
applied  
sciences

Article

Atomic Pt-Clusters Decoration Triggers a High-Rate
Performance on Ni@Pd Bimetallic Nanocatalyst for
Hydrogen Evolution Reaction in Both Alkaline and
Acidic Medium

Dinesh Bhalothia 1 , Sheng-Po Wang 2, Shuan Lin 3, Che Yan 1, Kuan-Wen Wang 3,* and
Po-Chun Chen 2,*

1 Department of Engineering and System Science, National Tsing Hua University, Hsinchu 30013, Taiwan;
dinesh@mx.nthu.edu.tw (D.B.); s106011506@gapp.nthu.edu.tw (C.Y.)

2 Department of Materials and Mineral Resources Engineering, National Taipei University of Technology,
Taipei 10608, Taiwan; t107788004@ntut.edu.tw

3 Institute of Materials Science and Engineering, National Central University, Taoyuan 32001, Taiwan;
linshiuan@gapp.nthu.edu.tw

* Correspondence: kwwang@ncu.edu.tw (K.-W.W.); cpc@mail.ntut.edu.tw (P.-C.C.);
Tel.: +886-2-2771-2171 (ext. 2729) (K.-W.W.)

Received: 20 June 2020; Accepted: 20 July 2020; Published: 27 July 2020
����������
�������

Abstract: The development of inexpensive and highly robust nanocatalysts (NCs) to boost
electrochemical hydrogen evolution reaction (HER) strengthens the implementation of several
emerging sustainable-energy technologies. Herein, we proposed a novel nano-architecture consisting
of a hierarchical structured Ni@Pd nanocatalyst with Pt-clusters decoration on the surface (denoted
by Ni@Pd-Pt) for HER application in acidic (0.5 M H2SO4) and alkaline (0.1 M KOH) mediums.
The Ni@Pd-Pt NC is fabricated on a carbon black support via a “self-aligned” heterogeneous
nucleation-crystal growth mechanism with 2 wt.% Pt-content. As-prepared Ni@Pd-Pt NC outperforms
the standard Pt/C (30 wt.% Pt) catalyst in HER and delivers high-rate catalytic performance with
an ultra-low overpotential (11.5 mV) at the cathodic current density of 10 mA·cm−2 in alkaline
medium, which is 161.5 mV and 14.5 mV less compared to Ni@Pd (173 mV) and standard Pt/C
(26 mV) catalysts, respectively. Moreover, Ni@Pd-Pt NC achieves an exactly similar Tafel slope
(42 mV·dec−1) to standard Pt/C, which is 114 mV·dec−1 lesser when compared to Ni@Pd NC. Besides,
Ni@Pd-Pt NC exhibits an overpotential value of 37 mV at the current density of 10 mA cm−2 in
acidic medium, which is competitive to standard Pt/C catalyst. By utilizing physical characterizations
and electrochemical analysis, we demonstrated that such an aggressive HER activity is dominated
by the increased selectivity during HER due to the reduced competition between intermediate
products on the non-homogeneous NC surface. This phenomenon can be rationalized by electron
localization owing to the electronegative difference (χPt > χPd > χNi) and strong lattice mismatch at
the Ni@Pd heterogeneous binary interfaces. We believe that the obtained results will significantly
provide a facile design strategy to develop next-generation heterogenous NCs for HER and related
green-energy applications

Keywords: nanocatalysts; green-energy; hydrogen evolution reaction; overpotential; Tafel slope;
heterogeneous interface

1. Introduction

Hydrogen has been investigated as a potential candidate for the implementation of green-energy
technologies, however, sustainable hydrogen production is the key prerequisite to this end [1,2]. It is a
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well-known fact that hydrogen does not exist freely in nature but is largely available in compounds
such as water and hydrocarbons, therefore, efficient generation of hydrogen is imperative for use
in various applications. Recently, great efforts have been devoted to the sustainable generation of
hydrogen from electrochemical water splitting. Hydrogen evolution reaction (HER) plays a major role
in electrochemical water splitting [3]. However, the HER incurs a very high overpotential and requires
an omnipotent nanocatalyst (NC) to lower down the overpotential and to trigger the HER kinetics.
Thus far, carbon-supported platinum (Pt/C) is the state-of the-art electrocatalyst that boosts the HER
kinetics by virtue of its excellent activity, high turnover frequency, relatively low overpotential and
high current density [4,5]. Since the widespread application of Pt is limited by its high material cost
and scarcity, minimization of Pt-loading or even the discovery of alternatives to Pt-based catalysts are
key steps for industry efficient hydrogen production [6].

By keeping the aforementioned issues in view, enormous efforts are devoted towards designing
alternative catalysts with earth abundance, cost-effective and superior activity over the past several
decades including transition metal oxides [7,8], sulfides [9,10], carbides [11,12], nitrides [13,14],
borides [15,16], phosphides [17,18] and metal-free catalyst [19,20], which can overcome the economical
limitations and stability issues. Additionally, some noble metals (e.g., Pd, Ru) are also used to trigger
the HER kinetics. According to a volcano plot, Pd is supposed to be a possible alternative of Pt towards
the HER because the adsorption energy of Pd is nearly similar to that of Pt, therefore, it can be a potential
HER catalyst [21,22]. Moreover, Pd has high hydrogen (H2) adsorption energy immediately next to
Pt and thus can absorb a considerably large amount of H2 from both the gas phase and electrolytes.
In addition, Pd is nearly five times more economical as compared to that of Pt. While Pd-based catalysts
have the potential to replace Pt in HER, a narrow gap in HER catalytic activity still exists as compared
to that of Pt-based catalysts. Numerous alternative strategies such as alloying Pd with late-transition
metals [23], morphology and composition control [24], coupling with optimized support materials [25],
tuning the particle size and so on have been directed to fill this gap. However, none of them has
outperformed Pt-based catalysts in HER.

Based on the aforementioned arguments and in line with recent developments, in the present
study, we synthesized a ternary NC comprising hierarchical Ni@Pd NC with Pt-clusters decoration on
the surface via a “self-aligned” heterogeneous nucleation-crystal growth mechanism on carbon black
support (namely Ni@Pd-Pt). Our previous studies demonstrated that Pt-clusters decoration effectively
shelters the catalyst surface from oxidation and creates intense active sites for HER facilitation [26–31].
In such a unique structure, Pt-clusters are decorated on the Ni@Pd surface and at the heteroatomic
interfaces of Ni-to-Pd; where the ligand effect (due to difference in electronegativity of adjacent atoms)
and lattice strain (due to lattice mismatch) plays a key role at the heterogenous interfaces and relocate
electrons to the NC surface, hence, the formation of catalytic active sites takes place, which boosts the
HER kinetics. Besides, neighboring Pd reaction sites share the intermediate steps during HER, therefore,
boost the activity of Ni@Pd-Pt in HER. Hence, the Ni@Pd-Pt NC delivers a lower overpotential of 11.5 mV
at the cathodic current density of 10mA cm−2. This overpotential is 15 and 2.2-times less compared to
Ni@Pd NC (173 mV) and Pt/C (26 mV) catalysts, respectively. Additionally, ternary Ni@Pd-Pt NC offers
a similar Tafel slope of 42 mV dec−1 to that of standard Pt/C. Moreover, As-prepared Ni@Pd-Pt NC
demonstrates significantly enhanced HER performance compared to Ni@Pd NC in an acidic medium
with an overpotential of 37 mV. This overpotential value is the same as a standard Pt/C catalyst.

2. Experimental

2.1. Synthesis of Ni@Pd-Pt Nanocatalyst

Ni@Pd-Pt NC was fabricated on a carbon black support (Vulcan XC-72R) by using a “self-aligned”
heterogeneous nucleation-crystal growth mechanism. (Scheme 1) [29]. Initially, 1.02 g of a solution
containing 0.1 M of Ni-precursor (i.e., nickel (II) chloride hexahydrate (NiCl2·6H2O, Showa Chemical
Co. Ltd., Okayama, Japan)) was mixed with 400 mg of carbon black (5.0 wt.%) and stirred at 400 rpm
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for 3.5 h. This solution accommodates 0.102 mmoles (6 mg) of Ni2+ ions with a metal to carbon support
ratio of 0.3 (i.e., Ni is 30 wt.% of carbon support). Subsequently, in the 2nd step, 5 mL of fresh D.I. water
solution consisting of 0.03 g of NaBH4 (99%, Sigma-Aldrich Co., Saint Louis, MO, USA) was instantly
mixed into the solution (i.e., Ni2+ adsorbed carbon black) and continuously impregnated at 400 rpm
for 10 s. Further, 1.02 g of palladium (Pd) precursor (with Pd/Ni molar ratio 1:1) solution consisting
of 0.102 mmoles of Pd2+ ions (i.e., 0.1 M) was subsequently added in the 3rd step. The palladium
(II) chloride (i.e., PdCl2, 99%, Sigma-Aldrich Co.) was mixed in 1.0 M HCl solution to prepare Pd
precursor solution. Hence, Ni@Pd NC was prepared.
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Scheme 1. Schematic depiction of the synthesis procedure for Ni@Pd (steps 1–3) and Ni@Pd-Pt nanocatalysts.

After 10 min, a suitable amount of Pt precursor (H2PtCl6·6H2O; 99%, Sigma-Aldrich Co.) solution
in D.I. water was added into Ni@Pd (step 4) and subsequently reduced within 10 s by the reducing
agent (NaBH4) in step 5. As obtained products were cleaned many times with acetone/ethanol/D.I.
water, centrifuged, and finally put in oven at 60 ◦C for drying. The Pt/C and Pd/C control samples
were prepared by mixing Pt (Pd) metal ions in carbon black at 25 ◦C for 6 h followed by reducing via
reduction agent. In the present work, the Pt (Pd)/carbon black ratio was 30 wt.%.

2.2. Physical Characterizations of Ni@Pd-Pt Nanocatalyst

The physical properties of Ni@Pd-Pt and the control samples (i.e., Pd/C, Pt/C and Ni@Pd) were
obtained by microscopic and X-ray spectroscopic techniques. The aberration-corrected scanning
transmission electron microscopy (AC-STEM) images were obtained from the Industrial Technology
Research Institute (ITRI), Taiwan. X-ray photoelectron spectroscopy (XPS) of Ni@Pd-Pt and control
samples was executed at beamlines BL-24A1 of the National Synchrotron Radiation Research Center
(NSRRC), Taiwan. For investigating the phases and structure of as-prepared catalysts, X-ray diffraction
(XRD) analysis was been done. The XRD spectra were obtained at incident X-ray of wavelength
1.033 Å (12 KeV) at the NSRRC, Taiwan. To obtain good quality spectra, each experiment was repeated
two-times and subsequently averaged for a fair comparison. The inductively coupled plasma-optical
emission spectrometer (ICP-OES; Jarrell-Ash, Markham, ON, Canada, ICAP 9000) was utilized to
determine the exact composition of experimental NCs.



Appl. Sci. 2020, 10, 5155 4 of 11

3. Electrochemical Analysis

The electrochemical HER experiment was carried out by using an electrochemical cell
(CH Instruments, Austin, TX, USA, Model 600B, CHI 600B) consisting of three electrodes. A glassy
carbon electrode was used as a working electrode in the electrochemical cell. The Ag/AgCl (the voltage
was calibrated by 0.204 V, in alignment with that of Reversible hydrogen electrode (RHE)) and Hg/HgCl2
(the voltage was calibrated by 0.242 V, in alignment with that of RHE) electrodes were used as reference
electrodes for acidic and alkaline mediums, respectively. For the counter electrode, the graphite rod
was utilized for avoiding any Pt contamination during the experiment. The slurry for conducting
the HER measurements was prepared by adding 5 mg of catalyst powder in 50 µL of 5% Nafion 117
solution and 1 mL of isopropanol (IPA). This mixture was sonicated for 30 min before the experiment
for better uniformity of catalyst slurry. For the HER experiment, 20.0 µL of as-prepared catalyst slurry
was drop cast and air-dried on a glassy carbon rotating disk electrode (RDE) with an area of 0.196 cm2.
The HER activity was calculated by linear sweep voltammetry (LSV) carried out within the potential
range from −0.20 and 0.20 V at a sweeping rate of 2 mV s−1, and a rotation rate of 1600 rpm in N2

saturated 0.1 M KOH electrolyte. The stable and clean surface of the electrode is achieved by sweeping
the electrode many times between 0.00 and 1.24 V in N2 saturated 0.1 KOH electrolyte before each test.
An iR correction was used for compensating the potential loss due to the external resistance of the
electrochemical system.

4. Results and Discussion

Aberration-corrected scanning transmission electron microscopy (AC-STEM) was utilized for
revealing the surface morphology and crystal structure of experimental NCs. Figure 1 represents the
comparative STEM images of Ni@Pd and Ni@Pd-Pt NCs. Accordingly, Ni@Pd (Figure 1a) nanoparticles
exhibit a hierarchical structure, where long-range ordered atomic arrangements are observed on the
surface due to capping of Pd-atoms over disorders Ni-atoms underneath. Such a characteristic
confirms the formation of the hierarchical structure of Ni@Pd NC with a high density of surface defects
(yellow arrows denote surface defects in Figure 1a), in which Pd-atoms are stacked over Ni-atoms.
For the Ni@Pd-Pt catalyst, sub-nanometer to nanometer-scaled decorated Pt-clusters (indicated by the
red arrow in Figure 1b) were observed on the Ni@Pd surface exhibiting the highest Z contrast in the
HAADF-STEM image. Meanwhile, due to its highest Z number (Z = 78) in the ternary system they
could be determined as Pt.Appl. Sci. 2020, 10, x FOR PEER REVIEW 5 of 13 
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Further structural information of the experimental NCs under investigation was obtained via XRD
analysis. Figure 2 depicts the XRD spectra of Ni@Pd-Pd NC compared with control samples (Ni@Pd,
Pd/C and Pt/C). Accordingly, Pt/C exhibits characteristic diffraction signals at 26.25◦, 30.36◦ and 43.64◦

corresponding to (111), (200) and (220) planes of fcc crystal lattice structure. Similar fcc Pt/Pd peaks
were observed for Pd/C, Ni@Pd, and Ni@Pd-Pt NCs. Herein, it is worth noting that the closely packed
Pt/Pd (111) planes of experimental NCs did not change significantly. However, distinct variations in
open planes (i.e., Pt/Pd (200) and (220)) have been observed for Ni@Pd and Ni@Pd-Pt NCs. As shown
in Figure 2, (200) and (220) planes of Pd/C are negatively shifted (i.e., towards a lower angle),
which indicates its larger lattice constant compared to Pt/C in open planes. This phenomenon is due
to the oxide formation in open planes due to NaBH4 assisted rapid crystal growth. For Ni@Pd NC,
the closely packed (111) plane demonstrates similar features as that of Pd/C, however, compared
to Pd/C, the (200) and (220) planes of Ni@Pd NC are significantly broadened and shifted to lower
(larger lattice constant) and higher (lower lattice constant) angles, respectively. These characteristics
indicate the co-existence of an expansive and compressive strain in the different planes. Moreover,
Ni@Pd NC possesses higher background intensity (H) compared to Pd/C. The high background
scattering is due to the presence of surface defects on Ni@Pd surface, which is consistent with former
STEM analysis. Besides, the XRD pattern of Ni@Pd-Pt NC uncovers the effects of Pt-decoration on
Ni@Pd surface. The Ni@Pd-Pt NC explores similar features in the closely packed (111) plane as that of
Ni@Pd. However, compared to Ni@Pd, the broadened and narrowed (200) and (220) plane, respectively,
indicates that Pt-clusters are mainly deposited on the open planes of Ni@Pd NC.Appl. Sci. 2020, 10, x FOR PEER REVIEW 6 of 13 
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Figure 2. X-ray diffraction (XRD) patterns of Ni@Pd-Pt NC compared with Ni@Pd, Pd/C and Pt/C.

The X-ray photoelectron spectroscopy (XPS) is utilized at Pd-3d orbitals to get further evidence
about change in the electronic structure of Ni@Pd NC after Pt-clusters decoration. For acquiring the
XPS spectra, the X-ray with a −2.6 nm probing depth and 485 eV excitation energy was used. The fitted
XPS spectra of experimental NCs in the Pd-3d region has been represented in Figure 3. In a Pd3d

spectrum, the doublet peaks centered around 336.0 eV and 341.0 eV, respectively, are characteristic
current (photoemission) responses from Pd 3d5/2 and Pd 3d3/2 orbitals. These peaks were simulated
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and deconvoluted to analyze the emission signals from various oxidation states of “Pd”; the obtained
parameters are summarized in Table 1. Accordingly, the higher ratio of Pd (0) comparative to Ni@Pd
confirms that Pt-clusters protect the Pd-atoms from surface oxidation in Ni@Pd-Pt NC. Moreover,
the intensity of signals (i.e., emission peaks) in XPS spectrum is directly proportional to the target
atom’s electron density. Hence, the higher intensity for Ni@Pd-Pt NC indicates its higher index of 3d
electrons in Pd atoms, which proves electron relocation from Ni-to-Pd atoms and further to Pt-atoms.
Besides, the reduced binding energy (BE) of Ni@Pd-Pt NC also confirms the electronegativity gap and
lattice strain drove electron relocation from Ni atoms to Pd atoms. XPS spectra of Ni@Pd-Pt NC at the
Pt-4f orbital and Ni@Pd NC at the Ni-2p orbital have been depicted in Figures S1 and S2, respectively.Appl. Sci. 2020, 10, x FOR PEER REVIEW 7 of 13 

 

Figure 3. X-ray photoelectron spectroscopy of (a) Ni@Pd-Pt and (b) Ni@Pd NCs at Pd-3d orbitals. 

Table 1. The elemental oxidation states, composition ratios and binding energies of Ni@Pd-Pt 
compared with Ni@Pd NC. 

Samples Elemental Oxidation States  Composition (%) Binding Energy (B.E.) 
 Pd 0 Pd 2+ Pd 4+ Pt Pd Ni Pd 0 Pd 2+ Pd 4+ 

Ni@Pd-Pt 67.89 23.45 8.66 12.63 62.50 24.87 335.3 336.7 338.2 
Ni@Pd 62.28 25.09 12.63 N/A 71.27 28.73 335.4 336.9 338.5 

It is a well-known fact that the electronic structure of the catalysts has a major effect on their 
electrochemical HER performance. Accordingly, superior HER performance is expected from Ni@Pd-
Pt NC as compared to Ni@Pd. The HER activities of Ni@Pd-Pt and control samples were investigated 
by using a linear sweep voltammetry (LSV) technique (Figure 4a,c). The LSV curves were obtained 
at a rotation rate of 1600 rpm, 2 mV s−1 scan rate and an applied potential window of −0.20 and 0.20 
V at room temperature. The N2 saturated 0.1 M KOH (for alkaline medium) and 0.5 M H2SO4 (for 
acidic medium) electrolytes were used for LSV measurement. As-obtained HER parameters in both 
alkaline and acidic mediums have been summarized in Table 2. The overpotential is supposed to be 
the minimum potential needed to start the HER at the surface of catalyst at any cathodic current 
density. It is evident from Figure 4a that Ni@Pd-Pt NC outperforms all other NCs under investigation 
in an alkaline medium. The Ni@Pd-Pt NC exhibits significantly reduced overpotential of 11.5 mV, 
which is 161.5 mV lesser than that compared to Ni@Pd at the cathodic current density of 10 mA cm−2 
in an alkaline medium. Of most importance, Ni@Pd-Pt NC surpasses the HER performance of 
standard Pt/C catalyst (30 wt.% Pt) and exhibits relatively less overpotential in an alkaline medium 
(14.5 mV). On the other hand, Ni@Pd-Pt NC also demonstrates competitive HER performance as that 

Figure 3. X-ray photoelectron spectroscopy of (a) Ni@Pd-Pt and (b) Ni@Pd NCs at Pd-3d orbitals.

Table 1. The elemental oxidation states, composition ratios and binding energies of Ni@Pd-Pt compared
with Ni@Pd NC.

Samples Elemental Oxidation States Composition (%) Binding Energy (B.E.)

Pd 0 Pd 2+ Pd 4+ Pt Pd Ni Pd 0 Pd 2+ Pd 4+

Ni@Pd-Pt 67.89 23.45 8.66 12.63 62.50 24.87 335.3 336.7 338.2
Ni@Pd 62.28 25.09 12.63 N/A 71.27 28.73 335.4 336.9 338.5



Appl. Sci. 2020, 10, 5155 7 of 11

It is a well-known fact that the electronic structure of the catalysts has a major effect on their
electrochemical HER performance. Accordingly, superior HER performance is expected from Ni@Pd-Pt
NC as compared to Ni@Pd. The HER activities of Ni@Pd-Pt and control samples were investigated
by using a linear sweep voltammetry (LSV) technique (Figure 4a,c). The LSV curves were obtained
at a rotation rate of 1600 rpm, 2 mV s−1 scan rate and an applied potential window of −0.20 and
0.20 V at room temperature. The N2 saturated 0.1 M KOH (for alkaline medium) and 0.5 M H2SO4

(for acidic medium) electrolytes were used for LSV measurement. As-obtained HER parameters in
both alkaline and acidic mediums have been summarized in Table 2. The overpotential is supposed to
be the minimum potential needed to start the HER at the surface of catalyst at any cathodic current
density. It is evident from Figure 4a that Ni@Pd-Pt NC outperforms all other NCs under investigation
in an alkaline medium. The Ni@Pd-Pt NC exhibits significantly reduced overpotential of 11.5 mV,
which is 161.5 mV lesser than that compared to Ni@Pd at the cathodic current density of 10 mA cm−2 in
an alkaline medium. Of most importance, Ni@Pd-Pt NC surpasses the HER performance of standard
Pt/C catalyst (30 wt.% Pt) and exhibits relatively less overpotential in an alkaline medium (14.5 mV).
On the other hand, Ni@Pd-Pt NC also demonstrates competitive HER performance as that of standard
Pt/C catalyst in acidic medium. The Ni@Pd-Pt NC achieves a low overpotential of 37 mV in an
acidic medium, which is similar to Pt/C and 121 mV lower as compared to Ni@Pd NC (Figure 4c).
Such an enhanced HER activity of Ni@Pd-Pt NC compared to Ni@Pd and Pt/C catalysts is due to
the fact of unique charge relocation on the NC surface and high lattice strain. Moreover, an even
closer inspection of LSV curves gives a clear insight into the surface chemical identities of Ni@Pd
and Ni@Pd-Pt nanocatalysts. Accordingly, the intense peaks observed before 0 mV at the cathodic
current density of 4.5 mA cm−2 and 8 mA cm−2 in alkaline and acidic medium, respectively, reflects the
presence of PdPt and NiPd alloys on the Ni@Pd-Pt surface. The HER mechanism proceeds through
a series of reactions in both the alkaline and acidic mediums. As shown in Scheme 2, in the acidic
medium, adsorbed hydrogen ions (i.e., Hads) were formed on reactive sites of the catalyst surface
in the first (discharge) step (commonly known as the Volmer reaction (1)), which was followed by
an electrochemical desorption step (known as the Heyrovsky reaction (2)) and a recombination step
(i.e., the Tafel reaction) (3).

H3O+ + e_
→ Hads + H2O (1)

Hads + H3O+
→ H2 + H2O (2)

2Hads
→ H2 (3)

Besides the alkaline medium, HER proceeds via a different pathway based in an acidic medium.
In an alkaline medium, because H+ is not available from the electrolyte, the HER initiates from the
dissociation of water (H2O) molecules to give protons (i.e., H+), which follows both the Volmer step (4)
and the Heyrovsky step (5) of alkaline HER. Meanwhile, the Tafel step is similar to that in the acidic
medium. The overall HER process in an alkaline medium is depicted in Equation (6).

H2O + e_
→ Hads + OH_ (4)

Hads + H2O + e_
→ OH_ + H2 (5)

2H2O + 2e_
→ 2OH_ + H2 (6)

Moreover, Tafel slope analysis was employed to assess the HER performance of nanocatalysts,
which provides key information about the reaction pathways of HER. To further get insight into the
HER mechanism, the Tafel plots (linear portion only) were simulated by using the following Tafel
equation:

η = b log( j/ j0) (7)

where b: the Tafel slope, j: the current density, j0: the exchange current density.
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A smaller Tafel slope indicates a faster hydrogen generation rate (i.e., increased HER kinetics).
The Tafel slopes of experimental NCs are plotted in Figure 4b,d for alkaline and acidic mediums,
respectively, and summarized in Table 2. Accordingly, Ni@Pd-Pt NC exhibits the lowest Tafel slope of
42 mV dec−1 in an alkaline medium, which is exactly the same as that of standard Pt/C. Whereas in an
acidic medium Ni@Pd-Pt NC achieves a competitive low Tafel slope of 47 mV dec−1, which is very close
to standard Pt/C catalyst (32 mV dec−1). Generally, if the Tafel slope is between 40 and 120 mV dec−1,
then the Heyrovsky reaction is the rate-determinative step (RDS). In this case, the electrochemical
desorption step severely hampers the overall reaction process [32]. Accordingly, in the present study,
HER followed the Heyrovsky reaction. Furthermore, the stability test results of Ni@Pd-Pt NC in both
alkaline and acidic mediums have been added in Figure S3.Appl. Sci. 2020, 10, x FOR PEER REVIEW 9 of 13 
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Scheme 2. Schematic representation for the dominating factors and pathways in HER for (a) Ni@Pd
and (b) Ni@Pd-Pt nanocatalysts in acidic medium. In this scheme, reaction steps refer to a (1) discharge
step followed by an (2) electrochemical desorption step and (3) recombination step.

Cyclic voltammetry (CV) technique (depicted in Figure S4) provides further structure-
performance-correlation. The CV curves were obtained in an alkaline (0.1 M KOH) electrolyte
(N2-saturated) with 2 mV/s sweeping rate at room temperature. As depicted in Figure S3, Pd/C and
Ni@Pd NCs exhibit a smeared peak profile at lower potentials (<0.4 V vs RHE.), which is attributed to
the diffusion of H+ ions in the Pd crystal, resulting in a higher overpotential compared to Ni@Pd-Pt
NC, hence, comparatively suppressed HER activity. In the case of Ni@Pd-Pt NC, sharp and narrow
current responses for H+ desorption and adsorption (i.e., peaks H/H*) are observed, which confirms
the presence of sub-nanometer scaled Pt-clusters on the Ni@Pd surface, resulting in low resistance and
enhanced Faradaic process. This leads to improved HER kinetics compared to Pd/C and Ni@Pd NCs.

5. Conclusions

In this work, Pt-clusters decorated Ni@Pd hierarchically structured ternary metallic nanocatalyst
were prepared on carbon black support by using “self-aligned” heterogeneous nucleation-crystal
growth mechanism. As-obtained Ni@Pd-Pt NC efficiently catalyzes the HER with an ultra-low
overpotential of 11.5 mV at the 10 mA cm−2 cathodic current density in alkaline medium, which is
14.5 mV less compared to standard Pt-C catalyst. Of special relevance, the overpotential of Ni@Pd NC
is suppressed by 161.5 mV by decorating ~2.0 wt.% of Pt. Moreover, Ni@Pd-Pt NC achieves the Tafel
slope value of 42 mV dec−1, which is the same as that of a standard Pt/C catalyst. The as-prepared
Ni@Pd-Pt NC also exhibits outstanding performance in the acidic medium. In brief, the obtained
results outline an efficient strategy for the development of next-generation HER catalysts with ultra-low
content of Pt.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/15/5155/s1,
Figure S1: The XPS spectra at Pt-4f orbital of Ni@Pd-Pt NC, Figure S2: The XPS spectra at Ni-2p orbital of Ni@Pd
NC, Figure S3: Stability test results of Ni@Pd-Pt NC, Figure S4: Cyclic voltammograms of experimental NCs,
Table S1: ICP-OES determined composition ratios of experimental NCs, and Table S2: Benchmark Table for HER
activity of Pt-based NCs.
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