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1. Introduction

Crystal structure engineering of nanomaterials is crucial for the design of

electrocatalysts. Inducing dislocations is an efficient approach to gen-
erate strain effects in nanomaterials to optimize the crystal and electronic
structures and improve the catalytic properties. However, it is almost
impossible to produce and retain dislocations in commercial mainstream
catalysts, such as single metal platinum (Pt) catalysts. In this work, a non-
equilibrium high-temperature (>1400 K) thermal-shock method is reported
to induce rich dislocations in Pt nanocrystals (Dr-Pt). The method is per-
formed in an extreme environment (=77 K) created by liquid nitrogen. The
dislocations induced within milliseconds by thermal and structural stress
during the crystallization process are kinetically frozen at an ultrafast
cooling rate. The high-energy surface structures with dislocation-induced
strain effects can prevent surface restructuring during catalysis. The
findings indicate that a novel extreme environmental high-temperature
thermal-shock method can successfully introduce rich dislocations in

Pt nanoparticles and significantly boost its hydrogen evolution reaction

performance.

Hydrogen energy is an important alterna-
tive to fossil fuels that can help to realize
the goal of carbon neutrality.l As a prom-
ising hydrogen production technique, the
electrocatalytic decomposition of water,
which comprises the hydrogen evolu-
tion reaction (HER) and oxygen evolution
reaction (OER), has received increasing
attention.?! It has the advantages of facile
reactant accessibility, large-scale produc-
tion feasibility, and high product purity.”!
According to the Sabatier principle, plat-
inum (Pt)-based metals with a dy elec-
tronic structure simultaneously possess
moderate HER intermediate absorption
energy and satisfy the HER performance
in acidic media.l This catalyst is believed
to be the most promising for electrocata-
lytic water decomposition. The key chal-
lenge of Pt-based catalysts lies in their
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slower HER kinetics in alkaline media compared to those in
acidic media. This is due to the sluggish step of splitting water
into hydrogen intermediates (H,q) and desorption of H,q.
Therefore, exploring the maximum potential of Pt in the gen-
eration and desorption of H,4 to boost HER electrocatalysis in
alkaline media is of great significance.

Regulating the electronic structure on the catalyst surface is an
effective strategy to improve the reaction potency of noble metal-
based electrocatalytic water splitting, which can be typically tuned
by defect engineering.[**) Defects induce strain fields, which reg-
ulate the electronic structure of the adsorption site to improve the
interaction between the adsorbed intermediates and the adsorp-
tion site.®>¢46 However, defects are often accompanied by
changes in the coordination number (CN) on the surface struc-
tures of metal catalysts, which affects the catalytic performance
of the active sites.*>”] Defects that are effective in improving
the electrocatalytic reaction efficiency can be categorized as
point defects (vacancies, etc.), line defects (dislocations, etc.),
and plane defects (grain boundaries, etc.). For example, Kanna
et al.l®l proposed that dislocations and grain boundaries can pro-
mote the CO, electroreduction reaction because of the increase
in undercoordinated sites induced by defects. As a typical type of
bulk defect, dislocations can induce a stain effect to optimize the
electronic structure of the catalysts effectively and is more stable
during the catalytic process compared with surface defects.*4#°]

High-temperature thermal shock (HTS) is a non-equilibrium
extreme method for introducing dislocations into electrocata-
lysts, such as IrNi alloy nanoparticles.l®®! However, the current
reaction and kinetic condition of HTS are still insufficient to
form rich dislocations in Pt single metal electrocatalysts, owing
to its small size and high crystallization process. To further
secure dislocations in Pt, we used liquid nitrogen as the cooling
medium to create a more extreme kinetic reaction condition in
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HTS, which can both promote and retain the dislocations in Pt
single metal catalysts.

In this study, a facile non-equilibrium HTS method is pro-
posed to generate dislocation-rich single Pt nanoparticles (Dr1-
Pt) in an extreme environment by introducing a liquid nitrogen
cooling medium. Compared with Dr-Pt, the Pt nanoparticles
prepared in an argon (Ar) atmosphere (Dp-Pt), that is, a normal
temperature and pressure environment, displayed poor dis-
locations. The strain effect induced by dislocations mediated
the electronic structure and optimized the catalytic activity of
Dr-Pt, including reduced overpotential and increased stability.
Compared with Dp-Pt (with an overpotential of =45 mV at
10 mA cm™), Dr-Pt exhibited a lower overpotential (=25 mV
at 10 mA cm?) in 1 m KOH solution. Dr-Pt also showed high
electrocatalytic stability under continuous testing for 20 h and
structural stability (Figure S8, Supporting Information) with
well-retained dislocations after the long-term reaction. This
work highlights the potential of environmental thermal shock
in inducing dislocations within Pt nanoparticles to achieve
more competent electrocatalysts, which could facilitate the
design of different defect-rich nanomaterials.

2. Results and Discussion

The schematic diagram in Figure 1 depicts the HTS process
for the preparation of Dr-Pt in a liquid nitrogen medium and
the mechanism of the formation of dislocations. After thermal
shock, H,PtClg instantly decomposes into Pt and Cl atoms
(Figure 1a). As chloroplatinic acid lacks a thermodynami-
cally stable molecular structure, H,PtClg is replaced by PtCl,.
The Cl atoms can form chlorine gas and escape. Pt atoms can
aggregate on carbon nanotubes (CNTs) at an ultrafast speed
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Figure 1. Schematic diagram of the preparation of dislocation-rich Pt nanoparticles by environmental HTS. a) H,PtCl; was decomposed into Pt atoms
and chlorine gas. The Pt atoms quickly condensed and crystallized to Dr-Pt on the CNT. b) The structural and thermal stresses act together on the Pt
nanoparticle, triggering the formation of dislocations. The extreme fast cooling rate kinetically freezes the dislocations. c) Changes in the Pt d-band

structure upon compressive strain.
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Figure 2. Structural characterization of Dr-Pt nanoparticles. a) HRTEM image of the Dr-Pt nanoparticle. b,c) IFFT patterns of (110) and (011) plane of
the Pt nanoparticle, corresponding to the square area in (a), exhibiting numerous dislocations marked with “T”, respectively. d,h) Strain distributions
of e, and e, which is related to the (110) and (011) planes. e) Filtered IFFT pattern of the Pt nanoparticle in (a) containing all the plane information.
f,g) Enlarged areas corresponding to the areas marked in (e), containing surface dislocations where the atom columns are marked with colored circles.
i—l) The interplanar spacing analysis of surface dislocations in (f,g). (The tensile strain is represented by red to bright yellow, while compressive strain

is depicted by green to dark blue.)

as the heat holding time is only =20 ms. During the crystal-
lization process, the structural stress can be induced at the
joint between the uncrystallized Pt atoms and the crystallized
Pt atoms. The thermal stress caused by the temperature gra-
dient across the nanoparticles also has significant effects on the
atomic structure. As shown in Figure 1b, these two stresses act
together on the Pt nanoparticles, induce plastic deformation in
the local area, and trigger the formation of dislocations. The
extremely fast cooling rate also causes the generated disloca-
tions to be kinetically frozen in the nanoparticles. The strain
induced by the rich dislocations downshifts the d-band center
of Pt (Figure 1c). As the d-band center downshifts, antibonding
d states move toward the Fermi level accompanied by increased
occupation, leading to weakened adsorption energy between
the metal and reaction intermediates.

A representative high-resolution transmission electron
microscopy (HRTEM) image of Dr-Pt is shown in Figure 2a. The
particle size of Dr-Pt is =15 nm, and the inset image shows the
corresponding fast Fourier transform (FFT) pattern. The places
marked with “T” are dislocations. Figure 2b,c shows the inverse
FFT (IFFT) images of Figure 2a, which are related to the (110)
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and (011) planes, respectively. Figure 2d-h shows the Geometric
Phase Analysis (GPA) images of the (110) and (011) planes,
respectively. It can be seen that dislocations introduce signifi-
cant strain effects on the particles. In addition to observing the
dislocations inside the particle, we also observed the disloca-
tions on the surface of the particle, as shown in Figure 2e—g,
which correspond to the red and yellow frames marked areas in
Figure 2b,c. The atomic columns of the dislocations are marked
with red and yellow spots. Note that the extra half atomic plane
in the dislocation on the surface causes distortion of the sur-
rounding lattice of the Pt nanoparticle (Figure 2f,g). Figures 2i-1
show the strain distribution in the area where the surface dis-
locations of Pt nanoparticles are located and the interplanar
spacing of the (110) plane of the compressed area, respectively.
The interplanar spacing of the (110) plane of the Pt nanoparticle
is 0.26-0.265 nm, which is compressed by =5-5.8% than the
theoretical interplanar spacing doy;) = 0.276 nm. In addition,
we analyzed the dislocations of Dp-Pt nanoparticles prepared in
an Ar atmosphere and Pt nanoparticles in a 20 wt.% commer-
cial Pt/C catalyst. As shown in Figure S2, Supporting Informa-
tion, the Dp-Pt nanoparticles contained only a few dislocations,
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Figure 3. HER activity and durability evaluation of Dr-Pt. a) LSVs of Dr-Pt and Dp-Pt measured at 5 mV s7. b) Polarization curves of initial and after 2000
cycles. c) Mass activity comparison of catalysts. d). The Tafel plots of catalysts. e) Current—time Chronopotentiometric curve of Dr-Pt at 10 mA cm™2.
f) Comparison of the overpotentials at 10 mA cm™2 between Dr-Pt and other state-of-the-art electrocatalysts.

while no dislocation was observed in the Pt nanoparticles of the
commercial Pt/C catalyst. Therefore, the extreme environment
induced by liquid nitrogen can quickly “freeze” the dislocations
in the Dr-Pt nanoparticles.

The HER activity of the above Pt catalysts was tested in the
N,-saturated 1 m KOH electrolyte using a graphite rod as the
counter electrode without insulation resistance compensation.
As shown in Figure 3a, compared to Dp-Pt, the HER activity
of Dr-Pt was obviously improved. Specifically, Dr-Pt exhibited
excellent HER activity with a low overpotential of 26 mV at a
current density of 10 mA cm™. As shown in Figure 3d, the Tafel
slope of Dr-Pt of 52 mV dec™! is much lower than that of Dp-Pt
(45 mV, 71 mV dec™!) and other state-of-the-art electrocatalysts
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(Figure 3f). As presented in Figure 3c, the mass activities at
the overpotential of 50 mV of Dr-Pt, Dp-Pt, and commercial
20 wt.% Pt/C are calculated as 1.16 A mgp, 0.42 A mgp, and
0.32 A mg . The cyclic stability of Dr-Pt was demonstrated
by comparing the initial linear sweep voltammetry (LSV) plots
and after 2000 cyclic voltammetry sweeps, from 0.05 to —0.3 V
versus reversible hydrogen electrode (RHE) at 50 mV s7, in
a 1 M KOH solution to further evaluate the long-term dura-
bility, as shown in Figure 3b. The Dr-Pt catalyst exhibited
negligible decay after 2000 cycles. Furthermore, chronopoten-
tiometric measurement was performed at a current density of
10 mA cm™ (Figure 3e), indicating that Dr-Pt exhibits a negli-
gible reduction in catalytic stability and activity after 20 h.
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Figure 4. Molecular dynamics simulation analysis of 10 nm Pt particles during rapid heating and cooling, with a maximum temperature of 1500 K.
a) The temperature profile of the simulation. b) The crystal structure of a nanoparticle at each stage. c) The evolution of dislocations at different stages,

where the dislocations are colored according to their categories.

We further performed molecular dynamics (MD) simula-
tions to demonstrate that the ultrafast heating and cooling pro-
cess could induce abundant dislocations in a Pt nanoparticle.
By analyzing the temperature state, the crystal structure change
of the nanoparticle, and the dislocation structure change in the
simulation process, the dynamic process of dislocation forma-
tion was elucidated. The Pt nanoparticles were first equilibrated
at 77 K and then heated to 1500 K, as shown in Figure 4a. The
temperature difference in the Pt nanoparticles induces thermal
stress, with the corresponding formation of rich dislocations.
Figure 4b shows the evolution of the atomic structure during
HTS. The rapid cooling process completely changes the atomic
environment inside the Pt particles, making them different
from ordinary Pt particles. Figure 4c shows the evolution of the
dislocations at six different stages. Dislocations do not emerge
at the heating and insulation stages, but begin to emerge at
the cooling stage. This may be due to the non-uniformity of the
temperature of each local part of the Pt particle during cooling,
which results in thermal stress. Almost all of the initial disloca-
tions were of the Shockley type at stage 4. As the temperature
of the Pt particle continues to decrease, the dislocations begin
to grow, and the number and length of the dislocations increase
rapidly. Through stage 5, new types of dislocations gradu-
ally appeared. At stage 6, abundant dislocations form and the
Shockley type still predominates.

To further investigate the nature of the high activity of
Dr-Pt, systematic density functional theory (DFT) calcula-
tions using the Vienna Ab initio Simulation Package with
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the generalized gradient approximation approach were per-
formed.l"”) Based on the experimental results, we constructed
Pt-(111) models with strain effects of —5%, 0%, 5%, and 10%,
represented as Pt-0.95, 1.00, 1.05, 1.10, respectively, as shown
in Figure 5. HER performs Volmer—Heyrovsky/Tafel steps in
alkaline condition (Volmer: * + H,0 + e~ 2 H*+ OH~; Tafel:
2H* 2 H,; Heyrovsky: H* + H,0 + e 2 H, + OH", where
* represents the active position).'! The hydrogen adsorp-
tion free-energy (AGy«) is a suitable descriptor to evaluate
the HER activity."” |AGy.| is expected to be as small as pos-
sible to achieve the best HER activity. The Volmer step con-
sists of the adsorption and dissociation of H,0, and the Tafel/
Heyrovsky step includes the desorption of H*. According to
the free-energy landscape of the HER process of Pt models
(Figure 5a), the energy barriers of Pt-0.95, Pt-1.00, 1.05, and
1.10 are the dissociation of H,O and desorption of H*, respec-
tively. Pt-0.95 exhibited the lowest |JAGH*| and limiting poten-
tial, suggesting the best HER activity, as shown in Figure 5b.
To understand the HER mechanism and explain why compres-
sive strain can promote H* desorption, Bader charge analysis
with charge density differences of Pt models having different
strain effects were performed. The color bar on the right in
Figure 5c¢ shows the electron cloud density of the model in
e/bohr?. The H* on the surface of model Pt-0.95 showed the
least overlap of the electron cloud, indicating that the com-
pressive strain weakens the H adsorption and accelerates the
Tafel step. To further investigate the electron mutual effect of
Pt atoms and adsorbates, the projected density of state (PDOS)
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Figure 5. Theoretical calculation results of the strain effect on the electronic structures and HER activity of Dr-Pt. a) The free-energy landscape of HER
process of Pt models under different strains. b) The limiting potentials of Pt models. c) Bader charge analysis of Pt. The color bar on the right shows
the electron cloud density of the model in e bohr=. d) PDOS profiles of surface Pt atoms under strain effects.

of the d-orbital electron on the surface of the Pt atom was ana-
lyzed (Figure 5d). Accordingly, the d-band center,¥ which is
applied to describe the binding strengths of the active sites
and adsorbates, is calculated as being away from the Fermi
level owing to the compressed structures, and the introduc-
tion of compressing strains downshifted the d-band center of
Pt to the Fermi level, which is attributed to the strengthened
Pt-Pt bond and impaired bonding strengths between Pt and
hydrogen-containing adsorptions.

3. Conclusion

Using a non-equilibrium extreme environmental HTS method,
we successfully prepared Dr-Pt. During the crystallization pro-
cess, severe thermal stress and corresponding structural stress
successfully induced rich dislocations in Dr-Pt. Dr-Pt, with a
desirable strain effect induced by abundant dislocations, pro-
motes water splitting efficiency and HER performance. MD
simulations demonstrated dislocation formation due to fast
heating and cooling, suggesting a temperature-guided thermal
stress effect. DFT results further illustrated that the strain effect
induced by dislocations can optimize the adsorption energy
of H,q by modulating the electronic structure of the Pt atoms.
The findings prove that environmental HTS can facilitate the
preparation of dislocation-rich single metal nanoparticles to
enhance the HER performance and provide new guidance for
the rational structural design of catalysts with abundant defects
for hydrogen generation.
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4. Experimental Section

Preparation of Materials: The chemical vapor deposition (CVD)
process was used to synthesize CNTS."™ The CNTS was then dipped
into the 0.03 m H,PtClg aqueous solution overnight, and dried in a
vacuum freeze-dryer. Then, the salt-loaded CNTS was linked to a direct-
current source and heated in liquid nitrogen. The current pulse across
the salt-loaded CNTS was =3.1 A for =0.02 s. For comparison purposes,
Dp-Pt was prepared using the same heating parameter but in a normal
temperature and pressure environment in an Ar-filled glovebox. The
20 wt% Pt/C catalyst (1 mg) was dispersed in a mixture solution which
consists of 30 uL 5% nafion and 970 uL ethanol, and sonicated for
40 min, which was loaded on the glassy carbon electrode.

Characterizations: HRTEM was carried out on a JEOL JEM-ARM200F
transmission electron microscope. The scanning electron microscopy
(SEM) was performed using a JEOL JSM-7800F microscope. An infrared
imaging device (ImagelR8355BBhp) was applied to obtain a series of
infrared temperature images. GPA was conducted using the Digital
Micrograph software. The extended X-ray absorption fine structure
(EXAFS) measurements of Pt L3-edge were performed at the XAFCA
beamline at the Singapore Synchrotron Light Source. A Si(111) double
crystal monochromator was applied to monochromatize the incident
X-ray beam. All samples were mixed with boron nitride powder, pressed
into pellets. All the transmission-mode EXAFS spectra were measured
by using ionization chambers at room temperature. Pt foil was used for
X-ray energy calibration.

Electrochemical Characterization: The HER tests were conducted in
an Nyp-saturated T M KOH solution at room temperature on a CHI 660E
electrochemical workstation. The electrocatalysts-loaded CNTS/glassy
carbon electrode, a saturated calomel electrode, and a graphite rod were
used as the working, reference, and counter electrodes, respectively.

Cyclic voltammograms (CVs) were collected in the potential range of
0.168 to —0.532 V versus reversible hydrogen electrode (RHE) at 100, 50
and 20 mV s7' untill the active substances are activated. The LSV was
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carried out in the same potential range of CVs without iR compensation.
The cyclic durability test of Dr-Pt was conducted by potential sweeps
in the potential range of 0.168V to —0.232 V versus RHE at 50 mV s in
1M KOH solution.

Calculation Methods: The self-consistent field (SCF) tolerance was
1% 107 eV with 6 x 6 X 1 Monkhorst-Pack mesh k-points. The cutoff
energy of 400 eV of plane-wave basis sets was assigned. The convergence
criterion for atomic relaxation was 0.01 eV A" The eight-layer Pt (111)
surface unit cell repeated in 3 x 3 was fully relaxed. A 15 A vacuum width
along the Z-axis between the slabs was applied to eliminate artificial
interactions. The AGyx was computed by

AGy :E(su;f+H)—E(su[f)—%E(Hz)+AEZPE —TAS )

where AS and AEzpg are the deviations of the zero-point entropy and
energy between the H* and H,. We used vaspkit to thermodynamically
modify the energy of adsorbed states and gas molecules.[”]

The free energy of H* (107 M) + 1 €™ can be calculated by applying a
pH correction energy:'®! AG(pH) = kTIn[H*] = —pH-kTIn10, where pH = 14.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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