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! Single-step chemical vapor deposition of nickel thin film on porous nickel foam.

! Changing deposition time affects thin film microstructure.

! Investigation of nickel electrocatalyst for water oxidation in alkaline medium.

! Nickel film fabricated for 60 min exhibits remarkable oxidation activity.

! Nickel film electrocatalyst remains highly stable during electrochemical operation.
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a b s t r a c t

The oxygen evolution reaction (OER) is crucial for sustainable hydrogen production through

competitive water electrocatalysis. In this work, nanostructured nickel (Ni) thin films

deposited on porous nickel foam (NF) substrate are investigated for improved OER catalysis

in alkaline medium. The time-dependent fabrication of Ni thin films is achieved via aerosol-

assisted chemical vapor deposition (AACVD), which has shown promising impact on the

OER performance. Particularly, the nanoscale Ni@NF electrocatalyst after 60-min of depo-

sition showed outstanding OER properties including minimum overpotential of 285 and

423 mV to reach the current decade (10 mAcm"2) and even higher than 1000 mA/cm2,

respectively. The electrode exhibits a small Tafel slope with a value of 70 mV dec"1, a higher

TOF, a large electrochemically active surface area, better charge transport performance, and

long-term stability over 20 h of continuous operation without significant loss. This OER

catalytic activity for pristine Ni electrocatalysts is a significant milestone and is found much

better than the benchmark noble metal OER catalysts as well as many other well-known 3D

transition metal catalysts. The impressive OER performance is attributed to the synergic

effect generated between nanostructured-Ni and porous NF substrate, which enhances the

electrical conductivity of the designed catalysts. The low manufacturing cost, robustness,

and durability make this catalyst viable in solar energy conversion and storage applications.
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Introduction

Hydrogen is an efficient energy carrier with great potential for

clean and sustainable energy in future applications [1,2].
However, the sustainable and renewable character of
hydrogen mainly depends upon its production strategy.
Currently, hydrogen production is dominated by methane
steam reforming and coal gasification processes, which are
associated with significant CO2 emissions [3e5]. In addition,
the COVID-19 pandemic has shown the strain on centralized
oxygen delivery systems and the importance of portable and
reliable oxygen supplies [6]. To address these challenges,
electrocatalytic water splitting represents a promising alter-
native to achieve clean and pure hydrogen and oxygen

through two half-cell reactions called hydrogen evolution re-
action (HER) and oxygen evolution reaction (OER) [1,7,8].

The water splitting process mainly relies on OER as it
provides the necessary protons and electrons to achieve the
target reduction. However, the slower kinetics of OER is the
bottleneck of water electrolysis and is crucial to improve the
efficiency of the entire electrochemical conversion process
[9,10]. To accelerate the OER rate, highly active and conductive
platinum group (PGM)metals such as Pt, Ir, and Ru are used as
electrocatalysts, which make the water splitting process very
expensive and impractical for commercial-scale hydrogen

production [11e15]. The PGM electrocatalysts are inherently
capable of water oxidation under acidic/neutral environments
as these are the designated candidates for contemporary
polymer electrolyte membrane (PEM) electrolyzers. However,
the expensiveness and scarcity of these catalytic materials
has prompted the search for proficient electrocatalysts made
up of cheap and readily available elements as sustainable and
economically viable alternatives.

Electrocatalytic materials based on 3D transition elements
(Mn, Fe, Co, and Ni) have emerged as favorable choices to
PGMs for water oxidation processes [16e19]. In particular, Ni-

based electrocatalysts have become increasingly important
due to excessive electrical conductivity, high stability, and
corrosion resistance characteristics under alkaline condi-
tions [20,21]. Recently, a wide variety of advanced nickel
compounds have been explored for OER electrocatalysis, of
which some notable examples are discussed here. For
example, X. Yan et al. synthesized defects-rich nickel nano-
particles by a hydrothermal method and found that the
materials are better catalysts for the electro-oxidation of
urea compared to that of ordinary metallic nickel [22]. H. H.
El-Maghrabi and co-workers designed Ni/NiOeTiO2/rGO

nanocomposites on carbon cloth conductor by plasma-
enhanced chemical vapor deposition. The catalyst showed
high catalytic activities and long-term stability for electro-
catalytic water oxidation [23]. Nickel oxide nanoparticles
prepared by chemical precipitation method on graphite
planes [NiO/Gt] had performed urea oxidation in fuel cells at
significantly high rates [24]. Mesoporous NiO catalysts with
different morphology were synthesized by hydrothermal
methods, and the nanoplate-nanorod catalyst showed high
porosity and better electrocatalytic activity for OER than
other samples [25]. Highly porous and honeycomb-like

structures based on nickel oxide catalysts have been readily
electro-deposited onto multi-walled carbon nanotubes for
low overpotential water oxidation [26]. A Ni/C catalyst, pre-
pared by polyol method has been thoroughly characterized
and tested for the electro-oxidation of lignin and 2-
phenoxyethanol [27]. Also, nickel/nickel oxide on reduced
graphene oxide (Ni/NiO@rGO) [28], nickel oxide nanosheets
array on carbon cloth (NiO NA/CC) [29], nickel-nickel oxide
nanoparticles embedded in carbon nanofibers (NieNiO/C)

[30], assembly of selenium-doped nickel nanosheets [31], and
self-assembled nickel oxide nanoflakes [32] have been re-
ported as highly efficient catalysts for electrochemical water
oxidation.

Several general synthetic methods including sol-gel [33],
pulsed laser deposition [34], electrodeposition [35], sputtering
[36], and chemical vapor deposition [37] have been used to
fabricate Ni-based anodes with higher activity in OER catal-
ysis. Despite the excellent OER catalytic activity observed in
these studies, the synthesis involves multiple steps and hour-
long processing with serious deficiencies in reproducibility

and homogeneity, making them unattractive for large-scale
industrial manufacturing. Here, we report an accessible and
accelerated deposition route to developmetallic Ni films using
aerosol-assisted chemical vapor deposition (AACVD) tech-
nique, through which a batch of films with different thick-
nesses and morphologies can be produced in a very short
time. AACVD also allows the use of highly conductive and
porous metal substrates such as Fe, Ni, and Cu foams as
catalyst supports, which is advantageous for reducing resis-
tance between electrodes/electrocatalysts [38,39]. The nano-
materials developed directly on 3D conductive substrates

facilitate themass diffusion and surface catalysis. Notably, NF
with 3D porous structure is beneficial for electrolyte perme-
ation and bubbles release, along with the promotion of mass
transport for the reactants, which ultimately improves cata-
lytic activity [40e42]. In particular, metal-based supports can
directly contribute to improve the overall performance of
electrocatalysts. In the present work, metallic Ni films were
deposited on 3DNi-foam for 30, 60, and 120min and examined
for OER activity. The Ni@NF electrode prepared in 60 min
provided very high OER performance with an overpotential of
285 mV at 10 mA/cm and continued to perform the OER for

more than 20 h without significant loss.

Experimental

Preparation of metallic nickel electro catalysts

The preparation of Ni films was achieved using AACVD

equipment and method mentioned in our previous report [43].
Compared to previous work, two deposition parameters were
changed, namely, porous nickel foam (NF) was used as the
substrate material, and the deposition time was extended for
some longer time (~2 h). Whereas, precursor nickel (II) acety-
lacetonate (Ni(acac)2), deposition solvent (methanol), deposi-
tion temperature (500 #C) and carrier gas/flow rate (N2 gas
(150 cm3/min) remained the same. Films growth time intervals
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were 30, 60 and 120 min, and the thin film electrodes were

named as Ni@NF-30, Ni@NF-60 and Ni@NF-120, respectively.

Electrocatalyst characterization

Electrocatalytic Ni thin filmswere investigated through various
characterizations. X-ray diffraction (XRD) pattern was
measured using a Rigaku MiniFlex X-ray diffractometer (Japan)
with a Cu Ka1 source (g ¼ 0.15416 nm). Scanning electron mi-
croscope (SEM) JEOL JSM-6610LV (Japan) was used for

morphological characterization of the samples. The elemental
composition of the films was determined by energy-dispersive
X-ray spectroscopy (EDX, INCA Energy 200, Oxford In-
struments, UK). TEM measurement analysis was employed
using JEOL-JEM2100F, Japan, functioned at an accelerating
voltage of 200 kV. The specific oxidation and chemical states of
deposited nickel were determined by X-ray photoelectron
spectroscopy (XPS) performed on a Thermo Scientific Escalab
250Xi spectrometer equipped with a monochromatic Al Ka
(1486.6 eV) X-ray source of 0.5 eV resolution. For charge
correction, the data were calibrated against C (1s) random

carbon (284.8 eV) and the peaks were modeled with Casa XPS
software.

Electrochemical water oxidation investigations

Electrochemical water oxidation tests were performed in
1.0 M KOH electrolyte solution at pH 14. Typical cell with three
electrodes consisted of Ni@NF catalyst (working electrode),
Ag/AgCl (reference electrode), and Pt wire (counter electrode),

connected to a computer-controlled potentiostat INTERFACE
1010 E. All electrochemical measurements were performed in
a deoxygenated electrolyte aqueous solution at room tem-
perature. Polarization curves were recorded using linear
sweep voltammetry at a scan rate of 2 mV/s, as mentioned
elsewhere. All potentials here are converted to reversible
hydrogen electrodes (RHE) according to the Nernst equation:

ERHE ¼ EREF þ E0REF þ 0.059 (pH)

The overpotential is calculated according to the following
formula:

Overpotential (h) ¼ ERHE - 1.23

The Tafel slope is calculated from the linear region of the
polarization curve (where the Tafel region begins) using the
Tafel equation:

h ¼ b log j þ a

where “b” defines Tafel slope while “a” is constant.

Results and discussions

Structural properties of nanostructured nickel films

Metallic nickel (Ni) thin films deposited by AACVD on Ni-foam
substrate were characterized by XRD. Coincidentally, the

crystalline peaks of AACVD-deposited Nimerged into the XRD

peaks of Ni from NF. Three high-intensity peaks were
observed at the 2q positions of 44.7, 51.8, and 76.6# on the
respective reflective surfaces (111), (200), and (220), evidencing
the existence of a cubic-structured “metallic nickel” (PDF # 01-
077-8341) [43]. To verify this observation, AACVD experiments
were repeated on simple amorphous glass substrate. Fig. 1
shows the XRD patterns of these films, which are in perfect
agreement with the XRD results obtained on NF substrates.

The surface morphology of nickel deposited by AACVD on
NF substrates after a 30e120 min deposition process was
analyzed by scanning electronmicroscopy (Fig. 2). Bare NF has

a smooth and featureless texture, while showing well-defined
grain boundaries, as shown in low and high-resolution SEM
images in Fig. 2(a and b). The effects of deposition time from
30 to 120 min in the form of widely deposited material can be
seen in the low-resolution images (Fig. 2(c, e, g)). The corre-
sponding high-resolution images reveal details of the shape
and texture of the deposited nickel. The first 30 min of depo-
sition produced many nanoscale objects (Fig. 2(d)), which
continued to grow and transform into snowflakes like objects
as the sintering time was increased to 60 min (Fig. 2(f)). The
sintering effect became very apparent when the immediate

120 min deposition showed that the particles coalesced and
formed compact and dense patterns.

The change in morphology in such a short time is a
defining feature of AACVD, which provides a variety of
nanostructure designs and thicknesses and determines the
catalytic performance of each material towards better per-
formance [44,45]. Furthermore, the deposited species are
strongly bound to the NF, and the resulting thin-film elec-
trodes are easily used for electrochemical demonstrations

Fig. 1 e XRD overlays of cubic Ni thin films deposited by
AACVD on common glass substrates at different
deposition times of 30 min (red line), 60 min (green line)
and 120 min (blue line) while black line represents the bare
nickel foam pattern. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 2 e Low-resolution (left column) and high-resolution (right column) SEM images of Ni thin films deposited on nickel
foam at different deposition time: (a, b) 0 min, (c, d) 30 min, (e, f) 60 min and (g, h) 120 min.
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without further thermal or mechanical treatments. The

elemental composition of the nickel thin film catalyst was
investigated by energy dispersive X-ray (EDX) analysis and the
results are presented in Fig. S1. All EDX spectra show the
presence of only nickel element in these samples. No peak
associated with oxygen atom is observed, suggesting the for-
mation of pure metallic Ni in all three samples.

Further the morphology and crystalline structure of
Ni@NF-60 catalyst was analyzed by transmission electron
microscope (TEM). The size of nickel nano-flakes measured
from TEM micrographs (Fig. 3(a) and (b)), exist in the range of
20e40 nm and many nano-crystallites are stacked together.

The high-resolution TEM image (Fig. 3(c)), reveals the
numerous fringes on the surface of the nano-crystallite. The
inter-planar distance (d-spacing) measured from many
randomplaces is found to be constant (0.21 nm), which agrees
well with the d-spacing value (0.20 nm) observed for the 100%
intensity peak (111) of cubic phased “Ni” from XRD pattern. In
addition, the typical diffraction rings in the selected area
electron diffraction (SAED) pattern (Fig. 3(d)) demonstrate the
polycrystalline nature of the Ni thin film catalyst.

X-ray photoelectron spectroscopy (XPS) was used to
determine the specific oxidation and chemical state of nickel

deposited by AACVD. Consequently, nickel film deposited on
ordinary glass was used. Survey scan spectrum indicates the
presence of mandatory Ni element on the film surface
(Fig. 4(a)). Besides, multiple peaks originated from glass ele-
ments (Br, Sn, Na, Ba) have been observed and labelled
accordingly, as shown in Fig. 4(a). The high-resolution Ni 2p
spectrum is shown in Fig. 4(b), wherein the black curve in-
dicates the experimental data, which is further deconvoluted
and represented by multi-colored lines. The two sets of broad

signals, corresponding to Ni 2p3/2 (~853 eV) and Ni 2p1/2

(~870 eV), and two satellite peaks indicating, the zero oxida-
tion state of Ni [46,47].

OER electrocatalysis

The electrocatalytic OER performance of nanostructured Ni
films deposited on Ni-foam substrates (Ni@NF) was evaluated
in 1.0 M KOH electrolyte medium. Cyclic voltammetry (CV)
tests were primarily performed to observe the IeV behavior of

thin-film electrodes over a range of applied potential
(0.0e0.8 V vs. NHE). Initial CV experiments provide important
insights about the chemical and mechanical stability of elec-
trocatalysts under the applied electrochemical conditions.
Recent work has established that the continuous CV scans
develop high oxidative electroactive spices on the surface of
Ni based catalyst, which expedites the kinetics of water
oxidation reaction [48e51].

Initially, all three Ni electrocatalysts were activated by
conducting simultaneous fifty (50) CVs at the rate of 50 mV/s.
Bare NF was also tested in similar environment to observe its

contribution in the activation process. Fig. 5 (a)-(d) indicates a
comparative overview of 1st and 50th CV cycle of all Ni elec-
trocatalysts and bare NF. A significant improvement in CV
response can be seen as a result of repeated CV sweeps. In
particular, the 50th CV curve shows a high-amplitude anodic
peak at ~0.40 V vs NHE for all catalytic systems followed by a
steep catalytic current from water oxidation. Whereas, in the
cathodic run there is a broad peak centered at ~0.30 V, which
is assigned to the reduction of surface deposits formed in the
initial anodic scan. These redox peaks are relatively veryweak
in the 1st CV cycle. Repetitive CV scans show that the onset

Fig. 3 e TEM analysis of Ni@NF-120 catalyst: (a) Low-resolution and (b) high resolution TEM images. (c) HR-TEM at 10 nm
presenting the lattice fringes of Ni. (d) SAED showing the ring formation for a polycrystalline nature of Ni, while d1 and d2
correspond to the (111) and (200) hkl reflection planes, respectively.
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potential of water oxidation is shifted toward the cathode,

while the cathodic peak is shifted toward the anode. The
catalytic current density and the amplitude of the anodic peak
increasedwith the scan, indicating the growth of electroactive
fragrances on the film surface. However, in the case of bare NF
(Fig. 5(a)), the water oxidation current density is very low

compared to the nanostructured nickel deposition catalyst,

which confirms low activation of NF as a result of concurrent
CV scans.

Following CV experiments, linear sweep voltammetry
(LSV) or polarization curves were recorded for all electroactive
catalysts in 1.0 M KOH and at a scan rate of 2 mV/s. Fig. 6(a)

Fig. 4 e XPS spectrum of nickel film deposited on common glass substrate: (a) survey scan and (b) high-resolution
deconvoluted spectrum of Ni representing the zero oxidation state. The black line indicates the experimental data, while
multi-color lines show the fitted data. (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)

Fig. 5 e Electrocatalytic OER characterization of various Ni@NF catalysts and comparison of 1st and 50th continuous CV scan.
(a) Bare NF, (b) Ni@NF-30, (c) Ni@NF-60 (d) Ni@NF-120 in 1.0 M KOH electrolyte solution at a scan rate of 50 mV s¡1. The
corresponding insets show the anodic and cathodic peak behavior for each catalyst.
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shows the comparative LSV curves of all catalytic systems,

namely Bare NF, Ni@NF-30, Ni@NF-60 and Ni@NF-120. The
polarization curves definitely indicate the excellent OER per-
formance of the nanostructured Ni@NF catalyst deposited by
AACVD. In all three cases, water oxidation starts at a very low
onset potential (1.5 V vs. RHE), and thewater oxidation current
approaches the highest current density of >1000 cm"2,
reflecting the tremendous OER activity of the as-synthesized
Ni electrocatalysts. This behavior is highly favorable for OER
catalysts, which corresponds to a faster heterogeneous elec-
tron transfer progression at the active surface [52]. The bare
NF based catalyst showed only a small increase in current,

implying that NF contributed little to the catalytic activity, and
suggested that the nanostructured Ni film was mainly
responsible for the OER performance.

All electrocatalysts showed peak currents at between 1.35
and 1.40 V vs RHE due to the oxidation of Ni2þ to Ni3þ for
generation of NiOOH, which may be active intermediates for
OER (Fig. 6(b)). To avail 10 mA cm"2, the Ni@NF-60 catalyst
requires a minimum overpotential of 280 mV, while Ni@NF-30
and Ni@NF-120 require slightly higher overpotentials of
~300 mV. When comparing the catalytic performance at
1000 mA/cm2, Ni@NF-60 consumes less overpotential

(423 mV) than the other two catalytic systems that consume
506 mV overpotential, yet offer similar OER activity. Overall,
the OER performances of the nanostructured Ni@NF elec-
trodes are comparable to each other, which indicates that the

sintering effect and mass loading have very little influence on

the catalytic activity, and the synergistic effect of the nano-
structured AACVD-derived Ni and NF substrates in all three
cases prevails.

Tafel analysis was performed to evaluate the intrinsic ki-
netics of the developed electrocatalysts. As shown in Fig. 6(d),
the OER Tafel slope (73 mV dec"1) of the Ni@NF-60 catalyst is
significantly lower than that of Ni@NF-30 (96 mV dec"1),
Ni@NF-120 (101 mV dec"1) and bare NF (183 mV dec"1),
showing the improved oxygen evolution kinetics of Ni@NF-60.
The Tafel slope values for the 30-min and 120-min electrodes
are nearly identical, indicating comparable OER kinetics

behavior. As a comparison, Tafel slope values in alkaline
media for many well-known OER catalysts such as Pt [53] and
NiCo, CoCo-layered double hydroxides [54] are reported in the
range of 60e65mV/dec. For Ni-basedOER catalysis, Tafel slope
values above 60 mV/dec indicate the dominance of the elec-
troactive spice NiOOH, while higher slopes of 120 mV/dec
indicate that the adsorbed NieO is the catalytic surface pre-
dominant [55]. In this example, the nanostructured Ni in-
dicates the existence of kinetic conditions dominated by
adsorbed NiOOH, leading to higher current densities.

Further, EIS measurements were performed to reveal the

interfacial behavior and the intrinsic OER activity of the as-
synthesized Ni@NF electrodes. Fig. 7(a) shows the EIS
Nyquist plot, with smaller EIS arcs reflecting lower interfacial
charge transport barriers and better electrocatalyst

Fig. 6 e Electrocatalytic OER studies: (a) polarization curves of different Ni@NF electrocatalysts deposited in 1.0 M KOH
electrolyte solution. The curves are recorded at a scan rate of 2 mV/s for all the prepared samples. (b) Inflated view of part (a).
(c) Onset overpotential values for different as-developed electrodes. (d) Tafel plots and corresponding Tafel slope values for
bare NF and as-developed nickel catalysts on NF at distinctive deposition times.
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conductivity. Based on these criteria, the Ni@NF-60 electro-

catalyst exhibits lower elasticity and better charge transport
performance compared to the other two electrocatalysts, thus
showing leading OER activity. Moreover, Ni@NF-60 manifests
a smaller charge transfer resistance (Rct) value of 120 U.
Whereas, Ni@NF-30, Ni@NF-120 and bare NF show Rct of 320,
350 and 470 U, respectively (Fig. 7(a): Randles circuits are fitted
to study charge transfer resistance values, as presented in the
inset of Fig. 7(a)). Furthermore, turnover frequency (TOF) was
calculated to evaluate the intrinsic catalytic activity of these
electrocatalysts. The TOF value is derived from the following
formula:

TOF¼ j&A
4& F&m

In the above relation, j represents the current density and it
was measured at an overpotential of 350 mV in A cm"2). A is
the surface area of NF substrate (1 cm"2), F is the Faraday
constant (96,485 C mol"1) and m is the number of moles of
catalyst deposited on the NF substrate. The mass of as-
synthesized electrocatalysts Ni@NF-30, Ni@NF-60, and
Ni@NF-120 was 0.08, 0.23, and 0.46 mg, respectively. The TOF
values of Ni@NF electrocatalysts at different overpotentials
are directly calculated from the polarization curves, as shown
in Fig. 7(b). The TOF values measured at 350 mV for Ni@NF-30,
Ni@NF-60, and Ni@NF-120 are 0.05 s"1, 0.3 s"1 and 0.25 s"1,

respectively. The higher TOF value of the Ni@NF-60 electrode

differentiates it from other Ni@NF electrocatalysts for OER

with improved kinetics.
Since, Ni@NF-60 exhibited impressive OER activity and

kinetics, the long-term stability of the catalyst was further
tested to verify its suitability for large-scale applications. Long-
term electrolysis was performed by chronopotentiometry by
applying respective current density of 10 and 20 mA/cm2 for
20 h. Due to the applied current density, a stable linear
response was obtained, confirming the long-term stability of
Ni@NF-60 throughout the OER process. When 10 mA/cm2 was
applied, an overvoltage value of 300 mVwas initially observed,
which remained constant for the first 10 h.With the increase in

current density from 10 to 20 mA/cm2, the overpotential shif-
ted slightly from 300 mV to 312 mV and remained almost un-
changed for the next 10 h.

Robustness is a property that demonstrates the in situ
activation of the catalyst and the creation of an increasing
number of electroactive sites on the catalyst surface during
long-term OER testing under alkaline conditions. The results
also showed that the overvoltage remained almost constant at
the two distinctive applied current densities without any
obvious drop in its value. Likewise, no signs of deterioration or
detachment of the electrodes were observed in the long-term

stability test. This is one of the significant advantages of thin
film electrocatalysts over powder electrocatalysts; the catalyst
does not separate during electrochemical studies. Moreover,
Ni@NF-60 catalyst has capability to perform OER even at

Fig. 7 e Electrocatalytic OER investigations: (a) EIS Nyquist plots for different Ni@NF electrocatalyst and inset showing the
Randles circuit fitting. (b) TOF values of all Ni@NF systems extracted from corresponding polarization curves.
(c) Chronopotentiometry long term OER response of Ni@NF-60 catalyst conducted at two different applied current densities
of 10 and 20 mA/cm2. (d) Polarization curves of Ni@NF-60 catalyst before and after chronopotentiometric study.
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higher current density (1000 mA/cm"2) as depicted in chro-
nopotentiometry response provided in supplementary mate-

rial (Fig. S2). After long-term chronopotentiometry test, the
polarization curve of Ni@NF-60 electrode was re-evaluated
and compared with the response before the stability test, as
shown in Fig. 7(d). The polarization curve after the stability
test showed consistent behavior with its fresh form, indi-
cating the stable configuration of the electrode after long term
OER activity.

Moreover, electrochemically active surface area (ECSA) of
the best performing catalyst (Ni@NF-60) was calculated using
following relationship:

ESCA¼CDL

CS

Here, Cs implies the specific capacitance of the metal
electrodes which is reported to be 0.04 cm2 for alkaline elec-
trolyte [52]. To measure the double-layer capacitance (CDL),
continuous CVs of varying scan rates from 10 to 60 mV/s were
performed in non-Faradaic regions as shown in Fig. 8(a). The
current density (j) is directly proportional with the scan rate.
The CDL was determined by averaging the cathodic and anodic
slopes of the plots of the current versus scan rate, as shown in
Fig. 8(b). The ECSA of Ni@NF-60 is calculated to be 264 cm2.

TheOER activity of a catalyst is influenced bymany factors,
among which the structural property of the catalyst plays an

important role. The crystallinity or amorphization, porosity
and specific morphology define the structural character of the

catalyst. The difference in OER performance of as-synthesized
nickel electrocatalysts can be understood based on the SEM
morphology presented in Fig. (2). The better performance of
the Ni@NF-60 catalyst is attributed to the formation of
snowflakes like morphology (Fig. 2(f)), which are porous and
fluffy compared to other two analogs, Ni@NF-30 and Ni@NF-
60, with the former having an underdeveloped morphology
(Fig. 2(d)), while the latter have a dense and compact
morphology (Fig. 2 (d)). The porous structure adsorbs more
hydroxyl ions (OH") and the snowflake like structure of the
catalyst presents highly active catalytic sites that accelerate

the OER reaction kinetics, and thus high current density at
low-overpotential value is observed for Ni@NF-60 catalyst.

The OER performance of AACVD thin film catalyst is eval-
uated by comparing it with other Ni catalysts synthesized by
different methods as well as the commercially available noble
metal (Ir and Ru oxide) benchmark catalysts, as shown in
Table 1. The thin film catalysts prepared in 60 min of AACVD
process clearly demonstrates low overpotential to obtain
10 mA/cm2 and have ability to approach higher current den-
sity of 1000 mA/cm2. This ability is lacking in other catalysts.
The high OER activity is attributed to nanoscale features of Ni

deposited on the surface of porous nickel foam. Furthermore,
the synergy created between highly conductive nickel foam

Fig. 8 e Electrochemically active surface area (ECSA) measurements of Ni@NF-60 catalyst. (a) CV profiles measured at
different scan rates from 10 to 60 mV/s in the non-Faradic region. (b) Cathodic and anodic charging current measured at
1.17 V vs. RHE plotted as a function of scan rate for double-layer capacitance measurement.

Table 1e Comparative analysis of different nickel oxide thin films and noblemetal electrocatalysts prepared from different
procedures for water oxidation reaction.

Catalyst/System[a] Support Synthetic strategy Potential
[mV]@10 mA/cm2

Peak current
density mA/cm2

Tafel slope
[mV dec"1]

Ref.

Ni@NF-60 NF[b] AACVD[c] 285 >1000 73 This work
Mesoporous NiO NF Hydrothermal method 335 300 120 [57]
NiOx film NF Electrodeposition 375 >300 68 [58]
NiOx NF Sol"gel 358 >150 78 [59]
NiO NF Thermal oxidation 310 100 54 [60]
NiMoO4 NF AACVD 310 >175 82 [61]
IrO2 Glass carbon Commercial 301 >170 75 [62]
RuO2 NF Commercial 322 400 55 [63]
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and nanostructured nickel catalyst favors fast electronic

transport between electrode/electrocatalyst interfaces. The
simple and straightforward fabrication strategy adopted in
this work is highly attractive for the up-scaling of the elec-
trocatalyst. Thus, the low-cost nickel film obtained through
inexpensive AACVD using simple chemical precursor is
fascinating than the other synthesis approaches, where the
reproducibility and performance might be a challenge.

Moreover, the OER activity of the Ni thin-film electro-
catalyst was monitored several times and the results proved
to be reproducible and consistent. This is attributed to the
simple and easy-to-use AACVD approach, which has the

ability to replicate thin-film electrodes with similar structural
properties with high certainty. Post SEM/EDX analyses of the
Ni@NF-60 catalyst was performed to understand the
morphological and compositional changes due to long-term
OER testing. The SEM images (Fig. S3 (a)e(b)) showed the
preservation of nanoscale features on the catalyst surface. It is
worth noting that the catalyst was initially comprised of
metallic nickel only (Fig. S1) and had no oxygen, prior to the
OER. However, during the water oxidation process in 1.0 KOH,
catalyst, catalyst attained a significant amount of oxygen
(Fig. S3(c)), which is attributed to the oxidation of Ni to NiO.

This type of phase change has often been observed in the
earlier literature on electrochemical water oxidation [49,56].

Conclusions

In this study, a simple one-step chemical vapor deposition
process was developed to fabricate nanostructured nickel-
based thin-film electrocatalysts with convincing propensity
for water oxidation. The catalyst shows good oxygen evolu-

tion activity, exhibiting a low overpotential of 285 mV at
10mA/cm2 and a high current density of 1000mA/cm2 at 1.6 V
(overpotential of 423 mV). The as-developed nano-
electrocatalyst remained stable for at least 20 h. The low Tafel
slope of 73 mV/decade also indicates good kinetics for elec-
trocatalytic water oxidation. The results are important for the
development of non-precious metal catalytic materials for
solar water-splitting devices. The high activity and excellent
stability under favorable conditions suggest that more active
water oxidation catalysts can be obtained by modifying the
structure of the molecular precursors.
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