability, using
a current density of 160 mA cm−2. The constant current density
for Ru-SAC NiCo2O4 is shown in Fig. 4f and is stable for
a maximum of 50 h. Therefore, the developed single atom based
electrocatalyst is very robust and highly durable.

Inspired by the HER observation, we also carried out the OER
analysis for all the samples. The OER performance of the Ru-
SAC NiCo2O4 electrocatalyst was evaluated in 1 M KOH solu-
tion along with bare NiCo2O4, RuO2, and blank carbon cloth
Fig. 5 (a and b) LSV analysis of blank CC, NiCo2O4, Ru-SAC NiCo2O4, an
slope of bare and Ru doped samples.

This journal is © The Royal Society of Chemistry 2024
(CC). The LSV curve (Fig. 5a and b) displays that, for Ru-SAC
NiCo2O4, the anodic response increased sharply at an onset
potential of 1.51 V vs. RHE, whereas the onset potential values
for commercial RuO2 supported on CC and bare NiCo2O4 are
1.58 and 1.61 V, respectively to generate 10 mA cm−2 current
density. A histogram (Fig. 5c) is plotted at 1.65 V vs. RHE for
NiCo2O4, Ru-SAC NiCo2O4, and RuO2 that shows the superior
activity of Ru-SAC NiCo2O4. The mass activity was also calcu-
lated at a potential of 1.65 V vs. RHE to measure the improved
performance of the catalyst. The values of mass activity for
pristine NiCo2O4, Ru-SAC NiCo2O4, and commercial RuO2 are
29.22 A g−1, 73.54 A g−1, and 9.03 A g−1, respectively.

To understand the elevated activity of the Ru-SAC NiCo2O4

sample a CV analysis was performed and analyzed (Fig. S10†).
The CV curve is divided into three regions. Region (a) represents
the generation of *OH species. Region (b) consists of two
processes, which occur simultaneously, oxidation of Ni2+ to Ni3+

which is the active site for water oxidation, and the formation of
the O*, which is an essential intermediate that couples with one
OH− group to generate *OOH for oxygen evolution. Finally,
region (c) exhibits the coupling of O–O, which leads to the
generation of O2 at a higher potential. Notably, the oxidation
peak for the Ni2+/Ni3+ system for bare NiCo2O4 is at 1.35 V,
whereas the same value is reduced to a lower potential (1.31 V)
aer the introduction of Ru single atoms into the NiCo2O4

support (Fig. S10†).
This negative shi in the oxidation potential for the Ru-SAC

NiCo2O4 sample suggests that single Ru atoms make Ni2+ to
d RuO2 for the OER, (c) histogram plot at 1.65 V vs. RHE, and (d) Tafel
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Ni3+ formationmore feasible by promoting charge transfer across
the catalyst electrolyte interface. To gain insight into the reaction
kinetics for charge transfer, Tafel slope values are calculated. The
Tafel slope conrms the faster kinetics of Ru-SAC NiCo2O4 for the
OER, as shown in Fig. 5d. The Tafel slope value for the Ru-SAC
NiCo2O4 sample is 79.08 mV dec−1, while for NiCo2O4 and
RuO2 it is 88.92 and 176.66 mV dec−1, respectively. This result
suggests that adding a single Ru atom to NiCo2O4 can greatly
enhance electrocatalytic performance. A comparative table of
parameters including Tafel slope andmass activity values is given
in Table S6 (ESI†). The durability of the Ru-SAC NiCo2O4 elec-
trocatalyst for the OER is checked for 1000 LSV cycles along with
the chronoamperometry technique. The LSV curves show no
signicant change (Fig. S11a†) aer 1000 cycles. Further long-
term stability checked for 36 h (Fig. S11b†) reveals that the
catalyst is highly durable. Therefore, both the analyses demon-
strate the high robustness of the synthesized single atom catalyst.
4.2. Two-electrode setup for water and urea electrolysis

The superior activity of Ru-SAC NiCo2O4 for both hydrogen and
oxygen evolution reactions in an alkalinemedium inspired us to
design a cell for overall water splitting using Ru-SAC NiCo2O4 as
both the cathode and anode. The polarisation curve of the as-
prepared cell Ru-SAC NiCo2O4‖Ru-SAC NiCo2O4 in 1 M KOH is
shown in Fig. 6a. It requires 1.57 V to generate 10 mA cm−2

current density. To generate 50 mA cm−2 and 100 mA cm−2
Fig. 6 (a) LSV analysis of the two-electrode setup using Ru-SAC NiCo2

single atom on NiCo2O4 in 1.0 M KOH solution. (c) Comparative LSV for
NiCo2O4 cell. 1.0 M KOH was used during water electrolysis and 1.0 M K

23830 | J. Mater. Chem. A, 2024, 12, 23819–23836
current density, the same cell requires 1.74 and 1.86 V,
respectively. The electrocatalytic activity of the commercial
catalyst RuO2‖Pt–C cell is checked in the same potential
window. The onset potential required for the RuO2‖Pt–C cell to
reach 10 mA cm−2 current density is 1.79 V. To reach 50 mA
cm−2 current density the same cell requires 2.15 V. The dura-
bility of the as-designed cell was then assessed using chro-
noamperometry (Fig. 6b) at 1.57 V; there was no apparent
degradation aer 60 h, indicating excellent durability. Such
long-term stability again conrms the strong interaction of Ru
single atoms on the NiCo2O4 support, which prevents them
from aggregating during the electrolysis process. Furthermore,
FESEM, XRD, and XPS analyses were performed under post-
electrocatalysis conditions for the cathode of Ru-SAC NiCo2O4.
The nanoower morphology and rough surface nature of Ru-
SAC NiCo2O4 were retained aer electrocatalysis (Fig. S12a†).
XRD analysis shows (Fig. S12b†) clear and prominent peaks for
the samples, which matched well with those of NiCo2O4 (JCPDS
00-020-0781). All the peaks correspond to the cubic phase of
NiCo2O4. The well matched 2q values show there is no change in
the crystal structure of the sample under post electrocatalysis
conditions. The post-electrocatalytic XPS survey spectra
(Fig. S13a†) conrm the presence of Ru, Ni, Co, and O elements.
The deconvoluted Ni 2p spectra show two doublets along with
two satellite peaks (Fig. S13b†). The value of binding energy at
855.6 and 853.95 eV corresponds to Ni 2p3/2, while peaks at
O4 and standard sample and (b) chronoamperometric data of the Ru
both water and urea electrolysis using the Ru-SAC NiCo2O4‖Ru-SAC
OH + 0.5 M urea were used during urea electrolysis.

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Optimized crystal structures of (a) bare NiCo2O4, (b) type-I and
(c) type-II Ru-SAC NiCo2O4 compounds as obtained from the GGA-
PBE level of theory.
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873.75 and 879.46 eV appear for Ni 2p1/2. Co 2p deconvoluted
spectra show two doublets with three satellite peaks
(Fig. S13c†). Binding energy for Co 2p3/2 appeared at 781.47 and
779.66 eV while for Co 2p1/2 peaks appeared at 796.48 and
794.72 eV. Three satellite peaks appeared at 788.98, 784.54 and
803.5 eV for Co 2p3/2 and Co 2p1/2, respectively. For Ru 3p3/2 and
3p1/2 the peak positions also remain the same. Binding energy
corresponding to 3p3/2 and 3p1/2 appeared at 463.7 and
486.13 eV, respectively (Fig. S13d†). The peak position values for
O 1s appeared at 529.48, 531.17, and 533.05 eV corresponding to
lattice oxygen, oxygen vacancy, or oxygen in the hydroxyl group
and oxygen in adsorbed water, respectively (Fig. S13e†). There-
fore, all the binding energy values remain the same the pre-
electrocatalysis condition, which again strengthens the supe-
rior durability and robustness of the Ru single atom decorated
on the NiCo2O4 electrocatalyst.

Urea electrolysis, similar to water electrolysis is also carried
out by applying electrical current through an aqueous electro-
lyte containing urea, to produce CO2 at the anode side and H2

through the HER at the cathode side.54 The major difference
between urea electrolysis and water electrolysis is the oxidation
of urea at the anode takes place instead of the OER. It involves
two half-cell reactions (ESI†).55

It is well known that at the anode, slow kinetics of the OER
lower the total efficiency of water electrolysis. The theoretical
potential required for water electrolysis becomes 1.23 V
because of the slow OER kinetics. In this scenario, urea is one
of the suitable species to replace the sluggish OER by the urea
oxidation reaction (UOR) at the anode.56 Inspired by this idea
we have checked the activity of synthesized Ru-SAC NiCo2O4

for urea electrolysis. Primarily, the UOR was performed using
0.5 M urea in 1 M KOH solution at a scan rate of 2 mV s−1 using
a three-electrode setup. The synthesized Ru-SAC NiCo2O4

generates a current density of 10 mA cm−2 at a potential of
1.24 V vs. RHE, which required 270 mV less potential than the
OER, while for the pristine sample the onset potential is 1.33 V
vs. RHE (Fig. S14a†). To further conrm the improved effi-
ciency, EIS was performed. As shown in Fig. S14b,† the Ru-SAC
NiCo2O4 shows a smaller charge transfer resistance (RCT) of
about 17.29 ohm while for the pristine sample the value of RCT

is 59.94 ohm, and the lower value of RCT for the Ru-SAC
NiCo2O4 sample indicates the lower charge transfer resis-
tance. The activity of Ru-SAC NiCo2O4 was checked for overall
urea electrolysis in a two-electrode system. Compared to the
water electrolysis, the cell potential required to generate
a current density of 10 mA cm−2 for urea electrolysis is 1.41 V,
whereas, for water electrolysis, the value is 1.57 V (Fig. 6c). The
signicant decrease in the onset potential value is caused by
the faster anodic reaction than the water electrolysis. This
makes the urea oxidation reaction an effective strategy for
energy-saving H2 production.

5. Theoretical analysis
5.1. Crystal structures of bare and Ru-SAC NiCo2O4 systems

Under ambient conditions, the NiCo2O4 system exists in Fd3m
space group symmetry with space group no. 227. The optimized
This journal is © The Royal Society of Chemistry 2024
crystal structure of bare NiCo2O4, as attained from DFT calcu-
lations with the GGA-PBE level of theory, is shown in Fig. 7a.
The lattice parameters of the said compound have been
measured to be a = b = c = 8.15 Å which are in excellent
agreement with the experimental observation as reported else-
where.57 NiCo2O4 crystallizes to spinel geometry with Ni atoms
located at the corner of the edges of the unit cell and forms
several NiO4 tetrahedral arrangements. Co atoms on the other
hand are distributed at the centre of each octahedron in the
cuboctahedral cavities of the crystal and O atoms form corner
sharing distorted CoO6 octahedra.

Two possible models of Ru-SAC NiCo2O4 compound have
been formed by substituting a single Ru atom in the position of
either the Ni or Co atom inside the supercell geometry of the
NiCo2O4 system. The crystal structures of thesemodels, which are
referred to here as type-I and type-II, are shown in Fig. 7b and c.
From Fig. 7b and c, while the type-I model shows that a Ru atom
is doped by replacing a Ni atom in the tetrahedron environment,
the type-II structure on the other hand depicts the doping of a Ru
atom by substituting a Co atom in the octahedron arrangement.
The structural stabilities of type-I and type-II Ru-doped systems
have been estimated from their respective formation energy (DEf)
values which can be obtained using the following expression:

DEf = Edoped − Ebare (1)

where Edoped and Ebare represent the total energies of Ru-SAC
NiCo2O4 and bare NiCo2O4 compounds, respectively. The esti-
mated DEf values show that the type-II system exhibits smaller
DEf (∼−13.47 eV per atom) in contrast to its type-I counterpart
(DEb ∼−0.82 eV per atom). The minimum DEf (∼−13.47 eV per
atom) further suggests that the type-II model of the Ru-doped
compound is energetically most feasible compared to the
other systems under study. In this connection, it may be rele-
vant to mention that a single Ru atom has also been doped by
substituting the Ni atom on the surface of the NiCo2O4

compound. The crystal structures for (100), (010), and (001)
J. Mater. Chem. A, 2024, 12, 23819–23836 | 23831
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planes along the respective a, b, and c crystallographic direc-
tions of the Ru-SAC NiCo2O4 system are shown in Fig. S15.† The
associated DEf values for the (100), (010) and (001) planes of Ru-
SAC NiCo2O4 are estimated to be ∼−0.64, −0.69, and −0.64 eV
per atom respectively. These observations again indicate that
the type-II model of Ru-SAC NiCo2O4 shows the lowest DEf in
contrast to the DEf values for the (100), (010) and (001) planes of
the doped system. Therefore, the type-II Ru-SAC NiCo2O4

compound has been considered here as the model system for
further DFT calculations.
5.2. Electronic properties of bare and Ru-SAC NiCo2O4

compounds

In order to understand the electronic properties of bare and
type-II Ru-SAC NiCo2O4 compounds, the E–k diagrams of the
studied systems have been estimated along the G / X / L /

G / W high-symmetry direction and the results are shown in
Fig. 8A and B. From Fig. 8A, both the valence band maximum
(VBM) and conduction band minimum (CBM) of bare NiCo2O4

are localized at the G high-symmetry point in the Brillouin
Fig. 8 (A and B) Electronic band structures (left panel) and total density
orbital resolved projected atomic density of states for (a) bare and (b) Ru
dielectric functions for the studied compounds. (EF represents the Ferm

23832 | J. Mater. Chem. A, 2024, 12, 23819–23836
zone and result in a gap opening around the Fermi energy level
(EF). This observation primarily indicates that NiCo2O4 is
a direct band gap semiconductor with Eg ∼1.00 eV. The
calculated Eg value (∼1.00 eV) of the compound, so estimated
from the PBE+Udd level of theory, is in close agreement with
the experimentally determined optical band gap (∼1.34 eV) so
attained from the absorption spectrum.58 Interestingly, from
Fig. 8B, marked changes in the E–k diagram for the type-II Ru-
doped NiCo2O4 system have been found. A dense nesting of
electronic energy bands has been observed on EF in the E–k
diagram of the Ru-SAC NiCo2O4 compound (Fig. 8b), which in
turn suggests the metallic behaviour of the Ru-SAC NiCo2O4

system. The zero-band gap, as observed in the DFT calculation,
augments the electron transport probability and may enhance
the electrocatalytic performances of the single-atom
system.53,59,60

To understand precisely the contributions of atomic
orbitals linked with the electrocatalytic performances of bare
and Ru-SAC NiCo2O4 compounds, the TDOS and PDOS of the
systems have been estimated. The results are shown in Fig. 8.
From the right panel of Fig. 8A and B, clear asymmetries
of states (right panel) for bare and Ru-SAC NiCo2O4 compounds. The
-SAC NiCo2O4 systems. The associated (c) electron energy loss and (d)
i energy level. “Up” and “Down” denote the respective spin channels.)

This journal is © The Royal Society of Chemistry 2024
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between the up and down spin channels of TDOS have been
noticed. This result primarily reects the ferrimagnetic
behaviour of both bare and Ru-SAC NiCo2O4 systems with
magnetic moments of ∼4.10 and 3.32 mB respectively. The
magnetic moment of bare NiCo2O4, so estimated from the DFT
calculations with the PBE+Udd level of theory, is in close
harmony with the experimental ndings as reported else-
where.61,62 Moreover, while the absence of electronic energy
levels near EF has been observed in the up-spin channel of the
TDOS spectrum for bare NiCo2O4, the localization of electronic
energy states at EF has been found in the TDOS of the Ru-SAC
NiCo2O4 compound (Right panel of Fig. 8A and B). These
ndings again indicate the semiconducting/metallic behav-
iour of bare/doped systems, respectively. The associated
orbital resolved PDOS spectra of bare NiCo2O4, as illustrated in
Fig. 8a, reveal that both the top of the valence and bottom of
the conduction bands, ranging from −1 to 0 eV and 0 to +1 eV
respectively, originated mostly from the 3d orbitals of Co and
Ni atoms. From Fig. 8a, it is further observed that while the up-
spin channel of PDOS exhibits Co 3d orbital as the dominant
contributor, the Ni 3d orbital on the other hand shows a larger
relative weight in the down spin channel of the PDOS plot.
Interestingly, signicant alterations in the PDOS spectra of the
Ru-SAC NiCo2O4 compound, as depicted in Fig. 8b, have been
observed. From Fig. 8b, marked contributions of Ru 4d and Ni
3d orbitals have been noticed at EF on the up-spin channel of
the PDOS plot. Moreover, smaller contributions of the Co 3d
orbital have also been seen in the up-spin channel of PDOS for
a doped NiCo2O4 system. The down spin channel is however
attributed to Ru 4d and Co 3d orbitals, where the relative
weight of Ru 4d is higher than that of other orbitals in the
vicinity of EF. These observations as a whole indicate that Ru
doping plays an essential role in enhancing the electrocatalytic
performances of the Ru-SAC NiCo2O4 compound in agreement
with our experimental ndings (vide supra).

The electronic band structure is intrinsically correlated with
the optoelectronic properties of the materials.38–40 The corre-
sponding variations of electron energy loss function [L(u)] as
Fig. 9 Free energy as a function of the electrochemical reaction pathway
from the CINEB method.

This journal is © The Royal Society of Chemistry 2024
a function of incident electromagnetic wave energy of both bare
and Ru-SAC NiCo2O4 systems are shown in Fig. 8c. The L(u)
represents the energy loss of an electron due to inelastic scat-
tering of electrons when it moves inside the materials. The loss
function is also a measure of collective excitations of a system
and is mathematically expressed as:

LðuÞ ¼ 32ðuÞ
321ðuÞ þ 322ðuÞ

(2)

where 31(u) and 32(u) represent the real and imaginary parts of
the complex dielectric function. From Fig. 8c, the pronounced
peak of L(u) for the bare NiCo2O4 compound is observed at an
energy of ∼13.63 eV. The energy value (∼13.63 eV), which is
associated with maximum L(u), signies the resonant energy of
plasmons in the compound.63,64 However, the Ru-SAC results in
decreasing the peak height and shis the peak position of L(u)
towards a higher energy domain as observed in Fig. 8c. The
highest peak of L(u) for the Ru-SAC NiCo2O4 compound is
estimated at a plasma energy of ∼14.16 eV. Thus, the alteration
of the L(u) peak can be used to infer the response of doping the
bare system under study. Moreover, the plasma energy, where
L(u) attains a maximum value, is also correlated with 31(u) and
32(u) using the conditions 31(u) ∼ 0 and 32(u) < 1.63,64 The
associated variations of 31(u) and 32(u) as a function of elec-
tromagnetic wave energy for both systems are also depicted in
Fig. 8d. From Fig. 8d, while the 31(u) values of the bare and
doped systems reach 0 at energies of ∼11.90 and 13.58 eV
respectively, the 32(u) values on the other hand fall below 1 at
the respective energies of ∼9.81 and 10.43 eV.

5.3. Electrochemical reaction pathways for water splitting

To comprehend the electrocatalytic mechanism and active site(s)
for water splitting, the free energy as a function of reaction
pathway has been estimated for the Ni and Co atomic sites of the
bare NiCo2O4 system. Similar calculations have also been imple-
mented for the Ru site of the Ru-SAC NiCo2O4 compound. The
associated overpotential (h) values for Ni, Co, and Ru atomic sites
have been estimated in the electrochemical rate-determining step
s for the Ni, Co, and Ru sites of (a) HER and (b) OER activities, as attained

J. Mater. Chem. A, 2024, 12, 23819–23836 | 23833
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(RDS) in the reaction pathway. While the RDS of the pristine
NiCo2O4 compound is linked with the formation of H2 (O2) in the
HER (OER) process, the RDS of Ru-SACNiCo2O4 is associated with
the adsorption of hydrogen (oxidation of OH*) in the HER (OER)
mechanism.53,65–67 The results are illustrated in Fig. 9. FromFig. 9a
and b, the minimum h for the HER and OER are observed to be
0.028 and 0.163 eV respectively for the Ru atomic site of the doped
NiCo2O4 compound. Thus, the Ru site of the Ru-SAC NiCo2O4

systemmay be considered as the most pronounced active site for
water splitting. These results also suggest that the Ru single atom
on NiCo2O4 enhances the electrocatalytic performances in
comparison to its pristine counterpart.

Binding energy differences for hydrogen and oxygen inter-
mediates are linked with the h values of the HER and OER
pathways respectively.68 From Fig. 9a and b, the minimum
binding energy difference is found to be 0.028 eV (0.163 eV)
between the H+ + e and Hads + H+ + e (O* and OH*) interme-
diates of the Ru atomic site for the HER (OER) activity. The
minimum binding energies for hydrogen and oxygen interme-
diates again indicate that the Ru active site of the Ru-SAC
NiCo2O4 system is the most effective binding site for electro-
chemical water splitting. These observations collectively infer
that the single atom of Ru plays a major role in enhancing the
electrocatalytic activities of the doped compound in agreement
with our experimental ndings (vide supra).

6. Conclusion

To sum up, we have synthesised Ru single atoms stabilised on
a NiCo2O4 support through an easy-to-scale process that involves
a hydrothermal method followed by pyrolysis. XAS analysis
conrms the single-atom formation. The single atom Ru was
stabilised on the support matrix via coordinating with the
support atoms and formed Ru–O, Ru–Ni, and Ru–Co bonds.
Coordination of single atoms with the support matrix not only
stabilises the isolated Ru atoms but also increases the density of
unoccupied orbital, which favours the electrocatalytic activity.
The electron relocation from the Ru single atoms to the support
atoms also increases the valence state of Ni and Co, which further
strengthen the electrocatalytic activity. This overall synergistic
effect between the atoms of the support matrix and Ru (2.03 wt%)
eventually leads to improved performance. HAADF-STEM anal-
ysis further veried the atomic dispersion of Ru on the NiCo2O4

support without any aggregation of atoms. The synthesised Ru-
SAC NiCo2O4 shows excellent activity and stability for both the
HER and OER in alkaline medium with an onset potential of
−0.075 and 1.51 V at 10 mA cm−2 current density, respectively.
The activity of the synthesized sample was further checked in
overall water splitting, requires a cell potential of 1.57 V to
generate a current density of 10mA cm−2 with a durability of 60 h.
Such long-term stability proves that single atoms are successfully
anchored on a metal oxide support and do not aggregate during
the electrocatalysis. Further, by coupling the HER with the UOR
the potential required for H2 generation can be lowered by
160 mV compared to water electrolysis. The DFT results show the
zero-band gap of NiCo2O4 aer single Ru atom anchoring, which
shows themetallic behaviour of the Ru-SAC NiCo2O4 sample. The
23834 | J. Mater. Chem. A, 2024, 12, 23819–23836
associated overpotential values for each atom (Ni, Co, Ru) were
calculated and the lowest overpotential value of Ru represents the
most pronounced active sites compared to the others during
water electrolysis. Therefore, this work represents the effective
strategy of stabilization of a single atom on a suitable support,
which has a huge impact on energy conversion.
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