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Pd,Ge with different shape-controlled morphologies were obtained via a one-pot hot in-
jection method. Through investigating the effect of reaction conditions, including surfac-
tants, reaction time and temperature, the shape of synthesized Pd,Ge can be tuned from
nanoparticles to nanorods and nanowires. These various nanostructures of Pd,Ge enable
an investigation and comparisons as electrocatalysts for hydrogen evolution reaction
(HER). The results of catalyst activity indicate HER properties are shape-dependent.
Compared with the nanostructures and commercial Pd black, the nanorods show more
active than the commercial Pd black and other nanostructures. The nanorods display
outstanding activity as electrocatalyst, and fascinating endurance remain still after 20,000
cycles CV swept and under a static overpotential of —0.5 V vs. RHE for 48 h. The better
stability and activity performance of nanorods may be due to the exposed surface

Nanomaterials composed of two crystal facets, (111) and (110), which increase the active sites of the

Shape dependent nanorods.

Synthesis © 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
N its highest melting point and the large phase changing region.

Introduction

The high activity of Ge—Pd as a catalyst has been developed
since the 1880s [14]. Back in the early 1990s, Bodnar et al.

An electrocatalytic hydrogen evolution reaction (HER) has
garnered a significant amount of recognition as a clean and
renewable energy. Platinum (Pt) [1—4] and palladium (Pd) [5—7]
are two of the most generally used catalysts in HER. In Pd-
based materials, the germanium (Ge)—Pd system shows its
potential since Ge-based materials have excellent electronic
characteristics. To that end, Ge—Pd materials have been
widely investigated in different electronic applications [8—12].
Moreover, Ge—Pd is rich in binary phases (shown in Fig. S1)
[13]. Among all the phases, Pd,Ge is the most stable phase for
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pointed out promotion of Pd with Ge which exhibited higher
activity than noble metals. They systematically explored bulk
Pd adsorption of Ge, and demonstrated the structure would
affect adsorption's sensitivity [10]. Later, Gootzen et al. used a
Pd electrode with Ge coating on the surface in the nitrate
reduction [11]. In this research, they demonstrated the
reduction of nitrate rate strongly enhanced the formation of
the Ge—Pd alloy, and indicated the limited proportion of
germanium in the alloy affected the performance. Only when
the alloy proportion of germanium was above 0.2, the
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enhanced effect would occur. However, only few examples of
Ge—Pd materials applied as electrocatalysts were explored as
nanostructures [15,16].

Nanoscale-morphological controlling has been investi-
gated in correlations and effects between morphologies and
catalytic, electronic, thermal, selective properties [17—-21].
Solution-phase synthesis is commonly used on size,
morphology and structure control for nanostructures via
various reaction conditions. Nanoparticles may form in cubic
or polyhedron structures with appropriate surfactants, reac-
tion temperatures, or ligands [22—25]. In 2001, Biacchi et al.
demonstrated monodisperse nanoparticles with several
different morphologies via systematic control of temperature,
polyol solvent, and precursors [25]. Numerous researchers
have further carried out investigating the shape-dependent
characteristics. As a catalyst, shape control is an important
issue because exposed facets greatly affect the catalytic re-
action results [26—28]. For example, Huang et al. systemati-
cally developed a shape evolution from cube to rhombic
dodecahedron, and investigated the facet-effect of different
structures [29]. The work of Cu,O nanocrystals clearly
demonstrated the synthesis process and effect of the reaction
condition to the product morphologies. In the result, Cu,O
nanocrystals displayed enhanced photocatalytic and elec-
trical conductivity performance because of the specific active
facets exposed. Therefore, electrocatalytic performance could
be enhanced by shape evolution.

Herein, for the first example, Pd,Ge nanoparticles were
synthesized by decomposition of germanium (IV) iodide (Gely)
precursor and palladium (II) iodide (Pdl,) in the presence of a
mixture of oleylamine (OLA), oleic acid (OA)), tri-
octylphosphine (TOP) and dodecanethiol under argon atmo-
sphere at 260 °C—340 °C. Through systematically tuning
reaction conditions, various shapes of the synthesized prod-
ucts were obtained with morphologies ranging from nano-
particle, nanowires, and nanorods. An investigation and
comparisons of Pd,Ge nanostructures as electrocatalysts for
hydrogen evolution reactions were also carried out.

Results and discussions
Synthesis and characterization

Through injecting the Gel, solution into preheated PdI, solu-
tion in three-neck flask, which attached to a Schlenk line
system with dynamic argon steam environment, Pd,Ge
nanostructures were synthesized. After removing the uncov-
ered precursor by centrifugation, Pd,Ge products were yielded
(shown in Fig. 1). In the transmission electron microscopy
(TEM) (shown in Fig. 1(a)), the synthesized products obtained
two morphologies: nanorods and nanoparticles. The products
were further characterized by X-ray diffraction (XRD), and the
results were compared and interpreted with standard data-
base (JCPDS card no. 31—0559).

Shown in Fig. 1(b), the main characteristic peaks appeared
at 37.6°, 40.8°, and 46.9°, which respectively corresponded to
(111), (201)/(210) and (300) crystal facets, indicating the sample
was hexagonal structure. Also, no other impurities were
detected by XRD and the XRD simulation corresponded to the
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Fig. 1 — (a) TEM image, (b) XRD pattern with an insertion of
the simulated hexagonal structure, (c) EDS result and the
inserted is Ge to Pd atomic percentage table of Pd,Ge nano-
products.

experimental results (shown in Fig. 1(b)). The synthesized
product was then analyzed by the energy dispersive spec-
trometer (EDS) (shown in Fig. 1 (c)). The percentage of Ge and
Pd, from the EDS results (inserted in Fig. 1 (c)), were 34.8% and
65.2%, respectively, and the ratio of Ge to Pd was closed to 1:2.
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Furthermore, the Pd,Ge products were also examined with X-
ray photoelectron spectroscopy (XPS) in order to understand
the surface states. All the binding energies (displayed in
Fig. 2(a—c)) have been corrected with C 1s (284.8 eV) reference
(shown in Fig. 2 (a)). The regions of Ge 3d (shown in Fig. 2 (b))
and Pd 3d (shown in Fig. 2 (c)) were labelled. In the result of Ge,
the peaks split to the element type (located at 29.4 eV, 3ds,,)
and the valence +4 state type (located at 32.5 eV, 3ds/,) peaks,
indicating the Pd,Ge products would contained partially GeO,
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Fig. 2 — The XPS spectra of Pd,Ge nanoparticles: (a) C 1s, (b)
Ge 3d, and (c) Pd 3d.

in the surface because of the exposure in air. The Pd 3d peaks
illustrated the 3ds/, and 3ds/, of Pd metal with a separation
located at 445.47 eV and 340.73 eV.

Synthesis and characterization of Pd2Ge nanoparticles

Pd,Ge nanoparticles were obtained by Pdl, solution injected
into Gely in oleic acid (OA) and oleylamine (OLA) surfactants
mixtures. The Pd,Ge nanoparticles were explored through
various electron microscopies, including scanning electron
microscopy (SEM), TEM and high resolution transmission
electron microscopy (HRTEM) for obtaining the detailed mor-
phologies and structures. From Fig. 3(a and b), the SEM and
TEM images revealed monodispersed spherical nanoparticles
with an average diameter of 15 + 5 nm. Further, from the
HRTEM images (shown in Fig. 3(c and d)) and its fast Fourier
transform (FFT) patterns of the nanoparticles (inserted in
Fig. 3(d)), the detailed morphologies were achieved.

Synthesis and characterization of Pd2Ge nanorods

Pd,Ge nanorods were synthesized via the similar method as
nanoparticles but with Pdl, dissolved in dodecanethiol solu-
tion at 300 °C. Shown in TEM and HRTEM images in Fig. 4(a—f),
the low magnification TEM image (shown in Fig. 4(a)) dis-
played that the synthesized nanorods have an aspect ratio
range of 2—16 (displayed in Fig. 4(b)). Detailed morphology can
be seen in the TEM (shown in Fig. 4(c)) and HRTEM (shown in
Fig. 4(d and f)). The selected area electron diffraction (SAED)
image in Fig. 4(e) revealed the growing planes were (001), (111),
(110) and (221). With the HRTEM image shown in Fig. 4(f), the
surface of the nanorods was composited by two different
crystal facets, (111) and (110), which increase the active sites of
the nanorods in the HER.

Synthesis and characterization of Pd2Ge nanowires

Pd,Ge nanowires were synthesized via similar synthetic pro-
cedures used for nanoparticles and nanorods. After injecting
Gel, into preheated PdI, and TOP solution, the mixture was
heated to 340 °C and kept the reaction for 30 min. Pd,Ge
nanowires were lengthened over several micrometers and
entangled together (shown in Fig. 5(a and b)). Based on sta-
tistical analysis over 100 nanowires from the TEM and SEM
images, the average diameter of nanowires was 15 + 15 nm
(shown in Fig. 5(c)). The detailed morphology of the Pd,Ge
nanowires was analyzed from HRTEM images (shown in
Fig. 5(d and e)), and SAED patterns (shown in Fig. 5(f)) evi-
denced the growing plane of nanowires was (111), which
corresponded to the peak at 37.6° in XRD database.

Morphology control of Pd,Ge nanostructures

Observed from Fig. 1(a), several morphologies were obtained
from the synthesis. Carried out with different mixtures of
surfactants and various reaction times, several appropriate
conditions for different morphologies of Pd,Ge nanoproducts
can be evaluated [30,31]. Shown in Fig. 6 and Fig. 7, we
developed a series of experiments synthesizing Pd,Ge. We
firstly examined the surfactants using only OA, OLA and TOP
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Fig. 3 — The (a) SEM image, (b) TEM image with statistics of Pd,Ge nanoparticles diameter inserted, and (c-d) HRTEM images

with the FFT pattern of Pd,Ge nanoparticle inserted.

(shown in Fig. 6(a—l)). From Fig. 6(a),(d) and (g), the least TOP
concentration (from Fig. 6 (d—f)) synthesized cubic-like
nanorods, while the greater TOP concentration (from Fig. 6
(a—c)) synthesized thinner wire-like nanorods. However,
when the surfactants mixture had the concentration of TOP
much higher than that of OLA, which the result is shown in
Fig. 6(a—c), the nanorods would aggregate.

On the other hand, reaction time seems to have no sig-
nificant effect on the morphology (compared respectively
among Fig. 6(a—c), Fig. 6(d—f), and Fig. 6(g and h)). However,
when the reaction time extended from several hours (shown
in Fig. 6(g and h)) to 24 h (shown in Fig. 6(i)), the synthesized
nanorods would be thicker. Moreover, the higher concentra-
tion of OLA, the more nanorods were synthesized by
comparing Fig. 6(j—1). Last, despite of OA, OLA and TOP, we
also used other surfactants.

Fig. 6(m—o0) shows the result of adding dodecylamine
which the nanorods were successfully synthesized. Further-
more, when the reaction temperature changed from 260 °C
(shown in Fig. 6(n)) to 300 °C (shown in Fig. 6(0)), the nanorods
would be synthesized in more uniformed size and diameter.
Comparing these three types of nanorods, the one that added
dodecanethiol has two facets on the surface, while others only

contained one facet on the surface. As a result, we used the
former in the HER application.

In addition to adjusting the concentration of OLA and TOP
in the surfactants mixture, the Fig. 7 illustrates the effect of
the concentration of OA. Comparing Fig. 7 (b) with (d), the
higher OA concentration synthesized longer nanorod-like
products. Furthermore, by extending reaction time, the
products were lengthened from nanorods to nanowires
(comparing respectively among Fig. 7(a—c), Fig. 7(d—f)). How-
ever, nanoparticles were also appeared when the reaction
time extended. Nonetheless, by comparing the results in
Fig. 7(c, g, h) which are under higher OA concentration, we
found out that the more TOP as a surfactant, fewer nano-
particles were synthesized. As a result, the reaction condition
shown in Fig. 7(h) had a better morphology of nanowires
comparing to the other conditions.

Different amounts of Pdl, precursor and reaction condition
were carried out to evaluate the appropriate condition for
Pd,Ge nanowires morphologies. In this series of experiments,
we controlled three factors: the amount of Pdl,, the reaction
temperature and the reaction. Comparing Fig. 8 (a) with (b),
fewer particles were synthesized with higher reaction tem-
perature. Next, we changed the reaction time from 1 h to 30
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Fig. 4 — The (a) SEM image, (b) the statistics of Pd,Ge nanorods aspect ratio, (c) TEM image, (d) HRTEM image, (e) the SAED
pattern image and (f) is the HRTEM image and the simulation of two crystal facets surface.

and 15 min (shown Fig. 8(b—d)). However, there are no sig-
nificant difference in the result between 1 h (shown in Fig. 8
(b)) and 30 min (shown in Fig. 8(c)) reactions, only the reac-
tion of 15 min (shown in Fig. 8(d)) contained few nanowires
and nanoparticles. As a result, we changed the amount of PdI,
by double. Compared with the results between using Pdl,

38 mg (shown in Fig. 8(a—d)) and 79 mg (shown in Fig. 8(e, f)),
the latter contained fewer nanoparticles. Furthermore, under
the same reaction temperature (340 °C) and the same doubled
amount of Pdl,, the result with 15 min’ reaction time con-
tained more nanoparticles, which might because of the
growth is not complete. As a result, the best morphology of
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Fig. 5 — The (a) SEM image, (b, d) TEM image and (c) the statistics of Pd,Ge nanowires diameter, (¢) HRTEM image, (f) the FFT

pattern image of Pd,Ge nanowires.

Pd,Ge nanowires were synthesized at the condition: using
79 mg of Pdl,, and setting the reaction temperature main-
tained at 340 °C for 30 min.

Hydrogen evolution reaction (HER)

Ge,Pd Nanoparticles, nanorods and nanowires were further
evaluated as catalysts in HER. The examination of the elec-
trocatalytic activity of Pd,Ge for HER was under a standard
electrochemical arrangement. To that end, the working elec-
trode was prepared by drop-coating the Pd,Ge nanoink onto a
rotating electrode, the mass loading was about 4 mg/cm? in
0.50 M. Shown in Fig. 9(a), the Pd,Ge catalytic performances
with three different morphologies (wires, rods, particles) in
the hydrogen evolution reaction were in comparison. Also, we
compared these performances with that of commercial Pd
black. From Fig. 9(a), from the highest overpotential achieving
a catalytic current density of 10 mA cm~? to the lowest were
listed: Pd,Ge nanowires (—243 mV), commercial Pd black
(—84 mV), Pd,Ge nanoparticles (—63 mV) and Pd,Ge nanorods
(=17 mV) vs. reversible hydrogen potential (RHE). The perfor-
mance between the commercial Pd black and Pd,Ge nano-
particles were very similar. At the same time, the Pd,Ge

nanorods was the most active catalyst of HER compared with
other morphologies and commercial Pd black. In previous
studies, the catalytic activity depends on surface area, shape,
and structure [32,33]. In order to improve the catalytic activity
and stability, morphology controlling is one of the goals.
Addition to enlarge the surface area, increasing the expose
active sites approach has also attracted attention [34,35]. It is
well accepted that increasing the exposed active sites can
increasing the electro-catalytic activity, especially for nano-
materials [36,37]. Many research tried to tune the morphol-
ogies for controlling the active facets exposing to improve the
catalytic performance. Herein, from the HRTEM image shown
Fig. 4(f), the surface of nanorods actually contained two active
facets while nanoparticles and nanowires only contained one
active sites; as a result, nanorods would display more active
character which required the less overpotential than other
comparisons.

Moreover, Tafel plots, based on polarization, are shown in
Fig. 9(b), and the curves are granted to explain specific un-
derlying mechanism of HER. The linear region of Tafel plots
were fitted with the Tafel equation (n = b logj + a, where j is
the current density), and Fig. 9(b) is the Tafel slope (which is b
in the equation) in comparision. The Tafel slopes for Pd,Ge
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Fig. 6 — The SEM and TEM images of Pd,Ge synthesized from different reaction conditions: (a) 11 ml OLA + 0.5 ml OA + 6 ml
TOP at 260 °C with Omin, (b) 16 ml OLA + 0.5 ml OA +6 ml TOP at 260 °C with 30min, (c) 10 ml OLA +0.5 ml OA +6 ml TOP at
260 °C with Omin, (d) 16 ml OLA + 0.5 ml OA + 1 ml TOP at 260 °C with Omin, (e) 16 ml OLA + 0.5 ml OA + 1 ml TOP at 260 °C
with 45min, (f) 16 ml OLA + 0.5 ml OA + 1 ml TOP at 260 °C with 120min, (g) 16 ml OLA + 0.5 ml OA + 3 ml TOP at 260 °C with
1hr, (h) 16 ml OLA + 0.5 ml OA + 3 ml TOP at 260 °C with 2hr, (i) 16 ml OLA + 0.5 ml OA + 3 ml TOP at 260 °C with 24hr, (j)
10 ml OLA +0.5 ml OA + 6 ml dodecanethiol at 300 °C with Omin, (k) 10 ml OLA +0.5 ml OA +6 ml dodecylamine at 260 °C
with 45min, (1) 10 ml OLA +0.5 ml OA + 6 ml dodecanethiol at 260 °C with 45min.
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Fig. 7 — The SEM and TEM images of Pd,Ge synthesized from different reaction conditions: (a) 16 ml OLA + 1 ml OA + 1 ml
TOP at 320 °C with 40 min, (b) 16 ml OLA + 1.5 ml OA +1 ml TOP at 320 °C with 20 min, (c) 16 ml OLA +4.5 ml OA +1 ml TOP
at 320 °C with 12 h, (d) 16 ml OLA + 1.5 ml OA + 3 ml TOP at 320 °C with 20 min, (e) 16 ml OLA + 1.5 ml OA + 3 ml TOP at
320 °C with 6 h, (f) 16 ml OLA + 1.5 m1 OA + 3 ml TOP at 320 °C with 12 h, (g) 16 ml OLA + 4.5 ml OA + 3 ml TOP at 320 °C with
16hr, (h) 16 ml OLA + 4.5 ml OA + 6 ml TOP at 320 °C with 1hr.

nanowires, nanoparticles, nanorods and commercial Pd black
were 143.4, 97.4, 75.1 and 74.9 mV dec ’. In the hydrogen
evolution reaction, the Volmer, the Heyrovsky and the Tafel
step are the three fundamental mechanisms. The Volmer step
is an imperative step since hydrogen intermediate is adsorbed
in this step. Also, the previous research has reported the
Heyrovsky and the Tafel step correlations in Tofel slopes
[38,39]. The major difference between slops of the Heyrovsky
and the Tafel step is the voltage, which is between-42 to —118
mV on the former slope and between —29 to o (limiting cur-
rent) mV on the latter slope. Therefore, considering the slope
voltage, our catalyst might process under Volmer—Heyrovsky
reaction since the rate determining step in HER mechanism is
the electrochemical desorption. Furthermore, to have a better
insight of the active surface area, based on the CV curves
recorded by glassy carbon RDE deposited (Pd,Ge nanoparticles
and nanorods, which shown in Fig. S3 (a)-(b)), the electro-
chemically active surface area was also calculated (shown in
supporting information). The ECSA of the catalyst was deter-
mined according to the following equation [40]: ECSA = Q/m*q,
where m is the metal loading, and Q is the surface charge
obtained from the CV area integrated, and we assumed the
charge per real area of catalyst with monolayer adsorption of
hydrogen is q = 210 (uC cm~?) [41,42] which covered the Pd
surface totally. By calculation, the ECSA result of the nano-
particles is 39.14 m%g and that of the nanorods is 103.6 m%g.

In addition, the stability of Pd,Ge nanorods was examined in
continuous cyclic voltammetric (CV) sweeps between —0.3
and + 0.1 V (vs. the reversible hydrogen electrode potential,
RHE) (shown in Fig. S2 and Fig. 9). From Fig. 9(a), Pd,Ge

nanorods illustrated a retention with negligible changes in
overpotential between initial cycle to 20,000-cycles CV sweeps.
Thus, the overpotential at the 10 mA/cm? current densities
after 20,000-cycle CV sweeps was still lower than the com-
mercial Pd black. In addition, the long-term stability of Pd,Ge
nanorods catalyst was further examined with a high catalyst
loading of ~4 mg/cm? on RDE by chronoamperometry mea-
surement. The continuous HER process was performed at a
constant overpotential of —0.5Vvs. RHEin 0.50 M H,SO4 for48h
(Fig. 9(b)). Because of its two active sites on the surface, Pd,Ge
nanorods display extraordinary stability in the long-term test
and is suggested as the prospect for implementing this new
catalyst into realistic hydrogen evolution electrode. Shown in
Fig. 9(b), the current density remained still after the 48-h
operation, sufficiently shown the amazing stability and
endurance of the Pd,Ge nanorods as an electrocatalyst in acid
media. Compared to the stability test of Pd,Ge nanoparticles
(showninFig. S2 (a, b)) and nanowires (shown in Fig. S2 (d)), the
nanorods illustrate more stable with more CV swept cycles but
smaller changes in overpotential. Still, the long-term test of
nanoparticles displays impressive performance for success-
fully operating over 50 h without dramatic decrease in current
density (the continuous HER process was performed at a con-
stant overpotential of —0.45 V vs. RHE in 0.50 M H,SO,). The
noise in the data is due to the electrode surface would con-
tained the hydrogen bubble accumulation released during the
hydrogen gas was continuous generated (inserted in Fig. S2 (b)).

In Table 1, the hydrogen evolution reaction activity and
durability of this work and other Pd-based and Ge-based
catalysts are compared and summarized. Comparing
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Fig. 8 — The SEM and TEM images of Pd,Ge synthesized from different reaction conditions: (a) 38 mg PdI, in 16 ml OLA-+6 ml
TOP+4.75 ml OA at 320 °C with 1hr, (b) 38 mg PdI, in 16 ml OLA+6 ml TOP+4.75 ml OA at 340 °C with 1hr, (c) 38 mg PdI, in
16 ml OLA+6 ml TOP+4.75 ml OA at 340 °C with 30min, (d) 38 mg PdI, in 16 ml OLA+6 ml TOP+4.75 ml OA at 340 °C with
15min, (e) 79 mg PdI, in 16 ml OLA+6 ml TOP+4.75 ml OA at 340 °C with 30min, (f) 79 mg PdI, in 16 ml OLA+6 ml
TOP-+4.75 ml OA at 340 °C with 15min.
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nanoparticles, nanorods and nanowires, (c) Polarization data for Pd,Ge nanorods sample between —0.3 and 0.2V versus
RHE, showing negligible current density loss even after 20,000 CV cycles. (d) Time dependence of current density under

static overpotential of —0.5V

Table 1 — The comparison of HER performance among Pd-based and Ge-based electrode in 0.5 M H,SO,.

catalyst electrolyte overpotential current Long-term Ccv reference
vs. RHE (mV) density (mA/cm?) stability sweeps
Pd,Ge nanorods 0.5 M H,SO, 17 10 48 h 20,000 cycles This work
GePt; nanoparticles 0.5 M H,SO, 24 10 12h 1000 cycles [44]
Pd—Cu—S nanoporous 0.5 M H,SO, 58 10 48 h 3000 cycles [45]
PdCu@Pd Nanocube 0.5 M H,SO, 68 10 48 h 5000 cycles [46]
PANP@N-CNT 0.5 M H,SO, 14 (48 based on the 1 10,000 s - [47]
reference calculation)
3D-Pd/rGO 0.5 M H,SO, 120 10 14,000 s 1000 cycles [48]
PdMnCo/NC 0.5 M H,SO4 38 10 80 h = [43]
rGO-AuagPds, 0.5 M H,S0, 280 10 15hr = [49]

catalysts are mainly Pd-based catalysts, such as Pd—Cu—S
ternary material, PdCu@Pd nanocube, Pd Nanoparticles, Pd/
rGO, PAMnCo/NC, and rGO-AusgPds,. Among all the cata-
lysts, our as-prepared Pd2Ge nanorods have the lowest
overpotential, indicating our nanorods obtain higher cata-
lytic activity comparing to other works. Even though
PAdMnCo/NC [43] demonstrated better stability with

continuing operating 80 h, our as-prepared catalyst has
second long-term stability (40 h) with the most active
electro-catalyst at 10 mA/cm?,

For further analysis of the electro-catalytic active surface of
different morphologies, electric impedance spectroscopy (EIS)
was carried out (shown in Fig. 10). The EIS data are fitted by
electrical equivalent circuit which is the inserted diagram in the
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Fig. 10 — Comparison of EIS Nyquist results at —0.12 V
overpotential (vs. RHE) with a scanning frequency of
105—0.01 Hz (Pd,Ge nanoparticles, Pd black, Pd,Ge
nanowires and Pd,Ge nanorods). Inserted is the equivalent
circuit diagram; G2 and C3 are the two constant phases,
and the R1 represents the series resistance, R2 is the
polarization resistance, R3 stands for the over potential
dependent charge transfer coefficient.

Fig. 10 [50,51]. The obtain EIS results demonstrated the propor-
tion of the reaction resistances, which related to the diameter of
the semicircle. In other words, the larger the diameter of the
semicircle, the higher reaction resistance of the material has.
From the results, the Pd,Ge nanorods have display smallest
diameter comparing to others, indicating the nanorods obtain
fewer reaction resistance and have faster electron transferring
pathway. Furthermore, the diameter sequence also corre-
sponds to the overpotential results, suggesting the nanorods
have the higher electro-catalytic activity in the HER.

Conclusions

Various morphologies of Pd,Ge via changing the mixture sur-
factants were obtained in one-pot solution method. Nano-
particles, cubic-like nanorods, wire-like nanorods, two crystal
facets of nanorods and nanowires were obtained by changing
the proportion of the surfactants, similar temperature and re-
action time. An investigation and comparisons of these Pd,Ge
nanostructures are implemented as electrocatalysts for HER,
indicating elecrocatalytic performance is shape-dependent.
The nanorods have not only shown an outstanding activity
which obtained the lowest overpotential among than the
commercial Pd black and the other nanostructures, but also
displayed amazing endurance with the catalytic performance
remained still after 20,000 CV sweep and under a static over-
potential of —0.5 V vs. RHE for 48 h. Compared to previous
result, the synthesized Pd2Ge nanorods illustrated both high
electro-catalytic activity and stability. As a result, Pd,Ge
nanorods is suggested the prospect for implementing the

shape-dependent approach into improving the realistic per-
formance of hydrogen evolution electrodes.
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