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a b s t r a c t

The hydrogen evolution reaction (HER) holds great promise for clean energy, where electrocatalysts for
HER perform as the cathode reaction of water splitting is the critical reaction process on fuel cell. In spite
of the rapid growth of alternative materials, platinum (Pt)-based or platinum alloy materials are still the
most efficient catalysts for HER. Here, we report a hot-solvent synthesis for producing pop-corn shaped
gallium-platinum (GaPt3) nanoparticles, which exhibits intermetallic behavior with abundant uneven
surfaces that guarantee the extensive catalytic active edge sites. The electrochemical catalytic activity of
GaPt3-based electrode towards HER was demonstrated for the first time, resulting an outstanding per-
formance of only 27mV overpotential to achieve the 10mA/cm2 current density and a Tafel slope of 43.3
mV/dec. (vs. RHE) in acidic media, which is rather superior to that of commercial Pt catalysts and a
relatively low overpotential (<80mV) was obtained even operated at large area (5 cm2). Moreover,
cycling tests for 10000-cycle CV sweep (�0.3 to 0.2 V vs. RHE) and durability test for 48 h were applied
and the performance remains still, thus giving the confirmation to the long-lasting feature of GaPt3
nanoparticles.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

It is generally known that electrocatalysts play a major role in
fuel cells green technology. Electrocatalytic hydrogen evolution
reaction (HER) that performing as the cathode reaction of water
splitting is one of the crucial green energy producing process. To
date, platinum (Pt) still is considered as the advance HER electro-
catalyst due to its almost zero overpotential, relative stability and
low Tafel slope [1e3]. However, the abundance and high cost of Pt
have significantly limited its widespread technological use. There-
fore, to minimize the loading amount of Pt while retaining the
electrocatalytic ability of the Pt-based catalyst for HER is critical.
One effective way is to use Pt alloys to modify the active sites,
binding strength and electronic effects [4e8]. In principle, the
performance of the Pt alloy nanomaterials in a specific application
could be enhanced by tuning the parameters including size, shape,
morphology, structure and composition [9,10]. The enhanced cat-
alytic activity is possibly resulted from the alteration of the Pt�Pt
an).
interatomic distance, the Pt 5d band vacancy, and the Pt-metal
content on the particle surface [11].

Gallium (Ga) and its alloys have attracted interest as electrode
materials because of their low toxicity and melting point (29.8 �C)
[12,13]. Metallic Ga can be easily incorporated into microscale
channels [14]. Solid Ga has an orthorhombic crystal structure and
shows a conchoidal fracture similar to glass. Ga has the oxidation
states of þ1 and þ 3 valences, and it is well known that metallic Ga
can be self-passivated by covering an ultrathin Ga oxide layer upon
exposure to air, and this behavior is similar to aluminum (Al), in-
dium (In) or germanium (Ge) [13]. To date, Ga is predominantly
used in electronics. The semiconductor applications dominate the
commercial demand for Ga that accounting for 98% of the total,
including GaAS, GaN, InGaN, AlGaAs and so on. Recently, there are
some reports about the synthesis of Ga particles in micro dimen-
sion and below, by ultrasonic irradiation of molten Ga in organic
liquids or aqueous solutions of various organic molecules, and can
further obtain Ga intermetallic compounds such as CuGa2, Ag2Ga
and AuGa2 when the process performed in solutions of metal ions
that having more positive reduction potential than metallic Ga
[15e17]. Also, there is a report about the fabrication of Ga-Pt
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particles embedded in graphene by sonication of molten gallium in
an aqueous solution of Pt ions that containing graphene. The as-
synthesized Ga-Pt/graphene was examined as an electrode mate-
rial for methanol oxidation reaction (MOR) and oxygen reduction
reaction (ORR) and showed better activity than a commercial Pt/C
catalyst [18]. However, it is still lack of study about the electro-
catalytic properties of Ga-Pt intermetallic nanoparticles and its
application for HER electrode material has not been reported
before.

In this work, we present a facile method to synthesize inter-
metallic popcorn-shaped GaPt3 nanoparticles by decomposing
gallium (III) acetylacetonate (Ga(C5H7O2)3) and platinum (II) iodide
(PtI2) precursor in the presence of a mixture of oleylamine (OLA)
and hexamethyldisilazane (HMDS) under argon atmosphere at
280 �C. The GaPt3 nanoparticles composed of uneven surfaces that
guarantee the extensive catalytic active edge sites present
enhanced HER activity and superior durability in acidic solution.
Also the HER activities in alkaline and neutral electrolyte has
demonstrated in this study. Furthermore, a relatively low over-
potential (<80mV) was obtained from the HER demonstration at
larger GaPt3-based electrode (5 cm2), which is able to provide
sufficient hydrogen source to drive out a fuel cell system.

2. Experimental section

2.1. Chemicals

All chemicals were used as receive, including platinum (II) io-
dide (PtI2, 98%, Alfa, CAS-NO.7790-39-8), Gallium(III) acetylaceto-
nate (Ga(C5H7O2)3, 99.99%, Aldrich, CAS-NO. 14405-43-7),
oleylamine (OLA, 70%, Aldrich, CAS-NO.112-90-3), hexamethyldi-
silazane (HMDS, 98%, Acros, CAS-NO. 999-97-3), toluene (ACS re-
agent 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), sulfuric acid (ACS reagent grade,
95~98%, J.T.Baker, CAS-NO. 7664-93-9), potassium hydroxide
(J.T.Baker, CAS-NO. 1310-58-3), phosphate buffer solution (1.0 M,
pH 7.4 (25 �C), Sigma), platinum black (Pt black 99.95%, Aldrich
CAS-NO. 7440-06-4), platinum 20% on carbon (20% Pt/C, Johnson
Matthey Fuel Cells, product code: 599002).

2.2. Synthesis of GaPt3 nanoparticles

In a 50mL three neck flask, 0.01mM (0.0367 g) of Ga(C5H7O2)3
and 10mL OLA were added and preheated for 30min at 120 �C
under argon atmosphere. Next, 1mL of HMDS was injected and the
temperature raised up to 200 �C. Meanwhile, 0.1mmol (0.0464 g) of
PtI2 and 2mL of OLA were mixed in a vial and sonicated until full
dissolution. Themixture thenwas injected into the three neck flask,
and the system was heated up to 280 �C by 2 �C/min. After 30min
reaction, the system was cooled down instantly by a cold water
bath to room temperature. The as-synthesized nanoparticles were
then precipitated by adding 5mL toluene and 10mL ethanol fol-
lowed by centrifugation for 5min for three times at 8000 rpm.

2.3. Characterization and measurement

The morphology and structure of the as-prepared nanoparticles
were characterized by scanning electron microscopy (SEM, Hitachi
SU8010) with an accelerating voltage of 10 kV, equipped with an
Oxford INCA EDS detector. Subsequently, the transmission electron
microscopy (TEM, Hitachi H-7100) was employed at an accelerating
voltage of 120 kV for the further shape, size and crystalline phase
analysis. The XRD data were obtained by Rigaku Ultima IV X-ray
diffractometer using a Cu radiation source (l ¼ 1:54�A). The X-ray
photoelectron spectroscopy (XPS) measurement was performed
using ULVAC-PHI high resolution XPS equipped with mono-
chromatized Al K a (1486.6 eV) excitation. An inductively coupled
plasma mass spectroscopy (ICP-MS) analysis was performed on an
Agilent 7500ce (Agilent Technologies, Tokyo, Japan).

2.4. Electrochemical measurements

The electrochemical measurements for hydrogen evolution re-
action (HER) were performed on a three electrodes system using a
multi-channel electrochemical analyzer (Bio-Logic-science In-
struments, VMP3), using platinum wire as a counter electrode and
Reversible Hydrogen Electrode (RHE, ALS) as a reference electrode
in 0.5MH2SO4 (pH¼ 0). For the electrochemical tests in 1.0M
phosphate buffered solution (PBS, pH¼ 7.0) and 1.0M KOH
(pH¼ 14), the Ag/AgCl (3.0M KCl) was served as the reference
electrode. The measured potentials vs Ag/AgCl were converted to a
RHE scale: in 1.0M PBS, ERHE¼ EAg/AgCl þ 0.610 V, in 1.0 M KOH,
ERHE¼ EAg/AgCl þ 1.023 V [19].

The working electrodes were fabricated as follows: 12mg of the
prepared GaPt3 or commercial Pt black and 20% Pt/C catalysts were
dispersed in 4mL mixed solvent containing tetrahydrofunan, 2-
propanol, and 5% Nafion (Aldrich Chemistry) (volume ratio is
4:1:0.025) and was sonicated for 30min to prepare the catalyst ink.
Next, the well-dispersed suspension was drop-cast onto the
rotating disk electrode (RDE, Pine Instruments, 0.196 cm2,
d¼ 0.5 cm) or working electrodes of various areas with 0.3mg/cm2

and was dried at room temperature.
The room temperature cyclic voltammograms (CV) of GaPt3

nanoparticles were recorded from 0V to 1.2 V in 0.5MH2SO4 so-
lution at a scan rate of 50mV/s and used for the determination of
electrochemically active surface area (ECSA), in which the current
densities are normalized by the geometric area of the working
electrode (0.196 cm2). The ECSA was calculated by measuring the
charge associated with the H adsorption and desorption region
[20]. The turnover frequency (TOF, s�1) of catalyst was calculated by
the method reported previously [21,22]. The linear sweep voltam-
metry (LSV) curves was recorded in the range of �0.3 V to 0.2 V at a
scan rate of 5mV/s. For the cycling durability test, ~30 cycles were
performed in 0.5MH2SO4 solution before the measurement in or-
der to remove the residual surfactants in voltage range of �0.3 to
0.2 V vs. RHE at 100mV/s and the CV was conducted between �0.3
and 0.2 V vs. RHE at 100mV/s for 10000 cycles. The long term
durability test data was recorded at a stable voltage of �0.3 V vs.
RHE over 48 h in 0.5MH2SO4 with RDE rotating rate of 2500 rpm.
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 105e0.01 Hz. To find the reasons for the
different electrochemical catalytic performances of the as-prepared
electrodes for HER, CV cycles were tested in the region from �0.15
to �0.25 V (vs. RHE) at the scan rates of 40, 80, 120, 160, and
200mV/s. The JanodiceJcathodic (Dj) value at 200mV (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
are measured without IR compensation after applying a number of
potential sweeps until they became stable.

3. Result and discussion

A colloidal synthesis method was developed to synthesize GaPt3
nanoparticles (Fig. 1). Simply, PtI2 was sonicated until full dissolu-
tion in oleylamine (OLA) to form Pt-oleate. Next, Pt-oleate was
injected into the pre-heated gallium precursor mixture under
argon atmosphere and heated up to certain temperature. In this



Fig. 1. Schematic illustrating the colloid synthesis process and HER application of GaPt3 nanoparticles.
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reaction, we applied iodide and acetylacetonate compounds as
precursors because their can fully decompose at lower tempera-
ture. A phase diagram of platinum and gallium from the previous
study indicate that there are eight phases of Ga-Pt alloy can be
particularly formed (and three sub-phases can be found in GaPt3),
whereas platinum can interacts with gallium to form intermetallic
Fig. 2. The GaPt3 nanoparticles (a) XRD pattern (b) Simulated unit cell of t
compounds that have relatively low melting points of approxi-
mately 290 �C and 822 �C respectively (Fig. S1) [23].

Fig. 2 (a) shows the XRD pattern of the product, that sevenmajor
diffraction peaks at 22.97�, 32.39�, 40.08�, 46.92�, 67.81�, 81.11�,
86.23� can be observed and can be indexed to the (110), (112), (202),
(220), (224), (413), (404) of ditetragonal dipyramidal structure of
etragonal structure (cee) The XPS spectra: (c) C 1s (d) Ga 3d (e) Pt 4f.



Fig. 3. The GaPt3 nanoparticles (a) Representative low magnification (size distribution, inset) (b) high-magnification SEM images (c) STEM image of a single GaPt3 nanoparticle
(dee) the corresponding elemental mappings of Ga (red) and Pt (green). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
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GaPt3 (JCPDS NO. 56-1665), indicating there were no other impu-
rities produced during the synthesis. All fingerprint diffraction
peaks were referred to tetragonal cell with space group of P4/mbm
with lattice parameters a¼ 5.472 Å, b¼ 5.472 Å, c¼ 7.886 Å. The
corresponding GaPt3 crystal structure is shown in Fig. 2 (b). Next,
we applied X-ray photoelectron spectroscopy (XPS) to investigate
the electronic structure and chemical environment of constituent
elements on the surface of the samples. Fig. 2(cee) shows the XPS
spectra of C 1s, Ga 3d and Pt 4f of the GaPt3 nanoparticles, and peak
energies were calibrated to the adventitious carbon C 1s peak
centered at 284.8 eV (Fig. 2 (c)). In Fig. 2 (d), Ga 3d locates at 18.7 eV
and consists a small peak of 19.7 eV, which might be the contri-
bution of the gradually forming oxidation layer. The Pt 4f peaks
locate at 74.3 eV and 71 eV in Fig. 2 (e) representing the 4f 5/2 and 4f
7/2 of Pt metal [24,25]. We then carried out further studies to
investigate the possible aging mechanism of the as-synthesized
products. Fig. S2 (a-b) is the set of data that obtained after one
week of the sample preparation; Fig. S2 (c-f) is the set of data that
obtained after two weeks and Fig. S2 (g-i) is the set of data that
obtained after two months. Fig. S2 (a), (c), (g) show high-resolution
spectrum of the C 1s region of three GaPt3 samples, whereas the
main peak at 284.8 eV is attributed to non-oxygenated CeC carbon
[26]; however the minor peak at 288.7 eV that appeared in the 2-
months old sample (Fig. S2 (g)) can be assigned to the oxidized
carbon species C]O, respectively [27]. As shown in Fig. S2 (b), (d),
(f), Ga 3d spectra are deconvolved into two peaks; one peak at
20.3 eV that correspond to the oxidized gallium species (GaOx) and
another signal belong to the metallic Ga0 (including 18.3 eV, 18.6 eV
or 18.8 eV) [28,29]. Previous study has revealed that the synthe-
sized Ga nanoparticles can remain stable for months due to the
formation of the native and passivating gallium-oxide layer, and the
oxidized gallium could be chemisorbed over Pt during the pro-
longed air exposure in this study [30,31]. These results indicated
that the majority of the surface Ga was oxidized and the surface Pt
was mainly in the metallic state. Also, it is possible that oxidized Ga
can easily form soluble metal complexes with the oleylamine li-
gands during the colloid synthesis procedure, similarly with the
previous reported Ni-Pt alloy case [32,33]. The oxidation layer can
be removed by H2 treatment reduction or etching method [34,35]
and then their surfaces further modified by adding a protection
sulfur layer. From Fig. S2 (c), (f), (i), we can clearly see that all the Pt
4f7/2 spectra are located at the range from 70.4 eV to 70.8 eV, which
also corresponding to the metallic Pt0 species.

The morphology of the as-synthesized GaPt3 nanostructure is
shown in Fig. 3(a and b), with popcorn like appearancewith uneven
surfaces and sometimes form aggregation in the particular space.
Via an arrested precipitation synthetic method, the obtained
nanomaterials are typically coated with a surfactant layer [36,37].
Therefore, the ligand-coated nanoparticles are well-disperse in
various organic solvents. The average diameter of most of the
nanocrystals were measured as an average of 53.6± 2.1 nm (Fig. 3
(a), inset). To further confirm the element composition of the
product, we carried out the energy dispersive spectrum (EDS)
analysis. Fig. S3 shows a field of the nanoparticles showing an
average Ga:Pt atomic composition of approximately 0.24:0.76,
matching well with the target molar ratio of 1:3.

More insight of the size and morphology of as-synthesized
GaPt3 nanoparticles was studied by TEM analysis technique.
Rather than SEM, the irregular and concave-like appearances can
more clearly be observed (Fig. 3 (c), Fig. S4 (a and b)). The STEM-
EDS mapping (Fig. 3(d and e)) of a GaPt3 nanoparticle confirms
that Ga, and Pt are equally distributed among the whole nano-
crystal and the represented signal of platinum (green) is about
three fold stronger than gallium (red), indicating that nanoparticle
contained more platinum and has alloyed with gallium uniformly.
The selected-area electron diffraction pattern (SAED) of a field of
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nanoparticles was performed, showingmultiple diffraction rings, in
agreement with the (110), (112), (202), (220), (224), (413), (404) of
the ditetragonal dipyramidal phase of GaPt3, respectively (Fig. 4(a
and b)). Fig. S4 (c and d) displays the fast fourier transform (FFT)
pattern of a nanoparticle. The polycrystalline nature is clear from
the disorder distribution or closely connected diffraction spots.
Fig. 4(ceh) shows the high-resolution TEM (HRTEM) images of
different areas from a GaPt3 nanoparticle. In Fig. 4(d), the (022) and
(004) lattice planes displaying interplanar spacing of 0.225 nm and
0.197 nm with (220) zone axes. When observed with (110) zone
axes, the (220) and (224) lattice planes corresponds to an inter-
planar d-spacing of 0.193 nm and 0.138 nm (Fig. 4(f)), respectively.
Furthermore, imaged at [112] zone axes, (220) lattice plane with a
Fig. 4. (a) TEM image with a selected area of the GaPt3 nanoparticles and its (b) cor-
responding indexed SAED pattern (ced), (eef), (geh) HRTEM images from different
parts of a GaPt3 nanoparticle and their corresponding FFT patterns (inset).
corresponding d spacing of 0.193 nm (Fig. 4(h)) is obtained. The
selected area FFTs represented the single crystalline planes at (220),
(110) and (112) zone axes that acting as the component of forming
polycrystalline structure (Fig. 4 (d, f, h), inset); these planes are
corresponding well with the main peaks in the XRD data. Also, the
rough convex-concave surface-structures covered around the GaPt3
nanoparticles can be clearly observed from HRTEM analysis.
Fig. 5. HER polarization curves of GaPt3, commercial Pt black and 20% Pt/C catalysts in
0.5MH2SO4 at 5mVs�1 (b) The corresponding Tafel slopes (c) HER stability test on
GaPt3 nanoparticles for 10000 cycles (inset: Amperometric i-t curve of GaPt3 with
applied potential of �0.3 V vs. RHE over 48 h in 0.5MH2SO4 electrolyte).



Table 1
Exchange current densities (j0), overpotential at 10mA/cm2 and Tafel slopes for
various catalysts.

Catalyst Tafel slope
(mV/dec.)

Overpotential
@ 10mA/cm2 (mV)

j0
(mA/cm2)

GaPt3 43.3 27 2.3
Pt black 47.6 30 1.75
Pt/C 51.4 31 1.72
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Furthermore, it is possible that the fragmental surfaces in the
HRTEM images (Fig. 4(ceh)) assigned to expose multiple facets
including (220), (040), (004), (022) that resulted from high density
atomic steps, edges and dangling bonds exhibit excellent catalytic
activities as previous studies reported [38e41].

The electrocatalytic HER activity (2H(aq)
þ þ 2e� / H2(g)) of the

as-synthesized GaPt3 nanoparticles deposited on a glassy carbon
electrode (GCE) was investigated in a 0.5MH2SO4 electrolyte using
a typical three-electrode system at room temperature. For fabri-
cation of the working electrodes, the as-synthesized nanoparticles
were dispersed in a mixed solvent containing tetrahydrofunan
(THF), 2-propanol, and 5% Nafion and formed the catalyst ink with
concentration of 3mg/mL (Fig. S5 (a)). Working electrodes of
various reactive areas were prepared for the HER reaction (Fig. S5
(b)). For the smaller electrode, ~0.3mg/cm2 of the prepared cata-
lyst ink was directly dropped onto the GCE, and a spray coating
method was conducted to ensure the uniform distribution of the
nanomaterials on a glassy carbon plate (loading 1.5mg on 5 cm2)
(Fig. S5 (c)). The Pt related compounds can serve as an ideal elec-
trocatalyst operating in alkaline or acidic electrolytes [33,42,43].
Subsequently, linear sweep voltammetry (LSV) was first performed
in 0.5MH2SO4 and the efficiency of the GaPt3 nanoparticles
catalyst-based electrode compare to commercial Pt black and Pt/C
were evaluated and the results were summarized as Fig. 5 (a). To
achieve a current density of 10mA/cm2, the overpotentials for
GaPt3 (27mV) is lower than that of commercial Pt black (30mV)
and Pt/C (31mV), manifesting the significantly enhanced HER ac-
tivity of GaPt3, and the corresponding Tafel slope results was
evaluated to be 43.3 mV/dec. for GaPt3, 47.6 mV/dec. for Pt black
and 51.4 mV/dec. for Pt/C. The low Tafel slope of GaPt3 suggests that
recombination of chemisorbed hydrogen atoms on the surface is
the rate-limiting step and that HER proceeds via the Volmer-Tafel
mechanism [44]. The exchange current density (j0), which is
determined by fitting j-E data to the Tafel equation is the most
inherent measure of activity for the HER [45]. The larger exchange
current density of GaPt3 (2.3mA cm�2), indicating it is more active
Fig. 6. (a) The differences in current density variation (Dj¼ ja � jc) at an overpotential of 0.20
relative electrochemically active surface area for the GaPt3, Pt black and Pt/C (b) EIS Nyquist
diagram).
than the commercial Pt catalysts. More details are showed in
Table 1 and a detailed comparison of Pt based HER catalysts
(Table S1) indicating that the GaPt3 has the outstanding HER per-
formance that comparable tomost of the recently reported Pt based
electrocatalysts.

The turnover frequency (TOF) is one of the important parameter
for the inherent catalytic activity measurement for the HER. The
TOF of the GaPt3 nanoparticles was calculated as 15.49 s�1atom�1

at 100mV and 15.49 s�1atom�1 at 200mV based on the measured
Brunauer-Emmett-Teller (BET) surface area of 39.3 cm2/mg (See
Supporting Information for detailed calculations). These TOF values
are estimated regardless the specific active sites and the calcula-
tions do not account for porosity or for surfaces that are inacces-
sible due to the contractions between nanoparticles [21]. However,
the estimated TOF values of both the experimental and theoretical
surface areas are comparable to previous studies based on Pt-based
nanomaterials at �0.2 V [46]. Another important factor is the
durability of HER catalysts [47]. The electrochemical durability of
the GaPt3 catalyst were then tested by running continuous cyclic
voltammetry (CV) between 0.2 and �0.3 V (vs RHE) at scan rate of
100mV/s (Fig. 5 (c)), and the high stability can be demonstrated
due to retain ~95% in current density from the comparison of the
polarization curves measured at the initial cycle and after 10000 CV
scans. On the other hand, the time-dependent current density test
for 48 h (Fig. 5(c), inset) is employed and further confirmed the
stability of GaPt3 catalyst. The morphological and structural studies
on the GaPt3 catalyst after HER cycling test were evaluated by TEM,
SEM and EDS elemental mapping. The analysis results in Fig. S6 and
Table S2 reveal that the appearance, structure and composition of
the catalysts are well retained and the homogeneous distribution of
the Ga and Pt elements indicating no structural collapse or aggre-
gation occurs even after long-term electrocatalytical operation.

The electrochemical active surface areas (ECSA) of GaPt3, Pt
black and Pt/C were determined by cyclic voltammetry (CV)
(Fig. S7), in which the current densities are normalized by the
geometric area of the working electrode (0.196 cm2). The ECSA was
calculated by integrating the charge associated with the hydrogen
adsorption/desorption potential region after double-layer correc-
tion, are 23.8m2/g for GaPt3, 20.2m2/g for Pt black, and 15.4m2/g
for Pt/C, respectively. The relatively large electrochemically active
area indicates that the GaPt3 poses more abundant active sites,
which is associated with the excellent electrocatalytic activity for
HER [22,48]. CV test was then performed at various scan rates (40,
80, 120, 160, 200mV/s) in 0.15e0.25 V vs RHE region to double
confirm the effective active surface area of different samples by
V plotted against scan rate fitted to a linear regression enable the estimation of Cdl and
plots of GaPt3, Pt black and Pt/C at �12mV overpotential (inset: the equivalent circuit



Table 2
Electrochemical performances of GaPt3-based electrodes with different surface
areas: 0.07 cm2, 0.2 cm2, 1 cm2, 2 cm2 and 5 cm2 showing result of the over potential
vs RHE at 10mA/cm2.

Catalyst 0.07 cm2 0.2 cm2 1 cm2 2 cm2 5 cm2

GaPt3 22.4 27.5 35.7 51.6 74.0

Unit: mV.
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measuring the double-layer capacitance (Cdl). The typical CV plots
of GaPt3, Pt black and Pt/C are presented in Figs. S8(aec), respec-
tively. The double-layer capacitance is estimated by plotting the
current density differences of Dj¼ ja e jc at 0.20 V vs RHE against
the scan rate, where the double-layer capacitance value of Cdl is
equivalent to half of the linear slope in Fig. 6(a). The calculated
values of Cdl are 14.85, 15.98 and 10.82mF/cm2 for GaPt3, Pt black
and Pt/C, respectively. The slightly lower Cdl of GaPt3 nanoparticles
compare to Pt black is possibly due to the residual ligands or im-
purities adsorbed on the surface. However, it is believed that the
special pop-corn shape may suggest an abundance of stacking
Fig. 7. (a) Representative polarization curves of GaPt3 working electrodes at various
reactive areas (b) The corresponding Tafel slopes (c) Equipment of HER demonstration,
including system cell of three electrodes, a fuel cell and an electric fan.
faults, edges and atomic steps that providing high active sites,
which are known to increase the electrocatalytic activity of Pt-
based nanomaterials [49,50]. Next, the electrochemical imped-
ance spectroscopy (EIS) is performed to investigate the behavior of
electrodes under HER operation (Fig. 6(b)). All the experimental
data of EIS have been fitted with an electrical equivalent circuit as
shown in the inset of Fig. 6(b). In the equivalent circuit diagram, Rs
is the series resistance, Rp is the polarization resistance related to
the porosity of the surface, CPE1 and CPE2 are the two constant
phase element (CPEs), and Rct denotes the overpotential depen-
dence charge transfer coefficient [51]. In the Nyquist plots, the
diameter of the semicircle is an indication for the reaction resis-
tance. Obviously, the GaPt3 catalyst displayed the semicircle with
the smaller diameter at the lower frequencies compared to the
commercial Pt catalysts. Consequently, this confirmed the lower
electron transfer resistance and superior electrochemical HER ac-
tivity than the commercial Pt catalysts for the GaPt3 catalyst.

To further illustrate the intrinsic catalytic activity of GaPt3, the
specific HER activities and mass activities at �0.2 V vs. RHE were
compared with commercial Pt black and Pt/C catalysts (Fig. S9). The
total Pt content in GaPt3 electrocatalyst is about 86.72wt% with a
molar ratio of approximate 1: 2.63, which is quantitatively
measured with an inductively coupled plasma mass spectrometry
(ICP-MS) technique. The specific activity for each catalyst was
calculated from the polarization curves by normalizing the current
with the geometric area of the electrode [52]. The corresponding
specific activity of GaPt3 is 145.2mA/cm2, which is larger than Pt
black (137.6mA/cm2) and Pt/C (104.1mA/cm2), at the overpotential
of 0.2 V. While normalized the Pt loading, the mass activity of the
GaPt3 is 0.55 A/mgPt, which is also higher than Pt black (0.45 A/
mgPt). Since the carbon-supported Pt (Pt/C) able to achieve a rela-
tively highmass activity (1.7 A/mgPt), indicating that it is possible to
greatly reduce Pt usage of the as-synthesized GaPt3 catalyst as long
as it apply onto an appropriate support material.

We also evaluated the HER efficiency of the GaPt3-based elec-
trodes with different areaswere further evaluated in a H2-saturated
0.5MH2SO4 (Fig. 7 (a)), and the results at current density of 10mA/
cm2 were summarized as Table 2, showing a higher overpotential is
required to achieved HER current density of 10mA/cm2 at larger
area. Fig. 7 (b) shows the Tafel plots of GaPt3-based electrodes at
0.07 cm2, 0.2 cm2, 1 cm2, 2 cm2 and 5 cm2, the linear portions of the
Tafel plots are fitted to the Tafel equation (h ¼ b log j þ a, where j is
the current density and b is the Tafel slope), yielding the corre-
sponding Tafel slopes of 34.8 mV/dec., 39.3 mV/dec., 53.7 mV/dec.,
61.1 mV/dec., 87.9 mV/dec., respectively. Finally, the water
displacement method was applied to confirm the production of
hydrogen. The hydrogen and oxygen collection resulted with a
volume ratio of 2 to 1, which is in good agreement with the water
splitting system (Fig. S10). Next, the gas produced fromHER system
was collected and applied to a fuel cell system to drive an electric
fan (Fig. 7 (c)). During the demonstration, a constant voltage
(�0.5 V) was applied to the HER system and could act as the con-
stant hydrogen source which can continuously function the fuel
cell.

Finally, the HER activity of GaPt3 catalyst was further investi-
gated in both neutral and basic media. As shown in Fig. 8(a) and (c),



Fig. 8. HER performances of GaPt3, Pt black and Pt/C electrocatalysts. Polarization curves at 5mV/s, corresponding Tafel plot in (aeb) 1.0M PBS and (ced) 1.0M KOH.
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the GaPt3 exhibits superior HER activity than commercial Pt cata-
lysts in both 1.0M PBS (pH¼ 7) and 1.0M KOH (pH¼ 14). The
overpotentials of 103 and 48mV are needed to driving a current
density of 10mA/cm2 in pH¼ 7 and 14, respectively. The Tafel slope
of GaPt3 is 85.3 mV/dec in pH¼ 7 and 63.1 mV/dec in pH¼ 14
(Fig. 8(b) and (d)). The exchange current density of the GaPt3
catalyst is calculated to be 0.96mA cm�2 in pH¼ 7 and
1.84mA cm�2 in pH¼ 14. Note that it is still lack of study about the
HER activities in neutral electrolyte based on Pt alloy nano-
materials, however GaPt3 is able to perform HER in neutral envi-
ronment, and shows comparable catalytic activities to the recently
reported Pt-based HER catalysts in basic solutions (Table S1).
4. Conclusion

Uniform popcorn-shaped GaPt3 nanoparticles were prepared by
a hot-solvent synthesis method and used as electrocatalysts for
HER. Impressively, benefitting from the unique structural features
including the possible synergy of electronic effect that further
enhance the catalytic activity, the as-prepared GaPt3 nanoparticles
exhibit high excellent HER activity and resulted an extremely low
value of overpotential (<80mV) even operate at an electrode of
larger area. Also, the durability tests were applied and the long-
lasting feature as cathode catalyst of the nanocrystals in water
spitting system has been confirmed. Finally, a GaPt3ebased elec-
trode of 5 cm2 was further connected to a hydrogen collecting de-
vice for fuel cells application and has successfully driven an
electrical fan. It is believed that this facile strategy will enhance the
study interest of the Pt-related nanostructures about their potential
activity as catalysts in most of the electrochemical processes and
can further increase the commercial viability toward the energy
storage and conversion.
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