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Manipulating the d-band center of the metal surface and
hence optimizing the free energy of hydrogen adsorption
(DGH) close to the optimal adsorption energy (DGH = 0) for hy-
drogen evolution reaction (HER), is an efficient strategy to en-
hance the activity for HER. Herein, we report a oleylamine-
mediated (acting as the solvent, stabilizer, and reducing agent)
strategy to synthesize intermetallic PdCu3 nanoparticles (NPs)
without using any external reducing agent. Upon electrochem-
ical cycling, PdCu3 transforms into Pd-rich PdCu (DGH =

0.05 eV), exhibiting remarkably enhanced activity (with a cur-
rent density of 25 mA cm�2 at ~69 mV overpotential) as an al-
ternative to Pt for HER. The first-principle calculation suggests
that formation of low coordination number Pd active sites
alters the d-band center and hence optimal adsorption of hy-
drogen, leading to enhanced activity. This finding may provide
guidelines towards the design and development of Pt-free
highly active and robust electrocatalysts.

In recent years, hydrogen generation has become an enor-
mous interest owing to its application in clean energy technol-
ogies, such as fuel cells and solar fuel generators.[1] Despite its
high cost and scarcity, platinum-based catalysts are the most
effective catalysts for electrochemical HER owing to their low
overpotentials and fast reduction kinetics in acidic medium.[2]

In search of non-Pt-based catalysts, transition metal (Mo, W, Ni,
Pd, and Cu) based phosphides, carbides, nitrides, sulfides, sele-
nides, and bimetallic systems have been proposed as efficient
catalysts for HER.[2a, 3] Especially, transition metal sulfides (e.g. ,
MoS2,[4] CoS2,[5] and WS2

[6]), phosphides (e.g. , Ni5P4-Ni2P nano-
sheets,[7] CoP,[8] and Cu3P[9]), and phosphosulphides (e.g. ,
CoPS,[10] MoPS,[11] and PdPS[3b]), as well as carbide systems (e.g. ,
Mo2C[12] and WC[13]), have been recently identified as the most
promising HER electrocatalysts. Despite promising activity and
stability, these catalysts are far beyond the Pt-based ones with

high overpotentials and less exchange current density.[2a]

Therefore, development of non-Pt-based catalysts that are su-
perior or comparable to Pt is still desperately needed for the
successful application of water splitting for hydrogen genera-
tion. Based on the “Volcano Plot”, which relates the enthalpy
of hydrogen adsorption and consequent electroneutrality for
free energy of adsorption, Pd is considered to be a highly effi-
cient hydrogen evolution catalyst comparable to Pt.[14] Though
Pd is highly active for hydrogen evolution, it enhances the hy-
drogen solubility under appropriate temperature and pressure,
which leads to the formation of hydride phases and lattice ex-
pansion causing instability.[15] Formation of hydride can be sup-
pressed to a large extent by alloying of Pd with other
metals.[16] On the other hand, in comparison with other inex-
pensive metals (e.g. , Ni, Co, and Mo), Cu is low cost and highly
abundant. Recently, Cu-based catalysts have shown considera-
ble activities towards HER both in acidic/basic and neutral me-
dium.[3c, 7, 17]

In the present study, we report a new catalyst derived from
electrochemical dealloying of PdCu3 intermetallic NPs for
highly efficient electrochemical HER. To prepare monodisperse
PdCu3 intermetallic NPs, a new facile solvothermal method was
adopted by co-reducing Pd(acac)2 and Cu(acac)2 in oleylamine
at 180 8C. Here, oleylamine was used as the solvent, stabilizer,
and reducing agent (see the Supporting Information for com-
plete experimental details). Owing to a large reduction poten-
tial difference between PdII/Pd (+ 0.915 V)[18] and CuII/Cu
(0.34 V)[19] pairs, it is very unlikely to form intermetallic PdCu3

without the use of a strong external reducing agent. However,
the presence of cetyl trimethylammonium bromide (CTAB) con-
trols the reduction rates of Pd and Cu species for facilitating
the co-reduction process.[19] The formation of single phase
PdCu3 in cubic symmetry has been confirmed by powder XRD
(Figures 1 a and S1 in the Supporting Information). The XPS
spectrum of PdCu3 NPs shown in Figure 1 b exhibits peaks at
335.5 and 340.5 eV, corresponding to Pd 3d5/2 and Pd 3d3/2 core
levels, while the peaks at 932.5 and 952 eV correspond to
Cu 2p3/2 and Cu 2p1/2, respectively.[20] The core level XPS spectra
clearly indicate the presence of Pd0 and Cu0 in the synthesized
PdCu3 NPs.[20]

Figure 2 a, b shows TEM images of the as-synthesized spheri-
cal PdCu3 NPs with an average diameter of 10 nm. The corre-
sponding selected area diffraction (SAED) pattern (Figure 2 c)
contains (111), (2 0 0), (3 0 0), (3 11) crystallographic planes of
PdCu3 NPs. The high- resolution TEM (HRTEM) image (Fig-
ure 2 d) shows the lattice fringes of d-spacing 0.217 nm, which
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corresponds to the (111) plane of the cubic intermetallic
PdCu3 NPs. SAED pattern and d-spacing value calculated from
HRTEM clearly confirm the formation of PdCu3 NPs. A high-
angle annular dark field scanning TEM (HAADF-STEM) image,
and selected area elemental mapping show that Pd (yellow)
and Cu (red) elements are uniformly distributed throughout
nanoparticles (Figure S2). Energy-dispersive X-ray spectroscopy
(EDS) data taken on an ensemble of nanoparticles (Fig-
ure S3 a, b) shows the presence of Pd and Cu elements with
atomic percentage of 26.74 and 73.26 at %, respectively, which
is in good agreement with the expected stoichiometric ratio of
1:3 for PdCu3. This result is further supported by point EDS on
a single nanoparticle and inductively coupled plasma atomic-
emission spectroscopy (ICP-AES) analysis (Figure S4 a, b and
Table S1).

HER catalyzed by PdCu3 NPs have been investigated in 0.5 m

H2SO4 solution using a three-electrode setup with Pt wire and
Ag/AgCl as the counter and reference electrodes, respectively.
All the potentials have been calibrated versus the reversible
hydrogen electrode (RHE). Commercial Pt/C (40 wt %, Alfa
Aesar) and Pd/C (40 wt %) synthesized experimentally using
the same conditions have been used to compare catalytic per-
formance (Figure S5). Figure 3 a and b show the polarization
curves of different catalysts where activities of different cata-
lysts are compared. Figure 3 a shows a dramatic enhancement
of the HER activity of PdCu3 after continuous potential cycling
from 0.391 to 0.941 V (vs. RHE). The onset potential as well as
overpotential at 10 mA cm�2 (h10) and 20 mA cm�2 (h20) shift
positively with the increased number of potential cycles reach-
ing a maximum value after 1000 cycles. The onset potential
observed for PdCu3 NPs is �100 mV versus RHE with h10 and

Figure 1. (a) Powder XRD pattern of PdCu3 NPs with respect to the simulat-
ed pattern.[21] High resolution XPS spectra of (b) Pd 3d and (c) Cu 2p core
levels of the sample PdCu3 NPs.

Figure 2. (a–b) TEM images and (c) SAED pattern of the as-synthesized
PdCu3 NPs, and (d) HRTEM image of a single PdCu3 NP.

Figure 3. (a) Linear sweep voltammograms (LSVs) of PdCu3 NPs in 0.5 m

H2SO4 before and after cycling tests. (b) LSVs of PdCu3, dealloyed PdCu3,
commercial Pt/C (40 wt %), and synthesized Pd/C (40 wt %) in 0.5 m H2SO4;
scan rate = 1 mV s�1. (c) Tafel plots for PdCu3, dealloyed PdCu3, and commer-
cial Pt/C (40 wt %) in 0.5 m H2SO4. (d) LSVs of dealloyed PdCu3 catalysts
before and after 1000, 3000, and 5000 cycles. (e) Nyquist plots of PdCu3 NPs
and electrochemically dealloyed PdCu3 NPs. AC data obtained at �0.08 V vs.
RHE with 5 mV AC amplitude in 0.5 m H2SO4. The frequency range used for
the impedance measurement was 100 kHz to 10 mHz.
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h20 value at �210 and �250 mV respectively for a catalyst
mass loading of 0.28 mg cm�2 (Pd loading: 0.1 mg cm�2). How-
ever, the catalyst obtained after 1000 potential cycles shows
much reduced HER onset potential (�10 mV) as well as h10

(�50 mV) and h20 (�63 mV), which is almost equivalent to the
current state-of-the-art material Pt/C (Figure 3 b).

Comparison of the present data with the literature is difficult
as the mass loading are not the same. However, under similar
conditions (without considering similar mass loading for all the
catalysts), these potential values are better than that of the
other acid-stable non-Pt-based HER electrocatalysts, including
PdPS [onset potential (honset)��50 mV; h10��90 mV],[3b]

Pd17Se15 (honset��80 mV; h10��182 mV),[22] Pd7Se4 (honset�
�70 mV; h10��162 mV),[22] Pd4Se (honset��30 mV; h10�
�94 mV),[22] Pd2Si (h10��192 mV),[23] exfoliated MoS2 (h10�
�187 mV),[4] WS2 (honset��100 mV),[6] CoS2/RGO-CNT compo-
sites (h10��142 mV),[5] Ni5P4-Ni2P nanosheets (honset��54 mV;
h10��120 mV),[7] CoP (h20��95 mV),[8] Cu3P nanowires
(honset��62 mV; h10��143 mV),[9] MoPS (h10��86 mV)[11] and
b-Mo2C nanotubes (honset��82 mV; h10��172 mV)[12]

(Table S2). Though the effect of oleylamine on electrochemical
HER and its fate during this process is not known in the litera-
ture, it is well-established that presence of nitrogen on the cat-
alyst surface in the form of doped atoms enhances the HER ac-
tivity.[24] It is well-known that the presence of donor nitrogen
atoms on the catalyst surface (either from oleylamine or some
other nitrogen-containing solvent) of Pt and Pd enhances the
electrocatalytic activity towards the oxygen reduction reaction
owing to either a shift of d-band center due to charge transfer
or preventing the spectator ions (SO4

2�) from blocking the
active sites.[25] Based on the above-mentioned fact, it can be
proposed that the presence of nitrogen atoms on the catalyst
surface in the form of oleylamine capping is expected to en-
hance the HER activity of the catalyst and it is expected to be
intact on the NP surface upon electrochemical dealloying pro-
cess.

The catalyst obtained after 1000 cycles on PdCu3 NPs was
analyzed by EDS elemental analysis (Figure S2 c, d), which
shows the atomic percentage of Pd and Cu elements are 42.75
and 57.25 at %, respectively. This composition of the dealloyed
catalyst is also well-supported by point EDS on a single NP
and ICP-AES data (Figure S4 c, d and Table S1). This decrease in
atomic percentage of Cu clearly indicates the dissolution of Cu
and the formation of relatively more Pd-rich PdCu3�x alloy (ap-
proximately PdCu1.3), which is commonly observed in Cu-based
alloys.[26] The Cu-dissolution phenomenon from PdCu3 interme-
tallic nanoparticles can be well-understood from the cyclic vol-
tammetry curves in the potential cycling region (0.391–0.941 V
vs. RHE). As shown in Figure S6, the intensity of the Cu dissolu-
tion peak (0.46–0.625 V vs. RHE in the forward scan) decreases
gradually with the increasing number of potential cycles, indi-
cating Cu dissolution from PdCu3 NPs. The Cu etching from
PdCu3 NPs was further confirmed by HRTEM image (Figure S7)
and elemental mapping (Figure S8). The distance between two
lattice fringes (d-spacing) was calculated to be 0.226 nm
whereas for (111) plane of PdCu3 NPs is 0.217 nm. This in-
crease in d-spacing clearly indicates the deficiency of Cu in the

PdCu3 system and supports the Cu dissolution phenomenon.
Elemental mapping (as shown in Figure S8) of the catalyst ob-
tained after 1000 cycles clearly shows that Pd still spreads
across the whole NP, but Cu is concentrated in only a few re-
gions of the NP, which indicates that after potential cycling, Cu
is etched out from PdCu3 NPs and Pd rich PdCu3�x NPs are
formed. No traces of Pt were found through ICP-AES, SEM-EDS,
and point EDS (on a single particle) analysis. Additionally, use
of carbon as a counter electrode does not change the charac-
teristics activation owing to the dealloying effect (Figure S9),
which confirms that any residual Pt from counter electrode is
not responsible for the observed activity.

In general, the HER on the catalyst surface can be described
either by the Volmer–Heyrovsky mechanism (H3O+ + e�=

Hads + H2O and Hads + H3O+ + e�= H2 + H2O) and/or Volmer–
Tafel mechanism (H3O+ + e�= Hads + H2O and Hads + Hads =

H2).[2a, 3f, 27] Tafel slope is often used to study the rate determin-
ing step of the HER.[3f, 27a] A HER following the Volmer–Heyrov-
sky mechanism leads to a Tafel slope of 120 mV dec�1, while
that for Volmer–Tafel mechanism is 30 mV dec�1. In the present
study (as shown in Figure 3 c), dealloyed PdCu3 shows the
value of 34 mV dec�1, which is very close to Pt/C (29 mV dec�1)
under identical reaction conditions.[3b] Hence, change in Tafel
slope clearly indicates the change in HER mechanism on the
catalyst surface; that is, HER on the as-synthesized PdCu3 fol-
lows the Volmer–Heyrovsky mechanism, whereas on the deal-
loyed catalyst it follows the Volmer–Tafel mechanism. The ob-
tained Tafel slope for the dealloyed catalyst is smaller than
many highly efficient non-Pt-based HER electrocatalysts, such
as Pd17Se15(57 mV dec�1),[22] Pd7Se4 (56 mV dec�1),[22] Pd4Se
(50 mV dec�1),[22] PdPS (46 mV dec�1),[3b] Pd2Si (131 mV dec�1),[23]

exfoliated MoS2 (43 mV dec�1),[4] WS2 (48 mV dec�1),[6] CoP
(50 mV dec�1),[8] Cu3P nanowires (50 mVdec�1),[9] Ni5P4-Ni2P
nanosheets (79.1 mV dec�1),[7] CoPS (48 mV dec�1)[10] and b-
Mo2C (62 mV dec�1)[12] (Table S2). The exchange current density
of dealloyed PdCu3 is found to be 1.8 � 10�4 A cm�2.

Further, AC impedance spectroscopic data shows the
charge-transfer resistance (RCT, obtained from the diameter of
the semicircle of the Nyquist Plot) being low for the dealloyed
catalysts (obtained after different cycles), indicating faster ki-
netics of HER on dealloyed catalysts reaching a lowest RCT

value (26 W) for the catalysts obtained after 1000 cycles (Fig-
ure 3 e). Cu-rich intermetallic NPs are considered to be of great
interest as electrocatalysis and it was suggested that selective
electrochemical dissolution of Cu favors the formation of
highly active catalysts.[19, 26a, 28] Xia et al. reported that upon po-
tential cycling, Cu-rich PtCu3 transforms into highly active Pt-
rich electrocatalysts and enhanced electrocatalytic activity was
observed.[19] Recently, Lv et al. showed remarkable enhance-
ment in the HER activity of NiAu alloy upon potential cyclin-
g.[2a] Lowering of Au coordination number upon dissolution of
Ni enhances the HER activity to a large extent, like Pt. A similar
effect has been observed in the present study, dissolution of
Cu favored the formation of a Pd-rich compound with en-
hanced electrochemical activity towards HER. During gas evo-
lution on the electrode surface, stability of the electrocatalysts
is a major issue. McKone et al. reported that Ni–Mo nanopow-
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der, which is considered as one of the best catalysts for HER,
degrades during continuous operation.[29] On the other hand,
here, the dealloyed PdCu3 catalyst is not only highly active, but
also durable to HER. The dealloyed catalyst is cycled between
0.341 and �0.409 V (vs. RHE) at a scan rate of 100 mV s�1 for
up to 10 000 cycles. As shown in Figure 3 d, there is nearly no
activity change for the dealloyed PdCu3 catalyst, indicating
that it is highly durable for HER in 0.5 m H2SO4. The stability of
the catalyst was further confirmed by TEM analysis (Fig-
ure S10). From the HRTEM image (Figure S10 b), it can be ob-
served that there is almost no change in d-spacing of the elec-
trode material after 5000 cycles of stability test. This indicates
that the dealloyed PdCu3 catalyst is stable even after a large
number of potential cycles.

Electronic structure calculations offer the possibility of
giving a detailed molecular-level picture of the process in-
volved. Hence, to gain insight into the electrocatalytic activity
of PdCu3 (111) towards HER, we have carried out first-
principles calculations. As the reaction proceeds through hy-
drogen atoms adsorbed at the electrode surface (Hads), the rate
of the overall reaction is eventually influenced by the free
energy of hydrogen adsorption (DGH) considered as single cat-
alytic descriptor. If the binding strength of the hydrogen to
the surface is very weak, the adsorption step would limit the
overall reaction rate. On the other hand, when the hydrogen
binds to the surface very strongly, the desorption step would
limit the overall reaction rate. Therefore, it can be inferred that
optimal catalysts for HER should have hydrogen adsorption en-
ergies close to DGH = 0 eV (i.e. , binding energy of hydrogen is
neither too weak nor too strong). In the first-principles calcula-
tions, surface Pd sites have been considered as catalytically
active centers for H adsorption. Each surface of Pd atom(s) in
the intermetallic PdCu3 (111) system are surrounded by 9 Cu
atoms; hence, the maximum coordination number (n) of sur-
face Pd atom is equal to 9. However, according to the experi-
mental finding, Cu atoms get successively etched out from the
PdCu3 (111) surface during the course of electrochemical cy-
cling. Hence, it can be expected that there would be develop-
ment of structural defects owing to Cu vacancies adjacent to
the Pd atom on the PdCu3 (111) surface. This results in the
lowering of n of surface Pd atoms in comparison to a perfect
surface with the progress of the reaction. To find out the effect
of dealloying on catalytic activity, we have calculated DGH as
a function of reduction with respect to n of surface Pd atom.

More specifically, neighboring Cu atoms of surface Pd were
consecutively removed to create under-coordinated catalytical-
ly active Pd sites, and overall six PdCu3 (111) surfaces with n
ranging from 9 to 4 were considered (Figure 4 a, I–VI) in the
present study. From the free energy diagram, it is evident that
there is monotonous decline in DGH value with lowering n
(Figure 4 b).

However, our computational study recommends that at n =

5, the catalytic activity of PdCu3 (111) surface should be most
favorable with DGH = 0.05 eV, which is very close to the bind-
ing energy of optimal HER catalyst (DGH = 0 eV), although still
weaker hydrogen absorption compared to Pt with a positive
binding energy. Interestingly, as we move to lower n (i.e, n = 4)

DGH surpasses the optimal value and the H atom strongly ad-
sorbs to the surface with negative binding energy. It can be
analyzed through the Sabatier principle, which accounts for
optimal surfaces as ones that exhibit moderate binding ener-
gies of adsorbates as found for the n = 5 system here. This
result is in excellent agreement with the experimental findings
of enhanced HER activity with lower n during electrochemical
cycling. Moreover, it has been experimentally observed that
there is a slight decrease in the HER activity after a certain
electrochemical cycle (2000 cycles) with respect to pure Pt
metal that nicely corroborates with the diminished activity of
PdCu3 (111) with n = 4. Nevertheless, it should be noted that

Figure 4. (a) PdCu3 (111) surfaces with n = 9–4 (I–VI, respectively). The
vacant sites are denoted by the white circles with black dotted boundary.
Cu, Pd, and H atoms are represented by red, orange, and cyan colored balls,
respectively. (b) Free energy diagram for HER (U = 0 V) at Pd sites with vary-
ing coordination number (n = 9–4). The broken line corresponds to a pure Pt
(111) surface. (c) LDOS on Pd atom with n = 9, 5, and 4. The Fermi energy
(EF) is represented by a black vertical dashed line. The green thick bar repre-
sents the d-band center (Ed) on the Pd atoms of PdCu3 (111) surfaces.
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the DGH value at n = 5 (0.05 eV) is far better and that only at
n = 4 (�0.15 eV), the DGH is very close to that of pure Pt metal
(�0.12 eV) suggesting insignificant difference in the catalytic
activity of pure Pt and PdCu3 (111) (n = 4) towards HER.

Furthermore, we have calculated the local density of states
(LDOS) projected onto three representative surface Pd sites of
PdCu3 (111) with n = 9, 5, and 4 (Figure 4 c). The results can be
explained using a d-band model because the d-band center is
correlated to the adsorption energy of the adsorbate.[30] The
calculated d-band centers for the PdCu3 (111) surface with n =

9, 5, and 4 are �2.00, �1.88, and �1.52 eV, respectively. It is
well-known that the higher the d-band energy is, stronger the
adsorption.[31] It is evident from Figure 4 c that as n reduces
from 9 to 5 and 4, the d-band center shifts towards the Fermi
energy, which suggests stronger adsorption of H to the surface
and lowering of DGH. Hence, in the present case, d-band
center explains the origin of the enhanced HER activity with re-
ducing the n of Pd.

In summary, we have investigated the effect of dealloying
the PdCu3 electrocatalyst, synthesized using oleylamine at
180 8C, on electrochemical HER. Subject to potential cycling
between 0.39 and 0.94 V (vs. RHE) in 0.5 m H2SO4, PdCu3 NPs
transform to a Cu-deficient PdCu3 alloy owing to selective elec-
trochemical dissolution of Cu. The relatively Pd-rich dealloyed
PdCu3 NPs show remarkable enhancement in the HER activity
almost equivalent to Pt. The dealloyed catalyst is found to be
highly stable for a large number of potential cycles. The first
principles calculations suggest that enhancement in the cata-
lytic activity for HER arises as a result of the formation of active
Pd sites with low coordination number. This dealloyed PdCu3

catalyst can be a promising alternative to Pt in HER for impor-
tant energy applications. This present study can be extended
to synthesize other Pd-based first-row transition metal alloys
for HER catalytic tuning and optimization, which in turn will
help to develop non-Pt-based highly active and stable catalysts
for HER.
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COMMUNICATIONS
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Electrochemical Dealloying of PdCu3

Nanoparticles to Achieve Pt-like
Activity for the Hydrogen Evolution
Reaction

A little less gives a lot more: PdCu3

nanoparticles (NPs) are synthesized
using a solvothermal method with oleyl-
amine as the solvent, stabilizer, and re-
ducing agent. Electrochemical dealloy-
ing transforms PdCu3 NPs into Cu-
deficient PdCu3�x, which shows en-
hanced hydrogen evolution reaction ac-
tivity equivalent to state-of-the-art Pt/C.
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