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ABSTRACT: Although transition metal (M) alloying with platinum (Pt) is a
promising approach to reduce the Pt dosage required in the hydrogen evolution
reaction (HER), the catalytic activity and durability of PtM alloy are often
unsatisfactory for acidic HER, especially at high currents, due to reduced number of
highly active sites (Pt) at the atomic level and challenges in stabilizing them to
prevent detachment and aggregation. Herein, we report a robust functional structure
integrated electrode (D-PtCu/CF) with abundant edge dislocations and very low
platinum content (0.1 mg cm™) to achieve high activity and stability in acidic HER
within a proton exchange membrane water electrolysis cell (PEMWE). D-PtCu/CF

exhibits high Pt mass activity (10.28 A mgpt) and excellent operational stability



(negligible decay after 200 h). X-ray absorption spectroscopy and in-situ
electrochemical experiments reveal that the lattice distortion caused by edge
dislocations in PtCu mainly affects Pt atoms by compressing strain, reducing their
ability to adsorb H. At the same time, Cu atoms are subjected to tensile strain,
enhancing the bonding between Cu and H. Therefore, edge dislocations not only
improve the intrinsic catalytic activity of Pt atoms, but also increase the number of
active sites (Cu) available for hydrogen adsorption, which synergistically accelerates
the kinetics of HER reaction. The PEMWE employing the D-PtCu/CF catalytic
electrode can operate stably for 100 h at an industrial-level current density of 500 mA

cm with 1.63 V.
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proton exchange membrane water electrolysis

Introduction

The large-scale production of clean hydrogen fuel through electrocatalytic water
splitting is a highly promising renewable energy storage technology'?. PEM
electrolysis, due to its outstanding hydrogen production advantages®*, stands out as
the preferred technology for large-scale hydrogen production. Currently, Pt catalyst is
considered as the best HER electrocatalysts®. However, the high cost and rarity limit
its widespread application®. Therefore, reducing the amount of Pt catalyst is one of the

research priorities for the development of PEM hydrogen production technology’.



Alloying Pt with transition metals M (such as Cu, Ni, and Co et al) is an effective
strategy for reducing Pt usage and enhancing its HER activity®°. Among them, Cu
has attracted considerable attention due to its abundant reserves, low cost, good
conductivity, acid resistance, and compatibility with Pt23 In recent years,
researchers have conducted extensive studies on the application of PtCu alloys in the
field of HER¥Y. For instance, Zhang et al*® synthesized PtCu dodecahedral
nanoframes (PtCu DNFs) with a large specific surface area and abundant active sites,
which exhibited excellent HER catalytic performance in both acidic and alkaline
electrolytes. Tuo et al'® prepared PtCu bimetallic nanoparticles with different Pt/Cu
ratios to optimize Pt atom utilization. Among them, Pt;Cuz exhibited superior
performance in the HER reaction, with the charge redistribution resulting from
electron transfer between Pt and Cu improving the desorption efficiency of Pt for
hydrogen intermediates. However, despite the progress made in cost-effectiveness and
catalytic activity through alloying strategies, the relatively weak hydrogen adsorption
capability of Cu results in a reduction of highly active sites (Pt) for the HER catalytic
reaction at the atomic level in PtCu alloys. Therefore, relying solely on alloying
strategies usually cannot comprehensively enhance the HER mass activity of PtCu
catalysts, which still falls short in terms of practical commercial applications. In this
context, researchers have adopted diverse methods such as nanostructure regulation?®,
element doping’’, and interface engineering® to enhance the HER activity of PtCu

alloys. Despite some advancements achieved through these strategies, there remains a



significant disparity for PtCu alloy catalysts to fulfill the criteria for practical
industrial applications.

Defect engineering is an effective strategy for enhancing the catalytic HER
activity!®?°, Edge dislocations are caused by discontinuities or irregularities in the
atomic arrangement in the crystal structure, resulting in compressive or tensile strains
of atoms and generating local stress fields. This phenomenon can change the
electronic structure and state of materials, enhance conductivity and generate more
active sites, and also regulate the adsorption capacity of reactants and intermediates,
thereby affecting the progress of chemical reactions??2, Liu et al. confirmed that the
strain effect caused by dislocations lowers the position of the d-band center of Pt,
weakening its adsorption of H, and thereby enhancing its HER activity?3. Feng et al.
illustrated that edge dislocations have modified the atomic spacing of Cu,
consequently adjusting its charge density. This modification enhances the adsorption
of intermediate H species in Cu, resulting in an enhanced performance in the HER?*,
Zhou et al® suggests that the spatially coupled strain effect resulting from edge
dislocations can efficiently adjust the electronic structure of bimetallic active sites
within the PtNi alloy, which enhances their adsorption energy for reaction
intermediates, consequently amplifying the catalytic activity in the HER. Although
some research has been conducted on optimizing the HER activity of catalysts using
edge dislocations, another important issue that cannot be ignored is the stability of the
catalyst on the substrate?®?, Especially at high catalytic current densities and high

operating temperatures of PEMWE, the catalyst is prone to separation from the



substrate due to the relatively weak interaction between the catalyst and the substrate.
To overcome above challenge, it is necessary to design innovative Pt-based catalysts
to enhance the interaction between the catalyst and the substrate, thereby improving
catalytic stability and activity. However, achieving this objective remains a formidable
challenge.

Herein, we use a simple and scalable millisecond laser direct writing method to
prepare a PtCu alloy functional structure integrated catalytic electrode containing rich
edge dislocations on copper foam substrate (D-PtCu/CF), for a highly active and
stable acidic HER catalyst in PEM. The results from high-resolution transmission
electron microscopy (HRTEM) and geometric phase analysis (GPA) indicate the
presence of numerous edge dislocations in D-PtCu alloy nanoparticles. In the core
region of these dislocations, a significant tension-compression strain coupling is
evidently observed, providing conditions conducive to the abundance of active sites.
Remarkably, the D-PtCu/CF catalytic electrode exhibits excellent acidic HER activity
and long-term durability, particularly under ultra-high current density conditions.
D-PtCu/CF demonstrates an exceptional mass activity of 10.28 mA mgect at 70 mV,
surpassing both commercial Pt/C and the most advanced Pt-based catalysts reported
thus far. X-ray absorption spectroscopy (XAS) combines with in-situ electrochemical
experiments reveals that lattice distortions arising from edge dislocations in PtCu
predominantly subject Pt atoms to compressive strain, diminishing their capacity to
adsorb H. Concurrently, Cu atoms undergo tensile strain, bolstering the bond between

Cu and H. Consequently, the emergence of edge dislocations not only elevates the



inherent catalytic activity of Pt atoms but also augments the number of active sites
(Cu) available for hydrogen adsorption, hastening the kinetics of the HER reaction.
Ultimately, this significantly boosts the HER activity of PtCu in acidic environments.
The constructed D-PtCu/CF-based PEMWE exhibits excellent industrial-level
hydrogen production activity and remarkable durability exceeding 100 hours.

Results and discussion

To explore the structural characteristics of D-PtCu/CF, a series of
characterizations was conducted, with PtCu/CF used as a reference for comparison.
The XRD was used to investigate the influence of dislocation on the phase of
D-PtCu/CF catalytic electrodes. In Figure S1, it is evident that both synthesized
D-PtCu/CF and PtCu/CF electrodes display two sets of diffraction peaks. The peaks at
44.5° /51.8° ,and 76.4° correspond to the (111), (200), and (220) crystal planes of
metallic Cu (JCPDS No. 87-0712), originating from the diffraction peaks of the CF
substrate. The diffraction peaks of the PtCu bimetallic alloy are situated between
those of pure Pt (JCPDS No. 04-0802) and pure Cu (JCPDS No. 87-0712), including
the (111), (200), and (220) crystal planes. Additionally, all samples exhibit a
face-centered cubic (FCC) structure, implying that PtCu retains the phase
characteristics of the alloy after the quenching effect of the millisecond laser. The
Scanning Electron Microscopy (SEM) images unveil the microstructures of D-PtCu
and PtCu on the surface of CF. By comparing Figure S2a and Figure S2b, it can be
observed that both D-PtCu and PtCu alloys are uniformly covered on the surface of

CF in the form of nanoparticles, indicating that D-PtCu alloy still maintains the



microstructure of nanoparticles without aggregation after the millisecond laser
ablation under liquid nitrogen environment.

To further investigate whether millisecond laser direct writing technique can
introduce dislocations in PtCu alloy and the types of dislocations introduced, TEM
characterization of D-PtCu nanoparticles is required. Due to the strong
nanoparticle-carrier binding produced by the millisecond laser direct writing
technique, it is difficult to detach these particles from CF through ultrasonic treatment.
Therefore, the D-PtCu nanoparticles were scraped off the CF carrier for TEM
characterization. The high-resolution transmission electron microscopy (HRTEM)
image of D-PtCu nanoparticles is displayed Figure la. To obtain detailed lattice
structural information, a fast Fourier transform (FFT) and inverse Fourier transform
(IFFT) were performed on the red box region in Figure la. The FFT image
corresponding to the red box region in Figure la reveals the diffraction pattern along
the [111] crystal zone axis, indicating that individual D-PtCu nanoparticles possess a
single-crystal structure. As shown in Figure 1a, lattice fringe spacings are measured as
0.271 and 0.282 nm, corresponding to the (011) and (101) planes of the D-PtCu
crystal, respectively, with an angle of approximately 60° . This result is consistent
with the findings in the diffraction patterns?®=. To further explore its lattice structure,
diffraction spots on the (101) and (011) crystal planes were selected from the FFT
image and subjected to IFFT transformation to obtain corresponding to lattice fringe
information, as shown in Figure 1b and 1c, respectively. A significant number of edge

dislocation regions with missing atomic layers, identified by red "+" symbols, are



observed in Figure 1b and 1c. Strain distribution analysis was conducted using GPA
on the IFFT images corresponding to the (101) and (011) crystal planes. As shown in
Figures 1d and 1e, there are numerous regions with tensile and compressive strain
coupling on both (101) and (011), consistent with the characteristics of edge
dislocations, confirming the presence of edge dislocations in D-PtCu nanoparticles.
Figure 1f shows the overall lattice structure obtained by IFFT transformation of the
diffraction spots in the inset of Figure la. Figure 1g provides a magnified view of the
highlighted region in Figure 1f. To clearly visualize the structure of edge dislocations,
atoms at the dislocation core are marked with blue and yellow dots. Each yellow dot
represents the position of a dislocation line perpendicular to the (111) plane, and the
remaining atoms within the dislocation core are marked with blue dots (Figure 1g). In
addition, the absence of atomic planes generated by edge dislocations can cause
atomic compression/tension strain. To further analyze the tensile-compressive
coupling strain effect induced by edge dislocations in the surrounding region, the
interatomic distance along the [110] direction near the dislocation line marked by
yellow dots (i.e., line 1 and line 2) was measured. Specifically, the variation in the
atomic spacing of D-PtCu nanoparticles relative to that of the perfect PtCu
nanocrystal as shown in Figure 1h. Compared to the original PtCu alloy with an
atomic spacing of 0.268 nm along the [110] direction, the atomic spacings for D-PtCu
along line 1 range from 0.260 to 0.266 nm, corresponding to a compression strain
range of -3% to -5%. Along line 2, the atomic distances for D-PtCu are approximately

from 0.297 to 0.303 nm, corresponding to a tensile strain range of +11% to +13%.



Additionally, using the same method to analyze the crystal structure of PtCu
nanoparticles revealed a perfectly ordered lattice with an interplanar spacing of 0.268
nm in the PtCu nanoparticles, corresponding to the standard PtCu PDF card (Figure
S3). The aforementioned microstructural characteristics unequivocally demonstrate
that the swift solidification of PtCu nanodroplets, facilitated by millisecond laser
direct writing, effectively introduces abundant edge dislocations on the (111) plane of
PtCu nanoparticles, resulting in compression-tension deformation coupling regions

with significant elastic strain.
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Figure 1. Characterizations of edge dislocations in single crystalline D-PtCu NPs. (a) HR-TEM
images of D-PtCu NPs along [111] zone axes. The inset shows corresponding electron diffraction
patterns by performing FFT on HR-TEM images within the red square. (b, ¢) IFFT image
corresponding to diffraction spot 101 and 011, showing the (101) and (011) plane containing
edge dislocations marked with symbol L, respectively. The scale bars represent 2 nm. (d, e)

Contour plot of the strain component &x and &y by GPA analysis on Fig. 1b and Fig. 1c,



respectively. The color legend represents different strain, i.e., red to bright yellow corresponds to
tensile strain and green to dark blue relates to compressive strain. (f) Filtered IFFT image
corresponding to the diffraction pattern (inset of Fig. 1a). The scale bars represent 0.5 nm. (g)
Enlarged views of the red square in Fig. 1f. Each of the yellow spot indicates the position of
dislocation line that is perpendicular to the (111) plane, and the rest atoms within dislocation cores
are marked by cyan spots. (h) Quantitative analysis on compressive and tensile strains within
dislocation cores along Lines 1 and 2, respectively.

To delve into the effect of edge dislocations on the chemical states of Pt and Cu
elements at the surface of PtCu alloys, XPS analysis was conducted on D-PtCu/CF,
PtCu/CF, Pt, and CF samples, as shown in Figure S4. By comparing the XPS spectra
of Cu 2p (Figure S4a) and Pt 4f (Figure S4b), it can be found that for PtCu/CF
samples, both Cu and Pt elements exhibit obvious metallic characteristics. At the same
time, the binding energy of Cu® has shifted positively compared to CF. However, the
binding energy of Pt° has shifted negatively compared to pure Pt. This result indicates
that after the formation of the PtCu alloy, due to the greater electronegativity of Pt
than Cu, a phenomenon of electron transfer from Cu to Pt occurs. For the D-PtCu/CF
sample, the Cu and Pt elements remain metallic, indicating that the rapid quenching
effect of the millisecond laser does not change the properties of the alloy in PtCu. The
difference is that compared to the perfect PtCu/CF sample, the binding energy of Cu®
in D-PtCu/CF further shifts positively by 0.18 eV, while the binding energy of Pt°
further shifts negatively by 0.15 eV. This suggests that the lattice distortion caused by

edge dislocations can further lead to changes in the electronic structure of Pt and Cu



elements in PtCu alloy, which undoubtedly affects the adsorption ability of active sites

for HER reaction intermediates.
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Figure 2. (a) Pt Ls-edge XANES spectra of D-PtCu, PtCu and Pt foil. Inset is magnified pre-edge
XANES region, (b) the Corresponding Fourier transformed EXAFS spectra of Pt Ls-edge. (c) Cu
K-edge XANES spectra of D-PtCu, PtCu and Pt foil. Inset is magnified pre-edge XANES region,
(d) the Corresponding Fourier transformed EXAFS spectra of Cu K-edge.

The distinctive feature of edge dislocations is the lattice distortion caused by the
absence of half an atomic plane. To gain a more comprehensive understanding of the
influence of edge dislocations on the atomic structure of PtCu, XAS is employed to
analyze the atomic structure in D-PtCu nanoparticle, as displayed in Figure 2. Figure
2a depicts XAS spectra of D-PtCu, PtCu, and Pt foil. Upon careful examination of the
magnified view in the dashed box in Figure 2a, it is evident that the absorption edges

of Pt Ls-edge X-ray absorption near-edge structure (XANES) spectra for D-PtCu,
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PtCu, and Pt foil almost overlap. This result indicates that the Pt element in the PtCu
alloys, prepared using millisecond laser direct writing technology and containing edge
dislocations, maintains its pure metallic state without undergoing significant changes
in chemical states. In Figure 2b, the Fourier transform radial function of the extended
X-ray absorption fine structure (FT-EXAFS) spectrum of metal Pt indicates that the
bond length of Pt-M in the PtCu alloy is smaller than that in Pt foil. This suggests that
the introduction of Cu, with a smaller radius, induces compressive strain in the Pt
metal within PtCu. Specifically, the bond length of Pt-M in the D-PtCu alloy is
smaller than that in the PtCu alloy, indicating that the absence of half of an atomic
plane caused by edge dislocations further compresses the Pt metal in the PtCu alloy.
Moreover, we also examined the Cu XAS spectra. As evident from the enlarged image
of the dashed box in Figure 2c, the Cu K-edge XANES spectra of D-PtCu, PtCu, and
Cu foil exhibit almost identical absorption edges, indicating that the Cu present in the
D-PtCu and PtCu alloys containing edge dislocations, which were fabricated using
millisecond laser direct writing technology, remains in its pure metallic state.
According to Figure 2d, the FT-EXAFS spectrum of metal Cu indicates that the bond
length of Cu-M in the PtCu alloy is longer than that in Cu foil, suggesting that Cu
metal in PtCu alloy is subjected to tensile strain. Additionally, the bond length of
Cu-M in the D-PtCu alloy is longer than that in the PtCu alloy, indicating that the
absence of half-atomic planes generated by edge dislocations further imposes tensile
strain on the Cu metal in the PtCu alloy. In summary, due to the tensile-compressive

strain effect caused by edge dislocations, the D-PtCu alloys experience additional



compressive strain on Pt and additional tensile strain on Cu. This finding suggests that
the strain states of Pt and Cu is influenced by edge dislocations, which would further

impact the HER catalytic performance of the D-PtCu alloy.
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Figure 3. HER activity of D-PtCu/CF, PtCu/CF, Pt/C/CF and CF in 0.5 M H,SO, electrolyte. (a)
HER linear sweep voltammetric (LSV) curves with iR compensation. (b) Overpotentials required to
achieve 10 mA cm, 500 mA cm2 and 1000 mA cm2. (c) Tafel plots. (d) Comparison of the Tafel
plots and overpotential at 10 mA cm2 . (e) Specific activity (SA) at an overpotential of 50 mV. (f)
Mass activity (MA) at an overpotential of 70 mV. (g) Chronoamperometric response (i-t) of
D-PtCu/CF and Pt/C/CF at 1 A cm for 200 h. (h) HER LSV curves of D-PtCu/CF before and

after 200 h stability test at 1 A cm™2.



To gain insights into the effect of edge dislocations on HER catalytic activity,
HER experiments in an Ar-saturated 0.5 M H>SOs electrolyte was conducted, using
PtCu/CF and Pt/C/CF catalytic electrodes with the same Pt loading, as well as CF as
reference samples. Figure 3a presents the polarization curves of various samples.
Notably, Under identical testing conditions, the HER activities of D-PtCu/CF,
PtCu/CF, Pt/C/CF, and CF exhibit an increasing trend in the order of D-PtCu/CF >
Pt/C/CF > PtCu/CF > CF. The overpotential at various current densities of the
samples as shown in Figure 3b further reflects its catalytic differences in detail. At a
current density of 10 mA cm™2, the overpotential of D-PtCu/CF is as low as 12 mV,
while Pt/C/CF, PtCu/CF and CF have overpotentials of 27 mV, 44 mV, and 409 mV,
respectively. As the current density increases to 1000 mA cm™, the overpotential of
D-PtCu/CF still remains at a lower value of 70 mV, significantly lower than Pt/C/CF
(116 mV), PtCu/CF (319 mV), and CF (886 mV) (Figure 3b), indicating that
D-PtCu/CF maintains excellent catalytic performance even at high current densities.
To describe the catalytic reaction kinetics characteristics of the catalytic electrode in
0.5 M H2SOs solution, the corresponding Tafel curve was calculated using the
polarization curve data of LSV, as shown in Figure 3c. According to Figure 3c,
obvious differences in the Tafel slopes are observed for the four catalytic electrodes.
Specifically, D-PtCu/CF exhibits the fastest reaction kinetics (20.16 mV dec?),
followed by Pt/C/CF (26.10 mV dec); performance of PtCu/CF (42.29 mV dec™?)
falls between Pt/C/CF and CF, with CF showing the poorest performance (145.88 mV

dec™). The smaller Tafel slopes of D-PtCu/CF and Pt/C/CF suggest that their HER



processes adhere to the Volmer-Tafel reaction mechanism. It is noteworthy that the
Tafel step, while not requiring electrons, greatly relies on the availability of active
sites for the adsorption of H* intermediates®'*2. The exceptionally low Tafel slope
observed in the D-PtCu/CF electrode highlights the extensive presence of these active
sites, effectively facilitating ultrafast reaction kinetics The experimental results
presented above demonstrate that the D-PtCu/CF electrode displays lower
overpotential and a smaller Tafel slope in a 0.5 M H2SO4 solution, which is superior
to most alloy-based electrocatalysts reported in the literature (Figure 3d and Table S1),
signifying superior catalytic activity and enhanced reaction kinetics for the catalytic
electrode.

Furthermore, the electrochemically active surface area (ECSA) of the electrode
was measured using double-layer capacitance (Ca) (Figure S5 and Figure S6).
D-PtCu/CF showed the highest Cq value, indicating that more active sites were
exposed on its surface, which could promote the electrochemical reaction more
effectively. Subsequently, by combining the HER current with the corresponding
ECSA, the specific activity (SA) of D-PtCu/CF, PtCu/CF, Pt/C/CF and CF were
determined, as illustrated in Figure S7. D-PtCu/CF exhibited an exceptionally high
specific activity of 14.97 mA cm™ at 50 mV, surpassing that of Pt/C and PtCu by 7
times and 26 times, respectively (Figure 3e). Importantly, D-PtCu/CF exhibits a
remarkably high mass activity of 10.28 mge:* at an overpotential of 70 mV, which is 6
times and 27 times higher than that of Pt/C/CF and PtCu/CF, respectively (Figure 3f).

This result indicates that D-PtCu/CF has a significant catalytic advantage under the



same conditions, making it an efficient HER catalyst. In addition to catalytic activity,
a long-term stability test using chronoamperometry (i-t) was also conducted to
investigate the catalytic robustness of different catalysts under high current density of
1 A cm, as shown in Figure 3g. During the 200 h constant current test, it is observed
significant performance degradation in Pt/C/CF catalysts, with current densities
decreasing by approximately 38%, respectively. In contrast, however, the D-PtCu/CF
catalyst showed excellent stability during the test, with minimal current density
fluctuations that were almost negligible. Compared to commercial Pt/C/CF,
D-PtCu/CF has significantly enhanced catalytic stability under long-term high current
density, implying that the welding effect generated by millisecond laser ensures a
strong bond between the D-PtCu catalyst and the substrate, capable of withstanding
the impact generated under high current. XRD, SEM, TEM, and XPS were employed
for tracking the compositional and structural evolution of the D-PtCu/CF electrode
after 200 h of industrial-scale electrolysis. The phase of D-PtCu/CF remains
unchanged (Figure S8). Upon stability testing, SEM image shows no signs of
agglomeration or catalyst detachment were observed in D-PtCu/CF (Figure S9).
Furthermore, HR-TEM results indicate that edge dislocations in D-PtCu crystals
remain stable after long-term stability testing under high current (Figure S10).
Additionally, Cu and Pt in D-PtCu/CF maintain their metallic states after stability
testing (Figure S11). The test results above suggest that the D-PtCu/CF integrated
electrode with abundant edge dislocations, prepared through millisecond laser direct

writing, not only demonstrates outstanding acidic HER activity but also exhibits



excellent long-term stability at high current (1 A cm), manifesting its promising

prospects for industrial applications in PEM electrolysis.
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Figure 4. Performance of PEMWE devices. (a) Schematic diagram of a PEMWE device (CF, Cu
foam; GDL, gas diffusion layer). (b) Polarization curves of the PEMWE using the D-PtCu/CF and
commercial Pt/C/CF. (c) Pt mass activity comparisons of D-PtCu/CF and commercial Pt/C/CF. (d)
Chronopotentiometry curve of the PEMWE using D-PtCu/CF operated at 500 mA cm. Insets, the
photographs of the PEMWE device.

To demonstrate the practical application potential of the D-PtCu/CF integrated
electrode in water electrolysis, we utilized D-PtCu/CF as the cathode catalyst,
commercial IrO; as the anode, and assembled a real PEMWE device based on
membrane electrode assembly (MEA), as displayed in Figure 4a. Figure 4b displays
the steady-state polarization curves of PEMWE devices using D-PtCu/CF and

Pt/C/ICF at 60°C. Particularly, the MEA, utilizing D-PtCu/CF with an ultra-low



platinum loading of approximately 0.1 mge: cm?, remarkably attained industrial
current densities of 1 A cm? and 2 A cm™ at low cell voltages of 1.75 V and 1.98 V,
respectively, lower than that of Pt/C/CF based MEA with a comparable Pt loading.
Furthermore, the MEA utilizing D-PtCu/CF as the substrate achieved mass activities
of 1.2, 7.7, and 20.6 Amge* at 1.5, 1.7, and 2.0 V, respectively, which was superior to
that of commercial Pt/C (Figure 4c). In addition, D-PtCu/CF exhibits remarkable
stability in real PEMWE environments, as shown in Figure 4d. During the 100 h
electrolysis process, D-PtCu/CF maintained a stable industrial current density of 500
mA cm. The above results reveal that D-PtCu/CF is highly feasible for use as an
efficient and durable cathode for industrial high-speed hydrogen production at

ultra-high current densities.
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Figure 5. In situ EIS measurements. (a) Equivalent circuit-fitting EIS date. (b) Plots of Cy vs 7

and simulated resistance values for D-PtCu/CF, Pt/C/CF PtCu/CF and CF in 0.5 M H2SOa. (c)



Plots of R» vs 7 and simulated resistance values for catalysts. Bode phase plots at various voltages,
(d) D-PtCu/CF, (e) Pt/C/CF and (f) PtCu/CF. Schematic diagram of HER reaction mechanism at (g)
Pt/C/CF, (h) PtCu/CF, and (i) D-PtCu/CF electrodes in 0.5 M H2SO..

The potential mechanism underlying the considerable improvement in the
intrinsic activity of D-PtCu/CF for acidic HER, induced by strain effects resulting
from edge dislocations, was thoroughly analyzed using operando electrochemical
impedance spectroscopy (EIS) at various voltages. Indeed, all samples for HER
catalysis display identical electrochemical behavior during the HER process after
simulating and analyzing the equivalent circuit of EIS (Figure S12). Based on this
equivalent circuit, the acidic HER reaction mechanism can be divided into the
following three basic steps (Figure 5a): The first step is the electrochemical reaction
process: H* + e + M = M-H (Volmer). The second step involves subsequent
desorption reactions with two mechanisms: one is the electrochemical desorption
reaction; H* + e + M-H = M + H, (Heyrovsky), and the other is the chemical
desorption reaction: M-H + M-H = 2M + H; (Tafel). The occurrence of both
desorption reactions depends on the strength of adsorption of the H* intermediate at
active sites and the quantity of sites for adsorbing H*. If there are few sites for
adsorbing H* or the strength of adsorption of the H* intermediate at active sites is too
high, the Heyrovsky reaction occurs; otherwise, the Tafel reaction takes place®%2. As
shown in Figure 5a, Rs represents the uncompensated electrolyte resistance. The first
parallel component (Q and Rj) is associated with the interfacial charge transfer

kinetics during the catalytic reaction process. A smaller R: value indicates faster



charge transfer kinetics. The second parallel component (Cy and R2) simulates the
charge relaxation behavior related to intermediates (mostly H* and OH*) at the
atomic interface. The magnitude of the C, value directly reflects the level of
intermediate coverage on the catalyst surface. Generally speaking, the higher the C,
value, the higher the intermediate coverage on the catalyst surface®34, As shown in
Figure 5b, the C4 values of the four catalytic electrodes exhibit the following trend:
D-PtCu/CF > Pt/C/CF > PtCu/CF > CF, indicating that the alloying of Pt and Cu
significantly enhances the coverage of H* intermediates adsorbed on the Cu surface.
During the alloying process, Cu experiences tensile stress, thereby enhancing its
adsorption capacity for H***°  Nevertheless, the intermediate coverage on the
PtCu/CF electrode surface is still lower than that of Pt/C, mainly due to the weaker
adsorption capacity of Cu for H* intermediates compared to Pt. The weak strain effect
produced by alloying fails to fully compensate for this gap. However, when the
D-PtCu/CF electrode exhibits edge dislocations, the coverage of adsorbed H*
intermediates is significantly enhanced, even surpassing PtCu and commercial Pt/C.
This is because edge dislocations induce lattice distortion, resulting in additional
tensile stress on Cu within the PtCu alloy. This additional tensile stress further
enhances the adsorption capacity of Cu for H* intermediates. Therefore, the coverage
of D-PtCu/CF exceeds PtCu and commercial Pt/C, indicating that the lattice distortion
caused by edge dislocations plays a crucial role in enhancing the adsorption capacity
of Cu. In addition to the increase in coverage, the equivalent resistance R» data

presented in Figure 5¢ further supports the excellent HER reaction rate of D-PtCu/CF.



Its minimum R> value confirms that the HER reaction rate of D-PtCu/CF is the fastest.
Furthermore, the response in the low-frequency and high-frequency regions of the
Bode plot comes from interface charge transfer between the catalyst and electrolyte,
as well as inner-layer electron transfer**3” (Figure 5d-f). By comparing the Bode plot
responses of different catalysts, it was found that the phase angle peak of D-PtCu/CF
rapidly decreased in the low-frequency region, indicating that its surface charge
transfer rate was fast, which was beneficial for the adsorption and desorption of H*
intermediate, thus promoting the HER reaction process. This was mainly attributed to
the strong welding effect of the millisecond laser, which firmly bound PtCu alloy
nanoparticles to the CF substrate, forming a current collector with good electrical
conductivity. In the high-frequency region, due to the good electrical conductivity of

the current collector, no phase angle appeared.

Combining the Tafel analysis results, the reaction mechanisms of different
catalytic electrodes can be understood as shown in Figure 5g-i. Due to the unique
d-electron structure of Pt, its adsorption strength for H* is moderate, and therefore
Pt/C/CF follows the Volmer-Tafel reaction mechanism, with the RDS being the Tafel
step. However, when Pt is alloyed with Cu, although Cu enhances the adsorption
capacity for H, its performance is still inferior to Pt. Therefore, the PtCu/NF catalytic
electrode follows the Volmer-Heyrovsky reaction mechanism, with the RDS being the
Heyrovsky step. Notably, D-PtCu/CF not only follows the Volmer-Tafel reaction
mechanism, but its HER reaction kinetics are significantly enhanced compared to
Pt/C/CF. This indicates that in D-PtCu/CF, there are numerous adsorption sites for H*,
and the adsorption strength of H intermediates at the active sites is moderate, leading
to an efficient Tafel desorption step.

In summary, the additional tensile strain induced by edge dislocations at Cu sites
not only enhances its adsorption capacity for H* but also increases the number of

2



adsorption sites for H on the surface of the D-PtCu catalyst. Simultaneously, the
additional compressive strain experienced by Pt enhances its desorption capacity for
H. These two effects work synergistically to jointly enhance the intrinsic catalytic

activity of D-PtCu/CF for acidic HER.

Conclusion

In summary, we have synthesized a robust functional structure-integrated
electrode with abundant edge dislocations and very low platinum content as a highly
active and durable HER catalytic electrode in PEMWE. This catalyst exhibits
remarkable activity, with a high MA of 10.28 mA mget* at 70 mV, outperforming
commercial Pt/C and the state-of-the-art Pt-based catalysts reported so far. The
combination of XAS and in-situ electrochemical experiments demonstrates that the
lattice distortion caused by edge dislocations in PtCu mainly compresses the Pt atoms,
reducing their ability to adsorb H. Meanwhile, the Cu atoms experience tensile strain,
enhancing the bonding between Cu and H. Therefore, the edge dislocations not only
enhance the inherent catalytic activity of Pt atoms, but also increase the number of
active sites (Cu) available for hydrogen adsorption, accelerating the kinetics of the
HER reaction. These two effects synergistically significantly improve the HER
activity of PtCu in acidic environments. The constructed PEMWE based on
D-PtCu/CF exhibits excellent industrial-level hydrogen production activity and

remarkable durability exceeding 100 h.
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