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� Facile deposition of NiFe25 on

surface of PGS.

� NiFe25/PGS showed a nanosheet

morphology.

� NiFe25/PGS was effective for oxy-

gen evolution reaction (332 mV at

10 mA cm�2).

� PGS proved to be a better substrate

for the alkaline OER in comparison

of GC and FTO.
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a b s t r a c t

NiFe-layered doubly hydroxide (LDH) is one of the most active materials for hydroxyl

oxidation in an alkaline electrolyte. In this study, we explored a facile method of depositing

NiFe-LDH catalyst on pyrolytic graphite sheets (PGSs) to explore the synergistic effects at

the substrateeelectrocatalyst interface. The catalyst was electrodeposited on PGSs using

chronoamperometry. The homogeneous distribution of the catalyst with nanosheet

morphology on the PGS's surface produced an ultrathin film. The NiFe25/PGS sample

showed a low overpotential (332 mV) and Tafel slope (33 mV dec�1). The fitting of the

Nyquist plots was performed using an equivalent circuit, and the NiFe25/PGS (1.69 U)

sample showed the lowest charge transfer resistance among the studied catalysts. In

addition, PGS proved a better substrate for the alkaline oxygen evolution reaction

compared to glassy carbon and fluorine-doped tin oxide.
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Introduction

Recently, studies have been primarily focused on sustainable

energy technologies in electrochemical energy conversion

and storage [1]. Sustainable energy technologies form a

fundamental research area because they can supply the

growing demand for energy and mitigate the environmental

impact caused by fossil fuels [2]. Hydrogen fuels are an

important alternative to conventional fuels because they can

be obtained from renewable sources with clean energy [3].

Among several works in this field, the production of hydrogen

(hydrogen evolution reaction (HER)) and oxygen (oxygen evo-

lution reaction (OER)) from the photo- and electrochemical

reactions in alkaline electrolytes has been widely studied

[4e8]. In this process, HER (4H2O(l) þ 4e� / 4H2(g) þ 4OH�
(aq))

and OER (4OH�
(aq) / 2O2(g) þ 2H2O(l) þ 4e�) occur on the sur-

face of the cathode and anode, respectively [9].

OER involves a complex process involving four electrons,

and this is the bottleneck in hydrogen production with a high

potential due to slow kinetics. Ruthenium oxide (RuO2) and

iridium oxide (IrO2) are considered the state-of-the-art elec-

trodes for hydroxyl oxidation [10,11]. However, these catalysts

have some undesirable drawbacks, such as high cost and poor

stability [2,12,13], for broad-scale applications. Therefore,

alternative electrodes based on transition metals with low

production cost, high catalytic activity, and stability in alka-

line electrolyte must be explored.

Recently, different catalytic structures based on transition

metals, such as perovskite [7], spinel [12], phosphide [14],

carbide [15], and layered double hydroxide (LDH) [16], showing

good performance in OER have been explored. Among these,

LDH is the most attractive material to replace catalysts based

on precious metals owing to its high catalytic activity in

alkaline environments [17,18].

Subbaraman et al. [19] has reported a decreasing electro-

catalytic trend among LDHs in hydroxyl oxidation:

Ni > Co > Fe > Mn. However, it is well known that the intro-

duction of Fe to Ni oxyhydroxides improves the catalytic ac-

tivity for OER [20,21]. NiFe-LDH is the most active material for

hydroxyl oxidation among the LDH structures exhibiting the

best performances at approximately 30% Fe [2,22,23]. Diogini

et al. [17] reported that the catalytic activity increased due to

the synergy between the Fe and Ni sites through O-bridged

FeeNi reaction centers. NiFe-LDH is a widely studied subject

in the literature, as demonstrated by many researches on the

application of this material in OER [24e32].

Another challenge is related to the synthesis of NiFe-LDHs

because the bulk material shows poor conductivity, whereas

the nanostructures and thin films show a 100-fold greater

ionic conductivity [33,34]. Different structures including

the hierarchical architecture of LDH [34], 3D structures

using nickel foam [35], ultrathin films [36,37] and core-shell

nanoparticles [38] have been studied to enhance the pro-

duction of O2.

In addition to the synthesis process, the support electrode

must be analyzed. Although there is no standard substrate for

OER, the interaction between the catalyst and the support

substrate is fundamental, and this can improve the electro-

catalytic activity in hydroxyl or water oxidation reactions [39].
Wei et al. [40] reported how the different substrates influence

the catalytic activity of NiFe-LDH in OER. They electro-

deposited the catalysts on gold (Au), copper (Cu), titanium (Ti),

and tin-doped indium oxide (ITO) substrates and tested for

hydroxyl oxidation using 1-mol L�1 KOH electrolyte. This

study showed an improvement in the catalytic kinetics, with

an increase in the catalytic activity in the following order:

NiFe/Ti < NiFe/ITO < NiFe/C < NiFe/Cu < NiFe/Au. An exten-

sive range of different support electrodes used in oxygen

catalysis has been previously reported [39,41,42].

Based on the importance of substrates in electrocatalysis,

pyrolytic graphite sheets (PGSs) are presented as an inter-

esting material due of several advantageous characteristics:

good thermal conductivity (700e1950 W m�1 K�1), simple

handling (flexible, can be folded, and cut easily), variable

thicknesses (10e100 mm), and excellent electrical conductivity

(1000 S cm�1 for a thickness of 70 mm) [43]. This substrate

has a honeycomb-like structure with the graphite sheets ar-

ranged in a particular orientation. Several studies have re-

ported PGS as adsorption substrates to detect superfluidity in

heliummonolayers [44], aluminum ion battery electrodes [45],

and thermal conductors in proton exchange membrane fuel

cells [46].

This study proposes the enhancement of the catalytic ac-

tivity of NiFeeLDH in OER using PGS as a substrate. Our

research group previously reported that LaNi0.4Fe0.6O3

structures deposited on PGS show a lower overpotential (h)

and charge transfer resistance (Rct) compared with those of

the same material deposited on glassy carbon (GC). Further-

more, LaNi0.4Fe0.6O3/PGS showed a low Tafel slope and good

stability in an alkaline electrolyte [47]. In the present study,

the main objective is to perform a facile electrodeposition of

NiFe-LDH ultrathin film on the surface of PGS and investigate

its properties in the hydroxyl oxidation. Finally, the effec-

tiveness of the PGS support electrode is also evaluated against

other common substrates.
Experimental procedure

Materials

Ni(NO3)2$6H2O (�98.5%) and Fe(NO3)3$9H2O (�98.5%) were

purchased from Sigma Aldrich. PGS (model EYG with 70-m

thickness) was purchased from Panasonic®.

Electrocatalyst preparation

The thin-film NiFe-LDH with 25% iron on PGS (NiFe25/PGS)

was prepared by electrodeposition using chro-

noamperometry. First, Ni(NO3)2$6H2O and Fe(NO3)3$9H2O

were dissolved in Millipore deionized (DI) water and then, a

potential of �1 V was applied for 200 s. A three-electrode

electrochemical cell (Fig. S1) was used for the deposition of

the electrocatalyst with PGS as the working electrode (0.5 cm2)

and platinum (Pt) and Ag/AgCl@3 mol L�1 as the counter and

reference electrodes, respectively. Electrodeposition of LDH

structures with other percentages of Fe (10% and 50%), as well

as pure phases (Ni only and Fe only), was performed as a

comparison parameter for the evaluation of the catalytic
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Fig. 1 e Grazing incidence diffraction X-ray (GIXRD) pattern

of NiFe25/PGS electrocatalyst.
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activity. The solutions prepared for electrodeposition are lis-

ted in Table S1.

Structural characterization

X-ray diffraction (XRD) was performed using a Shimadzu

diffractometer model 6000 operating with CuKa radiation

(l¼ 0.154 nm) and data collection in 2q ranging from 10� to 80�

with a scan rate and increment of 0.2�/min and 0.02�,
respectively. A Grazing Incidence X-ray Diffraction (GIXRD)

was performed in a D8 advanced Bruker diffractometer with

2q ranging from 10� to 80�. Raman spectroscopy was per-

formed using a 638-nm laser using the Horiba Scientificmodel

T64000 Raman spectrometer with an area of 50 � 50 mm. The

surface oxidation states and chemical composition were

investigated by X-ray Photoelectron Spectroscopy (XPS) in an

ESCA spectrometer (ScientaOmicron, Germany) with a high-

performance hemispheric analyzer (EA 125). Monochromatic

AlKa radiation (1486.6 eV) was used as the excitation source

with the energy steps of 0.5 and 0.05 eV for survey and high-

resolution spectra, respectively. The C 1s peak was used as a

reference binding energy calibration, and the XPS spectra was

examined with CasaXPS software, wherein the core-level

signals were fitted with Gaussian-Lorentzian functions and

background subtraction according to Shirley method.

Morphological characterization

The morphological features were examined with an Inspect

F50 scanning electron microscope equipped with a Schottky

field emission source (FESEM) and a scanning transmission

electron microscope (STEM) Titan Themis Cubed (both from

FEI Company). STEM analysis was performed in a carbon grid

containing the electrodeposited NiFe-LDH catalyst (Fig. S2).

First, a metallic contact was made with the grid carbon and

then, dipped in a solution containing Ni2þ and Fe3þ in Milli-

pore DI water, followed by the application of a potential of

�1 V for 50 s. Roughness, thickness, and surface morphology

were analyzed using a Bruker-MultiMode8 atomic force mi-

croscope (AFM). The FESEM and AFM studies were performed

in NiFe-LDH catalyst deposited on PGS.

Electrochemical characterization

All electrochemical properties were evaluated using a Teflon

three-electrode electrochemical cell with Pt as the counter

electrode andAg/AgCl@3mol L�1 as the reference electrode. 1-

mol L�1 NaOH was used as the electrolyte. The potentials

were converted into reference hydrogen electrode (RHE) via

Equation (1):

ERHE ¼EREF þ ð0:059� pHÞ þ EMEA (1)

where EMEA and EREF are the measured and reference po-

tentials, respectively.

The OER activities were monitored using cyclic voltam-

metry (CV), recorded in a potential range of 1.10e1.80 V vs.

RHE with a scan rate of 5 mV s�1. CV curves were normalized

by subtracting the electrolyte resistance to avoid the effects of

Ohmic drop. h values were acquired at 10 mA cm�2 using

Equation (2):
h¼ERHE� 1:23V vs: RHE (2)

Electrochemical impedance spectroscopy (EIS) was con-

ducted at 1.5 V vs. RHE in the frequency range between

10�2e105 Hz. The Nyquist plots were analyzed using ZView

3.1 software. EIS spectra were modeled after the Armstrong

and Henderson equivalent electric circuit (Fig. S4). Details

about the EIS analysis can be found in the supplementary

information. The stability of the catalyst was evaluated using

chronoamperometrymeasurements over 10 h with an applied

potential of 1.56 V vs. RHE.
Results and discussion

To determine the structural properties of the commercial PGS,

XRD and Raman analysis were performed. The XRD pattern of

PGS shows a characteristic preferential orientation (Fig. S4).

The peaks around 26.5� and 54.7� refer to the oriented graphite

carbon planes (002) and (004), respectively, and this structure

has a layer spacing of ~3.36 �A. This pattern is in agreement

with the crystallographic record found in the inorganic crystal

structure database (ICSD-76767) [48]. To examine the growth

of the NiFe25-LDH catalyst deposited on PGS, GIXRD analysis

was performed. Fig. 1 shows the GIXRD pattern of NiFe25/PGS;

however, only the peaks of the oriented graphite carbon

planes were observed. The peak at approximately 17� was

attributed to graphite oxide [49]. This result suggests that

NiFe-LDH grew with an amorphous structure on the PGS

surface. A second hypothesis could be that an ultrathin film

grew, which did not allow the observation of diffraction

planes.

The Raman spectra of commercial PGSwithout the catalyst

can be observed in Fig. 2a. Characteristic graphite bands were
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found: the vibration in the plane of the ring structurewith A1g

symmetry is characterized by the D band at 1327 cm�1, and

the 2D band at 2657 cm�1 denoted the harmonic vibration of

the D band. The stretching vibration in the sp2 carbon

plane with E2g symmetry is represented by the G band at 1577

cm�1 [50].

Because it was not possible to observe the XRD patterns of

the NiFe25/PGS catalyst, Raman spectroscopy was performed

to determine the vibrational modes of this material. Fig. 2b

show the Raman spectra in the lower region of PGS and

NiFe25/PGS. The bands assigned to NiFe-LDH were not found

in the XRD results. Thismaterial has characteristic vibrational

modes in which the bands at approximately 450, 520, and 700

cm�1 can be characterized as NieO stretching vibration,

defective, and the FeeO disordered vibrations, respectively

[51]. This corroborates the previous results, again suggesting

an amorphous structure on PGS or the growth of an ultrathin

film.

XPS was performed to confirm the presence of the NiFe-

LDH electrocatalyst on the surface of PGS. The elemental

composition and the chemical states found on the surface are

observed in Fig. 3aed. It was found that the survey spectrum

of NiFe25/PGS clearly exhibits the element signals corre-

sponding to Ni, Fe, O, and C (Fig. 3a).

Fig. 3b shows a high-resolution XPS spectrum of Ni 2p. A

doublet splitting into Ni 2p1/2 and Ni 2p3/2 caused by a spin-

orbit interaction was noted. The spectrum was well fitted

and deconvoluted into four peaks. The binding energies at

856.3 and 873.9 eV of the doublet, and 861.9 and 879.9 eV of the

satellite peaks are all characteristic of Ni2þ sites [52]. The Fe

2p was well fitted with two peaks corresponding to Fe 2p1/2

and Fe 2p3/2 (Fig. 3c). The energies found at the Fe 2p level

(724.7 and 712.9 eV) belong to the Fe3þ oxidation state [53].

Two peaks were observed at the O 1s region (Fig. 3d). The

energies of 532.5 and 531.6 eV were assigned to chemisorbed

molecular water and hydroxyl groups attached to the metals

(M � OH) on the surface [54,55].
Fig. 2 e Raman spectra: (a) Commercial
An analysis of the material growth was evaluated using

FESEM. First, an analysis using backscattered electrons was

performed in the region of PGSwith andwithout the NiFe-LDH

electrocatalyst (Fig. 4a). The blue line represents the PGS

surface on which the catalyst was deposited, and the brighter

region is attributed to nickel and iron with atomic numbers

greater than carbon [56].

Another feature that corroborating the NiFe deposition on

PGS is themorphology of the electrocatalyst. Thus, an analysis

using a secondary electron (SE) detector was performed to

observe the morphologies of PGS and electrodeposited mate-

rial. The commercial PGS surface consisted of several stacked

graphite sheets (Fig. S5), whereas NiFe-LDH had nanosheet

morphology [57,58].

Fig. 4b showed the SE results in the electrocatalyst region.

The characteristic nanosheetmorphology of thismaterial was

observed, proving homogeneous electrodeposition on the PGS

surface. A comparison was made among the NiFe-LDH, Ni-

LDH, and Fe-LDH structures. While Ni-LDH and NiFe-LDH

structures showed nanosheet morphology, Fe-LDH catalyst

had cauliflower morphology [59] (Figs. S6aed). Interestingly,

the introduction of iron in Ni-LDH contributed to a homoge-

neous distribution without cracks, as observed in the com-

pound containing Ni only. Once the electrodepositions were

subjected to the same potential, iron provided the driving

force to the formation of the nanosheet morphology without

surface cracks.

To understand the NiFe-LDH growth on the PGS surface, an

AFM analysis was performed, whose results can be observed

in Fig. 5aed. It was found that the catalyst was already

anchored within 10 s of deposition (Fig. 5b), and an increase in

the electrodeposition time led to a small increase in the root

mean square roughness (Fig. 5c and d). These observations

indicate that the negatively charged PGS provided an elec-

trostatically driven surface for anchoring the catalyst. First, as

seen in Fig. 5b, the deposition of the nanosheets occurred

randomly on the PGS surface. The interconnection between
PGS; (b) NiFe25/PGS electrocatalyst.

https://doi.org/10.1016/j.ijhydene.2021.12.245
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Fig. 3 e XPS spectra of NiFe25/PGS electrocatalyst: (a) Survey; (b) Ni 2p; (c) Fe 2p; (d) O 1s.

Fig. 4 e FESEM images of NiFe25/PGS electrocatalyst: (a)

Backscattered electrons (BE) of NiFe25/PGS electrocatalyst;

(b) Inset of the region of electrocatalyst using secondary

electrons (SE) detector.
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the nanosheets was observed with 25 s, followed by an in-

crease in the catalytic film thickness.

For the complete study of themorphological and structural

properties, the growth of the NiFe25 electrocatalyst on a car-

bon microscopy electron transmission (TEM) grid was pro-

posed, and the analysis was performed using a STEMmethod.
Fig. 6a and b shows the images of high-angle annular dark-

field imaging and bright-field imaging of NiFe25, respec-

tively. The electrocatalyst grew on the carbon grid with

nanosheet morphology, as observed in the results. The char-

acteristic morphology corroborated with the previously pub-

lished results [60]. Fig. 6c shows the energy-dispersive X-ray

mapping. Notably, there was a good distribution of nickel and

iron. The elementary analysis showed that the electrocatalyst

contained ~75% and ~25% of nickel and iron, respectively,

indicating that the electrodeposition was efficient in prepar-

ing the NiFe25 electrocatalyst, both on the PGS surface and

TEM carbon grid.

A high-resolution STEM analysis was performed to eval-

uate the crystallinity of the material. Fig. 7aec and Figures

S7a, b show high-resolution images of NiFe25 deposited on

the carbon grid. Growth of crystalline clusters in the nano-

sheets and some regions of the zone axis can be observed in

Fig. 7a and Figures S7a. Fourier transform images (Fig. 7b) were

acquired using the ImageJ software [61]. The interplanar dis-

tances of 0.15, 0.20, 0.21, 0.23, and 0.25 nm were assigned to

the planes (110), (018), (107), (015), and (012), respectively. The

https://doi.org/10.1016/j.ijhydene.2021.12.245
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Fig. 5 e AFM images of NiFe25/PGS electrocatalyst in different deposition times: (a) PGS; (b) 10 s; (c) 25 s; (d) 50 s.
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results agreed with the NiFe-LDH structure reported in pre-

vious studies [62e65]. The hypothesis about the growth of an

ultrathin film of the catalyst is more plausible as the clusters

showed high crystallinity, however, the diffraction patterns

could not be observed in GIXRD.

To show the catalytic efficiency of NiFe25/PGS, a compar-

isonwasmadewith other catalysts, synthesizedwith 10% and

50% iron (NiFe10/PGS and NiFe50/PGS, respectively), and

contained nickel or iron only (Ni/PGS and Fe/PGS, respec-

tively). Before each electrochemical measurement, CV was

performed at 10 mV s�1 to stabilize the surface of the cata-

lysts. In Fig. S8a, the first five CV cycles for the NiFe25/PGS can

be observed. There was no significant change in the redox

process after the second stabilization cycle. The anodic

peak (1.41 V vs. RHE) was assigned to the transformation of

Ni(OH)2 into NiOOH, whereas the cathodic peak was attrib-

uted to the reverse transformation from NiOOH to Ni(OH)2

(1.34 V vs. RHE) [66].

Fig. S8b shows the CV curves obtained at different scan-

ning rates (5e100mV s�1) following stabilization. Notably, the

increase in scan rate accompanied a displacement in the

redox peaks and an increase in the current density. The

anodic and cathodic peak currents have a linear relationship
with the square root of the scan rate (Fig. S8c). This suggests

that redox reaction is a diffusion-controlled process, a char-

acteristic of an ideal surface reaction [67]. Unlike CV curves

showing an ideal rectangular shape found in double layer

capacitors, this broad pair of redox current peaks is a pseu-

docapacitance feature from Faradaic redox reactions [68].

The deposition of the NiFe25 electrocatalyst on PGS was

done for different durations to decide the optimal deposition

time in terms of catalytic activity for OER. Fig. S9 shows the

graph of h as a function of deposition time. The best catalytic

activity was seen for 200 s of electrodeposition. Therefore, all

materials for the OER study were prepared with this deposi-

tion time. Fig. 8a shows the CV curves for the hydroxyl

oxidation reactions involving the electrocatalysts NiFe10/PGS,

NiFe25/PGS, NiFe50/PGS, Ni/PGS, and Fe/PGS. All materials

displayed efficient catalytic activities, indicating the possibil-

ity of using the electrocatalysts deposited electrochemically

on PGS to catalyze oxygen evolution. Another relevant

parameter is the influence of the structures on the mixture of

the nickel and iron ions.

The sample containing only the Ni electrocatalyst showed

an onset potential of 1.58 V vs. RHE, whereas for the sample

with Fe, an onset potential of 1.63 V vs. RHEwas observed. The

https://doi.org/10.1016/j.ijhydene.2021.12.245
https://doi.org/10.1016/j.ijhydene.2021.12.245


Fig. 6 e STEM images of NiFe25 electrocatalyst deposited on carbon grid: (a) High-angle annular dark-field imaging (HAADF);

(b) bright-field (BF); (c) EDX mapping.
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addition of Fe to the Ni-LDH structures shifted the onset po-

tential close to 1.50 V vs. RHE. Themaximum current densities

found in the present study were in the decreasing order:

NiFe25/PGS (119,12 mA cm�2)>NiFe50/PGS (111,63 mA cm�2)

>NiFe10/PGS (100,92 mA cm�2)>Ni/PGS (41,64 mA cm�2)>Fe/
PGS (19,86 mA cm�2). These values agreed with previous

studies [69,70]. Emphasizing the peak region in the OER curves

(Fig. 8b), the redox pair associated with Ni2þ/Ni3þwas clearly

seen for all samples except for Fe/PGS. This shows that Fe3þ
ions remained unchanged during the hydroxyl oxidation

process because no redox process occurred on the surface of

the Fe/PGS catalyst.

A peak shift toward higher potentials and a decrease in the

peak current density with increasing amounts of Fewithin the

structures was observed. The addition of Fe increased the

potential necessary for the transformation of Ni(OH)2 to

NiOOH. This displacement could also be attributed to the

decreased affinity between the oxygen species and Ni sites on

the surface caused by Fe3þ ions [71]. The decrease in the

current density of the anodic and cathodic peaks was related

to a decrease in the voltammetry charge, possibly due the

substitution of Ni sites by Fe decreasing the specific oxidative

charge [72].

To analyze the OER performances of the studied materials,

the values of h were obtained at 10 mA cm�2 because the
performance of the electrocatalyst for oxygen production was

evaluatedwith respect to the current density corresponding to

10% of the solar-to-fuel conversion [73]. Fig. 9a shows the

average values of the overpotentials obtained from the OER

curves for all samples. The average values of h are in the

increasing order: NiFe25/PGS (332 mV)<NiFe50/PGS (350 mV)

<NiFe10/PGS (352 mV)<Ni/PGS (439 mV)<Fe/PGS (526 mV).

These results are in accordance with the literature and show

that the electrocatalysts deposited on PGS are promising for

hydroxyl oxidation in alkaline electrolytes because they are

obtained in a facile and clean way. Table S2 shows the com-

parison of different results obtained for NiFe-LDH structures

and other materials.

Fig. 9b shows the Tafel plots for all electrocatalysts

deposited on PGS. The slopes were calculated from the linear

portion of the OER curves using Equation 3:

h

b
¼ log

J
J0

(3)

where b and J0 are the Tafel slope and the exchange current

density, respectively.

The influence of Fe3þ ions on the Tafel slope values could

be inferred from these results. The Ni/PGS catalyst had a Tafel

slope of 55 mV dec�1, whereas NiFe10/PGS, NiFe25/PGS, and

NiFe50/PGS samples showed the values of 39, 33, and 34 mV
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Fig. 7 e High resolution STEM images of NiFe25 electrocatalyst deposited on carbon grid.

Fig. 8 e Electrochemical characterization of electrocatalysts deposited on PGS in NaOH 1 mol L¡1: (a) Current density (J) vs.

potential (V eiR vs. RHE) curves; (b) Approximation in the Ni2þ/Ni3þ redox peak region.
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dec�1, respectively. The rate-determining step of a reaction

with 30 mV dec�1 slope was associated with the transfer step

of the third electron, whereas that with 60 mV dec�1 was
associated with a chemical reaction after the transfer of the

first electron [9]. Alobaid et al. [74] reported that the most

likely rate-determining step for NiFe-LDH in an alkaline
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Fig. 9 e Electrochemical characterization of electrocatalysts deposited on PGS in NaOH 1 mol L¡1: (a) Overpotential (h) vs.

amount of Fe; (b) Tafel plots (h vs. J).
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electrolyte is the transfer of the third electron,which is related

to the formation of the peroxide intermediate, BOOH, where B

is the active site in Equation (6) below. Equations (4)e(7) show

themechanism of O2 production by the formation of peroxide

intermediate:

B þ [OH]� / BOH þ e� (4)

BOH þ [OH]� / BO þ H2O þ e� (5)

BO þ [OH]� / BOOH þ e� (6)

BOOH þ [OH]� / B þ O2 þ H2O þ e� (7)

According to the results presented in our study, Fe addition

induces a change in the rate-determining step because the Ni/

PGS electrocatalyst appears to have the second electron

transfer step as determining, whereas the electrodes with Fe

present the third electron transfer step as the most plausible.

The electrocatalysts NiFe10/PGS, NiFe25/PGS, and NiFe50/PGS

present themselves as very promising for OER.

For the complete study of electrochemical properties, an

EIS analysis was performed. The Nyquist plots of electro-

catalysts deposited on PGS are shown in Fig. 10a. Notably, the

addition of Fe3þ ions influences the total resistance of the

electrocatalyst. The electrodes of Ni/PGS and Fe/PGS do not

show the complete semicircle because the applied potential is

not sufficient for OER to occur efficiently. These materials

have the slowest kinetics for oxygen evolution among the

studied electrocatalysts. NiFe10/PGS, NiFe25/PGS, and NiFe50/

PGS catalysts showed excellent results of catalytic efficiency

for OER. However, the NiFe25/PGS sample showed the small-

est semicircle, implying it is the sample with the lowest total

resistance.

A potential of 1.6 V vs. RHE was applied to the NiFe25/PGS

sample and a decrease in the semicircle was observed

(Fig. S10), suggesting an increase in the catalysis of hydroxyl
oxidation with increasing potentials [74]. Li et al. [75] reported

that the decrease in the semicircle with increasing potentials

corresponds to an increase in the overpotential for oxygen

evolution processes occurring on the catalyst surface.

To calculate the values for charge transfer resistance (Rct),

double layer capacitance (Cdl), adsorption resistance (Rads),

and adsorption capacitance (Cads), an Armstrong and Hen-

derson equivalent circuit fit was performed. To apply this

model, resistive and capacitive elements were used. Figs.

S11aef shows the Nyquist plots of electrocatalysts NiFe10/

PGS, NiFe25/PGS, and NiFe50/PGS fitted with the proposed

equivalent circuit. The electrolyte resistance (Rel) was around

3 U for all catalysts. Results for NiFe10/PGS, NiFe25/PGS, and

NiFe50/PGS electrodes can be seen in Table S3. The highest

resistance values were found for NiFe50/PGS possibly due to

the excess of Fe within the structure, inducing a decrease in

the conductivity of the material. The NiFe25/PGS electro-

catalyst had the lowest Rct and Rads values of 1.69 and 17.02 U,

respectively. In addition, a decrease in the values of Cdl and

Cads was observed with the increasing amounts of Fe. This

can be associated with the decrease in the voltametric charge

values, observed in the CV curves (Fig. 8b).

Although all samples showed good catalytic activities,

NiFe25/PGS electrode showed the greatest potential because it

presented a smaller value of h, a low Tafel slope, and the

lowest Rct. Therefore, chronoamperometry was performed to

evaluate the stability of the NiFe25/PGS catalyst (Fig. 10b). This

result denotes good sample stability. At the beginning of

chronoamperometry, this material had a current density of

approximately 13 mA cm�2, which dropped to 9 mA cm�2

after 10 h of analysis. Fig. 10b inset shows bubbles at the

electrocatalyst surface during the measurement of electro-

chemical stability.

To show the effectiveness of the PGS substrate in catalysis

of OER, the NiFe25 sample was deposited on GC (NiFe25/GC)

and fluorine-doped tin oxide (NiFe25/FTO) substrates using

the same methods. The comparison among the different
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Fig. 10 e Electrochemical characterization of electrocatalysts deposited on PGS in NaOH 1 mol L¡1: (a) EIS measurements

(Nyquist curves); (b) current density (J) vs. time (hours) curves for NiFe25/PGS electrocatalyst.

Fig. 11 e Electrochemical characterization of NiFe25 electrocatalyst deposited on PGS, GC and FTO in NaOH 1 mol L¡1: (a)

Current density (J) vs. potential (V eiR vs. RHE) curves; (b) EIS measurements (Nyquist curves).
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substrates with the NiFe25 electrocatalyst can be seen in

Fig. 11a and b. The influence of substrates on the catalytic

performance is evident. NiFe25/PGS shows better OER per-

formance compared to the samematerial deposited onGC and

FTO (Fig. 11a). h values were calculated using Equation (2), and

the results are presented in the decreasing order: NiFe25/PGS

(320 mV) < NiFe25/GC (350 mV) < NiFe25/FTO (380 mV).

Fig. 11b shows the Nyquist plots of NiFe25 electrocatalysts

deposited on PGS, GC, and FTO. A variation in Relwas observed

depending on the substrate used. NiFe25/PGS showed 3.02 U,

whereas NiF25/GC and NiFe25/FTO samples showed higher

resistances of 6.98 and 18.31 U, respectively. Rel can be asso-

ciatedwith internal resistances, such as electrolyte, separator,

and current collector [75]. Because the separation between the

working and reference electrodes was the same and the so-

lution was not changed, changing the substrate, i.e., the
current collector affected the displacement of this resistance

directly.

The total resistance of the sample deposited on PGS was

much lower than the samples on GC and FTO. NiFe25/PGS

catalyst had a total resistance approximately 16-fold and 7-

fold less than NiFe/FTO and NiFe/GC, respectively. The fit for

the NiFe25/GC and NiFe25/FTO samples was performed as

well (Fig. S12d and Table S3). In agreement with the previous

results, NiFe25/PGS (1.69 U) had a lower Rct than NiFe25/GC

(10.64 U) and NiFe25/FTO (15.65 U) electrodes.
Conclusion

The proposed methodology for the growth of the NiFe-LDH

film on the PGS surface via electrodeposition proved to be
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simple and efficient. The results supported the hypothesis of

the growth of an ultrathin catalyst film on the surface of PGS.

Crystalline NiFe-LDH nanoclusters were found in the struc-

tures grown on the carbon STEM grid, although it was not

possible to observe the diffraction planes or vibration modes

of the catalyst by GIXRD and Raman techniques. The elec-

trochemical performances show that PGS acted as an excel-

lent support electrode. NiFe25/PGS showed low overpotential

(332 mV), low Tafel slope value (33 mV dec�1), and the lowest

Rct among the studied catalysts. An increase in Fe amounts in

NiFe-LDH provided more interaction between Fe and Ni,

contributing directly to the improvement of OER performance

because this synergetic effect is essential to oxidize the hy-

droxyl efficiently. However, large amounts of Fe can increase

the resistance, thus, decreasing effectiveness. Compared to

other substrates, PGS is a better substrate/catalyst interface,

improving the general OER catalysis. From an application

point of view, PGS proves a potential support electrode

candidate for hydroxyl oxidation reactions.
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