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Abstract—Reducing the Pt loading amount in an electrode is essential for the commercialization of water electrolyzers.
We report a simple method for the fabrication of a low Pt loading electrode, using an electrochemical method named self-
terminated electrodeposition, at room temperature and under ambient pressure. Controlling the deposition conditions
enables the quenching deposition of Pt on a C-coated gas diffusion layer by H passivation at a highly negative potential.
Repeating deposition pulses facilitate the facile control of the Pt surface composition and electrochemical surface area,
which significantly affects their catalytic performance for the hydrogen evolution reaction. The results presented show that
the aforementioned Pt electrode can be a promising cathode for use in membrane-based water electrolyzers.
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INTRODUCTION

As an alternative to fossil fuels, hydrogen produced by the elec-
trolysis of water has been recognized as a promising candidate for
the sustainable generation of energy in the near future [1]. Espe-
cially when integrated with renewable energy sources, hydrogen
can be obtained without the emission of pollutants [1-4]. How-
ever, hydrogen production by such a system is more expensive than
that by other conventional technology [4,5], indicating that techni-
cal development is still required. To date, conventional alkaline water
electrolyzers have been employed in industry, but they exhibit a
large ohmic drop, difficult scale-up, toxic electrolyte usage, and
low hydrogen purity [6]. As a countermeasure, water electrolyzers
with ion conducting membranes sandwiched between an anode
and cathode have been recently investigated to overcome these prob-
lems [6]. Although water electrolyzers with proton exchange mem-
branes (PEMs) have a higher hydrogen production rate than those
with anion exchange membranes (AEMs) [3], the high cost, which
mainly originates from the usage of noble metal catalysts owing to
its acidic environment, still presents a problem [7-10]. Furthermore,
optimization of the membrane electrode assembly (MEA) config-
uration, which significantly affects the performance of the water
electrolyzer in the lower current (kinetic loss) and higher current
regions (mass-transfer loss), is also required [11,12].

Over the past few decades, many strategies have been investi-
gated to fabricate high-performance MEAs. Studies on the devel-
opment of highly active catalysts have focused on synthesizing multi-
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component catalysts with cheaper materials [13-16] and engineer-
ing their morphology to have large surface areas [7,17-19]. The
effect of catalyst loading mass has also been examined to deter-
mine its lower limit for the reasonable performance of an electro-
lyzer [8,20]. Meanwhile, recent reports have emphasized the sig-
nificant role of the MEA fabrication procedure [12,21]. As observed
from the literature, MEAs prepared using the catalyst coated sub-
strate (CCS) method exhibit higher performance than those pre-
pared using the catalyst coated membrane (CCM) method [12,21],
especially in the high current region, owing to the enhanced mass
transfer of reactants and products [12]. Furthermore, in-situ visu-
alization study on the inside of a PEM water electrolyzer has de-
monstrated that hydrogen and oxygen bubbles are generated only
at the interface between the catalyst layer and membrane, thereby
indicating the importance of catalyst utilization [22,23].

For the anode side where oxygen evolution reaction (OER) occurs,
the Au [24], TiO, [25] and antimony doped tin oxide (ATO) [26]
are typically used as supports, owing to their strong corrosion resis-
tance in the operating potential window of the PEM water electro-
lyzer. On the other hand, at the cathode side where the hydrogen
evolution reaction (HER) occurs, the potential window allows an
expansive selection of support materials having high conductivity
such as carbon [27], copper foam [28], and copper nanowire [29].
The Pt catalysts are deposited using magnetron sputtering [30,31]
and atomic layer deposition [32,33], and their loading amount is
controlled. Although these methods facilitate precise mass control
in the low catalyst loading range, they require complicated and highly
priced equipment to maintain high vacuum and temperature con-
ditions. On the other hand, self-terminated electrodeposition (SED)
enables the facile fabrication of ultra-low Pt loading electrode with-
out complicated equipment under room temperature and atmo-
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spheric pressure. When the appropriate SED potential is applied,
the Pt deposition is quenched by H adsorption with a single depo-
sition pulse and then further repeating deposition pulses facili-
tates precise control of the Pt loading amount [8,34,35]. In our
previous study; the Pt SED was directly conducted on carbon paper
(CP) to fabricate the extremely low Pt loading cathode (21 pg/cm?)
[8]. Although an acceptable performance of the PEM water elec-
trolyzer was achieved, the cathode structure still needs to be modi-
fied to have enlarged active sites using catalyst support.

In this study, we report the simple fabrication of a low Pt load-
ing cathode using the Pt SED method. As a first step, the feasibility
of Pt SED on C-coated CP (C/CP) was examined with electro-
chemical, spectroscopic, and microscopic techniques. It was con-
firmed that a single potential pulse having the appropriate deposition
potential enabled the quenching Pt deposition on the C/CP sub-
strate. Repeating potential pulses facilitated a gradual increase in
the Pt loading amount in the cathodes, along with the increase in
the electrochemical surface area (ECSA). Then, their HER catalytic
activity was tested in an acidic electrolyte.

EXPERIMENTAL

1. Preparation of C/CP Substrate

The slurry for carbon coating was composed of carbon spheres
(Vulcan XC 72, Cabot), 5wt% Nafion solution (DuPont), 18 MQ
deionized water, and isopropyl alcohol (ACS grade, Burdick &
Jackson) at a weight ratio of 1.4:21.9:15.3: 61.4. Each component
was well mixed in the slurry by sonication for 30 min. Then, the
spray method was used for slurry coating on the bare CP (39 BC,
Sigracet). The spraying and drying were repeated until the load-
ing amount reached 0.83 mg/cm’.
2. Pt SED on C/CP

The electrolyte used for Pt SED consisted of 10 mM K,PtCl,
(99.9%, Alfa Aesar) and 500 mM NaCl (99.5%, DAEJUNG). The
pH of the electrolyte was adjusted to 4.0 by adding dilute HCIO,
[8,34]. The Pt SED was performed in a three-electrode cell con-
nected with a potentiostat (Autolab PGSTAT302N, Metrohm).
The prepared C/CP substrate was immersed in the N,-purged elec-
trolyte as a working electrode. The area on which deposition oc-
curred was measured after the Pt SED. A Pt plate was used as the
counter electrode and saturated calomel electrode (SCE, KCI satu-
rated) with a fritted junction filled with 500 mM NaCl (pH 4.0)
solution was used as the reference electrode.
3. Characterization

The morphology of the catalyst was analyzed using field emis-
sion scanning electron microscopy (FESEM; SIGMA, Carl Zeiss).
To examine the crystal structure and the surface composition, X-
ray diffraction (XRD; New D8-Advance, BRUKER) and scanning
transmission electron microscopy X-ray photoelectron spectroscopy
(XPS, K-alpha+, Thermo Fisher Scientific) analyses were conducted,
respectively.
4. Electrochemical Measurements

All electrochemical measurements were conducted in N,-purged
0.5M H,SO, electrolyte at room temperature and under atmo-
spheric pressure using a three-electrode cell connected with a poten-
tiostat (Autolab PGSTAT302N, Metrohm). The fabricated electrodes
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Fig. 1. CV curve of C/CP in 10 mM K,PtCl, + 500 mM NaCl elec-
trolyte at a scan rate of 10 mV/s. Insets: FESEM images of C/
CP and Pt deposited C/CP.

were used as the working electrode. A Pt plate was employed as
the counter electrode, whereas a reversible hydrogen electrode (RHE)
with a fritted junction filled with 0.5M H,SO, (95.0%, JUNSEI)
solution served as the reference electrode. To estimate the ECSA,
double layer capacitance (C,) was measured using repeated cyclic
voltammetry (CV) with varying scan rates. The HER activity was
measured by CV in the range of 0.05~—0.50 V;; at a scan rate of
50 mV/s. As a reference, electrochemical measurement was also
performed on commercial Pt foil (Alfa Aesar).

RESULTS AND DISCUSSION

A number of C spheres with diameters in the range of 100-200
nm were observed in the morphology of the C/CP substrate as
shown in the inset of Fig. 1. CV at a scan rate of 10 mV/s was con-
ducted on the bare C/CP substrate in the Pt SED electrolyte. In the
negative sweep, the reduction of the Pt** ion started at —0.25 Ve
and the current density gradually increased with the accelerated
reduction of Pt The cathodic peak appeared at —0.68 Vi and
then further increase in the current density resulted in the HER
on the deposited Pt. In the positive sweep from —1.00 to —0.20
Vep a similar j-V feature was observed. The anodic current repre-
sented the oxidation of the deposited Pt. The obtained CV curve
was in good agreement with that in literature for Pt SED on Au
[34] and CP [8], conceivably indicating the possibility of Pt SED
on the C/CP substrate. To confirm this, single deposition pulse val-
ues were chosen to be 0.40 Ve (25), By, (100s), and 040 Vg (25),
while the E,,, values were chosen as ~0.60 Vcg, —0.70 Vg, and
—0.90 V. For an Ey, of —0.60 Ve, a number of spherical Pt par-
ticles with sizes of ~500 nm were observed on the C spheres, as
shown in the inset of Fig. 1, indicating that bulk electrodeposition
of Pt had occurred. A similar result was obtained with an E,,, of
—0.70 V55, except the dendritic morphology was observed. How-
ever, with an E,, of —0.90 Vi, there was no significant change in
the morphology from that of the bare C/CP substrate, despite the
application of a highly negative potential, thereby demonstrating
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Fig. 2. XPS spectra of C 1s and Pt 4f for Pt deposited C/CP electrodes with a single potential pulse depending on (a) E,, for 100 s and (b)

deposition time at —0.90 V.
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Fig. 3. Intensity ratio of the Pt 4f,, peak to the C 1s peak with respect
to E,,, and deposition time.

the feasibility of Pt SED on the C/CP substrate.

To investigate the surface composition, XPS analysis was con-
ducted on the three electrodes deposited at different E,, values as
shown in Fig. 2(a). The XPS spectra were normalized by the C 1s
peak intensity at 284.8 eV. When the E,,, values were —0.60 and
—0.70 Vg, obvious Pt 4f peaks were observed. On the other hand,
Pt 4f peaks were barely seen when the E,,, was -0.90 Vscz. How-
ever, the spectra expanded by 50 times showed the Pt 4f peak,
thereby indicating the presence of Pt on the C/CP substrate. Simi-
lar results were obtained for the XPS spectra of the electrodes pre-
pared at an E,, of —0.90 Vq; with varying deposition times (Fig.
2(b)). From the XPS spectra, the Pt 4f,,/C 1s peak ratios were
summarized as a function of E,,, and deposition time as demon-
strated in Fig. 3. The ratios were significantly affected by E, at a
constant deposition time of 100 s, whereas the ratios were main-
tained at a negligible value range, regardless of deposition time, at
an E, of -0.90 V, indicating that the further reduction of Pt
ion was completely inhibited by H passivation [8].
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Fig. 4. Transient current as a function of time during the Pt SED
potential pulses on C/CP.

Based on the aforementioned results, repetition of the potential
pulse between 0.40 Vg, (2's) and —0.90 Vg (55) was used to in-
crease amount of Pt deposited. The stepping potential of 0.40 Vi
served to remove the adsorbed H on Pt surface, required to be
reactivated for following E,, [34]. Fig. 4 demonstrates the first eight
representative potential pulses and the corresponding transient
current. At —0.90 Vi for each pulse, the initial charging current
increased gradually, whereas the final saturation current was almost
constant. Similar features were obtained with anodic currents at
0.40 V¢ for each pulse. The gradually increasing charging cur-
rent indicated the continuous growth of Pt deposits. The elec-
trodes obtained after multiple deposition pulses were named Pt#/
C/CP (#: number of pulses deposition).

Fig. 5 shows the FESEM images of the C/CP substrate (Fig. 5(a))
and Pt#/C/CP electrode (Fig. 5(b)-(d)). For the Pt1/C/CR it appeared
that there was no morphological change, compared with the bare
C/CP substrate. However, sparsely distributed small Pt nanoparti-
cles appeared with the Pt5/C/CP. As the deposition pulse increased
to 20, their particle density increased evidently without a change
in size.
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Fig. 5. FESEM images of the C/CP substrate and Pt#/C/CP electrodes: (a) C/CP, (b) Pt1/C/CP, (c) Pt5/C/CP and (d) Pt20/C/CP.
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Fig. 6. (a) XPS spectra of C 1s and Pt 4f for Pt#/C/CP electrodes.
(b) XRD patterns for the C/CP substrate and Pt#/C/CP elec-
trodes.

The gradual increase of the amount of Pt as a function of the
number of deposition pulses was also confirmed by XPS analysis
as shown in Fig. 6(a). The XPS spectra were normalized using the
C 1s peaks. For all samples, the Pt 4f peaks were mostly negligible
compared with the C 1s peaks. However, in the expanded XPS
spectra, the intensity of the Pt 4f peak increased gradually with the
increase in the number of deposition pulses from 20 to 50. The
XRD patterns of the C/CP substrate and Pt#/C/CP electrode showed
similar results (Fig. 6(b)). For the substrate, a sharp C (002) peak
appeared at 26.4°, mainly originating from carbon spheres. The Pt
peaks were barely observed, except the Pt (200) peak at 45.3°, on
increasing the number of deposition pulses from 20 to 50; this was
consistent with the XPS result. XPS and XRD results confirmed that
very a low amount of Pt was deposited on the Pt#/C/CP electrode,
despite the number of deposition pulses being increased to 50.

To estimate the ECSA, C, of Pt#/C/CP was measured using
repeated CV in a 0.5 M H,SO, electrolyte by varying the scan rate
(Fig. SI and S2). The results are summarized as a function of the
number of deposition pulses (Fig. 7(a)). The C, of Pt1~5/C/CP
showed values similar to that of bare C/CP, indicating no signifi-
cant change of ECSA. However, when the number of deposition
pulses was increased from 5 to 30, the C value increased linearly,
indicating the enlargement of Pt ECSA. Then, the C; of Pt50/C/
CP showed similar values to that of Pt30/C/CP, conceivably show-
ing the agglomeration of Pt nanoparticles at a higher number of
deposition pulses.

Fig. 7(b) shows the linear sweep voltammetry (LSV) curve of
C/CP and Pt#/C/CP in 0.5 M H,SO, at a scan rate of 50 mV/s. The
bare C/CP exhibits negligible current in the entire potential range.
On the other hand, compared to this, the Pt1/C/CP demonstrates
a small but obvious current density for HER. This is evidence for
Pt formation after one pulse deposition even though the Pt peaks
were not observed in XPS (Fig. 6(a)) and XRD (Fig. 6(b)). The HER
current density gradually increased on increasing the number of
deposition pulses from 1 to 30 and was higher than that of com-
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mercial Pt foil after 20 pulses. The Pt50/C/CP showed similar activ-
ity with Pt30/C/CP. The results are consistent with the trend of C,,
indicating the importance of ECSA in HER activity for single ele-
ment catalysts.

CONCLUSION

We have demonstrated a facile method to fabricate a low Pt load-
ing electrode and confirmed that the quenching Pt deposition by
H passivation on the C/CP substrate is significantly affected by the
E,, of the deposition pulse. After using the optimized conditions
for Pt SED, repeating the deposition pulse facilitated the simple
control of the Pt surface composition. The HER activity increased
gradually with the increase in the number of deposition pulses,
which showed similar tendency with the C; measurement. This
simply fabricated electrode with low Pt loading is a promising cath-
ode for use in highly efficient PEM water electrolyzers.
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Fig. S1. CV curves at various scan rate in 0.5 M H,SO, electrolyte for (a) C/CP, (b) Pt1/C/CP, (c) Pt2/C/CP, (d) Pt5/C/CP, (e) Pt10/C/CP, (f)
Pt20/C/CP, (g) Pt30/C/CP, and (h) Pt50/C/CP.
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Fig. S1. Continued.
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