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A B S T R A C T

Pd is a versatile catalyst in various hydrogen-related catalytic applications; however, it typically exhibits low
activity in electrocatalytic hydrogen evolution reaction (HER) as too strong Pd-H bonding makes the electronic
desorption of H adatoms (Had) hardly occur. We herein report a selective etching-deposition approach to
implant trace Pd atoms in the near-surface region of Ag nanocrystals, forming a heteratomic-rich Pd-Ag
structure on Ag surface. This near-surface dilution of Pd atoms can dramatically facilitate the electronic
desorption of Had. As a result, this approach enhances the electrocatalytic HER activity of Pd catalysts about 14
times with excellent performance durability, approaching the high level of Pt catalysts. While enhancing the
catalytic performance, this atomic implantation strategy allows the substantial reduction of material costs. This
work thus represents a step toward the high-performance, low-cost catalyst design through near-surface lattice
engineering.

1. Introduction

Pd is a noble metal catalyst that has been widely used for various
hydrogen-related catalytic reactions due to its strong interaction with
hydrogen [1,2]. In some catalytic applications, the hydrogen species
eventually evolves as molecular hydrogen (H2) so that the hydrogen
adsorbed on Pd surface (i.e., Had) has to be released from Pd surface
through desorption. In this case, too strong binding of H to Pd atoms
often makes the Had desorption become the rate-limiting steps in
catalytic processes [3–7]. For example, electrocatalytic hydrogen
evolution reaction (HER, 2H++2e-→H2) is such a case that plays an
important role in renewable hydrogen energy. The electronic deso-
rption of Had from Pd surface can hardly occur, which makes Pd
extremely inactive in HER with the activity typically 30–50 times lower
than that of Pt [8–10]. As such, it would be highly important to
maneuver the desorption of Had atoms through material design,
overcoming this bottleneck.

Conceptually forming single-atom or few-atom Pd sites is a
promising approach to weaken the binding of H to Pd [7,8]; The most

straightforward approach is to deposit the Pd atoms on a substrate;
however, the isolated metal atoms on supports often suffer from atomic
migration/aggregation and catalyst deactivation [11–15]. Intuitively
this limitation can be overcome by implanting Pd atoms in the
substrate lattice of another metal [16]. On bare Pd surface, the H
adsorption generally takes hollow sites [17], resulting in strong Pd-H
bonding. When Pd atoms are diluted in the near-surface region of a
metal lattice that has no binding with H atoms, it would be feasible to
alter the adsorption configuration of H to Pd, facilitating the Had

desorption. Meanwhile, the Pd atoms can be fixed in the lattice so as to
reduce atomic mobility. In addition, confining Pd atoms in the near-
surface region would also maximize the number of Pd atoms for surface
catalysis, similarly to the atomic monolayer configuration [18,19].

In the selection of metal substrates, the chemical reactivity should
be taken into account in terms of synthesis feasibility. Ideally a portion
of near-surface atoms has to be removed to allow the implantation of
Pd atoms while maintaining the matrix lattice. We thus choose Ag
nanocrystals as a model system, as Ag atoms in surface lattice can be
selectively etched to provide sites for Pd deposition but are not as
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susceptible to the air environment as other metals (e.g., Cu). Another
merit is that the price of Ag is only 1/43 that of Pd, enabling
significantly reducing material cost. In this report, we demonstrate a
selective etching-deposition approach to implant trace Pd atoms
(0.8 mol%) in the near-surface region of Ag nanocrystals, which can
readily dilute Pd atoms in Ag near-surface lattice to form a hetera-
tomic-rich Pd-Ag structure. Such atomic dilution provides an oppor-
tunity for tuning the adsorption of H to Pd toward a top-site
configuration. As a result, the Had electronic desorption has been
substantially facilitated for HER.

2. Experimental

2.1. Synthesis of Ag@PdAg nanocubes

In a standard procedure for Ag@PdAg nanocubes, 6.0 mL of an
aqueous solution containing 0.5 mL of oleylamine, 1.0 mL of hydro-
chloric acid (2 M), 0.030g of L-ascorbic acid, 3.5 mL of ethylene glycol,
and 1.0 mL of the aqueous suspension containing 1.6 mg of Ag
nanocubes were mixed in a glass vial. The mixture was heated to
80 °C in air under magnetic stirring for 5 min. Meanwhile, 1.0 mL of an
aqueous solution containing 3.0 mg of K2PdCl4 was added to the
mixture by pipette under magnetic stirring. Heating of the reaction
solution at 80 °C was continued in air for 20 min. The sample was
washed with hexanol and then with ethanol three times to remove most
of the oleylamine and other molecules by centrifugation.

2.2. Depth-dependent XPS characterization

X-ray photoelectron spectroscopy (XPS) experiments were per-
formed at incident photon energies of 450, 550, and 600 at the
Catalysis and Surface Science Endstation at the BL11U beamline in
the National Synchrotron Radiation Laboratory (NSRL) in Hefei,
China. The photon energies were calibrated using the bulk Au 4f7/2
core level located at 84.0 eV as the reference. The Ag 3d and Pd 3d
spectra were normalized by the beam flux and the photoionization
cross-section factors, while the atomic fraction was calculated after
subtraction of a Shirley background.

2.3. XAFS characterization

Pd and Ag K-edge X-ray absorption fine structure (XAFS) measure-
ments were made at the beamline 14W1 in Shanghai Synchrotron
Radiation Facility (SSRF), China. The X-ray was monochromatized by a
double-crystal Si(311) monochromator. The storage ring of SSRF was
operated at 3.5 GeV with the current of 300 mA. The acquired extended
XAFS (EXAFS) data were processed according to the standard proce-
dures using the WinXAS3.1 program. Theoretical amplitudes and
phase-shift functions were calculated with the FEFF8.2 code using
the crystal structural parameters of the Ag foil, PdO and Pd foil. X-ray
absorption near-edge structure (XANES) calculation was based on self-
consistent multiple-scattering (MS) methods, and was carried out
using the FEFF8.2 code. For the exchange correlation part of the
potential, the Hedin-Lundqvist (H-L) model was employed.

2.4. Electrocatalytic HER measurement

All the electrochemical measurements were performed in a three-
electrode system on an electrochemical workstation (CHI 760E,
Shanghai Chenhua, China) in 0.5-M H2SO4 electrolyte. The catalysts
dispersed onto a glassy carbon rotating disk electrode (GC RDE, PINE,
PA, USA) were used as a working electrode, while a reversible hydrogen
electrode (RHE) and a platinum foil served as the reference and
counter electrodes, respectively. The GC RDE has a diameter of
5 mm and a geometric area of 0.19625 cm2. The electrode was firstly
polished with emery paper of decreasing grades and then with Al2O3

powders with size down to 0.05 µm. Prior to the deposition of catalysts,
the electrode was immersed in ethanol and then thoroughly rinsed with
DI water three times to remove contaminants. To prepare the working
electrode, 18 μL of an aqueous suspension containing 80-µg catalysts
was transferred to the GC RDE. No supports were used for the catalysts
in our electrocatalytic measurements. Commercial Pd/C catalysts
(Sigma-Aldrich, Pd: 10% wt.) were used as a reference to evaluate
the electrocatalytic performance of various samples. The metal loading
weights for all the samples were kept consistent. Prior to electrocata-
lytic measurements, the working electrode was cleaned with RF plasma
(Plasma Cleaner pdc-002, Harrick, NY, USA) at a power level of 10.5 W
for 1.5 min to remove residue organics, and then covered with 10 μL of
Nafion dispersed in water (0.025%). Linear sweep voltammetry with a
scan rate of 2 mV s−1 was conducted with a flow of Ar gas maintained
over the electrolyte during the HER experiment to eliminate dissolved
oxygen. The working electrode was rotated at 1600 rpm to remove
hydrogen gas bubbles formed at the catalyst surface. Cyclic voltam-
metry (CV) was conducted between −0.3 and 0.1 V versus RHE at
50 mV s−1 for 5000 times to investigate the cycling stability. 5
independent measurements were performed to confirm the consistency
of data. We used 90% of the values for iR corrections, in order to
reduce the negative impacts from the system resistance and adsorption
processes.

2.5. First-principles simulation

Density functional theory (DFT) simulations were performed with
the Vienna ab initio simulation (VASP) package. Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional within a generalized
gradient approximation (GGA) and the projector augmented-wave
(PAW) potential were employed. The metal surface was modeled with
3×3 slab with four layers, and the vacuum region was set to 15 Å. Two
bottom layers of the four layers were fixed to the bulk positions during
the relaxation. Gamma centered k-points grid of 4×4×1 is used for the
supercell. The simulation supercell is fully relaxed to obtain the ground
state with a force convergence < 0.01 eV/Å. Three adsorption config-
urations, bridge-, hollow- and top-sites were considered to obtain the
most favorable one. The adsorption of H atom on Pd(100) surface and
Pd-implanted Ag(100) surface was analyzed based on the most
favorable adsorption configurations.

3. Results and discussion

In the implantation of Pd atoms in the near-surface region of Ag
nanocrystals, the most challenging task is to suppress the galvanic
replacement of Ag nanocrystals with Pd precursor. The galvanic
replacement would substantially etch the template of Ag nanocrystals
and consume the Pd precursor [20,21], which forms a huge obstacle for
selectively implanting trace Pd atoms in the near-surface region of Ag
nanocrystals. Adding a reducing agent such as ascorbic acid, which
induces the reduction of Pd and Ag ions, can suppress the replacement
to some extent; however, the co-deposition of Pd and Ag atoms
together with the remaining galvanic replacement would result in high
Pd-to-Ag ratios on surface [21]. For this reason, we decide to employ
oleylamine as a capping agent, which has strong binding to metal
surface [22], to cover the surface of Ag nanocrystals so as to largely
suppress the galvanic replacement.

Our synthesis is thus based on the template of cubic Ag nanocrys-
tals with the average edge length of 58 nm (Fig. S1) prepared by
following our previous protocol [23]. To implant Pd atoms in the near-
surface region of Ag nanocrystals, the Ag nanocubes are treated by the
combination of oleylamine and hydrochloric acid (HCl), with the
addition of K2PdCl4 as a Pd precursor and ascorbic acid as a reducing
agent in the presence of O2. As the surface of Ag nanocubes is protected
by oleylamine, the Ag surface becomes relatively passivated against
oxidation. Previous research indicates that a corrosive pitting process
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can take place on surface when metal nanocrystals are covered by
excessive capping agents [24]. In our case, O2/HCl pair is used as an
effective etchant [23] to initiate an oxidative etching process. Given the
passivated surface, the oxidative etching by O2 and HCl can remove
only a small number of Ag atoms from the surface. Most likely, the
galvanic replacement with K2PdCl4 may simultaneously make a con-
tribution to the removal of trace surface Ag atoms although this process
has been greatly suppressed by oleylamine protection. The removal of
trace Ag atoms from surface provides sites for the deposition of Pd
atoms when the K2PdCl4 is reduced by ascorbic acid, implanting the Pd
atoms in the lattice of Ag surface (Fig. 1a, Process 1). The incorporated
Pd atoms will undergo atomic migration on surface and diffusion into
lattice to form a stable structure in the near-surface region (Fig. 1a,
Process 2) [25,26].

Fig. 1b and S2 display the transmission electron microscopy (TEM)
images of the sample after the selective etching-deposition process. By
implementing the process, the lateral dimension of nanocrystals can be

well maintained while the original edges of Ag nanocubes have been
partially removed. It suggests that more intensive oxidative etching
occurs at the edges (Fig. 1a, Process 3), due to the higher reactivity of
edge atoms. It turns out that both oleylamine capping and HCl-
enhanced etching are crucial to the selective etching-deposition process
(Figs. S3 and S4). Only with full surface coverage by oleylamine, the
galvanic replacement can be substantially suppressed, and the oxida-
tive etching by O2/HCl can remove a certain number of Ag atoms to
make them accessible for the incorporation of Pd atoms into near-
surface lattice. Thus the capping and etching effects should be balanced
to achieve our designed synthesis. In addition, such a selective etching-
deposition synthetic scheme can also be extended to other metals such
as the deposition of Pd atoms on Cu nanocubes (Fig. S5), despite the
relatively low quality of Cu template.

Upon the completion of designed synthesis, the next question
would be whether the Pd atoms are truly implanted in the near-surface
region of Ag nanocubes. X-ray diffraction (XRD) suggests that the Ag

Fig. 1. (a) Schematic illustration for implanting trace Pd atoms in the near-surface region of Ag nanocrystals during the synthetic process. (b) TEM and (c) high-resolution TEM images
of the Ag@PdAg nanocubes obtained from the synthesis in panel a. (d) HAADF-STEM image and EDS mapping profiles (green, Pd; red, Ag) of a Ag@PdAg nanocube.

Y. Li et al. Nano Energy 34 (2017) 306–312

308



matrix lattice has not been altered (Fig. S6), which is further supported
by high-resolution TEM (Fig. 1c). Despite the removal of edges by
oxidative etching, the lattice near the edges of Ag nanocubes is well
maintained. The lattice fringes assigned to Ag(200) reveal that the
nanocrystals are bounded by {100} facets. To resolve the spatial
distribution of Pd and Ag, we have collected energy-dispersive spectro-
scopy (EDS) mapping profiles on aberration-corrected high-angle
annular dark-field scanning TEM (HAADF-STEM, Fig. 1d), indicating
that the Pd is deposited on the surface of Ag nanocubes. As the L line
energies for Pd and Ag elements are quite close, it is not highly reliable
to provide contrast for distinguishing Pd from Ag.

To confirm the presence of Pd in Ag lattice, we have measured
chemical compositions using inductively-coupled plasma mass spectro-
metry (ICP-MS). The ICP-MS data show that the content of Pd is
0.8 mol% in the formed nanostructures. Given the average edge length
of 58 nm, the surface atoms of a cubic nanocrystal should account for
about 1.7% of the total atoms (see Supporting Note 1). Thus the Pd
atoms in the product cannot fully cover the surface of nanocubes. In
this case, the structure should be an edge-etched Ag nanocube with an
ultrathin PdAg alloy surface (namely, Ag@PdAg nanocubes).

To prove this feature, depth-dependent XPS has been performed
using a synchrotron radiation technique at incident photon energies of
450, 550, and 600 eV, providing information for vertical elemental
distribution. As estimated by the XPS data [27], the average Pd atomic
fractions in our Ag@PdAg nanocubes decrease from 0.098 to 0.074 as
the depths are extended from ~0.8 nm (hν=450 eV) to ~1.0 nm
(hν=600 eV) (Fig. 2a) [28]. We can thus conclude that the Pd atoms
are mostly distributed in the near-surface region of nanocrystals at a
low concentration. To demonstrate the niche of our synthetic strategy,
we have followed the standard protocol in literature [21], in which
galvanic replacement still takes place to alloy the Ag and Pd, to make a

reference sample (Fig. S7). As reported in literature [21], the reference
sample contains the Pd content of 2.2–7.3% (versus 0.8% in our Ag@
PdAg nanocubes), and possesses 2–5 layers of PdAg alloy in the shells
(namely, Ag@PdAg-ref nanocubes). As indicated by the XPS, the Ag@
PdAg-ref nanocubes possess significantly higher Pd atomic fractions,
ranging from 0.318 for 0.8-nm depth to 0.259 for 1.0-nm depth
(Fig. 2b).

Given the ultralow concentration of Pd atoms, it is imperative to
precisely resolve the local structural information for Pd and Ag atoms.
Apparently XRD is not sufficiently sensitive to detect the structural
changes induced by the ultralow concentration of Pd atoms at 0.8%.
For this reason, the samples are characterized by synchrotron radia-
tion-based XAFS spectroscopy. Figs. S8 and S9 show the Pd and Ag K-
edge EXAFS spectra processed through a Fourier-transform (FT) (Fig.
S10), using standard Pd and Ag foils as the references. The reduced
amplitude and slight phase shifts in the Pd K-edge spectra of Ag@PdAg
and Ag@PdAg-ref nanocubes (Fig. S8) indicate that Pd atoms exist in
the alloyed outer surface. In particular, the major peak at 2.57 Å for the
1st shell of Pd in Ag@PdAg is distinctly red-shifted as compared with
Pd standard (2.47 Å), indicating the formation of bimetallic alloy at
surface. In comparison, the Ag K-edge spectra do not show distinct
difference in terms of phase and amplitude (Fig. S9) as the Ag atoms
detected by EXAFS are mostly internal in the Ag@PdAg and Ag@PdAg-
ref samples. The local structure around Ag atoms shows indistinct
changes as compared with Ag standard, indicating that the Ag atoms
mainly retain the original Ag lattice.

To look into bonding situation, we extracted metal-metal bond
lengths and metal coordination numbers (CNs) from EXAFS curve
fitting. It is known that the CNs of atoms inside a face-centered cubic
(fcc) lattice and on its faces are 12 and 8, respectively. As listed in
Table 1, the total CN of Pd (i.e., CNPd-Ag+CNPd-Pd) in our Ag@PdAg

Fig. 2. Dependence of Pd and Ag atomic fractions of (a) the obtained Ag@PdAg nanocubes and (b) the Ag@PdAg-ref nanocubes prepared by following the literature protocol [21],
measured by XPS as a function of photon energy. (c) The comparison between the experimentally collected Pd K-edge XANES spectra (Ag@PdAg nanocubes, and Pd foil) and the
calculated spectra (1 single Pd atom in Ag, and 1 Pd atom surrounded by a shell of Pd atoms in Ag). (d) Models for XANES calculation. (e) Schematic illustration for heteratomic-rich Pd-
Ag surface.
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sample is 8.5, indicating that Pd atoms are mostly located in the first-
layer surface of nanocrystals. Moreover, the CN of Pd-Ag bond is much
higher than the CN of Pd-Pd bond (5.3 for Pd-Ag versus 3.2 for Pd-Pd),
suggesting that Pd atoms are well separated as single-atom or few-atom
sites in the outermost layer. In comparison, the Pd atoms in the sample
obtained from the conventional method (i.e., Ag@PdAg-ref) are more
aggregated according to the CNPd-Pd of 4.2. More importantly, the Ag
K-edge EXAFS data reveals that more Pd atoms are immersed in bulk
Ag lattice in the Ag@PdAg-ref sample, as indicated by the CNAg-Pd

comparison (3.2 for Ag@PdAg-ref versus 0.6 for Ag@PdAg).
To better resolve the local structure of Pd atoms, we have

reproduced the Pd K-edge XANES features by means of multiple
scattering theory (Fig. 2c). In the calculation, two models are used to
represent the status of “isolation of single Pd atoms in the near-surface
region of Ag nanocrystals” versus “confinement of contiguous Pd atoms
in the near-surface region of Ag nanocrystals”. The single Pd atom in
the model of “1 single Pd atom in Ag” is fully surrounded by Ag atoms,
while the model of “1 Pd atom surrounded by a shell of Pd atoms in Ag”
contains a full shell of Pd atoms (Fig. 2d). The comparison (Fig. 2c)
shows that the spectrum experimentally collected for our Ag@PdAg
sample is more consistent with the calculation result for “1 single Pd
atom in Ag”, indicating that the Pd atoms are largely separated by Ag
atoms (i.e., the “heteratomic-rich Pd-Ag structures”, Fig. 2e) [29].
Certainly we cannot completely exclude the possibility that there may
exist few contiguous Pd atoms, but the Pd atoms are absolutely not all
contiguous over the surface of Ag nanocrystals. Thus our synthetic
approach has the advantage of implanting trace Pd atoms in the near-
surface region of Ag nanocrystals to form heteratomic-rich Pd-Ag
structures, achieving our design for facilitating Pd-H cleavage. In sharp
contrast, the conventional catalysts such as Pd-Ag alloys have Pd atoms
distributed in entire particles no matter how diluted the concentrations
of Pd atoms are. Given that the Pd atoms in bulk cannot participate in
catalysis, our synthetic scheme offers a unique approach to reduce the
Pd usage in catalysts, which cannot be replaced by other techniques.

We are now in a position to investigate the efficacy of near-surface
atomic dilution in the enhancement of electrocatalytic HER, using bare
Pd nanocubes with comparable edge lengths (Fig. S11) as a reference
sample. Fig. 3a shows the HER polarization curves for all the samples
in reference to commercial Pd/C at the same metal loading weight of
0.08 mg. Strikingly our Ag@PdAg nanocubes exhibit dramatically
higher electrocatalytic activity as compared with their counterpart
nanostructures and commercial Pd/C. The Ag@PdAg nanocubes offer
a current density of 382 mA cm−2 at −0.3 V, comparable to that of Pt

catalysts [19], with the Tafel slope down to 70 mV dec−1 (Fig. 3b). In
literature [19], the mass specific activity of Pt monolayer – a config-
uration for maximal atomic utilization is 8.3×104 A/gPt at −0.3 V. Thus
the mass specific activity of 11.9×104 A/gPd here manifests the HER
activity approaching the high level of Pt catalysts. We have also
compared the performance with those for Pd-based nanostructures in
literature based on the values of current density and catalyst usage. The
mass specific activities by the reported PdCu3 and PdPS are about
2.2×103 A/gPd and 7.6×102 A/gPd at −0.2 V, respectively [30,31], while
our Ag@PdAg nanocubes offer a mass specific activity of 3.3×104 A/gPd
at −0.2 V. The high mass specific activity of our sample is enabled by
the maximal usage of Pd atoms on surface. As a reference, the Tafel
slopes of Pd/C, Pd nanocubes and Ag nanocubes are 108, 123, and
134 mV dec−1, respectively, in agreement with the reported value in
literature [9].

The Tafel slope is an indicator for the rate-determining reactions
[32], and as such, the reduced slope suggests that the HER process has
been maneuvered by diluting Pd atoms in Ag matrix. As a matter of
fact, the Ag@PdAg-ref sample with the surface Pd atoms more
concentrated also exhibits a Tafel slope reduction to 83 mV dec−1. In
principle, the HER in acidic medium involves a primary discharge step
(i.e., Volmer step) and two electronic desorption steps (i.e., Heyrovsky
step and Tafel step) [32]. The ideal Tafel slopes are 120, 40, and 30 mV
decade−1 when the Volmer, Heyrovsky, and Tafel steps determine the
rate, respectively. The large Tafel slopes of Pd nanocubes and Pd/C
catalysts indicate that the electronic desorption of Had from the Pd
surface can hardly occur [32]. Thus Heyrovsky or/and Tafel steps
should be the rate-limiting steps, as commonly noted in literature [9].
As indicated by the reduction of Tafel slopes from 123 to 70 mV
decade−1, our atomic dilution strategy has substantially facilitated the
electronic desorption steps — Heyrovsky or/and Tafel steps. As a
result, the HER current density has been dramatically improved from
28 to 382 mA cm−2 at −0.3 V with the enhancement factor of about 14
times.

Another key parameter is the overpotential indicating the required
electron energy for HER [33]. As shown in Fig. 3c, the overpotentials of
samples follow the order of Ag nanocubes > commercial Pd/C > Pd
nanocubes > Ag@PdAg-ref nanocubes > Ag@PdAg nanocubes. The
overpotentials of Ag@PdAg are 20.3 mV at 1 mA cm−2 and 93.0 mV
at 10 mA cm−2, respectively, comparable to the values for excellent Pd-
based catalysts in literature [30,31]. It again manifests that the
electrochemical desorption of H atom from the diluted Pd atoms can
easily take place. This finding is consistent with the trend of onset
potentials, in which the small onset potential of 13.8 mV for Ag@PdAg
indicates that reduction reaction can smoothly occur [33]. It is worth
noting that negligible decay in the HER activity can be observed for our
Ag@PdAg nanocubes between the curves measured at the initial cycle
and after 5000 CV cycles (Fig. 3d), suggesting the excellent durability
during long-term cycling. TEM image (Fig. S12) shows that the
morphology of Ag@PdAg nanocubes is largely maintained after the
HER reaction, which can be responsible for the excellent durability.

To gain insight into the tunable Had desorption with Pd atomic
separation, we have employed first-principles simulations to examine
the H adsorption and desorption on Pd surface. We have calculated the
absorption energies of H atoms on Pd in three possible configurations
including bridge-, hollow-, and top-sites, using two substrates –
Pd(100) surface and Pd-implanted Ag(100) surface as simulation
models. In order to simplify the case, an extreme model that a single
Pd atom is completely surrounded by Ag is used to represent our
heteratomic-rich Pd-Ag structure. According to the adsorption ener-
gies, the most favorable adsorption configuration for Pd(100) facet is to
chemisorb the H atom at the hollow site confined by four neighbored
Pd atoms, with an adsorption energy of −3.78 eV. In sharp contrast, as
the Pd atom is separated by Ag atoms, the most favorable adsorption
configuration is altered to the top site of Pd atom (Fig. S13). Such a
change in adsorption configuration significantly reduces the adsorption

Table 1
Fitting results of Ag and Pd K-edge EXAFS data. The lengths of Ag-Ag, Ag-Pd, Pd-Ag, Pd-
Pd and Pd-O bonds and coordination numbers of Ag and Pd atoms were extracted from
the curve-fitting for Ag and Pd K-edge EXAFS data (Figs. S8 and S9), respectively. R, the
lengths of Ag-Ag, Pd-Pd and Pd-Ag bonds; CN, the coordination numbers of Ag and Pd
atoms; σ2, the Debye-Waller factor. Error bounds (accuracies) are estimated as CN, ±
5%; R, ± 1%; σ2, ± 1%.

Sample EXAFS Bond R (Å) CN σ2 (10−3 Å2)

Ag@PdAg Ag K Ag-Ag 2.86 11.2 9.8
Ag-Pd 2.87 0.6 11.4

Pd K Pd-Ag 2.87 5.3 11.4
Pd-Pd 2.79 3.2 6.5
Pd-O 2.12 1.6 2.1

Ag@PdAg-ref Ag K Ag-Ag 2.86 8.7 9.7
Ag-Pd 2.81 3.2 10.5

Pd K Pd-Ag 2.81 4.5 10.5
Pd-Pd 2.79 4.2 8.7
Pd-O 2.00 0.8 2.3

Ag foil Ag K Ag-Ag 2.86 12.0 9.6
Pd foil Pd K Pd-Pd 2.74 12.0 5.8
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energy to −3.18 eV (Table S1). The essence of adsorption energy
variation is caused by the reduced number of H-bonded Pd atoms
from 4 to 1, associated with the adsorption configurations. To reflect
the hydrogen evolution process, we have also obtained the energy
values for the desorption process of Had atom from Pd(100) surface
and Pd-implanted Ag(100) surface to form H2 (Table S2), which depict
the energy evolution from the adsorbed H atoms to free H2 molecules.
The simulation indicates that the energy evolution for the desorption of
Had atom from Pd-implanted Ag(100) surface is −0.18 eV while that for
Pd(100) surface is 0.43 eV. The exothermic process of Had desorption
to form H2 shows that HER can more easily take place on Pd-implanted
Ag(100). Specifically, the HER is promoted by facilitating the electronic
desorption steps.

4. Conclusion

In conclusion, we have designed the Pd-implanted Ag nanostruc-
tures through a selective etching-deposition approach. The dilution of
trace Pd atoms in the near-surface region of Ag nanocrystals, which has
been unambiguously resolved by synchrotron-radiation characteriza-
tions, can alter the adsorption of H atoms from hollow- to top-sites. As
a result, the Pd-H bond cleavage can be facilitated to dramatically
enhance HER activity. Notably the electrocatalytic HER performance
has been improved about 14 times as compared with conventional Pd
catalysts, approaching the high level of Pt catalysts. This giant HER
enhancement overcomes the long-standing bottleneck of Pd catalysts in
HER, and provides an alternative strategy for engineering catalytic
materials toward hydrogen-related applications. Given the low cost of
Ag matrix material and the ultralow usage of Pd atoms (0.8 mol% Pd in
catalysts), the cost of our Ag@PdAg catalyst is only $24.11/pound
based on the current metal prices in Table S3, about 3.1% that of Pd
and 2.4% that of Pt. More importantly, the Pd atoms in our catalyst are

confined in the near-surface region, which boosts the utilization of Pd
atoms in electrocatalytic HER. As such, the required usage of catalyst
can be reduced by our design as compared with conventional Pd-based
alloy catalysts. The concept demonstrated here calls for future efforts
on near-surface lattice engineering at atomic precision for high-
performance and low-cost electrocatalyst design.
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