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The ligand and the strain near the active sites in catalysts jointly affect the electrocatalytic activity for the
catalytic industry. In many cases, there is no effective strategy for the independent study of the strain
effect without the ligand effect on the electrocatalytic activity for the hydrogen evolution reaction (HER).
Laser shock peening (LSP) with a GW cm™2 level power density and a 10-30 ns short pulse is employed
to form compressive strain on the surface and in the depth direction of a platinum (Pt) plate, which
changes the inherent interatomic distance and modifies the energy level of the bonded electrons,
thereby greatly optimizing the energy barrier for the HER. The crystal lattice near the surface of the LSP
Pt plate is distorted by the strain, and the interplanar spacing decreases from 0.225 nm in the

undeformed region to 0.211 nm in the deformed region. The specific activity of the LSP Pt has an
Received 6th September 2021 . f 29 d 64 ii . . ith that of th isti Pt i Kkali d idi
Accepted 29th Novernber 2021 increase of 2.9 an 4 times in comparison wi at o e pristine in alkaline and acidic
environments, respectively. This investigation provides a novel strategy for the independent study of the

DOI: 10.1039/d1ra06688a strain effect on the electrocatalytic activity and the improvement of electrocatalysts with high
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1. Introduction

The destruction of the environment and the exhaustion of
energy resources make the development of new energy
extremely urgent.! Hydrogen energy, as a clean source, and its
storage and transportation system are relatively complete;
hydrogen energy has many other advantages, so scientific
research on electrolysis of water to produce hydrogen has
rapidly developed.>” Currently, research on HER electrodes
mainly focuses on precious metals and transition metal mate-
rials. In alkaline and acidic environments, the hydrogen
evolution performance of Pt and its composite materials
exhibits an absolute advantage. However, the rare reserves and
high cost of precious metals hamper the HER at a large scale.®”
Therefore, transition metal alloys, oxides, nitrides, carbides,
sulfides, borides and selenides have also been extensively
studied for their excellent catalytic properties and bargain pri-
ces.*™ In terms of designing high-performance and low-cost
electrocatalysts more and more technologies have been
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performance in extensive energy conversion.

applied to develop the underlying electrocatalysts, such as
cropping the interface structure and controlling the particle
size, shape, size, composition and defects.">*?

Owing to the intrinsically sluggish kinetics of the HER, the
efficiency of hydrogen production is subject to overpotential
and stability.**'° In recent years, strain engineering has rapidly
developed, it has proven to be an effective means of modifying
the electronic structure and catalytic properties of nano-
materials, thus it will have a realistic significance to general
application in engineering practice."”" You et al. introduced
the basic principle of the water decomposition reaction, putting
forward a reasonable method of adjusting an electrocatalyst via
mechanical strain and discussed the strain of the electro-
catalyst, which has promoted research progress in recent
years.' Familiar preparation methods of strain-effected struc-
tures generally include seed-mediated growth, galvanic
replacement, electrochemical dealloying, and thermal anneal-
ing induced segregation.”®>* Du's team used the physical tech-
nology of liquid laser ablation to produce a high density
stacking defect in silver nanoparticles. The study found that the
stacking defect would lead to a low coordination number and
a high tensile strain that would commonly ameliorate the
adsorption energy and transform the inactive silver into an
active catalyst.”® Guo and coworkers confirmed that compres-
sive strain is applied to the atoms on a Pt surface, which
weakens the binding to the intermediates of oxygen-containing
reaction and slightly weakens the electrocatalytic activity of Pt
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for oxygen reduction.”® Zhe et al. designed strawberry-like
structure with RhO, clusters embedded in the surface layer of
Rh nanoparticles. The lattice mismatch between the RhO,
cluster and Rh substrate causes intensive compressive strain
which stabilizes the rhodium oxide on a low reduction
potential.””

Herein, an ultrahigh energy laser with a GW cm™? level
power density and a 10-30 ns short pulse can produce a mass
plasma shock wave for impacting Pt plates. Because Pt has good
ductility, controllable strain can be obtained on the Pt plate
surface by adjusting the power density of the ultrahigh energy
laser. This method is more direct in studying the strain effect
than the use of core-shell nanoparticle structures which may
have uncertainties in the surface structure and surface area,
preparation methods, particle size and distribution, and elec-
tronic structure effects.*

2. Materials and methods
2.1 Material preparation

Pure Pt plates (10 mm X 10 mm X 1 mm, >99.99%) were
purchased from Xiyu Electromechanical Technology Co, Ltd
(Shanghai, China). The surface of the Pt plates was impacted by
a laser shock strengthening equipment (SGR-60-1I) Nd:YAG
laser at an operating power density of 3.5 GW cm? with a laser
spot overlapping rate of 50% every scan time. During LSP,
0.1 mm special aluminium foil was employed as a laser energy
absorption layer to improve the laser energy absorption and
inhibit burning of the surface of the Pt plate. Water with
a thickness of 1-2 mm was used as a constraint layer to prevent
plasma expansion, increasing the peak value of the pressure
and operation time of the shock wave.”®** The LSP diagram is
shown in Fig. 1a. Before the impact test, the samples were
polished and placed into beakers containing acetone and
ethanol and then cleaned by ultrasonication.

2.2 Microstructure analysis

A stress tester (X'Pert-PRO MPD, Holland Panalytical) was
employed to measure the residual stresses of the specimen
(10 mm x 10 mm x 1 mm) with the sin®y) method.*** The
measurement used Cu Ka as radiation source (A = 0.154 nm) at
40 kV and 40 mA with the inclination angles of 0°, 10°, 15°, 25°,
30°, 40° and 45° at a step length of 0.02° s~'. The microstruc-
tures of all the specimens were tested by transmission electron
microscopy (TEM, FEI Talos F200S A-TWIN) and energy-
dispersive X-ray spectroscopy (EDS, Oxford Instruments). X-ray
diffraction (XRD, Bruker D8 ADVANCE) was employed to
analyze their phase and structure. The field emission scanning
electron microscope (FESEM) images were performed on FEI
Nova Nano SEM 450 at an acceleration voltage of 15 kV. To
identify the chemical compositions and electronic states, X-ray
photoelectron spectroscopy (XPS, XPSINCA 250 X-max 50) was
performed. The hardness of the sample section was tested by
Digital Micro Vickers hardness tester (SCTMC, HVS-1000Z). The
surface roughness and profile of samples before and after LSP
were obtained by roughness profiler (JB-6C).
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2.3 Electrode performance

All electrochemical experiments were measured at 25 °C using
an electrochemical workstation (CHI-660C, Shanghai CHI
Instruments, Inc.) under a standard three-electrode system in
a 0.5 M H,SO, medium and 1.0 M KOH medium, respectively.
The sample, a saturated calomel electrode (SCE) (see Fig. S17)
and a graphite rod were employed as the working electrode,
reference electrode, and counter electrode in a 0.5 M H,SO,
medium, respectively. Similarly, a Hg/HgO electrode** were
employed as the reference electrode in a 1.0 M KOH medium.
All the tested potentials were converted to a reversible hydrogen
electrode (RHE). Linear sweep voltammetry (LSV) curves of all
the samples were measured at a scan rate of 1 mV s~ '. Elec-
trochemical impedance spectroscopy (EIS) was carried out at
a HER potential of 91.3 mV and 236 mV over the frequency
range of 100 000-0.01 Hz with 5 mV amplitude in acidic and
alkaline medium, respectively.

The polarization curves were iR-compensated using the
following Eg:

E.= En — iR, (1)

where E, represents the corrected potential, E,,, is the measured
potential and R denotes as the resistance of the solution.

3. Results and discussion

Laser shock peening (LSP) with an ultrahigh power density and
an ultrashort pulse is employed for the first time for the fabri-
cation of a strained Pt plate without the ligand effect. Fig. 1b
shows the residual stress on the surface of pristine and LSP Pt
plates. As shown in Fig. 1b, LSP Pt plates possess a higher
residual stress (270.6 MPa) than the pristine Pt plate (93.2 MPa),
indicating the existence of mass compressive strain on the LSP
Pt plate. The depth of the effect of LSP on Pt plate is estimated
250 pm by the hardness fluctuation of the sample section along
the depth direction,* 11 points along the depth direction of LSP
Pt plate were tested and plotted as a graph Fig. 1c. Fig. S2t
exhibits the surface roughness values (R,) and surface
morphologies of pristine Pt and LSP Pt plates. As shown in the
Fig. S2a and b, the LSP Pt plate has a higher R, value of 0.452
um than the pristine one of 0.107 um. The surface of the LSP
sample formed many obvious pits owing to the violent impact
(see Fig. S2c and df).

Fig. 1d exhibits the XRD patterns of pristine Pt and LSP Pt
plates. As seen in Fig. 1d, the (111), (200) and (220) facets of the
pristine Pt plate correspond to the diffraction peaks at 39.67°,
46.16° and 67.35° (JCPDS no. 04-0802), respectively, from which
a lattice parameter of 3.924 A is calculated. Similarly, the (111),
(200) and (220) facets of the LSP Pt plate correspond to the
diffraction peaks at 39.74°, 46.20° and 67.41°, respectively,
indicating a small decrease in the lattice parameter after
applying LSP on the surface of the pristine Pt plate. Moreover,
the three strong peaks of the LSP Pt plate shift towards larger
angles compared to the pristine Pt plate, indicating a decrease
in the interplanar spacing, which is consistent with the change
in the lattice parameter. There is also a relative variation in the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Diagram of LSP of a pristine Pt plate. (b) Residual stresses and (d) XRD patterns of the electrode surfaces of pristine Pt and LSP Pt plates.

(c) Cross-section hardness distribution curve of the LSP Pt. (e and f) HRTEM images of the LSP Pt plate. (f) Is the enlarged plot of the yellow circle

in the upper left corner of (e).

diffraction peak intensity for the pristine and LSP Pt plates,
which should be the consequence of a charge in the crystallo-
graphic orientation owing to the impact of ultrahigh energy
laser on the sample surface. Obviously, the intensity ratio of the
(111) to (200) and (220) facet in the LSP Pt is stronger than that
of pristine, indicating a higher preferential degree in the crys-
talline orientation and more possibly exposed (111) facet on the
LSP sample surface.** However, the electrocatalytic activity of
the Pt (111) facet is lower than that of Pt (100) and Pt (110) facets
in the acid and alkaline media in the reported ref. 35-40. Fig. 1e
exhibits an HRTEM image of the LSP Pt plate. As shown in the
figure, the LSP Pt plate in the undeformed region has an
interplanar spacing of 0.225 nm as calculated by Digital
Micrograph, corresponding to the (111) facet of pure Pt. Clearly,
there are many deformed crystal lattices inside the grain near
the surface owing to the impact of the ultrahigh energy in
comparison with the pristine sample (Fig. S31). The crystal

© 2021 The Author(s). Published by the Royal Society of Chemistry

lattice near the surface of the LSP Pt plate has an obvious
distortion, and the interplanar spacing decreases from
0.225 nm in the undeformed region to 0.211 nm in the
deformed region Fig. 1f, which is coincident with the XRD
results. The LSP technique with an ultrahigh power density of
the laser causes a mass compressive strain, lattice deformation
near the Pt plate surface and a decrease in the interplanar
spacing, thus greatly modifying the energy level of bonding
electrons>*>*! and the energy barrier for the HER and acceler-
ating the adsorption of hydrogen in water molecules on the
surface of the electrode.*>**

Fig. 2a shows the LSV curves of pristine Pt and LSP Pt elec-
trodes at a scan speed of 1 mV s~ " in a 0.5 M H,SO, solution. As
shown in the figure, the current density of 10 mA cm™ > is
reached, the LSP Pt electrode has a lower potential (48 mV) than
the pristine Pt electrode (79 mvV), indicating higher electro-
catalytic activity owing to the stain of LSP. To judge the

RSC Adv, 2021, 11, 39087-39094 | 39089
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(a) LSV curves of pristine Pt and LSP Pt electrodes in a 0.5 M H,SO4 solution. (b) Tafel plots of all electrodes with an iR correction obtained

from the curves of Fig. 3(a). (c) Nyquist plots of the samples performed at an HER potential of 91.3 mV (vs. RHE) over a frequency range of
100 000-0.01 Hz. (d) Corresponding polarization curves of LSP electrode before and after 3000 CV cycles. (e) Stability test of pristine Pt and LSP
Pt electrodes at a fixed current density of 10 mA cm =2 in a 0.5 M H,SO4 medium.

hydrogen evolution kinetics, the Tafel slope and EIS data are
usually employed as important indicators to evaluate the
kinetics and reveal the HER mechanism.*** The main ways of
HER can be divided into Volmer-Tafel or Volmer-Heyrovsky,
because of the different rate determination steps (RDS), HER
has four different mechanisms and Tafel slopes, corresponding
to Volmer (RDS)-Heyrovsky (118 mV dec™ '), Volmer-Heyrovsky
(RDS) (39 mV dec '), Volmer (RDS)-Tafel (118 mV dec %),
Volmer-Tafel (RDS) (30 mV dec ™). The Tafel plots of electrodes
are employed a 95% iR, correction. Fig. 2b shows the Tafel slope
(22.7 mV dec ™) of the LSP Pt electrode is lower than the pristine
Pt electrode (30.2 mV dec™ "), further demonstrating the LSP
action on electrocatalytic activity. Undoubtedly, these conse-
quences are comparative with the advanced electrocatalysts for
the HER (see Table S31). The Tafel plots of the pristine and LSP
Pt plates indicate the consistency with the Volmer-Tafel
mechanism in an acidic medium. The results also are consis-
tent with Tian et al.,*” who proved that the HER mechanism is

39090 | RSC Adv, 2021, 11, 39087-39094

the same on Pt in low and high pH.*® From the analysis of the
above hydrogen evolution kinetics, it can be known that the
RDS of the HER reaction, so it can be guessed that the strain
effect improves the HER kinetic constant on the surface of
electrodes and reduces the adsorption energy.*

The EIS data obtained from 100 kHz to 0.01 Hz at a tested
overpotential of 91.3 mV is analyzed by using the equivalent
circuit (Rs(CaiRct)), as displayed in Fig. 2c. R denotes as the
solution resistance Cy, represents double-layer capacitance and
R, is charge-transfer resistance during the HER process,* as
displayed in Fig. 2c, the Nyquist profiles exhibit a semicircle
that represents the HER kinetics in the electrode materials. The
LSP Pt electrode has a lower R, of approximately 3.5 Q cm >
than that for the pristine Pt electrode of 9.2 Q cm > (see Table
S11), indicating an increase of electrocatalytic activity owing the
LSP impact.>~* Fig. 2d displays the polarization curves of LSP
electrode before and after 3000 CV cycles. As seen in Fig. 2d,
after 3000 CV cycles at a quite fast scan rate (100 mV s '), the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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LSP Pt electrode shows negligible activity loss, indicating the
outstanding stability. Fig. 2e displays the long-term stability of
pristine Pt and LSP Pt electrodes at a fixed current density of 10
mA cm 2 in a 0.5 M H,SO, medium. With an increase of time,
the potentials of pristine Pt and LSP Pt electrodes gradually
decrease owing to a bubble accumulation on the electrode
surface and then remain stable during the succedent HER
process. Obviously, the LSP Pt electrode possesses a lower
overpotential of the HER than pristine Pt, indicating the more
excellent electrocatalytic activity and stability.

Similarly, Fig. 3a exhibits the LSV curves of pristine Pt and
LSP Pt electrodes at a scan speed of 1 mV s~ ' in a 1 M KOH
solution. As shown in the figure, the LSP Pt electrode for
a current density of 10 mA cm ™ has a lower potential (139 mV)
than the pristine Pt electrode (264 mV), indicating higher
electrocatalytic activity owing to the stain of LSP. In Fig. 3b, the
Tafel slope (65.7 mV dec™ ') of the LSP Pt electrode is lower than
the pristine Pt electrode (91.2 mV dec™ '), too. As shown in
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Fig. 3c and Table S2,T the LSP Pt electrode has a lower R of
approximately 4.4 Q cm™? than that for the pristine Pt electrode
of 8.3 Q@ cm ™2 in alkaline medium, which is consistent with the
electrode in acid solution. These consequences confirm that the
LSP can improve the electrocatalytic activity of the Pt electrode
in acid and alkaline medium.

The intrinsic activity should be further explored, specific
activity, which is the current per unit real surface area of the
electrocatalyst (i.e., mA cmelectmcatalysfz at a given HER poten-
tial), mainly depends on the calculation of the surface area.**
The electrical double-layer capacitance (Cq) is directly propor-
tional to the electrochemically active surface area (ECSA), which
is often employed to evaluate the ECSA by calculating the cyclic
voltammetry (CV) data (see Fig. S47). The ECSA can be estimated
by:

ECSA = Ca

= @)
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(a) LSV curves of the pristine Pt and LSP electrodes in a 1 M KOH solution. (b) Tafel plots of all electrodes with an iRs correction obtained

from the curves of (a). (c) Nyquist plots of the samples performed at an HER potential of 225 mV (vs. RHE). (d) Cq values of the pristine Pt and LSP
electrodes measured in a 1 M KOH medium. (e) Stability test of the pristine Pt and LSP electrodes at a fixed current density of 10 mAcm™2inalM

KOH medium.
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where C® is the specific capacitance of the double layer of the
smooth Pt electrode. Fig. 3d shows that the Cq4 values of the
pristine Pt and LSP Pt electrodes reach 22.9 uF cm™ > and 27.6 pF
cm 2, respectively. According to the literature, the C° of
a smooth Pt electrode is approximately 20 pF cm ™2, as shown
in Fig. 3d, the ECSA can be calculated as approximately 1.2 cm>
and 1.4 cm?, respectively. The specific activity can be calculated
by applying the current densities at a HER potential of —0.3 V
and —0.15 V (vs. RHE) in Fig. 3a and 2a, respectively, which are
shown in Tables 1 and 2. In alkaline medium, the specific
activities of pristine Pt and LSP Pt electrodes are 14.9 mA cm >
and 43.2 mA cm 2, respectively. In acidic medium, the LSP Pt
electrode achieve a specific activity of 144.5 mA cm™2, which is
far higher than that of higher pristine Pt electrode (22.5 mA
cm~?). Obviously, the intrinsic activity of the LSP Pt has an
increase of 2.9 and 6.4 times in comparison with that of the
pristine Pt in alkaline and acidic environments, respectively,
which should be attributed to the compressive strain derived
from the LSP on the surface. The compressive strain near the
surface of the LSP Pt plate changed the inherent interatomic
distance and modified the energy level of the bonded elec-
trons,>*>** which can adjust the energy barrier of HER to
accelerate the adsorption of hydrogen in water molecules on the
surface of electrode.**** From the analysis of the hydrogen
evolution kinetics, it can be concluded that the strain reduces
the adsorption energy and improves the HER on the surface of
the LSP Pt plate.>* Andrew A. Peterson and Pradeep R. Guduru
et al.”” confirmed that the influence of compression strain on
the HER of Pt conforms to the volcano plot and d-bind theory
via through theoretical experiments, corresponding to the
above consequence. The compression strain near the surface of
the LSP Pt plate increases the Pt d-band overlap and decreases
the center of d-band, which can pull the antibonding state
below the Fermi level and weaken the Pt surface's binding to
adsorbents,*****%® Jeading to a higher intrinsic electrocatalytic
activity of the HER.

Fig. 3e displays the long-term stability of pristine Pt and LSP
Pt electrodes at a fixed current density of 10 mAcm *ina 1M
KOH medium. As shown in the figure, the LSP Pt electrode
possesses a lower overpotential under the long-term HER
process, indicating more excellent electrocatalytic activity and
stability in comparison with pristine Pt plate. The surface
morphologies, composition, structure and valence state of
species on the surface of unaged and aged LSP Pt electrodes for
24 hours at a fixed current density of 10 mA cm > in a 0.5 M
H,SO, and 1 M KOH solution have not a change, further indi-
cating the superior stability of the LSP Pt plate for the HER (see
Fig. S5-S77).

Tablel Summary of the calculated intrinsic activities of pristine Pt and
LSP Pt electrodes in alkaline environment

Specific activity

Samples  Cq (UF cm™?) ECSA (cm?) Current (mA) (mA cm™?)
Pristine Pt 22.9 1.2 17.9 14.9
LSP Pt 27.6 1.4 60.5 43.2

39092 | RSC Adv, 2021, 11, 39087-39094
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Table2 Summary of the calculated intrinsic activities of pristine Ptand
LSP Pt electrodes in acidic environment

Current Specific activity
Samples ECSA (cm?) (ma) (mA em™?)
Pristine Pt 1.2 27.1 22.5
LSP Pt 1.4 202.3 144.5

4. Conclusion

In summary, LSP with an ultrahigh power density and an
ultrashort pulse was successfully applied to achieve mass
compressive strain and lattice deformation near the Pt plate
surface. The interplanar spacing decreases from 0.225 nm in
the undeformed region to 0.211 nm in the deformed region. The
LSP Pt electrode has an increase of 3.5 and 6.8 times on the
intrinsic activity in alkaline and acidic medium, respectively.
This work opens a new door for independent strain investiga-
tions on the electrocatalytic activity and fabrication of novel
electrocatalysts.
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