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Abstract

Production of hydrogen from electrochemical water splitting is known as a green 
method of fuel production. In this work, electrocatalytic hydrogen evolution reac-
tion (HER) was investigated for newly prepared layered double hydroxides (LDH) in
acidic solution. NiAl LDH/CB (carbon black) LDH was monitored using x-ray
diffraction (XRD), Fourier transform infrared (FT-IR) spectroscopy, and scanning 
electron microscopy (SEM). The substitution of nickel ions with palladium ones 
was recorded using Energy dispersive X–ray spectroscopy (EDX). Moreover, the
NiAl-LDH/CB and palladium substituted LDH were examined for the HER at
different times of substitution. The modified NiAl LDH/CB/Pd/GCE (glass carbon 
electrode) represented low overpotential of -0.55 V (vs. Ag/AgCl), Tafel slope of 125 
mV/dec, charge transfer coefficient of 0.47, exchange current of 2.56 μA, as well as 
excellent long-term stability. Moreover, the substitution effect of palladium ions on 
the modification of prepared LDH GCE was satisfactorily studied for the HER in 0.5 
mol L-1 H2SO4 using electrochemical impedance spectroscopy (EIS).
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1. Introduction

Hydrogen as a clean fuel compared to fossil fuels has 
received considerable attention, particularly when 
hydrogen is generated using green techniques such 
as   electrochemical and photo electrochemical water 
splitting [1-4]. The water-splitting reaction can occur 
via two half reactions: the oxygen evolution reaction 
(OER) and the hydrogen evolution reaction (HER) 
[5]. The HER is a cathodic half-reaction of water

electrolysis and it demands an active catalyst with lower 
overpotential for facile evolution of hydrogen, like Pt 
[6]. Nonetheless, high price and limited sources of Pt 
are other serious barriers for the commercialization 
of water electrolysis. Hence, to achieve this aim the 
development of cost-effective, highly active, and 
stable electro catalysts, such as the transitional metal 
chalcogenides and nano-composite materials, has been 
studied for the HER [7,8]. Recently, layered double 
hydroxides (LDHs), such as anionic clays, have been
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attended by researchers due to their usability in 
various applications such as catalyst, adsorbent, and 
nano based materials [9-15]. LDHs can be derived by 
partly substituting cations, such as Al3+, Fe3+, or Ni2+, 
for Mg2+ in the brucite structure of Mg(OH)2. The 
replacement of di-valent cations with tri-valent ones 
creates a positively charged layer on the LDHs, which 
can be balanced by anions or anionic complexes 
located in the inter-layer region. Hence, a wide range 
of LDH compositions have been created by the general 
formula [M2+

1-xM
3+

x(OH)2][A
n-]x/n.yH2O (M2+ and M3+ 

are, respectively, the di- and tri- valent cations in the 
octahedral positions within the hydroxide layers; An- is 
an exchangeable interlayer anion). Thus, cationic and 
anionic replacements result in various compositions 
for layered double hydroxides [16-18]. Moreover, 
this variation of LDH composition can be increased 
by using carbon-based materials in alkaline media to 
form new LDHs with improved properties [19,20].
In this work, carbon black (CB) was employed for 
this objective and we reported a new electrocatalysts 
for the HER, composed of NiAl-LDH/CB, in acidic 
medium. Furthermore, the effect of replacement 
of nickel and aluminum ions with palladium ions 
on its electrocatalytic activity toward the HER was 
studied by linear sweep voltammetry (LSV), steady-
state polarization Tafel curves and electrochemical 
impedance spectroscopy (EIS) techniques.

2. Experimental

2.1 Materials and Apparatus

Nickel nitrate (Ni(NO3)2.6H2O), aluminum nitrate 
(Al(NO3)3.9H2O), sodium hydroxide (NaOH), 
sulfuric acid (H2SO4), and palladium sulfate dehydrate 
(PdSO4.2H2O) were purchased from Merck and CB 
was purchased from Lexcel (99%, mesh 325). All other 
reagents were of analytical grade and used without 
further purification. The water used throughout all 
experiments was twice distilled deionized water. The 
Fourier transform infrared spectra were recorded on 
an FT-IR Spectrometer (Jasco, FT/IR-680 Plus). The

morphology of LDHs was characterized by a field 
emission scanning electron microscope (FE SEM) 
(HITACHIS-4160) and energy dispersive X–ray spectra 
(EDX) were recorded with a Philips XL30 instrument. 
X–ray diffraction (XRD) analyses were carried out 
with a Bruker D8 Advance X-ray diffractometer using 
Cu-Kα radiation. All electrochemical measurements 
were performed with an Autolab electrochemical 
analyzer, model PGSTAT-30 Potentiostat/Galvanostat 
(Eco-Chemie, Netherlands) and controlled by a 
microcomputer. Data were acquired and processed 
using the GPES computrace software 4.9.007. The 
Tafel plots were recorded galvanostatically (45 s 
after a constant current application) at cathodic 
current densities ranging from j=-100 mA cm-2 to
j= -1 μA cm-2. At the steady state, the electrode 
potentials were recorded for iR drop, determined by 
the EIS method at various electrode potentials. The EIS 
measurements were recorded with a frequency range 
of 0.1 Hz to 10 kHz and the amplitude wave potential 
of 5 mV. All electrochemical experiments were carried 
out at room temperature and air atmosphere using a 
conventional three-electrode system with a modified 
glassy carbon electrode (GCE) as the working 
electrode, a Pt rod as the auxiliary electrode, and an 
Ag/AgCl/3.0 mol L-1 KCl as the reference electrode. 
The electrocatalytic activity for the investigated LDH 
catalysts toward the HER was tested in 0.5 mol L-1 
H2SO4 solution. 

2.2 Preparation of NiAl-LDH/CB

For the synthesis of the NiAl-LDH/CB, 0.581 g 
Ni(NO3)2.6H2O and 0.375 g Al(NO3)3.9H2O were 
added into 30.0 mL deionized water under vigorous 
stirring at room temperature and nitrogen atmosphere. 
The pH of the reaction mixture was adjusted to 8.5 by 
the addition of NaOH solution (Sample 1). Separately,   
carbon black with the mass ratio of 1.5 against Ni2+ 
was dispersed in the alkaline solution in an ultrasonic 
bath for 30 min (Sample 2). Sample 1 was then added 
to Sample 2 and stirred for 30 min at 70 oC, followed 
by dispersing under the ultrasonic waves for 1 h. 
Afterward, the resulting precipitate was separated by



Fig. 1. Powder X-ray diffraction spectra (XRD) of carbon 

black (A) and NiAl-LDH/CB (B).

allocated to the Ni3Al LDH structure. Non-assigned 
peaks can be referred to phase changes due to 
entrance of CB at inter-layer region. The synthesis 
of NiAl-LDH/CB was also monitored by FT–IR 
spectroscopy, as exhibited in Fig. 2. The FT–IR 
spectrum was plotted in the wavenumber range of 
400–4000 cm–1. Accordingly, the absorption bands 
of 1116.7, 1642.1, 1731.8, 2884.0, and 3444.2 cm–1 

corresponded respectively to C-O, C=C, C=O, 
C-H, and O-H showing that the carbon black was 
well located in the LDH structure. Moreover, the 
absorption band of 3444.2 cm-1 can be assigned to 
OH group of metal hydroxide. The stretching mode of 
nickel and aluminum nitrate can be seen at 1379.8 cm-

1. The bands placed in the 400 900 cm-1 range     also 
corresponded to the metal-oxygen bands (M-O), as 
reported previously by Abdolmohammad-Zadeh and 
Kohansal [23]. As mentioned in the experimental 
section, the effect of palladium ion as a modifier in 
the HER was investigated by replacing the nickel ones 
with palladium ions. EDX spectra were recorded at 
different times of palladium replacement and shown 
in Fig. 3 for 0 (A), 60 (B) and 120 min (C). As shown 
in Fig. 3, the atomic percentages of Ni:Al:Pd were 
69.8:30.2:0.0, 54.9:36.8:8.3 and 47.1:40.4:12.5 for   
replacement times of 0, 60 and 120 min, respectively.
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centrifugation at 4000 rpm for 10 min, then washed 
three times with deionized water and dried in a vacuum 
oven at 50 oC for 2 h.

2.3 Preparation of NiAl-LDH/CB/GCE and
NiAl-LDH/CB/Pd/GCE

The GCE, with a diameter of 1.6 mm, was pretreated 
by polishing with alumina slurry, rinsed with twice 
distilled water, and immersed in the water-ethanol 
mixture in an ultrasonic bath for 3 min. 2.0 mg
NiAl-LDH/CB was dispersed in 800 µL water-ethanol 
using the ultrasonic bath for 2 min and then 10 µL 
of the suspension was dropped on the pretreated GCE 
and dried at room temperature. Afterward, the Nafion 
was coated by dropping 3 µL of 1.0% Nafion solution 
on the NiAl-LDH/CB/GCE surface and drying at 
room temperature. After Nafion coating, the NiAl 
LDH/CB/Pd/GCEs were prepared by immersing 
the NiAl-LDH/CB/GCE in 5 mmol L-1 of palladium 
solution for various times (0, 10, 20, 30, 60, 90 and 
120 min). Before the electrochemical analysis, the 
modified electrode was rinsed with distilled water, and 
then dried at room temperature.

3. Results and discussion

3.1. Electrode composition and surface morphology

The synthesized NiAl-LDH/CB was evaluated bythree 
techniques,  XRD analysis, FT-IR spectroscopy and
FE-SEM. Powder XRD patterns for the carbon black 
and synthesized NiAl-LDH/CB were recorded in 2θ 
range of 10-70° with CuKα radiation, as shown in Fig. 1.
According to pattern (a), the XRD of CB indicated two 
broadened peaks, assigned (002) and (101), due to its 
graphen layers which conform to what was reported 
previously in [21]. As indicated in Fig. 1b , the XRD 
pattern for the NiAl-LDH/CB sample showed seven 
peaks located at 11.0°, 23.2°, 34.7°, 39.1°, 46.9°, 
61.7°, and 62.6°, corresponding to the multi-phases of 
NiAl-LDH,  similar to what was reported elsewhere 
[22]. The sharp peak centered at 29.4° can also be
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Accordingly, the ratio of Ni to Al in the investigated 
LDHs was initially around 2.3 (0 min) while the 

replacement of Pd led to a decrease this ratio to 
about 1.5 (60 min) and 1.2 (120 min). Fig. 4 displays

Fig. 2. Fourier transform infrared (FT-IR) spectrum of NiAl-LDH/CB, as KBr pellet.

Fig. 3. EDX spectra of NiAl-LDH/CB (A), NiAl-LDH/CB/Pd after 60 min of Pd substitution (B) and after 120 min of Pd 

substitution (C).
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the FE-SEM micrographs of carbon black (A) and
NiAl-LDH /CB (B) and NiAl-LDH/CB/Pd (C). All 
images indicate the presence of separate graphen 
sheets in Fig. 4A and the LDH loaded by CB in the 
corresponding graph (Fig. 4B and C).

Fig. 4. FE-SEM images of carbon black (A), NiAl-LDH/CB 

(B), and NiAl-LDH/CB/Pd (C).

3.2. HER activity of the GCE modified by LDHs  

The electrocatalytic activities of the investigated 
LDHs samples, i.e. NiAl LDH/CB and NiAl LDH/
CB/Pd, were investigated for the HER in 0.5 mol L-1 
H2SO4 by LSV, Tafel curves and EIS methods using 
a 3 electrode setup. Fig. 5 shows the LSV behavior 
for the HER for GCE modified by NiAl LDH/CB and 
NiAl LDH/CB/Pd with different substitutions of Pd 
(replacement times of 0 to 120 min) at scan rate of 25 
mV s-1. This figure demonstrates the increasing HER 
activity increases as   the substitution time increases 
until 120 min, when this activity became relatively

Fig. 5. HER activity of the modified LDH GCEs for different 

times of palladium replacement (0-120 min) using linear sweep 

voltammetry in 0.5 mol L-1 H2SO4, at scan rate of 25 mV s-1.

constant. Also, the inset of Fig. 5 shows the variation 
of the HER current at a constant potential (E=-0.7 V vs. 
Ag/AgCl) as a function of replacement time are shown.   
The practical application of the LDH for the HER 
relies on the long-term stability of the electrocatalyst 
[24]. It is remarkable that the HER activity increased 
until the 100th run and then remained stable even after 
the 500th run, confirming that the electrocatalysts
NiAl-LDH/CB/Pd was useable for the HER as
indicated in Fig. 6. Furthermore, it is shown that the 
increase of the potential scan could be resulted to 
increase of the HER currents.
Moreover, the steady-state polarization curves of the 
HER were studied to evaluate the electrocatalytic 
activities of the GCEs modified with the investigated

Fig. 6. The Stability of NiAl-LDH/CB/Pd for the HER to 500 

scans of potential at scan rate of 25 mV s-1.



LDHs. Fig. 7 indicates corresponding Tafel plots, when 
polarization curves were recorded in 0.5 mol L-1 H2SO4 
at a scan rate of 10 mV s-1. Tafel plots on NiAl-LDH/CB/
GCE and NiAl LDH/CB/Pd/GCE obviously suggested 
that the HER can be explained by the Tafel equation
(η = a + b logi), where i is the steady-state current, 
b is the Tafel slope, η is the overpotential, and a is 
the equivalent of the exchange current (i.e., a = log i0) 
[25]. Meanwhile, the Tafel and kinetic parameters for 
the HER at different electrodes were summarized in 
Table 1. These parameters were calculated taking into 
account the geometric surface area of the investigated 
LDHs. The Tafel curves for the NiAl-LDH/CB/GCE 
and NiAl LDH/CB/Pd/GCE showed only one Tafel 
slope in the whole range of studied potentials. Tafel 
slope can be a good estimation of the kinetic parameter 
of the charge transfer coefficient, α, (b = 1/16.9α). 
Accordingly, increases in palladium substitution   
resulted in the effective charge transfer of the electron, 
i.e. the lower overpotential of hydrogen reduction. In 
other words, increases in the substitution time of Pd2+ 
led to larger α and i0 (from 0.30 to 0.47 and from 
1.10×10-2 µA to 2.56 µA, respectively). There were 
three suggested mechanisms for the HER in acidic 
media [25]:

1. H3O
+ + e- → Hads + H2O                (Volmer reaction)

2. Hads + H3O
+ + e- → H2 + H2O (Heyrovský reaction)

3. Hads + Hads → H2                        (Tafel reaction)

If the Volmer reaction was the rate-determining step 
(rds), the Tafel slope would be 120 mV/dec, whereas 
the rate-determining steps of Tafel and Heyrovský 
reactions represented the Tafel slopes of 30 and 40 
mV/dec, respectively. Hence, the HER activity of the
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Fig. 7. Tafel plots for the HER at NiAl-LDH/CB/GCE (A) and 

NiAl-LDH/CB/Pd/GCE (B) at scan rate of 10 mV s-1.

NiAl-LDH/CB/Pd suggested the Volmer reaction (with 
Tafel slope of 125 mV/dec) was rds at all studied Pd 
replacement times (Table 1). However, alone the Tafel 
curves studies  are not enough to explain the kinetics 
of the HER. Thus, more precise information was 
obtained by the EIS. The Electrochemical impedance 
spectra were recorded at overpotential of -0.3 V.
Fig. 8A indicates the Nyquist plots of three investigated 
electrodes of GCE (a), NiAl LDH/CB/GCE (b), 
and NiAl LDH/CB/Pd/GCE (c). Accordingly, the 
charge transfer resistance (Rct) of the investigated 
electrodes  clearly decreased when the electrode was 
modified (Rct for GCE, NiAl LDH/CB/GCE and 
NiAl LDH/CB/Pd/GCE were about 15000, 2300 and

Substitution time of Pd2+ (min) Charge transfer coefficient (α) Exchange current (µA) Tafel slope (mV/dec)
0 0.30 1.10(×10-2) 195
10 0.42 1.53 140
60 0.47 1.27 125
90 0.47 2.39 125
120 0.47 2.56 125

Table 1. Tafel and kinetic parameters for the HER at NiAl LDH/CB/GCE and NiAl LDH/CB/Pd/GCE surfaces.
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comparable mechanisms for the evolution of hydrogen.

4. Conclusion

NiAl-LDH/CB was synthesized and its electrocatalytic 
properties   for the HER were improved by palladium 
substitution. The long-term stability of modified GCE 
represented a stable hydrogen evolution upto 500 
cycles of voltammetry. The mechanism of HER was 
performed based on Volmer’s reaction step due to the 
Tafel slope of 125 mV/dec, as well as charge transfer 
coefficient and exchange current of 0.47 and 2.56 µA, 
respectively. The EIS measurements of accelerated 
charge transferring confirmed the performance of 
HER at the modified NiAl-LDH/CB/Pd/GCE. 
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