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A high porous three-dimensional structure of ternary NiPC alloy (3D-NiPC) was
prepared with a simple, cheap, and efficient method called dynamic hydrogen
bubble template (DHBT) and characterized by means of microstructural and
electrochemical techniques with regard to its catalytic effect toward the hydrogen
evolution reaction (HER) in an alkaline solution. The electrochemical efficiency
of the alloy has been evaluated on the basis of electrochemical data obtained
from the steady-state polarization Tafel curves and electrochemical impedance
spectroscopy (EIS) in a 1 M NaOH solution at 298 K. The results showed that the
three-dimensional structure of NiPC alloy effectively increased its catalytic activity
toward the HER. The 3D-NiPC alloy is characterized by low overpotential at
practical high current densities, large real surface area, and double-layer capacitance.
Also, the 3D-NiPC showed very good physical and electrochemical stability. A
high roughness factor (three orders of magnitude; R=3550), low overpotential at
250 mAcm? (n,,,=173.3 mV), and low charge transfer resistance (R =100 Qcm?)
were obtained in the best conditions, in 1 M NaOH at 298 K.

1. Introduction

has become a serious issue. Hydrogen gas is considered
to be a promising alternative candidate for fossil
fuels, mainly due to its regenerative and nonpolluting

With the ever-increasing use of fossil fuels in recent
decades and the resulting release of millions of tons of
carbon dioxide into the atmosphere, global warming
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features. In addition, hydrogen as an energy carrier
can be widely used in different areas, noticeably
in fuel cells. One of the most important methods to
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produce clean hydrogen is water electrolysis, which
consists of two half reactions: oxygen (O,) evolution
reaction (OER) and hydrogen (H,) evolution reaction
(HER) [1]. The HER in aqueous solution is one of
the most studied electrode reactions because of its
importance in both fundamental and technological
electrochemistry. Many types of catalysts have
been investigated for HER [2-8]. The most studied
cathodic material for HER is Ni and its alloys [9,10].
Therefore, various Ni-based catalysts, such as NiCo,
NiZn, NiP, NiS, etc., have been synthesized and their
HER evaluated [11,14]. Nickel phosphorus (NiP)
alloy is a frequently considered material for the HER
because of its unique features such as relatively higher
activity than Ni toward the HER and its excellent
properties in wear and corrosion [15]. Recently, we
reported Ni-P-La alloy as a potential new catalyst
for the HER that was characterized by Tafel slope,
(b=-93.0 mVdec?),
(j,=-181.0 pAcm?), and over potential at the current
density of 250 mA ¢cm?, (h,,=-139.0 mV). Although
Ni-P-La is an active catalyst for the HER, its cost is

exchange current density

high, which limits its use for industrial applications.
In a previous study, we found that NiP composite
coatings reinforced with co-deposited graphite carbon
prepared by electrodeposition method provided
benefits of good catalytic activity and stability for
the HER; and therefore, this structure was anticipated
to be a good candidate material for the HER [17].
Furthermore, the results of that study showed that
the increase in the activity of the NiPC electrode was
achieved by increases in both the surface roughness
and the intrinsic activity (synergetic effect) [17]. In
this paper, to further increase the catalytic activity
of NiPC toward the HER, a three-dimensional NiPC
(3D-NiPC) alloy was synthesized via a simple, cheap,
and efficient method called the dynamic hydrogen
bubble template (DHBT) [16], and its electrocatalytic
activity was evaluated in alkaline solution.

2. Experimental

First, to prepare a three-dimensional copper substrate

(3D-Cu), we used the DHBT method on a high pure
Cu rod at the current density (j) of -100 mA cm? in a
solution consisting of 0.6 M CuSO,, 1.5 M H,SO,, and
1.0 M HCI. The electrodeposition of the NiPC alloy
was performed in a three-step method under optimized
conditions: first, a layer of Ni was deposited on the
3D-Cu from bath (i) including 0.83 M NiSO,, 0.15 M
Na,Citrate, 0.15 M Na tartrate, at 25 °C, pH 4.6, and
a current density of 16 mAcm? for 30 min, followed
by deposition of NiP from bath (ii) consisting of 1.0
M NiSO,, 0.26 M H,BO,, and 0.3 M NaH,PO,, at the
same temperature and pH, and a current density of
16 mAcm? for 30 min. In the final step, (iii), eight
gL' graphite powders (Aldrich®), with an average
particle size of of 1 um, was added to bath (ii), and
electrodeposition was performed at a current density
of 16 mA ¢m? and temperature of 80 °C for 3 h to
finish preparing the 3D-NiPC alloy. For comparison,
NiPC alloy (two-dimensional) was prepared by the
method described previously in [16] on a copper disc
surface. In all of the electrodeposition experiments,
the counter electrode was a 25 cm? Pt plate, and all
the electrochemical studies of the investigated alloys
took place in a two-compartment Pyrex® glass cell
consisting of a large surface area Pt plate electrode
as the counter in the anodic compartment and a
Hg/HgO/1IM NaOH electrode linked to the main
compartment of the cell (cathodic compartment) via
a Luggin-Haber capillary as a reference. The Pyrex
cell was equipped with a water jacket to control
the temperature. A Biologic SP-150 potentiostat/
galvanostat was used for all electrochemical analyses.
All measurements were performed in purified 1 M
NaOH solution in 298 K.

The steady-state Tafel
electrochemical impedance spectroscopy (EIS), and

polarization curves,
cyclic voltammetry (CV) measurements were used
to investigate the electrocatalytic activities of the
prepared alloy. The kinetic parameters (i.e., Tafel slope
b, exchange current density j,, and overpotential at the
current density of 250 mA cm?, h,, ) were evaluated
for the 3D-NiPC alloy using the linear least square
(LLS) approximation method. Approximation of the
EIS data was performed using ZView® software and
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the modified complex nonlinear least square (CNLS)
approximation method [17]. A one-CPE model was
enough to explain the EIS data [18-20]. The field-
emission scanning electron microscopy (FESEM)
(ZIESS, SIGMA VP-500),
spectrometry (EDS) and Brunauer, Emmett, and Teller
(BET) (Microtrac Bel Corp, BELSORP) techniques
were used to characterize the morphology of the
investigated alloys.

energy dispersive

3. Results and Discussion

The apparent activity of the 3D-NiPC alloy was
studied by steady-state polarization Tafel curves.
Typical curves obtained for the HER of the studied
alloys in 1 M NaOH aqueous solutions are displayed
in Fig. 1. The Tafel curve obtained for a 2D-NiPC alloy
in the same experimental conditions is also presented
in this figure for comparison.
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Fig.1. Steady-state polarization Tafel curves obtained on the
studied alloys (3D-NiPC and 2D-NiPC) in 1 M NaOH at 298K.

As can be seen, two distinct regions of steady-
state behavior were observed on the Tafel curve
of the 3D-NiPC alloy. The linearity of the Tafel
plot at negative potentials indicates that the HER
proceeds via reactions of Volmer and Heyrovsky
(the Volmer-Heyrovsky mechanism, the influence
of the Tafel reaction is negligible) [13]. The kinetic

parameters obtained from steady-state Tafel curves at
high overpotentials are presented in Table 1.

Table 1. The HER kinetic parameters for 2D-NiPC and
3D-NiPC alloys obtained from polarization Tafel curves in 1M
NaOH at 298 K.

Alloy -b (mV dec’)  -j, (x10°Acm?)  -n,, (mV)
2D-NiPC 112.5+0.8 1.30.1+ 360.62.6+
3D-NiPC 118.5+1.6 7.0£0.2 173.3+£1.4

Therefore, the 3D-NiPC alloy was characterized by
exchange current density: j, =7.0 0.2 (x10° A cm
%), the Tafel slope: b=118.5 +1.6 mV dec’, and a low
overpotential at sufficiently large current density (e.g.,
overpotential at 250 mAcm? n,) 173.3+1.4 mV.
From comparison with two-dimensional NiPC Tafel
parameters in Table 1, it is seen that three-dimensional
structures remarkably increases the hydrogen
evolution activity as shown in Fig. 1; the n,,, value
for 3D-NiPC is 173.3 mV, which is much smaller
than the 2D-NiPC alloy (n,,,=360.6 mV). However,
EIS studies were performed to obtain more precise
quantitative kinetic information about the activity.
The EIS experimental data were collected for the HER
on the 3D-NiPC alloy in 1M NaOH at 298 K in the
potential range corresponding to the linear part of the
Tafel plots. Typical complex-plane plots at various

overpotentials are presented in Fig. 2.

200

A p=-50mVvV
7 =-100 mV
150 - = 5=-150 mV
7 =-200 mV
S
100
(=3
N
50 -
0+F— , W
0 50 100 150 200

Z'(Qcm?)

Fig.2. Complex-plane plots for 3D-NiPC alloy at various
overpotentials () and 298 K. Symbols indicate experimental
results and solid lines approximate data obtained using
one-CPE model and CNLS.
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The entire complex plane plots showed one semicircle
(Fig. 2) that varied with the potential and was attributed
to the charge transfer resistance of the HER. A one-CPE
model containing a parallel R-constant phase element
(CPE) in series with uncompensated resistance, due
to the cell and electrodes configuration, has been
used to approximate the EIS data. The impedance
of the CPE is described by Z_,.= 1/T (Jw)* and was
used to simulate the depression of the semicircle in
the complex plane plots at various overpotentials.
In this model, T is a capacitive parameter related
to the average double-layer capacitance (C,),
T= Cﬁ’ (Rs_l + Rgl y1=® [21,22] and other parameters

are defined as J=(-1), solution resistance (R),
charge transfer resistance (R ), angular frequency
(o =2xnf), and the ¢ parameter, which is related
to the CPE model (the value of ¢ changes between
zero to one) and is equal to one for complete smooth
electrode, for ¢ =1, T=C,. The EIS experimental
data were approximated and analyzed using the one-
CPE model and CNLS method from which kinetic
parameters such as C, R , and roughness factor (R))
were extracted as shown in Table 2. The roughness
factor was estimated by equation (1) [23]:

R=C,/ (20 uFem™) (M

Table 2. HER Kkinetic parameters for 3D-NiPC alloy obtained from the EIS experiments in 1 M NaOH at n=-100 mV.

Catalyst R (Qcm?) R (Qcm?) C,, (Fem?) o’ R,
ct

2D-NiPC 1.11 151.1 0.025 0.81-0.88 1250

3D-NiPC 0.99 100.6 0.071 0.71-0.82 3550

aTotal resistance

®Dispersion parameter related to CPE model

As seen in Table 2, a roughness factor of 1250 and
3550 was obtained for 2D-NiPC and 3D-NiPC
respectively. The
3D-NiPC alloy agrees with its higher surface area that

alloys, larger roughness for
originated from its three-dimensional structure. The
three-dimensionality of 3D-NiPC enhances its active
sites for the H, evolution reaction, as shown in Table
2. The charge transfer resistance of this structure is
smaller, at about 50 Q cm? than two-dimensional
NiPC.

Apart from the catalytic activity, the stability of the
investigated alloy is another important property for
the HER. Therefore, the long-term stability of the
three-dimensional NiPC alloy was investigated in 1M
NaOH at two different overpotentials, 0, , and n,,,
which relate to current densities of 100 and 250 mAcm
2, respectively. In Fig. 3, the time-dependent current
density curves of the 3D-NiPC alloy tested for 100
hours at two constant overpotentials (n,,,and ) are
shown. These experiments showed that the 3D-NiPC
alloy’s responses were physically, chemically, and

electrochemically stable for a relatively long time
(100 h) in the HER in 1 M NaOH at 298 K.
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Fig. 3. Constant potential curves obtained for 3D-NiPC alloy
in 1 M NaOH at 298 K.

The composition, physical stability, and activity for
the HER of the 3D-NiPC alloy depend on various
parameters such as current density, the concentration
of the chemical reagents in the bath, and steps of
layers deposition. The electrodeposition of 3D-NiPC
was prepared in “three steps. First, a layer of Ni was
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deposited on 3D-Cu from bath (i), including 0.83 M”
NiSO,, 0.15 M Na_Citrate, 0.15 M Na tartrate, at 25
°C, pH 4.6, and a current density of 16 mAcm? for
30 min, followed by deposition of NiP from bath (ii)
consisted of 1.0 M NiSO,, 0.26 M H,BO,, and 0.3
M NaH, PO, at the same temperature and pH, and a
current density of 16 mAcm? for 30 min. In the final
step (iii), eight gL' graphite powders (Aldrich®) with
a 1 um average particle size, were added to bath (ii),

and electrodeposition was performed at a current
density of 16 mA cm? and temperature of 80 °C for
3 h to prepare the 3D-NiPC alloy. The SEM images
of the 2D- (a) and 3D-NiPC (b) alloys are shown
in Fig. 4. As can be observed in Fig. 4b, there are
numerous pores and fine ramified walls on the surface

of the 3D-NiPC alloy, indicating a large surface area
available for the HER.

Furthermore, this construction probably accounts for
the high physical stability, electrochemical activity,
and large real surface area of the electrode. The
chemical composition of the electrodeposits prepared
under optimized conditions was determined by EDX
analysis to be Ni, P, C.. Also, the BET measurements
were performed and gave a specific surface area of
1.012 and 8.112 m?gr' for 2D and 3D-NiPC alloys,
respectively. Therefore, the 3D-NiPC alloy shows a
larger specific surface area, which is in good agreement
with Fig. 4.

4. Conclusion

In this work, a large surface area three-dimensional
structure of NiPC alloy (3D-NiPC) was prepared
by a simple, cheap, and efficient method called
dynamic hydrogen bubble template (DHBT). The
electrocatalytic behavior of this structure was studied
quantitatively by potential polarization Tafel curves

and the EIS methods for the first time. The 3D-NiPC
alloy showed high electrocatalytic activity toward the
HER as revealed by merit parameters like the Tafel
slope (b=-118.5+1.6 mVdec') and overpotential at
250 mAcm? (h, =173.3+1.4) obtained from linear
regression analysis of the potential polarization
curves. The C, approximated by the EIS data allowed
the evaluation of the R, of the electrode (R,=3550).
The 3D-NiPC alloy was physically, chemically, and
electrochemically stables for a relatively long time
HER (100 h) in 1 M NaOH at 298 K.
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