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Abstract: Hydrogen evolution reaction (HER) and oxygen reduction reaction (ORR) are two core
electrochemical processes involved in hydrogen fuel cell (HFC) technology. ORR is a cathodic reaction
occurring in HFC, whereas HER can convert the H2O byproduct from HFCs into H2 gas via water
splitting. Platinum (Pt)-based catalysts are the most effective catalysts for both reactions. In this
work, we used a fast, facile, and chemical-free method, called solution plasma sputtering (SPS),
to synthesize Pt nanoparticles supported on Ketjen Black (KB). The discharge time was varied (5, 10,
and 20 min) to alter the Pt loading. Characterization results revealed that the plasma did not affect the
morphology of KB, and the Pt loading on KB increased with increasing discharge time (5.5–17.9 wt%).
Well-crystallized Pt nanoparticles, ~2–5 nm in diameter, were obtained. Electrochemical measurements
revealed that Pt/KB exhibited bifunctional catalytic activity toward HER and ORR in 0.5 M H2SO4

solution. Both HER and ORR activities enhanced as the loading of Pt nanoparticles increased with a
longer discharge time. Moreover, Pt/KB exhibited better HER and ORR stability than a commercial
Pt-based catalyst, which was attributed to the stronger adhesion between Pt nanoparticles and KB
support. Thus, SPS can be applied as an alternative synthesis method for preparing Pt/KB catalysts
for HER and ORR.

Keywords: hydrogen fuel cells; electrocatalysts; Pt nanoparticles; solution plasma sputtering; oxygen
reduction reaction; hydrogen evolution reaction

1. Introduction

Fossil fuels are exhaustible natural resources and induce climate change by generating carbon
monoxide (CO), carbon dioxide (CO2), and other greenhouse gases when burned. Recently, numerous
studies have devoted particular attention to renewable and sustainable energy sources, including
solar [1], wind [2], biogas [3], and hydrogen [4], as replacements for fossil fuels. Hydrogen fuel cell
(HFC) is recognized as an efficient alternative energy source to rival fossil fuels in the near future
because it can be practically used in portable devices, vehicles, and stationary power systems [5–9].

In the operation of a HFC, H2 gas is fed to the anode to promote hydrogen oxidation reaction
(HOR), where H2 molecules are separated into protons and electrons on catalysts (H2→ 2H+ + 2e−).
The electrons produced from the anode flow to an external circuit, thus creating electricity, while
protons migrate through the membrane to the cathode. Conversely, the cathode is supplied with
O2 gas. The oxygen reduction reaction (ORR) occurs through proton reaction with O2 and electrons
(4H+ + O2 + 4e−→ 2H2O), producing H2O as a byproduct. Therefore, the HFC is a clean energy source
with zero emissions of toxic gases. Compared with HOR, the ORR plays a more significant role in
determining the performance and durability of HFCs [10–12].
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Currently, H2 gas production can be categorized into four technologies: (i) thermochemical,
(ii) electrochemical, (iii) photobiological, and (iv) photoelectrochemical [13]. Using the steam reforming
process, thermochemical technology is the most widely used method for producing H2 from natural
gas, coal, methanol, and gasoline. However, CO production requires one or more subsequent steps
to convert CO into CO2 [14]. Electrochemical water splitting is a well-known clean and sustainable
technology producing H2 gas via the hydrogen evolution reaction (HER, 2H+ + 2e− → H2) at the
cathode [15,16]. Therefore, the H2O byproduct from HFC operation can be converted back to H2 gas to
self-supply the anode. Moreover, the use of H2O as a source for H2 production can solve the problem
of the H2 storage system, which requires high costs and safety levels for transportation [17,18].

In this context, HER and ORR are two core electrochemical processes in achieving full
implementation of HFC technology. Among active catalyst materials, platinum (Pt) is the most
efficient catalyst for both HER and ORR [19–22]. In practical use, Pt nanoparticles (2–5 nm) are loaded
onto various kinds of material supports (e.g., carbon black [23], carbon nanotubes [24], graphene [25],
or metal oxide [26]) for use as HER/ORR catalysts. The most common method for synthesizing Pt
nanoparticles relies on the bottom-up chemical reduction in water-soluble Pt2+ or Pt4+ ions as precursors
(e.g., H2PtCl6, K2PtCl4, PtCl4, and Pt(AcAc)2). The Pt2+/4+ ions are reduced to Pt0 using a reducing
agent (e.g., NaBH4 or KC4H5O6) and subsequently grow into particles. The size and shape of the
synthesized Pt nanoparticles can be controlled by adjusting the reaction temperature, reducing agent,
and Pt precursor concentration [27,28]. However, this method has some drawbacks: it is a multistep
process, involves long processing times, requires reducing/capping agents, and usually requires
subsequent purification of the product. Moreover, the residual organic capping layer on the surface
of Pt nanoparticles can inhibit and reduce their catalytic activity [29–31]. Thus, chemical bonding
between organic capping layers and nanoparticle surfaces plays a substantial role in determining
the catalytic activity of Pt nanoparticles. Therefore, a method for the simple, fast, and chemical-free
synthesis of Pt nanoparticles is urgently needed in the catalysis field.

Recently, solution plasma sputtering (SPS) has emerged as a powerful approach to synthesize
various noble metal nanoparticles through a direct sputtering from a highly pure metallic electrode
(e.g., Au [32], Pt [33], Ag [34], Pd [35], or AuPt [36]) without using a chemical reducing agent. Solution
plasma is defined as a nonequilibrium plasma or cold plasma generated in a liquid solution at room
temperature and atmospheric pressure. A high voltage with short-pulsed duration and high frequency
is typically used to generate plasma [37]. The size of the obtained metal nanoparticles ranges from 2
to 10 nm, depending on the plasma conditions and liquid medium. The synthesis time is typically
5–30 min, which is faster than the conventional chemical reduction process. Importantly, the surface of
the Pt nanoparticles is clean, without an organic layer, because of the chemical-free synthesis. Therefore,
the Pt nanoparticles synthesized using SPS should have strong potential for catalyzing HER and ORR.

Herein, Pt nanoparticles were synthesized using SPS through sputtering of Pt electrodes submerged
in a solution with dispersed carbon black (Ketjen black (KB), EC600JD). The Pt nanoparticles
sputtering from the electrodes migrate and deposit onto the KB surface, resulting in a Pt/KB
composite system. The loading of Pt nanoparticles on KB was varied by adjusting the discharge
time (5–20 min). The morphology, crystal structure, and surface area of Pt/KB were evaluated
using several characterization techniques, such as field-emission scanning electron microscopy
(FE-SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), and surface-area analysis.
The quantity and dispersion of Pt nanoparticles on KB were characterized using energy-dispersive
X-ray spectroscopy (EDX) analysis. To evaluate HER and ORR, cyclic voltammetry (CV) and linear
sweep voltammetry (LSV) measurements were performed using a three-electrode system in both N2-
and O2-saturated 0.5 M sulfuric acid (H2SO4) solutions.
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2. Materials and Methods

2.1. Materials

Pt wire (diameter 0.8 mm, purity 99.99%) was purchased from Nilaco Corp. (Tokyo, Japan).
Ethanol (C2H5OH, purity 99.9%), isopropanol (C3H8O, purity 99.8%), and 0.5 M H2SO4 were obtained
from RCI Labscan Ltd. (Bangkok, Thailand). Then, 20-wt% Pt on Vulcan XC-72 (20% Pt/VC) and
Nafion® DE 521 solution (5 wt% in a mixture of lower aliphatic alcohols and water) were obtained
from Sigma-Aldrich. Ultrapure water (18.2 MΩ cm at 25 ◦C) was obtained from a Direct-Q™ 5 UV
Millipore water purification system. All the chemicals were of analytical grade and were used without
further purification.

2.2. Preparation of Pt/KB Catalysts by SPS

Fifty milligrams of KB was placed in a mixture of ethanol (40 mL) and ultrapure water (40 mL).
The mixture was stirred at 500 rpm for 30 min, followed by sonication in an ultrasonic bath for 30 min
to obtain a homogeneous dispersion. The experimental setup is illustrated in Figure 1a. A pair of Pt
wires covered with an insulating ceramic tube was set with a gap distance of 0.5 mm at the center of a
glass beaker. The as-prepared mixture was poured into the beaker and constantly stirred at 500 rpm.
A bipolar-pulse voltage was supplied to the Pt electrodes using an MPP-HV04 Pekuris bipolar pulse
generator (Kurita Seisakusho Co., Ltd., Kyoto, Japan). The frequency and pulse duration were fixed
at 20 kHz and 0.8 µs, respectively. The discharge time was varied at 5, 10, and 20 min. Once the
plasma was generated, the Pt nanoparticles were produced by sputtering from the Pt electrode surface.
The Pt nanoparticles diffused from the plasma zone to the liquid phase and then deposited onto the KB
support, resulting in t-Pt/KB composites, where t represents the discharge time (Figure 1b). The Pt/KB
samples were collected by vacuum filtration using Whatman No. 1 filter paper and then dried in a
hot-air oven (Memmert UN-55) at 100 ◦C for 12 h. After drying, the Pt/KB samples were ready for
further characterization and electrochemical measurements.
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Figure 1. (a) Schematic of the experimental setup of the solution plasma sputtering (SPS) for the
preparation of Pt/KB catalysts; (b) enlarged view at the electrode gap, showing the production of Pt
nanoparticles from electrodes and deposition on the KB supports.

2.3. Characterization

The morphology of catalysts was examined using a JEOL JSM-7600F field-emission scanning
electron microscope operating at an acceleration voltage of 1 kV. The quantity and dispersion of Pt
nanoparticles on KB were evaluated on an Oxford Instruments AZtecOne spectrometer. The size of the
Pt nanoparticles on the KB was investigated using a JEOL JEM-3100F transmission electron microscope
operated at an acceleration voltage of 300 kV. Thermogravimetric analysis (TGA) was performed on a
Mettler Toledo TGA2 thermogravimetric analyzer to evaluate the Pt loading. The samples were heated
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from 50 ◦C to 900 ◦C with a heating rate of 10 ◦C min−1 under air flow. Fourier transform infrared
spectroscopy (FTIR) spectra were collected using a Bruker Alpha-E spectrometer in the range of
500–4000 cm−1. XRD patterns of catalysts were recorded on a Bruker D8 Advance X-ray diffractometer
using a Cu Kα radiation source (λ = 1.54 Å) in the 2θ range of 10◦–80◦ at a scan rate of 3◦ min−1.
The specific surface area of all catalysts was determined from N2 adsorption–desorption isotherms
recorded at liquid-N2 temperature (77 K) using a Micromeritics 3Flex surface characterization analyzer.
Before measurements, the catalysts were degassed at 150 ◦C for 6 h under vacuum.

2.4. Electrode Preparation

The catalyst suspension was prepared by dispersing 5-mg catalyst in a mixture of ultrapure
water (475 µL), isopropanol (475 µL), and Nafion (50 µL). The resulting suspension (5 mg mL–1) was
sonicated in an ultrasonic bath until a well-dispersed ink was obtained. A glassy carbon electrode
(3-mm diameter, 0.071-cm2 area) was successively polished on a polishing pad with diamond (1 µm)
and alumina slurries (0.05 µm), followed by cleaning with water in an ultrasonic bath for 5 min.
Three microliters of catalyst ink of each sample was then carefully dropped onto the cleaned glassy
carbon electrodes and left in ambient air condition until completely dry. The catalyst loading was
0.212 mg cm−2. A commercial 20% Pt/VC was also used as a benchmark catalyst for comparison.

2.5. HER and ORR Activity Measurements

The HER and ORR activities of all catalysts were evaluated in a 0.5 M H2SO4 solution using a
three-electrode system. A catalysts-modified glassy carbon electrode was used as the working electrode.
A Pt wire and Ag/AgCl (saturated KCl) electrode were used as the counter and reference electrodes,
respectively. The measured electrode potentials vs. Ag/AgCl were converted into the reversible
hydrogen electrode (RHE) scale using ERHE = EAg/AgCl + 0.197 V + 0.059(pH). Three electrodes were
connected to a Biologic VSP potentiostat controlled by the EC-Lab software. CV and LSV measurements
were performed at a scan rate of 50 mv s−1 and 10 mV s−1, respectively. Stable CV curves for both
HER and ORR activities were recorded after cycling for 30 cycles. After the CV measurement, the LSV
curves were recorded with no electrode rotation. A 0.5 M H2SO4 solution saturated with N2 and O2

gases was used to evaluate the HER and ORR activities, respectively.

3. Results and Discussion

3.1. FE-SEM and TEM Investigations

FE-SEM images of KB and Pt/KB at a magnification of 80,000× are displayed in Figure 2a–d.
The size of the primary KB particles was approximately 30–50 nm. They exhibited agglomeration into
a chain-like structure, which resulted in an interparticle porous and network structure. No difference
in morphological structures was observed between KB and Pt/KB, indicating that the plasma did not
affect the morphology of the KB supports. However, Pt nanoparticles were not observed in the FE-SEM
images because of their small size and low magnification of the images. The presence of Pt nanoparticles
on the KB supports was confirmed using EDX analysis. The EDX mapping image (Figure 2e) reveals
an even distribution of the Pt signal throughout the investigated area. The EDX spectra in Figure 2f
show that the Pt signal was more intense at longer discharge times. This result indicates that the
amount of Pt nanoparticles loaded onto KB increased with increasing discharge time. The Pt content
deduced from three-area mapping analysis was 0.16 ± 0.02, 0.28 ± 0.01, and 0.53 ± 0.11 atom% for
5-Pt/KB, 10-Pt/KB, and 20-Pt/KB, respectively.

To further elucidate the size and dispersion of Pt nanoparticles on KB, we conducted TEM
observations. Figure 3a shows the TEM images of 20-Pt/KB. The Pt nanoparticles (dark contrast) were
deposited and distributed on the KB surface (bright contrast). The Pt nanoparticles were determined
to be approximately 2–5 nm in diameter. When observed at a high resolution (Figure 3b), the lattice
fringes corresponding to the (111) plane of Pt were evident in the region of the Pt nanoparticles,
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indicating high crystallinity. Figure 3c shows the selected area electron diffraction (SAED) pattern of
20-Pt/KB. A set of diffraction rings associated with Pt (yellow) and a diffused ring of carbon (red) are
visible, which indicates the excellent crystallinity of the Pt nanoparticles and amorphous nature of KB.
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20-Pt/KB, and (d) XRD patterns of all of the investigated catalysts.

3.2. XRD Analysis

Figure 3d demonstrates the XRD patterns of all of the catalysts. The XRD pattern of KB shows
a broad peak at 25.1◦ and a small hump at 43.1◦, which are consistent with the graphite (002) and
(101) crystallographic planes of carbon, respectively [38]. In the patterns of Pt/KB, in addition to
the diffraction peaks of carbon, the characteristic diffraction peaks at 39.6◦, 46.1◦, and 67.3◦ can be
indexed to the (111), (200), and (220) crystallographic planes of face-centered cubic-structured Pt
(Joint Committee on Powder Diffraction Standards (JCPDS) card no. 70-2057). The sharp diffraction
peaks of Pt indicate that it was highly crystalline, which was consistent with the TEM and SAED
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results. Moreover, the intensity of the Pt diffraction peaks increased with increasing discharge time,
indicating that a greater amount of Pt nanoparticles formed at longer discharge times, which was in
accordance with the EDX analysis results.

3.3. TG Analysis

Figure 4a shows the TGA curves of all samples upon heating from 50 ◦C to 900 ◦C under air
flow. The decomposition of pure KB started at approximately 600 ◦C and was completed at 750 ◦C.
The residual weight of KB at 900 ◦C was very small (only 1.3 wt%), indicating the high purity of KB.
In the case of Pt/KB samples, the residual weight was 5.5, 10.6, and 17.9 wt% for 5-Pt/KB, 10-Pt/KB,
and 20-Pt/KB, respectively. The amount of residual weight refers to the loading of Pt nanoparticles
on KB. This result is in line with the aforementioned EDX and XRD analyses that the amount of Pt
loading increased with increasing discharge time. Moreover, a significant decrease in decomposition
temperature with increasing Pt loading was observed. This result implies that Pt could accelerate the
decomposition of the KB support owing to a higher oxygen and carbon reaction rate [39,40].
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3.4. FTIR Analysis

The surface functional group on the KB surface after plasma exposure was investigated using
FTIR measurements, as shown in Figure 4b. All FTIR spectra contained the absorption bands at 3300,
2915, 1580, and 1220 cm−1 corresponding to O–H stretching, C–H stretching, C–C, and C–O stretching
vibration, respectively [41,42]. The FTIR spectra of KB and Pt/KB samples revealed a similar feature,
except for the intensity of the O–H peak. A slight increase in intensity of the O–H peak was observed
as the discharge time increased. This finding is evidence that the hydroxyl radicals (·OH) generated
from the plasma in water and ethanol during synthesis reacted with the surface of the KB support,
resulting in the functionalization of –OH groups.

3.5. Surface Area and Pore Structure Analyses

Figure 5a presents the N2 adsorption–desorption isotherms of all catalysts. All isotherms are type
II under the International Union of Pure and Applied Chemistry (IUPAC) classification system [43,44].
A large quantity of N2 was adsorbed at very initial relative pressures (P/P0 < 0.01), indicating the
presence of micropores in KB (monolayer formation). As the relative pressure increased, the quantity
of adsorbed N2 gradually increased because of multilayer formation and pore filling. At relative
pressures near unity (0.95 ≤ P/P0 ≤ 0.99), an abrupt increase in the quantity of adsorbed N2 was
observed, which provides the evidence of macropores between agglomerates. A H3-type hysteresis
loop in the relative pressure range of 0.40–0.99 was attributed to the effect of capillary condensation
in the mesopores [44]. Therefore, KB exhibited a hierarchical porous structure comprising micro,
meso, and macropores. As the loading of Pt nanoparticles increased, the isotherm curves shifted
toward lower adsorbed quantities, whereas the characteristic feature of isotherms did not change.
These results imply a decrease in the surface area at a high loading of Pt nanoparticles. The specific
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surface area of all catalysts was determined by the Brunauer–Emmett–Teller (BET) analysis using
the N2 adsorption data in the relative pressure (P/P0) range of 0.05–0.30. As expected, KB exhibited
the highest specific surface area of 1362 m2 g−1. As the loading of Pt nanoparticles on KB increased,
the BET surface area continuously decreased to 1117, 1113, and 951 m2 g−1 for 5-Pt/KB, 10-Pt/KB, and
20-Pt/KB, respectively. The total pore volume decreased from 1.74 cm3 g−1 for KB to 1.27 cm3 g−1 for
20-Pt/KB (Table 1). The pore size distribution was determined from the Barrett–Joyner–Halenda (BJH)
model using the N2 desorption branch, as shown in Figure 5b. The frequency of the occurrence of
micropores and small mesopores decreased as the loading of Pt nanoparticles increased. This result
is consistent with the change in N2 adsorption–desorption isotherms showing that the quantity of
N2 adsorbed at the low–relative-pressure region decreased, whereas the hysteresis loop and a steep
increase in the quantity of N2 adsorbed at high relative pressures remained. According to the reduction
in total pore volume and decrease in the frequency in the small pore size region from the pore size
distribution, the decrease in the specific surface area of Pt/KB could be attributable to the small-sized
Pt nanoparticles blocking the pore entrance on the KB surface. These results also imply that the Pt
nanoparticles were well-dispersed on the KB supports.
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Table 1. Brunauer–Emmett–Teller (BET) specific surface area (SBET), total pore volume (Vtotal), and average
particle diameter (Davg) of all catalysts obtained by the analysis of their N2 adsorption–desorption isotherms.

Sample SBET
(m2 g−1)

V total
(cm3 g−1)

Davg
(nm)

KB 1362 1.74 6.72
5-Pt/KB 1117 1.46 6.98

10-Pt/KB 1113 1.45 7.18
20-Pt/KB 951 1.27 7.20

3.6. Electrochemical Measurements

3.6.1. HER Activity

The CV curves of KB, Pt/KB, and commercial 20% Pt/VC, as recorded in a 0.5 M H2SO4 solution
saturated with N2 (dashed line) or O2 gas (solid line), are displayed in Figure 6a. The CV curve of KB
in the N2 saturated solution is featureless, showing no peak. Hydrogen adsorption and desorption
peaks were observed for Pt/KB in the potential range of 0.05–0.30 V for the reverse and forward scans,
respectively. The electrochemical active surface area (ECSA) can be evaluated by integrating the area
under the hydrogen adsorption or desorption peak, which was considered as an indicator of the number
of catalytic Pt sites on the catalysts [19,20,23]. We found that the higher loading of Pt nanoparticles on
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KB, the larger the area under the hydrogen adsorption or desorption peaks. In Figure 6b, the LSV curve
of KB shows a nearly zero current density, indicating no occurrence of HER on KB. For Pt/KB, the LSV
curves of HER activity could be divided into two regions. The first region shows zero current because
no electrons were exchanged on the catalyst surface, referring to the hydrogen adsorption. The second
region is the abrupt change in current density owing to the occurrence of HER (2H+ + 2e−→ H2) [19,20].
The 5-Pt/KB, 10-Pt/KB, 20-Pt/KB, and 20% Pt/VC exhibited almost similar HER onset potentials of
approximately −0.02 V, which was comparable with those of other Pt/carbon catalysts reported in the
literature (Table S1). Although no difference was observed in the HER onset potential, the current
density at −0.10 V was enhanced from −74 mA cm−2 for 5-Pt/KB to −85 mA cm−2 for 20-Pt/KB.
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catalysts, as recorded in 0.5 M H2SO4 solution saturated with N2 (dashed line) or O2 (solid line).
Linear sweep voltammetry (LSV) curves for (b) Hydrogen evolution reaction (HER) and (c) oxygen
reduction reaction (ORR) activities of all of the investigated catalysts.

3.6.2. ORR Activity

All the CV curves recorded for the electrodes in the O2-saturated solution showed a pronounced
cathodic peak, which was not observed in the curve corresponding to the N2-saturated solution. Such a
cathodic peak was associated with the occurrence of ORR (4H+ + O2 + 4e−→ 2H2O) on the catalysts.
The cathodic peak was located at 0.045 V for KB and positively shifted to 0.724 V for 20-Pt/KB. The LSV
measurements were further performed to obtain more information about the ORR onset potential,
as shown in Figure 6c. The ORR onset potentials positively shifted toward higher potentials at higher
loadings of Pt nanoparticles on KB. The ORR onset potential of 20-Pt/KB was 0.802 V, which was close
to that of 20% Pt/VC (0.826 V) and other Pt/carbon catalysts in previous reports (Table S1). However,
the ORR peak current of 20-Pt/KB was weaker than that of 20% Pt/VC owing to its lower Pt loading
(17.9 wt%). From the electrochemical measurements, we concluded that Pt/KB prepared using SPS
exhibited bifunctional catalytic activity for both HER and ORR. The enhanced HER and ORR activities
were attributed to a larger amount of Pt nanoparticles on KB, consistent with the findings of several
previous works [45–49].
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3.6.3. HER and ORR Stability

The stability of a catalyst is also an important concern that needs to be considered for practical
HER and ORR applications. For the stability tests, 20-Pt/KB was chosen owing to its better catalytic
activity toward both HER and ORR than other samples. The commercial 20% Pt/VC was also tested
for comparison. The HER stability test was performed by potential cycling between 0 and 1.2 V for
1000 cycles in the N2-saturated 0.5 M H2SO4 solution (Figure S1). The area under hydrogen adsorption
and desorption of both samples decreased continuously as the number of cycles increased, indicating
the reduction in ECSA. Figure 7a,b reveal the LSV curves before and after 1000 cycles for 20-Pt/KB and
20% Pt/VC, respectively. There was a slight change in the LSV curve after 1000 cycles for 20-Pt/KB,
whereas a greater decrease in current density was observed for 20% Pt/VC. To further examine the ORR
stability of 20-Pt/KB, a potential cycling between 0 and 1.2 V was performed in the O2-saturated 0.5 M
H2SO4 solution for 1000 cycles (Figure S2). The LSV curves before and after 1000 cycles for 20-Pt/KB
and 20% Pt/VC are depicted in Figure 7c,d, respectively. After 1000 cycles, a 46-mV negative shift in
the onset potential and a significant reduction in the ORR peak current were clearly observed for 20%
Pt/VC. In contrast, the ORR onset potential of 20-Pt/KB negatively shifted by only 35 mV, whereas
the ORR peak current dropped slightly. The results obtained from the stability tests are evidence
that 20-Pt/KB had more stable HER and ORR activities than 20% Pt/VC. Higher stability of 20-Pt/KB
could be attributed to the stronger adhesion between Pt nanoparticles and the KB support, which can
be explained by two possible causes: (i) oxygen-containing species and structural defects on the KB
surface formed during plasma synthesis can act as favorable anchoring sites for Pt deposition [50–52],
and (ii) the Pt nanoparticles produced by SPS were deposited on the KB support with a high kinetic
energy owing to acceleration by a high electric field in the plasma region. Therefore, the adhesion
of Pt nanoparticles on KB obtained by the SPS method may be stronger than that obtained by other
methods, thereby creating a stabilization of Pt nanoparticles against oxidation, dissolution, and/or
agglomeration during electrocatalytic reactions.
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4. Conclusions

Pt/KB catalysts were successfully prepared using a fast, facile, and chemical-free SPS method.
The loading of Pt nanoparticles sputtering from the electrodes onto KB increased from 5.5 to 17.9 wt%
with increasing discharge time (from 5 to 20 min). The plasma did not influence the morphology of
KB and Pt/KB, even at longer discharge times. TEM and XRD analysis results show that the 2–5-nm
Pt nanoparticles were well-crystallized and evenly distributed on the KB surface. The deposition
of Pt nanoparticles on the KB supports resulted in blocking of the pore entrance at the KB surface,
reducing the specific surface area. From the electrochemical measurements in a 0.5 M H2SO4 solution,
all Pt/KB catalysts exhibited bifunctional catalytic activity toward HER and ORR, which enhanced
with increasing discharge time or Pt loading. The HER and ORR activities of 20-Pt/KB (17.9 wt%) were
found to be nearly close to that of commercial 20% Pt/VC. In HER and ORR stability tests, 20-Pt/KB
was more stable than 20% Pt/VC owing to the strong interaction between Pt nanoparticles and KB.
The results obtained in this work provide useful reference information and support for preparing
bifunctional Pt/KB catalysts for HER and ORR. Moreover, the SPS method shows strong potential as
an alternative green synthesis method for preparing noble metal nanoparticles on a broad range of
supports for various purposes in catalysis applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2504-477X/4/3/121/s1,
Figure S1: CV curves at different cycles measured in N2-saturated 0.5 M H2SO4 solution: (a) 20-Pt/KB and (b) 20%
Pt/VC, Figure S2: CV curves at different cycles measured in O2-saturated 0.5 M H2SO4 solution: (a) 20-Pt/KB and
(b) 20% Pt/VC.
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