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The electrocatalytic performance of cobalt—iron layered double hydroxide (CoFe-LDH) nanosheets is
enhanced by growing them in situ on N-doped graphite felt using a solvothermal route. The effects of
different parameters including solvent, temperature and reaction time are investigated. Pure CoFe-LDH
nanosheets are obtained using methanol as a solvent at the optimum temperature (130 °C) and reaction
time (18 hours) while metal (Fe and Co) oxides are formed in a hydrothermal process. The CoFe-
LDH@NGF (130 °C, 18 h) displays enhanced catalytic performance and stability for the oxygen evolution
reaction (OER) in alkaline media and produces a current density of 10 mA cm™2 at a low overpotential
(220 mV), Tafel slope of 121 mV dec™, charge transfer resistance of 1.48 Q, high exchange current
density and double layer capacitance of 226.65 mF cm™2. The OER activity of the CoFe-LDH@NGF
electrode exceeds that of pristine CoFe-LDH, conventional RuO,, and other CoFe-LDH-based
electrocatalysts reported in the literature. Thus, the CoFe-LDH@NGF electrode is a potential alternative
to expensive noble metals (Ru, Ir) and other transition metal-based electrocatalysts for commercial
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alkaline water splitting. Moreover, the current synthesis approach can be employed to make other
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Introduction

Conventional fossil fuels like coal, oil and natural gas are being
extensively consumed to meet the global energy demand and
for hydrogen production, which is causing a serious threat to
environment because of greenhouse gas emissions." Therefore,
scientists and researchers have devoted their efforts to finding
alternative clean, and cost-effective energy resources to mini-
mize the dependence on fossil fuels.” Because of its high energy
density with zero carbon emissions, hydrogen is considered
a potential source of energy to replace fossil fuels.>? The
electrochemical water splitting is sustainable and promising
method to produce hydrogen at commercial scale.® It has
many advantages over conventional high-pressure and high-
temperature steam methane reforming and coal gasification;
highly pure hydrogen gas can be produced at ambient condi-
tions with less energy loss.”” Two types of reactions are
involved in water electrolysis: the hydrogen evolution reaction
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layered double hydroxide-based electrodes for electrochemical applications.

(HER) occurs at the cathode and the oxygen evolution reaction
(OER) proceeds at anode.*® The OER is very sluggish and
follows a complex four-electron transfer mechanism, hence it
requires a large overpotential as compared to the theoretical
value, ie., 1.23 V.'° Electrocatalysts play an important role in
reducing the overpotential; traditionally, noble metals (Ru, Ir
and Pt) are considered the best electrocatalysts for overall water
splitting. However, low earth abundance, high cost, and poor
operational stability hinder their commercial applications.'™"?
Therefore, economical, highly stable and efficient electrocata-
lysts are needed to promote this technology at large scale.
Currently, the most promising alternatives for OER electroca-
talysts are transition metal-based (e.g. Co, Fe, Ni, Mo and Mn
etc.) compounds including metal oxides,"® phosphides,'
LDH,"'® selenides,”® hydroxides,'” sulfides'® and nitrides."®
Particularly, layered double hydroxides (LDHs) have been exten-
sively studied as electrocatalysts for water splitting because of
their green synthesis process, highly tunable nature for
chemical, electrochemical and electronic properties, and more
widely available less expensive synthetic precursors than the
traditional noble metals.*’

LDHs have an ion lamellar-type crystal structure that pri-
marily consists of three components: positively charged
brucite-like host upper and lower metal hydroxide layers
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[M>",_ M/ >*(OH),]*", also called the basal plane, interlayer
anions (to balance charge) and solvent molecules.>** Their
molecular formula can be expressed as [M;_,>"M,*"(OH),]-
[A" ynzH,0, where M>* represents a divalent metal cation
(e.g., Ni**, Fe®* and Co>"), and M>" denotes a trivalent metal
cation (e.g. AI**, Fe**, Ga** or Mn’"), A"~ stands for an inter-
calant anion (e.g. NO;~, CI~, SO4*>, RCO,, and CO;>") and x
ranges from 0.2 to 0.4.>*%° In LDH, the cation layer (basal
plane) is sandwiched between two hydroxide layers; these two
brucite-like layers are intercalated by replaceable anions and/or
water molecules, which act as ball bearings to slide, separate
and enhance the interlayer space, and hence electrolyte can
easily be moved between the cation and hydroxide layers.>*?”
Owing to these special features, the electrocatalytic properties
of LDH can be tuned by changing the intercalant anion size,
doping heteroatoms, optimizing the cationic ratio (M**/M*"), or
increasing the electrochemical surface area through nano-
structure engineering and growing on conductive support.*®

LDH with various combinations of divalent and trivalent
cations of 3d transition metals such as Ni-Fe,*® Ni-Co,*° Co-
Ni,*' Co-Mn®* and Co-Co,* have been investigated for water
splitting. Co-based hydroxide is thought to be a potential
electrocatalyst for OER and its performance increases signifi-
cantly after incorporation of Fe*" cations into its solid solution
compared to pristine Co-LDHs.** The Fe species in CoFe-LDH
helps in forming more oxo species (O° radicals) at low over-
potential, which are required for the OER, additionally. The Co-
LDH also provides a conductive support to the most active site
of Fe*', thus the OER performance is enhanced by the syner-
gistic effect between both Co and Fe species.®® The stability and
electrical conductivity of the catalyst support/substrate play
very important roles in electrocatalysis, so metal-based (Ni,
Cu etc.) foams and foils,>*° and carbon-based supports (gra-
phene, nanotubes, carbon cloth, carbon paper, graphite
felt)*™** are used. Although the metal foams provide excellent
conductivity and high surface area, their high cost, electroche-
mical/chemical instability, especially in acidic media, low elas-
ticity and poor flexibility hinder their use in commercial
applications.** Moreover, the metallic foams become more
fragile during high-temperature sample fabrication; they
decompose, react with catalysts and change their chemical
composition."® Graphite felt (GF), a carbon-based substrate, is
considered a better alternative due to its high electrical con-
ductivity close to that of metal (370.37 S m "), high volumetric
porosity (¢ < 0.98), good mechanical integrity and low cost.*>*®
Its electrical conductivity can further be improved by doping
heteroatoms (N, O, S, P, etc.). To the best of our knowledge, only
a few studies have been conducted on GF.

Here, we report self-supported CoFe-LDH nanosheets
grown in situ on nitrogen-doped GF (CoFe-LDH@NGF) as an
efficient oxygen-evolving electrode in alkaline media. The effect
of synthetic parameters on the preparation of the LDH
nanosheets, including solvent, temperature and reaction time,
have been investigated in this work. It is observed that metha-
nol is a suitable solvent for the synthesis of CoFe-LDH at the
optimal temperature of 130 °C for 18 hours while CoFe-LDHs
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are not formed using a hydrothermal reaction. The LDH
nanosheets decompose to the respective metal oxide/hydroxide
nanoparticles or nanorods at higher reaction temperatures
(>130 °C). However, Fe(OH), species formed at elevated tem-
perature (150 °C) reduced the overpotential at higher current
densities. CoFe-LDH@NGF (130 °C, 18 h) displays good stabi-
lity for the OER in alkaline media and produces a current
densities of 10 mA em™> at a low overpotential (220 mV), a Tafel
slope of 121 mV dec ', charge transfer resistance of 1.48 Q,
high exchange current density (0.381 mA cm™?), double
layer capacitance of 226.65 mF cm > and electrochemically
active surface area (ECSA) of 1416.6 cm . The as-prepared
CoFe-LDH®@NGF outperforms the conventional RuO,, pristine
and transition-metal-doped CoFe-LDH-based electrocatalysts
reported in the literature.

Experimental

Materials

Ferric nitrate nonahydrate ((Fe(NO3);-9H,0, Merck, >99%)),
cobalt nitrate hexahydrate ((Co(NO;),-6H,0, Merck, >99%)),
urea (CO(NH,),, Merck, analytical grade), methanol (CH;0H)
and deionized water were used without any prior treatment or
purification.

Physical and chemical characterization

The chemical functional groups of the as-prepared samples
were determined by Fourier transform infrared (FT-IR) spectro-
scopy using attenuated total reflectance (ATR) mode; FT-IR
spectra were recorded from 400-4000 cm™' using a Thermo
Scientific Nicolet iS50 FT-IR Spectrometer with a spectral
resolution of 1.0 cm . The crystallinity and phase analysis
were investigated by powder X-ray diffraction (XRD) using a
Rigaku SmartLab diffractometer with a CuKo source (4 =
1.54056 A). The XRD machine was operated at 45 kV, 200 mA
and 20 = 5-80° with a step size of 0.05°. The surface morphology
of the prepared materials was investigated by field emission
scanning electron microscopy (FESEM, Hitachi $S4800).
Elemental composition was determined using an inductively
coupled plasma-optical emission spectrometer (ICP-OES; iCAP
6500 Thermo Scientific) and a CHNS/O elemental analyzer
(Thermo Scientific™ FLASH 2000).

Electrochemical analysis

The electrochemical evaluation was performed using an elec-
trochemical workstation (CHI660e, China) with a three-
electrode configuration. Ag/AgCl (3.0 M NaCl) and a graphite
rod were used as the reference and counter electrodes, respec-
tively. Working electrodes with surface area ~0.25 cm? were
prepared by dip and dry coating of pre-oxidized (CoFe-LDH®@
O-GF) and pre-annealed graphite felt (CoFe-LDH®A-GF) in
catalyst ink. The catalyst ink was prepared by tip sonication
(10 minutes) of CoFe-LDH nanosheets in a mixture (1:1) of
water and ethanol with 20 pL of Nafion solution (5%) as a
binder. The loading was maintained at 1.0 mg cm™> for each

© 2023 The Author(s). Published by the Royal Society of Chemistry
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electrode. CoFe-LDH nanosheets grown in situ on nitrogen-
doped felt before (CoFe-LDH@NGF) and after annealing (CoFe-
LDH®@NGF-A) were used as working electrodes. The electro-
catalytic performance for the OER was determined in 1.0 M
KOH (pH 13.69) aqueous solution. The applied potentials were
iR-corrected and converted from Ag/AgCl to the reversible
hydrogen electrode (RHE) using eqn (1).

E vs. RHE = E vs. Ag/AgCl + 0.059 x pH + 0.197 V (1)

The electrode kinetics and reaction mechanism were deter-
mined by performing Tafel analysis using eqn (2).

n="blog(J) +a (2)

where b and a represent the Tafel slope and intercept, respec-
tively. The exchange current density (J,) is obtained by taking
the antilog of the intercept (a). Electrochemical impedance
spectroscopy (EIS) analysis was done in the frequency range
from 100 kHz to 1 mHz with a modulation voltage amplitude of
5 mV. To calculate the ECSA, cyclic voltammetry (CV) scans
were performed in the potential window from —1.0 to —0.7 V vs.

Ag/AgCl with sweep rates between 20 and 100 mV s~ .

Synthesis of CoFe-LDH and CoFe-LDH®@NGF electrodes

Both solvothermal and hydrothermal routes were employed to
prepare the LDH nanosheets while keeping all other para-
meters constant. Typically, in the solvothermal process, 3 mmol
of cobalt nitrate hexahydrate (Co(NO;),-6H,0), 1 mmol of ferric
nitrate nonahydrate (Fe(NOs;);-9H,0) and 11 mmol of urea
(CO(NH,),) were dissolved in 50 ml of methanol, then the
solution was stirred vigorously for an hour at room tempera-
ture. The as-prepared solution was poured into a Teflon-lined
autoclave reactor and heated at 130 °C for 18 hours in a muffle
furnace. After cooling to ambient temperature, the pH of the
reaction mixture was found to be 9 + 0.2. The obtained
precipitates were washed three times with deionized water
(DI), and then dried at 60 °C overnight. The same procedure

Fe(lll) + Co(ll) + Urea

Methanol

130°C
18 hrs

Graphite felt

CoFe-LDH@ NGF
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was adopted for the hydrothermal reaction except the solvent,
i.e., deionized water. Prior to dip-coating of the as-prepared
LDH nanosheets, the graphite felt was annealed at 600 °C for
4 hours in nitrogen atmosphere using a tube furnace to make
the working electrode (CoFe-LDH®@A-GF). For comparison, the
felt was also functionalized by treating it with 65% nitric acid
120 °C for 4-5 hours and this oxidized felt was used to prepare a
CoFe-LDH@O-GF working electrode. To grow the CoFe-LDH
nanosheets on self-nitrogen-doped GF (CoFe-LDH@NGF), the
above acid-functionalized GF was added to the solvothermal
reactor, as shown in Scheme 1.

Results and discussion
X-ray diffraction analysis

The crystal structure of the as-prepared catalysts was investi-
gated by powder XRD. In order to find a suitable solvent for the
synthesis of the LDH, two samples were prepared by hydro-
thermal (CoFe-LDH (Hydro.)) and solvothermal methods using
water and methanol as the solvent, respectively. The XRD
patterns for both samples are compared in Fig. 1a; it can be
observed that different metal oxides, i.e. CoFe,0,, Fe,O; and
Co030,, are formed along with traces of metal hydroxides when
using water as the solvent. No characteristic peak of CoFe-LDH
was observed in the hydrothermally synthesized sample. In
contrast, a pure phase of CoFe-LDH is obtained when using the
solvothermal approach, keeping all other parameters constant
except the methanol as a solvent. It is concluded that methanol is
the better choice compared to water for synthesis of CoFe-LDH at
low temperature. Due to its low boiling point, methanol exerts
more vapor pressure than water, even at low temperature, which
accelerates the reaction by reducing the activation barrier.*”
After finding methanol to be a suitable solvent, the reaction
temperature and time were optimized. Three samples were
prepared at different temperatures [CoFe-LDH-X (X: 130, 150
and 170 °C)] using the same solvothermal route. As shown in

®Co
Fe
OH
®0
®Co,>
H,0

Scheme 1 Schematic illustration for the preparation of the CoFe-LDH@NGF electrode.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Comparison of XRD spectra for LDH (a) synthesized by hydrothermal (green) and solvothermal (blue) routes, (b) effect of reaction temperature, (c)
reaction time and (d) pristine CoFe-LDH with (green), without (purple) adding functionalized felt and annealed powder (orange).

Fig. 1b, at elevated temperature (>130 °C), the characteristic
peaks of LDH diminish and it decomposes to the respective
metal oxides [i.e., iron oxide (Fe,03) and cobalt oxide (Coz0,4)]
and hydroxide (Fe(OH),), as reported in the literature.” Simi-
larly, the reaction time was also optimized by conducting the
reaction for 12, 18 and 24 hours. Less crystalline LDH was
formed when the reaction is carried out for 12 hours, only a
peak for the (003) plane appeared at an angle of 12.5° and all
other planes could not develop properly due to insufficient
reaction time, as displayed in Fig. 1lc. However, when the
reaction time was increased to 18 h, all other planes of LDH
appeared; interestingly, the (003) peak is shifted to lower angle
(11.3°) as compared to the reference JCPDS No. 50-0235 (11.7°)
and other samples. On prolonging reaction time to 24 h, the
LDH again decomposed to the respective metal oxides/hydro-
xides and the (003) peak shifted to a higher angle of 12.5°.
Therefore, all other experiments were performed using metha-
nol as the solvent at the optimal temperature of 130 °C for
18 hours.

The XRD pattern of the powdered catalyst prepared by
adding functionalized (HNO; acid-treated) GF is compared with
that of the pristine CoFe-LDH (prepared without GF) in Fig. 1d.
All the typical crystal planes of CoFe-LDH, namely (003), (006),
(012) and (015), appeared at 20 values 11.3°% 23.1°, 33.45° and
38.6°, respectively. The slight shift in the (003) peak from 11.7°

212 | Energy Adv, 2023, 2, 2109-2118

to 11.3° can be attributed to the presence of intercalant
carbonate (CO;>”) anion between two layers, which also acts
as a counter anion between the positively charged brucite-like
layers of CoFe-LDH.*® Interestingly, the intensity of the (003)
diffraction peak was reduced when functionalized (acid-
treated) GF was added during the reaction to make the CoFe-
LDH@NGF electrode. This indicates that functional groups
(-COOH, -CO-, -OH) present on the acid-treated GF hinder
the growth of the layered structure. The annealed sample
(CoFe-LDH@NGF-A) also displayed similar behavior.

The FT-IR spectra of pristine and CoFe-LDH@NGF are
compared in Fig. 2a. The broad bands at 590.12, 1625 and
3480-3000 cm ™" are ascribed to the OH bending/stretching
vibrations of brucite-like layered hydroxide and water mole-
cules trapped between the layers. The signals at 1488 and
1350 cm ! confirm the presence of intercalant CO,;>~ between
the two brucite-like hydroxide layers.*®> The bands located at
2923.6 and 2815.6 cm ™" can be assigned to H,O-NO; bridging
while the peak at 2185 cm ™" corresponds to CO, adsorbed from
the atmosphere.*®*® Fig. 2b shows the FT-IR spectra of pristine
CoFe-LDH-X (X: 130, 150 and 170 °C) synthesized at three
different temperatures. Beyond the temperature of 130 °C, the
signal of M~OH at 590.1 cm ™" disappears and two prominent
peaks for M-O and M-O-M (M = Co, Fe) are formed at 557.3
and 655.7 cm ', respectively.*® Interestingly, these signals are

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FT-IR spectra of (a) pristine CoFe-LDH and CoFe-LDH@NGF, and (b) samples prepared at different temperatures (i.e. 130, 150 and 170 °C).

pronounced in the sample prepared at elevated reaction tem-
perature. Additionally, the reduction in the intensity of CO5*~
signals further confirmed that the brucite-like hydroxide
layered structure decomposed to relevant metal oxides, as
shown by XRD (Fig. 1b). Similarly, the reduction in the adsorp-
tion peak of CO, at 2185cm " in samples prepared at higher
temperature means that CO, is trapped effectively between the
layered structure of the LDH.>°

The surface morphology of CoFe-LDH prepared at different
temperatures was determined using scanning electron micro-
scopy (SEM). The SEM micrograph for CoFe-LDH-130 °C
(Fig. 3a) shows that petal-like nanosheets have been grown on
the nitrogen-doped GF. However, theses LDH nanosheets are
converted to agglomerated metal oxide nanoparticles/flakes
when the reaction temperature is increased from 130 to 150

(Fig. 3b) and 170 °C (Fig. 3c). These SEM micrographs validate
the XRD and FT-IR results. The formation of these oxides leads
to deteriorate electrochemical performance for the OER com-
pared to the layered hydroxide and will be discussed under the
electrochemical results section. Similarly, nanosheets are not
formed properly with a short reaction time of 12 h (Fig. 3d) or
are converted to nanorods of respective metal oxides/hydroxide
when the reaction time is prolonged to 24 h (Fig. 3e). The cobalt
and Fe ratio (Co:Fe) for pristine CoFe-LDH and the CoFe-
LDH@NGEF electrode (synthesized at 130 °C) was determined
by ICP-OES to be ~3 (Fig. 3f). The CHNO elemental composi-
tion for both samples was also determined by elemental
analyzer, as shown in Fig. 3g. The presence of nitrogen
(~2.84%) confirms that it has been successfully doped in GF
during the hydrothermal synthesis of CoFe-LDH@NGF.

(f)

Sample name Co Co/Fe
(mmol)
3.00

CoFe-LDH 2.964 0.987

CoFe-LDH@NGF  2.96 0.98 3.02

(g)
Sample name C H N o
(%) | (%) | (%) | (%)

CoFe-LDH 542 079 275 41.04
CoFe-LDH@NGF 68.3 0.46 2.84 6.52

Fig. 3 SEM images of CoFe-LDH synthesized at (a) 130, (b) 150 and (c) 170 °C for 18 h. SEM images CoFe-LDH synthesized at 130 °C for (d) 12 h and (e)
24 h. (f) ICP analysis and (g) CHNO composition determined by elemental analyzer for pristine CoFe-LDH and CoFe-LDH@NGF electrodes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Electrochemical OER performance

The catalytic performance of the as-synthesized electrodes for
the OER was measured in 1.0 M KOH (pH 13.69) aqueous
solution using a three-electrode system. The overpotential (1)
values were calculated by drawing a tangent on the iR-corrected
linear sweep polarized (LSV) curves, as shown in Fig. 4a. The
pristine CoFe-LDH@A-GF produced a current density of
10 mA cm™? at an overpotential (171,) of 360 mV, which is
equivalent to or better than that of Ce-doped CoFe-LDH
(377 mV)®' and CoFe-LDH (404 mV)>” reported in the literature.
However, the CoFe-LDH@O-GF displays better OER perfor-
mance than CoFe-LDH®@A-GF and displays 7, of 320 mV,
which is equivalent to those of earlier reported CoFe-LDH/
rGO (325 mV)* and 25%La-CoFe-LDH (317 mV)*" catalysts.
This improved performance can be attributed to the hydroxyl
functional groups (-OH) attached to the oxidized GF (O-GF)
as these groups play a vital role in alkaline water splitting.
The OER activity is further enhanced when the CoFe-
LDH nanosheets are grown on nitrogen-doped GF (CoFe-
LDH@NGF) and the 5,0 reduces to 220 mV overpotential.
However, the annealed electrode (CoFe-LDH@NGF-A) outper-
forms the un-annealed CoFe-LDH@NGEF electrode, especially at

450
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higher current densities, as displayed in Fig. 4a. This might be
due to a synergistic effect between the N-doped GF and the
CoFe-LDH nanosheets due to the enhanced electrical conduc-
tivity. As nitrogen possesses five valence electrons and can
create three covalent bonds with carbon atoms in N-doped
GF, its lone pair of electrons in the valence shell significantly
enhances the conductivity of the graphite felt. Moreover, nitro-
gen sits adjacent to carbon in the periodic table, having a
similar radius but displaying higher electronegativity. Conse-
quently, introducing nitrogen in the carbon skeleton of the GF
results in bond polarity. This disturbs the electronic cloud
around the carbon atoms within the GF, leading to enhanced
electrical conductivity.>® The #,, values of both CoFe-
LDH@NGEF (220 mV) and CoFe-LDH@NGF-A (230 mV) are also
compared with those of conventional RuO,/NGF (334 mV) and
other CoFe-LDH-based electrocatalysts, as shown in Fig. 4a and
b. The CoFe-LDH@NGF catalyst needed much lower overpo-
tential (1710) to generate a current density of 10 mA cm 2 in
1.0 M KOH as compared to other electrocatalysts reported in
the literature (Table 1).

To determine the electrochemical reaction mechanism and
kinetics, Tafel analysis was performed for all electrodes, as

[——CoFe-LDHIA-GF
(a ) 50011 CoFe-LDHIO-GF ( b) 400+
[—— CoFe-LDH@NGF 350
400| [ CoFe-LDH@NGF-A
1——Ruo,NGF 300
< = 250
Ss00 me=3samv E
E o= 360 mV 2200
:200 o= 320 MV 150
1 ne=220mv 100
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100 50
0 "y > T - T T
. & ¢ & g 2°
0 = & RS R\ <@ & & & & oo &
10 14 12 13 14 15 16 17 18 o o Qe»o < > T C K ?@"‘*
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05
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Fig. 4

iR-corrected polarization curves (a), comparison of CoFe-LDH@NGF with literature reports (b), comparison of Tafel plots (c), double layer

capacitance (Cq) at different scan rates (d), and EIS Nyquist spectra (e) of CoFe-LDH@A-GF, CoFe-LDH@O-GF, CoFe-LDH@NGF and CoFe-LDH@NGF-A
in 1.0 M KOH. Comparison of LSV curves (f) and 100 (inset) before and after 1000 CV cycles (g). Chronoamperometry analysis performed at overpotential

of 230 mV.
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Table 1 Comparison of OER performance in this work with reported
catalysts in alkaline media

o Tafel slope R

Sr. No. Catalyst (mV) (mVdec ") (Q) Ref.

1. CoFe-LDH 404 N/A N/A 52

2. 25% Ce-CoFe-LDH 377 134 63.5 51

3. 25%La-CoFe-LDH 317 125 37.5 51

4. CoFe-LDH-TEG 301 52 3.39 43

5. CoFe-LDH/CC 299 52 16.5 55

6. CoFe-LDH@gC;N, (10%) 275 58 97.02 56

7. RuO, 268 78 N/A 56

8. CoFe-LDH/C0,45S¢/CC 241 48 29 55

9. Co(OH)F@CoFe-LDH 240 25.4 N/A 57

10. Cu@CoFe-LDH 240 44.4 N/A 58

11. 1IrO2/Cu foam 250 58.4 N/A 58

12. Co8Fel LDH/NF 262 41.9 3.9 59

13. CoFe-LDH-F/NF 260 47 30 60

14. B-0-Co05.8Fe LDH 264 34 13.7 61

15. CoFe-LDH/rGO 325 43 7 53

16. CoFe-LDH/Ni foam 250 35 9.5 62

17. CoFe-LDHs-Ar 266 37.8 20 63

18. CoFe-LDH/A-GF 360 296 28.7 This work
19. CoFe-LDH/O-GF 320 242 13.8 This work
20. CoFe-LDH@NGF-A 230 121 3.1 This work
21. CoFe-LDH@NGF 220 132 1.48 This work

shown in Fig. 4c. The Tafel slopes for the CoFe-LDH@NGF (132
mV dec™ ') and CoFe-LDH@NGF-A (121 mV dec ') electrodes
are much lower than those for the pristine CoFe-LDH@A-GF
(296 mV dec™ ") and CoFe-LDH@O-GF (242 mV dec ') electro-
des. The results reveal that all the electrodes follow the Volmer-
Heyrovsky mechanism in alkaline media. Similarly, the
exchange current densities (J,) at zero overpotential were also
determined for all electrodes. The higher J, values for both
CoFe-LDH@NGF-A (0.415 mA cm ?) and CoFe-LDH@NGF
(0.381 mA cm™?) compared to those for CoFe-LDH@A-GF
(0.181 mA c¢cm™?) and CoFe-LDH@O-GF (0.183 mA cm?)
further confirm that the OER kinetics become faster due to
the improved electronic conductivity of the N-doped GF.

Electrochemical surface area (ECSA) is a key parameter for
determining the performance for any catalysts and can be
calculated from the electrical double layer capacitance (Cq;). A
higher ECSA promotes the mass (ion) transfer at the electro-
lyte-electrode interface, which enhances the rate of the reac-
tion. The Cq values are calculated from the slope of the plot of
AJ = J. — J. and the different CV scan rates (20, 40, 60, 80, 100
mV s~ ') in the potential range of —1.0 and —0.7 V vs. Ag/AgCl.
Electrochemical surface area was calculated from Cq; using the
formula:

Cal
ECSA = —
S C.

S
where Cj is the specific capacitance.

As shown in Fig. 4d, the Cq4 and ECSA values for CoFe-
LDH@NGF (226.65 mF cm %, 1416.6 cm 2) are lower than
those for CoFe-LDH@NGF-A (453.7 mF cm ™2, 2835.6 cm 2),
which indicates that annealing of the electrode improves the
electrochemical OER performance by enhancing the electrical
conductivity and crystallinity of the substrate.®® However, the
Ca1 and ECSA values for both CoFe-LDH@A-GF (86.15 mF cm 2,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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538.43 c¢m?) and CoFe-LDH@O-GF (93.05 mF cm 2
581.56 cm ™ ?) are much lower compared to the in situ growth
electrodes, which provides further evidence of the enhanced
OER activity of CoFe-LDH@NGF electrodes.

EIS analysis was also performed to determine the charge
transfer kinetics. The smaller the diameter of the semicircle of
Nyquist plot, the faster the charge transfer process at the
electrode-electrolyte interface.®®> As shown in EIS spectra
(Fig. 4e), CoFe-LDH@NGF displays small charge transfer
resistance (R, ~ 1.48 Q) as compared to CoFe-LDH@NGF-A
(~3.1 Q), CoFe-LDH@O-GF (~13.8 Q) and CoFe-LDH@A-GF
(~28.7 Q). The low R of the CoFe-LDH@NGF electrode is
attributed to the improved electronic conductivity of the
N-doped GF. However, the catalyst CoFe-LDH@NGF-A exhibits
more R. than CoFe-LDH@NGF at the same voltage. This
increased resistance and reduced OER performance of the
former catalyst compared to the latter in the low overpotential
region (Fig. 4a) can be ascribed to the agglomeration of LDH
nanosheets. Another important parameter, the electrochemical
stability of CoFe-LDH@NGF-A, is determined by scanning
1000 CV cycles in 1.0 M KOH. As shown in the linear sweep
voltammetry curves (Fig. 4f), the electrode exhibits good dur-
ability with a slight increase in overpotential (1100) from 307 to
309 mV at higher current density of 100 mA cm™ 2. However, the
710 remains the same. Chronoamperometry (CA) analysis was
conducted at an overpotential of 230 mV for 60000 seconds
(equivalent to 16.7 hours) to assess the stability of the CoFe-
LDH@NGF electrode. As depicted in Fig. 4g, the electrode
exhibited consistent performance for the OER in alkaline
media for up to 17 hours.

Fig. 5 Comparison of SEM images before (a) and after (b) the OER stability
test. TEM images of CoFe-LDH nanosheets before (c) and after (d)
chronoamperometry analysis.
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Fig. 6 LSV curves for CoFe-LDH@NGF-based electrodes (a) synthesized at different temperatures (130, 150, and 150 °C) and (b) for different reaction
times (12, 18 and 24 hours). The EIS spectra for (c) CoFe-LDH@NGF-X (130, 150, and 150 °C) and (d) CoFe-LDH@NGF-X (12, 18, and 24 hours).

SEM and conventional transmission electron microscopy
(TEM) were conducted on CoFe-LDH@NGF samples both
before and after the OER stability test. As depicted in the
SEM images (Fig. 5a and b), the morphology of the CoFe-LDH
nanosheets remained consistent. Furthermore, the TEM
images (Fig. 5c¢ and d) revealed that the CoFe-LDH nanosheets
retained similar morphology before and after the chronoam-
perometry stability test.

The OER performance of CoFe-LDH®@NGF electrodes pre-
pared at different temperatures (130, 150 and 170 °C) and
reaction times (12, 18 and 24 h) was also investigated. As
depicted in the LSV curves (Fig. 6a), the electrode synthesized
at 130 °C (CoFe-LDH@NGF-130 °C) produces a current density
of 10 mA cm > at a lower overpotential (220 mV) compared to
CoFe-LDH@NGF-150 °C (240 mV) and CoFe-LDH@NGF-170 °C
(260 mV). However, the OER activity of CoFe-LDH@NGF-150 °C
is enhanced at higher current densities, which can be ascribed
to the formation of Fe(OH), species after the decomposition of
CoFe-LDH, as shown in the XRD plot (Fig. 1b). Similarly, the
electrode synthesized at the optimal temperature for 18 hours
(CoFe-LDH@NGF-18h) displays 710 (220 mV), which is less than
those of CoFe-LDH@NGF-12h (230 V) and CoFe-LDH@NGF-
24h (240 mvV), as shown in Fig. 6b. The catalyst CoFe-
LDH@NGF-170 °C shows higher charge transfer (R..) and mass
transfer (Rq) resistances than the samples synthesized at low
temperatures (Fig. 6¢). Similarly, the samples synthesized for
12 and 24 hours (Fig. 6d) also display higher R.. and R4 values

2116 | Energy Adv., 2023, 2, 2109-2118

compared to the sample synthesized for 18 h. The reduced
electrochemical performance for the OER with increasing tem-
perature and reaction time can be attributed to the decomposi-
tion of the layered hydroxide structure to the respective metal
oxide nanoparticle or nanorods, as shown in the XRD plots
(Fig. 1) and SEM images (Fig. 3).

Conclusions

In summary, the electrochemical OER performance of CoFe-
LDH-based electrocatalysts was improved by growing their
nanosheets in situ on N-doped GF using a solvothermal route.
The synthetic parameters of reaction solvent, temperature and
reaction time were optimized. Pure CoFe-LDH nanosheets are
formed when methanol is used as the solvent with the optimal
temperature (130 °C) and reaction time (18 h). However, only
Co and Fe metal oxides are obtained in the hydrothermal
process, as shown in Fig. 1. Moreover, these LDH nanosheets
decompose to the respective metal oxides/hydroxides nano-
particles or nanorods with longer reaction times and elevated
temperatures. The as-synthesized CoFe-LDH@NGF (130 °C,
18 h) displays excellent electrocatalytic performance and good
stability during the OER in alkaline media. It is also observed
that the OER performance increases when O-GF is used as a
substrate compared to annealed graphite felt (A-GF). Moreover,
the overpotential values also reduce at higher current densities

© 2023 The Author(s). Published by the Royal Society of Chemistry
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when Fe(OH), species are formed at elevated temperature
(150 °C). The OER activities of both CoFe-LDH@NGF and
CoFe-LDH@NGF-A exceed those of CoFe-LDH@A-GF, CoFe-
LDH®@O-GF, conventional noble metal RuO,, and other
CoFe-LDH-based electrocatalysts reported in the literature. This
improved performance for CoFe-LDH@NGF is related to the
improved charge transfer resistance and ECSA due to the
formation of the nanosheets on N-doped GF. Owing to its
enhanced electrochemical OER performance in alkaline media,
CoFe-LDH@NGF is a potential alternative to expensive noble
metals (Ru, Ir) and other transition metal-based electrocatalysts
for commercial applications.
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