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High-performance nanomaterial catalysts for hydrogen evolution reaction via electrochemical water
splitting are significant to the development of hydrogen energy. In this work, we report a robust and
highly active catalyst fabricated through direct electrochemical deposition of Pt nanodendrites at the
surface of activated carbon (Pt NDs). Owing to the large electrochemically active area and the exposed
(111) facet of Pt, Pt NDs exhibits outstanding activity towards hydrogen evolution reaction with a low
requiring overpotential of 0.027 V at 10mA/cm2 and Tafel slope of � 22mV/dec in acidic media. In
addition, the hydrogen yield of Pt NDs is 30%–45% larger than that of commercial Pt/C at the same Pt
loadings.Moreover, Pt NDs exhibits excellent long-termdurabilitywhose hydrogenproduction efficiency
remains unchanged after six-hour hydrogen production, while the efficiency of commercial Pt/C catalyst
decayed 9% under the same circumstance. Considering the superiority of catalytic activity and stability,
this Pt NDs present great potentiality towards practical hydrogen production application.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
With the population increasing and economic developing, large
demand of energy has become a common problem for human
beings. So far, non-renewable fossil fuel occupies 85% of world
energy consumption, which contributes to numerous environ-
mental issues, including global warming, acid rain and ozone
depletion, etc. [1,2]. Under the pressure of resources and
environment, it is of great significance to establish a new energy
system based on renewable resources [3]. Among renewable
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resources, hydrogen (H2) is regarded as a promising alternative to
fossil fuel, not only because of its zero-carbon emission but also the
high gravimetric energy density (120�142MJ/kg) [4,5]. Besides,
energy conversion between H2 and electricity can be easily
executed throughwater electrolysis and hydrogen-oxygen fuel cell
[6,7]. In order to realize the widespread use of H2, efficient mass
production technologies are needed, including catalytic steam
reforming and coal gasification as the representatives [8,9]. As the
improvement of solar cell and wind power installation, using H2 to
store surplus solar and wind energy becomes more promising.
Therefore, electrochemical water splitting is attracting researchers
as a fossil fuel-free strategy to produce H2 with high purity [9]. To
achieve the efficient, stable and scalable electrochemical H2

production, developing high performance catalysts for hydrogen
evolution reaction (HER) is the key point.

In various catalysts, platinum (Pt) is recognized as one of the
most effective HER catalyst, which has nearly zero overpotential
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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and outstanding long-term durability [10–12]. However, as a
typical noble metal, high cost of Pt makes people seek the
alternatives [13]. Over the past decade, with the rise of nano-
materials, many researchers turned their eyes on novel Pt-free HER
nanocatalysts [14] to partly replace Pt. On one side, non-noble
metals nanomaterials were widely investigated, including transi-
tion metal carbides [15–17], chalcogenides [18,19], nitrides [20]
and phosphides [21] as well as metal alloys [22]. For example, Yao
et al. synthesized three-dimensional Ni2P nanoparticles which
exhibited overpotential of 69mV at 10mV/cm2 and Tafel slope of
55mV/dec in acidicmedia [23]. Yang et al. prepared CoP nanosheet
with a Tafel slope of 30.1mV/dec, which is close to the
performance of Pt [24]. On another side, various carbon-based
nanomaterials were adopted as metal-free catalyst [25–27].
Although these catalysts are cost saving from the perspective of
preparation, they still suffer in high HER overpotential and low
hydrogen production efficient, which leads to larger power
consumption. Recently, in order to overcome the difficulty,
researchers manage to design nanostructure for Pt catalyst to
enhance the catalytic property without increasing the yield of Pt
[28,29]. For instance, Jiang et al. synthesized Pt nanocrystals which
achieve a low Tafel slope of 28mV/dec and large exchange current
density of 0.99mA/cm2 [30]. Hou et al. electro-deposited Pt
nanoparticles as HER electrode, whose Tafel slope is estimated to
be 53.6mV/dec [31]. These studies provide inspiration to construct
nanostructure of noble metal and indicate that the performance of
HER catalyst can be further improved.

In this work, we fabricated nanoscale Pt dendrites at the surface
of activated carbon (Pt NDs) by electrodeposition. Obtained Pt
nanodendrites exposed numerous atoms at (111) facet which
possess better catalytic activity than amorphous Pt [32]. Electro-
chemical measurements showed that the Pt NDs catalyst exhibits
excellent activity with a low Tafel slope (22.2mV/dec), while that
of commercial Pt/C at the same Pt loading is 28.6mV/dec.
[(Fig._1)TD$FIG]

Fig. 1. (a) Scheme of the preparation process of Pt NDs catalyst for hydrogen producti
Regional enlarged view of nanodendrite-structure of (d). (f, g) EDS mapping of elemen
Moreover, Pt NDs also displays good electrochemical stability
and pH-universal property. Among acidic, neutral and alkaline
environment, Pt NDs shows 30%–45% performance enhancement
in actual hydrogen production comparing to commercial Pt/C
catalyst.

The fabrication process for the preparation of Pt NDs as the
hydrogen evolution catalyst was illustrated in Fig. 1a. Firstly,
200mg activated carbon (AC) powder was dispersed in mixed
solvent of 5mL ethanol and 5mL de-ionized water by 30-min
ultrasonication. Then 500mL 5% Nafion solution was added into
dispersion to form uniform activated carbon ink. 2mL activated
carbon ink was drop-coated and naturally dried at the surface of
glassy carbon electrode (GCE) to form the activated carbon
electrode. Prior to electrodeposition, Pt chloride solution
(10mmol/L (NH4)2PtCl6, 7.5mmol/L PtCl4, 25mmol/L NaH2PO4,
and 425mmol/L Na2HPO4) was prepared and degassed by nitrogen
bubbling. A three-electrode systemwas composed of AC electrode,
Pt plate electrode and Hg/HgCl2 electrode as working, counter and
reference electrode, respectively. The Pt nanodendrites were
electrodeposited onto AC electrode in Pt chloride solution at a
constant potential of �0.6 V vs. Ag/AgCl for 900 s [33].

The scanning electron microscopy (SEM) images of glassy
carbon electrode (GCE), AC layer and Pt NDs are displayed in
Figs. 1b–e, which present the change of morphology on the
electrode surface. Comparing to smooth surface of GCE as shown in
Fig. 1b, AC layer is a sponge-like structure (Fig. 1c), providing
significantly larger electrochemically active area [34] as nucleation
sites for Pt. Therefore, Pt deposited on AC layer formed nanoscale
dendrite structure (Figs. 1d and e), which is beneficial to provide
high specific surface area with large amount of active sites and
corner atoms. Through energy dispersive spectroscopy (EDS), in-
plane elemental mapping of C and Pt of Pt NDs were obtained
(Figs.1f and g), both C and Pt werewell distributed, suggesting that
our electrodeposition was macroscopically uniform.
on. (b–d) SEM top-view images of glassy carbon, activated carbon, and Pt NDs. (e)
t distribution of C and Pt. (h) TGA curves of 20% Pt/C, 60% Pt/C and Pt NDs.
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Fig. 2. (a) HRTEM image of representative randomly chosen edge of Pt NDs. (b) SAED patterns of Pt NDs. (c) Atomic image of (a). (d) XRD results of bare AC, 20% Pt/C, 60% Pt/C
and Pt NDs. (e) Diagram of the structure difference between Pt NDs and commercial Pt/C.
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Thermogravimetric analysis (TGA)was also executed to investigate
the deposition mass of Pt. As shown in Fig. 1h, after complete
degradation of AC, the mass of residual Pt is 57.6% of the original
mass. Considering the Pt mass fraction, we applied commercial
20% Pt/C and 60% Pt/C catalysts (the percentage represents the Pt
mass fraction) as control group, whose thermogravimetric analysis
(TGA) curves are also shown in Fig. 1h. 20% Pt/C is the most widely
used commercial catalyst, and 60% Pt/C has the closest Pt mass
fraction to Pt NDs. Note that the curve inflection points reflect the
temperature range of carbon degradation. The range of Pt NDs is
from 364�663 �C, while that of commercial Pt/C is from
293�485 �C, suggesting that Pt NDs shows better thermal stability.
The variation of thermal stability could be attributed to the
difference of catalyst structure: Commercial Pt/C catalyst is Pt
nanoparticles-loaded carbon structure owing to its hydrolysis
preparation process, while Pt NDs has Pt-encapsulated carbon
structure formed by electrodeposition which is protective for
carbon [35].

In order to get the crystalline information of nanodendrites, Pt
NDs was characterized through transmission electron microscopy
(TEM). In the TEM bright field image of Pt NDs, although there are
some amorphous regions, the overall crystalline of the sample is
good and clear lattice fringes can be observed (Fig. 2a). Through
counting the lattice fringes in the image with atomic resolution,
the spacing of lattice plane is 0.226 nm, corresponding to the (111)
facet of Pt (Fig. 2b). The result of selected-area electron diffraction
(SAED) measurement shows diffraction patterns of (111), (220),
(311) facet of Pt (Fig. 2c). In addition, Pt NDs was also investigated
with X-ray diffraction (XRD) using Cu-Kα radiation. As shown in
Fig. 2d, five sharp diffraction peaks in Pt NDs are indexed to Pt
(111), Pt (200), Pt (220), Pt (311) and Pt (222), respectively, which
match well with face-centered cubic (FCC) platinum (PDF No. 04-
0802) [36,37]. Two wide peaks are attributed to crystalline carbon
in AC [38], which can be also observed in XRD curves of commercial
Pt/C catalysts. However, Pt peaks of commercial Pt/C catalysts are
unconspicuous compared to Pt NDs. These results proved that Pt
atoms deposited on Pt NDs are in good crystallinity, and the
preferred lattice plane is (111) facet. In contrast, Pt in commercial
Pt/C catalysts is more amorphous, because of their preparation
method of precursor hydrolysis (Fig. 2e).

Pt has been regarded as one of the best catalyst for hydrogen
production, due to the Gibbs free energy nearest to zero toward
HER reaction [32,39]. Moreover, comparing to pure Pt, Pt (111) has
larger exchange current in equilibrium, which has been already
proved theoretically and experimentally [39–42]. Therefore, we
expect that Pt NDs with numerous Pt atoms at (111) facet has
higher electrochemical activity than commercial Pt/C. The
electrochemical performance of electrocatalysts was measured
using a three-electrode system in 0.5mol/L H2SO4. Firstly, the
estimation of electrochemical active surface area of 20% Pt/C, 60%
Pt/C and Pt NDs was determined via the double layer capacitance
(Cdll) in cyclic voltammetry (CV) curves. Figs. 3a–c show the CV
curves of 20% Pt/C, 60% Pt/C and Pt NDs at a series of scan rates (50,
100, 150, 200 and 250mV/s). The Cdll of these catalysts can be
determined by plotting the difference of current density at 0.4 V
against the scan rate, which is generally proportional to the Cdll
[43]. According to the results, the Cdll of 20% Pt/C, 60% Pt/C and Pt
NDs is 3.3, 5.7 and 14.8mF/cm2, respectively (Fig. 3d). It
demonstrates that Cdll of Pt NDs at the similar Pt content is over
two times larger than that of 60% Pt/C, indicating that
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Fig. 3. (a-c) CV traces at different scan rates of 20% Pt/C, 60% Pt/C and Pt NDs, respectively. (d) Capacitive current density as a function of scan rate for 20% Pt/C, 60% Pt/C and Pt
NDs. (e) HER polarization curves of 20% Pt/C, 60% Pt/C and Pt NDs. (f) The corresponding Tafel plots derived from (e).
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nanodendrite structure could significantly enhance electrochemi-
cal active area. Moreover, the linear sweep voltammetry (LSV) was
performed to reveal the catalytic activity. As shown in Fig. 3e, the
LSV curves shows that Pt NDs requires ultrasmall overpotential of
27mV to achieve current density of 10mA/cm2, while the required
overpotentials of 20% Pt/C and 60% Pt/C are 44.6 and 36.3mV,
respectively. A smaller overpotential of Pt NDs among these
catalysts suggests a faster increase of HER rate with an increase of
applied potential. In order to highlight themerit of Pt NDs, catalytic

[(Fig._4)TD$FIG]

Fig. 4. (a) Hydrogen production rates of 20% Pt/C, 60% Pt/C and Pt NDs in acid, neutral and
density. (c) CV curves of Pt NDs under 1000, 3000 and 5000 cycles CV scanning. (d) HE
electrochemical stability test.
kinetics was evaluated from the Tafel plots (Fig. 3f) derived from
LSV curves. Pt NDs shows a Tafel slope of 22.2mV/dec, whereas
20% Pt/C and 60% Pt/C exhibit Tafel slopes of 28.6 and 32.7mV/dec,
respectively. The Tafel slope reflects the rate-determining step in
catalytic process, while the lowest Tafel slope of Pt NDs indicates
that Pt NDs is more active toward the HER. As a consequence, Pt
NDs exhibit excellent catalytic activity exceeding commercial Pt/C
catalysts, which relies on the crystalline Pt and nanodendrite
structure with large surface area.
basic solution, respectively. (b) Results of 6 h galvanostatic test at a constant current
R polarization curves of Pt NDs after CV scanning. (e) SEM images of Pt NDs after
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In order to study the actual hydrogen production performance,
catalysts aredirectly used inaqueousmediawithdifferent pHvalues
under applied voltage at�0.03 V. The quantification of hydrogengas
was executed through drainage water for 5 h after the H2 was
saturated in electrolyte. As shown in Fig. 4a, hydrogen production
rate of Pt NDs in 0.5mol/L H2SO4 solution (pH � 1), 1�phosphate
buffer saline (pH� 7) and 1.0mol/L KOH solution (pH � 13) is 0.52,
0.40 and 0.31mL/h, respectively. The practical efficiency of Pt NDs is
30%–45% higher than that of 60% Pt/C catalysts and 50%–75% higher
than that of 20% Pt/C catalysts, suggesting that the nanodendrite
structuredesignshowsgreatpotential forHERapplicationswithpH-
universal property. Besides, PtNDs shows excellent stability in long-
termgalvanostatic testwith constant currentdensityof150mA/cm2

in 0.5mol/L H2SO4 solution (Fig. 4b). During the six-hour test, the
electrochemical potential of Pt NDs remained almost constant.
However, the performance of 20%Pt/C and60%Pt/C undergo a decay
of 12%and9%after a period of time. It should benoted that hydrogen
bubbles generated fromcommercial Pt/C is larger than those fromPt
NDs [44],which can causephysical shock towards catalyst structure,
leading to the degradation of catalytic performance. The electro-
chemical stability of Pt NDs was also investigated by continuous CV
scanning. As shown in Fig. 4c, CV curves of Pt NDs remain nearly
unchanged even after 5000 cycles. When after 1000 cycles, 3000
cycles and5000cycles, LSV testswerealsoexecutedand thedata can
be seen in Fig. 4d. These LSV curves almost overlap with each other
and have no differencewith initial LSV curves. SEM image of Pt NDs
after above tests is similar to initial state as well, suggesting the
sample have great morphology stability (Fig. 4e). As a consequence,
these findings indicate that Pt NDs not only possesses high catalytic
efficiency, but also have outstanding stability under heavy loading.

In summary, we developed Pt nanodendrites at activated carbon
catalyst for hydrogen evolution production, which was prepared by
electrodepositing Pt onto activated carbon template. PtNDs exhibits
superior catalytic activity with a low overpotential of 0.027 V at
10mA/cm2 and a small Tafel slope down to 22.2mV/dec. This could
be attributed to the highly active Pt atoms at preferred (111) facet of
the electrodeposited catalyst and large surface area of nanodendrite
structure. Besides, Pt NDs could produce hydrogen in aqueous
solution with different pH, whose production ratio is 30%–45%
higher than that of commercial catalysts at the same Pt loading.
Moreover, PtNDspresentsprominentstabilityevenaftercontinuous
reacting for6 hor5000CVcycles in0.5mol/LH2SO4. Thisworkcould
provideanalternativecatalystandit isexpectedtobeextendedtothe
practical hydrogen production.
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