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Developing highly active, pH-universal electrocatalysts for the hydrogen evolution reaction (HER) is challenging
because water dissociation kinetics are slow in alkaline environments. This work introduces a scalable Flash
Joule Heating (FJH) method to synthesize efficient Pt-doped carbon nanofiber (Pt-CF) catalysts for HER in both
acidic and alkaline electrolytes. Characterization results show that adjusting the FJH voltage allows precise
control of the Pt electronic structure and the metal-carbon interface. The 150 V/Pt—CF sample exhibited a higher
platinum loading (5.41 wt%) and primarily consisted of metallic Pt°. In comparison, 200 V/Pt-CF catalyst
showed a lower Pt loading (3.61 wt%) and contained both Pt® and Pt**. The results indicate that applied voltage
influences the Pt oxidation state and surface chemistry. Electrochemical measurements reveal clear pH-
dependent behavior. In acidic media (0.5 M H2S0.), 200 V/Pt-CF catalyst shows faster HER kinetics, indicated
by a lower Tafel slope (23.43 mV dec?) and a slightly reduced overpotential (56 mV at 10 mA cm2). Under
alkaline conditions (1.0 M KOH), 150 V/Pt-CF catalyst performs better, requiring only 25 mV to reach 10 mA cm”
2, with improved kinetics and higher intrinsic activity. This work provides a scalable strategy for designing high-

performance metal-carbon electrocatalysts that are effective over a wide pH range via flash Joule heating.

1. Introduction

The pressing need to decarbonize the energy sector has positioned
green hydrogen as a key pillar of future sustainable energy systems.
Produced through water electrolysis powered by renewable electricity,
green hydrogen provides a carbon-free alternative that separates in-
dustrial hydrogen demand from fossil fuels [1,2]. By 2050, hydrogen
could supply up to 18% of global final energy demand, highlighting the
need for efficient and scalable production methods [3,4]. A major
challenge is the hydrogen evolution reaction, the cathodic half-reaction
in water electrolysis, which faces slow charge-transfer kinetics and high
activation barriers. These factors increase overpotentials, reduce energy
efficiency, and raise hydrogen production costs [4-6]. The performance
of electrocatalysts is key to the efficiency, stability, and cost of the
hydrogen evolution reaction. Platinum remains the standard HER elec-
trocatalyst due to its hydrogen adsorption free energy (AG_H* ~ 0 eV),
which allows Pt to readily absorb and desorb protons in both acidic and
alkaline environments [6-8]. However, using Pt on an industrial scale is
limited by its low abundance and high cost. During electrochemical
operation, Pt nanoparticles can undergo Ostwald ripening,

* Corresponding authors.

agglomeration, and surface reconstruction. These changes reduce the
number of active sites and lower catalytic performance over time [9].
Immobilizing Pt on conductive carbon-based support is the most effec-
tive way to improve atomic utilization, electronic tunability, and long-
term durability. Among these supports, carbon nanomaterials, such as
carbon nanofibers, carbon nanotubes, and graphene derivatives, offer a
unique combination of properties for HER electrocatalysis [10-12].
Their high electrical conductivity results in rapid electron transport to Pt
sites, while their large surface area supports uniform Pt dispersion and
increases active-site density. The tunable defect chemistry of carbon
supports can prevent Pt nanoparticle migration and coalescence during
operation. These metal-support interactions also adjust the d-band
electronic structure of Pt, bringing hydrogen adsorption energetics
closer to the thermoneutral ideal and enhancing HER activity [13,14].
Carbon nanofibers are particularly advantageous due to their three-
dimensional interconnected structure, which supports efficient electro-
lyte infiltration and mechanical stability during extended electro-
chemical cycling [15,16]. Despite recent advances, synthesizing Pt/CF
electrocatalysts with precise nanoscale structures and optimal interfa-
cial electronic properties remains challenging. Common methods such
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as wet-chemical reduction, hydrothermal synthesis, and thermal
annealing operate near thermodynamic equilibrium and exhibit slow
nucleation rates. This makes it hard to control the size and dispersion of
Pt particles, as well as their interactions with the support. Long-duration
high-temperature treatment can also induce nanoparticle agglomeration
and alter active sites, thereby reducing the catalyst's uniformity and
long-term stability [17].

Flash Joule heating is an advanced synthesis method that can over-
come key limitations of traditional techniques. It operates by applying a
high-density electrical current pulse to a carbon-based material, rapidly
increasing the temperature above 3000 K within milliseconds, followed
by rapid cooling [18-21]. This process pushes the system far from
equilibrium, allowing the creation of metastable phases, defect-rich in-
terfaces, and unusual electronic structures that standard thermal
methods cannot achieve [19,21].

When applied to Pt-loaded CF precursors, rapid temperature changes
decompose the Pt precursor, forming small, uniformly distributed Pt
particles on the CF surface. Fast cooling limits nanoparticle growth,
prevents agglomeration, and promotes strong Pt—carbon bonding. These
effects improve the accessibility of active sites, speed up electron
transfer, and improve structural stability during electrocatalysis. FJH is
also energy-efficient and scalable, taking only seconds to process ma-
terials, while traditional methods can take hours.

This study introduces a fast, scalable flash Joule heating method for
producing Pt-doped carbon nanofibers with tunable structural and
electronic properties. We synthesized Pt—CF electrocatalysts using FJH
at 150 and 200 V to investigate the impact of rapid heating on Pt dis-
tribution, defect formation, and metal-support interactions. The prop-
erties of the catalysts were characterized using scanning electron
microscopy (SEM), transmission electron microscopy (TEM), energy-
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dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), Raman
spectroscopy, inductively coupled plasma optical emission spectroscopy
(ICP-OES), and X-ray photoelectron spectroscopy (XPS). Electrocatalytic
HER performance was evaluated in both acidic and alkaline conditions,
including assessments of reaction kinetics and long-term stability. The
results demonstrate that FJH is an effective approach for producing
highly active and durable Pt-carbon electrocatalysts for sustainable
hydrogen production.

2. Experimental section
2.1. Materials

2.1.1. Chemicals

Platinum(IV) chloride (PtCls, 96%, Sigma-Aldrich), sulfuric Acid
(H2S04, 98%. J.T Baker), potassium hydroxide (KOH, Pellets, 85%, Alfa
Aesar). Commercial platinum on carbon black (nominally 20 wt% Pt/C,
Alfa Aesar) was used as the reference catalyst. All chemicals were used
as received without further purification.

2.1.2. Preparation of Pt-CF catalysts

Carbon nanofibers were purchased from Sigma-Aldrich and cut into
small pieces before use. Pt-doped carbon fiber was synthesized using the
flash Joule heating process (Scheme 1), as described in previous studies
[18,22]. For preparation, CF substrates were immersed in 10 mL of 0.1
M PtCla solution for 60 min to allow precursor adsorption, then dried at
60 °C for 48 h. The dried, Pt-loaded CF was placed in a quartz tube (1.8
cm inner diameter) and connected to carbon electrodes at both ends for
the FJH treatment. The distance between the electrodes was adjusted to
maintain a resistance of 10 Q. A short electrical pulse lasting 50 ms was
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Scheme 1. Schematic illustration of FJH-assisted synthesis of Pt-doped CF.
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applied to rapidly heat the sample. The influence of FJH voltage on the
structural and electrocatalytic properties of Pt-CF was examined by
applying voltages of 150 V and 200 V during the FJH process. The
resulting samples were denoted as 150 V/Pt-CF and 200 V/Pt-CF,
corresponding to the applied voltages of 150 and 200 V, respectively.

2.2. Characterization of catalysts

Surface structure and morphology were characterized by scanning
electron microscopy (SEM, S-4300, Hitachi) operated at 15 kV.
Elemental composition of the samples was determined by energy-
dispersive X-ray spectroscopy (EDS; X-Max-65 T, Oxford). The crystal-
line structures of CF and Pt-doped CF samples were examined by X-ray
diffraction (XRD, D8 Discover-+, Bruker AXS GmbH) with Cu Ku radia-
tion (1.54 A). Surface chemical composition and oxidation states were
assessed using X-ray photoelectron spectroscopy (XPS, K Alpha+,
Thermo VG). Transmission Electron Microscope (TEM) and High-
Resolution Transmission Electron Microscope (HRTEM) images were
obtained using JSM-7900F (JEOL, Japan). Raman spectra were recorded
using a Raman spectrometer (XperRam Compact, Nanobase, South
Korea) equipped with a 532 nm laser. Inductively coupled plasma op-
tical emission spectroscopy (ICP-OES; Agilent 5110) was used to
determine the Pt content of the 150 V/Pt-CF and 200 V/Pt-CF catalysts.

2.3. Electrochemical measurements

To prepare the working electrode, 2 mg of catalyst was mixed with 1
mL of ethanol and 40 pL of 5 wt% Nafion solution. This mixture was
sonicated for 30 min to form a uniform ink. Next, 7.5 pL of the catalyst
ink was placed on a glassy carbon electrode (3 mm diameter) and left to
dry at room temperature, resulting in a catalyst loading of 0.215 mg
cm ™2, Electrochemical measurements were carried out using a Metrohm
Autolab electrochemical workstation with a standard three-electrode
setup. A saturated Ag/AgCl electrode served as the reference elec-
trode, and a platinum wire was used as the counter electrode. The po-
tential of the saturated Ag/AgCl electrode versus the reversible
hydrogen electrode (RHE) was calculated using Eq. (1):

E (vs.RHE) = E (vs.Ag/AgCl) +E  (Ag/AgCl) +0.0591 x pH @

where E (vs. RHE) is the potential vs. RHE, E (vs. Ag/AgCl) is the po-
tential vs. Ag/AgCl, and EO (Ag/AgCl) is the potential of Ag/AgCl with
respect to the standard hydrogen electrode.

Before starting the electrochemical measurements, dissolved oxygen
was removed from 0.5 M HySO4 and 1 M KOH electrolytes by bubbling
high-purity nitrogen for 30 min. Catalysts were activated using 10 cyclic
voltammetry (CV) scans from 0 to 0.5 V versus RHE at a scan rate of 100
mVs L Afterward, linear-sweep voltammetry (LSV) polarization curves
were recorded at a scan rate of 20 mV s with 90% iR compensation
applied to correct for an uncompensated solution resistance (Rs) of 6-8
Q.

Electrochemical impedance spectroscopy (EIS) measurements were
performed from 100 kHz to 1 Hz using a sinusoidal potential signal with
5 mV amplitude. The Tafel slopes for the catalysts were determined from
Tafel plots using Eq. (2):

n=a+blogj )

where 1 is the overpotential, j is the current density and b is the Tafel
slope.

The double-layer capacitance (Cqp) and turnover frequency (TOF)
were further analyzed to determine the electrochemically accessible
surface area and the intrinsic HER activity of the Pt-CF catalysts. The
Cdl values were obtained from cyclic voltammetry (CV) measurements
at scan rates between 20 and 120 mV s in the non-faradaic potential
region.

The slope of the plot of (ja — jc)/2 versus scan rate was used to
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estimate the Cdl. Further, the TOF was calculated to assess the intrinsic
catalytic activity of the Pt-CF catalysts as described by Eq. (3).

J(E)-A

TOF = ———
2F -Nacitve

3)

Here, j(E) is the measured current density at the selected potential, A is
the geometric electrode area (0.0706 cm?), F is the Faraday constant
(96,485 C mol ™), and Nsctive) is the number of electrochemically active
sites. The active site density was estimated from the electrochemically
active surface area (ECSA) obtained from CV/Cdl measurements using
Eq. (4):

Nacitve = ECSA X F/NA (4)

where I' = 1.3 x 10 sites cm? (Pt surface atoms); Ny = Avogadro
number 6.022 x 1023,

2.3.1. Stability tests

The stability of the 150 V/Pt-CF catalyst was evaluated by chro-
nopotentiometry in 0.5 M HySO4 and 1 M KOH at a constant current
density of 10 mA cm2. LSV, Tafel, EIS, and Cdl measurements were
performed using catalyst ink drop-cast on GCE, whereas chro-
nopotentiometry stability was evaluated using catalyst-loaded carbon

paper.
3. Results and discussion
3.1. Characterization of catalysts

3.1.1. Surface morphology and microstructure

Scanning electron microscopy analysis demonstrates that the 150 V
Flash Joule Heating treatment produces an enhanced electrocatalytic
architecture. As shown in Fig. la, carbon nanofibers exhibited an
interconnected network of uniformly distributed fibers with consistent
diameter and smooth surface morphology [15,16,23]. However, the
doped samples 150 V/Pt-CF and 200 V/Pt-CF consist of a carbon fiber
network with platinum nanoparticles uniformly distributed on the sur-
face (Fig. 1b and c). The result confirms the successful loading of Pt onto
CF through the FJH method [23]. Moreover, the 150 V/Pt-CF catalyst
exhibits a more uniform distribution of platinum nanoparticles on the
carbon fiber than the 200 V/Pt-CF sample. This higher Pt nanoparticle
density in 150 V/Pt-CF is expected to improve hydrogen evolution re-
action performance by increasing the electrochemically active surface
area. The results also suggest that higher voltages decrease the loading
of Pt nanoparticles onto CF. This behavior is likely due to elevated
temperatures, which induce accelerated metal sintering and result in the
coalescence of Pt species into larger aggregated clusters [19-21].

Transmission electron microscopy (TEM) was conducted to examine
the morphology and distribution of Pt species on 150 V/Pt-CF and 200
V/Pt-CF catalysts. As shown in Fig. 2a, the undoped CF has a smooth
surface without visible Pt particles [13,23,25]. After the FJH treatment,
Pt particles are observed on the CF surface in both the 150 V/Pt-CF and
200 V/Pt-CF samples, confirming the successful formation of Pt species
on the carbon nanofibers [25,26]. Compared with 200 V/Pt-CF, 150 V/
Pt-CF catalyst shows smaller and more uniformly distributed Pt parti-
cles. The larger Pt particles observed in the 200 V/Pt-CF sample may
result from the higher thermal energy generated during the FJH treat-
ment, which promotes Pt particle growth and aggregation. In contrast,
the smaller particle size and more uniform Pt dispersion in the 150 V/Pt-
CF sample may increase the number of accessible active sites, thus
contributing to its improved HER performance.

High-resolution TEM (HRTEM) further reveals the crystalline struc-
ture of the Pt particles [23,26]. The HRTEM image of 150 V/Pt-CF
(Fig. 2f) shows clear lattice fringes with a spacing of 0.226 nm, corre-
sponding to the Pt (111) plane. Similarly, the 200 V/Pt-CF sample
(Fig. 2g) exhibits a lattice spacing of 0.225 nm, which is also assigned to
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Fig. 1. Surface morphologies of (a) CF, (b) 150 V/Pt-CF, and (c) 200 V/Pt-CF.

the Pt (111) plane. In addition, a larger lattice spacing around 0.245 nm
is observed in the 200 V/Pt-CF sample [26,27]. This may be related to
the presence of surface oxide species or partial oxidation at the Pt
surface.

3.1.2. Elemental composition and distribution

Energy-dispersive X-ray spectroscopy (EDS) and elemental mapping
were used to analyze the elemental composition and distribution of the
synthesized catalysts (Fig. S1). The pristine CF sample (Fig. Sla-b)
shows only a carbon signal, confirming the absence of Pt species in the
unmodified carbon fibers [16,23,25]. After the FJH treatment, the 150
V/Pt-CF and 200 V/Pt-CF catalysts exhibit clear Pt signals (Fig. S1c-f),
confirming the successful incorporation of Pt onto the carbon fibers
[23,25]. Moreover, the elemental mapping images (Fig. Sle and S1h)
reveal that Pt is more uniformly distributed in the 150 V/Pt-CF sample
than in the 200 V/Pt-CF sample, indicating enhanced Pt dispersion at
the lower FJH voltage.

The Pt loading of the catalysts was quantified by ICP-OES (Table 1).
The 150 V/Pt-CF sample exhibited a higher Pt loading (5.41 wt%) than
the 200 V/Pt-CF sample (3.61 wt%). Both catalysts were prepared using
the same amount of Pt precursor, but the final Pt loading differed after
FJH treatment, suggesting that the applied voltage affects Pt deposition
and retention on the carbon fiber surface. The higher Pt loading in 150
V/Pt-CF may contribute to its improved HER performance. However,
the improved catalytic activity likely results from a combination of
factors, including higher Pt loading, reduced Pt particle size, more
uniform Pt dispersion, a favorable Pt electronic structure, and enhanced

conductivity of the carbon support.

3.1.3. Raman analysis

The Raman spectrum of CF (Fig. 3) exhibits broad peaks at around
1366 cm ™! (D band) and 1672 cm? (G band), which are attributed to
defect-induced disordered carbon and graphitic sp? carbon, respectively
[25,26,28,29]. Moreover, the Ip/Ig ratio of CF was calculated to be 1.04,
indicating a highly defective carbon structure with a low degree of
graphitization [23,25,30,31]. After FJH treatment, the 150 V/Pt-CF and
200 V/Pt-CF samples show significant changes compared with CF. In
detail, the D and G bands become sharper, and a clear 2D band appears
at around 2710 cm™. At the same time, the Ip/Ig ratio decreases
significantly to 0.138 for 150 V/Pt-CF and 0.160 for 200 V/Pt-CF,
indicating greater graphitization and reduced structural disorder
[23,26,31].

The 200 V/Pt-CF sample shows a slightly higher Ip/Ig ratio than the
150 V/Pt-CF sample, which might be due to the higher FJH voltage
introducing a limited number of additional structural defects. In addi-
tion, more intense thermal treatment can produce local lattice distortion
while maintaining a highly graphitized carbon framework. Neverthe-
less, the sharp G band and well-defined 2D band confirm that a highly
ordered graphitic framework is maintained in both FJH-treated samples
[26,27,32]. The improved graphitic ordering of the carbon support ex-
pected to enhance electrical conductivity, electron transport and pro-
vide a stable environment for Pt species during electrocatalytic reactions
[27,33].
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Fig. 2. TEM and HRTEM images of (a,e) CF, (b,f) 150 V/Pt-CF, and (c,g) 200 V/Pt-CF.

Table 1
Pt loading of catalysts determined by ICP-OES.

Material Pt loading (wt%)

CF 0

150 V/Pt-CF 5.41

200 V/Pt-CF 3.61
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Fig. 3. Raman spectra of CF, 150 V/Pt-CF and 200 V/ Pt-CF.

3.1.4. X-ray diffraction

The XRD patterns of CF, 150 V/Pt-CF, and 200 V/Pt-CF are shown in
Fig. 4. The undoped CF sample exhibits a strong diffraction peak at
around 20 = 26° and a weak peak at around 26 = 43°, which correspond
to the (002) and (101) planes of graphitic carbon, respectively (Fig. 4a)
[29,32]. The peaks match well with the standard pattern of graphitic
carbon (JCPDS Card No. 75-1621) [16,23]. However, the doped samples
(150 V/Pt-CF and 200 V/Pt-CF) prepared through the FJH treatment
display additional peaks at around 26 = 39.7°, 46.2°, 67.4°, and 81.2°
(Fig. 4b and c). These peaks are assigned to the (111), (200), (220), and
(311) planes of Pt, respectively, and agree well with the standard Pt
pattern (JCPDS Card No. 04-0802) [23,25,26]. The resultsconfirm the
successful incorporation of crystalline Pt species onto the carbon
nanofibers through the FJH process. Compared with 200 V/Pt-CF, the
150 V/Pt-CF sample shows stronger Pt diffraction peaks, suggesting
higher Pt crystallinity or a larger amount of detectable crystalline Pt.
This result suggests that the lower treatment voltage provides suitable
thermal energy for Pt precursor reduction and crystallization while
maintaining the carbon nanofiber support. The weaker Pt peaks
observed for 200 V/Pt-CF may be associated with changes in Pt crys-
tallinity or reduced retention of crystalline Pt during the higher-voltage
treatment.

The results from XRD analysis also demonstrate that control of
thermal energy during FJH is important for tuning platinum crystalli-
zation and retaining the stability of the CF-supported catalyst [19,21].

3.1.5. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was utilized to analyze the
surface chemical composition and electronic states of both doped and
undoped samples. The XPS survey spectra of CF, 150 V/Pt-CF, and 200
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Fig. 4. XRD pattern of CF (a), 150 V/Pt-CF (b) and 200 V/Pt-CF (c).

V/Pt-CF are consistent with the structural information obtained from
XRD analysis, further confirming the successful combination of Pt spe-
cies into the carbon nanofiber framework through the FJH method
[13,14,23,27]. The CF sample (Fig. 5a) exhibits only C and O signals,
while the 150 V/Pt-CF and 200 V/Pt-CF samples (Fig. 5b and c) display
distinct Pt 4f peaks, confirming the presence of Pt species on the
modified catalyst surfaces.

High-resolution Pt 4f spectra reveals the influence of FJH voltage on
the chemical state and electronic environment of Pt species in the doped
samples. As presented in Fig. 5(d-e), 150 V/Pt-CF catalyst mainly
contains metallic Pt°, as evidenced by the binding energy of Pt 4f:/> and
Pt 4fs/2 assigned at around 71.2 and 74.5 eV, respectively [10,23,33,34].
The absence of oxidized Pt components indicates that the 150 V FJH
treatment efficiently reduces the Pt precursor and stabilizes metallic Pt
within the conductive carbon framework. These metallic Pt° sites are
advantageous for the hydrogen evolution reaction because they facili-
tate rapid electron transfer and efficient hydrogen adsorption and
desorption.

However, 200 V/Pt-CF sample exhibits a more complex Pt 4f spec-
trum, containing both metallic Pt° and P2t species [23,25,26,34]. The
result suggests incomplete reduction of the Pt** precursor during the
FJH process at higher voltage. The coexistence of Pt° and Pt?* may
result from the destabilization of the Pt coordination environment and
the high voltages used in the FJH process, which promote the partial
oxidation of surface Pt. This may also reduce Pt retention and result in
less uniform dispersion of Pt within the CF framework.

As a result, the mixed oxidation states in 200 V/Pt-CF likely produce
an unfavorable electronic structure and reduce interfacial electron-
transfer properties for HER electrocatalysis. Moreover, 150 V/Pt-CF
catalyst is mainly composed of metallic Pt%, which enhances its elec-
tronic structure and strengthens the interaction with the carbon matrix.
This improved interface promotes charge redistribution and accelerates
electron transfer during the HER [26,27].

The presence of Pt>* in 200 V/Pt-CF reduces electrical conductivity
and decreases the number of active interface sites, thereby limiting HER
activity. This effect is more significant under alkaline conditions, where
efficient charge transfer and rapid water dissociation are important for
improving HER performance.

These results show that the applied FJH voltage is key to controlling
the Pt electronic state and the metal-carbon interface. 150 V/Pt-CF
displays a higher amount of metallic Pt, which improves access to active
sites and boosts electrocatalytic HER performance.

3.2. Hydrogen evolution reaction performance

The hydrogen evolution reaction performance of materials was
evaluated in 0.5 M HySO4 using a standard three-electrode setup.
Undoped CF and Pt-doped samples were deposited on a glassy carbon
electrode (GCE) as the working electrode. A platinum wire served as the
counter electrode, and an Ag/AgCl (3 M KCl) electrode was used as the
reference. All potentials were referenced to the reversible hydrogen
electrode (RHE) scale [35].
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Fig. 5. XPS survey spectra for (a) CF, (b) 150 V/Pt-CF, and (c) 200 V/Pt-CF; High-resolution Pt 4f spectra for (d) 150 V/Pt-CF and (e) 200 V/Pt-CF.

Fig. 6(a) shows the linear sweep voltammetry (LSV) curves of the
synthesized catalysts in an acidic electrolyte. Both Pt-modified samples
exhibit significantly higher HER activity than the undoped sample,
demonstrating the positive effect of Pt incorporation via the FJH pro-
cess. Among all the catalysts, 200 V/Pt-CF exhibits the highest current
density at a given overpotential, indicating superior HER electro-
catalytic performance.

At low current density of 10 mA cm™%, the overpotentials are 51 mV
for commercial 20 wt% Pt/C, 56 mV for 200 V/Pt-CF, and 66 mV for
150 V/Pt-CF. At a higher current density of 100 mA cm™2, commercial
20 wt% Pt/C requires an overpotential of 74 mV, which is very close to
that of 200 V/Pt-CF (75 mV) and much lower than that of 150 V/Pt-CF
(143 mV). These results demonstrate that 200 V/Pt—CF exhibits HER
performance comparable to commercial Pt/C and significantly better
than 150 V/Pt-CF, particularly at high current densities [11,25,36,37].

Fig. 6(b) presents the Tafel plots derived from the LSV curves. The
200 V/Pt-CF catalyst exhibits the lowest Tafel slope (23.43 mV dec),
compared with 30.35 mV dec™! for commercial 20 wt% Pt/C and 46.90
mV dec for 150 V/Pt—CF. The lower Tafel slope of 200 V/Pt-CF in-
dicates faster HER kinetics, reflecting more efficient charge transfer and
favorable hydrogen adsorption during the reaction [38,39]. The low
Tafel slope of 200 V/Pt-CF (23.43 mV dec'l) indicates fast HER kinetics
and efficient charge transfer, which are consistent with its excellent
electrocatalytic performance, particularly at high current densities. This
value is slightly lower than that of commercial 20 wt% Pt/C (30.35 mV
dec!) and may be attributed to non-ideal factors, such as mass-transport
effects, variations in surface hydrogen coverage, or differences in the
selected fitting region. On the other hand, 150 V/Pt—CF catalyst exhibits
a higher Tafel slope (46.90 mV dec'l), indicating slower HER Kkinetics
than both 200 V/Pt-CF and commercial 20 wt% Pt/C. This result

suggests less efficient charge-transfer kinetics during the hydrogen
evolution reaction [38-40]. The double-layer capacitance (Cdl) values
of commercial 20 wt% Pt/C, 150 V/Pt-CF, and 200 V/Pt-CF catalysts
were measured by cyclic voltammetry (CV) at different scan rates
(Fig. 6¢). The calculated Cdl values were 5.63, 2.06, and 0.41 mF cm?,
respectively. Among the catalysts, the Cdl value of 150 V/Pt—CF is about
five times higher than that of 200 V/Pt-CF, indicating a larger electro-
chemically active interface [10,11,13,14].

The finding is consistent with the Hupd-derived ECSA results
(Fig. S2), which also suggest that 150 V/Pt—CF has more electrochemi-
cally accessible Pt active sites than 200 V/Pt-CF. Therefore, the higher
Cdl and ECSA values may contribute to the better HER activity of 150 V/
Pt-CF at low overpotentials [13,14,40].

In addition, 200 V/Pt—CF exhibits lower Cdl and ECSA values but still
shows good HER performance and a lower Tafel slope, particularly at
high current densities. This suggests that its enhanced HER activity is
associated with faster reaction kinetics and higher intrinsic activity of
the accessible Pt sites, rather than only the number of electrochemically
accessible active sites.

Table S1 summarizes the electrochemically accessible Pt surface area
calculated from the baseline-corrected hydrogen underpotential depo-
sition (HUPD) desorption region. The obtained QH charges were 0.83,
0.21, and 0.11 mC for commercial 20 wt% Pt/C, 150 V/Pt-CF, and 200
V/Pt-CF, respectively. Using a conversion factor of 0.21 mC cm™ and the
Pt contents, the apparent HUPD-ECSA values were calculated to be
130.13,121.87, and 84.04 m? gPt™* for commercial 20 wt% Pt/C, 150 V/
Pt-CF, and 200 V/Pt-CF, respectively.

The QH value of 150 V/Pt-CF is comparable to those reported for
monometallic Pt catalysts in previous studies [41-43]. These values
should be interpreted with caution because the baseline correction
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Fig. 6. LSV diagrams (a), Tafel plot (b), computed Cq (c) and TOF (d) in HSO4 0.5 M.

method assumes a constant background current. However, the back-
ground current may vary with potential and overlap with the HUPD
desorption region, which can affect the calculated ECSA values [41].
Nevertheless, both HUPD-ECSA and Cdl-derived ECSA results indicate
that 150 V/Pt-CF provides more electrochemically accessible Pt sites
than 200 V/Pt-CF [43].

Furthermore, the turnover frequency (TOF) values of 150 V/Pt-CF,
200 V/Pt—CF, and commercial 20 wt% Pt/C were calculated to evaluate
the intrinsic catalytic activity of the Pt sites (Fig. 6d). The results show
that 200 V/Pt-CF catalyst exhibits higher TOF values over the entire
tested potential range than both 150 V/Pt-CF and commercial 20 wt%
Pt/C. It suggests that 150 V/Pt—CF provides a larger electrochemically
ECSA, while the individual Pt sites in 200 V/Pt-CF possess higher
intrinsic catalytic activity [44,45].

The higher TOF of 200 V/Pt-CF compared with commercial 20 wt%
Pt/C indicates more efficient utilization of Pt active sites. The com-
mercial Pt/C provides a larger electrochemically accessible surface area,
while the Pt sites in 200 V/Pt-CF exhibit higher catalytic efficiency,
resulting in enhanced intrinsic HER activity. The improved intrinsic
activity of 200 V/Pt-CF may be related to the benefit of Flash Joule
Heating method, which could enhance the interaction between Pt and
the carbon support and improve the catalytic behavior of Pt sites

[13,34].

The HER activity of the 150 V/Pt-CF, 200 V/Pt-CF, and commercial
20 wt% Pt/C were evaluated in 1 M KOH electrolyte. As shown in
Fig. 7a, 150 V/Pt-CF exhibits the best HER performance among the
tested catalysts, requiring only 25 mV overpotential to reach a current
density of 10 mA cm™. In comparison, commercial 20 wt% Pt/C and
200 V/Pt-CF require overpotentials of 38 and 164 mV, respectively,
under the same conditions. A similar trend is observed at a higher cur-
rent density of 50 mA cm?, where the overpotentials increase to 103,
110, and 383 mV for 150 V/Pt-CF, commercial 20 wt% Pt/C, and 200 V/
Pt-CF, respectively.

To further understand the improved HER performance, the electro-
chemically accessible surface area was evaluated using double-layer
capacitance (Cdl) measurements (Fig. 7c). The 150 V/Pt-CF catalyst
exhibits a Cdl value of 0.92 mF cm'2, which is higher than that of 200 V/
Pt-CF (0.267 mF cm®) and lower than 20 wt% Pt/C (2.68 mF.cm™).

The finding indicates that 150 V/Pt-CF provides more electro-
chemically accessible active sites, which is consistent with the results
obtained in acidic electrolyte. The enhanced HER activity of 150 V/
Pt-CF may be attributed to the improved accessibility of Pt active sites
after the 150 V Flash Joule Heating treatment [45-48].

Tafel plot analysis (Fig. 7b) shows that the 150 V/Pt-CF catalyst has



T.H. Man et al.
— 0+
o
£
G
<
-20 -
E
=
»
C -40 -
[
°
e
c
o
L= 60 [—o— 20wt% Pt/C
8 o= 150V Pt-CF
o= 200V Pt-CF
o CF
-80 T I T T
-0.4 -0.3 -0.2 -0.1 0.0 0.1
Potential (V vs RHE)
“T©
o 20wt% Pt/C
o 150V Pt-CF
@ 200V Pt-CF
& 0.6 R
= 2.68 mF.cm?
G
<
£
-
2 0.3 4
0.92 mF.cm™
0.27 mF.cm?
0.0 . T T T

20 40 60 80 100 120 140
Scan rate (mV.s™)

Diamond & Related Materials 169 (2026) 114086

150

120.05 mV.dec™
100 /

Overpotential (mV vs RHE)

50
37.74 mV.dec™
60.09 mV.dec™
0 — C——
@ 20wt% PtIC
@ 150V Pt-CF
@ 200V Pt-CF
T T T T T T T
1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0
logj (mA.cm™)
102 4
—_
—
)
()
-
'8
O
'—
N
(o]
o
f——20wt% Pt/C
=== 150V Pt-CF
=200V Pt-CF
107

-0.10  -0.08  -0.06  -0.04  -0.02 0.00
Potential(V vs. RHE)

Fig. 7. LSV diagrams(a), Tafel plot (b), computed Cg (c) and TOF (d)in KOH 1 M.

a lower Tafel slope of 61 mV dec™! than 200 V/Pt—CF (121 mV dec'l),
indicating improved HER kinetics under alkaline conditions. In com-
parison, commercial 20 wt% Pt/C exhibits a Tafel slope of 37.74 mV dec”
1, confirming its excellent HER kinetics as a benchmark catalyst. While
150 V/Pt-CF has a slightly higher Tafel slope, it maintains competitive
HER performance with significantly lower Pt content, indicating more
efficient utilization of Pt sites on the carbon support. These results
highlight the effectiveness of the Flash Joule Heating method in pro-
ducing Pt-CF catalysts with high HER activity.

In alkaline electrolyte, HER generally proceeds through the Vol-
mer-Heyrovsky mechanism, in which water dissociation during the
Volmer step can become the rate-limiting process [39,46,49]. The lower
Tafel slope of 150 V/Pt-CF indicates faster HER kinetics, which may be
related to improved interfacial charge transfer and more favorable re-
action processes under alkaline conditions. Compared with acidic elec-
trolyte, both Pt-doped catalysts show lower HER activity in alkaline
media, mainly due to the lower availability of protons and the additional
energy required for water dissociation, which increases the kinetic
barrier for hydrogen evolution [49,50]. However, a different activity
trend is observed for the Pt-doped catalysts under alkaline conditions. As
shown in Fig. 7d, 150 V/Pt-CF exhibits higher TOF values than 200 V/
Pt-CF across the entire tested potential range in 1 M KOH. Unlike in
acidic electrolyte (0.5 M H2S04), where 200 V/Pt—CF exhibited higher
activity despite lower ECSA, the 150 V/Pt-CF catalyst in alkaline

solution demonstrates both more active sites and greater intrinsic ac-
tivity. This combination likely contributes to its improved HER perfor-
mance in alkaline conditions.

3.2.1. Electrochemical impedance spectroscopy

The interfacial charge-transfer properties of the catalysts were
investigated using electrochemical impedance spectroscopy (EIS). The
Nyquist plots were fitted using an equivalent circuit model (Fig.S3) to
obtain the charge-transfer resistance (R¢) at the electrode/electrolyte
interface. As shown in Fig. 8, undoped CF exhibits larger impedance
response, indicating slower charge transfers due to the absence of Pt
catalytic sites [51]. The result highlights the important role of Pt in
improving interfacial electron transfer and enhancing HER perfor-
mance. Under acidic condition, 200 V/Pt-CF exhibits the smallest
semicircle diameter, corresponding to the lowest R value (19.04 Q),
indicating the most favorable charge-transfer kinetics (Fig. 8a). In
comparison, 150 V/Pt-CF shows slightly larger semicircle diameter with
R¢t value of 21.63 Q, suggesting relatively slower interfacial charge
transfer [46,47,49].

Under alkaline conditions (Fig. 8b), 150 V/Pt-CF exhibits a smaller
semicircle diameter than 200 V/Pt-CF, indicating faster charge-transfer
kinetics. The R value was 71 Q for 150 V/Pt—CF and 975 Q for 200 V/
Pt-CF, confirming significantly faster interfacial electron transfer in 150
V/Pt-CF [42,48,50,52].
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The EIS results are consistent with the LSV and Tafel analyses,
demonstrating that 150 V/Pt-CF exhibits a lower overpotential and a
smaller Tafel slope in alkaline electrolyte. Efficient charge transfer is
particularly important for the Volmer step in alkaline HER, where water
dissociation is required before hydrogen formation. The lower R of
150 V/Pt-CF indicates faster interfacial electron transfer, which pro-
motes the Volmer reaction. This result is consistent with its higher Cdl,
larger ECSA, and higher TOF, which together contribute to its improved
alkaline HER performance.

3.2.2. Stability tests

The long-term electrochemical stability of the 150 V/Pt—CF catalyst
was evaluated using chronopotentiometry at a constant cathodic current
density of 10 mA cm in both 0.5 M H2S0s and 1.0 M KOH electrolytes
(Fig. 9). In both electrolytes, an initial equilibration phase occurred
during the first 0.5 to 1 h. During this period, the working potential
shifted toward the cathode as the electrode surface became fully wet and
the active sites were activated. Such short-term behavior is commonly
observed with carbon-supported Pt catalysts [25,41-43].

Following the initial equilibration stage in acidic media, the 150 V/
Pt-CF catalyst exhibited a stable operating potential of —0.08 to —0.10 V
vs. RHE for nearly 7 h. Only a slight negative potential drift of
approximately 20 mV was observed during the initial stage, indicating
good short-term resistance to electrochemical degradation. Further-
more, Fig. S4 shows that the overpotential at 10 mA cm™? increased by
only 13 mV in 0.5 M H2SO4 and 7 mV in 1.0 M KOH after 5000 CV cycles,
indicating good electrochemical stability of the 150 V/Pt-CF electrode
under both acidic and alkaline conditions.

However, the working potential subsequently shifted sharply and
irreversibly to approximately +0.28-0.30 V vs. RHE within less than 1 h.
This substantial increase in potential, accompanied by increased signal
fluctuations, persisted throughout the remainder of the 10 h stability
test. The results indicate a significant deterioration in HER activity after
long exposure to acidic conditions, as evidenced by the substantial
positive shift in the operating potential during chronopotentiometric
testing. Possible factors contributing to the performance degradation
include Pt nanoparticle detachment from the CF support, corrosion of
the carbon framework under acidic conditions, and the accumulation of

1.0
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—a— Alkaline

Potential (V vs RHE)
o o o
s = >
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Fig. 9. Chronopotentiometric stability test of 150 V/Pt—CF.
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gas bubbles on the catalyst surface, which may block active sites [34].

In addition, the 150 V/Pt—CF catalyst showed much better stability in
alkaline conditions during the chronopotentiometric test. The working
potential stayed near —0.20 V vs. RHE and slowly moved to about —0.28
to —0.30 V by the end. This change means the overpotential increased by
about 80-100 mV during roughly 9 h of continuous use. The potential
profile remained stable, indicating strong electrochemical durability
during alkaline HER [34]. The higher overpotential in alkaline electro-
lyte compared to acidic media results from the additional kinetic barrier
of the water dissociation (Volmer) step required for proton generation,
as well as competing OH™ adsorption on Pt active sites [11,13,33].
Chronopotentiometric tests show that the stability of the 150 V/Pt-CF
catalyst depends on the electrolyte used. In acidic electrolyte, the
catalyst supports stable HER for several hours before degrading, while in
alkaline conditions, it remains stable for the full 10-h test.

To further evaluate catalyst durability, post-reaction analyses were
conducted using SEM, EDS, XPS, and ICP-OES.

The SEM images (Fig. S5a and S5c) taken after the stability tests in
acidic and alkaline electrolytes show that the interconnected carbon-
fiber framework remained intact, with no evidence of structural
collapse. This observation indicates good structural stability during HER
operation. The corresponding EDS spectra (Fig. S5b and S5d) confirm
the presence of Pt after testing, indicating that the Pt nanoparticles
remained well anchored to the carbon support.

The 150 V/Pt-CF catalyst showed better structural preservation after
operation in alkaline electrolyte than in acidic electrolyte. These ob-
servations are consistent with the electrochemical stability results and
indicate that the 150 V/Pt-CF catalyst is durable in both electrolytes,
with higher stability under alkaline conditions.

The XPS analysis was performed to investigate the surface compo-
sition and chemical states of the 150 V/Pt-CF electrode after the stability
test. As shown in the survey spectra (Fig. S6a and S6b), the characteristic
C1s,01s,and Pt signals remain visible after electrolysis in both KOH
and H.SOs electrolytes, indicating that the main elemental components
are preserved after long-term operation. The F 1 s peak is also detected,
which is attributed to the polytetrafluoroethylene (PTFE) binder in the
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carbon paper substrate.

The high-resolution Pt 4f spectra (Fig. S6¢ and S6d) were fitted using
metallic Pt° and oxidized Pt*>* components. After long-term HER oper-
ation, the 150 V/Pt-CF catalyst exhibits the coexistence of Pt® and Pt**
species (Table S2), indicating the formation of a small amount of
surface-oxidized Pt species. The slightly higher fraction of metallic Pt°
retained after alkaline operation suggests better preservation of the
metallic Pt surface under these testing conditions. This difference may
result from electrolyte-dependent surface interactions and Pt oxidation
behavior during electrochemical operation.

Fig. S7 shows the retained Pt content of the 150 V/Pt-CF catalyst
after 5000 CV cycles in acidic and alkaline electrolytes. The Pt loss was
about 8.6% in acid and 1.3% in alkaline solution compared with the
original catalyst. These results indicate that 150 V/Pt-CF has excellent
Pt stability under alkaline conditions, making it suitable for long-term
electrocatalytic applications in alkaline media. However, the higher Pt
loss in acidic conditions suggests that its stability should be further
improved for acid-based applications.

3.2.3. Proposed HER mechanisms

In alkaline electrolytes, HER mainly follows the Volmer-Heyrovsky
mechanism, in which the sluggish water dissociation kinetics in the
Volmer step often limit the overall reaction rate [13,16,33,42,48]. As a
result, HER activity in alkaline media depends not only on hydrogen
adsorption but also on the ability of the catalyst surface to adsorb and
activate water molecules, as well as efficient charge transfer at the
interface. This requirement is different from acidic HER, where protons
are directly available for hydrogen formation (Fig. 10). The Pt oxidation
state and Pt—carbon interface may play an important role in improving
alkaline HER performance. The partially oxidized Pt> species can
provide stronger interaction with water molecules and may facilitate the
cleavage of H-OH bonds during the Volmer step. Meanwhile, metallic
Pt° sites remain favorable for hydrogen adsorption and H: formation.
Therefore, the coexistence of Pt>* and Pt° sites may provide comple-
mentary functions, where pt?* promotes water activation and Pt° assists
hydrogen evolution. In addition, the interaction between Pt

Volmer-Heyrovsky Mechanism in Alkaline

H,0

9 Desorption
H, desorbs
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nanoparticles and the conductive CF support can facilitate electron
transfer during the reaction. This synergistic effect may contribute to the
improved alkaline HER activity of the Pt-CF catalyst [26,34,42].

Under acidic conditions, HER mainly follows the Volmer-Tafel
pathway, in which protons are readily adsorbed onto Pt active sites to
form H, followed by the recombination of two H species to generate H
[34,36,42,54,55]. Proton adsorption on platinum surfaces is thermo-
dynamically favorable and does not require a water dissociation step. As
a result, acidic hydrogen evolution reaction (HER) generally exhibits
faster kinetics and lower activation barriers than alkaline HER. The
activity of acidic HER is mainly influenced by the catalytic properties of
platinum sites, hydrogen adsorption and desorption behavior, and the
efficiency of electron transfer at the catalyst-electrolyte interface
[7,34,56]. The smaller and more uniformly dispersed Pt nanoparticles in
150 V/Pt-CF expose more Pt active sites and improve water dissociation
kinetics, resulting in enhanced alkaline HER performance.

3.3. Comparative HER performance and potential of using FJH method

Table 2 and Table 3 compare the HER performance of FJH-derived
Pt-CF catalysts with other carbon-supported electrocatalysts in acidic
and alkaline electrolytes. In 0.5 M H2SOa, the 150 V/Pt—CF and 200 V/
Pt-CF catalysts exhibit low overpotentials of 66 and 56 mV at 10 mA cm”
2, making their acidic HER activity competitive with recent Pt-based
systems. The 200 V/Pt-CF catalyst also shows a low Tafel slope of
23.43 mV dec’!, indicating faster HER kinetics, possibly due to FJH-
induced modifications at the Pt—carbon interface and in the electronic
structure. In 1 M KOH, the 150 V/Pt-CF catalyst demonstrates high HER
performance, requiring only 25 mV overpotential to reach 10 mA cm™
and exhibiting a Tafel slope of 61 mV dec™’. However, the 200 V/Pt-CF
catalyst is less effective under alkaline conditions, suggesting that the
FJH voltage strongly influences Pt dispersion, interfacial charge trans-
fer, and active-site accessibility.

While other electrocatalysts offer similar HER activity, they require
complex synthesis and compositional engineering. However, our syn-
thesized Pt-doped CF catalyst prepared by the FJH process can avoid
multistep fabrication and secondary metal incorporation. These results
highlight the potential of voltage-controlled FJH processing to tune
Pt-carbon interfacial properties and develop efficient HER electro-
catalysts for practical hydrogen production.

FJH also offers several advantages over conventional approaches for
synthesizing Pt-doped carbon nanofibers, such as wet-chemical synthe-
sis, precipitation, and sputtering [18-21]. Traditional approaches often
require multiple steps, long processing times, and solvents, which in-
crease complexity and limit scalability. FJH delivers ultrafast,
millisecond-scale thermal processing under solid-state conditions,
simplifying synthesis. This rapid, non-equilibrium heating reduces pro-
cessing steps and eliminates the need for chemicals or solvents,
providing a more direct approach to large-scale catalyst synthesis

Table 2
Comparison of carbon-supported HER electrocatalysts in acidic.
Catalyst Supporting n10 Tafel Slope (mV References
substrate (mV) dech)
Pt/CNT CNT 41 17 [34]
RuO,@Co/ CNF 40 71 [50]
CNF
Pt3Co@NCNT CNT 42 27 [571
10Pt/VS,/CP Carbon Paper 77 39 [10]
PtCoFe@CN CN 45 32 [58]
Ni-Pt-Films Mesoporous 90 49 [55]
carbon
Pt; @Fe-N-C CNF 60 42 [59]
PtCo@C Nano rods 7.1 15 [56]
Pt-CoO/CNF CNF 26 32 [23]
200 V Pt-CF CF 56 23.43 This work
150 V Pt-CF CF 66 46.90 This work
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Table 3
Comparison of carbon-supported HER electrocatalysts in alkaline.
Catalyst Supporting n10 Tafel Slope (mV References
substrate (mV) dect)
Pt/CNT CNT 74 70 [34]
RuO,@Co/ CNF 14 44 [50]
CNF
Pt3Co@NCNT CNT 36 54 [571
Pt@PCM Mesoporous 139 74 [60]
carbon
Pt@NiFe LDHs LDH sheets 101 127 [37]
Pt; @Co/NC Carbon sheets 305 151 [59]
Pt; @Fe-N-C CNF 130 89 [59]
NbS,/MoS,- CNF 32 33 [11]
CNF
Ru/WC,-CNF CNF 16 31 [61]
200 V Pt-CF CF 164 120.05 This work
150 V Pt-CF CF 25 61.09 This work

[18,21]. Moreover, it can help prevent nanoparticles from growing too
large and support the even distribution of metal particles on carbon
materials. It also allows control of metal-support interactions through
specific thermal conditions, which is important for improving catalytic
activity [19,21]. On the other hand, this approach can be extended to
other catalytic systems, including non-noble metal catalysts and single-
atom catalysts, provided that suitable precursor chemistry and thermal
responses are achieved under FJH conditions. Therefore, the synthesis of
advanced catalysts using FJH offers a promising direction for the
development of high-efficiency, low-cost electrocatalysts for hydrogen
production. However, further research on the synthesis of other catalysts
and their HER efficiency is required to fully evaluate the potential of the
FJH method for industrial applications, particularly in green energy.

4. Conclusions

This study shows that flash Joule heating is an effective and scalable
method for modifying the structure and electronic properties of Pt-
doped carbon fibers for pH-universal HER electrocatalysis. By pre-
cisely controlling FJH voltage, we can adjust platinum incorporation,
distribution, valence state, and interfacial charge transfer, all of which
influence HER activity in both acidic and alkaline environments.
Structural analysis indicates that a 150 V treatment produces more
uniform ion distribution and better stabilization of metallic Pt° species
than 200 V, resulting in a more favorable catalytic interface. Electro-
chemical studies reveal a clear dependence of activity on the electrolyte.
In acidic conditions, the 200 V/Pt—CF shows faster intrinsic HER kinetics
despite a lower electrochemically active surface area, highlighting a
trade-off between active-site density and per-site activity. Under alka-
line conditions, the 150 V/Pt-CF exhibits a greater electrochemically
accessible surface area, higher intrinsic activity, and reduced interfacial
charge-transfer resistance, effectively overcoming kinetic barriers to
water dissociation. As a result, the 150 V/Pt—CF demonstrates excellent
HER performance, with low overpotentials, rapid kinetics, and strong
electrochemical stability across a broad pH range. These findings show
that HER efficiency depends on the combined regulation of Pt electronic
structure, active-site accessibility, and interfacial electron-transfer dy-
namics, rather than focusing on a single catalytic descriptor.

This study shows that using FJH-enabled interfacial electronic
regulation is an effective way to achieve pH-universal HER catalysis. It
also points out that rapid Joule-heating strategies could help scale up the
production of advanced hydrogen-evolution electrocatalysts.
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