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ABSTRACT: Tuning the hydrogen adsorption energy (En) by
precisely controlling the surface electronic structure of Pt is essen-
tial to enhance hydrogen oxidation reaction (HOR) performance
in alkaline media. This could be achieved by forming Pt skin on
PdFe/C nanoparticles with structurally ordered intermetallic (O-
PdFe@Pt/C) or disordered alloy (D-PdFe@Pt/C). The HOR activ-
ity on O-PdFe@Pt/C exhibits an exchange current density of 1.18
A mgpe!, which is 3.3 and 7.2 times higher than that on D-
PdFe@Pt/C (0.36 A mgpi'") and Pt/C (0.164 A mgpi'"), respective-
ly. The excellent electrocatalytic HOR performance on O-
PdFe@Pt/C could be ascribed to the attenuation of the En on Pt
shell induced by the structurally ordered PdFe core, where the En
on O-PdFe@Pt surface is 0.18 eV smaller than Pt according to
DFT calculations.

The anion exchange membrane fuel cell (AEMFC) has aroused
increasing research interests since a wide range of abundant and
inexpensive catalysts can replace Pt-group metals to catalyzing
oxygen reduction reaction (ORR) and significantly reduce the cost
of fuel cell.'" However, the hydrogen oxidation reaction (HOR)
kinetic on Pt-group catalysts (Pt, Pd, Ir) in alkaline electrolyte is
much sluggish with the exchange current density (io) of about 100
times slower than in acidic electrolyte.'®!? At the current stage of
technology, Pt is reported to be the most active HOR catalyst in
alkaline electrolyte and has great potential to acquire commercial-
ly viable power densities.'* The main obstacle lies in the large
overpotential, high cost and poor stability of Pt. Wang and co-
workers have indicated that the peak power density on PtRu alloy
is twice higher than Pt for the AEMFC, suggesting the incorpora-
tion of Ru can affect electronic structure of Pt and weak the Pt-Had
interaction, which is beneficial to the HOR in base."> The research
on the correlation between hydrogen binding energy (HBE) and

pH indicate that the HBE of each metal increases linearly with pH
value, suggesting the slower HOR kinetics in base could be as-
cribed to the higher HBE.!>!416 Moreover, alloying a portion of
the costly Fe, Co, Ru, Cu, Au with Pt can exhibit favorable HOR
performance due to the synergistic ligand and strain effects.!”
Recent research indicates that the HOR kinetic is restricted by the
Volmer step (Haa+tOH «<H20+e+*) in alkaline media, thus, it is
reasonable to believe that the weaker hydrogen adsorption may be
conductive to the significant enhancement of HOR perfor-
mance, 131518

To maximize the utilization efficiency of Pt and reduce the cost
of the catalyst, core-shell structure nanoparticles with one to two
layers of Pt on the surface of less-precious Pd-based alloy have
aroused much attention. On the one hand, the dissolution rates of
Pd in 1 M KOH are significantly lower than that measured in
acidic electrolytes.!” In contrast, Pt/C catalyst is demonstrated to
suffer severe degradation in base electrolyte.?’ Hence, forming a
core-shell structure can enhance the efficiency of Pt and the dura-
bility of the electrocatalysts. On the other hand, structurally or-
dered Pd-based intermetallic nanoparticles, relative to disordered
alloy phase, have stronger electronic interaction between Pd and
smaller 3d-transition metals, which may cause the attenuation of
the hydrogen adsorption and then enhance the HOR perfor-
mance.?'” The intense electronic effect could further reduce the
electronic density of Pt by forming the core-shell structure cata-
lyst with structurally ordered Pd-based core and Pt shell.?$?° The
change of the electronic structure on Pt could cause down shift of
d-band center and then weaken the hydrogen adsorption energy,
which could contribute to higher HOR activity.!6-30-32

Herein, by precise regulation the annealing temperature, the
surface electronic structure of Pd can be controlled by the struc-
ture transformation from disordered PdFe/C alloys (D-PdFe/C) to
structurally ordered PdFe/C intermetallic nanoparticles (O-
PdFe/C). The different electronic structure between D-PdFe/C and



O-PdFe/C could result in the difference of electronic effect of Pt
by forming Pt skin on the surfaces of PdFe/C nanoparticles (O-
PdFe@Pt/C and D-PdFe@Pt/C). Compared with Pt/C, the higher
HOR kinetics on O-PdFe@Pt/C can be attributed to the weaken-
ing of hydrogen adsorption on Pt shell caused by the tightly
packed ordered PdFe structure. Most importantly, the structurally
ordered Pd-based core can improve the utilization of Pt and render
the core-shell structure catalyst prohibitively durable owing to the

electronic effect and strain effect between Pd, Fe and Pt.
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Figure 1. (a) XRD of D-PdFe/C, O-PdFe/C and O-PdFe@Pt/C
nanoparticles. The vertical red and black lines are corresponding
to Llo-ordered PdFe (PDF card # 00-002-1440) and fcc-Pd (PDF
card # 01-089-4897), respectively. (b) k’>-weighted extended X-
ray absorption fine structure (EXAFS) region (green dots) togeth-
er with the best-fit simulation of the data (red line) with the pa-
rameters given in the Table S1. (¢) The fine spectra of Pt 4f on
Pt/C, D-PdFe@Pt/C and O-PdFe@Pt/C catalysts.

PdFe/C bimetallic nanoparticles with disordered and structural-
ly ordered intermetallic structure were prepared by an impregna-
tion reduction process modified by our earlier work.’3 Post-
annealing time and temperature were adjusted to incorporating Fe
atom into the Pd lattice, where longer time and higher temperature
are conducive to the formation of ordered structure. The structural
difference between disordered (D-PdFe/C) and ordered (O-
PdFe/C) phase could be certificated from XRD (Figure la). The
four peaks on D-PdFe/C nanoparticles are the characteristic of
disordered face centered cubic (fcc) Pd corresponding to PDF card
# 01-089-4897, further proved the formation of alloying phase, as
the peaks position shifted to high angles relative to Pd/C (Figure
S1). The appearance of super-lattice diffraction peaks of (001),
(110), and (002), absent in D-PdFe/C, became the direct evidence
in forming the ordered PdFe/C phase, indicating the crystal struc-
ture was transformed from disordered fcc to L1o ordered structure.
The lattice parameters, calculated from Debye-Scherrer equation,
indicated that the lattice of Pd on O-PdFe/C was further shrunk
than D-PdFe/C (Table S2). The intense electronic effect could
change the electronic density of Pt by forming a Pt shell on O-
PdFe/C (O-PdFe@Pt/C). Compared with O-PdFe/C, the peak
position of (111) crystal surface on O-PdFe@Pt/C nanocatalyst
exhibits slightly negative shift, indicating the Pt is successfully
modified on the O-PdFe/C surface and gives rise to the lattice
expansion of Pd.

X-ray absorption spectra at the Pd K-edge were conducted to
analysis the structure of the prepared nanoparticles. The XANES
spectra of both O-PdFe/C and D-PdFe/C, shown in the Figure S2,
exhibit two-peak patterns and are consistent with the metallic Pd
as described in previous study.** The intensity of Pd in O-PdFe
was slightly increased relative to that in D-PdFe, suggesting the
higher density of unoccupied d states and lower electronic density
of Pd on the O-PdFe/C. The difference between the two samples
manifests themselves in the EXAFS region (Figure 1b). Simula-
tions of the EXAFS data with best fit-parameters given in Table
S1 using two Pd-Pd and Pd-Fe scattering paths yields the ratio of
the Pd-Fe and Pd-Pd coordination numbers n pd-re / n pa-pd = 8/4,
which is expected from the well-ordered lattice. The different n pa-
Fe / N pd-pd ratio for the D-PdFe/C (1.4) value indicates the segrega-
tion of the two metals.

The structure difference of D-PdFe/C and O-PdFe/C could re-
sult in the difference of the d-band center and electron density of
Pt when forming Pt shell on the surfaces. In order to determine the
surface components and electronic state of the nanoparticles, XPS
spectra is conducted and analyzed. Figure 1c¢ shows the behavior
of the Pt 4f peaks of Pt/C, D-PdFe@Pt/C, and O-PdFe@Pt/C
catalysts, respectively. For each of the samples, there are two
characteristic peaks corresponding to Pt 4fs> (the higher energy
peak) and the Pt 4f7» (the lower energy peak), respectively. The
higher strength peaks on Pt/C nanoparticles at 74.06 and 70.80 eV
are respond to Pt 4fsp and Pt 4f7», respectively. The weaker
strength peaks at 75.50 and 71.82 eV could be considered as oxi-
dized Pt (Table S3).!"” Compared with Pt/C, the peak position of
D-PdFe@Pt/C and O-PdFe@Pt/C catalysts shifted to higher bind-
ing energies, indicating the reduction of Pt d-band center and then
leads to the weaker adsorption of hydrogen (Table S3). It is gen-
erally accepted that the HOR reaction in alkaline media is limited
to the Volmer step (Haa+OH-<>H20+e-+%*).!5 Therefore, it is rea-
sonable to consider that core-shell structure catalysts should ex-
hibit better HOR kinetics relative to Pt/C for the weakening of
hydrogen adsorption. Furthermore, the higher binding energies on
O-PdFe@Pt/C nanocatalysts suggest the stronger electron effect
of Pt relative to D-PdFe@Pt/C and may lead to better HOR kinet-
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Figure 2. (a) The overview TEM image of O-PdFe@Pt/C nano-
particles. The inset shows the particle size distribution. (b)
HAADF-STEM image of one O-PdFe@Pt/C nanoparticle. The
inset shows superlattice crystal surface of (001) axis. (c) HAADF-
STEM image of one O-PdFe nanoparticle with the scan direction
from the shell to the core along the white arrow in b. EDX-
mapping of Pd (d), Fe (e), Pt (f), overlapping of Pd and Fe (g),
overlapping of Pd, Fe and Pt (h) for one O-PdFe@Pt/C nanoparti-
cle.

The overview TEM image of O-PdFe@Pt/C nanoparticles in
Figure 2a shows that the particles are uniformly dispersed on
carbon support with main particle size of 11.2 nm. To investigate
the ordered structure and the elemental distribution characteristics
of O-PdFe@Pt/C from the atomic level, aberration-corrected
HAADF-STEM images of one nanoparticle in (001) orientation
are shown in Figure 2b. The crystalline interplanar spacing is



measured to be 0.373 nm, corresponding well to the (001) plane
of the ordered PdFe Llo structure, which indicates the ordered
structure is well maintained after Pt decoration. Along the scan-
ning direction in Figure 2b, the intensity fluctuation is observed
since the Pd and Pt atoms are much brighter than that of Fe atoms.
Compared with the alternating intensities at the O-PdFe core,
there are only brighter intensities of Pd or Pt atoms near the sur-
face, indicating one to two layers of Pt shell on the surface of
ordered core (Figure 2¢). Distinguishing elements by their intensi-
ty contrast, the crystalline interplanar spacing are measured to be
0.373 nm and correspond well to the (001) plane of the ordered
PdFe Llo structure, which is consistent to the ideal atomic ar-
rangement (inset in Figure S2). The Pt shell is further proved from
the EDX mappings of Pt, Pd, Fe (Figure 2d-h) and the amount of
Pt is analyzed by ICP-AES, which show that the atomic ratio of
Pd and Pt is almost 9.6:1, close to the theoretical proportion of
10:1 (Table S4).
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Figure 3. (a) CV curves of Pt/C and O-PdFe@Pt/C catalysts in
0.1 M KOH. (b) HOR polarization curves of Pt/C, D-PdFe@Pt/C
and O-PdFe@Pt/C catalysts. The inset shows the corresponding
HER/HOR Tafel plots. (¢c) The io (obtained from Tafel plots)
normalized to the mass and ECSA, respectively. (d) DFT-
calculated hydrogen adsorption energy (AE) on O-PdFe@Pt/C
surfaces relative to Pt/C.

Figure 3a compares the CV curves of O-PdFe@Pt/C and Pt/C
nanoparticles. There is a positive shift on reduction onset potential
of oxygen species on O-PdFe@Pt/C electrode relative to Pt/C
since the smaller core atoms (Pd, Fe) changed the electronic den-
sity of Pt shell and lead to a weak adsorption of oxygen species on
Pt surface. For Pt/C catalyst, the Pd-H desorption (Hupa) peaks at
0.38 V and 0.275 V are corresponding to the (100) and (110) crys-
tal surface of Pt, respectively. In contrast, only one broad peak at
0.29 V appears on D-PdFe@Pt/C and O-PdFe@Pt/C catalyst,
indicating the modified loading of Pt is relatively low and not
exhibit the unique 110 and 100 facets (Figure 3a, S3). In the lower
potential region (0.04 V~0.1 V), there are a pair of weak Hupd
peaks on D-PdFe@Pt/C and O-PdFe@Pt/C catalyst, not present
on Pt/C, which could be attributed to the electronic and geometry
effect caused by the PdFe core. This suggests that Hupda processes
on core-shell structure is significantly accelerated relative to
Pt/C.3% In previous studies, the weaker Hupa usually means the
attenuation of hydrogen adsorption energy and the enhancement
of HOR performance.'>3 The electrochemically active areas
(ECSAs) are calculated from the CO-stripping voltammetry
curves (Figure S4, S5). The ECSAs of D-PdFe/C and O-PdFe/C
catalysts are enhanced after Pt decoration, indicating the exposure
of more active sites and better performance on D-PdFe@Pt/C and
O-PdFe@Pt/C nanoparticles.

Figure 3b shows the polarization curves of HOR on Pt/C, D-
PdFe@Pt/C and O-PdFe@Pt/C catalysts. The half-wave potential
is at 38 mV on O-PdFe@Pt/C, almost the same as that on Pt/C (40
mV), which is significantly enhanced relative to Pd/C (245 mV),
D-PdFe/C (207 mV), O-PdFe/C (192 mV) and D-PdFe@Pt/C (53
mV) catalysts (Figure S6 and Table S5). Compared with D-
PdFe@Pt/C, the dramatically enhanced HOR kinetics on O-
PdFe@Pt/C electrode could be ascribed to the contracted lattice of
Pt caused by the structurally ordered intermetallic PdFe core,
corresponding to the stronger electron effect of Pt as analyzed in
XPS result. The above analysis shows that the formation of inter-
metallic PdFe core and Pt shell could be conducive to the en-
hancement of HOR activity.

The relationship between current density and over-potential un-
der electrochemical polarization following the Butler-Volmer
equation:

. . anF (1-a)nF

i = iofexp (Tn) — exp (- 552" n)] (1)

Here, i is the measured current density; io is the exchange cur-
rent density; 1 is the overpotential; a is the transfer coefficient; R
is the gas constant (8.314 J-mol-! K1), T is the Kelvin temperature

(298 K), F is the Faraday’s constant (96,485 C mol™). If the elec-
trode under strong polarization condition, the equation (1) can be

neglected to i = i, exp (%n), namely the Tafel equation: n =
a + b logi. The inset of Figure 3b and Figure S7 show the Tafel
curves of Pd/C, D-PdFe/C, O-PdFe/C Pt/C, D-PdFe@Pt/C and O-
PdFe@Pt/C catalysts. The Butler-Volmer fitting io were obtained
from the Tafel equation. The io normalized to the ECSA on O-
PdFe@Pt/C exhibited 6.65 A mpyipa?, which is 2.15 and 2.23
times higher than that on D-PdFe@Pt/C (3.09 A mpipq?) and
Pt/C (2.98 A mp?), respectively. The io normalized to the mass of
Pt on O-PdFe@Pt/C exhibited 1.18 A mgpi!, which is 3.3 and 7.2
times higher than that on D-PdFe@Pt/C (0.36 A mgp:!) and Pt/C
(0.164 A mgpi"), respectively (Figure 3¢ and Table S6).

If the electrode under micropolarization condition, the equa-
tions (1) can be neglected to: i = i, %n. The io can be obtained

from the slope of liner polarization curves from -5 mV to 5 mV
(Figure S8). The io normalized to the ECSA and the mass of Pt on
O-PdFe@Pt/C exhibited 7.76 A m? and 1.15 A mgp!, much
higher than that on D-PdFe@Pt/C (6.67 A mpipa2, 0.78 A mgpi'!)
and Pt/C (3.67 A mpi2, 0.21 A mgp!) (Figure S9 and Table S7).
The HOR activity on O-PdFe@Pt/C is much better than the re-
ported materials in terms of io (Table S8).

Compared with Pd/C, O-PdFe/C and D-PdFe/C catalysts, Pt/C,
D-PdFe@Pt/C and O-PdFe@Pt/C exhibit higher exchange current
density and better HOR activity since the H adsorption/desorption
on Pt/C are more reversible relative to Pd/C (Table S6, S7). Form-
ing O-PdFe@Pt/C and D-PdFe@Pt/C greatly improve the utiliza-
tion of Pt without the compensation of performance. Furthermore,
the excellent HOR activity on O-PdFe@Pt/C relative to D-
PdFe@Pt/C could be ascribed to the weaker hydrogen adsorption
derived from contracted Pt lattice caused by the ordered PdFe
core, implying that the electronic structure of Pt has significant
impacts on the HOR activities. This is corresponding to the XPS
result that the reduction of Pt electron density on O-PdFe@Pt/C
may lead to a weaker adsorption of hydrogen and higher HOR
kinetics. To better explore the relationship between HOR perfor-
mance and hydrogen adsorption energies (En), DFT calculations
are conducted. In convenience, the En on Pt/C crystal plane is
treated as the reference and AE is defined relative to En on Pt/C
surface. It is clear that the AE on O-PdFe@Pt surface is 0.18 eV
smaller than the bulk Pt (Figure 3d), which could be attributed to
the change of electronic effect on Pt surface (Figure lc). The
higher binding energies on O-PdFe@Pt/C relative to D-



PdFe@Pt/C reflect the stronger electron effect of Pt and then ex-
hibited weaker Eu. The above analysis provide a clear indication
that the excellent HOR performance on O-PdFe@Pt/C could be
ascribed to the lower En induced by electronic effect between
ordered PdFe core and Pt shell. Hence, the core-shell structure O-
PdFe@Pt/C catalyst exhibits the similar HOR performance to
Pt/C and greatly improves the utilization of Pt. Having excellent
performance, the O-PdFe@Pt/C nanoparticles are promising as
HOR catalysts for alkaline fuel cells.
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Figure 4. (a) CV curves of Pt/C and O-PdFe@Pt/C catalysts be-
fore and after durability test (Pt/C-2,000 cycles, O-PdFe@Pt/C-
10,000 cycles). (b) LSV curves of O-PdFe@Pt/C catalyst before
and after 10,000 cycles durability test. The inset shows the io
normalized to the mass of Pt. (¢c) HAADF-STEM image of one O-
PdFe@Pt nanoparticle after durability test, the inset shows the
diffractogram patterns from (001) zone axis. (d) STEM image of
one O-PdFe@Pt/C nanoparticle after durability test. EDS-
mapping of Pd (e), Fe (f), Pt (g), overlapping of Pd and Fe (h),
overlapping of Pd, Fe and Pt (i) for one O-PdFe@Pt/C nanoparti-
cle.

The stability of O-PdFe@Pt/C and Pt/C catalysts were meas-
ured by potential cycling between 0.02 and 1.0 V in Nz-saturated
0.1 M KOH solution at a scanning rate of 100 mV s’!. The CV
curves of O-PdFe@Pt/C exhibit almost no change after 10,000
cycles while there is a fast decay on Pt/C for only 2,000 cycles
(Figure 4a). Figure 4b and Figure S10 show the HOR polarization
curves of O-PdFe@Pt/C and Pt/C catalyst before and after dura-
bility test, respectively. The half-wave potential on O-PdFe@Pt/C
catalyst shifts negatively of 3 mV for 10,000 cycles, which is
slightly lower than that on Pt/C with 8 mV for only 2,000 cycles.
The comparison of linear polarization plots on Pt/C and O-
PdFe@Pt/C catalyst before and after durability test are shown in
Figure S11. The exchange current density obtained from liner
polarization curves on O-PdFe@Pt/C attenuated about 16.2%
after 10,000 cycles, much lower than that of Pt/C (18.6%) for
2,000 cycles (inset in Figure 4b). Moreover, the exchange current
density obtained from Tafel curves on O-PdFe@Pt/C decreased
about 16.8% after 10,000 cycles, which is much lower than that of
the Pt/C (21.3%) electrode for only 2,000 cycles, indicating more
stable of O-PdFe@Pt/C relative to Pt/C (Figure S12, S13 and
Table S9). To better investigate the stabilization effect, HAADF-
STEM images of O-PdFe@Pt/C catalyst after durability test were
conducted. The super-lattice (001) face, shown in Figure 4c, was
still existence, suggesting the ordered structure was maintained
after durable test. Furthermore, the presence of Pt shell was fur-
ther proved from the elemental maps of Pt, Pd and Pt, Pd, Fe
(Figure 4d-i). Hence, the superior durability on O-PdFe@Pt/C can
be ascribed to the stable nature of Pd in alkaline medium and the
electronic effect of the O-PdFe core to Pt shell. The stabilization
effect could be contributed to the much larger size avoiding the
aggregation of particles on account of the Oswald ripening effect.

In summary, precisely control the arrangement of atoms at the
individual nanoparticle level could be achieved by the structural
transformation from disordered PdFe/C alloys to structurally or-
dered PdFe intermetallics. The structure difference could arouse

the change of surface electronic structure of Pt after forming a Pt
skin on PdFe/C nanoparticles. The O-PdFe@Pt/C exhibits superi-
or HOR activity, comparable to Pt/C, relative to D-PdFe@Pt/C.
The analyses down to the atomic level demonstrate that the excel-
lent activity on O-PdFe@Pt/C could be ascribed to compressively
strained atomic layer of Pt induced by the ordered PdFe core,
resulting in the downward shift of d-band center and the weaker
adsorption of hydrogen at the surface of Pt. More importantly, the
stable nature of Pd and intermetallic structure make the O-
PdFe@Pt/C nanoparticles extremely stable on account of the elec-
tronic effects between the structurally ordered PdFe core and Pt
shell. This work provides new insights for the future optimization
of the HOR electrocatalysts.
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