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ABSTRACT: Anion-exchange membrane fuel cells hold promise to greatly reduce cost by employing non-precious metal 

cathode catalysts, however, exploring more efficient anode catalysts to improving hydrogen oxidation reaction, which be-

comes sluggish in alkaline electrolyte, remains a great challenge. We report that the BCC-phase PdCu alloy nanoparticles 

synthesized via a wet-chemical route and optimal thermal-treatment, exhibit significantly high HOR mass and specific 

activities than FCC-phase PdCu, which are about 4 times and 2 times higher than those of Pd/C and Pt/C in alkaline elec-

trolyte. In-situ HE-XRD reveals the crystalline structure transformation at low annealing temperature (<300°C) favors for-

mation of a PdCu FCC structure, but at higher annealing temperatures (300~500oC), a BCC structure dominates PdCu NPs. 

Density functional theory (DFT) computations unravel the very similar H binding strength and much stronger OH binding 

of PdCu BCC surface to FCC surface, which is closer to that on the most HOR active Pt model surfaces. Therefore, the 

synergistic optimization of both H and OH binding strength result in the HOR activity enhancement on BCC-phase PdCu, 

which could serve as an efficient anode catalysts for anion-exchange membrane fuel cells. This work opens a new route to 

develop the efficient HOR catalysts from the perspective of crystalline structure transformation.

Anion-exchange membrane fuel cells (AEMFCs) offer 
high pH alkaline environments, that allow long-time oper-
ation of inexpensive non-precious metals and their alloys, 
which can significantly reduce the cost of fuel cell sys-
tems.1, 2 This is particularly encouraged by the oxygen re-
duction reaction (ORR) at the cathode, because non-noble 
metal catalysts have shown comparable activity to that of 
the state-of-the-art ORR catalyst Pt in AEMFCs.3-5 How-
ever, the activities of the anode reaction, the hydrogen ox-
idation reaction (HOR), are at least two orders of magni-
tude lower on Pt-group metals in alkaline electrolyte (e.g. 
exchange current density i0≈1 mA.cm-2

Pt at 40°C on Pt/C) 
than in acidic electrolyte (e.g. i0≈120 mA.cm-2

Pt at 40°C on 
Pt/C), consequently requiring much higher Pt-group metal 
loading for AEMFCs in comparison with proton exchange 

membrane fuel cells (PEMFCs).6-8 Therefore, motivated by 
achieving a comparable anode HOR activity in AEMFCs to 
compete with PEMFCs, the mechanism of HOR on transi-
tion metals has been extensively studied.1, 2 

Without considering the pH effect, Trasatti and Nørskov 
groups proposed an empirical correlation of the exchange 
current densities of HOR with respect to the hydrogen ad-
sorption energies (derived from the differential Gibbs free 
energy of hydrogen adsorption, ΔGH*) on different metals, 
and a volcano relationship was constructed.9-11 It has been 
demonstrated that the active HOR catalyst should bind hy-
drogen neither too strongly nor too weakly, thereby ena-
bling all steps to thermo-neutral on such catalyst surface 
at the equilibrium potential. With a “well-compromised” 
hydrogen binding strength, Pt-group metals (e.g. Pt, Pd, Ir, 
Rh etc.) are highly active catalysts toward HOR. However, 
this simplistic view does not help to differentiate between 



 

acidic and alkaline electrolytes. There are conflicting inter-
pretations of the inferior HOR performance in alkaline en-
vironments, despite intense recent research efforts. Sheng 
et al. correlated the experimentally measured HOR ex-
change current densities of a series of monometals in alka-
line electrolyte with their calculated hydrogen binding en-
ergy (HBE), and found that most monometallic catalysts 
possess stronger hydrogen binding in base than that in 
acid.12 Therefore, they suggested that the HBE could be a 
major descriptor in alkaline electrolyte and that the slower 
kinetics can be mainly ascribed to a generally strengthened 
H adsorption in alkaline environments.13, 14 On the other 
hand, Strmcnik et al. argued that the oxophilic nature of 
catalyst surfaces (OH binding energy) also played a signif-
icant role in alkaline HOR, and evidenced Ir and PtRu cat-
alysts which outperformed Pt toward the H2 oxidation in 
alkaline electrolyte.15 They demonstrated that the oxophi-
lic effect of Ru and Ir on the improvement of HOR activity 
resulted from low OH adsorption potential that enables 
the oxidative removal of adsorbed hydrogen. The decou-
pling of HBE to HOR rate on Pt-Ru/C and Ru/C systems is 
also validated by electrochemical measurements and ki-
netic studies which provide evidence of surface hydroxyl 
groups on Ru surface sites participating in a bifunctional 
mechanism.16 The underpotential-deposited hydrogen de-
sorption peak potential has been suggested to directly cor-
relate with HBE, and the CO-stripping has been suggested 
to directly relate to the OH binding energy.13, 14, 17 Neverthe-
less, no DFT work or fundamental surface studies have sug-
gested that the strength of H binding to metals changes 
with pH, and to the contrary, the work of Janik group has 
suggested that changing pH (and the accompanying 
change to include cations in the near surface region) con-
tributes very little effect on H-metal interactions but in-
stead on OH surface stability.18 Their calculation is further 
corroborated by a recent experimental study suggesting 
that the “hydrogen region” on Pt stepped electrode is actu-
ally a “hydrogen-hydroxyl-cation” region and that the ob-
served “hydrogen peak” shift with pH is caused by cation-
hydroxyl coadsorption.19 These observations collectively 
lead to a major discrepancy in approaches to rational alka-
line HOR catalyst design – is H* stability alone sufficient 
to predict activity or does OH* adsorption/oxophilicity act 
as a second independent descriptor. 

We hypothesize that development of the highly active 
HOR catalysts in alkaline media requires modification and 
optimization of both H and OH adsorption. Guided by the 
volcano relationship of HOR activity with HBE, Pt-group 
metal based binary catalysts are investigated with a second 
metal introduced to reduce the strength of hydrogen ad-
sorption. Wong et al. rationally designed the Pt-M (M = Ru, 
Co, Fe, Cu, and Au) as HOR catalysts, and reported that 
hydrogen adsorption on PtRu, PtFe, PtCo, and PtCu were 
weakened with the second metal incorporation, whereas 
the PtAu was expected to demonstrate an increased hydro-
gen adsorption strength.20. In addition, Greeley et al. 
demonstrated that a transition metal substrate could sig-
nificantly vary the hydrogen adsorption strength to a Pd 

surface, and Pd/PtRu shows an optimal hydrogen adsorp-
tion ability thereby exhibiting at an order of magnitude 
higher HOR exchange current density than other investi-
gated Pd/M catalysts (M=Re, Ru, Ir, Rh, PtRu, Pt, Au).21  

However, little research effort has been made to explore 
the crystalline structure of metal and metal alloy catalysts 
for HOR in alkaline electrolyte. From the structural per-
spective, the crystalline structure with different lattice 
constant can significantly influence hydrogen or hydroxyl 
anion adsorption strengths, thus altering their overall ac-
tivity for a specific reaction (e.g. enhanced activity of ORR 
and ethanol oxidation reaction on BCC structured PdCuCo 
and PdCuNi materials).22, 

Herein, we prepared PdCu alloy nanoparticles (NPs) and 
characterized the HOR activity in 0.1 M KOH solution. The 
HOR activity exhibited a strong dependence on the an-
nealing temperature. In particular, PdCu alloy NPs an-
nealed at 500°C exhibit very high mass and specific activi-
ties, outperforming all as-synthesized Pd, PdCu, and even 
commercial Pt catalysts. The PdCu crystalline structure 
transformation from face-centered cubic (FCC) to body-
centered cubic (BCC) was observed as the thermal anneal-
ing temperature increasing from 200°C to 600°C, and the 
correlation of PdCu alloy crystalline structure with their 
HOR reaction performances and mechanisms (the 
strength of H and OH adsorption) was further investigated 
by DFT computations. It is demonstrated that, compared 
to PdCu FCC model surfaces, H adsorption and OH ad-
sorption potentials on a PdCu BCC surface are closer to 
those on a corresponding Pt surface. Specifically, the much 
stronger OH adsorption on PdCu BCC surface renders the 
BCC phase to exhibit much better HOR catalytic perfor-
mance than FCC phase. Therefore, taking both H and OH 
adsorption into consideration, the BCC structured PdCu 
alloy under 500°C thermal annealing exhibits a remarkable 
HOR activity in alkaline electrolyte.  

 The 
PdCu NPs were synthesized following a one-step wet-
chemical method via a fast reduction of Pd2+ and Cu2+ pre-
cursors.23 In order to mitigate the particle agglomeration, 
carbon support (carbon black) was introduced in the be-
ginning of the synthesis process, and PdCu NPs were de-
posited on carbon black yielding the PdCu/C-raw. As 
shown in Figure 1a, PdCu NPs were found to be evenly dis-
persed on the surface of carbon black, and the particle size 
was well controlled at ca. 4.7 nm with a narrow size distri-
bution (3.5-6.5 nm). Due to such a small particle size, only 
two broad diffraction peaks at 41.7o and 48.4 were distin-
guished from the PdCu/C-raw XRD pattern, which can be 
indexed to (111) and (200) reflections of face-centered cubic 
(FCC) PdCu (ICCD 04-015-2414) (Figure 1b). A lack of 
monometallic Pd and Cu diffraction peaks indicates the 
well alloyed FCC-typed PdCu NPs in the absence of Pd-Cu 
phase segregation.  



 

 

Figure 1. (a) TEM image and (b) XRD pattern of PdCu/C-raw 

sample. The inset (a) is particle diameter histograms of PdCu 

NPs in PdCu/C-raw sample. 

 The HOR activity of 
as-synthesized PdCu/C-raw, Pd/C, Cu/C, and commercial 
Pt/C, was evaluated by using rotating disk electrode (RDE) 
voltammetry in H2-saturated 0.1 M KOH electrolyte. 
HOR/HER polarization curves were compensated by the 
electrolyte resistance measured before testing, and the ki-
netic current density, Jk, was calculated based on the Kou-
tecky-Levich equation (see supporting information).24 
Although the kinetics of HOR in acid electrolyte was too 
fast to be determined by using RDE, the catalysts could not 
reach the Nernstain diffusion limited overpotential in the 
alkaline electrolyte, and therefore the RDE measurement 
can well describe the kinetics of HOR in base.25 As shown 
in Figure 2a and 2b, the Pd/C exhibits a moderate HOR 
activity among all investigated monometallic catalysts, 
which follows the order of Pt/C > Pd/C > Cu/C (nearly in-
active toward HOR). The half wave potential of Pd/C was 
measured to be 0.069 V at 1600 rpm, and this is very close 
to the result of 0.070 V reported by Zheng et al. 24 Accord-
ing to the hypothesis that incorporated Cu could help op-
timize HBE and OH adsorption energy relative to pure Pd, 
the PdCu/C-raw was expected to show a higher HOR ac-
tivity than that of Pd/C in alkaline solution. Unexpectedly, 
a fairly inferior HOR activity with a much larger half wave 
potential of 0.204V was obtained over PdCu/C-raw. We 
further applied thermal annealing to obtain PdCu/C-T 
samples (T=200°C, 300°C, 400°C, 500°C, and 600°C). The 
HOR activity of thermal-treated PdCu/C samples were 
much improved after the thermal annealing at 300°C to 
500°C. Among all thermal annealed PdCu/C samples, 
PdCu/C-500°C exhibits the highest HOR activity with a 
much smaller half wave potential of 0.028 V as compared 
to 0.069 V of Pd/C and 0.047 V of Pt/C. With further in-
creased annealing temperature, the HOR activity of 
PdCu/C-600°C (E1/2=0.184 V) was largely reduced, which is 
very similar to those of PdCu/C-raw (E1/2=0.204 V) and 
PdCu/C-200°C (E1/2=0.145 V). 

 

Figure 2. (a) HOR/HER polarization curves (positive scan) and 

(b) representative Tafel plots of Pt/C, Pd/C, Cu/C, and PdCu/C 

materials measured at a scanning rate of 1 mV/s in H2-satu-

rated 0.1 M KOH electrolyte with iR correction. 

To obtain the surface-specified activity, we measured the 
electrochemical surface area (ECSA). Integration of the 
PdO reduction peak is the most commonly used method 
to determining the ECSA of Pd-based catalysts.26, 27 How-
ever, Cu1+ reduction peak was found to overlap the PdO re-
duction peak in the potential range of 0.420 V to 0.720 V 
(Figure S1), thus causing an ECSA overestimation of Pd for 
as-synthesized PdCu/C catalysts.28 Therefore, CO-
stripping method was employed to measure the ECSA of 
active Pd (or Pt) for all investigated catalysts in this work, 
and all measured ECSA results were summarized in Table 
S1 (Details of CO-stripping measurement, see sup-
porting information).27, 29 The specific activity (SA) was 
then normalized by measured ECSA of active Pd (or Pt).  



 

 

Figure 3. Comparison of HOR mass and specific activity (MA 

and SA) of Pt/C, Pd/C, and PdCu/C at 50 mV and 100mV over-

potential in H2-saturated 0.1 M KOH electrolyte. 

As shown in Figure 3a and 3b, the mass activity (MA) 
and the specific activity (SA) were determined at 50 mV 
and 100 mV overpotential, respectively (Details of MA 
and SA calculation, see Supporting information). 
Among all studied catalysts, PdCu/C-500°C exhibits the 
highest MA of 0.522 mA ugPd

-1 and SA of 0.883 mA cmPd
-2 at 

50mV overpotential, which is about 2 times higher than 
those of Pt/C (MA of 0.229 mA ugPt

-1, SA of 0.514 mA cmPt
-

2) and 4 times higher than those of Pd/C (MA of 0.135 mA 
ugPd

-1, SA of 0.219 mA cmPd
-2), respectively. Similar behavior 

was observed at 100mV overpotential where the PdCu/C-
500°C becomes more active for HOR. These results were 
also compared with other HOR catalysts reported in previ-
ous work (Table S2), and the activity of the as-synthesized 
PdCu/C-500°C stays on the top among reported noble 
metal based HOR catalysts. A robust stability of as-synthe-
sized PdCu/C-500°C was also obtained by chronoam-
perometry test of 100 mV overpotental for 12h in 0.1M KOH 
solution (Figure S2). By taking the low catalyst cost into 
consideration, as-synthesized PdCu/C-500°C catalysts 
would be quite promising to serve as the HOR catalysts in 
AEMFCs. 

 
To understand the reason of the improved HOR activity on 
PdCu/C-500°C after thermal annealing, the PdCu NPs 
composition as well as crystal structure were analyzed. It is 

important to note that most organic complexes (surfac-
tants) involved in the synthesis process were removed after 
heat treatment, and <3wt.% surfactants were detected 
from all thermal annealed PdCu/C samples by TGA. As 
shown in Figure S3, two weight loss steps were observed, 
including the evaporation and desorption of absorbed wa-
ter from the catalyst surface at 70°C to 170°C and surfactant 
desorption and gradual decomposition at 170°C to 600°C.30 
During thermal annealing, PdCu/C-T (T=200°C to 600°C) 
catalysts exhibit very similar weight loss rate between 
170°C to 600°C which is much slower than that of PdCu/C-
raw sample. Therefore, the thermal annealing process is ef-
fective to remove the organic surfactants and water residue 
existed in PdCu catalysts, and it is clear that the low HOR 
activity of PdCu-raw and PdCu/C-200°C cannot be at-
tributed to surfactant residue. 

The transmission electron microscopy (TEM) images re-
veal a good dispersion of PdCu NPs on carbon support over 
all PdCu/C-T (T=200°C to 600°C) catalysts. Very slight par-
ticle agglomeration was observed with increasing anneal-
ing temperature, as the PdCu particles grew from 4.7 nm 
(PdCu-200°C) to 7.0 nm (PdCu-500°C) as shown in Figure 
4a-d. When the temperature was further increased to 
600°C, agglomerated PdCu particles with 18.5 nm diameter 
were observed (Figure 4e). Figure 5 shows the high-angle-
annular-dark-field STEM (HAADF-TEM) images and cor-
responding energy-dispersive X-ray spectroscopy (EDS) el-
ement mapping and line scan images of representative 
PdCu NPs treated at 200°C and 500°C. It is obvious that Pd 
and Cu species were uniformly distributed throughout 
PdCu NPs, indicating well alloyed PdCu NPs rather than a 
core-shell structure. A Pd-rich surface was observed on 
both PdCu/C-200°C and PdCu/C-500°C samples from EDS 
element mapping and line scan images, which could be 
caused by the slightly higher Pd atomic concentration than 
Cu in PdCu NPs. As confirmed by inductively coupled 
plasma optical emission spectrometer (ICP-OES), the 
PdCu composition varies slightly from 56.5%/43.5% 
(Pd/Cu) of PdCu/C-200°C to 55.8%/44.2% (Pd/Cu) of 
PdCu/C-600°C (Table S3). Less than 1% Pd/Cu composi-
tion change due to annealing could make very little contri-
bution to HOR activity enhancement of PdCu/C 500°C via 
thermal annealing. The composition of well alloyed PdCu 
NPs was further studied by XPS. As compared to Pd/C, Pd 
3d5/2 and Pd 3d3/2 peaks of all PdCu/C samples shift to lower 
binding energy of 335.3eV (Pd 3d5/2) and 340.6eV (Pd 3d3/2) 
(Figure S4), which can be ascribed to smaller electron neg-
ativity of Cu than that of Pd.31 However, no apparent bind-
ing energy shift of Pd 3d5/2 and Pd 3d3/2 peaks was observed 
among all PdCu/C catalysts as evidenced by XPS Pd narrow 
scan results of PdCu/C-raw and PdCu/C-T (200°C to 
600°C). These observations further indicate that thermal 
annealing has very little effect on PdCu composition and 
Pd and Cu chemical state, and well alloyed PdCu NPs can 
be maintained during thermal annealing without Pd-Cu 
phase segregation or core-shell structure formation. 
Therefore, the promoted HOR activity of PdCu/C-300°C, 



 

PdCu/C-400°C and PdCu/C-500°C cannot simply be at-
tributed to surface composition variation after heat treat-
ment.  

 

Figure 4. TEM images and particle diameter histograms (inset) 

of PdCu/C-T (T=200°C to 600°C).  

 

Figure 5. High-resolution HAADF STEM images with EDS el-

ement mapping and line scanning results of (a, c) PdCu/C-

200°C, and (b, d) PdCu/C-500°C.  

 

Figure 6. High-resolution HAADF STEM images of (a) 

PdCu/C-200°C and (b) PdCu/C-500°C. The inset (a) and (b) 

are the corresponding FFT of FCC structure and BCC structure 

of PdCu along [011] and [11̅1], respectively. 

The PdCu/C-200°C and PdCu/C-500°C were further 
characterized by HAADF-TEM along the [011] and [ 1 ̅ 11] 
zone axis, respectively. As shown in Figure 6a, the average 
spacing of periodic lattice fringes were measured to be 
2.17Å , which can be assigned to the (111) facet of face-cen-
tered cubic (FCC) structured PdCu NPs. In contrast, a 
body-centered cubic (BCC) structure was detected from 
PdCu/C-500°C sample, where a clearly super periodic BCC 
(110) facet with 2.11Å  lattice spacing can be distinguished. 
From PdCu/C-200°C to PdCu/C-500°C, the different crys-
talline structure suggests an FCC/BCC phase transfor-
mation under different temperature thermal annealing. 
Therefore, X-ray diffraction characterization was used to 
study the crystalline structure of thermal annealed 
PdCu/C-T (T=200°C to 600°C) catalysts. From X-ray dif-
fraction (XRD) patterns of pristine PdCu/C-raw (Figure 7), 
a broad peak at 41.7° was observed. As the heat treatment 
temperature increased, this broad peak gradually shifted to 
higher angle, and a shoulder peak evolved at 41.4°. In the 
end, the broad peak drastically split to two sharp peaks at 
41.4° and 42.9° under 600°C thermal annealing, which can 
be assigned to FCC(111) (ICCC-000-048-1551) and CsCl-
structure typed BCC(110) plane of PdCu (ICCC-04-015-
2413). Moreover, the reflections of PdCu FCC(200), (220), 
and (311) facets were observed at 48.2o, 70.5o, and 85.3o, 
while the BCC (100), (200), and (211) facets were shown at 
29.9o, 62.2o, and 78.5o, respectively. It turns out that the 
BCC structure of PdCu was formed via thermal annealing, 
which is indicated by the broad peak positive shift and the 
growth of corresponding BCC reflections in the high angle 
region. Despite distinct FCC (111) and BCC (110) peak sepa-
ration of PdCu/C-600°C, the integrated intensity of PdCu 
FCC (111) and BCC (110) peaks were overlapped over all in-
vestigated PdCu/C catalysts, and the temperature of phase 
transformation from FCC to BCC remains unclear. In-situ 
high energy XRD (HE-XRD) (0.774902 Å  wavelength) was 
carried out with the protocol of ramped annealing from 
200°C to 900°C at 2°C min-1 heating rate under UHP N2 gas 
flow, as shown in Figure 8. A representative HE-XRD pat-
tern collected at 600°C, with the peaks centered at 20.5°, 
21.3°, and 23.8°, that can be assigned to FCC(111), BCC(110), 
and FCC(200) facets, respectively. The short dash line in 
the color map of in-situ XRD patterns reveals a peak shift 
of FCC(111) reflection to higher angle from 280°C, indicat-
ing a BCC phase formation in PdCu NPs. With further 
heating to 450°C, a slight peak shrink was observed, fol-
lowed by the peak splitting at 500°C. Furthermore, the dif-
fraction peak of BCC(110) facet gradually disappears, 
whereas the FCC(111) as well as FCC(200) reflections be-
come stronger with temperature increasing to 900°C. 
Aligned with these observations, it is confirmed that par-
tial FCC structured PdCu NPs was transformed to BCC-
typed PdCu NPs at 280°C, and both FCC and BCC struc-
tured PdCu NPs coexist over a broad temperature range up 
to 900°C, followed by a complete BCC structure transfor-
mation back to FCC structure. According to this phase 
transformation pathway, the PdCu/C-200°C could contain 
only FCC structured PdCu NPs, while both BCC and FCC 
structure can be maintained for as-synthesized PdCu/C-T 



 

(T=300°C to 600°C) samples in this work. In addition, the 
peak shrinking at 450°C implies the particle size increasing 
due to particle agglomeration, which is in good agreement 
with the TEM characterization results of PdCu/C-500°C 
and PdCu/C-600°C.  

The broad peak centered at 20.7° was further deconvo-
luted into FCC(111) and BCC(110) peaks, and the relative 
FCC/BCC phase ratio was estimated as a function of ther-
mal annealing temperature by using the Reference Inten-
sity Ratio (RIR) quantitative analysis (Details of RIR 
quantitative analysis, see supporting information).32, 

33 As shown in Figure S5, very similar FCC/BCC structure 
ratios of 33.4%/66.6%, 31.8%/68.2%, and 37.8%/62.2% were 
obtained from PdCu/C-300°C, 400°C, and 500°C samples, 
respectively. However, the higher annealing temperature 
of 600°C results in a contrary FCC/BCC structure ratio of 
71.3%/28.7%, indicating the fast phase transformation from 
BCC to FCC structure at such temperature. This phase 
transformation process of PdCu NPs was further confirmed 
by the Pd-Cu bulk interface based phase diagram which 
recognized that the chemically ordered B2 (BCC) phase 
was produced favorably in the intermediate temperature 
range of ca. 250°C to 510°C at equal atomic percentages of 
Cu and Pd.34, 35 

 

Figure 7. XRD patterns of PdCu/C-raw and PdCu/C-T 

(T=200°C to 600°C). 

 

Figure 8. Color map of the intensity of peaks in the HE-XRD 

patterns (0.774902 Å  wavelength) for PdCu/C-raw upon heat-

ing. The protocol of ramped annealing is from 200°C to 900°C 

at 2°C min-1 heating rate under UHP N2 gas flow. 

Combining with the results of HAADF-TEM, in-situ and 
ex-situ XRD, as well as corresponding FCC/BCC phase es-
timation, it can be concluded that the BCC crystalline 
structure was primary in PdCu/C-300°C, 400°C, 500°C 
samples, while the PdCu/C-200°C and 600°C PdCu NPs 
were found to be dominated by FCC structure. In compar-
ison with FCC phase (3.766Å  lattice parameter), the BCC 
structured PdCu NP contains a much smaller lattice pa-
rameter of 2.981Å , which may offer different HBE and OH 
adsorption energy on PdCu NPs surface, so as to influence 
its HOR activity. Therefore, it is highly possible to attribute 
the greatly enhanced HOR activity of PdCu/C-300°C, 
400°C, 500°C to the generation of BCC crystalline phase, 
thus density functional theory (DFT) calculation was uti-
lized to investigate the H and OH adsorption energy on the 
specific crystal facet of BCC and FCC structured PdCu NPs, 
and further elucidate the crystalline structure effect on its 
HOR activity enhancement in alkaline electrolyte. 

Aiming to acquire theoretical insights into the different 
HOR activity for PdCu BCC and FCC surfaces, we first cal-
culated the equilibrium adsorption potential of both H and 
OH on those surfaces. Three representative models of 
PdCu BCC(110) and FCC(111) surfaces were created owing to 
their close packed structure with relatively low surface en-
ergy, and named to be PdCu-B2(110), PdCu-L10(111), and 
PdCu-B13(111), respectively, as illustrated in a previous the-
oretical work.36 The surface Pd enrichment observed in the 
experiments were also considered into these models by us-
ing a full Pd overlayer above the bimetallic subsurface (de-
noted as Pd/M, where M was the bimetallic surface) (DFT 
model setup, see supporting information). The 1/6 ML 
coverage H and 1/3 ML coverage OH adsorption potential 
values (denoted as Uad(H) and Uad(OH)) on these PdCu 
close packed surfaces as well as those on Pt(111), Pd(111) and 
Cu(111), are shown in Figure 9. We have investigated the 
coverage dependence of H adsorption potential and found 
little variation with respect to coverage (Figure S8). H 
binding is the strongest on Pd(111) with the most positive 
adsorption potential (Uad(H) = 0.36 V), and weakest on 
Cu(111) (Uad(H) = -0.01 V). For the three PdCu alloy sur-
faces, Uad(H) lie between that of pure Pd and Cu, namely, 
0.29 V on Pd/PdCu-B2(110), 0.25 V on Pd/PdCu-L10(111), 
and 0.24 V on Pd/PdCu-B13(111), respectively. The Uad(H) 
on these PdCu surfaces are much closer to that on Pt(111) 
(Uad(H) = 0.29 V) than Pd(111) and Cu(111) surfaces. The OH 
adsorption contrarily is the strongest on Cu(111) (Uad(OH) 
= 0.28 V) while much weaker on Pd(111) (Uad(OH) = 0.71 V). 
However, on all of the three model PdCu surfaces, Uad(OH) 
are higher than those on both Pd(111) and Cu(111), namely, 
0.76 V on Pd/PdCu-B2(110), 0.90 V on Pd/PdCu-L10(111), 
and 0.94 V on Pd/PdCu-B13(111), respectively. The variation 
trends of Uad(H) and Uad(OH) on Pd/PdCu surfaces com-



 

pared to Pd and Cu are consistent with those on Pd/Cu sur-
faces (Figure S9), suggesting that the strain and ligand ef-
fects in the near surface PdCu alloy is maintained in 
Pd/PdCu systems. Interestingly, both H and OH adsorp-
tion potential values on Pd/PdCu-B2(110) are almost the 
same as those on Pt(111) (Uad(H) = 0.29 V, Uad(OH) = 0.78 
V). It is well known that Pt possesses the best alkaline HOR 
catalytic performance among all the pure metals, there-
fore, Pd/PdCu-B2(110) is anticipated to exhibit similar cat-
alytic activity for alkaline HOR. The calculation results are 
in excellent accordance with experimental results that 
PdCu nanoparticles containing more BCC phase possess 
better HOR catalytic activity.

Comparing the adsorption potentials of H and OH on 
different Pd/PdCu surfaces, H adsorption is only a little 
weaker on the two Pd/PdCu-FCC(111) surfaces than on 
Pd/PdCu-B2(110) and Pt(111). The binding of H on Pt lies 
near the topmost of the activity volcano. If the adsorption 
potential of H is the single descriptor in effect, the HOR 
catalytic activity on Pd/PdCu-FCC(111) should be similar to 
those on Pd/PdCu-B2(110) and Pt(111), which is contradic-
tive to the experiment. In sharp contrast, OH adsorption 
strength is weakened by ~0.2 eV on Pd/PdCu-FCC(111) than 
on Pd/PdCu-B2(110) and Pt(111), suggesting that the lower 
oxophilicity of the FCC-PdCu(111) surfaces correlates with 
their relatively poorer catalytic performance. Compared to 
the Pd(111) surface, the weakened extent of both H and OH 
adsorption is smaller on Pd/PdCu-B2(110) than on 
Pd/PdCu-L10 (111) and Pd/PdCu-B13(111) surfaces. Different 
geometrical structures of BCC(110) and FCC(111) substrates 
give different extent of lattice compression of Pd overlay-
ers. In summary, we argue that it is not sufficient to esti-
mate the alkaline HOR catalytic activity of a given material 
by simply measuring the adsorption potential of H. In-
stead, higher oxophilicity should also be taken into ac-
count.  

 

Figure 9. Equilibrium adsorption potentials (VRHE) for *H (1/6 

ML) and *OH (1/3 ML) on Pt, Pd, BCC-PdCu (B2 phase) and 

FCC-PdCu (L10 and B13 phases) terrace surfaces. The three 

PdCu surfaces shown here are covered by 1ML Pd. 

 

Figure 10. Experimentally measured exchange current density, 

log(i0), for hydrogen oxidation in alkaline over different met-

als plotted as a function of the calculated H and OH adsorp-

tion potential. 

In order to further explore the relation between HOR ac-
tivity and HBE as well as OH binding energy, we plot the 
experimental estimated logarithm of the exchange current 
density as the function of both H and OH adsorption po-
tential, as illustrated in Figure 10 (Details of i0 calcula-
tion, see supporting information and Table S4). On the 
weak OH binding side, the exchange current density drops 
much more substantially than that on the strong OH bind-
ing side, which corroborates that the poorer HOR perfor-
mance on Pd/PdCu-FCC(111) is largely attributed to the 
weaker OH binding, i.e., the lower oxophilicity. It should 
be further noted that, due to the existence of stepped sur-
faces on these PdCu nanoparticles as well as the existence 
of limited amounts of Cu on the surfaces, the OH binding 
on these surfaces should be stronger than that on 
Pd/PdCu. As illustrated in the volcano in Figure 9, the ex-
change current density will be less affected when OH bind-
ing moves to the strong side. Therefore, the major conclu-
sion achieved using Pd/PdCu model surfaces is unlikely to 
be affected even considering the possible strengthening 
OH adsorption. In summary, due to both the closer HBE 
and OH binding energies to the volcano top, PdCu-BCC 
phase is expected to exhibit much better HOR activity than 
its FCC counterpart. 

In summary, we reported the BCC-phase PdCu alloy 
nano-particles were successfully synthesized by using a 
wet-chemical method, followed by a subsequent thermal 
annealing. The HOR activity of these PdCu catalysts 
strongly depends on the annealing temperature, and the 
PdCu/C-500°C sample, featuring a dominant BCC crystal-
line structure, exhibits about 4 times and 2 times higher 
mass and specific activity than those of Pd/C and Pt/C in 
alkaline electrolyte. The crystalline structure transfor-
mation between FCC to BCC was observed during thermal 
annealing from 200°C to 600°C. At lower annealing tem-



 

perature (<300°C), the as-synthesized PdCu NPs is stabi-
lized with FCC crystalline structure, while the higher an-
nealing temperature (300°C to 600°C) results in a phase 
transformation from FCC to BCC. Consequently, the corre-
lation of the crystalline structure of PdCu NPs with HOR 
activity was first created in this work, and it is demon-
strated that the higher HOR activity of PdCu catalysts can 
be attributed to the BCC phase dominance. The DFT com-
putations were used to further investigate HOR enhance-
ment from the perspective of H and OH adsorption 
strength. As compared to the PdCu FCC model surface, the 
PdCu BCC model surface possesses very similar H binding 
and a much stronger OH binding, which are closer to those 
on the Pt model surface. Therefore, the BCC phase domi-
nated PdCu/C-500°C catalysts exhibit higher HOR activity 
in alkaline electrolyte. By taking all results into considera-
tion, the BCC-phased PdCu materials are promising as an 
alternative to Pt materials as the HOR catalyst for AEMFCs. 

Supporting Information. Experimental details, HOR mass 
and specific activity determination with ECSA measurement 
details, supplemental voltammetry, TGA and XPS characteri-
zation results, and DFT calculation details. This material is 
available free of charge via the Internet at http://pubs.acs.org.  
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