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Low-dimensional platinum-based catalysts have aroused tremendous
interest in electrocatalysis, benefiting from their high specific activity
and novel electronic structures. Nevertheless, the practical application
has been hampered by their complex synthesis process and finitely
exposed active sites. Herein, we report novel 1D Pt-based nanowires
(NWs) with inner tensile strain, multiple catalytically active lattice
steps, and controllable electronic structures, which can be yielded
through a facile large-scale room temperature reduction method on
the gram scale. The favored geometrical and electronic structures are
beneficial to improve the specific activity of catalytic sites towards
boosting the water electrolysis process. By simply doping the second
element (Ir or Ru) and inducing a tensile strain, the hydrogen evolution
reaction (HER) can be substantially accelerated. In particular, Ptir-300
NWs/C showed an ultra-low overpotential of -9 mV and —18 mV at a
current density of 10 mA cm~2 and 100 mA cm~2. Additionally, Ptir-
300 NWs/C attained 17.1-fold and 49.3-fold enhancement for the
mass activity and intrinsic activity of HER recorded at 15 mV compared
to Pt/C in 0.5 M H,SO,. This work paved a way to the design and
construction of an efficient electrocatalyst.

Introduction

The total efficiency of energy conversion systems, such as water
electrolysis, is severely constrained by the sluggish kinetics of
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the cathodic hydrogen evolution reaction (HER) and the anode
oxygen evolution reaction (OER).'™ To date, electrocatalysts
based on platinum group metals (PGM), including Pt, Ir, and
Ru, have presented the most promising catalytic activity and
durability for the HER and the OER. The PGM catalysts cannot
be widely used as catalysts for water electrolysis due to their
expensive cost and scarcity on Earth. Through strategies such
as alloying,”® surface straining,”' and optimization of the
coordination environments,">""” Pt-based nanocrystals not only
achieve very high HER or OER activity in acidic media but also
effectively reduce the use of precious metals. Alternatively,
there are efforts to develop substitutive low-cost and high-
performance catalysts to reduce the use of Pt-group metals.

In recent years, one-dimensional (1D) Pt-based nanowires
(NWs) have provided an alternative approach to address the
bottleneck of catalytic efficiency because of their out-bound
intrinsic activity, fascinating properties, and promising applica-
tions in electrocatalysis.'®>° Recent achievements indicated that
strategies such as morphology engineering,*** amorphization,**
strain engineering,®” defect engineering,® etc., can tune the sur-
face electronic structures of metal catalysts, thus contributing to
the optimization and improvement of the catalytic performance.
For example, the strain on the surface changes the center position
of the d-band relative to the catalyst Fermi level (¢g), which in turn
affects the adsorbate—catalyst surface interaction.>” Furthermore,
the band gaps of most 1D NWs can be tuned by inducing defects
at the edges or the basal plane.>*™*" However, the efficiency of
previously reported mono-enhancement strategy for 1D metal
catalysts is barely satisfactory due to limited active sites and mass
transfer. Moreover, conventional one-pot synthesis methods with
the inevitable surfactant of syntheses in the liquid phase only
have the rudimentary capability to synthesize trace amounts and
hinder large-scale applications.”*?” A large number of Pt-based
high-activity HER catalysts doped with non-precious metals have
been reported in recent years. However, it is difficult to achieve
superior HER stability due to the huge electric potential gap
between the non-precious metal elements and the Pt elements
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in acidic environments, which can easily lead to the collapse of
the catalyst structure. In order to solve the above bottlenecks, alloy
engineering coupled with strain engineering is adopted by indu-
cing another element (Ir or Ru) and inner strain into 1D Pt-based
NWs, which are beneficial to manipulate the electronic structure
and enhance the intrinsic activity and long-term stability.*?

Results and discussion

Herein, superfine 1D Pt-based nanowires (NWs) with Ir or Ru
doping were yielded through a simple heat treatment under Ar/
H, gas. For more information on synthesis methods (see the
ESIY). It is worth remarking that the yield of PtIr NWs is about
0.25 g at a time (Fig. 1a), which is nearly one hundred times
that of most of the reported noble metal-based nanomaterials
prepared by the wet-chemical method.?”° Based on the experi-
mental method, it can be anticipated that the yield would be
further expanded if the number of precursors and the dimen-
sion of the synthetic reactor were further scaled up. To ascer-
tain how the materials are affected by the temperature of
synthesis, we compared the morphologies of PtIr NWs synthe-
sized at 250, 300, 350, and 400 °C (PtIr-250 NWs, PtIr-300 NWs,
PtIr-350 NWs, and PtIr-400 NWs). Fig. 1b shows the represen-
tative low-magnification transmission electron microscopy
(TEM) image of PtIr-300 NWs, indicating that the resultant
products were dominated by 1D nanowires. What is noticeable
is that the PtIr-300 NWs exhibited very homogenous width
distributions with sizes of ca. 4.2 nm (the corresponding
illustration of Fig. 1b). Furthermore, we compared the morpho-
logical changes of PtIr-300 NWs at different temperatures. As
shown in Fig. S1 (ESIT), the reduction temperature is controlled
between 250 and 350 °C to maintain the NW morphology.
When the temperature rises to 400 °C, significant
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Fig. 1 The characterization of morphology and composition of Ptir-300
NWs. (a) Yield of Ptlr NWs prepared in one batch. (b) Low-magnification
TEM image. (c) The corresponding SAED image. STEM-EDX elemental
mapping images of (d) Ptlr-300 NWs and (e) PtRu-300 NWs, respectively.
(f) XRD pattern of Ptlr-250 NWs, Ptlr-300 NWs, Ptlr-350 NWs, and Ptlr-
400 NWs. The inset of locally enlarged spectra of the characteristic peaks

of Ptlr(111).
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agglomeration and growth of NWs occur. The selected area
electron diffraction (SAED) pattern of Fig. 1b is composed of
regular diffraction rings, which manifests that PtIr-300 NMs are
in a face-centered cubic phase with dominant PtIr(111) and
PtIr(200) facets (Fig. 1c). The diameters of the diffraction rings
representing the (111) and (200) crystal planes are 8.79 nm ™
and 10.14 nm™ ', respectively, which is correlated with the
spacing of the crystal planes in the corresponding materials.
In addition, PtIr-350 NWs showed the similar diameter of
8.80 nm " and 10.10 nm™ " (Fig. S2a-c, ESI{), while PtIr-250
NWs and PtIr-400 NWs showed the larger diameters of
8.94 nm '/10.20 nm ' (Fig. S3a-c, ESIf) and 8.91 nm "/
10.22 nm™ " (Fig. S4a-c, ESIt), which represent the PtIr-300
NWs and PtIr-350 NWs might show tensile strain compared to
PtIr-250 NWs and PtIr-400 NWs. As a comparison, Pt-300 NWs
and PtRu-300 NWs were also synthesized by the same method
and maintained similar NW morphology and lattice features, as
shown in Fig. S5 and S6 (ESIt). In addition, Pt/Ir elements are
uniformly distributed in the PtIr NWs, which is revealed by the
STEM energy dispersive X-ray (STEM-EDX) elemental mapping
(Fig. 1d). A similar result applies to PtRu NWs as well (Fig. 1e).
The EDX spectrum and corresponding elemental quantification
of Ptlr NWs synthesized at different temperatures and PtRu
NWs are represented in Fig. S7-S11 and Table S1 (ESIt). Note
that both Ir and Ru achieved uniform doping and distribution
under the above synthetic method. The X-ray diffraction (XRD)
pattern in Fig. 1f confirms that the diffraction peaks of both
PtIr-250 NWs, PtIr-300 NWs, PtIr-350 NWs, and PtIr-400 NWs
were shifted positively versus Pt due to the lattice shrinkage
caused by the alloying of Ir. The inset of Fig. 1f showed the
locally enlarged spectra of the characteristic peaks of PtIr(111),
and the peak positions of PtIr-250 NWs, PtIr-400 NWs, PtIr-350
NWs, and PtIr-300 NWs decreased sequentially (40.195/40.146/
40.074/40.026), respectively, which show that their lattice spa-
cings increased sequentially.

The entire structural characterization of PtIr NWs is shown
in the high-resolution TEM (HRTEM) images with a lattice
distance of ca. 1.81 A for PtIr(200) facets and one of ca. 2.09 A
for PtIr(111) facets, respectively (Fig. 2a). It is worth noting that
many atomic steps exist on an arbitrary exposed facet (Fig. 2b).
The existence of these exposed straight crystal planes with
atomic steps at the surface of the NWs fully exposes numerous
unsaturated catalytically active sites that facilitate the water
electrolysis process.*>™** Furthermore, the structural character-
istics of the tensile strain in PtIr NWs are examined using the
geometrical phase analysis (GPA) technique. The resulting GPA
maps (eyy) clearly showed that there was a distinct distribution
of lattice expansion in the PtIr NWs along the direction of
PtIr(200) facets (Fig. 2c), while there was no expansion along
the direction of e,, (Fig. 2d). The comparison showed that there
is a mass of lattice strain appeared along the PtIr NWs. The
presence of inter lattice tensile strain and consequent variation
in the electronic structure of the elements were further demon-
strated by X-ray photoelectron spectroscopy (XPS). The Pt 4f
(Fig. 2e) and Ir 4f (Fig. 2f) spectra both displayed double peaks
that could be further decomposed into two asymmetric peaks.
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Fig. 2 The characterization of crystallographic and electronic structures
of Ptir NWs. (a) HRTEM image. (b) HRTEM image about the atomic steps
and tensile strain in Ptlr-300 NWs. The GPA map along (c) e, and (d) e,
about the HRTEM image of Ptlr NWs in Fig. 2b. The color-coded bar
represents the —20% to +20% range. The (e) Pt 4f and (f) Ir 4f XPS spectra
of PtIr-250 NWs, Ptlr-300 NWs, Ptlr-350 NWs, and Ptlr-400 NWs.

In principle, the combination of the element Pt in a solid
solution with another metallic element (M) of lower atomic
number results in a positive shift of the Pt° peak towards higher
binding energies, while the M° peak is negatively shifted.*® For
sample PtIr-250 NWs, the Pt 4f;/, and Pt 4f5), binding energies
(71.5 eV/74.9 eV) are both positively shifted by 0.5 eV versus the
standard value (71.0 eV/74.4 eV) while the Ir 4f,,, and Pt 4f;),
binding energies (60.7 eV/63.7 eV) are both negatively shifted by
0.1 eV versus the standard value (60.8 eV/63.8 €V), which is
consistent with the above principle. Interestingly, the Pt 4f and
Ir 4f peaks of PtIr-300 NWs, PtIr-350 NWs, and PtIr-400 NWs
were both positively shifted to varying degrees with respect to
the standard values. With the 4f;, peaks as an example, the
binding energy values of Pt%/1r’ peaks for the PtIr-300 NWs,
PtIr-350 NWs, and PtIr-400 NWs were 71.9 eV/61.4 eV, 71.6 eV/
61.3 eV, and 71.6 eV/61.1 eV, and the values of positive shifts
with respect to the standard value were recorded as 0.9 eV/
0.7 eV, 0.6 eV/0.6 eV, and 0.6 €V/0.4 eV, respectively. For the PtIr
NWs synthesized under different temperatures, the variation of
the positive shift of the binding energy in the XPS 4f spectra
matched the variation of the negative shift for the characteristic
peak of PtIr(111) in the XRD spectra. Specifically, the electron
density in the shell layers of Pt and Ir elements decreased
gradually with the expansion of the lattice, which favored the
head-to-head bonding with H* and enhanced the interaction of
Pt-H and Ir-H, further boosting the HER performance.*”

To investigate the effects of alloying, the electrocatalytic
HER performance of PtIr and PtRu NWs synthesized at
300 °C was evaluated by a rotating disk electrode method. We
also investigated Pt-300 NWs and commercial Pt/C catalysts.
The as-synthesized Pt nanoparticles were supported onto the
Vulcan XC-72R carbon with metal concentrations of 20 wt%.
Fig. 3a depicted the corresponding polarization curves of PtIr-
300, PtRu-300, Pt-300 NWs/C, and commercial Pt/C catalysts in
0.5 M H,S0, electrolyte at a scan rate of 5 mV s~ . The PtIr-300
NWs/C catalyst exhibits the smallest overpotential at a current
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Fig. 3 Electrocatalytic performance of Ptlr-300 NWs/C, PtRu-300 NWs/
C, Pt-300 NWs/C, and commercial Pt/C catalysts in 0.5 M H,SO, electro-
lyte. (@) HER polarization curves at a scan rate of 5 mV s™%. (b) The Tafel
slopes. (c) Histogram of overpotentials at 10 mA cm~2 and 100 mA cm™2.
(d) Curve of mass activity versus overpotential. (e) Mass activity at an
overpotential of 10 mV and 15 mV. (f) CV curves. (g) Intrinsic activity
at an overpotential of 10 mV and 15 mV. (h) Chronoamperometric
measurements.

Relative Current (%)
3

N
3

Intrinsic Activity@10 mV (mAcm? (€ Mass Activity (A mgpey™) €

Intrinsic Activity@15 mV (mA cm?)

=\
_; 4
z z

s

density of 10 mA cm™ > and 100 mA cm ™2 (—9 mV and —18 mV),
which surpasses that of the other three catalysts (Fig. 3c and
Table S2, ESIt) and offers great potential for practical applica-
tions in proton exchange membrane water electrolyzer
(PEMWE). The Tafel slope, an important parameter for evaluat-
ing the catalyst HER kinetic process, was calculated for each
sample based on the polarization curves (Fig. 3b). The Tafel
slope of PtIr-300 NWs/C (10.0 mV dec™ ') is lower than those of
PtRu-300 NWs/C (13.6 mV dec™ ), Pt-300 NWs/C (13.0 mV dec ™),
and commercial Pt/C (16.7 mV dec ) catalysts, indicating
faster reaction paths and rate-determining steps, also suggest-
ing the fast HER reaction kinetics on PtIr-300 NWs/C. The HER
mass activity of the above catalysts was measured at 10 mV
and 15 mvV, respectively (Fig. 3c and d and Table S2, ESIY).
PtIr-300 NWs/C showed the highest mass activity at both 10 mV
and 15 mV, reaching 0.25 A mgpgy ' and 1.14 A mgpgy , which
is 5.3 and 17.1 times higher than that of commercial Pt/C
(0.05 A mgpgy /0.07 A mgpey ). Intrinsic activity calculated
by normalizing the electrochemically specific area (ECSA) is
commonly a realistic representation of the effect of atomic-
scale modulation on catalysts. The ECSA of the above catalysts
was calculated from the CV curves (Fig. 3f), and the intrinsic
activities of the above catalysts were measured at 10 mV and
15 mV (Fig. 3g). PtIr-300 NWs/C showed the highest intrinsic
activity at both 10 mV and 15 mV, reaching 1.07 mA cm™ > and
4.93 mA cm™ %, which is 15.2 and 49.3 times higher than that of
commercial Pt/C (0.07 mA ¢cm > and 0.10 mA cm ). Such a
significant enhancement in the intrinsic activity of PtIr-300 NWs/
C was attributed to the controllable preparation of the nanowire
morphology and the doping of Ir elements. All the relevant
performance index values for the above samples were all recorded

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Electrocatalytic performance of Ptlr-300 NWs/C, Ptlr-350 NWs/C,
Ptlr-250 NWs/C, and Ptlr-400 NWs/C catalysts in 0.5 M H,SO, electrolyte.
(a) HER polarization curves at a scan rate of 5 mV s™2. (b) The Tafel slopes.
(c) Histogram of overpotentials at 10 mA cm~2 and 100 mA cm 2. (d) Curve
of mass activity versus overpotential. (€) Mass activity at an overpotential of
10 mV and 15 mV. (f) CV curves. (g) Intrinsic activity at an overpotential of
10 mV and 15 mV. (h) Chronoamperometric measurements.

in Table S2 (ESIt). Stability is another concern in electrocatalysts.
Long-term chronoamperometric measurements (Fig. 3h) were
performed on PtIr-300, PtRu-300, Pt-300 NWs/C, and commercial
Pt/C electrodes. Only a 5% current density decay was recorded for
the PtIr-300 NWs/C catalyst measured for 24 h, while the PtRu-
300, Pt-300 NWs/C, and commercial Pt/C catalyst showed a
significant decay of 12%, 9%, and 19% measured for less than
5 h, respectively. As displayed in Fig. S14 and Table S2 (ESIt), a
negligible shift for the PtIr-300 NWs/C catalyst was observed after
24 h measured, demonstrating the superior long-term stability of
the PtIr-300 NWs/C catalyst.

Furthermore, in order to explore the constitutive relation-
ship between tensile strain and HER properties, the Ptlr NWs
synthesized at different temperatures (PtIr-250 NWs/C, PtIr-300
NWs/C, PtIr-350 NWs/C, and PtIr-400 NWs/C) were also inves-
tigated. The positive-going polarization curves of PtIr-250 NWs/
C, PtIr-300 NWs/C, PtIr-350 NWs/C, and PtIr-400 NWs/C
in 0.5 M H,SO, electrolyte at a scan rate of 5 mV s ' are
recorded in Fig. 4a. The PtIr-300 NWs/C and PtIr-350 NWs/C
with tensile strain exhibit the excellent performance of the top
two (—9 mV @ 10 mA cm */—18 mV @ 100 mA cm 2 and
—14 mV @ 10 mA cm */—28 mV @ 100 mA cm ), which
surpasses PtIr-250 NWs/C and PtIr-400 NWs/C with a shorter
lattice distance (Fig. 4c and Table S2, ESIt). The Tafel slopes at
low overpotentials are 21.7, 10.0, 12.1, and 14.5 mV dec™ " for
PtIr-250 NWs/C, PtIr-300 NWs/C, PtIr-350 NWs/C, and PtIr-400
NWs/C, respectively (Fig. 4b and Table S2, ESIt). PtIr-300
NWs/C still demonstrated the minimal Tafel slope value and
a more positive onset potential, which indicated a faster
reaction pathway and initiation of the response. The PtIr-300
NWSs/C presented the highest mass activity (0.25 A mgpgy /
1.14 A mgpgy ') recorded at 10 mV and 15 mV (Fig. 4d and e
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and Table S2, ESIT) compared to PtIr-350 NWs/C (0.13 A mgpay '/
0.21 Amgpgy 1), PtIr-250 NWs/C (0.05 A mgpay /0.09 A mgpen ),
and PtIr-400 NWs/C (0.05 A mgpay /0.07 A mgpay ). The ECSA of
PtIr-250 NWs/C, PtIr-300 NWs/C, PtIr-350 NWs/C, and PtIr-400
NWs/C were calculated from the CV curves (Fig. 4f). Benefiting
from a maximum degree of tensile strain, the PtIr-300 NWs/C
presented the highest intrinsic activity (1.07 mA cm™?/
4.93 mA cm~?) recorded at 10 mV and 15 mV (Fig. 4g and
Table S2, ESIt) compared to PtIr-350 NWs/C (0.74 mA cm ™2/
1.20 mA cm™ %), PtIr-250 NWs/C (0.67 mA cm™ %/1.15 mA cm™ 2),
and PtIr-400 NWs/C (0.66 mA cm ™ >/0.99 mA cm ™ ?). The long-
term chronoamperometric measurements (Fig. 4h) were
performed on PtIr-250 NWs/C, PtIr-300 NWs/C, PtIr-350 NWs/
C, and PtIr-400 NWs/C electrodes. With the exception of the
PtIr-300 NWs/C catalyst, which had a current density decay of
only 5%, the PtIr-350 NWs/C catalyst also exhibited excellent
stability with current density decays of 10% measured for 24 h.
As shown in Fig. S15 and Table S2 (ESI), negligible shifts for
the PtIr-350 NWs/C catalyst were observed after a 24-hour
measurement, demonstrating the superior long-term stability
of PtIr-350 NWs/C catalysts. In addition, the nanowire mor-
phology of PtIr-300 NWs/C and PtIr-350 NWs/C remained
perfect after the long-term chronoamperometric testing for
24 h (Fig. S12 and S13, ESIf). Benefited from the perfect
NW structure, PtIr-300 NWs/C and PtIr-350 NWs/C presented
improved catalytic durability because of the improved resis-
tance to the detachment from carbon support originating from
the strengthened interaction between Pt-based NWs with
carbon support.*®*” Additionally, it can be seen from the
TEM results that the unformed small particles still accumulate
together due to the insufficient synthesis temperature of
PtIr-250 NWs/C (Fig. Sla, ESIt), and the morphology of nano-
wires grows significantly due to the high synthesis temperature
of PtIr-400 NWs/C (Fig. Sic, ESIt). These are the reasons for
their poor stability.

Conclusions

In this work, the 1D Pt-based nanowires modulated by alloying
and strain engineering were prepared through a large-scale
reduction method. Attributed to the introduction of the
Ir element, the PtIr-300 NWs/C catalyst exhibits the smallest
overpotential at a current density of 10 mA cm > and
100 mA em > (-9 mV and —18 mV versus RHE), which
surpasses the PtRu-300 NWs/C (—19 mV and —32 mV versus
RHE), Pt-300 NWs/C (—21 mV and —35 mV versus RHE), and
commercial Pt/C catalysts (—23 mV and —47 mV versus RHE).
Furthermore, the degree of strain in the PtIr NWs was modu-
lated by controlling the reduction temperature. The PtIr-300
NWs exhibited the perfect nanowire morphology, exhibited
maximum lattice strain, and showed an optimal HER perfor-
mance under 300 °C synthesis conditions. This research
introduces an ingenious synthetic approach for low-dimensional
Pt-based catalysts, which will open up new opportunities for the
practical application of noble metal-based nanocatalysts.
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