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the potential of 1.75 V was required after long duration (100 h) catalysis. Overall analysis confirms the
cobalt iron phosphate thin films are outstanding and robust for the hydrogen production as clean renew-

able energy source.

© 2022 Elsevier Inc. All rights reserved.

1. Introduction

With the increase in demand of the energy, there is need to
increase the sources to generate it to fulfil our requirements. Fossil
fuels have biggest share in the energy generation in which coal, gas
and oil are prominent. These nonrenewable sources make serious
impact by emitting CO, and other hazardous gases which pollute
our benign environment [1-3]. Today, there is need to produce
energy from green and sustainable resources to avoid future crisis,
global warming and environmental pollution. It is interesting thing
that, there is rapid transition from non-renewable sources to the
renewable [4]. Solar, wind, hydrodynamic, etc. are popular renew-
able sources. Hydrogen is one of the source which has high poten-
tial to change the situation of energy demand and generation in a
future sustainable sector [5]. There are enormous techniques to
produce hydrogen, from which splitting of water by the application
of electricity (electrochemical) or solar radiation (Photochemical)
or electricity and solar radiation (photoelectrochemical) are effec-
tive ways |6,7]. Electrochemical water splitting is an effective tech-
nique to convert electrical energy into chemical in the form of
hydrogen with the help of proper catalyst electrode. Electrochem-
ical water splitting is the combination of two half-reactions as
hydrogen evolution reaction (HER) on the cathode and oxygen evo-
lution reaction (OER) on the anode. But these reactions are not
thermodynamically favorable. The theoretical potential needed to
initiate water splitting is 1.23 V. Practically we need to supply
some additional potential (called as overpotential) more than the
theoretical value due to the energy losses during energy conver-
sion [8,9]. Electrocatalysts play an important role in minimizing
the overpotential by providing active sites, easy charge transfer,
and high ion adsorption energy. To diminish the overpotential
and energy wastage during OER, there are some requirements of
a worthy electrocatalyst such as, high catalytic activity, greater
electrical conductivity, easy mass transport, unperturbed gas
release and satisfactory electrocatalytic stability [10].

At present, the state-of-the-art materials like platinum, ruthe-
nium/iridium and their oxides are extensively applied as the best
electrocatalysts with high efficiency [11-13]. But, because of their
inadequacy, expensiveness, high overpotentials for large current
densities and deprived stability, the marketable usage of these pre-
cious materials is not possible [14-17]. Many alternatives to the
noble metal catalysts have been discovered to minimize the cost
of catalyst material. Among the all non-noble electrocatalysts,
compounds of the first row 3d-orbital transition metals such as
oxides, hydroxides, nitrides, phosphides, phosphates, chalco-
genides, borides, etc. are highly attractive because of the superficial
conversion of their oxidation states, low cost and relatively high
activity [18-24]. Transition metal phosphate catalysts are promis-
ing for electrochemical water splitting who provides adsorption
and alleviating active sites. Moreover, simultaneously phosphate
ligands contribute the advantageous situations for electrolyte ion
adsorption and oxidation by disturbing native atomic configura-
tion. The phosphate ligands enable the oxidation of metal atoms
at the time of proton coupled electron transfer [10]. Cobalt iron
phosphate is one of the promising material for the water oxidation.
According to previous reports, it is clear that, amorphous materials
are electrochemically more active than well crystalline materials
synthesized at higher temperature, by the reason of huge number
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of coordinatively unsaturated sites and surface defects. Liu et. al.
[25] synthesized cross linked porous cobalt-iron pyrophosphate
by co-precipitation method which showed overpotential of
276 mV at 10 mA/cm? current density and around 30000 s
(8.33 h) OER stability. Tremella-like cobalt iron phosphate
nanosheets synthesized via microwave-assisted precipitation,
which delivered 94 % current density retention at constant water
oxidation with overpotential 267 mV at 10 mA/cm? current density
[26]. These reports revealed that there were powder coating tech-
niques used for the preparation of catalyst electrodes. It is worth
noting that, there is only a report of direct growth (binder free)
cobalt iron phosphate on Ni-foam for HER study [27]. Nickel foam
offers excellent conductivity as a substrate but itself shows cat-
alytic behavior in alkaline electrolyte. Cobalt doped iron phosphate
was synthesized and studied electrochemical water splitting by
our group [28]. At the doping concentration of 2.01 At%, low over-
potentials (266 mV for OER, 82.3 mV for HER and 2.04 V for overall
water splitting) were recorded. It is observed that, due to the lim-
itations in doping, there is limited increment in electrochemical
performance. On the other hand, it is advantageous to prepare
the composition of cobalt and iron in their proportion for the novel
morphology and the synergistic effect during electrochemical pro-
cesses. Still there is no any report for OER, HER and overall water
splitting by using cobalt iron phosphate thin films directly depos-
ited (binder free) on stainless steel (SS) substrates.

Herein, for the first time, binder free cobalt iron phosphate thin
films were synthesized on SS substrate via single step hydrother-
mal approach. As compared to other substrates like Ni-foam or car-
bon cloth, SS substrates have low cost, easy availability, high
electrical conductivity and most importantly the non-reactivity
in acidic or alkaline media. In the present work, the morphological
evolution due to change in compositional ratio of cobalt and iron,
and their effect on the electrochemical OER, HER, and overall water
splitting is studied. The synergistic effect, amorphous nature,
mesoporosity, submicrometric strips like morphology and the
transition to the higher electronic states of metals during catalysis
are witnessing the enhancement in electrochemical catalytic water
splitting process.

2. Experimental section
2.1. Materials used and substrate cleaning

For the preparation of cobalt-iron phosphate, the analytical
grade chemicals were used as CoCl,-6H,0, FeCl,, KH,PO,4, and urea
(CO(NH3),) purchased from Sigma-Aldrich. The as-purchased
chemicals were used for catalyst synthesis without further purifi-
cation. Before the preparation for reaction, SS substrates were sys-
tematically washed. The 1 cm x 6 cm pieces of SS were polished by
very fine zero grade polish paper and rinsed with laboratory soap
solution and double distilled water (DDW) severally. After wash,
substrates were transferred to the solution of ethanol and water
and ultrasonicated for 20 min.

2.2. Synthesis of cobalt iron phosphate thin films

A facile and binder free hydrothermal method was used to syn-
thesize cobalt iron phosphate thin film electrodes on SS substrates.
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The solutions were prepared separately in 50 ml double distilled
water by dissolving 0.1 M KH,PO,, 0.1 M urea and the mole percent
ratio was varied for CoCl,-6H,0 and FeCl,. The prepared individual
solutions were mixed together and stirred at room temperature for
30 min to became it homogenous. After stirring, the solutions were
transferred to Teflon lined SS hydrothermal bombs. The thoroughly
cleaned SS substrates were kept vertically in the solutions and the
bombs were sealed tightly. Hydrothermal bombs were then kept in
laboratory oven and temperature maintained at 130 °C for 14 h.
After completing the reaction time, the reactions allow to cool nat-
urally and the films were removed, washed by means of double
distilled water twice to remove loosely bonded material particles
and dried in ambient temperature. The synthesized cobalt iron
phosphate thin films were named as CFP-H2, CFP-H3 and CFP-H4
for the ratios of Co:Fe as 75:25, 50:50 and 25:75, respectively.
For comparison, the cobalt phosphate was prepared by keeping
ratio of Co:Fe as 100:0 named as CFP-H1 and the iron phosphate
was prepared by keeping ratio of Co:Fe as 0:100 named as CFP-H5.

2.3. Characterizations

From Rigaku Miniflex 600 X-ray diffractometer using Cu-Ko tar-
get radiation (4 = 1.5406 A), the XRD patterns of the materials were
collected in 20 range from 5 to 80°. Molecular vibrational analysis
was performed by FTIR spectroscopy using alpha (II) Bruker spec-
troscope in the wavenumber range 400 to 4000 /cm. XPS con-
ducted for electronic state information using X-ray photoelectron
spectrometer (XPS, Thermo Scientific Inc. K-alpha) having microfo-
cus monochromatic radiations of Al Koo X-ray. Compositional and
surface morphological characteristics were carried by EDS and
Field Emission Scanning Electron Microscopy by FESEM, JEOL
JSM-6500F. The surface analysis was carried by Belsorp Il mini
via N, adsorption-desorption isotherms.

2.4. Electrochemical characterizations

Entire electrochemical characteristics carried on ZIVE MP1 elec-
trochemical workstation using typical three electrodes electro-
chemical cell configuration. The as-deposited samples and
platinum strip act as a working and counter electrodes. As a refer-
ence, saturated calomel electrode (SCE) was used. The OER was
studied in 1 M KOH having pH equals to 13.7 and HER in 1 M
H5PO,4 having pH equals to 1.5 and 1 M KOH electrolyte solutions.
Voltages were transformed form SCE to reversible hydrogen elec-
trode (RHE) by using the equation Egyr = Esce + 0.059x%
pH + 0.241, where Egyg is the potential in terms of RHE and Escg
is the potential in terms of SCE. CV curves were recorded to mea-
sure ECSA in the potential window 1 to 1.15 V vs RHE at different
scan rates. The polarization curves were recorded by LSV at 1 mV/s
scan rate in the potential window 1.05 to 1.75 V vs RHE (for OER)
and 0.33 to —0.85 V vs RHE (for HER). The Tafel plots were obtained
by the equation # = a + b x loglj|, where, a is intercept, b is the
slope and j is current density. The electrochemical impedance
spectroscopy (EIS) was studied by applying 10 mV AC amplitude
in 0.1 MHz to 100 mHz frequency range. Long term catalytic stabil-
ity studies were accomplished by chronoamperometry (CA) test at
overpotentials. Further, overpotential (V) values were calculated
for OER by subtracting the thermodynamic potential for OER
(1.23 V) from the observed potential in terms of RHE. Using two
electrode system, full cell elecrolyzer was made where deposited
material electrodes were used as both an anode and cathode. The
electrochemical behavior of the cell was studied by polarization
curve and impedance measurements before and after long term
overall water splitting performed by chronoamperometry in alka-
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line bath using PARSTAT 3000A-DX (AMETEK Scientific Instru-
ments USA).

3. Results and discussion
3.1. Reaction mechanism

Growth mechanism for film formation is mainly divided into
two types. In ion-by-ion mechanism, growth of materials takes
place by deposition of ions on the substrate surface at the nucle-
ation sites. On the other hand, in cluster-by-cluster mechanism,
adsorption of colloidal particles leads to formation of nuclei and
aggregation and coalescence facilitates the growth of thin film
[29]. Synthesis of cobalt-iron phosphate was accomplished using
superficial hydrothermal method on SS-substrates. Fundamentally,
the stages of solution reaction are the nucleation, coalescence and
growth of particle from liquid to solid phase formation which is
nothing but the bottom-up approach. There are two classes of par-
ticle development such as heterogeneous and homogeneous nucle-
ation followed by successive crystal growth. In homogeneous
growth, the particle seeds formed within the solution and pro-
duced the precipitation of material. On the other hand, in heteroge-
neous growth, the nucleation of particle seeds formed at the
substrate surface and consequently development of uniform mate-
rial is possible.

Cobalt-iron phosphate synthesized by hydrothermal method
with the variation of concentration ratio of cobalt and iron. The
hydrolyzing agent used for the reaction is urea (CO(NH,),) along
with the precursors cobalt (II) chloride (CoCl,-6H,0), iron (II) chlo-
ride (FeCl,), and potassium dihydrogen orthophosphate (KH,POy,).
At optimized reaction temperature (130 °C), water dissolved urea
gets decomposed into ammonium hydroxide (NH,OH) with the
release of carbon dioxide (CO,). Following reaction gives decompo-
sition of water dissolved urea:

CO(NH,), + 3H,0 — 2NH,OH + CO, (1)

The formation of ammonium hydroxide in the reaction bath
increases the pH of the solution to alkaline which further com-
plexes the metal ions as:

CoCly.6H,0 + FeCl, + 2NH40H — [Co(NH3)]*" + [Fe(NH3)]*"

+8H,0 + [4CT'] 2)

Simultaneously, KH,PO, gets decomposed into the dihydrogen
phosphate ion as:

KH,PO, — [K*] + [H,PO,] (3)

The amine cations of cobalt [Co(NH5)]*> and iron [Fe(NH3)]* get
reacted with the phosphate anions [H,PO3] and starts the nucle-
ation of cobalt iron phosphate.

X[Co(NH3)]*" + (3 — x)[Fe(NH3)]*" + 2[H,P0O,]

— CoyFe;_y(PO,), +3NH; 1 +2H, 1 (4)

The growth of cobalt-iron phosphate at the molecular stage take
place with heterogeneous nucleation on the surface of SS-
substrate. The superior and even thin layer of cobalt-iron phos-
phate forms by the growth of nuclides through coalescence. At
130 °C reaction time, the SS substrates get covered with uniform
coating of material within the optimized reaction time.

3.2. Structural, morphological and elemental analysis
The structural properties of cobalt-iron phosphate at different

compositional ratio, cobalt phosphate, and iron phosphate synthe-
sized on SS-substrate which were examined by XRD analysis and
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Fig. 1. Structural information of the cobalt iron phosphate catalysts: XRD
patterns of hydrothermally synthesized cobalt iron phosphate thin films on SS
substrates.

presented in Fig. 1. It is observed that, the cobalt phosphate (CFP-
H1) show crystalline nature. The diffraction peaks at 20 = 10.8°,
13.26°, 26.7°, 35.6°, and 69.8° can be indexed to (001), (020),
(121), (231), and (291) planes, respectively corresponding to
Co3(P04),-4H,0 (JCPDS card no. 34-0844). The similar crystalline
nature was reported earlier for cobalt phosphate by Katkar et al.
[30]. The peaks marked with *** are the diffraction peaks of SS sub-
strate. As the small amount of iron was introduced (CFP-H2), the
diffraction peaks of Co3(PO4),-4H,0 disappeared. The all other
cobalt-iron phosphate at different compositional ratio, and iron
phosphate materials are showing amorphous nature. The amor-
phous materials may give the large surface area and high electro-
catalytic active sites which are favorable for water molecule
adsorption and decomposition into O, and H,.

Fig. 2 gives the Fourier transform infra-red spectra of the pre-
pared materials which reveals the intermolecular bonding and
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Fig. 2. Intermolecular bonding information of the cobalt iron phosphate
catalysts: FTIR patterns of hydrothermally synthesized cobalt iron phosphate thin
films on SS substrates.
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their vibrational modes. Absorption peak at 599 /cm reveals the
asymmetric bending vibrations of PO4 bonding. It is observed that,
as iron content increases absorption of the peak goes on increasing.
The increase in peak intensity may be due to the coordination
interaction between iron and phosphate molecules. The asymmet-
ric stretching vibrations are observed by the sharp absorption at
1048 [cm [31]. Very small absorption band at 1361 /cm is assigned
to the vibration of the CO, molecules raised from urea [32]. The
hydrogen bonding in the interlayer is observed by the pair of small
absorption peaks at 2857 /cm and 2921 /cm. Broad range at higher
wavenumber around 3450 [cm is attributed to the stretching
vibrations of the O—H molecules from the structural water. The
FTIR result revealed that, there are phosphate and hydrous content
present in the synthesized cobalt iron phosphate materials.

Material surface area, pore structure and pore size distribution
of the cobalt phosphate (CFP-H1), cobalt iron phosphate (CFP-H3)
and iron phosphate (CFP-H5) samples were studied by the N,
adsorption/desorption isotherm and Barrett-Joyner-Halenda
(BJH) method. The adsorption-desorption isotherms of the samples
as shown in Figure S1(A) belongs to BET and isotherm of type-IV
shape representing the mesoporosity and large adsorption energy
[33]. With the 8.93 m?/g, 11.86 m?/g, and 4.45 m?/g specific surface
area of CFP-H1, CFP-H3 and CFP-H5, respectively, sample CFP-H3
shows highest specific surface area. This result underscores the use-
fulness of addition of iron into the cobalt in the escalating the sur-
face area of the material. The lower surface area for CFP-H1 and
CFP-H5 samples can be attributed to the observed dependence of
surface area on the uneven overgrowth of crystals into a particle
size distribution which is further observed in the FESEM images,
and final Ostwald ripening which tends to the blocking of pores.
The pore size distribution curves of the materials are calculated
from Barrett-Joyner-Halenda (BJH) method shown in Figure S1
(B). Figure illustrates the pore sizes of the samples range from 5
to 15 nm, confirming the mesoporous structure of the synthesized
materials and the average pore sizes are 10.64 nm, 6.12 nm, and
10.65 nm corresponding to CFP-H1, CFP-H3, and CFP-H5. The large
specific surface area and small pore size can improve the elec-
trolyte-electrode interface area, and huge number of electroactive
positions for the ~OH species adsorption and mass transfer, which
may lead to enhanced electrochemical properties of the material.

For the analysis of valance electronic states existing in the ele-
ments of the synthesized material, XPS measurement was con-
ducted. XPS spectra of CFP-H3 are presented in Fig. 3. In the
survey scan spectrum, the occurrence of phosphorus, oxygen, iron
and cobalt elements are observed as presented in the Fig. 3(A).
The spectrum of Co2p given in Fig. 3(B) depicts the existence of
prominent peaks as Co2ps, at 781.66 eV and Co2p;, at
797.29 eV and the alongside satellite peaks at 785.57 and
802.80 eV, correspondingly. It is confirmed from peaks position that
the detected Co element has Co®* electronic state [34,35]. Also for
the Fe element, the main peak Fe2ps/, positioned at 710.93 eV
and Fe2p,, positioned at 724.45 eV (Fig. 3(C)) and have composed
by two distinct peaks at 710.48 and 712.58 eV. Also, the peaks at
724.13 and 725.67 eV conforming Fe>* and Fe?* states in prepared
sample. As shown in Fig. 3(D), the high resolution part of P element,
P2p is composed of two diverse peaks, P2psj; at 132.93 eV and
P2p,2 at134.08 eV which are accredited to the metal phosphate
(P—O—M) bond and phosphate group (P—0) related to P>* oxidation
state in phosphate series [36,37]. The O1s main peak is composed of
three distinct peaks located at 529.58, 530.98 and 531.78 eV as
shown in Fig. 3(E). The deconvoluted peaks (529.58 and
530.98 eV) denote the M—0O and P—O bonding in metal, oxygen
and phosphorus and the peak at 531.78 eV corresponds to surface
adsorbed water molecules [38].

Topographical change with the composition variation of cobalt
and iron is observed by FESEM and shown in Fig. 4. Images at dif-
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ferent magnifications (1kX, 10 kX, 20 kX) showed that, as the com-
position varies from CFP-H1 to CFP-H5, the morphology varies
from microchips (CFP-H1) (Fig. 4(A-C)) to micrometric cubes and
pyramids (CFP-H5) (Fig. 4(M-0) followed by submicrometric
strips having nanometric thickness (CFP-H3) (Fig. 4(G-I)). As iron
introduced (CFP-H2), microchips get turned into microplates with
thickness ~300 nm and length ~1.5 pm (Fig. 4(D-F)). As further
increase in iron to equal contribution of cobalt (CFP-H3), thickness
of the microplates reduced to ~45 nm, width becomes ~380 nm
and length becomes ~0.8 pm. For the sample CFP-H4, iron concen-
tration exceeds and surface starts to convert into large and
agglomerated grains (Fig. 4(J-L)). Whole area covered with grains
having size ~3 to 4 pm and some agglomerated large particles with
size ~9 um. For sample CFP-H5, it is observed that, large particles
(~10 to 20 pm) made from the agglomeration of submicrometric
pyramids distributed over the surface. The corresponding
microstructures are formed by the aggregation of amorphous
nanoparticles, and similar amorphous microstructures have
reported previously [39,40].

Morphological observations revealed that, cobalt phosphate
(CFP-H1) and iron phosphate (CFP-H5) materials have large parti-
cle size and smaller surface area. These observations are associated
with N, adsorption/desorption isotherm (BET analysis). On the
other hand, cobalt-iron phosphate (CFP-H3) material have smaller
microplates with nanometer thickness reveals enormous surface
area and hence huge number of electrochemical active sites for
water molecule adsorption and oxidation which is advantageous
to water splitting application. The rate of reaction influenced by
the composition of cobalt and iron caused the morphological evo-
lution from microchips to microplates and microstrips and further
pyramids [41].

Chemical compositional analysis was made with the help of EDS
analysis associated with FESEM. The elemental mapping is plotted

in Figure S2(A-E). The EDS spectra evidenced that, the hydrous
cobalt-iron phosphate consisted of cobalt, iron, phosphorus, and
oxygen elements without any other impurity. The atomic percent-
age ratios of cobalt to iron are 100:0, 74.62:25.38, 48.24:51.76,
22.99:77.01, and 0:100 for CFP-H1, CFP-H2, CFP-H3, CFP-H4, and
CFP-H5, respectively. Also, it is observed that, approximately con-
stant phosphorous and oxygen atomic percentage is found in all
samples, only difference is observed in the cobalt and iron atomic
ratio and it is quite similar to experimental ratio. As shown in
Table S1, as per the synthesis ratio, the atomic percentage of cobalt
in the prepared material decreases and atomic percentage of iron
increases. Atomic percentages of P and O are tabulated, which
reveals that, in all samples P and O are in 1:4 proportion which
confirms the formation of phosphate (PO3") rather than pyrophos-
phate (P,0%") and triphosphate (P3073). The observed atomic ratios
are very close to the experimental molar ratios of the materials.
From the EDS analysis, it is confirmed that synthesized materials
are cobalt iron phosphate at different molar ratio of cobalt and
iron, and it is responsible for morphological evolution.

3.3. Electrochemical catalytic performance analysis

The electrochemical catalytic performance of the materials may
influence by the composition of metals (cobalt and iron), therefore
we optimized the atomic percentage of cobalt and iron to choose
the best catalyst. In order to confirm the hypothesis, the electrocat-
alytic oxygen and hydrogen evaluation activities were investigated
in terms of OER, HER and overall water splitting. The cobalt phos-
phate, cobalt-iron phosphate and iron phosphate materials were
electrochemically examined to split water in the forms of OER
and HER in basic and acidic electrolytes, correspondingly. The best
performing sample was further characterized for overall water
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Fig. 4. Surface morphological study of the cobalt iron phosphate catalysts: FESEM images at different magnifications of (A-C) CFP-H1, (D-F) CFP-H2, (G-I) CFP-H3, (J-L)

CFP-H4, and (M—0) CFP-H5.

splitting and long duration stability by making full cell electrolyzer
for their commercial application.

Before going to study electrocatalysis in terms of OER and HER,
it is important to measure electrochemically active surface area
(ECSA) of the prepared materials. ECSA is directly related to the
double layer capacitance (Cy;) of the material. To measure Cy, cyclic
voltammograms were recorded for each electrode in the small
potential range with the open circuit potential (OCP) is at the mid-
dle of that window, where Faradic reactions not occurred. Fig. 5(A-
E) shows the CV curves of the electrodes recorded at different scan
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rates. Cy is calculated by plotting the anodic charging currents (i)
at OCP of each CV curve against the scan rate by the equation:
ic = Z/Cdl (5)

Where, v is the scan rate. It yields a straight line with slope
equals to Cy as shown in Fig. 5(F). The plot reveals the values of
Cy are 0.42, 1.93, 3.31, 2.52, and 0.28 mF for CFP-H1, CFP-H2,

CFP-H3, CFP-H4, and CFP-H5 thin film electrodes, respectively.
The ECSA were further calculated by the equation:
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Fig. 5. Electrochemical active surface area (ECSA) analysis of the cobalt iron phosphate catalysts: The CV curves of (A) CFP-H1, (B) CFP-H2, (C) CFP-H3, (D) CFP-H4, and
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ECSA = Cy/C; (6)

Where, C; is the general specific capacitance of an atomically
smooth planar surface of the material per unit area under identical
electrolyte conditions. Typically, general specific capacitance Cs in
alkaline solution is 0.04 mF [42]. The highest ECSA calculated is
82.75 cm? for CFP-H3 electrode. In contrast, other electrodes show
quite fare values such as 10.55, 48.25, 63, and 7.05 cm? for CFP-H1,
CFP-H2, CFP-H4, and CFP-H5 electrodes, respectively. Also, the
roughness factor (RF) is an index which gives the electrocatalytic
interface texture and can be calculated by dividing the ECSA with
the geometric area of the electrode in contact with electrolyte. In
this study, we use 1 cm? area of the film to measure electrochem-
ical activities. Hence the RF values are 10.55, 48.25, 82.75, 63, and
7.05 for CFP-H1, CFP-H2, CFP-H3, CFP-H4, and CFP-H5 electrodes,
respectively. The relatively large RF indicates the high electrocat-
alytic sites for exposing with electrolyte and favorable diffusion
kinetics for the reactants. The electrode CFP-H3 demonstrate very
high ECSA and RF than the other electrodes are consistent with
the BET surface analysis.

To study OER activity of the prepared material electrodes, the
linear sweep voltammograms (LSV) were recorded at 1 mV/s scan
rate in the potential range 1.05 to 1.75 V vs. RHE as shown in Fig. 6
(A). The nature of the all LSV polarization curves is similar and con-
tinuous increase in current density with change in cobalt to iron
ratio from 100:0 to 50:50. By the LSV curves, it is confirmed that
most electrochemically active material composition is 50:50 (sam-
ple CFP-H3). Sample CFP-H3 requires exponentially lowest overpo-
tential of 251.9 mV to deliver 10 mA/cm? current density
suggesting outstanding oxygen evoluting catalyst. In contrast,
other materials CFP-H1 (300.8 mV), CFP-H2 (298.9 mV), CFP-H4
(295.1 mV) and CFP-H5 (298.9 mV) exhibited considerably high

726

overpotentials to reach the current density of 10 mA/cm? as com-
paratively shown by bar diagram in Fig. 6(B).

When the catalyst has higher OH™ ion attraction to adsorb at the
surface and to form an intermediate, O, molecule formation at the
catalyst surface becomes easier. If those intermediate states forma-
tion is faster, then the reaction steps are rate determining. The
reaction rate kinetics for OER was determined by the Tafel slope,
which can be obtained by plotting applied potential against the
logarithmic current density at the shoot-point of current density.
The Tafel plot is shown in Fig. 6(C) which reveals the Tafel slope
is 39.3 mV/dec for the electrode CFP-H3, is lower than 45.7 mV/
dec (CFP-H1), 43.9 mV/dec (CFP-H2), 41.5 mV/dec (CFP-H4), and
44.7 mV/dec (CFP-H5). It indicates that, highly efficient reaction
kinetics at CFP-H3 electrode surface and the OER reaction process
is faster. The EIS plot has shown that there is much smaller charge
transfer resistance (R.;) to CFP-H3 electrode (Fig. 6(D)). The fitted
R values are 0.58, 0.342, 0.088, 0.671, and 0.663 Q for CFP-H1,
CFP-H2, CFP-H3, CFP-H4, and CFP-H5 electrodes, respectively. It
reveals that, easy charge transfer process is one of the reason for
low overpotential.

Catalytic stability is crucial criteria to evaluate the electrode
material for long term usage as OER or HER catalyst. The
chronoamperometric test at constant overpotential to achieve
10 mA/cm? current density was further studied for 24 h. The stabil-
ity test plot is shown in Fig. 7(A) which reveals that, initially mate-
rial activated continuously hence, current density becomes almost
double and for the further time period, material delivers constant
current up to 24 h. It is observed that, during the catalysis, material
become catalytically more active and shows enhanced perfor-
mance. It may be due to the involvement of Co?*, Co®* and likely
Co*, and similarly Fe?*, and Fe>* oxidation states in the redox
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cycles of active centers [43]. From the stability test, it is concluded
that, the CFP-H3 is favorable for long duration catalysis with
enhanced performance. The comparative LSV plot before and after
24 h catalysis is shown in Fig. 7(B), which discloses that overpoten-
tial decreases from 251.9 to 250 mV and current density increases
rapidly when applying higher potential. Inset figure shows the
change in Tafel slope from 39.3 to 35.2 mV/dec after catalytic sta-
bility. The EIS was performed after stability test and it is observed
that, the R, decreases from 0.088 Q to 0.037 Q (Fig. 7(C)). The fit-
ted EIS parameters are tabulated in Table S2.

Another half reaction of water splitting is nothing but the
hydrogen evolution reaction (HER). Theoretically HER require O V
potential vs RHE, although it is more favorable in acidic media.
The polarization curves were recorded in the potential range 0.32
to —0.85 V vs RHE as shown in Fig. 8(A). All LSV curves show iden-
tical nature, rapid and steeper current increase with increase in
potential. The overpotentials measured at 10 mA/cm? current den-
sity for all electrodes as 282.57, 202.93, 55.50, 152.25, and
368.01 mV for CFP-H1, CFP-H2, CFP-H3, CFP-H4, and CFP-H5 elec-
trodes, respectively. This revealed that, CFP-H3 electrode requires
lowest overpotential to deliver 10 mA/cm? current density. The
trend of overpotential is shown in Fig. 8(B) by bar diagram. The
rate determining kinetics was studied by plotting Tafel slope to

727

evaluate faster hydrogen evolution reaction. Fig. 8(C) gives the
Tafel plot determined from LSV curves for all sample electrodes,
which depicts lower Tafel slope for the same material which have
low overpotential. The Tafel slope for CFP-H1, CFP-H2, CFP-H3,
CFP-H4, and CFP-H5 electrodes are 94.78, 90.15, 73.64, 85.25,
and 91.72 mV/dec, respectively. The charge transfer becomes
easier (3.63 Q) for CFP-H3 electrode, measured by EIS measure-
ment for each electrode (Fig. 8(D)). The fitted R, values are
13.14, 6.52, 3.63, 9.54, and 11.09 Q for CFP-H1, CFP-H2, CFP-H3,
CFP-H4, and CFP-H5 electrodes, respectively. Further, the HER cat-
alytic stability test was performed by chronoamperometry at over-
potential for 24 h. By the test, it is observed that, material become
highly active continuously and shows enhanced current density
throughout the time (Fig. 9(A)). The performance is compared by
LSV curves measured before and after the HER catalysis. The
decrease in overpotential after 24 h catalysis from 55.5 to
37.3 mV is observed due to the continuous activation of the cat-
alytic sites (Fig. 9(B)). Inset of Fig. 9(B) give the comparative plot
of Tafel slope, and it appears to be 68.97 mV/dec after 24 h catal-
ysis. Fitted EIS curves before and after stability test shows that
the Cy decreased from 3.63 to 1.87 Q after 24 h catalysis due to
the enhanced active sites (Fig. 9(C)). The fitted EIS parameters
are tabulated in Table S2. From the 24 h HER catalytic stability, it
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is concluded that, the material does not show stable current den-
sity, with time the current goes on increasing and hence the perfor-
mance is also increasing. From the HER continuous 24 h catalysis
and analysis after the catalysis, it is concluded that, the continuous
increase in electrochemical performance with decrease in overpo-
tential for the CFP-H3 catalyst.

The full cell electrochemical water splitting analysis and cata-
lyst characteristics after long duration catalysis are very much
important to insist the synthesized catalysts to be commercially
feasible. For the purpose, HER of the CFP-H3 electrode was further
carried in 1 M KOH electrolyte. The LSV curve and Tafel plot are
shown in Figure S3 (supporting information). The measured over-
potential is 126.4 mV at 10 mA/cm? current density and Tafel slope
of 107.3 mV/dec. The long term catalytic property of the material
was studied for overall water splitting in same alkaline bath by
constructing a full cell device using the cobalt iron phosphate thin
films as anode and cathode. The CA test for 100 h continuous water
splitting was performed at an overpotential to deliver 10 mA/cm?
current density in alkaline medium (1 M KOH). The CA I-t plot is
shown in Fig. 10(A). It is observed that, there is continuous small
increment in current density with time due to the activation of
the material and then a small reduction in current every day
because of the dehydration of the electrolyte. After adjusting the
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level by the addition of electrolyte, increment in the current also
observed. The LSV curves before and after catalytic stability test
were recorded in the potential window 0 to 2 V at scan rate of
1 mV/s and are shown in Fig. 10(B). It revealed that, there is
decrease in the potential from 1.78 V to 1.75 V to deliver 10 mA/
cm? current density. The decrement in overpotential may attribu-
ted to the material activation. The EIS was measured initially and
after 100 h at OCP and very small decrease in the charge transfer
resistance is observed after the catalysis as shown in Fig. 10(C).
After demonstrating the enhanced catalytic performance for
100 h stability test, it proves their strongest candidature for forth-
coming alkaline electrolysis. The evaluation of electrochemical
study before and after 100 h catalysis is given in Table S3. As a
benchmark, the overpotentials for OER and HER at 10 mA/cm? cur-
rent density, corresponding Tafel slopes and stability study were
compared with the previously reported cobalt iron phosphate cat-
alyst materials (Table S4), which confirms the outstanding perfor-
mance of present investigation.

3.4. Postmortem analysis

The influences of long term electrochemical testing on the
structural, electronic state and morphology were studied by con-
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ducting the postmortem characterizations of the thin films
restored from the electrochemical cell. The collected thin films
were kept in double distilled water to washout the ions of elec-
trolyte. XRD analysis was then performed and compared with the
pattern of same material before long term electrolysis as shown
in Figure S4. The peaks marked with star (*) are due to the diffrac-
tion from the crystal planes of SS substrate. There is no any diffrac-
tion peak observed in the sample after long term electrolysis. It
reveals that the material remains amorphous in nature after elec-
trochemical testing. The amorphous materials can provide large
surface area and hence large number of active sites and easy ion
transfer. Also, the surface morphology was analyzed by the FESEM.
It is observed that, there is no observable change in the surface
topography after the long term catalysis as shown in Figure S5
(A), and confirms the robustness of the material. The EDS analysis
after catalysis gives the almost same stoichiometry with negligible
loss of phosphorus as shown in Figure S5(B).

Further, for the examination of the electronic states present in
the sample after electrochemical testing, x-ray photoelectron spec-
troscopy (XPS) measurements were carried out. The survey spec-
trum reveals the presence of P, C, O, Fe, and Co elements in the
catalyst material as shown in Figure S6(A). Spectrum of Co2p at
high resolution (Figure S6(B)), which reveals the presence of main
peaks at 780.23 eV as Co2ps); and at 795.33 eV as Co2p; 2 and their
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corresponding satellite peaks at 785.98 eV and 802.48 eV, respec-
tively. The peak Co2ps, is composed with two peaks at 779.98 eV
and 781.43 eV corresponding to Co>* and Co®* states, respectively.
Also, the peak Co2p;,, is composed by two peaks at 795.03 eV and
796.33 eV corresponding to Co>* and Co?" states, respectively [34].
Similarly, Figure S6(C) shows the high resolution spectra of Fe2p
states. It is observed that, the prominent peaks Fe2ps; and
Fe2pyj; located at 710.68 and 724.23 eV and two satellite peaks
at 717.78 eV and 732.13 eV. It is observed that, the prominent peak
Fe2ps); is composed by the two peaks at binding energies 710.23
and 712.18 eV, and Fe2pq;; by the two peaks at binding energies
723.93 and 725.98 eV corresponding to Fe** and Fe?" electronic
states, respectively. The presence of both Fe?* and Fe3* electronic
states of Fe atoms and Co?* and Co>* electronic states of Co atoms
are observed due to the oxidation of the material and partial con-
version from Fe?* to Fe* and Co?* to Co®* during 100 h continuous
electrolysis. Similarly, the peak of phosphorous is deconvoluted
into the two peaks with P2ps;, at 132.33 eV attributed to the
metal-oxygen-phosphorous (P—O—M), and P2p;;, at 133.13 eV
known as phosphate group (P—0) bond in phosphate series corre-
sponding to P>* oxidation state (Figure S6(D)) [36]. Low peak inten-
sity compared with the XPS before catalysis confirms that there is
loss of phosphorous content with the partial transformation of
phosphate into the stable metal oxides after 100 h catalysis. Also,
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the O1s main peak is composed of three distinct peaks located at
529.60, 530.76 and 531.61 eV as shown in Figure S6(E). The strong
intense peak at 529.35 eV attributed to the metal-oxygen (M—0)
bond [38]. Deconvoluted peak at 530.76 eV represent P—O bond
in phosphate and 531.61 eV attributed to surface adsorbed water
molecules. It is confirmed that, the electronic states attaining to
the higher states of the metal atoms in the material are beneficial
for the electrochemical catalysis process [43]. As compared to the
XPS before catalysis, P—O bond intensity decreased and M-O
bonding increased.

Summarizing, the hydrothermally synthesized binder free
cobalt iron phosphate thin films gives the outstanding perfor-
mances for electrochemical OER, HER and overall water splitting
with the long term durability. The electrochemical performance
is attributed to the unique composition of the metals and the phos-
phate ligands which facilitates the favorable conditions for elec-
trolyte ion adsorption and oxidation. Also the amorphous and
mesoporous nature of cobalt iron phosphate offers large number
of electrochemical active sites and provides favorable conditions
for material activation and hence enhancement in current density.
Conversion of Co?" to Co®" and Fe?" to Fe" states are beneficial for
the enhancement in electrocatalytic performance [28]. Upon
changing the composition of cobalt and iron, tuning the morphol-
ogy helps to enhance the catalytic process. The synergistic effect of
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both metal atoms improves the electrical conductivity and metal-
to-metal partial-charge-transfer process which result the high cur-
rent density and small overpotentials.

4. Conclusions

The electrochemical water splitting in terms of OER, HER, and
overall water splitting was demonstrated by using cobalt iron
phosphate as an appropriate electrocatalyst. Binder free synthesis
of amorphous cobalt iron phosphate thin films on stainless steel
substrates were achieved by hydrothermal process. By changing
the concentrations of cobalt and iron, the morphology varies from
microchips (CFP-H1) to submicrometric strips having few nanome-
ters thickness (CFP-H3) to micrometric cubes and pyramids (CFP-
H5). Such a mesoporous submicrometric strips like cobalt iron
phosphate required the smallest overpotential of 251.9 mV to deli-
ver 10 mA/cm? current density in alkaline medium with the Tafel
slope of 35.2 mV/dec for OER. Upon testing for HER in acidic med-
ium for 24 h catalysis, only 37.3 mV overpotential is required for
10 mA/cm? current density. The long term (100 h) overall water
splitting achieved by configuring two electrode system in same
alkaline bath. Only 1.75 V potential is needed to split water mole-
cule into the H, and O, after continuous water splitting. This work
conclusively demonstrates the overall water splitting in minimum
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input energy by the cost effective, non-noble, and robust electro-
catalyst which helps in future for the design of highly efficient
electrolyzer and fuel cells for energy conversion.
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Appendix A. Supplementary data

Electronic supporting information contains data of EDS analysis,
tables containing electrochemical analysis, electrochemical perfor-
mance comparative study of present work with the previously
reported cobalt iron phosphate materials, and postmortem charac-
terizations like XRD, FESEM, EDS, and XPS. Supplementary data to
this article can be found online at https://doi.org/10.1016/j.jcis.
2022.01.015.
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