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Abstract: In the quest for sustainable energy solutions, the efficient production of oxygen and hydrogen through water oxidation has
emerged as a critical area of research The electrochemical water splitting can fulfill the future global energy demand by producing clean
and eco - friendly Hz. As the anodic oxygen evolution reaction (OER) of water splitting is kinetically sluggish and accompanied by the
input of extra overpotential, a low cost and highly efficient electrocatalyst must be developed for efficient OER activity. Herein, we have
explored a room temperature method for the S - doping in NiFeOOH nanosheets for the excellent OER activity. The S - doping in
NiFeOOH modulated the electronic structure, increases the number of active sites and improved electrochemical surface area enhancing
the OER activity. The S - NiFeOOH showed excellent OER activity and required only 200 mV overpotential to produce 50 mA cm -2
current density in comparison to un - doped NiFeOOH. Moreover, S - NiFeOOH exhibited 24 h chronoamperometric (CA) stability for

the Oz production at high current density.

Keywords: S - doping; ultrathin S - NiFeOOH nanosheets; electronic structure modulation; water splitting; oxygen evolution

Highlights

o Facile synthesis of NiFeOOH nanosheets at room
temperature.

« Doping of S in NiFeOOH nanosheets.

« Modulation of the electronic structure of NiFeOOH by S -
doping.

o Excellent oxygen evolution activity by S - NiFeOOH
nanosheets.

1. Introduction

The increasing global energy demand and environmental
problems can be solved by introducing electrochemical water
splitting as a sustainable energy conversion technology * 2.
The electrochemical water splitting leads to the formation of
H; and O by two half - cell reactions i. e. hydrogen evolution
reaction (HER) at cathode and oxygen evolution reaction
(OER) at anode, respectively *°. Generally, anodic OER is a
thermodynamically uphill reaction (input of 1.23 V vs RHE)
and follows sluggish kinetics due to the four electron and
proton transfer mechanism -°. In addition, a number of high
energy intermediates are generated during the reaction 1024,
As aresult, extra energy in form of overpotential is demanded
to overcome the sluggish kinetics and proceed the overall
water oxidation reaction.

In this regard, noble metal based RuO,, IrO, catalysts have
been well studied for electrochemical OER with good
catalytic activity 12, However, their large - scale practical
application is inhibited due to their high price and rare earth
abundance. Therefore, it is very challenging to develop an
efficient, cost effective, and stable OER electrocatalysts from

earth abundant transition metals. In recent years, first row
transition metal (Ni, Co, Fe, Mn) based catalysts such as
oxides, chalcogenides, phosphides, carbide and nitrides have
been explored for electrochemical OER due to their enhanced
catalytic activity and stability 22,

Recently, the studies have shown that transition metal - based
oxides, chalcogenides, phosphides and nitrides act as
precatalysts and undergo electrochemical reconstruction into
metal - (oxy) hydroxide [M (O) OH] active catalysts under
applied anodic potential in alkaline medium # 13 2% 2730, For
example, Indra et al. developed the cobalt phosphonate
(CoPy) on nickel foam and employed for the OER 3. The
CoP, was electrochemically transformed into layered Co (O)
OH under applied anodic potential, which was the real active
catalyst for OER 3L, The formation of active Co (O) OH was
established by in - situ X - ray absorption spectroscopy 4 32
3, The CoP, achieved 10 mAcm - 2 current density at an
overpotential of 240 mV for OER 3. Similarly, Hu et al.
prepared NiFeP electrocatalyst for electrochemical OER.
Interestingly, NiFeP was also converted into active NiFeOOH
catalyst under applied anodic potential during OER. The
catalyst showed superior OER activity at an overpotential of
219 mV to attain 10 mA cm -2 current density > 163438 The
active M (O) OH catalyst possesses high surface area, more
exposed active sites, good electronic conductivity and
improved charge and mass transfer to improve the OER
activity 6 11.35.39,

In this regard, several NiFe - based electrocatalysts such as
NiOOH, FeOOH, NiFeOOH and so on have been explored
for the excellent electrochemical OER activity “°*. For
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example, Hu et al. synthesized mixed phase FeOOH
electrocalyst by hydrothermal method for electrochemical
OER. The mixed phase FeOOH showed excellent OER
activity in alkaline medium and attained 10 mA c¢m -2 current
density only at an overpotential of 180 mV “L. Further, Zhang
et al. also reported Ni/FeOOH for OER at low overpotential
of 290 mV to achieve 50 mA cm - 2 current density. The
Ni/FeOOH showed improved OER activity due to improved
efficiency of charge transfer and mass diffusion to active
centers #. Similarly, Ma et al. prepared FeOOH nanosheets
on Ni - Foam for the enhanced OER activity in alkaline
medium. The synthesized catalyst attained 10 mAcm - 2
current density only at an overpotential of 235 mV .

Although several NiFe - based (oxy) hydroxide catalysts have
been reported for the electrochemical OER, their OER
activity is not up to the practical mark. Several strategies have
been employed to tune the electronic structure of metal - (oxy)
hydroxide active catalyst in which the heteroatom doping is
considered as an effective way to tune the structural and
electronic properties of (oxy) hydroxide improving the OER
activity 6, For example, Guo et al. prepared sulphur doped
FeOOH (S - FeOOH) by hydrothermal method and utilized
for the electrochemical OER. The S - doping was observed to
improve the OER activity as the required overpotential for
FeOOH was decreased from 294 mV to 254 mV after S -
doping to reach 50 mA cm -2 current density *°. The S - doping
optimized the binding energy for the adsorption of the
reaction intermediates to promote the OER activity % %°,

In another report, Li et al. synthesized nitrogen doped
NiFeOOH (N - NiFeOOH) catalyst for the electrochemical
OER. The N - NiFeOOH showed 243 mV overpotential for
10 mA cm -2 current density, lower than that of NiFeOOH
(287 mV) “, The DFT results showed that the N - doping

lowered the d - band centers promoting the adsorption of
oxygen intermediates “¢. The studies have revealed that the
doping of heteroatoms in electrocatalyst improves the
distribution of active sites, increases the electrochemically
active surface area and improves the oxygen diffusion in
active sites [51 - 53]. As a result, enhanced OER activity was
recorded at low overpotentials.

Inspired by the previous studies, an attempt has been made to
develop cheap and cost - efficient NiFe - based active catalyst
for the improved OER activity in alkaline medium. We have
prepared nickel iron - (oxy) hydroxide (NiFeOOH) catalyst
on nickel foam (NF) using solvothermal method at room
temperature. Further, sulphur doping has been performed to
develop S - NiFeOOH catalyst using similar conditions to
investigate the effect of S - doping in NiFeOOH (Figure 1).
Generally, NiFeOOH catalyst was prepared by the
hydrothermal method and the doping of heteroatoms was also
carried out hydrothermally at high temperature and pressure
49, In contrast, we have demonstrated S - NiFeOOH at room
temperature by galvanic deposition method (Figure 1, see
experimental section).

Interestingly, S - NiFeOOH required only 200 mV
overpotential to afford 50 mA cm -2 current density, lower
than that of un - doped NiFeOOH (240 mV). The S - doping
resulted in the lower Tafel slope indicating the faster OER
kinetics for S - NiFeOOH compared to the NiFeOOH.
Moreover, S - NiFeOOH showed chronoamperometric (CA)
stability for 24 h at high current density without no significant
loss in initial current. The improved OER activity, Kinetics
and stability were attributed to the modulated electronic
properties of NiFeOOH due to S - doping. The S - doping
optimized the binding energy for the reaction intermediates
promoting the facile O - O bond formation.
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Figure 1: Schematic illustration for the designing of S - NiFeOOH on nickel foam using simple solvothermal method at
room temperature.

2. Experimental Section
2.1 Activation of Nickel Foam (NF)

Nickel foam (NF) was cut into small pieces with the
dimensions of 1cm x 2cm. The pieces of NF were sonicated
into 1.0 M HCI solution under ultra - sonication for 15
minutes to eliminate the oxide layer and impurities from the
surface of NF. Afterwards, NF films were washed with
double distilled water several times. Further, the NF films
were dried in an air oven for overnight and used for the
preparation of the catalyst films.

2.2 Synthesis of NiFeOOH (NiFeOOH)

For the synthesis of NiFeOOH, 60 mmol of Fe (NOs) 3.9H,0
was dissolved into 5 ml of water in a glass vial to make
homogeneous solution. A piece of NF was dipped vertically
inside the solution and kept for 12 hours at room temperature.
Afterwards, the film was removed from the solution and
washed three times with double distilled water. As
synthesized NiFeOOH films was dried at 60° C in an air oven
overnight.

2.3 Synthesis of sulphur doped NiFeOOH (S - NiFeOOH)
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For the preparation of S - NiFeOOH, a homogeneous solution
was prepared by dissolving 60 mmol of Fe (NO3) 3.9H,0in 5
ml of H;O in a glass vial. Further, 20 mg of Na;S,03; was
added into the solution and stirred for 10 minutes. After that,
a fresh film of NF was dipped vertically inside the solution
and kept for 12 hours at room temperature. The film was
removed from the vial and washed with double distilled water
for several times. As synthesized S - NiFeOOH film was dried
for 12 hours in an air oven.

Similarly, the amount of Na;S:0s was also varied to
synthesize different S - NiFeOOH catalysts for the
comparison purpose. The S - NiFeOOH - 10 was prepared by
taking 10 mg of Na,S;Os while S - NiFeOOH - 30 was
synthesized using 30 mg of Na;S,0s.

3. Understanding S - Doping: What It Is and
How It Works

S - doping, or sulfur doping, is a fascinating modification
technique that significantly enhances the catalytic properties
of materials, particularly in the realm of layered double
hydroxides (LDHSs) like NiFe LDHs. At its core, S - doping
involves the intentional introduction of sulfur atoms into the
material's crystal lattice, which alters its electronic structure
and surface chemistry. This process can create new active
sites for catalytic reactions, effectively boosting the material's
reactivity and efficiency.

The mechanism behind S - doping is rooted in the unique
properties of sulfur. By substituting oxygen atoms with sulfur
in the hydroxide layers of NiFe LDHs, the electronic
configuration of the material is modified. This alteration can
lead to a reduction in the bandgap energy, facilitating easier
electron transfer during the water oxidation process. As a
result, the doped material exhibits enhanced oxygen evolution
reaction (OER) activity, which is crucial for applications in
water splitting and renewable energy production.

Moreover, S - doping can improve the stability and durability
of NiFe LDHs under operational conditions. The
incorporation of sulfur can help mitigate the leaching of metal

ions, ensuring that the catalysts retain their integrity over time.

This aspect is particularly critical in practical applications
where longevity and consistent performance are desired.

By understanding the principles of S - doping and its
implications for the catalytic performance of NiFe layered
double hydroxides, researchers can design more effective
catalysts for water oxidation. This innovative approach not
only unlocks the potential of existing materials but also paves
the way for the development of new, high - performance
catalysts that contribute to sustainable energy solutions. As
the quest for efficient and eco - friendly water splitting
technologies continues, S - doping stands out as a promising
strategy in the field of catalysis.

4. Mechanisms of Enhanced Activity through S
- Doping

The enhanced catalytic activity observed in S - doped NiFe
layered double hydroxides (LDHs) can be attributed to a

combination of electronic, structural, and thermodynamic
factors that work synergistically to optimize the water
oxidation process?* 46:46.:52.53 At the core of this enhancement
lies the introduction of sulfur (S) into the LDH structure,
which modifies the electronic properties of the catalyst and
creates new active sites that facilitate the oxidation of water.

One of the primary mechanisms driving enhanced activity is
the alteration of the electronic band structure due to S - doping.
Sulfur atoms can introduce additional electronic states within
the band gap of the NiFe LDHs, effectively lowering the
energy barrier for charge transfer processes. This results in
increased conductivity and improved electron mobility,
allowing for more efficient electron - hole pair generation
during the catalytic cycle. As a consequence, the kinetics of
the water oxidation reaction are significantly accelerated,
leading to higher overall reaction rates.

Furthermore, S - doping impacts the surface morphology and
stability of the NiFe LDHSs. The incorporation of sulfur can
lead to a more favorable arrangement of metal ions,
enhancing the structural integrity of the catalyst under
operational conditions. This stability is crucial as it ensures
sustained catalytic performance over extended periods,
minimizing deactivation and loss of activity.

Additionally, the presence of sulfur can modify the local
coordination environment of the metal centers, which plays a
vital role in the activation of water molecules. The unique
bonding characteristics of sulfur may enhance the adsorption
energy of water on the catalyst surface, promoting the
formation of reactive hydroxyl species that are essential for
efficient oxidation. This not only elevates the reaction rate but
also improves the catalyst's selectivity towards desired
products.

5. Electrochemical measurements

A single - compartment three - electrode electrochemical cell
was used for the electrochemical measurement in 1.0 M
aqueous KOH electrolyte (pH 13.8). The synthesized
catalysts[at]NF were utilized as the working electrode, Pt
wire as counter electrode and Ag/AgCl as reference electrode.
The 70% iR compensation have been performed during cyclic
voltammetry (CV) and linear sweep voltammetry (LSV). All
the potential measurements were expressed against reversible
hydrogen electrode (RHE). The equation used for potential
measurement was as -

E (RHE) = E (Ag/AgCl) + 0.197 + 0.059pH

Electrochemical impedance spectroscopic (EIS)
measurements have been recorded between the frequency
range 0.001 to 100, 000 Hz with the amplitude of 10 mV. In
Nyquist plot, semicircle’s diameter was utilized to measure
the charge transfer resistance (Rc). The chronoamperometric
measurement (CA) was carried out under a fixed applied
potential and presented without iR compensation. Tafel plots
were determined by potentiostatic measurements at that
potential where current density reached up to 10 mA cm -2,
The double - layer capacitance (Ca) was determined to
evaluate the electrochemically active surface areas (ECSAS).
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The CV experiment was performed to measure Cg at that
potential range where faradaic process was not observed.

6. Result and discussion

The formation of NiFeOOH was first confirmed using the
powder X - ray diffraction (PXRD) technique. The PXRD
pattern was indexed for the mixed phase of a - Ni (OH) »
(JCPDS No - 38 - 0175) and B - FeOOH (JCPDS No - 75 -
1594) for both NiFeOOH and S - NiFeOOH (Figure 2) . It
should be mentioned here that no extra peaks were generated
after S - doping indicating the formation of pure a - Ni (OH)
2and B - FeOOH phase.
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Figure 2. The PXRD pattern of Ni - PBA. The peaks were
well indexed for the Ni - PBA. All the diffraction peaks were
unambiguously assigned to the Hofmann - type Ni (H20) »
[Ni (CN) 4]. xH0 - PBA with a 2D layered structure, which
was also consistent with the reported literature. The # marked
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peaks were originated from the nickel foam. The X - ray
photoelectron spectroscopy (XPS) was used to investigate the
electronic state of the elements in the synthesized catalysts.
The Ni 2p XP spectrum of NiFeOOH was deconvoluted into
two peaks at 856.02 eV and 873.45 eV, corresponded to the
Ni 2psr2 and Ni 2pys, respectively 5 %6, The peaks at 855.31
eV and 857.03 eV were corresponded to Ni** and Ni®*
species, respectively. The comparison of Ni 2p XPS of S -
NiFeOOH indicated the positive shift of 1.65 eV in Ni 2pas
peaks towards higher binding energy compared to that of
NiFeOOH (Figure 3 - a) 5. This result suggested the presence
of more amount of high valent Ni** species in S - NiFeOOH
due to S - doping. Moreover, the shift of binding energy in Ni
2p XPS clearly demonstrated the modulation of the electronic
properties of Ni due to S - doping.

The Fe 2p XPS of NiFeOOH was deconvoluted into two main
peaks at 712.43 and 725.83 eV corresponded to Fe 2ps2 and
Fe 2pup, respectively (Figure 3b) 7. The peak observed at
712.18 eV was attributed to Fe®* species 8. The Fe 2p XPS of
S - NiFeOOH was also deconvoluted into two peaks at 712.41
eV and 724.94 eV for Fe 2ps2 and Fe 2pup, respectively
(Figure 3c) 575960,

The two peaks were fitted for S 2p XPS spectrum of S -
NiFeOOH at 163.88 eV and 161.34 eV for S 2p12 and S 2pap
respectively (Figure 3d) 2 6%, The XPS spectra of NiFeOOH
for O 1s was deconvoluted into two peaks at binding energies
529.30 eV and 531.57 eV corresponded to M - O bond and
surface —OH groups, respectively .. In O 1s XPS of S -
NiFeOOH, the peaks at 529.40 eV and 532.87 eV were
corresponded to M - O bond and surface —OH groups,
respectively. The peak for -OH group was shifted positively
by 1.30 eV compared to the NiFeOOH. This positive shift
also indicated the modulation of the electronic density around
the O - atom due to S - doping 39 62-64,
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Figure 3: The X - ray photoelectron spectroscopy (XPS) of (3a) Ni 2p XPS of Ni - PBA (3b). C 1s XPS of Ni - PBA (3c) N
1s XPS of Ni - PBA (3d) O 1s XPS of Ni - PBA
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7. Electrochemical Performance

The electrochemical properties of synthesized catalysts were
measured in 1.0 M KOH solution using a single -
compartment three - electrode electrochemical cell. In cyclic
voltammetry (CV) profiles of NiFeOOH and S - NiFeOOH, a
peak was appeared at ~1.35 V vs RHE, which indicated the
electrochemical oxidation of Ni?* in to Ni** under applied
anodic potential during OER (Figure S13) .

The S - NiFeOOH showed excellent OER activity and
achieved 50 mA cm - 2 current density only at 200 mV
overpotential in comparison to NiFeOOH (240 mV) (Figure
3a). Moreover, S - NiFeOOH exhibited excellent OER
activity compared to S - NiFeOOH - 10 and S - NiFeOOH -
30, which produced the same current density at the
overpotentials of 218 mV and 230 mV, respectively (Figure
S14). These results indicated that the S - doping drastically
enhanced the OER activity of NiFeOOH by reducing the
overpotentials. The S - NiFeOOH exhibited superior OER
activity compared to the noble metal - based RuO, catalyst
(Figure S15). Moreover, S - NiFeOOH was superior or
comparable OER catalyst than the other previously reported
nickel based catalysts and layered double hydroxides (LDHSs).
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The Tafel slope was utilized to determine the kinetics of the
catalysts for the electrochemical OER. The value of Tafel
slope for S - NiFeOOH was 48 mV dec -1, which was very
low compared to the NiFeOOH (98 mV dec %) (Figure 3b).
The results revealed that the S - doping fasten the reaction
kinetics of OER for S - NiFeOOH. The chronoamperometry
was carried out to investigate the stability of S - NiFeOOH.
The catalyst S - NiFeOOH showed the CA stability for 24 h
under applied anodic potential without negligible loss of
current density (Figure 3c). Initially, the current density was
decreased for few hours due to the activation of S - NiFeOOH
catalyst and further the current density was stabilized and
current became constant for 24 h.

The factors related to the excellent electrochemical activity of
S - NiFeOOH were further investigated. Firstly, the
electrochemical impedance spectroscopy (EIS) was
performed to evaluate the charge transfer properties. The
smaller radius of the semicircle in EIS plot indicated the lower
charge transfer resistance (Rct) of S - NiFeOOH compared to
NiFeOOH. The values of R for S - NiFeOOH and NiFeOOH
were calculated to be 0.50 Q and 1.23 Q, respectively (Figure
3d). The lower charge transfer resistance (Re) of S -
NiFeOOH was attributed to the S - doping, which increased
the electronic conductivity and charge transfer properties.
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Figure 2. (a) LSV profiles for the oxygen evolution reaction of S - NiFeOOH and NiFeOOH showing the improved OER
activity of S - NiFeOOH; (b) Tafel plots of S - NiFeOOH and NiFeOOH showing the lower Tafel slope of S - NiFeOOH; (c)
EIS plots of S - NiFeOOH and NiFeOOH indicating the lower R of S - NiFeOOH and (d) CA stability test of S - NiFeOOH

for 24 h at high current density.

The double layer capacitance (Caq) measurement was
performed to get the correlation of the electrochemically
active surface area (ECSA) of the prepared catalysts. The non
- faradic capacitive current related to double layer charging
was utilized to calculate the Cq. The S - NiFeOOH exhibited

the Cq value of 12.17 mF cm - 2, which was larger than
NiFeOOH (2.28 mF cm~2). The larger value of Cy indicated
the presence of more number of electrochemically available
active sites attributed to the S - doping. As a result, the OER
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activity was improved due to the greater tendency of water
adsorption.

For deep understanding of OER activity, we have determined
the number of active sites of the studied catalysts . The
reduction peak area integration method was utilized for the
evaluation of active sites. The S - NiFeOOH possessed larger
number of active sites compared to NiFeOOH. The number
of active sites in S - NiFeOOH and NiFeOOH were calculated
to be 6.97 x 10 and 1.97 x 108, respectively. The results
evidenced the high intrinsic OER activity of S - NiFeOOH in
comparison to NiFeOOH. The S - doping in NiFeOOH
resulted in the increment of the ECSA, larger number of
active sites, lower charge transfer resistance and enhanced
electronic conductivity

8. Conclusion

In conclusion, we have synthesized S - NiFeOOH on nickel
foam by simple solvothermal method for the efficient
electrochemical OER activity. The OER activity of S -
NiFeOOH was excellent as S - NiFeOOH achieved the
current density of 50 mA cm -2 at merely low overpotential of
200 mV compared to the NiFeOOH. The S - NiFeOOH
catalyst showed continuous O; production under
chronoamperometric condition for 24 h. The doping of S -
atom in NiFeOOH increased the ECSA and number of
electrochemical active sites, improved the charge transfer
properties and tuned the electronic structure, which resulted
in the enhanced OER activity. In summary, our work provides
an economic and rational design of heteroatom doped
NiFeOOH nanosheets at room temperature with efficient
OER activity. Our unique approach can be further extended
to develop active metal hydroxide - (oxy) hydroxide catalyst
with various metal combination.
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