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ABSTRACT: Formate has emerged as a promising energy carrier to generate
electrons via formate oxidation reaction (FOR) and hydrogen via formate
dehydrogenation reaction (FDR), and it is desirable but difficult to design a novel
bifunctional (electro)catalyst to improve reaction kinetics. Herein, we construct
the single-twinned AgPdIr (t-AgPdIr) nanoalloy to improve the catalytic activity
and stability for the formate oxidation and dehydrogenation processes. The t-
AgPdIr nanoalloy, characterized by a distinctive twinned structure with strains and
a downshift of the d-band center, demonstrates an improved peak current density
of 4.6 A·mgPd−1, a diminished onset potential of 0.45 V, a superior activity
retention of 55.7% after 600 cycles, and a current density of 0.73 A·mgPd−1 following potentiostatic polarization for 3600 s.
Additionally, the t-AgPdIr catalyst shows an enhanced turnover frequency value of 407.3 h−1, a higher volume of generated H2 gas up
to 51.8 mL after 120 min of reaction, and an activity recovery of 90.7% after five reaction cycles. Impressively, compared with the as-
prepared nanoalloy, the postreaction catalyst shows a stable strain state along the twin boundaries and a surface segregation of Pd
and Ir elements after the formate oxidation and dehydrogenation reactions.

■ INTRODUCTION
Hydrogen has attracted an increasing level of attention as an
important energy vector due to its high energy density,
cleanliness, and renewability.1 Large-scale gaseous hydrogen
storage that is both safe and effective is still a pressing issue
that has to be resolved.2 Creating a technique to liberate
ultrapure hydrogen from solid salts has surfaced as a possible
means of improving the fuel’s handling and transportation
characteristics.3 Formate, when compared to H2O molecules as
hydrogen carriers in water electrolysis, exhibits several
advantages.4 First, it can potentially carry a greater amount
of hydrogen. Second, it is more flexible and easily integrates
with current transportation infrastructures. Lastly, it can carry
hydrogen at low pressure and temperatures close to ambient.5

For these reasons, formate is a promising option for hydrogen
carriers, as well as direct formate fuel cells. The former can be
used to generate hydrogen in situ and supply high-purity
hydrogen to a proton exchange membrane fuel cell when
needed.6,7 The practical uses of future cell technology are
hampered by the slow reaction kinetics of the formate
oxidation and dehydrogenation reactions involved.8

Several attempts have been undertaken to enhance the
formate oxidation and dehydrogenation reaction-related
catalytic characteristics of Pd-based catalysts.9,10 In order to
improve the catalytic capabilities of the FOR, for instance, our
previous study created an inverted AgPdF nanoalloy with a
robust interface structure. Moreover, the presence of more
high-valence Ag sites on the active surface can bolster OH

adsorption and OH-radical desorption.11 The O-functional
groups are essential for lowering the activation energy,
according to Dong et al.’s investigation into the kinetics of
surface-functionalized Pd on carbon catalysts for the formate
dehydrogenation process (FDR).7 Through the interconver-
sion of widely accessible (bi)carbonate and formate salts under
very moderate reaction conditions, Wei et al. established a
feasible technique for Mn-promoted hydrogen storage and
release. The optimized dehydrogenation step has significantly
enhanced the hydrogen storage-release efficiency.12 As a very
effective FDR catalyst, Pan et al. produced a PdAu nanoalloy
supported on nickel foam. The special nanodendritic structure
supplied more active sites to encourage the dehydrogenation of
formate.13 However, in order to customize the adsorption
characteristics of the active site and subsequently affect the
catalytic activity of the Pd-based nanoalloys, the synergistic
adjustment of the physicochemical features of intrinsic active
surface is essential.14

Recently, the integration of mirror-symmetrical crystal
planes can offer the twinned structure with high-energy twin
boundaries that are frequently found in nanomaterials.15 The
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metastable Pd nanoparticles with twin borders were synthe-
sized by Liu et al. in order to minimize poisoned active sites
and speed up the catalytic process.16 The rising twin
boundaries in Pd catalyst were developed by Huang et al.,
and the twinned structure with strain can reduce the barriers to
activation and desorption.17 By creating unique Pd2CoAg
nanocrystals with twinned surfaces, Liu et al. were able to
adjust the binding of H or O atoms to increase catalytic
activity.18 The abundant active sites along the twin boundaries
can be produced by the twinned structures in nanoparticles,
and the strain effect can further modify the catalytic
characteristics of the active site by structural disturbance
close to the twin boundary.19

It has been established that surface reconstruction occurs in
Pd-based nanoalloys during catalysis.20,21 There is ample
evidence that during catalysis, the surface sites of nanoalloys
may not remain in their prepared state and that the
postreaction catalysts will change in composition and structure
as a result of the reaction conditions.22 Tao et al. presented the
restructuring behavior of Rh−Pd core−shell structured
bimetallic catalyst under the reaction conditions, and the
surface region of the as-prepared RhPd nanoalloy restructured
to Pd-rich surface in the reducing atmosphere.23 Jiang et al.
discussed the surface restructuring of the ternary Pd−Pt−Cu
nanocatalysts under the formic acid oxidation, and the Pt/Pd
agglomeration and partial Cu dealloying were observed after
the repeated potential cycling.24 The physicochemical
characteristics of real catalytically active sites cannot be
reflected in the composition and structure of the nanoalloy
as it has been manufactured, which could potentially cause
errors in the logical design of future catalysts. Conversely,
examining the evolution of reconstruction in the postreaction
catalyst could aid in the development of a trustworthy
structure−property correlation in the Pd-based nanoalloy.
In this study, we present the improved catalytic character-

istics of the single-twinned AgPdIr (t-AgPdIr) nanoalloy for
the formate oxidation and dehydrogenation reactions. The t-
AgPdIr nanoalloy displayed a downshift of the d-band center
and a distribution of compressive and tensile strains along the
twin boundary when compared to the AgPd nanoalloy. The t-
AgPd catalyst demonstrated a greater peak current density,
reduced onset potential, and activity retention for the FOR
while retaining its strain distribution along the twin boundary.
Furthermore, the t-AgPdIr catalyst with the stable twinned
structure showed improved activity recovery, turnover
frequency value, and volume of generated H2 gas, indicating
improved catalytic performance for hydrogen generation. More
significantly, the postreaction t-AgPdIr catalyst exhibits the
surface segregation of Pd and Ir elements following the
catalytic processes, in contrast to the nanoalloy as synthesized.
To the best of our knowledge, this study is the first report of
the surface reconstruction of a single-twinned AgPdIr nano-
alloy with bifunctional catalytic properties during formate
oxidation and dehydrogenation reactions.

■ EXPERIMENTAL SECTION
Synthesis Methods. Single-Twinned AgPdIr (t-AgPdIr)

Nanoalloy. In a typical synthesis of t-AgPdIr nanoalloy, 2 mM
AgNO3 and 2 mM Pd(acac)2 were added in 10 mL of 1-
octadecene solution. After continuous stirring, 6 mL of
oleylamine was introduced into the above solution, and then
the reactor was heated to 523 K for 5 min. Subsequently, 2
mM IrCl4 solution was rapidly injected into the mixture, and

the constant temperature reaction was maintained for 25 min.
The product was collected by centrifugation and washed 3
times with ethanol after cooling to room temperature. The as-
obtained nanoalloy was treated with 1,2-ethylenediamine at
333 K for 12 h and then washed with ethanol and deionized
water twice. The final product was freeze-dried overnight.

AgPd Nanoalloy. AgPd nanoalloy was also synthesized
using a method similar to that for the t-AgPdIr nanoalloy. In
this case, only AgNO3 and Pd(acac)2 were employed as the
metal precursors.

Physical Characterization. Using transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM, FEI
Tecnai F30), we obtained the precise morphology and
nanostructure of the catalysts were obtained. Energy-dispersive
X-ray (EDX) spectroscopy was used to perform compositional
studies. By using a plugin script that was placed in GATAN
Digital Micrograph Software, geometric phase analysis (GPA)
and fast Fourier transform (FFT) patterns were made possible.
To reduce the fluctuations, digital processing with a high
spatial resolution (5 nm) was used, the observed strain’s
standard deviation for this spatial resolution is 0.1−0.2%. A
particular crystal plane direction is denoted by exx in the strain
analysis, and its vertical direction is denoted by eyy.

25 Using
PANalytical X’Pert Pro MPD equipment equipped with Cu Kα
radiation, X-ray diffraction (XRD) was used to determine the
phase and crystallinity of the samples. Characterization by X-
ray photoelectron spectroscopy (XPS) was done with the
Kratos (Axis Supra) instrument with Al (Ka = 1486.6 eV). The
formula, ∫ N(ε)εdε/∫ N(ε)dε, between 0 and 12 eV binding
energy was used to establish the d-band center locations. N(ε)
stands for the density of states, and the Shirley background was
removed from the obtained XPS spectra.

Catalytic Testing. A typical three-electrode system and a
CHI 660C electrochemical workstation (Shanghai Chenhua,
China) were used in the setup for all electrochemical
experiments, which were carried out at room temperature.
Prior to surface coating, the glassy carbon electrode (GCE),
which served as the working electrode, was polished in steps
using an alumina slurry at 0.3, 0.05, 1, and 0.5 μm. The as-
synthesized catalysts were ultrasonically dispersed in alcohol
and Nafion mixing solution to generate the catalyst ink, which
was then used to prepare a catalyst-modified GCE. Next, 5 μL
of the dispersion was applied on the GCE’s surface and was
allowed to dry naturally. As the working electrode, counter
electrode, and reference electrode for the FOR, respectively,
the catalyst-modified GCE, Pt electrode, and mercury−
mercury oxide (Hg/HgO) were used.
All electrochemical experiments were performed in a setup

consisting of a CHI 660C electrochemical workstation
(Shanghai Chenhua, China) and a standard three-electrode
system at room temperature. The glassy carbon electrode
(GCE) as the working electrode was successively polished with
alumina slurry (1, 0.3, and 0.05 μm) before the surface coating.
For preparing a catalyst-modified GCE, the as-synthesized
catalysts were dispersed ultrasonically in alcohol and Nafion
mixing solution to form the catalyst ink. Afterward, 5 μL of the
dispersion was deposited onto the surface of the GCE and
dried naturally. For the FOR, the catalyst-modified GCE, Pt
electrode, and mercury−mercury oxide (Hg/HgO) were
deployed as the working electrode, counter electrode, and
reference electrode, respectively. Unless otherwise noted, all
potential values in this paper were referenced to the RHE.
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Research-grade gases were used for all electrochemical tests,
which were conducted at room temperature.
Cyclic voltammetry (CV) was used to measure the catalytic

activity of a N2-saturated 1 M KOH solution and 1 M KOH
mixed with 1 M HCOOK solution, respectively, at a sweep rate
of 50 mV·s−1. Catalytic activity is calculated using the current
densities of the anodic peaks in the forward direction.
Chronoamperometry (CA) measurements were used to
examine the stability of the catalytic process in a solution of
1 M HCOOK mixed with N2-saturated 1 M KOH. Assuming a
value of 405 μC·cm−2 for the adsorption of an oxygen
monolayer, the charge in the Pd oxidation peak region was
integrated to determine the electrochemically active surface
areas (ECSA) of the catalysts.
100 mL glass reactors were used for the hydrogen-generating

trials. The gas outlet was linked to a gas buret after being
coupled to NaOH and CuCl solution traps. The CO2 and CO
produced by the reactor were absorbed using the 2 M NaOH
and 2 M CuCl solution. The combination of 10 mg of catalysts
in 6 M HCOOK solution was stirred to start the catalytic
hydrogen production process. After the hydrogen production
trials, the catalysts were centrifuged from the formate solution,
cleaned three times with deionized water, and freeze-dried for
the stability test. The following reaction cycle then used the
recovered catalyst. The scale difference on the gas buret was
recorded in order to determine the quantities of hydrogen
production.

■ RESULTS AND DISCUSSION
The single-twinned AgPdIr (t-AgPdIr) nanoalloy’s micro-
morphology, strain, and composition analysis are displayed in
Figure 1, and Figures S1 and S2 display the SEM and low-

magnification TEM images of the as-synthesized t-AgPdIr
nanoalloy. A single 15 nm nanoparticle is shown in the field of
view in the HRTEM image. Remarkably, at the junction of the
mirror-symmetric extension directions and the lattice fringes, a
twin boundary is seen. Figure 1b shows an additional strain
distribution picture of a single nanoparticle. The coexistence of
compressive and tensile stresses in the eyy direction of the t-
AgPdIr nanoalloy is evident from the alternating distributions
of the red and dark blue areas. The blue and dark red areas are
situated close to the nanoparticle’s double border. The twin
border can either directly increase catalytic activity by acting as
active sites or indirectly through the strain effect caused by
structural instabilities at the twin boundary, similar to the
reported metastable Pd with numerous twin boundaries.16

Two sets of bright spots are shown by red and cyan circles,
respectively, in the FFT pattern of the same region in the
HRTEM picture, which is shown in Figure 1c. Four pairs of
the diffraction spot associated with the typical crystal planes
(111) and (220) are offset from one another by a symmetric
distribution when combined with the HRTEM image.
Additionally, the diffraction spots from two distinct sets meet
to form a pair that are part of the twin boundary’s crystal plane
information, which is the (200) characteristic crystal plane.
The twin boundary at the borders of the lattice fringes
extending in different directions is also highlighted in Figure
1d, which shows the IFFT pattern that corresponds to the FFT
pattern. The lattice fringe interplanar spacing for the (111)
crystal plane in the twin boundary region of the t-AgPdIr
nanoalloy is 0.231 nm. Figure 1e displays the High-angle
annular dark-field imaging-scanning TEM (HAADF-STEM)
image and EDX elemental mapping of the t-AgPdIr nanoalloy,
which reveal that every element is equally distributed

Figure 1. (a) HRTEM image of the single-twinned AgPdIr (t-AgPdIr) nanoalloy. (b) Strain distribution of the eyy direction for the typical
nanoparticle. The distribution of blue and red regions exhibits the compressive and tensile strains in the t-AgPdIr nanoalloy. (c) FFT and (d) IFFT
patterns of the corresponding region of the twin boundary structure in HRTEM image. (e) HAADF-STEM and EDX elemental mapping images of
the AgPd nanoalloy. (f) EDX line profiles extracted from the typical lines in HAADF-STEM image.
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Figure 2. High-resolution XPS spectrum of (a) Ag 3d and (b) Ir 4f in the t-AgPdIr and AgPd nanoalloys. (c) Atomic percentage of Ag, Pd, and Ir
for the as-prepared t-AgPdIr nanoalloy based on the XPS and EDS analysis. (d) Surface VBS for the t-AgPdIr and AgPd nanoalloys; the dashed
lines indicate the positions of the d-band center with respect to the Fermi level.

Figure 3. (a) CV curves of the formate oxidation reaction for the t-AgPdIr catalyst compared with that for the AgPd catalyst. (b) Enlarged CV
curves only in positive direction from (a). (c) Activity retentions within 600 CV cycles of t-AgPdIr and AgPd catalysts. (d) CA curves at 0.4 V of
the t-AgPdIr and AgPd catalysts for 3600 s.
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throughout the nanoparticle. Figure 1f displays the EDX line
profile that was derived from the typical line in the HAADF-
STEM picture. It demonstrates how equally distributed the
elements Ag, Pd, and Ir are within the nanoparticle. In
addition, Figure S3 shows the micromorphology and strain
analysis of the AgPd nanoalloy, whose low-magnification TEM
picture is shown in Figure S1a. The strain distribution image of
a single nanoparticle is displayed, and the lattice fringes are
clearly visible in a typical nanoparticle with a particle size of
around 17 nm. The FFT and inverse FFT (IFFT) patterns of
the same location in the HRTEM picture show lattice fringes
with an interplanar spacing of 0.228 nm for the (111) typical
crystal plane. Figure S4 displays the XRD patterns of the AgPd
and t-AgPdIr nanoalloys. The diffraction peaks of the AgPdIr

nanoalloy are similar to those of the AgPd nanoalloy,
indicating that the alloying-related crystal structure is stable
overall. Furthermore, the XRD pattern’s rise in 2θ may signify
the ternary alloying structure creation of AgPdIr following the
inclusion of the Ir element.
Figure 2 compares the surface compositions of the t-AgPdIr

and AgPd nanoalloys. After calibration with C 1s at 284.8 eV,
strong peaks for each included element are apparent. The XPS
survey spectra of the AgPd and t-AgPdIr nanoalloys as
produced are displayed in Figure S5a. Apart from the same
spectra peaks of Ag and Pd elements, the AgPdIr nanoalloy
displays a distinct Ir element spectra peak, as seen in the
picture. Figure 2a,b, respectively, displays the high-resolution
XPS spectra of the AgPd and t-AgPdIr nanoalloys. The binding

Figure 4. T-AgPdIr catalyst after formate oxidation reaction: (a) HRTEM image, (b) strain distribution, (c) FFT and (d) IFFT patterns of the
corresponding region in HRTEM image, (e) atomic percentages of Ag, Pd, and Ir based on the XPS and EDS analysis, and (f) percentages of
Ag(I), Pd(II), and Ir(IV) calculated from fitted XPS spectra in postreaction catalyst compared with that in the as-prepared nanoalloy.
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energies of Ag 3d5/2 peak in the t-AgPdIr nanoalloy are
positively displaced to 367.7 eV when compared to the AgPd
nanoalloy and negatively shifted to 334.5 eV when compared
to the AgPd nanoalloy. A similar pattern can be seen when
comparing the Ag 3d3/2 and Pd 3d3/2 peaks in the high-
resolution XPS spectra of the two nanoalloys. Tables S1 and S2
list the Ag and Pd surface compositions and XPS spectral peak
locations in the various nanoalloys. Figure 2d shows the Ir 4f
high-resolution XPS spectra of the t-AgPdIr nanoalloy. The Ir
4f7/2 and Ir 4f5/2 peaks of the Ir (0) component are located at
binding energies of 60.9 and 64.8 eV, whereas the strong peak
of the Ir(IV) component is at 61.9 eV. The EDS and XPS
results of Figure 2c show that the Ag, Pd, and Ir bulk and
surface compositions in the t-AgPdIr nanoalloy are distinct.
The atomic percentage of Ag element is 36.7% in the as-
prepared t-AgPdIr nanoalloy based on the EDS analysis, while
that based on the XPS analysis increases to 39.9% in as-
prepared nanoalloy, indicating that Ag atoms are preferentially
enriched on the surface of the nanoparticles. Moreover, the
XPS valence band spectra (VBS) of the AgPd and t-AgPdIr
nanoalloys are displayed in Figure 2d. The t-AgPdIr nano-
alloy’s d-band center is at −4.79 eV, which is a negative shift
from the AgPd nanoalloy’s location of −4.63 eV. One frequent
explanation for the d-band center downshift of t-AgPdIr
nanoalloy is electron transport.26

Figure 3 compares the catalytic performance of AgPd and t-
AgPdIr catalysts for the formate oxidation reaction (FOR).
Figure 3a displays the CV curves of the AgPd and t-AgPdIr
catalysts, with red arrows showing in the scan’s direction. The
AgPd catalyst has a value of 4.6 A·mgPd−1 for the oxidation
peak current density, but the t-AgPdIr catalyst has a value 1.2
times higher. The early potential range of 0−0.6 V is shown by

the only positive CV curves in Figure 3b, which were created
from Figure 3a. The t-AgPdIr catalyst outperforms the AgPd
catalyst at 0.6 V, showing the lowest onset potential of 0.45 V.
Figure 3c shows the activity retentions of t-AgPdIr and AgPd
catalysts during 600 cycles of cyclic voltammetry, whereas
Figure S6 shows the CV curves for these catalysts’ initial,
300th, and 600th cycles. AgPd catalyst demonstrates only a
comparable activity retention for the first 100 cycles before
sharply falling to a final activity retention of just 22.6% in the
subsequent cycles. In contrast, the t-AgPdIr catalyst exhibits an
activity retention of 47.6%. Table S3, which presents the
catalytic properties of the t-AgPdIr catalyst and previous FOR
catalysts, shows that the t-AgPdIr catalyst has the greatest
current density of catalytic activity among the published FOR
catalysts. Especially compared with the conventional AgPdIr
nanoalloy,10 the t-AgPdIr nanoalloy exhibits a 4.24 times
higher specific activity and a 1.05 times higher mass activity.
Based on the above comparison results, the influence of the
twinning structure in the t-AgPdIr nanoalloy on catalytic
activity is more appropriately demonstrated. Significant
information about the catalytic stability of t-AgPdIr and
AgPd catalysts may be gleaned from the CA curves in Figure
3d. Compared to the AgPd catalyst, which experiences a sharp
decline in current density over time, the t-AgPdIr catalyst
exhibits a higher current density. But after the CA test, the t-
AgPdIr catalyst keeps a current density of 0.73 A·mgPd−1,
which is 5.2 times higher than the AgPd catalyst.
Following the FOR, more research is done on the

composition and structural details of the nanoalloys in order
to better understand the relationship between the dynamic
reconstruction under the working conditions and the catalytic
stability of t-AgPdIr catalysts. The micromorphology, strain,

Figure 5. Catalytic performance of hydrogen generation for the t-AgPdIr and AgPd catalysts. (a) Volume of generated H2 gas versus reaction time
of 20 min and (b) the corresponding TOF values for the t-AgPdIr catalyst compared with that of the AgPd catalyst. (c) Volume of generated H2
gas versus reaction time of 120 min for the t-AgPdIr catalyst compared with that of the AgPd catalyst. (d) Volume of generated H2 gas for 120 min
in various cycles of the t-AgPdIr catalyst.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c03637
ACS Omega 2024, 9, 45811−45821

45816

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c03637/suppl_file/ao4c03637_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c03637/suppl_file/ao4c03637_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c03637/suppl_file/ao4c03637_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03637?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03637?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03637?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03637?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and composition characterization of the t-AgPdIr catalyst
following FOR are displayed in Figure 4. A typical 12 nm-sized
nanoparticle’s HRTEM picture is shown in Figure 4a, where
several twin borders are visible. The strain distribution picture
in Figure 4b shows that tensile and compressive stresses are
localized at the twin boundary, especially in the red and blue
areas. This implies that after the FOR, the stresses are more
pronounced in the t-AgPdIr catalyst. Two sets of brilliant
spots, highlighted in red and cyan, correspond to lattice fringes
of the (111) crystal plane with an interplanar spacing of 0.233
nm in the twin border area, according to the matching FFT
and IFFT patterns in Figure 4c,d. The HAADF-STEM image’s
line profile and the EDX elemental mapping in Figure S7b,c
demonstrate how evenly distributed the Ag, Pd, and Ir

contents are within the nanoparticle. Figure S8 displays the
high-resolution XPS spectra of Ag 3d, Pd 3d, and Ir 4f in the
postreaction t-AgPdIr catalyst and compares them to the
spectra in the synthesized t-AgPdIr nanoalloy. The EDS and
XPS composition data for the postreaction t-AgPdIr catalyst
after the FOR are shown in Figure 4e. Based on the XPS
examination, the percentages of Pd and Ag components rise to
32 and 31.1%, respectively, as compared to the nanoalloy as
manufactured. The percentages of various compounds
determined from fitted XPS spectra in the postreaction catalyst
are further presented in Figure 4f in comparison to the as-
prepared nanoalloy. Ag(I), Pd(II), and Ir(IV) make up 11, 7.7,
and 8.1% of the as-prepared t-AgPdIr nanoalloy, respectively.

Figure 6. T-AgPdIr catalyst after formate dehydrogenation reaction: (a) HRTEM image, (b) strain distribution, (c) FFT and (d) IFFT patterns of
the corresponding region in HRTEM image, (e) atomic percentages of Ag, Pd, and Ir based on the XPS and EDS analysis, and (f) percentages of
Ag(I), Pd(II), and Ir(IV) calculated from fitted XPS spectra in postreaction catalyst compared with that in the as-prepared nanoalloy.
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Ag(I) and Ir(IV) percentages in the postreaction catalyst rise
to 14.4 and 9.7%, respectively, following the FOR.
Figure 5 compares the catalytic performance of t-AgPdIr and

AgPd catalysts for the generation of hydrogen. Figure 5a
displays the amount of hydrogen generated and the reaction
time curves for both catalysts during the first 20 min of the
process. The nearly straight lines show how active each catalyst
is at producing hydrogen. The AgPd catalyst produces 5.8 mL
of H2 gas after 20 min, whereas the t-AgPdIr catalyst produces
14.9 mL of H2 gas, which is 1.7 times greater. In Figure 5b, the
AgPd catalyst and the t-AgPdIr catalyst’s formate dehydrogen-
ation reaction (FDR) turnover frequency (TOF) are
compared. The results show that the AgPd catalyst has a
TOF value of 407.3 h−1, 3.1 times that of the t-AgPdIr catalyst.
Figure 5c shows the volume of H2 gas produced by the
aforementioned catalysts during a prolonged hydrogen
production reaction. The generated H2 gas volume by the
AgPdIr catalyst reaches 51.8 mL at the end of the 120 min
reaction. The catalytic characteristics of the t-AgPdIr catalyst
and earlier FDR catalysts are given in Table S4, which
demonstrate that the t-AgPdIr catalyst presents the highest
TOF and generated H2 volume among the published FDR
catalysts. Compared with our previous work for the single-
twinned AgPdF catalyst,27 the significant increase in hydrogen
production of the t-AgPdIr nanoalloy within the same time can
be attributed to the introduction of Ir element, and the
formation of this ApPdIr ternary alloy structure can effectively
modulate the surface electronic structure of the nano-
particles.10 Figure S9 displays the volume of H2 gas generated
by the t-AgPdIr catalyst at different concentrations of Ir source
in the precursor. The results show that while the volume of H2
gas generated by the catalyst actually decreases as Ir source
concentrations increase from 2 to 4 mM, it increases
significantly when Ir source concentrations increase from 1
to 2 mM. Further kinetic information on the FDR in Figure
S10 is obtained by examining the effects of reaction
temperature and formate concentration. It is clear that the
volume of H2 gas produced by the t-AgPdIr catalyst
progressively increases as the formate concentration rises. As
the concentration rises from 6 to 8 M, the t-AgPdIr catalyst’s
TOF value actually falls. Furthermore, the TOF of FDR of the
t-AgPdIr catalyst increases proportionately with an increase in
the reaction temperature. The volume of H2 gas produced by
the AgPdIr catalyst cannot rise any higher once the reaction
temperature reaches 333 K. Figure S11 shows the volume of
generated H2 gas of the t-AgPdIr catalyst in different reaction
solutions, which indicates that the volume of generated H2 gas
of the t-AgPdIr catalyst significantly reduces with the
introduction of formic acid, while the different formate species
as reaction solutions have no impact on the catalytic
performance of the t-AgPdIr catalyst. The catalytic stability

of the FDR for the t-AgPdIr catalyst is displayed in Figure 5d.
Following the second, third, fourth, and fifth gas production
reactions, the recycled catalyst produced 50.2, 49.1, 48.2, and
47 mL of H2 gas, respectively. The newly created catalyst
produced 51.8 mL of H2 gas. The volume of generated H2 gas
after the fifth reaction run is still 90.7% of its initial activity;
compared with the initial reaction, the catalytic performance of
the t-AgPdIr catalyst is only slightly reduced after five reaction
cycles.
More notably, Figure 6 (right) displays the micromorphol-

ogy, strain, and composition characterization of the t-AgPdIr
catalyst following the FDR. The HRTEM image of the t-
AgPdIr catalyst following the FDR is shown in Figure 6a,
displaying a stable twinned structure in a 13-nm-sized
nanoparticle. Both the black and red zones are maintained
along the twin border, as can be seen in the strain distribution
picture shown in Figure 6b. According to this, the remaining
compressive and tensile stresses at the twin border after the
FDR are stabilized by the t-AgPdIr catalyst. The lattice fringes
of the (111) crystal plane are shown by two sets of brilliant
spots, each ringed in red and cyan, respectively, with an
interplanar spacing of 0.23 nm. In Figure 6c,d, the relevant
FFT and IFFT patterns are displayed. The twin boundary
between two lattice fringe areas with distinct extending
orientations is also seen in the IFFT pattern. From the EDX
elemental mapping and the line profile of the HAADF-STEM
picture in Figure S12b,c, three elements are evenly distributed
in the t-AgPdIr catalyst after FDR. The high-resolution XPS
spectra of Ag 3d, Pd 3d, and Ir 4f in the postreaction t-AgPdIr
catalyst following the FDR are presented in Figure S13, along
with a comparison with the as-prepared t-AgPdIr nanoalloy.
Figure 6e displays the composition of the postreaction t-
AgPdIr catalyst as determined by XPS and EDS analysis
following the FDR. The percentages of Pd and Ag components
based on the XPS examination further increase to 32.5 and
31.5%, respectively, as compared to the nanoalloy as-prepared.
The percentages of various compounds determined from fitted
XPS spectra in the postreaction catalyst are further presented
in Figure 4f in comparison to the as-prepared nanoalloy. Ag(I),
Pd(II), and Ir(IV) percentages in the postreaction catalyst
decreased marginally to 10.1, 7.1, and 7.6% in comparison to
the nanoalloy as made.
Table 1 provides the high-valence metal content, EDS, and

XPS composition of the as-prepared and postreaction t-AgPdIr
catalysts. According to the EDS data, the t-AgPdIr catalysts’
overall composition is almost entirely constant both before and
after the reaction, with very little variation in composition.
More importantly, the XPS results show that the surface Ag
content of the as-prepared t-AgPdIr catalyst is significantly
higher than the overall composition content obtained from
EDS results, and the surface segregation of Ag element can be

Table 1. EDS, XPS Composition, and the Content of High-Valence Metal in the As-Prepared and Postreaction t-AgPdIr
Catalysts

postreaction t-AgPdIr

catalysts as-prepared t-AgPdIr after the FOR after the FDR

EDS Ag Pd Ir Ag Pd Ir Ag Pd Ir
36.7% 32.5% 30.8% 37% 32.3% 30.7% 37.5 32% 30.5%

XPS Ag Pd Ir Ag Pd Ir Ag Pd Ir
39.9% 30.8% 29.3% 37.9% 32% 31.1% 36% 32.5% 31.5%

content Ag(I) Pd(II) Ir(IV) Ag(I) Pd(II) Ir(IV) Ag(I) Pd(II) Ir(IV)
11% 7.7% 8.1% 14.4% 6% 9.7% 10.1% 7.1% 7.6%
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owing to lower surface energy under the vacuum28 and low
intermediate coverage.29 Following the FOR, the surface Pd
content of the postreaction t-AgPdIr catalysts increases
significantly relative to the as-prepared condition. Additionally,
an increase in the surface Ir(IV) content may cause an increase
in the surface Ir content of the postreaction t-AgPdIr catalyst.
Additionally, following the FDR, the t-AgPdIr catalyst’s surface
content of Pd and Ir increased similarly. During the catalytic
reaction process, the adsorption of reactants, intermediates,
and products by Pd and Ir induces atomic segregation from the
subsurface to the surface, resulting in the formation of a
preferred structure with low surface energy.10,21,30 AgPdIr
nanoalloys’ ability to form more surface active sites, which are
essential for the adsorption and activation steps in catalytic
reactions, is greatly impacted by the above surface
reconstruction behavior.10,18,31 In addition, surface reconstruc-
tion can alter the surface chemical environment of catalysts,
affecting the interactions between reactants and catalysts.32

■ CONCLUSIONS
To sum up, the AgPdIr nanoalloy that is single-twinned (t-
AgPdIr) exhibits better catalytic activity and stability when it
comes to formate oxidation and dehydrogenation reactions.
The t-AgPdIr nanoalloy exhibits a downshift of the d-band
center and a dispersion of compressive and tensile strains along
the twin boundary when compared to AgPd nanoalloy. A lower
onset potential of 0.45 V, a greater activity retention of 47.6%
after 600 cycles, a higher peak current density of 4.6 A·mgPd−1,
and a higher current density of 0.73 A·mgPd−1 following the
potentiostatic polarization for 3600 s are all demonstrated by
the t-AgPdIr catalyst. The catalyst known as t-AgPdIr exhibits
enhanced catalytic performance of hydrogen generation, as
evidenced by its higher turnover frequency value of 407.3 h−1,
greater volume of generated H2 gas up to 51.8 mL after 120
min of reaction, and an activity recovery of 90.7% after five
reaction cycles. In addition, the t-AgPdIr nanoalloys exhibit a
surface segregation of Pd and Ir elements following the formate
oxidation and dehydrogenation reactions, as well as a stable
strain distribution at the twin boundaries. According to these
results, the twinned structure that AgPdIr catalysts can
produce and maintain a stable strain state throughout catalysis,
and segregation structures offer better bifunctional catalytic
characteristics for the reactions of formate oxidation and
dehydrogenation.
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