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We have developed a novel, efficient and economical composite electrode for hydrogen

production. The electrode has been formed by embedding graphene in the FeeNi matrix

via room temperature electrodeposition. The obtained active coatings have been tested for

their efficiency and performance as electrode surfaces for hydrogen evolution reaction

(HER) in 6 M KOH by cyclic voltammetry and chronopotentiometry techniques. The coating

obtained at 60 mA cm�2 exhibited approximately 3 times higher activity for hydrogen

production than that of binary FeeNi alloy. Addition of graphene to electrolyte bath

resulted in porous 3D projections of nano-sized spheres of FeeNi on the surface of gra-

phene, which effectively increased the electrochemically active surface area. XPS analysis

results showed the equal distribution of both Ni metal and NiO active sites on the com-

posite. The addition of graphene favoured the deposition of metallic nickel, which accel-

erated the rate determining proton discharge reaction. All these factors remarkably

enhanced the HER activity of FeeNi-Graphene (FeeNi-G) composite electrode. The Tafel

slope analysis showed that the HER follows Volmer-Tafel mechanism. The structure

eproperty relationship of FeeNi-G coating has been discussed by interpreting field emis-

sion scanning electron microscopy (FESEM), X-ray photoelectron spectroscopy (XPS) and X-

ray diffraction (XRD) analysis results.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

It is estimated that global energy demand for a sustainable

development will double by 2050 [1]. This has necessitated a

quest for reliable energy sources. Hydrogen is predicted to be a

promising secondary energy, with the advantage of high en-

ergy density (140 MJ kg�1) which far exceeds that of gasoline

and coal, no carbon emission and a useful by-product of water

from combustion [2,3]. Hydrogen, the first element of modern
, kishan@nitk.edu.in (D.K
40
gy Publications, LLC. Publ
periodic table, exists as H2 gas in nature in negligible amount

whereas most of hydrogen is existing in fused state with ox-

ygen as H2O, which occupies about 70% of earth. The easiest

and safest way to obtain high purity H2 gas from water is by

electrolysis [4e6]. The mechanism for HER is widely accepted

to take place via two steps; initiation of reaction with a proton

discharge to give adsorbed hydrogen atom, Volmer reaction

(Eq. (1)),

H2OþMþ e� #MHads þ OH� (1)
. Bhat).

ished by Elsevier Ltd. All rights reserved.
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Table 1 e Composition and operating parameters for
deposition of FeeNi-G composite coatings on copper
substrate.

Composition Concentration
(g L�1)

Operating
parameter

NiSO4.6H2O 100 Cathode: Pure Cu

FeSO4.7H2O 25 Anode: Pure Ni

Boric acid 20 Temperature: 303 K

Ascorbic acid 5 pH: 3.5

Sodium lauryl

sulfate

1 Current density: 20e60

mA cm�2

0.5 g L�1 of synthesized graphene was added to obtain FeeNi-G

composite coatings.
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It is followed either by Tafel reaction (Eq. (2)) where two

adsorbed H atoms recombine to yield hydrogen or Hevrosky

reaction (Eq. (3)) where an electrodesorption step takes place

yielding hydrogen gas [7].

2MHads# 2Mþ H2[ (2)

MHads þ H2Oþ e� #Mþ OH� þ H2[ (3)

The use of electrolytic devices to produce hydrogen is

generally linked to its energetic properties or commercial in-

terests [6]. In any industrial electrolyzers, the electrode ma-

terials are the most important components. The pre-

requisites for a material to qualify as electrode material for

water electrolysis are high surface area, maximum electrical

conductance, corrosion resistance in operating medium and

good electrocatalytic property with minimum overvoltage

[8,9]. Platinum shows very high activity for HER but its cost is

very high [10]. Mo andW based HER electrocatalysts are active

but they are not very abundant [11,12]. The best electrode

materials for HER must constitute strong intrinsic catalytic

activity, large surface area, stability of performance, avail-

ability in abundance and low cost [13]. Thus, in recent years

the investigations on developing new, cheaper materials and

improving existing materials for water electrolysis to obtain

high purity hydrogen gas has gained considerable attention

among researchers. The first row transition metals like Fe, Co

and Ni are cheaper, abundant and have the potential to be

better electrocatalysts [7,14e17]. A good number of reports

pertaining to HER studies employing these metals and their

alloys prepared by different techniques like mechanical

alloying [18e20], sputtering [21], thermo-chemical [22] and

electrodeposition [23e25] are available in the literature.

Recently the electrodeposition and electrocatalytic activity

of FeeNi alloy coating was reported by our research group [26].

The composite electrodes of transition metal alloys for HER are

gaining prominence in recent years due to their low cost, high

stability and excellent electrocatalytic activity [27,28]. Materials

like TiO2, RuO,MoO2, tungsten carbide and carbon nanopowder

areused in combinationwith transitionmetals to enhance their

electrocatalytic behaviour and stability [29e35]. Recently,

interestingfindings on theeffect of embeddedcarboncontent in

FeeNi electrodes for HER in seawaterwere reported [36,37]. The

presence of carbon content was found to be beneficial in

enhancing the electrocatalytic property of the material.

On the other hand, graphene, the 2D form of carbon, has

gained great scientific consideration in recent years due to its

extraordinary electronic and mechanical properties like high

mobility of charge carriers, high thermal conductivity, high

mechanical strength, extremely large surface area, etc.

[38e40]. Thesenoteworthyproperties of graphenemake itwell

suited for many applications such as graphene-based elec-

tronics, composite materials, molecular gas sensors, energy

storage and conversion [40e44]. Graphene, as defined, is a

single layer two-dimensional material, comprising of carbon

atomsarranged in a hexagonalmanner, but graphene samples

with two layers (bi-layer graphene) andmore than two but less

than ten layers (few-layer graphene) are equally of interest.

In view of the aforesaid aspects and as a part of our ongoing

research on synthesis and applications of graphene [45,46] we
thought it is worthwhile to investigate HER properties of

transition metal alloy-graphene composite electrode.

Accordingly we report herein the fabrication of a novel elec-

trodeposited FeeNi-G composite electrode and studies on its

performance as cathode for HER. The study was aimed at

combining the high surface area of graphene with electro-

catalytic property of FeeNi alloy to obtain hybrid porous

electrodes from a single step electrodeposition. The porosity

of non-precious metal electrocatalysts is increased mainly by

leaching out certain metals from electrodeposited coatings to

impart porosity to the surface [47,48]. The present single step

electrodeposition method eliminates requirement of the post

treatment of electrodeposited samples and hence they can be

directly used for HER. We have carried out the electrodeposi-

tion of nanocrystalline FeeNi-G composite coating and have

studied their applicability to HER or water splitting reaction in

alkaline medium. Further, we have investigated the effect of

graphene on electrocatalytic and physical properties of the

coatings systematically and the observed results are dis-

cussed in the following sections.
Materials and methods

Electrodeposition of FeeNi-G composite coating

The electrodeposition of FeeNi-G electrocatalyst was accom-

plished in an acid sulphate bath with composition and oper-

ating parameters as given in Table 1. FeeNi-G composite

coatings were deposited on a cross sectional area of copper

rod using a customized glass cell. Mirror polished copper

surface (exposed area of 1.0 cm2) was electro-cleaned and

then pickled in a mixture of 0.5 M HNO3 and 0.5 M H2SO4 to

activate the surface. Pure Ni plate with equal exposed surface

area was used as an anode. The cathode and anode were

placed parallel at 5 cm distance during plating. 0.5 g L�1 of

synthesized graphene (S1 Supporting Information) was added

into FeeNi bath. The bath was then agitated ultrasonically for

48 h to ensure uniform dispersion of graphene. Agilent

N6705ADC power analyserwas used as a high sensitive power

source for electrodeposition. The total time for electrodepo-

sition was fixed at 900 s in all the cases. To compare the

electrocatalytic properties of FeeNi-G electrode with FeeNi

coatings we have carried out the electrodeposition of FeeNi

http://dx.doi.org/10.1016/j.ijhydene.2015.06.040
http://dx.doi.org/10.1016/j.ijhydene.2015.06.040
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alloy on copper substrate and characterized as per the re-

ported procedure [26].

Characterization
The surface morphology of electrodeposited coatings were

characterized by field emission scanning electron microscope

(FESEM) using Zeiss Ultra 55 field emission scanning electron

microscope. The elemental composition and phase structures

were analysed using X-ray photoelectron spectroscopy (XPS)

taken on an AXIS Ultra instrument from Kratos Analytical in

the range of 1e1300 eV and X-ray diffraction (XRD) measure-

ments were conducted using a D8 Advance (Bruker) X-ray

diffractometer with Cu Ka radiation (l ¼ 1.5418 Å). Electro-

catalytic study of FeeNi alloy and FeeNi-G composite coatings

were carried out using a custommade three-electrode tubular

glass cell, with arrangements as shown in Fig. 1.

The electrochemical cell was designed for quantitative

measurement of hydrogen, where electrodeposited FeeNi-G

composite electrode was subjected to cathodic and anodic

polarization, respectively. Electrodeposited FeeNi-G compos-

ite coating obtained under different deposition conditionswas

used as the test electrode with platinised platinum of same

surface area (1.0 cm2) as the counter electrode and saturated

calomel electrode (SCE) as the reference electrode. All poten-

tials reported in the present study are with reference to SCE.

Luggin's capillary with agar-KCl salt bridge was used to

minimize the error due to Ohmic drop.

Electrochemical behaviour of the coatings, in terms of HER,

were evaluated by subjecting it to cyclic voltammetry and

chrono-potentiometry studies in 6 M KOH medium, using

computer controlled potentiostat VersaStat3-400 (Princeton

Applied Research, USA). The cell was fitted with a graduated

gas collector where the liberated hydrogen replaces corre-

sponding amount of solution. This facility allows relating the

amount of gas liberated at given time for electrode materials

deposited at a given current density.
Results and discussion

The composition and operating parameters of the bath used

for deposition of FeeNi-G composite in the present study is
Fig. 1 e Customised tubular 3-electrode cell with provision

to collect liberated H2 on the electrode surface.
given in Table 1. The plating parameters and bath composi-

tion used were optimized by standard Hull cell method

described elsewhere [1]. FeeNi-G composite coatings have

been deposited on cross sectional area of copper rod using

customised glass cell at different current densities (i) i.e., 20,

40 and 60 mA cm�2. The deposits were analysed for surface

morphology and compositional variation with applied current

density.

Surface and compositional characterization

FESEM analysis
Electrocatalysis is a heterogeneous process and is a function

of surfacemorphology of the electrodematerial. The accepted

mechanism for HER proceeds through an adsorption step

basically [49e53]. Hence it is the surface structure and

morphology that is vital in electrocatalytic materials devel-

oped by electrodeposition. The structure and morphology of

FeeNi alloy coating surfaces were reported in the literature by

our group in our previous study [26]. It was observed that at all

current densities the grain size as observed in FESEM images

were in the nanometric range. Also, with the increase in

current density, the deposit became coarse and rough,

increasing its specific surface area (S2 Supporting

Information).

The FESEM images for FeeNi-G composite coating depos-

ited fromoptimalbathat60mAcm�2 are showninFig. 2(a). The

addition of graphene to the deposition bath results in the

modification of the surface morphology of the coating. The

FESEM image shows two different phases on the surface of the

coating. The corresponding energy-dispersive X-ray (EDX)

spectrum (Fig. 2(d)) indicates that the two phases are irregu-

larly shaped graphene layers embedded with nano-sized

FeeNi spheres scattered all over the surface of the deposit.

Due to the high specific surface area of graphene, the adsorp-

tion of electrodeposition solution onto it is expected to be very

high. On the application of electric current, the electrolyte

adsorbedgraphene layersgetdragged towards thecathodeand

gets incorporated into it alongwith thegrowingalloy layer. The

addition of graphene gives a 3D structure to the deposit

(Fig. 2(b)). In addition, due to the high electrical conductivity of

graphene, electrodeposition takes place on the surface of

embedded graphene. This explains the appearance of nano-

structured FeeNi alloy spheres on the surface of embedded

graphene (Fig. 2(c)). It can be observed from Fig. 2(c) that the

FeeNi alloy particles are deposited on the graphene surface as

nano-sized spheres. The FeeNi decorated graphene deposit

increases the surface roughness increasing the electroactive

surface area of the composite coating. The observation of such

structural changes due to the addition of graphene is of great

importance in understanding its significance in enhancing the

electrocatalytic activity of binary alloy coatings. The appear-

ance of such structures is interesting and advantageous for the

purpose of developing 3D surfaces on flat electrodes without

sophisticated set upor post treatment suchas leaching out one

of the metal or etching frommetal matrices.

XPS analysis
XPS studies of solid material offer very useful information on

elemental composition both on the surface and the bulk of the

http://dx.doi.org/10.1016/j.ijhydene.2015.06.040
http://dx.doi.org/10.1016/j.ijhydene.2015.06.040


Fig. 2 e FESEM images of (a) FeeNi-G composite coating deposited from optimal bath at 60 mA cm¡2 displaying irregularly

shaped graphene layers embedded in FeeNi alloy matrix; (b) a magnified image showing the 3D structure encapsulated

with nano-sized FeeNi spheres on the surface of graphene; (c) magnified image showing nano-sized FeeNi spheres

decorated on the surface of graphene and (d) EDX spectrum of FeeNi-G composite electrode.
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sample (up to few layers). Similarly, this technique was used

to evaluate the surface deposits, which were obtained galva-

nostatically at 60 mA cm�2. The wide scan spectrum of FeeNi

alloy and FeeNi-G composite coatings are shown in Fig. 3(a)

and (b) respectively. The elemental composition of FeeNi alloy

and FeeNi-G composite coatings are summarized in Table 2.

The deconvoluted C1s spectrum of FeeNi alloy coating is as

shown in Fig. 4(a). The fitting analysis shows two strong peaks

at 285.5 eV corresponding to sp3 carbon [54] and 290.5 eV

corresponding to occluded CO2 [55]. The sp3 carbon peak is

fromascorbic acid and sodium lauryl sulfatewhich is added to

optimise the bath. The deconvolution of C1s spectrum of

FeeNi-G composite coating reveals a strong and sharp peak at

284.5 eV corresponding to graphitic sp2 carbon (Fig. 4(b))

[54,56]. The intensity of sp3 carbon peak at 285.5 eV is greatly

reduced indicating preferential deposition of graphene over

amorphous carbon. For similar reasons the intensity of

occluded CO2 peak at 290.5 eV is also reduced.

Fig. 4(c) and (d) shows the core-level Ni2p spectrum for

deposits of FeeNi alloy and FeeNi-G composite coatings

respectively. It is possible to identify two species, metallic

nickel and nickel oxide as evidenced by peaks at 852.9 eV and

856.0 eV, respectively [57]. From Fig. 4(c) it can be seen that the

ratio of peak area,
�
ANið0Þ
ANiðIIÞ

�
¼ 0:36, indicates an unequal distri-

bution of NiO and Ni metal sites on the surface of FeeNi

electrode. From Fig. 4(d) it is observed that the ratio of peak
area
�
ANið0Þ
ANiðIIÞ

�
¼ 0:95, indicates almost equal distribution of NiO

and Ni metal sites on FeeNi-G electrode surface. Similarly in

the absence of graphene the core level Fe2p spectrumof FeeNi

electrode (Fig. 4(e)) shows peaks corresponding to only Fe(ӀӀ)

and Fe(III) [57,58] and does not show any peak corresponding

to Fe(0), whereas the core-level Fe2p spectrum of FeeNi-G

electrode surface (Fig. 4(f)) shows the peak corresponding to

Fe(0) [57] with peak area ratios of
�
AFeð0Þ
AFeðIIÞ

�
¼ 0:31 and

�
AFeð0Þ
AFeðIIIÞ

�
¼ 0:21.

XRD studies
The phase structure and grain size of the alloy and composite

coatings were analysed using XRD technique. The pattern for

alloy and composite coatings are plotted to facilitate com-

parison (Fig. 5). As shown in Fig. 5, the peaks at 2q values of

43.4�, 50.6� and 74.5� correspond to characteristic peaks of

taenite ironenickel, which could be assigned to (111), (200) and

(220) reflection, respectively, of FCC ironenickel [26,37]. At

60 mA cm�2 there was a shift from FCC to BCC phase with

appearance of reflection at (110) preferred orientation. The

peak of Cu substrate was not observed in the diffraction

pattern due to complete coverage of coatings on the surface of

the substrate. The coatings at low current density values

contain (111) phase as preferred orientation and with the

http://dx.doi.org/10.1016/j.ijhydene.2015.06.040
http://dx.doi.org/10.1016/j.ijhydene.2015.06.040


Fig. 3 eWidescanXPSspectrumof (a) FeeNi and (b) FeeNi-G.
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increase in deposition current density the preferential orien-

tation is more towards (220) phase. All of the XRD patterns

clearly show the diffraction peaks of the (400), (422) and (533)

crystal planes at 43.2�, 53.5� and 74� respectively, corre-

sponding to the cubic structure of Fe3O4 (JCPDS 00-003-0862).

The grain size of alloy coatings were calculated using Scherrer

equation (Eq. (4)),

D ¼ Kl
bcosq

(4)

where D is crystallite size, l is the wavelength of X-ray radi-

ation, b is the full width at half height of symmetrical shape of

the diffraction peak and q is the Bragg angle.

The grain size in the case of alloy and composite coatings is

in between 10 and 50 nm and hence deposition at all current

densities results in nanocrystalline coatings. On the addition
Table 2 e Elemental composition of FeeNi alloy and
FeeNi-G alloy composite coatings from XPS analysis.

Fe (at.%) Ni (at.%) C (at.%) O (at.%)

FeeNi 12.47 6.36 29.88 51.29

FeeNi-G 10.67 5.92 42.28 41.13
of graphene, the phases of composite coatings appeared un-

changed in position but the intensity was slightly on the lower

side. Incorporation of graphene into the coating was

confirmed by appearance of a low intensity broad peak at 2q

value of 24.5� [59]. The broad peak suggests that the graphene

is few layers thick and has a relatively shorter domain size

[60]. Other peaks were obtained as in the case of alloy coatings

[26].

Electrochemical characterization

Corrosion study
The corrosion resistance of FeeNi alloy coatings were evalu-

ated in the same medium i.e., in 6 M KOH and is reported

elsewhere by our group [26]. According to the reported data

electrodeposited FeeNi alloy coatings under working condi-

tion of its electrocatalytic behaviour show least corrosion rate

in the range of ~(1e3) � 10�2 mm y�1, well within the tolerable

limit for electrode reactions. Hence the corrosion test of

electrodeposited FeeNi alloy coating qualifies them to be used

as safe electrode material for water electrolysis in 6 M KOH as

electrolyte.

Hydrogen evolution reaction
TheHER of electrolytically coated FeeNi-G composite coatings

were studied in 6 M KOH solution on 1.0 cm2 effective geo-

metric surface area. The experiments were performed by cy-

clic voltammetry and chrono-potentiometry methods and the

results are discussed in the following sections.

Cyclic voltammetry study. The electrocatalytic HER in alkaline

medium on FeeNi-G electrodes were studied by cyclic vol-

tammetry (CV) in a three electrode cell. The experiment was

carried out in 6 M KOH electrolyte between �0.5 V and �1.6 V

vs. SCE at scan rate of 50 mV s�1 for 50 cycles. It was observed

in our previous study on FeeNi alloy that towards the end of

50th cycle stable and reproducible CV curves were obtained

with a state of equilibrium between formation/detachment of

hydrogen bubbles (S3 Supporting Information) [26]. Hence CV

of FeeNi-G composite coatings deposited at different current

densities, showing peak cathodic current density (ipc) for HER

at the end of 50th cycle is shown in Fig. 6 and corresponding

data are given in Table 3. It may be observed that at �1.6 V, ipc
for HER increases as the deposition current density increases

and is approximately 3 times better than that of binary FeeNi

alloy coating [26] (S3 Supporting Information), as may be seen

in Fig. 7. It may be attributed to the increased electrochemi-

cally active surface area of the electrode. It is supported by the

increased area covered under the CV plots, as show in Fig. 7.

The FESEM image of FeeNi-G composite coating (Fig. 2)

shows embedded graphene layers decorated with nano-sized

FeeNi alloy particles. Thus, the surface roughness of the

coating is greatly enhanced by the addition of graphene. This

results in increase of electrochemically active surface area

and in turn increases the electrocatalytic activity of the

composite electrode. Also, XPS analysis reveals that the

addition of graphene increases the metallic nickel content in

the deposit. The increase in metallic nickel content acceler-

ates the rate determining proton discharge reaction (Volmer

reaction) as a result of enhanced charge transfer from Ni(0) to
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Fig. 4 e XPS core level C1s spectrum of (a) FeeNi, (b) FeeNi-G; XPS core level Ni2p spectrum of (c) FeeNi, (d) FeeNi-G and XPS

core level Fe2p spectrum of (e) FeeNi, (f) FeeNi-G.
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Fe(0), thereby contributing for increasedHER activity of FeeNi-

G composite electrode [61].

In alkaline media, the HER pathway could be through the

VolmereTafel (Eqs. (1) and (2)) process or VolmereHeyrovsky

(Eqs. (1) and (3)) pathways. Both pathways involve the

adsorption of H2O molecule, electrochemical reduction of

adsorbed H2O into adsorbed OH‾ and H atom, desorption of

OH‾ to refresh the surface and formation of H adsorbed in-

termediate for H2 generation. A pure NiO surface is not active

for HER due to the lack of H adsorption sites. On a pure Ni

surface without any NiO, the adsorbed OH‾ species could

occupy the sites for H atom, causing inefficient release of OH‾

and blocking of the active catalytic sites. Therefore, for an

effective HER catalytic activity, equal distribution of metal

oxide and pure metal sites is necessary [51]. As indicated by
XPS analysis results, both Ni metal and NiO sites are almost

equally distributed in FeeNi-G which is responsible for

increased HER activity of FeeNi-G composite electrode. The

ratio of Fe(0) to Fe(II, III) sites in FeeNi-G is significant although

not equal wherein it too contributes for increased HER activity

of FeeNi-G composite electrode when compared to FeeNi

electrodewhich does not have any Fe(0) sites. Themechanism

for the HER activity of Fe(0) in the presence of Fe(II) and Fe(III)

is similar to the one proposed for the HER activity of Ni(0) in

the presence of Ni(II).

The kinetic behaviour of the electrocatalyst was evaluated

by analysing Tafel slope and is shown in Fig. 8. The exchange

current densities were calculated by ButlereVolmer equation

and the values were in good agreement with values obtained

from CV study. In each plot corresponding to different
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Fig. 5 e XRD patterns of FeeNi and FeeNi-G coatings

demonstrating the significance of deposition current

density and graphene on deposit phase structure.

Table 3eHER parameters for FeeNi-G coatings developed
at different current densities from optimal bath.

I
(mA cm�2)

ipc at �1.6 V
(A cm�2)

Onset
potential
of H2

evolution
(V vs. SCE)

Volume of
H2 evolved

in
300 s (cm3)

20 0.43 ‒1.23 12.0

40 0.61 ‒1.20 13.1

60 0.80 ‒1.18 14.4

Fig. 7 e Comparison of CV curves for HER on the surface of

FeeNi and FeeNi-G composite coatings (in 6 M KOH

electrolyte) deposited at same current density

(60 mA cm¡2).
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coatings, it may be seen that the first step is an electro-

reduction of the water molecule, with the formation of

hydrogen adsorbed on the electrode surface (Volmer reaction),

followed by an electrochemical (Heyrovsky reaction), and/or

chemical (Tafel reaction) desorption of H2. Analysis of the HER

mechanism for FeeNi and FeeNi-G composite coatings have

been made based on the Tafel slope (bc) values [62]. For this

analysis, the values of Tafel slope given in the work of Cho-

quette et al. for different HER mechanisms were taken as the

reference (up to 66 mV dec�1 indicate HeyrovskyeVolmer

mechanism; neighbourhood of 118 mV dec�1 indicate Vol-

mereTafel mechanism and above 200mV dec�1 indicate Tafel

mechanism) [63].

Tafel slope (bc) and exchange current density (io) corre-

sponding to FeeNi and FeeNi-G coatings were determined

fromTafel plot (Fig. 8) and the values are reported in Table 4. It

may be noted that all the slope values were in the range of

�118 mV dec�1 confirming that HER on these coatings follow
Fig. 6 e CV curves depicting increase of ipc with increase in

deposition current density for FeeNi-G coatings (on

saturation after 50th cycle of CV).
Volmer-Tafel mechanism. There exists an increase of ex-

change current density for coatings containing graphene

indicating that they are more efficient in producing hydrogen

on its surface.
Fig. 8 e Comparison of Tafel slopes (bc) for HER on

electroactive coatings of FeeNi and FeeNi-G developed

under different current densities.
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Table 4e Tafel slope (bc) and exchange current density (io)
of FeeNi and FeeNi-G coatings developed under different
current densities.

Electrodeposit coating
configuration

Tafel slope, bc
(mV dec�1)

io
(mA cm�2)

ðFe�NiÞ20 mA cm�2 �137.1 53.7

ðFe�NiÞ60 mA cm�2 �92.6 101.5

ðFe�Ni� GÞ20 mA cm�2 �125.1 132.9

ðFe�Ni� GÞ60 mA cm�2 �88.1 284.5

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 1 0 4 5 3e1 0 4 6 210460
Chrono-potentiometry. Conventional industrial low-pressure

alkaline electrolyzers operate usually at current densities

from �100 mA cm�2 to �300 mA cm�2. The simplest way to

estimate the electrocatalytic activity under these conditions is

to monitor the electrode potential at constant current

density applied over sufficient period of time by chrono-

potentiometry experiment [62]. The chrono-potentiometry

study for evolution of hydrogen on FeeNi-G composite coat-

ings, deposited at different current densities were made at a

constant current density of 300 mA cm�2 for a duration of

1500 s. The electrocatalytic behaviour of each coating was

evaluated by measuring the amount of H2 liberated in first

300 s. The nature of chrono-potentiogram for FeeNi alloy and

FeeNi-G composite coating deposited at 60mA cm�2 is shown

in Fig. 9. The electrodeposited catalysts showed low potential

for HER in the initial period and then the potential slowly

stabilized. This phenomenon is ascribed to the formation of

hydrogen bubble. The inset chart shows the volume of H2

liberated in 300 s on each coating deposited at different cur-

rent density with and without graphene. It may be seen that

coating corresponding to 60 mA cm�2 shows maximum H2,

due to excess porosity of the coatings. Further, FeeNi-G

composite coating showed substantial reduction in the

hydrogen evolution potential of 170 mV (Table 3) as compared

to its binary alloy (FeeNi) electrocatalyst (S3 Supporting

Information) [26]. Also, the volume of hydrogen gas liberated
Fig. 9 e Chrono-potentiometry curves at ¡300 mA cm¡2

recorded using electroactive coatings of FeeNi and

FeeNieG deposited at 60 mA cm¡2. The inset chart shows

the volume of H2 liberated in 300 s on each coating

deposited at different current densities.
in 300 s is found to be much higher in the case of composite

coatings.

Comparison of FeeNi-G system with Pt-based materials for
HER

When compared to Pt-based materials FeeNi-G composite

electrode has higher overpotential (approx. �1.2 V) and lower

exchange current density [21,49,64e66]. But low abundance,

high cost and surface poisoning (e.g. by CO) suggest that Pt-

based electrocatalysts cannot be used on a large scale

[67e70]. Whereas, FeeNi-G composite electrodes does not get

easily deactivated by adsorption of poisonous intermediates

or reaction products (e.g. CO), thus increasing the active sites

for reactant molecules. Unlike Platinum, FeeNi-G catalyst

combines the ability to oxidize both CO and H2O effectively

[67]. Moreover it is made up of earth-abundant elements and

hence is way more economical than Pt-based materials. Also

unlike the catalytic reaction on Pt, increasing the concentra-

tion of water molecules at the surface favours water-splitting

on graphene-based catalysts [71].
Conclusions

In conclusion, we have successfully demonstrated the fabri-

cation of a novel FeeNi-G composite electrode for HER by

embedding graphene in FeeNi alloy matrix via a simple and

facile room temperature electrodeposition over copper sur-

face. The addition of graphene to electrolyte bath resulted in

porous3Dprojectionsofnano-sizedFeeNialloy sphereson the

surface of graphene which effectively increases the elelc-

trochemically active surface area. As indicated by XPS analysis

results, both NiO and Ni metal sites are equally distributed in

FeeNi-G composite electrode. Also the deposition of metallic

nickel is favoured on the addition of graphene which acceler-

ates the rate determining proton discharge reaction. All these

factors remarkably enhance the HER activity of FeeNi-G com-

posite electrode. Under the studied range of current density

FeeNi-G composite electrode coating developedat 60mAcm�2

was found to be efficient electrodematerial for HER reaction as

demonstrated by cyclic voltammetry and chrono-

potentiometry experiments. The Tafel slope analysis shows

that the HER follows Volmer-Tafel mechanism.
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