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The shape-controlled synthesis of
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Recently, great efforts have been focused on developing more active and stable Pd-based electrocatalysts
to partially or completely replace rare and costly Pt. We developed a facile hot injection method and suc-
cessfully synthesized well-dispersed and shape-controlled GaPd, nanomaterials including polyhedrons,
nanoparticles and nanowires. All the as-synthesized catalysts exhibit superior HER activity compared to
commercial pure Pd catalysts and are stable in acidic media. Among them, the GaPd, nanoparticles
required only 24.3 mV overpotential to achieve a 10 mA cm™ current density, which is outstanding com-
pared to most Pt-based nanomaterials. Also, cycling tests over 10 000 CV sweep cycles (—0.3 to 0.2 vs.
RHE) and durability testing for 24 hours were applied, with the GaPd, catalysts exhibiting similar i-V
curves and stable current densities to those obtained in the initial tests. We further evaluated the mass
activities of the GaPd, catalysts, and it is fascinating that the GaPd, polyhedrons, nanoparticles and nano-
wires achieved factors of 3.7, 5 and 2.3 enhancement in mass activity at —0.1 V vs. RHE compared with a
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commercial Pd black catalyst. Meanwhile, with the assistance of a reduced graphene oxide (rGO) support,
the GaPd, nanoparticles/rGO (20 wt%) electrocatalyst presents outstanding HER activity comparable with
that of a carbon-supported Pt catalyst (20% Pt/C). This work provides an avenue to develop effective and
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1. Introduction

The rapidly decreasing availability of fossil fuels and various
environmental pollution problems are increasing the demand
for green energy." Hydrogen is widely considered as a fuel
source for the future owing to is high specific energy storage
density and zero CO, emission. Recently, numerous
approaches have been developed to produce hydrogen. Among
them, the electrocatalytic method that produces hydrogen
from water splitting (H,O — H, + 1/20,) has attracted much
attention owing to its properties of renewability and environ-
mental friendliness.>> The water splitting reaction consists of
two half reactions: the oxygen evolution reaction (OER) and
the hydrogen evolution reaction (HER). An effective catalyst to
initiate proton reduction with minimal overpotential is in
demand to enhance the kinetics of the HER without consum-
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stable Pd-based catalysts with reduced Pd usage and high HER performance.

ing extra energy and thus promote hydrogen production.®” In
the HER, noble metals are usually considered as the best can-
didates under acidic conditions due to their excellent catalytic
activity, whereas an acidic electrolyte becomes advantageous
over an alkaline electrolyte due to more compactness and
could potentially be run in reverse mode to produce electri-
city.® Platinum (Pt)-based metals are generally regarded as the
most effective HER catalysts, but they suffer from material
scarcity and high cost.”'® Hence, it is highly desirable to
search for potent and economical Pt-free electrocatalysts.
Palladium (Pd) has the lowest melting point and the least
density among platinum group metals. It resembles Pt in
many respects, so has been considered as the best replacement
for Pt as HER catalyst due to its remarkable catalytic abilities
and relatively abundant resource. It is well known that Pd has
high affinity for hydrogen and its cost is lower than that of Pt
catalysts, facilitating the broad applications of its related nano-
materials in hydrogen storage, fuel cells, gas sensors/bio-
sensors, surface-enhanced Raman spectroscopy, organic coup-
ling synthesis and purification."® Like other noble metals,
Pd nanomaterials’ synthesis with good shape control has been
a challenging task. For instance, Xiong et al. previously
demonstrated a number of useful parameters that can be
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tuned to control the shapes of Pd nanomaterials in solution-
phase synthesis.’® Increasing attention has been focused on
the synthesis of bimetallic PAM nanostructures (M = Au, Pt,
Ag, Cu, Fe, Co and Ni) because of their synergistic effects and
rich diversity of compositions, and their enhanced catalytic
activities also have been demonstrated.”*>® From this perspec-
tive, researchers have prepared a variety of bimetallic PdM
nanostructures with different shapes, including hollow
spheres, cubes, nanowires, polyhedrons, core-shell nano-
particles and so on.>®° It is well established that the activity
and selectivity of colloidal metal nanomaterials have strong
correlation with their size and geometric shape, such as the
facets exposed on the surface.’® Therefore, how these para-
meters affect the catalytic performance of Pd-based catalyst is
worth being studied.

Recently, there have been some reports about the synthesis
of gallium particles at the micro- or nano-scale. Also, by ultra-
sonic irradiation of molten gallium immersed in liquid media
such as organic liquids and aqueous solutions of various
organic molecules or metal ions, gallium intermetallic com-
pounds such as CuGa,, Ag,Ga and AuGa, also could be
obtained.’’* Also, there are some reports about the fabrica-
tion of Ga-Pd intermetallic compounds including Pd,Ga,
PdGa and Pd;Ga; and their application in the semi-hydrogen-
ation of acetylene.>*®” However, to the best of our knowledge,
there are still very few reports of the colloidal synthesis of
nano-scale, well-dispersed and shape-controlled uniform
gallium-based alloy nanocrystals. It is well known that oleyl-
amine (OLA) is widely applied for preparation of metallic nano-
crystals, due to its multiple roles as reductant, surfactant, and
solvent.*® Moreover, there are still very few examples of Pd-
based nanocrystals having been reported in OLA systems. In
this study, we firstly demonstrate a colloidal heating method
and successfully synthesized well-dispersed and shape-con-
trolled GaPd, nanomaterials including polyhedrons, nano-
particles and nanowires. The as-synthesized catalysts exhibit
superior HER activity in an acidic medium. It is believed that
their outstanding activities are mainly shape-dependent: the
unique polyhedral structure allows exposure and durability of
the highly active sites with more accessibility; while the nano-
particles and the novel ultrafine 1D nanowires with high crys-
tallinity and a proper aspect ratio give more surface area that
enhances the catalysis reactions. All in all, our results provide
a new strategy for developing more earth-abundant, lower cost
and highly efficient HER electrocatalysts.

2. Experimental section
2.1. Chemicals

All chemicals were used as received, including palladium(u)
iodide (PdI,, 97%, Aldrich, CAS-NO. 7790-38-7), gallium(im)
acetylacetonate (Ga(Cs;H,0,);, 99.99%, Aldrich, CAS-NO.
14405-43-7), oleic acid (OA, 90%, Aldrich, CAS-NO. 112-80-1),
OLA (70%, Aldrich, CAS-NO. 112-90-3), trioctylphosphine (TOP,
[CH3(CH,),]3, 90%, Aldrich, CAS-NO. 4731-53-7), 1-dodeca-
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nethiol (>98%, Aldrich, CAS-NO. 112-55-0), hexamethyl-
disilazane (HMDS, 98%, Acros, CAS-NO. 999-97-3), toluene
(ACS reagent grade, >99.5%, Aldrich), ethanol (ACS reagent
grade, >99.5%, Aldrich), tetrahydrofuran (Aldrich, CAS-NO.
109-99-9), 2-propanol (ACS reagent grade, >99.5%, Aldrich),
Nafion® 117 solution (Aldrich, CAS-NO. 31175-20-9), palla-
dium black (99.95%, surface area 40-60 m> g~', Aldrich,
CAS-NO. 7440-05-3), platinum black (99.95%, Aldrich, CAS-NO.
7440-06-4), reduced graphene oxide (rGO, surface area 450 m>
g~!, Aldrich, CAS-NO. 7782-42-5), platinum 20% on carbon
(20% Pt/C, Johnson Matthey Fuel Cells, product code: 599002),
and palladium 30% on carbon (30% Pd/C, Aldrich, product
code: 407305).

2.2. Synthesis of GaPd, nanomaterials

GaPd, polyhedrons, nanoparticles and nanowires were syn-
thesized via a simple hot injection method. In a typical
process, 0.036 g (0.1 mM) of palladium(n) iodide dissolved in
different surfactant mixtures (0.5 ml OA, 0.5 ml TOP and
5.5 ml OLA for polyhedrons; 6 ml TOP for nanoparticles; 6 ml
1-dodecanethiol for nanowires) were added to a 50 ml three-
neck flask and preheated for 30 minutes at 120 °C under
argon atmosphere. Meanwhile, 0.018 g (0.05 mM) of Ga
(CsH,0,)3, 0.75 ml OA and 10 ml OLA were mixed in a vial and
sonicated until full dissolution. The mixture then was injected
into the three-neck flask along with 1 ml HMDS and reheated
to 120 °C. The system was then heated to 320 °C at 2 °C min™"
and cooled instantly to room temperature with a cold water
bath. The as-synthesized nanocrystals were then washed by
adding 5 mL toluene and 10 mL ethanol followed by centrifu-
gation at 8000 rpm for 5 min three times. Byproduct and
unreacted precursors were discarded.

2.3. Preparation of GaPd, nanoparticles/rGO

In a typical procedure, 20 mg of rGO was dispersed in a solu-
tion containing 30 mL of tetrahydrofuran and 10 mL of
hexane, and then a mixture containing 8 mL hexane and 4 mg
GaPd, nanoparticles (the mixture was prior sonicated for
8 hours to ensure a good dispersity of the nanoparticles) was
added into the rGO dispersion. Next, the resulting mixture was
sonicated for 2 hours to allow the nanoparticles to transfer
onto the carbon support. To separate the GaPd,/rGO catalysts
from the solution, the mixture was centrifuged at 8000 rpm for
10 min twice with excess ethanol and then dried at 60 °C
under vacuum for another 6 hours.

2.4. Characterization and measurement

The morphology and structure of the as-prepared nanocrystals
were characterized by scanning electron microscopy (SEM;
Hitachi SU8010) with an accelerating voltage of 10 kv,
equipped with an Oxford INCA energy dispersive spectroscopy
(EDS) detector. Transmission electron microscopy (TEM;
Hitachi H-7100) was employed at an accelerating voltage of
120 kV for further shape, size and crystalline phase analysis.
XRD data were obtained with a Rigaku Ultima IV X-ray diffract-
ometer using a Cu radiation source (4 = 1.54 A). X-ray photo-
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electron spectroscopy (XPS) measurement was performed
using a ULVAC-PHI high resolution instrument using mono-
chromatized Al Ka (1486.6 eV) excitation. Inductively coupled
plasma mass spectrometry (ICP-MS) analysis was performed
with an Agilent 7500ce (Agilent Technologies, Tokyo, Japan).

2.5. Electrochemical measurements

All electrochemical measurements were performed with a
three-electrode system using a multi-channel electrochemical
analyzer (Bio-Logic-science Instruments, VMP3). A platinum
wire was used as counter electrode and a RHE (reversible
hydrogen electrode, ALS) as reference. A 0.5 M highly pure
H,-saturated H,SO, aqueous solution served as the electrolyte.
The working electrodes were fabricated as follows: 12 mg of
the prepared GaPd, or commercial Pd catalysts were dispersed
in 4 mL mixed solvent containing tetrahydrofuran, 2-propanol,
and 5% Nafion (volume ratio of 4:1:0.025) and was sonicated
for 30 min to prepare a catalyst ink. Then, the well-dispersed
suspension was drop-cast onto a rotating disk electrode (Pine
Instruments, 0.196 cm?, d = 0.5 cm) at 0.3 mg cm > and dried
at room temperature. For the HER measurement, a linear
sweep voltammetry (LSV) curve was recorded in the range of
0.2 V to —0.3 V at a scan rate of 5 mV s™', and the long-term
durability test data were recorded at a stable voltage of —0.5 V
vs. RHE over 24 h with an electrode rotation rate of 2800 rpm.
For the cycling durability test, ~30 cycles were performed in
0.5 M H,SO, solution before the measurement in order to
remove the residual surfactants in the voltage range from 0.2
to —0.3 V vs. RHE at 100 mV s~ scan rate. Cyclic voltammetry
(CV) was conducted between 0.2 and —0.3 V vs. RHE at 100
mV s~ for 10000 cycles. Electric impedance spectroscopy
(EIS) was carried out in the potentiostatic mode at a potential
of —0.12 V (vs. RHE) with a scanning frequency of 10°-0.01 Hz.
To further evaluate the electrochemical catalytic performances
of the as-prepared electrodes for HER, CV cycles were con-
ducted in the region from —0.73 to —0.93 V (vs. RHE) at scan
rates of 40, 80, 120, 160, and 200 mV s . The Janodic — Jeathodic
(Ja — Je AF) value at 200 mV (vs. RHE) was obtained from a
single CV cycle at a certain scan rate and it was plotted against
the scan rate. All polarization curves in this study were
measured without IR compensation after applying a number
of potential sweeps until they became stable.

3. Results and discussion

Polyhedral GaPd, nanocrystals, GaPd, nanoparticles and
GaPd, nanowires were successfully synthesized by a facile hot
injection method (Fig. 1). Briefly, Ga(CsH,0,); was sonicated
until dissolved in OLA to produce Ga-oleate. The Ga-oleate
then was injected into pre-heated PdI, in certain surfactant
mixtures (OLA, OA and TOP for polyhedrons, TOP for nano-
particles and 1-dodecanethiol for nanowires) under inert gas
atmosphere and then heated to 320 °C. During the heating
process, the color of the mixture changed gradually from clear
to dark black, indicating the formation of GaPd, nanocrystals.
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Fig. 1 Schematic illustration of the synthesis of GaPd, nanocrystals.

Iodide and acetylacetonate compounds were used in this reac-
tion because they can fully decompose at lower temperature,
thus allowing a great reduction in the reaction temperature.
A phase diagram for palladium and gallium is shown in
Fig. S1,f indicating the possible nine phases of Ga-Pd alloy
that can be particularly formed.** The maximum gallium solu-
bility in palladium is about 18 atomic percent at 1000 °C.
When up to a concentration of 3.6 wt% (which is the highest
that could be achieved in the studied alloys), solid solutions
without second phase precipitation are formed.*°

The three prepared sample types were characterized as
GaPd, by XRD (Fig. 2(a)). The main XRD peaks at 26 = 35.8°,
39.6°, 40.1°, 41.1°, 41.3°, 44.6°, 48.1° are indexed to (112),
(210), (202), (013), (211), (020), (203) facets and well consistent
with the orthorhombic GaPd, phase (JCPDS no. 65-1511).
Fig. S27 shows the EDS measurement results of the as-syn-
thesized nanomaterials. The atomic ratios of Ga:Pd are
measured to be 0.34:0.66 for polyhedral nanocrystals,
0.35:0.65 for nanoparticles and 0.33 : 0.67 for nanowires, indi-
cating the successful synthesis of the GaPd, nanomaterials.
Fig. 2(b) shows the simulated structure of GaPd, orthorhombic
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Fig. 2 (a) XRD patterns of GaPd, polyhedrons, GaPd, nanoparticles,
GaPd, nanowires; the black stick pattern corresponds to GaPd, (JCPDS
65-1511). (b) Simulated unit cell of the GaPd, orthorhombic structure.
XPS spectra of as-synthesized GaPd, samples: (c) Ga 3d; and (d) Pd 3d.
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cell with space group Pnma and lattice parameters of a =
5.48 A, b = 4.06 A, ¢ = 7.79 A. Additionally, XPS analysis was
also performed to further investigate the electronic structure
and chemical environment of constituent elements on the
surface of the samples. High-resolution XPS spectra of Ga 3d
and Pd 3d of the freshly prepared samples are shown in
Fig. 2(c) and (d), while the XPS data obtained after 2 weeks of
sample preparation are shown in Fig. S4.1 Peak energies were
calibrated based on the C 1s peak at 284.8 eV as a reference
(Fig. S3, Fig. S4(a, d and g)7).*" Fig. 2(c) shows a broad peak of
Ga 3d centered at 18.4 eV for all samples assigned to Ga
metal.*? In Fig. S4(b, e and h),T Ga 3d peak signals are ana-
lyzed using a Shirley-type background and a nonlinear least
squares fitting of the experimental data based on a mixed
Gaussian/Lorentzian peak shape. In the polyhedron sample,
the Ga 3d spectrum was curve-fitted with two components that
represent a main peak of metallic Ga (18.7 eV) and a small
peak of Ga®" or oxidized gallium (20.3 eV).*>** Also, two peaks
were found in the Ga 3d spectrum for the nanoparticles,
including a main peak at 20.3 eV and a minor peak at 18.3 eV;
but only one main peak at 18.4 eV was obtained for the nano-
wires sample. It is possible that the oxidized gallium signal
could be produced by the oxygen layer that covered the surface
of the nanomaterials, as indicated by previous studies.*>*® The
synthesis procedure of the nanowires applied 1-dodecanethiol
as the surfactant, and thus a protective layer could have been
formed and prevented the oxidation process of the nanowire
surface. The XPS complex spectrum for Pd 3d was deconvoluted
into two peaks, 3d;,, and 3ds,, (Fig. 2(d), Fig. S4(c, f and i)).T
All of the Pd 3d5), results show a red-shifted increase by 0.2 to
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0.9 eV compared to the pure Pd (335 eV),””*® which is related
to the formation of the intermetallic phase of Pd.**>°

The fabricated GaPd, nanostructures were then subjected
to further microstructural characterization by field-emission
SEM and TEM. As shown in Fig. 3(a and b), when mixing PdI,
in surfactant containing OLA, OA and TOP, polyhedral GaPd,
nanocrystals with average diameter or length of 41 + 7.9 nm
were obtained (Fig. 3(a), inset). Fig. 3(c) and Fig. S5t show the
TEM images for more details of the morphology of GaPd, poly-
hedrons. Subsequently, the solvent for PdI, was replaced by
TOP in an appropriate amount, and the GaPd, nanoparticles
with a highly narrow size distribution were formed (d = 7.5 +
0.6 nm, Fig. 3(d), inset). It is observed that the nanoparticles
exhibit a spherical shape and are uniformly dispersed without
agglomeration (Fig. 3(d and e)) and the trend of layer-by-layer
self-assembly can be clearly observed (Fig. S6(a)T). As displayed
in Fig. S6(b),f the TEM micrograph further proves the good
dispersity of GaPd, nanoparticles. Finally, GaPd, nanowires
were successfully synthesized by using 1-dodecanethiol as the
surfactant for PdI,. As seen in Fig. 3(g and h), the low- and
high-magnification SEM images clearly show the GaPd, nano-
wires with ultrathin and uniform appearance. The nanowires
are approximately 1 pm in length with a diameter of 6.5 +
1.9 nm (Fig. 3(g), inset). In addition, TEM images were
obtained to further show the detailed morphology of the
GaPd, nanowires (Fig. 3(i) and Fig. S7f). Our strategy has suc-
cessfully produced shape-controlled and well-dispersed zero-
dimensional (0D) nanomaterials. The as-synthesized products
are typically coated with a surfactant layer that enables them
to disperse uniformly in various organic solvents. Notably, the

Fig. 3 (a, d, g) Representative low-magnification SEM images and (b, e, h) high-magnification SEM images of the GaPd, polyhedrons, GaPd, nano-
particles and GaPd, nanowires (size distributions shown in insets). (c, f, i) Representative TEM images of the GaPd, polyhedrons, GaPd, nanoparticles

and GaPd, nanowires.
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effect of components of capping or reduction agents is critical
for the shape-control of GaPd, nanomaterials. For example,
OLA and other ligands (e.g. OA) were used as an additive for
facet selection or adsorption.”™** During the synthesis process,
OLA readily desorbs from the nanoparticle surface owing to rela-
tively weak ligands (OA) applied, so that GaPd, nanoparticles are
prone to aggregate at high temperature, resulting in the for-
mation of facet nanocrystals.>® Previous reports indicate that the
nanoparticles formed in the presence of TOP are spherical in
shape and their size decreases with an increase in the TOP/pre-
cursor ratio.>* We apply TOP as a capping agent, and the trend
is quite consistent with the previous report, as it is a very
effective additive to control the size and shape (small, spheri-
cal). Also, various types of II-VI semiconductor nanospheres
were successfully synthesized by applying TOP as a ligand or sur-
factant.”>® On the other hand, thiol is a quite common additive
to turn spheres into rods;*’ also, ultrathin Sb,Se; nanowires in
an OLA and 1-dodecanethiol mixture produced via a one-pot
chemical synthesis reaction have been recently reported.’®
High-resolution TEM (HRTEM) was further implemented to
explore the crystalline feature of the as-synthesized nano-
materials. The selected-area electron diffraction pattern (SAED)
of a selected field of GaPd, polyhedrons was obtained,
showing multiple diffraction rings, in agreement with the
(201), (210), (202), (211) of the bipyramidal phase of GaPd,,
respectively (Fig. 4(a and b)). Fig. 4(c-f) show the different
HRTEM images from a polycrystalline GaPd, polyhedron. In
Fig. 4(d and e), the selected area fast Fourier transform (FFT)
profile represented the single crystalline structure with a (202)
and (210) lattice plane, displaying a d-spacing of 2.2 A and
2.3 A with (121) zone axes. When observed with (211) zone
axes, the (111) and (213) lattice planes correspond to an inter-
planar d-spacing of 3.0 A and 1.7 A, respectively. Similarly, the
SAED pattern of a field of spherical GaPd, nanoparticles was
obtained as well (Fig. 5(a and b)). However, the SAED analysis
does not show clear diffraction rings due to the weak signal of
the small nanoparticles; only two main rings, (013) and (020),
can be observed. From Fig. 5(c and d), the FFT profile from a
nanoparticle shows the single crystalline structure with (013)
and (020) lattice planes, displaying a d-spacing of 2.19 A and
2.03 A, which correspond well with the main peaks as shown
in the XRD data. For the as-synthesized GaPd, nanowires, we
also applied SAED analysis to further understand their crystal-
line status. The SAED analysis showed multiple diffraction
rings, in agreement with the (013), (210), (200) of the bipyrami-
dal phase of GaPd,, respectively (Fig. 6(a and b)). Fig. 6(c and
d) show the FFT profile from a single nanowire, indicating a
single crystalline structure with (200) and (011) lattice planes,
displaying a d-spacing of 2.7 A and 3.6 A with (022) zone axes.
In particular, polyhedral-shaped GaPd, nanocrystals are
found to have exposed multiple facets, including (101), (111),
(210), (011), and (102) facets. The GaPd, nanoparticles are
found to be equally exposed with (013), (020), and (022) facets,
while GaPd, nanowires are found with major (111) exposed
facets and minor (010) and (200) exposed facets. It is well
known that the catalytic properties of nanocrystals are deter-
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Fig. 4 (a) TEM image with a selected area of the GaPd, polyhedrons
and (b) the corresponding SAED pattern. (c—f) HRTEM images from
different parts of a GaPd, polyhedron and their corresponding FFT pat-
terns (insets).

Fig. 5 (a) TEM image with a selected area of the GaPd, nanoparticles
and (b) the corresponding SAED pattern. (c, d) HRTEM images of a
GaPd; nanoparticle and its corresponding FFT pattern (inset).

mined not only by the surface atoms but also by the surface
structures (shapes).>® Also, it is naturally expected that high-
index surface structures should be introduced to improve the

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (a) TEM image with a selected area of the GaPd, nanowires and
(b) the corresponding SAED pattern. (c, d) HRTEM images of a GaPd,
nanowire and its corresponding FFT pattern (inset).

catalytic activity of HER catalysts, owing to the unique surface
atomic structures, such as a high density of atomic steps, dan-
gling bonds, kinks, and ledges, that can act as active sites.*®®'
The (111) crystal planes are proven to retain a certain degree of
catalytic activity and stability toward HER.®>®® Ni,;C0,4-Sg
electrocatalysts reveal a high electrocatalytic activity for both
OER and HER, ascribed to the large molecular cluster struc-
ture and exposed (022) and (111) surfaces. The metallic prop-
erty of the (020) facet ensures a large amount of free electrons
at the Fermi level that lead to an enhanced electron mobility
for HER application.’® It has been proven that single-crystal
tetrahexahedral (THH) Pt nanocrystals enclosed by high-index
facets (including (210)) surfaces possess a large density of
atomic steps and dangling bonds.®> On the other hand, THH
Au nanocrystals are enclosed by 24 high-index (037) facets that
are composed of (012) and (013) subfacets, and electro-
chemical measurements show that they are more chemically
active than octahedral Au nanocrystals that are enclosed by
(111) facets.®® Furthermore, the (113) facet was found to be
associated with both good surface stability and high HER
activity in a previous study of Co,P nanomaterial.®” The
highest activity of the nanoparticles could therefore be
ascribed to the equally exposed high-index facets (013), (020)
and (022); however the role of some of these facets in HER is
not clear and needs further investigation.

Electrocatalytic production of hydrogen from water splitting
is a renewable and environmentally friendly energy source.
The HER is the reductive half reaction of water splitting
(2H(aq)" + 2e7 — Hy(y) and it is one of the most well-studied
electrochemical reactions. Recently, due to the flourishing
usage of diverse synthesis techniques, Pd-based nanomaterials
have gradually emerged with the potential to provide superior
and cost-effective solutions to meet the requirements of
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present, evolving electrochemical applications. In this study,
the catalytic performance of the as-synthesized GaPd, nano-
materials for HER was evaluated by using LSV recorded from
0.2 to —0.3 V vs. RHE in H,-saturated 0.5 M H,SO, at a scan
rate of 5 mV s (Fig. 7(a)). For comparison, commercial Pd
black and Pt black deposited on glassy carbon electrodes with
the same amount were also tested under the same conditions.
All polarization curves here were measured without IR com-
pensation. At a geometrical catalytic current density of 10 mA
cm™?, the GaPd, nanoparticles show the smallest overpotential
(24.3 mV), which represents a 7.8 mV and 45.1 mV positive
shift compared to that of commercial Pt black (32.1 mV) and
Pd black (69.4 mV), whereas the GaPd, polyhedrons and nano-
wires exhibited overpotentials of 33.2 and 50.1 mV, respect-
ively. To study the electrocatalytic kinetics of HER, corres-
ponding Tafel slopes were extracted from the linear portion of
Tafel plots, derived from LSV polarization curves (Fig. 7(b)).
The Tafel slopes of GaPd, polyhedrons, nanoparticles and
nanowires, Pt black and Pd black were approximately 55.2, 49,
57.2, 98.8 and 52.8 mV dec ", respectively. The relatively small
Tafel slope of GaPd, nanoparticles indicated faster kinetics
during the HER. All the Tafel slopes of GaPd, may suggest the
Volmer-Heyrovsky HER mechanism.®® It is believed that the
samples containing Ga displaying higher HER activity than
pure Pd is due to the modification of the d-band center of the
Pd metal, or the lattice expansion caused by Ga atoms with

[
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Fig. 7 (a) HER polarization curves of GaPd, polyhedrons, nanoparticles
and nanowires, commercial Pd black and Pt black in 0.5 M H,SO,4 at
5 mV s~ (b) The corresponding Tafel slopes. (c—e) Polarization curves
of GaPd, polyhedrons, nanoparticles and nanowires: initially and after
10 000 CV scans (insets are the amperometric j—t curves with an applied
voltage of —0.8 V vs. RHE over 24 hours). (e) Mass activity as a function
of the overpotential for Pd black and the GaPd, catalysts.
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larger lattice constants, increasing the hydrogen solubility and
diffusion rate.®®’® Furthermore, the exchange current density
(jo) obtained from the Tafel plots for GaPd, polyhedrons,
nanoparticles and nanowires is 2.67, 2.69 and 0.96 mA cm ™2,
which is superior to those of most Pd-based electrocatalysts
reported previously (see Table S17).

One of the most important factors is the durability of HER
catalysts.”" In the pre i-t testing, an increasing current density
can be clearly observed, possibly due to the exposure of more
effective catalytic area caused by the slow removal of coating
ligand or the residual impurities by electric flow. Fig. S8t
demonstrates the dramatic improvement of the HER activity
(increase of current density from 98 to 292 mA cm™?) of GaPd,
nanoparticles after 24 h of continuous operation at —0.5 V in
0.5 M H,SO,. Fig. S91 shows the HER performance of all
GaPd, catalysts before pre it testing, and their overpotentials
at 10 mA cm ™2 before and after pre it test are compared in
Table 1. Next, accelerated stability tests of the GaPd, catalysts
were conducted via continuous CV sweeping at a scan rate of
100 mV s~'. After 10000 cycles, the GaPd, catalysts exhibit
similar i-V curves to those obtained in the initial tests, indicat-
ing the stable HER electrocatalysis of the GaPd, nanomaterials
in acid environment (Fig. 7(c—e)). The long-term durability of
these catalysts was also evaluated by electrolysis at # = 800 mV,
and the cathodic current densities remain unchanged for
more than 24 h (Fig. 7(c-e), insets). Previous studies suggest
that the current density is directly related to the hydrogen
generation, and have obtained faradaic efficiency (FE) by com-
paring the experimentally determined and theoretically calcu-
lated amounts of hydrogen (assuming 100% FE), suggesting
that the FE is close to 100%.”>"* In this regard, the theoretical
hydrogen production amount versus time at a constant voltage
of 800 mV for 6 hours for GaPd, was calculated as 2.907 x 10~
(mol H, per hour) for polyhedrons, 2.962 x 10~ (mol H, per
hour) for nanoparticles and 2.194 x 10~ (mol H, per hour) for
nanowires (Fig. S10; see ESIt for detailed calculations). These
results confirm the excellent durability of GaPd, polyhedrons,
nanoparticles and nanowires for HER. We further evaluated
the mass activities of the catalysts. The GaPd, nanoparticles,
polyhedrons and nanowires achieved factors of 5, 3.7 and 2.3
enhancement in mass activity at —0.1 V vs. RHE compared
with the commercial Pd black catalyst (Fig. 7(f)). In detail, the
corresponding mass activities of the GaPd, nanoparticles,
polyhedrons and nanowires and commercial Pd black catalyst
are 326.6, 242.7, 146.1 and 64.9 mA cm™> mgpq ', respectively.
Obviously, nanoparticles give higher surface area, hence
greatly enhancing the mass activity for HER.

Table 1 The overpotential for GaPd, catalysts at 10 mA cm~2 before
and after pre-i—t test for 24 hours in 0.5 M H,SO, electrolyte

GaPd, Before pre-i—t test for 24 h  After pre-i—¢ test for 24 h
catalyst (mv) (mv)
Polyhedrons 232 33.2
Nanoparticles 175 24.3
Nanowires 247 50.1
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The kinetics of the catalytic processes on the samples were
examined by EIS to further illustrate the superior HER per-
formance of the GaPd, nanoparticles (Fig. 8(a)). Two semicir-
cles were observed in Nyquist plots for Pd-based (GaPd, and
Pd black) catalysts. The semicircle at high frequencies is attrib-
uted to hydrogen adsorption on the electrode surface while
that at low frequencies represents the charge transfer process
(HER kinetics).”” All the experimental data of EIS have been
fitted with an electrical equivalent circuit as shown in the
inset of Fig. 8(a). In the equivalent circuit diagram, Ry is the
series resistance, R;, is the polarization resistance related to the
porosity of the surface, CPE1 and CPE2 are the two constant
phase elements (CPEs), and R, denotes the overpotential-
dependent charge transfer coefficient.”® In the Nyquist plots,
the diameter of the semicircle is an indication of the reaction
resistance. Compared to the Pd black and Pt black, GaPd, cata-
lyst has a semicircle with smaller diameter at lower frequen-
cies, thus it possesses the lowest charge-transfer resistance,
indicating its superior charge-transport kinetics.

We also employed electrochemically active surface area
(ECSA) test to estimate active sites of the HER catalyst.”” The
ECSA of samples was estimated using a simple CV method to
measure the electrochemical double-layer capacitance (Cg;)
according to previous studies.”® CV curves were obtained at
various scan rates (40, 80, 120, 160, 200 mV s~ ') at —0.73 to
—0.93 V vs. RHE. The resulting CV plots of GaPd, nano-
particles, Pd black and Pt/C are presented in Fig. S11.f The
double-layer capacitance is estimated by plotting the current
density differences of Aj =j, — j. at 0.83 V vs. RHE against the
scan rate, where the Cq; value is equivalent to the half of the
linear slope in Fig. 8(b). The calculated values of Cy are 5.85,
0.7 and 4.54 mF cm™? for GaPd,, Pd black and Pt black,
respectively, confirming the GaPd, nanoparticle catalyst as
having the largest ECSA and the maximum number of func-
tional sites among the three catalysts.

The GaPd, nanoparticles were then deposited on rGO via a
sonication method in a tetrahydrofuran and hexane mixture.
As displayed in the TEM image (Fig. S127), for the GaPd,/rGO
catalyst the nanoparticles were well dispersed on the rGO
support. The rGO was preferentially chosen as a support
because the stacking effect of 2D sheet structure can provide
larger area that allows the deposition of the nanoparticles on
the surface or even between the sheet layers, thus greatly

40
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¥ 1
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Fig. 8 (a) EIS Nyquist plots of GaPd, nanoparticles, Pd black and Pt
black at —0.12 V overpotential. (b) Linear fitting of the capacitive currents
of GaPd,, Pd black and Pt black versus scan rate.
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Fig. 9 (a) HER polarization curves of 20% GaPd,/rGO, commercial 30%
Pd/C and commercial 20% Pt/C in 0.5 M H,50,4 at 5 mV s™%. (b) The
corresponding Tafel slopes. (c) Mass activity as a function of the over-
potential for 20% GaPd,/rGO, commercial 30% Pd/C and commercial
20% Pt/C.

enhancing the ECSA of the electrode.””®® The ICP-MS analysis
performed on the GaPd, nanoparticles/rGO catalyst reveals
that it contained 13.9 wt% of metal Pd. Fig. 9(a) demonstrates
the HER polarization curves of carbon-supported electrocata-
lysts. The GaPd, nanoparticles/rGO requires only 31.5 mV over-
potential to achieve a current density of 10 mA cm™?, thus
exhibiting better performance than commercial Pd/C
(67.9 mv), Pt/C (32.5 mV), and recently reported Pd-based cata-
lyst listed in Table S1.f The corresponding Tafel slope results
were evaluated to be 48.3 mV dec.™ for GaPd,/C, 102.1 mV dec.™
for Pd/C and 49 mV dec.”" for Pt/C (Fig. 9(b)). We further
determined mass specific activities to evaluate the efficiency of
hybrid catalysts.®" The calculated mass specific activities at
applied potentials of 50, 75, 100, and 125 mV vs. RHE are
summarized in Fig. 9(c). With an applied potential of 0.1 V,
GaPd,/rGO catalyst exhibits a mass specific activity of
1010.71 mA mg~" Pd, which is 4.9 and 1.3 times greater than
those obtained from commercial 30% Pd/C and 20% Pt/C,
respectively, showing the efficient utilization of Pd and the
high electrocatalytic activity of the sample.

4. Conclusions

In this study, we report a facile colloid approach for the syn-
thesis of GaPd, nanomaterials. By slightly altering the ligands
or surfactant components during the synthesis reaction, three
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shapes of GaPd, nanomaterials can be obtained: polyhedrons,
nanoparticles and nanowires. GaPd, can act as a catalyst for
the HER with both high catalytic activity and high stability,
with a performance that is far superior to that of a commercial
Pd catalyst. The excellent HER activity could be attributed to
the increased surface area, and synergetic effects of Pd-Ga
alloying for electrochemical catalysis reactions. This facile
method offers new insight for the design of good shape-con-
trolled Pd-based electrocatalysts for the hydrogen economy or
fuel cell applications.
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