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A novel, highly efficient composite electrode containining earth-abundant elements (Co-Ni) and graphene has been
developed for electrocatalytic hydrogen evolution reaction in alkaline medium.
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Abstract

Active, stable and cost-effective electrocatalysts are a key to water splitting for hydrogen production through electrolysis. Herein, we
report the facile preparation of highly porous Co-Ni-Graphene (Co-Ni-G) composite electrode by electrodeposition for electrocatalytic
applications. The incorporation of graphene into Co-Ni matrix enhances the catalyst’s activity for hydrogen evolution reaction (HER) in
alkaline solution. The best coating exhibits a maximum current density of -850 mA cm™ at -1.6 V, which is approximately 4 times better
than that of binary Co-Ni alloy indicating higher activity for hydrogen production. Addition of graphene to electrolyte bath results in
porous encapsulated bundle of alloy nano-particles within the graphene network which effectively increases the elelctrochemically active
surface area. As indicated by XPS analysis results, on addition of graphene Co(0) and Ni(0) content in the deposit increases and as a result
both cobalt/cobalt oxide and nickel/nickel oxide sites are evenly distributed on Co-Ni-G electrode surface which is responsible for
increased HER activity. The Tafel slope analysis showed that the HER follows Volmer-Tafel mechanism. The structure-property relationship
of Co-Ni-G composite coating has been discussed by interpreting field emission scanning electron microscopy (FESEM), X-ray
photoelectron spectroscopy (XPS) and X-ray diffraction (XRD) analysis results.

Keywords: Electrocatalyst, electrodeposition, hydrogen evolution reaction, graphene, composite coating.
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Introduction

The global demand for energy is increasing rapidly and continuously during the last few decades. The need for an eco-
friendly, renewable and efficient energy source with the potential to replace the commonly used nuclear and fossil fuels is
growing each day.1 Hydrogen, a renewable and clean fuel, is considered as a potential energy carrier for future energy
infrastructure.” > The electrocatalytic splitting of water by HER is an important process with high energy conversion
efficiency for hydrogen production.4 Generally accepted reaction mechanism in alkaline solution is 3

1) electrochemical hydrogen adsorption (Volmer reaction) [Eq. (1)]
H,0+M+ e~ 2 M—H*+0H™ (1)
followed by

2) electrochemical desorption (Heyrovsky reaction) [Eq. (2)]
M—H+ H,0+ e = M+OH + H, 1T (2)
or

3) chemical desorption (Tafel reaction) [Eq. (3)]
2M—H"= 2M+ H, 1 (3)
where H* designates a hydrogen atom chemically adsorbed on an active site of the electrode surface (M).

The use of electrolytic devices to produce hydrogen is generally linked to its energetic properties or commercial interests.
In any industrial electrolyzers, the main properties of electrode to be considered for water electrolysis are: large active
surface area, electrochemical stability, good electrical conductivity, low hydrogen over-potential, good electrocatalytic
activity and high corrosion resistance. Currently, the state-of-the-art catalysts are based on precious metals such as Pt
because of their low overpotential and fast kinetics for driving HER.>7 However, the major drawbacks of Pt catalysts are
their high cost and limited world-wide supply of these noble metals.® To assure sustainable hydrogen production, the cost-
effective alternatives to precious Pt featuring high electrocatalytic activities and robust stabilities should be developed. In
this context, various earth-abundant transition metals (Fe, Co, Ni, Mo) and their compounds have been designed and
developed as highly efficient HER electrocatalysts under either acidic or alkaline conditions.*™ However, these materials
show inherently high over-potential which needs to be reduced by proper manipulation of their synthetic routes. Several
electrodeposited transition metals (like Ni, Co, Fe, Mo and Cu) and their mutual alloys have been used as electrodes for
electrolysis of water.””™ This is due to the fact that electrodeposition being an atomistic deposition process, the property
of the coatings can be controlled closely by regulating the deposition parameters and the bath composition. Moreover,
such electrodeposited materials do not require any post-preparation treatment before using them as eIectrocatalysts.20
Also, development of nanostructured electrocatalysts with preferentially exposed active sites leads to increased
performance. Recently the electrodeposition and electrocatalytic activity of nanostructured Co-Ni alloy coating was
reported by our group.21 Strikingly, some carbon-based materials with unique electronic properties have been also
considered as innovative alternatives for Pt catalyst.zz’ 2

Graphene, the 2D form of carbon, has gained great scientific consideration in recent years pertaining to its extraordinary
electronic and mechanical properties like high mobility of charge carriers, high thermal conductivity, high mechanical
24-26 . . .
strength, extremely large surface area, etc. These noteworthy properties of graphene make it well suited for many
applications such as graphene-based electronics, composite materials, molecular gas sensors, energy storage and
conversion.”** Graphene, as defined, is a single layer two-dimensional material, comprising of carbon atoms arranged in a
hexagonal manner, but graphene samples with two layers (bi-layer graphene) and more 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 program on synthesis and applications of graphene31‘
2 e thought it is worthwhile to investigate HER experiments employing transition metal alloy-graphene composite
electrode. Accordingly, we report herein the fabrication of a novel electrodeposited Co-Ni-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
electrocatalytic property of Co-Ni alloys to obtain hybrid porous electrodes from a single step electrodeposition. The
porosity of non-precious metal electrocatalysts are generally increased mainly by leaching out certain metals from
electrodeposited coatings to impart porosity to the surface.®® 3 The present single step electrodeposition method
eliminates requirement of post treatment of electrodeposited samples and hence they can be directly used for HER. We
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have carried out the electrodeposition of nanocrystalline Co-Ni-G composite coating and have studied their applicability to
HER or water splitting reaction in alkaline medium. The effect of graphene on electrocatalytic and physical properties of
the coatings have been studied systematically and the observed results are discussed in the following sections.

Materials and methods
Electrodeposition of Co-Ni-G composite coating

The electrodeposition of Co-Ni-G electrocatalyst was accomplished in an acid sulphate bath with composition and
operating parameters as given in Table 1.

Table 1 Composition and operating parameters for deposition of Co-Ni-G composite coatings on copper substrate.

Composition Concentration Operating

P (g L'l) Parameter
NiSO,.6H,0 100 Cathode: Pure Cu

Co0S0,4.7H,0 25 Anode: Pure Ni
Boric acid 20 Temperature: 303K
Ascorbic acid 5 pH: 3.5

Sodium lauryl 1 Current density:
sulfate 10 — 40 mA cm™

0.5¢g Lt synthesized graphene was added to obtain Co-Ni-G
composite coatings.

Co-Ni-G composite coatings were deposited on a cross sectional area of copper rod using a customized glass cell having a
total volume capacity of 225 mL. Mirror polished copper surface (exposed area of 1.0 cmz) was electro-cleaned and then
pickled in a mixture of 0.5 M HNO3 and 0.5 M H,SO, 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 L7 of synthesized
graphene (ESIt) was added into Co-Ni bath. Then bath was agitated ultrasonically for 48 hours to ensure uniform
dispersion of graphene. Agilent N6705A DC power analyser was used as a high sensitive power source for
electrodeposition. The total time for electrodeposition was fixed at 900 s in all the cases. To compare the electrocatalytic
properties of Co-Ni-G composite coatings with Co-Ni alloy coatings we have carried out the electrodeposition of Co-Ni alloy
on copper substrate and characterized as per the reported procedure.21

Characterization

The surface morphology of electrodeposited coatings were characterized by FESEM. The elemental composition and phase
structures were analysed using XPS and XRD techniques, respectively. Electrocatalytic study of Co-Ni alloy and Co-Ni-G
composite coatings were carried out using a custom made three-electrode tubular glass cell, with arrangements as shown
in Fig. 1.
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Test electrode

Reference electrode unter electrode

Fig. 1 Customised tubular 3-electrode cell with provision to collect liberated H, on the electrode surface.

The electrochemical cell was designed for quantitative measurement of hydrogen, where electrodeposited Co-Ni-G
composite electrode was subjected to cathodic and anodic polarization, respectively. Electrodeposited Co-Ni-G composite
coatings obtained under different deposition conditions were used as the test electrode and platinum electrode of the
same surface area (1.0 cmz) was used as the counter electrode. Saturated calomel electrode (SCE) was used as the
reference electrode. All potentials 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, was 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
corresponding 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 Co-Ni-G composite coating in the present
study is given in Table 1. The plating parameters and bath composition used were optimized by standard Hull cell method
described elsewhere.®® Co-Ni-G composite coatings have been deposited on cross sectional area of copper rod using
customised glass cell at different current densities (i) i.e., 10, 20, 30 and 40 mA cm?. 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 surface morphology of the electrode material. The
accepted mechanism for HER proceeds through an adsorption step basically. Hence, it is the surface structure and
morphology that is vital in electrocatalytic materials developed by electrodeposition. The structure and morphology of Co-
Ni alloy coating surfaces were reported in the literature by our group in our previous study.21 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 (ESIT).

With the addition of graphene to the deposition bath, as expected a change in surface morphology of the coatings is
observed. The FESEM images at different magnifications for Co-Ni-G composite coating deposited from optimal bath at 40
mA cm™ are shown in Fig. 2. Fig. 2a shows irregular 3-dimensional structures scattered all over the surface of the deposit.
The synthesized graphene has a high specific surface area of 2276.1 m’ g'1 and hence the adsorption of electrolyte solution
onto graphene is expected to be very high. On applying current, the electrolyte adsorbed graphene layers get dragged
towards the cathode and gets incorporated into it along with the growing alloy layer. The adsorbed metal ions on the
graphene get reduced into metal atoms and deposit as an encapsulated bundle of alloy nano-particles within the graphene
network (Fig. 2b and 2c). Such structural changes due to the addition of graphene increase the surface roughness and
hence increase the electroactive surface area of the composite coating, which in turn enhances the electrocatalytic activity
of binary alloy coating. Hence, this approach of preparing nano-porous electrodes is a very promising method, as it does
not require any sophisticated set-up or post treatment of leaching out one of the metal or etching from metal matrices.

4
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10 pm* EHT = 7.00 kV Signal A = InLens a
H WD = 8.6mm Mag= 1.00 KX

100 nm* EHT = 7.00 kV Signal A = InLens b
H WD = 8.9 mm Mag = 100.00 K X .
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50 nm* EHT = 7.00 kV Signal A = InLens
f——— wD=89mm Mag = 300.00 K X c

Fig. 2 FESEM images of (a) Co-Ni-G composite coating deposited from optimal bath at 40 mA em? displaying irregularly
shaped graphene layers embedded in Co-Ni alloy matrix; (b) and (c) magnified images showing encapsulated bundle of
alloy nano-particles within the graphene network.

XPS analysis

XPS studies of solid material offer very useful information on elemental composition both on the surface and the bulk of
the sample (up to few layers). Similarly, this technique was used to evaluate the surface deposits of Co-Ni alloy and Co-Ni-G
composite coatings, which were obtained galvanostatically at 40 mA em. The wide scan spectrum of Co-Ni alloy and Co-
Ni-G composite coatings are shown in Fig. 3a and 3b, respectively.
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Fig. 3 Wide scan XPS spectrum of (a) Co-Ni and (b) Co-Ni-G.

The deconvoluted Cls spectrum of Co-Ni alloy coating is as shown in Fig. 4a. The fitting analysis shows two strong peaks at
285.5 eV corresponding to sp3 carbon®® and 290.5 eV corresponding to occluded COZ.37 The sp3 carbon peak is from
ascorbic acid and sodium lauryl sulfate which are added to optimise the bath. The deconvolution of C1s spectrum of Co-Ni-
G composite coating reveals a strong and sharp peak at 284.5 eV corresponding to graphitic sp2 carbon (Fig. 4b).36‘ % 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 CO, peak at 290.5 eV is also reduced.
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Fig. 4 XPS core level C1s spectrum of (a) Co-Ni and (b) Co-Ni-G.

Fig. 5a and 5b shows the core-level Co2p spectrum of Co-Ni alloy and Co-Ni-G composite coatings, respectively. It is
possible to identify two species, metallic cobalt and cobalt oxide as evidenced by peaks at 778.2 eV and 781.1 eV,

A 0 . . . . .
respectively.”‘ “* From Fig. 5a it can be seen that the ratio of peak area, (C—@) = 0.44 indicates an uneven distribution of
Co (1)
A
Co(ll, 1) and Co(0) on the surface of Co-Ni electrode. From Fig. 5b it is observed that the ratio of peak area, (Acﬂ) =
Co(m,m)

0.99, indicates an even distribution of Co(ll, Ill) oxide and Co metal sites on the surface of Co-Ni-G electrode.

Fig. 5¢c and 5d shows the core-level Ni2p spectrum for deposits of Co-Ni alloy and Co-Ni-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,

A .
respectively.sg’ “! From Fig. 5¢c it can be seen that the ratio of peak area, (%) = 0.31 indicates an uneven distribution of

Ni(i)

Ani
NiO and Ni metal on the surface of Co-Ni electrode. From Fig. 5d it is observed that the ratio of peak intensity (AN—(O)) =
Ni()

0.97, indicates an even distribution of NiO and Ni metal sites on the surface of Co-Ni-G electrode.
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Fig. 5 XPS core level Co2p spectrum of (a) Co-Ni and (b) Co-Ni-G; XPS core level Ni2p spectrum of (c) Co-Ni and (d) Co-Ni-G.
XRD studies

The phase structure and grain size of the alloy and composite coatings were analyzed using XRD technique. The patterns
for alloy and composite coatings are plotted to facilitate comparison (Fig. 6). The crystal structure of Co—Ni—G composite
coating is mainly dependent on the cobalt content in the deposit. Since the composite coatings contain low wt.% of Co, it is
confirmed the structure is single-phase solid solution of cobalt in nickel with a face-centered cubic (fcc) lattice that can be
ascribed to the dominant influence of Ni atoms. The composite coating shows the presence of three well defined peaks of
the fcc Ni structure at 44.7°, 51.8° and 76.4°, for the planes (111), (200) and (220) (JCPDS 04-0850), respectively, whereas
for Co-Ni alloy coatings with high Co content a solid solution of nickel in cobalt with a hexagonal close packed (hcp) lattice

10
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is obtained (JCPDS 01-089-7094).***® The composite coatings at low current density values contain Ni (111) phase as

preferred orientation and with the increase in deposition current density, the preferential orientation is more towards Ni
(220) phase. All of the XRD patterns clearly show the diffraction peaks of the (111), (200) and (220) crystal planes at 37.24°,
43.3° and 62.88° respectively, corresponding to the fcc structure of the NiO (JCPDS 00-047-1049).47 The peaks at 31.2°,
38.6° and 54%.8" are assigned to diffraction from the (002) and (102) planes of hcp Co,0; (JCPDS 00-002-0770),
respectively.

It is observed that, at both current densities, position of XRD signals remains almost unchanged with the addition of
graphene, except for a broad peak at 26 value of 24.5° corresponding to graphene.49 It implies that the phase structure of
Co-Ni alloy is not changed by the addition of graphene but it obviously influences the growth and orientation of crystal
planes in composite coatings. Moreover, the peaks of composite coatings appeared to be slightly broadened than that of
Co-Ni alloy coatings. This is attributed to the decrease in grain size of Co-Ni in the presence of graphene which is evident
from the average grain sizes of the coatings calculated from the diffraction peak width using Scherrer equation (Eq. 4),

Dy = 0941 ()

- B1/2 cosé

where D, is crystallite size, A is the wavelength of X-ray radaition, 8;,, is the full width at half height of
symmetrical shape of the diffraction peak and @ is the Bragg angle. The Co-Ni matrix in the composite coating had
an average grain size of 38 nm, much smaller than that of the Co-Ni alloy coating (50 nm), electrodeposited under
same conditions.

Co-Ni-G 40 mA cm™
N A AN AA /\ /\ A

Co-Ni 40 mA cm? A
A AN AN A A il

l Graphene peak

Co-Ni-G 10 mA cm?
(o] 1 & mA Cm A

“ Co-Ni 10 mA cm™
A .\ A

Intensity (a.u)

Fig. 6 XRD patterns of Co-Ni alloy and Co-Ni-G composite coatings deposited at different current densities.
Electrochemical characterization

Corrosion study

The corrosion resistance of Co-Ni coatings were evaluated in 6 M KOH electrolyte and is reported elsewhere by our
group.21 According to the reported data electrodeposited Co-Ni alloy coatings under working condition of its electro-
catalytic behavior show least corrosion rate in the range of ~2.6 x 102 mm y'l, well within the tolerable limit for electrode
reactions. Hence the corrosion test of electrodeposited Co-Ni coatings qualifies them to be used as safe electrode material
for water electrolysis in 6 M KOH.
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Hydrogen evolution reaction

The HER of electrolytically coated Co-Ni-G composite coatings were studied in 6 M KOH electrolyte on 1.0 cm? effective
geometric surface area. The experiments were performed by cyclic voltammetry and chrono-potentiometry methods and
the results are discussed in the following sections.

Cyclic voltammetry study

The electrocatalytic HER in alkaline medium on Co-Ni-G composite coatings were studied by cyclic voltammetry (CV) in a
three electrode cell. The experiment was carried out in 6 M KOH electrolyte between -0.5 V to -1.6 V vs. SCE at a scan rate
of 50 mV s™ for 50 cycles. It was observed in our previous study on Co-Ni alloy that towards the end of 50" cycle stable and
reproducible CV curves were obtained with a state of equilibrium between formation/detachment of hydrogen bubbles
(ESI‘r).21 Hence CV curves of Co-Ni-G composite coatings deposited at different current densities, showing peak cathodic
current densities (i,) for HER at the end of 50 cycle are shown in Fig. 7 and corresponding data are given in Table 2. It
may be observed that at -1.6 V, i, for HER increases as the deposition current density increases and is approximately 4
times better than that of binary Co-Ni alloy coating (ESIT), as seen in Fig. 8. It may be attributed to the increased
electrochemically active surface area of the electrode. It is supported by the increased area covered under the CV plot, as
shown in Fig. 8.

10 mA cm?

0.0 4

0.3

‘\"E 20 mA cm”

o 2

< 1 30 mA cm

e 2
i 40 mA cm I
-0.9 —————— .

I 1
-1.6 1.4 -1.2 -1.0 -0.8 -0.6
E (V vs. SCE)

Fig. 7 CV curves depicting increase of i, with increase in deposition current density for Co-Ni-G composite coatings (on
saturation after 50" cycle of CV).

Table 2 HER parameters for Co-Ni-G composite coatings developed at different current densities from optimal bath.

- im*z) ip:(:tc;‘:l;zﬁ)v Onsete;‘)lt;thejrtlit;zl of H, Volume ofi:z evolved
(V vs. SCE) 300 s (cm’)
10 -0.33 -1.21 10.1
20 -0.45 -1.18 12.3
30 -0.60 -1.17 15.0
40 -0.85 -1.15 20.1

12
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Fig. 8 Comparison of CV curves for HER on the surface of Co-Ni alloy and Co-Ni-G composite coatings (in 6 M KOH)
deposited at same current density (40 mA cm'z).

The FESEM image of Co-Ni-G coating (Fig. 2) shows encapsulated bundle of alloy nano-particles within the graphene
network. 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 Co(0) and Ni(0) content in the deposit. The
increase in metallic nickel and cobalt content accelerates the rate determining proton discharge reaction (Volmer reaction)
as a resuL% of enhanced charge transfer thereby contributing for increased HER activity of the Co-Ni-G composite
electrode.

In alkaline media, the HER pathway could be through the Volmer—Tafel (Eq. 1 & 3) process or Volmer—Heyrovsky (Eq. 1 & 2)
pathways. Both pathways involve the adsorption of H,0 molecule, electrochemical reduction of adsorbed H,O into
adsorbed OH™ and H atom, desorption of OH™ to refresh the surface and formation of H adsorbed intermediate for H,
generation. A pure metal oxide surface is not active for HER due to the lack of H adsorption sites. On a pure metal surface
without any metal oxide, 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 increase in HER catalytic activity, even distribution of
metal oxide and pure metal is necessary.51 As indicated by XPS analysis results, both cobalt/cobalt oxide and nickel/nickel
oxide sites are evenly distributed on the surface of Co-Ni-G electrode which is responsible for the increased HER activity of
the composite electrode.

The kinetic behavior of the electrocatalysts developed under different deposition conditions were evaluated by analyzing
the Tafel slope and is shown in Fig. 9. The exchange current densities were calculated by Butler-Volmer equation and the
values were in good agreement with values obtained from CV study. In each plot corresponding to different 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 H,. Analysis of the HER mechanism for Co-Ni and Co-Ni-G coatings have been made based on Tafel
slope (8.) values.” Tafel slope (B.) and exchange current density (i,) corresponding to Co-Ni alloy and Co-Ni-G composite
coatings were determined from Tafel plot (Fig. 9) and the values are reported in Table 3. It may be noted that all the slope
values are in the range of -118 mV per decade confirming that the HER on these coatings follows Volmer-Tafel
mechanism.>® The increase of exchange current density for coatings containing graphene indicates that they are more
efficient in producing hydrogen on their surface.

13
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Fig. 9 Comparison of Tafel slopes (8.) for HER on electroactive coatings of Co-Ni and Co-Ni-G developed under different
current densities.

Table 3 Tafel slope (8.) and exchange current density (i,) of Co-Ni alloy and Co-Ni-G composite coatings developed under
different current densities.

Electrodeposit Tafel slope, 8, iy
coating configuration (mVv dec'l) (nA cm'z)
(Co-Ni)1g ma em” -115.6 60.4

(CO-Niag ma em” -97.2 200.3
(Co-Ni-G)1gma cm” -105.3 68.4
(Co-Ni-G)ag ma cm” -84.5 235.4

Chrono-potentiometry

Usually, conventional low-pressure alkaline electrolysers for industrial purpose operate at current densities from -100 mA
cm? to -300 mA cm™. 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.52 The chrono-potentiometry study for the evolution of hydrogen on Co-Ni-G composite coatings, deposited at
different current densities, were made at a constant current of 300 mA em™ for a duration of 1500 s. The electrocatalytic
behavior of each of the coatings was evaluated by measuring the amount of H, liberated in first 300 s. The nature of
chrono-potentiograms for Co-Ni alloy and Co-Ni-G composite coatings deposited at 40 mA em? are shown in Fig. 10. The
electrodeposited catalysts show low potential for HER in the initial period and then the potential slowly stabilized. This
phenomenon is ascribed to the formation of hydrogen bubble on the surface of the electrode. The inset chart in Fig. 10
shows the volume of H, liberated in 300 s on each coating deposited at different current densities with and without
graphene. It is observed that on increasing the current density the volume of H, evolved increases; but not linearly
proportionate to the increase in current density. This can be explained as follows: As electrolysis progresses, hydrogen gas
bubbles are formed on the surfaces of the cathode and are only detached from the surface when they grow big enough.
The coverage of the electrode surfaces by the gas bubbles directly adds to the electrical resistance of the whole system, by
reducing the contact between the electrolyte and the electrode, blocking the electron transfer and increasing the ohmic
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loss of the whole system and results in higher energy consumption.54 It may be seen that the coating corresponding to 40
mA cm™ shows maximum H, evolution due to excess porosity of the coating. Further, Co-Ni-G composite coatings showed
substantial reduction in the hydrogen evolution potential of 140 mV (Table 2) as compared to its binary alloy (Co-Ni)
electrocatalyst (ESI‘r).Z1 Also, the volume of hydrogen gas liberated in 300 s is found to be much higher in the case of
composite coatings, as shown graphically in inset of Fig. 10.
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Fig. 10 Chrono-potentiometry curves at -300 mA em recorded using Co-Ni alloy and Co-Ni-G composite coatings
developed at 40 mA cm™. The inset chart shows the volume of H, liberated in 300 s on each of the coatings deposited at
different current densities.

Comparison of Co-Ni-G system with Platinum based materials for HER

Pt-based materials are characterized by lowest overpotential and highest exchange current density for water electrolysis in
alkaline medium.®>>*® Hence they are the most efficient catalysts for electrochemical water splitting. But low abundance,
high cost and surface poisoning (e.g. by CO) suggest that these catalysts cannot be used on a large scale.”®®? Although Co-
Ni-G composite electrode has higher overpotential (approx. -1.2 V) and lower exchange current density as compared to Pt-
based materials, it 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, Co-Ni-G catalyst combines the ability to
oxidize both CO and H,0 effectively.59 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 concentration of water
molecules at the surface favours water-splitting on graphene-based catalysts.63

The disadvantages of Co-Ni-G system when compared to Pt-based materials are listed below:
e Co-Ni-G electrode has high overpotential for HER reaction when compared with Pt-based materials.
e They are not stable in acids and therefore incompatible with proton exchange membrane based electrolysis
units, which are very compact and have the potential to lower the overall capital cost.®

e The durability is still not satisfactory in strongly acidic electrolytes under the long-time operation or accelerated
degradation measurements.®

e Also, deactivation is caused by the high hydrogen concentration near the electrode, which leads to the formation
of a Ni hydride phase at the surface.®®

Conclusions
In conclusion, we have demonstrated a simple electrochemical method to synthesize a novel electrocatalyst consisting of

graphene layers (1-2 layers) that encapsulate a uniform Co-Ni nanoalloy. The results indicate that the incorporation of
graphene into Co-Ni alloy matrix enhances the catalyst activity in HER performance of the composite electrode. The best
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coating exhibits a maximum current density of -850 mA cm?at-1.6 V, which is approximately 4 times better than that of
binary Co-Ni alloy indicating higher activity for hydrogen production. As indicated by XPS analysis results, on addition of
graphene, Co(0) and Ni(0) content in the deposit increases and as a result both cobalt/cobalt oxide and nickel/nickel oxide
sites are evenly distributed on the surface of Co-Ni-G composite electrode. Also the deposition of metallic cobalt/nickel is
favored on the addition of graphene which accelerates the rate determining proton discharge reaction. All these factors
remarkably enhance the HER activity of Co-Ni-G composite electrode. Under the studied range of current density Co-Ni-G
composite coating developed at 40 mA em? was found to be efficient electrode material 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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