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heralded as core material to solve the commercial deployment of hydrogen fuel cells. Phosphorus
vacancies, as a type of delicate point defect, could effectively and flexibly modulate the catalytic
performance. Therefore, based on the vacancy design philosophy of “less is more”, we synthesize a
phosphorus-vacancy-rich PdsP@C (V,-PdsP@C) catalyst with bowl-like hemisphere structure for
alkaline HOR, for the first time. The V,-PdsP@C catalyst exhibits remarkable mass activity and ex-
change current density of 1.66 mA pgea! and 3.2 mA cm, respectively, surpassing those of Pd;P@C
(0.45 mA pgpeal, 1.78 mA cm-2) and commercial Pt/C (0.3 mA pgpc?, 2.29 mA cm-2). Intriguingly, the
catalyst can tolerate 1000 ppm CO that Pt/C catalyst lacks. Density functional theory calculations
uncover that the optimal local coordination environment and favorable electronic structure that
rooted from phosphorus vacancy enable optimum adsorption kinetics of hydrogen and hydroxyl
while concomitantly suppressing Pd 4d — CO 2m* back donation, contributing to the remarkable
HOR reactivity and CO tolerance.
© 2024, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

merous unresolved challenges to establishing AEMFCs as vi-
brant and competitive entities [2]. The primary concern re-

Alkaline anion exchange membrane fuel cells (AEMFCs) fa-
cilitate the direct conversion of hydrogen's chemical energy
into electricity, serving as the cornerstone devices in burgeon-
ing green hydrogen economies [1]. While AEMFCs offer the
potential to employ nonprecious metal catalysts for the slug-
gish cathodic oxygen reduction reaction (ORR), there are nu-

volves around the development of a cost-effective and efficient
catalyst for the anodic HOR. To date, the Pt/C catalyst stands as
the benchmark HOR electrocatalyst [3], however, its surface is
susceptible to poisoning by even trace amounts of CO present
in the hydrogen feed — a mere 1 ppm of CO can incapacitate
approximately 90% of Pt's active sites. As a CO molecule nears
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the Pt surface, its 50 and 2m* orbitals undergo broadening and
downward shift. The 5o orbital will be split into a bonding and
anti-bonding orbital [4]. It has been reported that CO-Pt bond-
ing arises from the transfer of electron from the 5¢ orbitals of
CO to the Pt d-orbitals (CO 56 — Pt 5d), and the concurrent
back-donation of electron from the Pt d-orbitals to CO 2m* or-
bitals [5]. Therefore, the interaction between the CO 21* orbit-
als and the d states of Pt dictates the CO adsorption energy on
the Pt surface. As a direct implication, AEMFCs necessitate the
use of the more expensive high-purity hydrogen (x$4.2 kg-1),
sidelining the economical option of crude H: derived from
steam reforming (=$1.5 kg-1) [5,6]. Furthermore, the sluggish
HOR/HER Kkinetics on Pt/C catalyst in alkaline electrolytes
generally exhibits 2-3 orders of magnitude lower than in acidic
media [7]. If CO-contaminated H:z fuels are fed, the power and
longevity of AEMFCs were deeply hampered by catalyst poi-
soning and sluggish kinetics. Hence, it is eminently imperative
but challenging to explore electrocatalysts with unfavorable
chemisorption of CO and high HOR catalytic performance.
Moreover, a profound grasp of alkaline HOR mechanisms can
significantly steer catalyst design and performance refinement.

The anode of AEMFCs facilitates the process of HOR by oxi-
dizing hydrogen to water. This procedure is governed by either
the Tafel-Volmer or Heyrovsky-Volmer sequence. In this se-
quence, H2 molecules are adsorbed onto active sites and disso-
ciated to form adsorbed hydrogen (Hads). This Hads subsequent-
ly react with OH™ ions or adsorbed hydroxyl (OHads) to produce
H20 [6]. The Hydrogen Binding Energy (HBE) theory accentu-
ates the role of Hads as a pivotal intermediate in alkaline HOR
activity [8,9]. But, as pH rises and the proton donor shifts from
H30* to H20, coupled with hydroxyl species in alkaline envi-
ronments, the Volmer step (Hads + OHads = H20 + 2* sites) be-
comes the rate-determining step (RDS) [10,11]. Consequently,
a bifunctional mechanism arises, striving to harmonize the
ideal HBE and OHBE, thereby guiding the conception of optimal
alkaline HOR electrocatalysts, such as IrMo alloy, BCC-phased
PdCu alloy, Ru/Ni-NiO@C, Pt¢NCs/C, among others [10,12-14].
Additionally, extensive efforts have been made to mitigate the
threats of CO poisoning on Pt-based catalysts [15,16]. For in-
stance, Luo et al. [17] have conducted groundbreaking research
on the fabrication of intermetallic RusSn7/C featuring more
vacant d-orbitals, thus reducing the back-donation process
from metal d-orbitals into the CO 2m* orbitals, ultimately
weakening the Ru-CO bond strength and enhancing CO toler-
ance. However, despite significant efforts, only a few electro-
catalysts have demonstrated robust performance under high
CO levels (> 100 ppm).

Palladium (Pd) exhibits similar optimal hydrogen binding
strength to Pt but possesses more abundant reserves, excep-
tional stability, and higher CO tolerance, making it a potential
candidate for HOR to achieve the aforementioned goals [18,19].
To further enhance the performance of Pd-based catalysts,
extensive research efforts have focused on optimizing their
composition and electronic structure [20]. Despite notable
achievements, the operating performance of these catalysts still
lags behind the requirements for commercial deployment. Re-
cently, transition-metal phosphides (TMPs) have garnered

attention in the catalytic field due to their functional diversity
and high catalytic activity [21,22]. However, Pd-based phos-
phides are poorly reported in the press thus far owing to their
complicated preparation and harsh synthesis conditions [23].
Concurrently, innovating open nanostructures, like bowl-like
hemispheres, has showcased its prowess in magnifying the
electrocatalytic traits of TMPs. These structures foster efficient
reactant mass transfer across both outer and inner facets, re-
vealing more active sites [24]. Beyond morphological en-
hancements, the introduction of vacancies, especially phos-
phorus vacancy, emerges as a potent tool for refining the elec-
trocatalytic competencies of phosphides by modulating their
electronic structures, reshaping their adsorption behaviors,
and subsequently fortifying both their activity and robustness
[25]. However, investigations into introducing phosphorus
vacancy in TMPs and evaluating their impact on HOR perfor-
mance are still in their infancy and require in-depth explora-
tion.

Herein, we create phosphorus vacancy in palladium phos-
phides anchored on hollow bowl-like carbon hemispheres
through a thermal annealing process and extensively investi-
gate their performance in alkaline HOR electrocatalysis from
the perspective of phosphorus vacancy concentration. Benefit-
ing from the open structures and abundant phosphorus vacan-
cies, the optimized Vp-PdsP@C catalyst exhibits a potentially
transformative combination of high activity and excellent du-
rability, along with remarkable CO tolerance. DFT calculations
suggest that the electronic interaction between Pd and P atoms,
along with the plentiful phosphorus vacancies, optimize the
adsorption of both hydrogen and hydroxyl species. Further-
more, we simulate the alkaline HOR reaction pathways, reveal-
ing that by increasing phosphorus vacancy concentration in
PdsP, the RDS can be effectively shifted from the desorption of
adsorbed H20 to the formation of H:0, thereby substantially
enhancing the intrinsic HOR activity through promotion of the
Volmer step.

2. Experimental
2.1. Materials

Tetraethyl silicate (TEOS, = 28.0%, Aladdin, 500 mL), for-
maldehyde solution (HCHO, 37.0%-40.0%, Xilong Science, 500
mL), ammonia aqueous (NHs-H20, 25.0%-28.0% Xilong
Science, 500 mL), Pluronic F127 (PEO100PPOssPEO100, Aladdin,
1 kg), sodium hypophosphite monohydrate (NaH2PO2-H-0, =
99%, Xilong Science, 500 g), potassium tetrachloropalladate
(K2PdCls, > 98%, Aladdin, 5 g), potassium hydroxide (KOH, AR,
> 90%, Macklin, 500 g), ethanol (AR, 99.5%, Xilong Science, 500
mL), commercial Pt/C (20 wt% Pt, Alfa Aesar, 1 g), commercial
Ru/C (5 wt% Ru, Macklin, 5 g), Nafion solution (5 wt%, Alfa
Aesar, 100 mL), deionized water (18.25 MQ cm-1). All chemi-
cals were analytical grade and could be used directly as re-
ceived.

2.2.  Synthesis of bowl-like hollow carbon spheres (BHCS)
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The BHCS were prepared based on previous reports with a
slightly modification. Typically, tetraethyl orthosilicate (TEOS,
3.5 mL), resorcinol (0.4 g) and formaldehyde (0.56 mL) were
added to the solution containing 70 mL of ethanol, 10 mL of
H:0, and 3 mL of ammonia solution (28 wt%). After stirring
well on a magnetic stirrer for 6 h at room temperature, 1.5 mL
of TEOS was added to the mixture and continued stirring for 24
h. The obtained flesh pink precipitates were centrifuged,
washed with water and ethanol in sequence, and dried at 60 °C.
The precipitates were further carbonized under an N2 atmos-
phere at 700 °C (2 °C min-1) for 5 h. Finally, the BHCS with a
novel semiconcave geometry could be easily produced by re-
moving silica templates with 3 mol L-1 KOH solution at 70 °C.

2.3.  Synthesis of Vp-Pd:P@C

80 mg BHCS were ultrasonically dispersed into 10 mL of
H20 containing 80 mg F127, and 10 mg K2PdCls followed by
stirring and ultrasound for 1 h. The precursor was collected by
centrifugation, washed with water and ethanol for several
times and dried at 60 °C. Then, the precursor and NaH2P0O2-Hz0
with a mass ratio of 1:3 were placed in a tube furnace, and
heated up to 350 °C for 2 h with a heating rate of 2 °C min-1 in
Nz atmosphere to obtain Vy-PdsP@C. Following the same line of
thought, we obtained other palladium phosphide nanoparticles,
which were labeled as Pd/Pd3P@C, Pd320P12@C, PdsP@C and
PdsP:@C in turn of the temperature (250, 450 °C) and Pd/P
mass ratio (1:2, 1:4) from lowest to highest. In addition, we
synthesized Pd@C for comparison without phosphating treat-
ment.

2.4. Materials characterization

The crystal structure was characterized by powder X-ray
diffraction (XRD) using a Rigaku D/Max with Cu Ks (A =
1.540598 A) radiation. Electron paramagnetic resonance (EPR)
spectra were measured by Bruker E500 spectrometer. Scan-
ning electron microscope (SEM) measurements were per-
formed on FEI Quanta 200 system. Transmission electron mi-
croscopy (TEM) images were recorded on a JEM-2100F elec-
tron microscope equipped with an energy dispersive X-ray
detector (EDX) at an acceleration voltage of 200 kV. X-ray pho-
toelectron spectroscopy (XPS) was conducted on Thermo Fish-
er EscalLab 250XI spectrometer equipped with an Al K, X-ray
source. Ultraviolet photoelectron spectroscopy (UPS) was per-
formed on X-ray photoelectron spectroscopy (PHIS000 Ver-
saProbe III). Raman spectra were taken on a Raman micro-
scope (Renishaw®) excited with a 514 nm excitation laser.
Zeta-potential measurements were carried out on Malvern
Zetasizer Nano ZSP. Inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES) was taken on Intrepid II XSP in-
strument.

2.5. Computational methods

Spin-polarized density functional theory (DFT) calculations
were performed using the Vienna ab initio simulation package

(VASP) [26,27]. The generalized gradient approximation pro-
posed by Perdew, Burke, and Ernzerhof (GGA-PBE) is selected
for the exchange-correlation potential [28]. The pseu-
do-potential was described by the projector-augmented-wave
(PAW) method [29]. The geometry optimization is performed
until the Hellmann-Feynman force on each atom is smaller than
0.03 eV A-1, The energy criterion is set to 10-6 eV in iterative
solution of the Kohn-Sham equation. The Kohn-Sham valence
electronic wavefunction was expanded in a plane-wave basis
set with a cutoff at 400 eV. Adsorption energy was calculated
according to Eadsorption = Etotal = Esubstrate — Eadsorbate

3. Results and discussion
3.1. Synthesis and structural characterization

Fig. 1(a) depicts the synthetic process for Vy-Pd3sP@C, which
involves a sol-gel approach and phosphating strategy. The pro-
cess begins with the formation of monodispersed silica spheres
through the hydrolysis and condensation of TEOS. Resor-
cinol-formaldehyde (RF) oligomers then condense onto the
SiOz cores via heterogeneous nucleation. To achieve the
bowl-like structure, TEOS is introduced for the second time at a
specific time point, leading to the formation of highly uniform
silica particles on the RF shell through a subsequent heteroge-
neous-nucleation process. The residual RF oligomers and silica
particles are co-condensed to form a composite RF/silica layer
[24]. After carbonization and desilication, HBCH are obtained.
The bowl-like Vy-PdsP@C with enriched phosphorus vacancy is
subsequently synthesized through a phosphating process using
NaH2P02-Hz20 as a phosphorus source. Obvious crystal imper-
fections like phosphorus vacancy are evidenced in V,-PdsP@C,
which can be attributed to the temporary high pressure during
the thermal decomposition process, resulting from the consid-
erable amounts of PHs gas due to the excess of P source [25].
Later, in the same vein, we precisely regulated the phosphating
degree of the Pd precursor by adjusting the decomposition rate
of NaH2PO2-H20 based on temperature (250, 450 °C) and Pd/P
mass ratio (1:2, 1:4) control, and achieved a series of palladium
phosphide (Pd«P,@C) with different crystalline phases, namely
Pd/PdsP@C, Pd320P12@C, PdsP@C and PdsP.@C, respectively
(See experimental methods for details).

The morphological evolution of HBCH and V,-PdsP@C is
examined using SEM. As depicted in Fig. 1(b), SiO2/Si0O2@RF
exhibits a monodispersed spherical morphology. After carbon-
ization and alkali-steeping, the initial spherical shape evolves
into invaginated spheres, consequently yielding a concave
bowl-shaped structure (Fig. 1(c)). Importantly, V,-PdsP@C
retains the distinctive bowl-like morphology (Fig. 1(d)). The
bowl-like structure offers advantages over intact spheres in
terms of eliminating inert bulk interiors and shortening the
transport distance of reactants [30,31]. TEM confirms the hol-
low bowl-like nature of V,-PdsP@C (Fig. 1(e)). High-resolution
TEM (HRTEM) analysis reveals lattice streak spacing of 0.224
and 0.23 nm, corresponding to the (031) and (220) crystal fac-
ets of Vp-PdsP@C, respectively (Fig. 1(f)). Additionally, the rela-
tive Fast Fourier Transform (FFT) image demonstrates the
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Fig. 1. (a) Schematic protocol of the synthesis strategy for V,-PdsP@C. SEM images of SiO2/SiO:@RF (b), bowl-like hemispheres (c) and V,-Pd;P@C
(d). TEM (e) and HRTEM (f) images of the V,-PdsP@C (inset: the corresponding FFT pattern). (g) HAADF-STEM image and corresponding elemental

mappings of V,-PdsP@C.

well-resolved and continuous crystal lattice of PdsP (Fig. 1(f)
illustration). Elemental mapping analysis further confirms the
uniform distribution of C, P, and Pd elements throughout the
structure (Fig. 1(g)).

Palladium phosphides exhibit various crystal structures
depending on the specific metal-phosphorus coordination
form. To investigate the crystal structure changes in PdP,@C
samples, we performed an XRD analysis. Figs. 2(a) and (b)
demonstrates the successful synthesis of pure phase Pd@C,
Vp-PdsP@C, Pd320P12@C, Pd3P@C and PdsP.@C, with all XRD
peaks of the Pd:Py@C samples matching well with the Pd@C
(PDF#05-0681, PDF#01-1310), PdsP (PDF#01-089-3046),
Pds20P12 (PDF#42-0922), and PdsP2 (PDF#19-0887) cards.
While multiphase components are observed in Pd/Pd3P@C, the
XRD pattern predominantly indicates the presence of metallic
Pd. This observation suggests that the lower temperature (250
°C) used during phosphating is insufficient for the full decom-
position of NaH2P02-H20. Fig. 2(c) illustrates the variation in
crystallographic structures of palladium phosphide as a func-
tion of phosphating temperature and Pd/P mass ratio. To qual-
itatively confirm the existence of phosphorus vacancy in these
samples, EPR measurements were conducted (Fig. 2(d)). Nota-
bly, sharp peaks at g = 2.002 are observed in the EPR spectra of
PdxPy@C, indicating the presence of phosphorus vacancy cap-

turing unpaired electrons. This is distinctly different from the
case of PA@C [32]. Interestingly, the relative content of phos-
phorus vacancy can be effectively regulated by adjusting the
phosphating temperature and Pd/P mass ratio, providing one
path for optimization. The EPR signal for Vp-Pd3P@C, annealed
at 350 °C with a Pd/P mass ratio of 1:3, is notably more intense,
suggesting a greater concentration of phosphorus vacancies.
The presence of rich phosphorus vacancy and related unpaired
electrons in Vp-PdsP@C not only affect the local electronic
structure and orbital coupling, but also expose more active
sites that can modify the adsorption ability of reactive interme-
diates [32,33]. The defects within the carbon support can also
affect the performance of electrocatalysts [34]. We then per-
formed the Raman spectroscopy to achieve information per-
taining to the structural defects of samples. The Raman spec-
troscopy results (Fig. S1) reveal that the intensity ratio (Ip/Ic)
between the D-band (* 1362 cm-1, disordered defective C-sp3)
and G-band (= 1587 cm-1, ordered graphitic C-sp2) for the
HBCH support is close to 1.80, indicating enrichment of struc-
tural defects in the carbon support [35]. The Ip/Ic of Pd:P,@C is
somewhat attenuated, likely due to the partial occupation of
carbon defect sites by Pd.P, species. This indicates that HBCH
can serve as protective shells, contributing to the prevention of
coalescence, peeling off and dissolution of PdxPy nanoparticles
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during the electrochemical measurements and ensuring
long-term stability [13,36,37].

The depth profile XPS provide valuable chemical and struc-
tural information about the samples. The C 1s peak is calibrated
at 284.0 eV as a standard reference (Fig. S2). In the
high-resolution Pd 3d spectrum (Fig. 3(a)), the deconvoluted
peaks at 335.2 and 340.5 eV correspond to bulk metallic palla-
dium (Pd°), while the peaks center at 337.6 and 342.8 eV ac-
count for electro-depleted palladium species (Pdé). In
Vp-Pd3sP@C, the Pd® peak shows a positive shift of 0.55 eV
compared to pure Pd@C, indicating electron transfers from Pd
to P, resulting in positively charged Pd$+ and negatively charged
Pé- [38]. This phenomenon arises from the hybridization of d-p
orbitals through the introduction of p-block P species [17].
Moreover, The Pd? peak in Vp-PdsP@C displays a larger posi-
tive shift in binding energy relative to other PdxP,@C samples,
illustrating stronger electron interaction between Pd and P due
to the increased d-p orbital hybridization resulting from the
presence of more phosphorus vacancies (Fig. 3(b)). Addition-
ally, the different proportion of Pdé* in PdsPy@C samples result
from their differential sensitivity to air, leading to varying de-
grees of oxidation (Fig. 3(d)). Pertaining to the P 2p core level
spectra (Fig. 3(c)), the prominent peak at 133.9 eV represents
the P-0 bond, likely a result of extended exposure to air [37].
The signal at a binding energy of 133.1 eV is attributed to the
P-C bond, suggesting the doping of P into carbon support [37].
Another weak peak observed at about 129.8 eV is associated
with the Pd-P bond, indicating the formation of palladium
phosphide [39]. The presence of phosphorus vacancy in
PdxPy@C samples can be confirmed by XPS through the analysis
of the proportion of fitting peaks as well as the modified elec-
tronic structure of P atoms. By measuring the signals from the
P 2p spectra, the P percentage (present as Pd-P bond) in

Vp-Pd3sP@C is calculated to be 20.7%, which is lower than that
in other Pd«P,@C samples (Fig. 3(d)). This decrease in Pd-P
content is associated with the formation of a P-poor phase and
the presence of phosphorus vacancies [25,40]. Therefore, no-
ticeable electronic differences exist among these crystal struc-
tures.

3.2. Electrocatalytic performance

The electrocatalytic properties of the catalysts were evalu-
ated using the rotating disk electrode (RDE) technique in
Hz-saturated 0.1 mol L-! KOH electrolyte. Through systematic
experiments contingent on temperature and Pd/P mass ratio,
we concluded that peak HOR activity is achieved on Vy-Pd3sP@C
with the optimal phosphorous vacancy, annealed at 350 °C and
a Pd/P mass ratio of 1:3. Fig. S3(a) shows the polarization
curves of the catalysts in Hz-saturated electrolyte, the anode
current density of Vp-PdsP@C increases sharply with increasing
potential, which stands out as the best catalyst of the series,
revealing that the appropriate phosphating temperature and
Pd/P mass ratio are critical for successful Pd utilization. Tafel
plots in Fig. S3(b) also demonstrate the fastest HOR kinetics on
Vp-Pd3P@C. We further extracts the exchange current densities
(jo) of the as-prepared catalysts from the linear fitting of mi-
cropolarization regions (-5 to 5 mV, Fig. S3(c)) through the
simplified Butler-Volmer equation [41]. The jo of PdxP,@C sam-
ples are found to be strongly related to the Pd-P content, with
the top performing sample (Vp-PdsP@C) at the summit with a
Pd-P content of 20.7%, neither too high nor too low (Fig.
S3(d)). Thus, we selected Vp-PdsP@C for the subsequent cata-
lytic study.

We qualitatively evaluated the HOR activities of Vp-Pd3sP@C,
PdsP@C, Pd@C, commercial Pd/C and commercial Pt/C in
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Hz-saturated 0.1 mol L-! KOH electrolyte by comparing the
current responses. The HOR polarization curves in Fig. 4(a), it
is apparent that V,-PdsP@C possesses the highest anodic cur-
rent density from the kinetic to the diffusion-limiting regions,
outperforming the Pds;P@C with lower concentration phos-
phorus vacancy and other references. A Control experiment
conducted in Nz-saturated electrolyte exhibits negligible anodic
current, confirming that the anodic current primarily arises
from H2 oxidation (Fig. S4). Furthermore, we tested the polari-
zation curves of Vp-Pd3sP@C as a function of the rotating speed,
where the limiting current density grows with the elevation of
rotation rate, corroborating a Hz mass-transport controlled
process (Fig. 4(b)). The Koutecky-Levich plot constructed at 75
mV (inset of Fig. 4(b)) exhibits a linear relationship between
the inverse of the overall current density and the square root of
the rotation rate, yielding a calculated slope of 5.16 cm2 mA-1
s~1/2, which is close to the theoretical value (4.87 cm2 mA-1
s-1/2) for the two-electron transfer HOR process [42]. To fur-
ther investigate the HOR catalytic mechanism, Tafel slopes
were obtained by plotting the kinetic current density (jk)
against overpotential for the prepared catalysts. The asymmet-
ric behavior of Tafel plot indicates that V,-PdsP@C follows the
Heyrovsky-Volmer mechanism, with the Volmer step being the
RDS (Fig. 4(c)) [43]. As plotted in Fig. 4(d), the jo of samples are
obtained from micro-polarization region (-5 to 5 mV). The jo of
Vp-Pd3P@C (3.2 mA cm-2) surpasses those of Pd:P@C (1.79 mA
cm-2), PdA@C (0.72 mA cm-2), commercial Pd/C (1.09 mA cm-2),
and commercial Pt/C (2.25 mA cm-2) catalyst, implying good
inherent HOR activity of Vp-PdsP@C (Fig. 4(e)). Additionally,
the jk value is calculated from Koutecky-Levich equation at 50
mV. Vp-PdsP@C possesses a geometric jk of 51.19 mA cm-2,
representing 3.0-, 16.5-, 13.7- and 4.2-fold increases compared
with PdsP@C (16.96 mA cm-2), Pd@C (3.10 mA cm-2), com-
mercial Pd/C (3.75 mA cm-2) and commercial Pt/C (12.27 mA
cm-2), respectively. Furthermore, the jk values are normalized
by the respective mass of platinum group metals (PGM) to yield
mass activity (MA) at 50 mV, providing a more accurate picture

of HOR activity. Meanwhile, the PGM contents were determined
by ICP-AES measurements (Table S1). V,-PdsP@C catalyst ex-
hibits a mass activity of 1.66 mA pgpd-!, significantly higher
than PdsP@C (0.45 mA pgpa1), PdA@C (0.073 mA pgpd-1), com-
mercial Pd/C (0.123 mA pgpda-1) and commercial Pt/C (0.3 mA
pgee1). As the presence of Pd could interfere the hydrogen ad-
sorption/desorption potential region (Hupd), we performed CO
stripping voltammetry to measure the electrochemical active
surface area (ECSA) values, revealing an ECSA value of 196.4
m? g-1 for Vp-PdsP@C, which is larger than those of PdsP@C
(129.0 m2 g-1), Pd@C (71.9 m2 g-1), commercial Pd/C (59.5 m2
g-1) and commercial Pt/C (122.1 m2 g-1) (Figs. 4(e) and S5). The
ECSA values of other samples were summarized in Table S2.
Also, Vp-PdsP@C exhibits the highest specific activity (SA) of
0.85 mA cm-2, surpassing the SA values of the other samples.
Overall, the V,-Pd3sP@C demonstrates superior electrocatalytic
performance in terms of jo, jkesomv, MA, ECSA and SA (Fig. 4(e)
and Table S2). When compared with other recently reported
catalysts (Fig. 4(f) and Table S3), V,-Pd3P@C also shows dis-
tinct advantages on MA and jo.

In hydrogen fuel cells, anodes with PGM catalysts, especially
Pt, are susceptible to poisoning in the presence of CO. CO ad-
sorbs tightly on the Pt surface, blocking active sites for hydro-
gen adsorption and dissociation [44]. In Fig. 4(g), it can be ob-
served that the Pt/C catalyst exhibits a large drop in activity
with 1000 ppm CO in the Hz fuel, suggesting CO poison the sites
of Hz oxidation [41]. The current density of Pt/C gradually in-
creases when the potential reaches 0.4 V, indicating a complete
shift in the reaction from HOR to CO oxidation, consistent with
the literature [45,46]. In striking contrast, V,-PdsP@C main-
tains high HOR activity even at the same CO concentration,
demonstrating good resistance to CO poisoning. This is at-
tributed to the phosphorus vacancy in V,-PdsP@C, which con-
fer protection to Pd sites against poisoning and deactivation
caused by strong CO adsorption during catalysis [47]. Apart
from the activity and CO tolerance, long-term stability is an-
other key figure of merit for practical application. Fig. 4(h)
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Fig. 4. (a) HOR polarization curves of V,-PdsP@C, PdsP@C, PA@C, commercial Pd/C and commercial Pt/C, respectively. (b) HOR polarization curves
for V,-Pds;P@C at various rotation speeds. Inset in b shows corresponding Koutecky-Levich plots at an overpotential of 75 mV. (c) Tafel plots. (d)
Linear current potential region around the equilibrium potential of studied catalysts. (e¢) Comparison of apparent exchange current density (jo), ki-
netic current density (jk) at 50 mV, mass activity (MA) at 50 mV, ECSA, and specific activity (SA) at 50 mV of the comparative catalysts. (f) Comparison
of mass activity at 50 mV and jo with other recently reported excellent HOR catalysts. (g) HOR polarization curves for V,-PdsP@C and Pt/C in
Hz-saturated 0.1 mol L-* KOH with (dashed lines) and without (solid lines) the presence of 1000 ppm CO. (h) HOR polarization curves for V,-Pd;P@C
in Hz-saturated 0.1 mol L-1 KOH before and after 1000 cycles, respectively. Inset shows chronoamperometry (j-t) responses recorded on V,-PdsP@C

at 50 mV.

shows the polarization curves of V,-Pd3sP@C before and after
accelerated durability tests (ADT), and the two polarization
curves coincide well. Additionally, we also evaluated the ability
of Vp-PdsP@C to continuously catalyze the HOR by chronoam-
perometry (j-t) at 50 mV, which can sustain HOR reactivity
without obvious degradation throughout the test. Additionally,
we examined the HRTEM image of post-test V,-PdsP@C to as-
sess the resilience of the PdsP lattice structure following the
ADT (Fig. S6). The distinct lattice fringe spacings, measuring
0.23 nm and linked to the (220) plane of PdsP, are still evident.
This testifies that the phosphorus vacancy defect remains un-
intrusive to the PdsP lattice structure's stability amidst height-
ened current and alkaline conditions during HOR. Furthermore,
SEM and XPS characterizations display that the morphology
and structural integrity of Vp-PdsP@C are well maintained after
the stability test, demonstrating its robust structure to with-

stand alkali corrosion during HOR without structural deterio-
ration (Figs. S7 and S8).

3.3.  CO-tolerance evaluation

The theoretical model of CO-metal bonding explains the
electron structures involved (Fig. 5(a)) [4,48]. Partial electrons
in the 50 orbitals transferred into the metal d-orbitals, along-
side fed back from metal d-orbitals into CO 2m* orbitals [17].
Therefore, the ability of our developed Pd-based catalysts to
resist CO poisoning can be reflected in their electron structure.
Accordingly, we undertook all-in vacuum ultraviolet photoe-
lectron spectroscopy (UPS) measurements to explore the sur-
face electronic property [49]. In Fig. 5(b), the cutoff level
(Ecutott) is confirmed, and the work function is calculated. The
work function sequence is as follows: Vp-PdsP@C (4.82 eV) >
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Fig. 5. (a) Schematic diagram of o-type/m-type orbital interactions between metal catalysts and CO molecules. (b) UPS spectra. (c) Band structure
alignment of the V,-Pds;P@C, PdsP@C, and Pd@C. (d) CO stripping curves in Nz-statured 0.1 mol L-* KOH of V,-Pd:P@C, Pd;P@C, and Pd@C. (e) Zeta
potential of V,-PdsP@C, PdsP@C, and Pd@C. Error bars represent the standard deviation for triplicated experiments.

Pd@C (4.42 eV) > PdsP@C (4.01 eV). A higher work function
implies that electrons are less likely to escape, indicating that
the catalyst is more likely to receive electrons. Therefore, we
further conjecture that the surface valence state of Vp-Pd3P@C
is more positive than that of PdsP@C and Pd@C, that is,
Vp-Pd3P@C contains more-empty d-orbitals than PdsP@C and
Pd@C, in conformity with the XPS results [17]. As anticipated,
Vp-PdsP@C, with emptier d-orbitals, leads to reduced
back-donation of d-band electrons to CO 2m* states, thereby
weakening the bond strength of Pd-CO compared with PdsP@C
and Pd@C, which is the reason for its good CO tolerance prop-
erty. These theoretical predictions align with our experimental
data (Fig. S9). Besides, ionization potential (Ei) can be informa-
tive concerning the electron-donating and electron-accepting
capabilities of electrocatalysts and can be calculated by Ei = WF
+ Ey. Phosphorus has an electron-deficient valence shell, with
relatively lower electronegativity than carbon [50]. PdsP@C
has a lower ionization potential (7.05 eV) compared to Pd@C
(7.27 V), signifying that phosphorus tends to donate electrons
to the carbon support, resulting in a partial positive charge on
phosphorus [50]. Typically, vacancy could unlock the huge po-
tential that exists for tailoring surface electronegativity, charge
concentration, and redistribution [51]. As a result, the carbon
matrix is biased toward the donation of electron to phosphorus
when introducing higher concentration of phosphorus vacan-
cies, corresponding to the higher ionization potential of
Vp-Pd3P@C (7.58 eV) (Fig. 5(c)) [52]. As known that whether
the dopant is partial positive and partial negative charges, it is
in favor of creating a new equilibrium state of catalyst [50].
Thus, the introduction of P species and vacancy break the
charge balance established by Pd and carbon matrix, leading to
the profound charge redistribution of Pd active sites in PdsP@C

and Vp-PdsP@C, which in turn, regulates the HOR intermedi-
ates adsorption process, boosting the HOR activity and render-
ing these two catalysts follow different HOR mechanism, as
discussed in more detail in the DFT results below.

3.4. HOR enhancement mechanism

In alkaline HOR, both HBE and OHBE are considered activity
descriptors [41,53]. However, monitoring OH binding on the
catalyst surface remains an active research area. It has been
reported that CO stripping is propelled by the reaction between
the formed OHads and COads (COads + OHads = CO2 + H20, COads
and OHads represent the radicals adsorbed on the active sites).
Therefore, we executed CO-stripping experiments to assess the
OH binding on our catalyst surface [54,55]. As depicted in Fig.
5(d), the CO-stripping peaks for both Vp-PdsP@C (0.92 V) and
PdsP@C (0.92 V) are more negative compared to Pd@C (0.95
V). This indicates a stronger OHadas binding affinity for
Vp-Pd3P@C and Pd3P@C. Notably, the onset potential for the CO
stripping peak in Vp-PdsP@C (0.63 V) precedes that of PdsP@C
(0.74 V), affirming that phosphorus vacancy introduction con-
siderably boosts OHads binding energy in Vp-PdsP@C (Fig. S10).
Additionally, the adsorption behavior of hydroxyl species on
the catalysts is investigated using zeta potential, which reflects
the charge density of the catalyst's surface and provides in-
sights into the interaction between the catalysts and OH species
[18]. Figs. 5(e) and S11 clearly disclose that V,-Pd3P@C exhibits
optimized adsorption of OH, with a more negative potential of
-40.1 mV compared to PdsP@C (-21.1 mV) and Pd@C (-16.9
mV) [17]. Overall, the CO-stripping and zeta potential meas-
urements demonstrate that the strengthened OHBE of
Vp-PdsP@C could boost the rate-limiting Volmer reaction for
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robust HOR catalysis.

To gain insight into the mechanism behind the enhancement
of HOR, DFT calculations were performed based on crystal con-
figurations, and the optimized model diagrams were depicted
(Figs. S12-S15). Fig. 6(a) shows the significant charge redistri-
bution of Vp-PdsP@C. A slice perspective of the differential
charge density provides a clearer view of this phenomenon,
revealing electron gathering area in Pd-P bonds close to the P
atoms, while the electrons are depleted around the Pd atoms
accordingly (Fig. 6(b)). This observation aligns with the XPS
results. Modulating the electronic structures leads to a noticea-
ble shift in the d-band center of Pd sites. According the d-band
theory, the position of d-band center reflects the binding
strength of intermediate adsorbates [21]. The projected partial
density of states (PDOS) of surface Pd atoms in the three types
of catalysts were investigated (Fig. 6(c)), and the d-band center
value of Pd in Vp-PdsP@C (-2.13 eV) falls between that of
PdsP@C (-2.30 eV) and Pd@C (-1.64 eV). This shift is at-
tributed to the charge transfer caused by constructing the pal-

ladium phosphide and introducing phosphorus vacancies, re-
sulting in synergistic optimization of both Hads and OHads bind-
ing strengths on the V,-PdsP@C surface [56]. In the bifunctional
mechanism of HOR, the Volmer process is the RDS, regardless
of whether the subsequent step is the Heyrovsky or Tafel route
[57]. The crux of bifunctional theory is that OHags in the vicinity
of Hads facilitates the oxidative desorption of Hads, substantially
promoting the key Volmer step [20]. Thus, the alkaline HOR
activity is synergistically affected by HBE and OHBE. We then
computed HBE and OHBE to elucidate the origin of discrepan-
cies in catalyst performance. It is shown that the Pd;P@C ex-
hibits a weakened HBE of -0.73 eV compared to pure Pd@C
(-0.83 eV), indicating the modest regulation of hydrogen ad-
sorption due to the synergistic electronic effect between Pd and
P species (Fig. 6(d)) [58]. Remarkably, Vp-Pd3sP@C exhibits an
even smaller HBE value of —-0.28 eV, corroborating that the rich
phosphorus vacancy can shuffle the Hads intermediates for op-
timal HBE. In parallel, we observed a stronger OHBE of
Vp-Pd3sP@C (-0.93 eV) compared to PdsP@C (-0.82 eV) and
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Fig. 6. (a) Charge-density distribution of the V,-PdsP@C model, yellow and cyan areas indicate electron accumulation and depletion. (b) 2D charge
difference isosurface based on DFT analysis, red is the electron-rich area while blue is the deficient area. (c) The PDOS of Pd 4d in V,-PdsP@C, PdsP@C
and Pd@C (each d-band center is marked by a dashed line). (d) Hydrogen binding energy on V,-Pd:P@C, PdsP@C, and Pd@C models. (e) Hydroxyl
binding energy on V,-PdsP@C, PdsP@C, and PA@C models. (f) The reaction pathways of V,-Pd:P@C, PdsP@C, and Pd@C for alkaline HOR. (g) Sche-
matic illustration of HOR catalysis on the V,-PdsP@C.
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Pd@C (0.71 eV) (Fig. 6(e)), which originates from phosphorus
vacancy that contribute to the capture of hydroxyl species
[13,58]. As a result, V,-PdsP@C delivers optimal HBE and
OHBE, which greatly accelerates the Volmer step during the
alkaline HOR process through a bifunctional mechanism to
achieve high HOR performance. Furthermore, the free energy
profile and reaction pathway on various catalysts are illustrat-
ed in Fig. 6(f). The results suggest that H adsorption and H20
formation steps on Pd@C are exergonic, but OH adsorption and
H20 desorption are endothermic, with potential barriers of 1.4
and 0.42 eV, respectively, suggesting that the OH adsorption
step is the RDS for Pd@C. By introducing P species and con-
structing phosphorus vacancies, both H and OH adsorption
steps become exergonic on Vp-PdsP@C and PdsP@C. The sub-
sequent Hz0 formation step is endothermic, with a barrier of
0.7 eV for V,-PdsP@C and 0.45 eV for PdsP@C. The final H20
desorption process is endothermic and considerably more dif-
ficult for PdsP@C, with a barrier of 1.1 eV, compared to 0.63 eV
for Vp-PdsP@C. Thus, the H20 formation (Volmer step) is con-
sidered the RDS for Vp-PdsP@C (0.7 eV), in line with the pre-
vailing views in the literature [8,20,59], while the H20 desorp-
tion step is the RDS for PdsP@ (1.1 eV). Theoretical simulation
results demonstrate that Vp-PdsP@C, with rich vacancies, gives
rise to optimal HBE and OHBE that improve the HOR energet-
ics. A visual and direct reaction mechanism of HOR catalysis on
the Vp-PdsP@C model is illustrated in Fig. 6(g) to provide a
better understanding of the reaction process.

Taken together, the enhanced electrocatalytic properties of
Vp-Pd3P@C can be attributed to several factors. Firstly, the hol-
low bowl-like structure of V,-PdsP@C allows for unobstructed
entry of reactants into the cavities, ensuring efficient contact
with active sites and promoting the HOR process. Secondly, the
strong electron interaction between Pd and P in V,-PdsP@C
reduces the energetic barrier and accelerates the HOR Kkinetics.
Thirdly, the presence of abundant phosphorus vacancy dis-
rupts the original periodic crystal structure and creates a new
electronic structure. This new structure suppresses the back
donation of Pd d-electron to CO 2m* and enhances CO tolerance
capability of Vp-PdsP@C. Finally, the synergistic interplay of
optimal HBE and OHBE on the surface of V,-PdsP@C greatly
facilitates the Volmer step, which is the RDS in the alkaline HOR
process.

4. Conclusions

In conclusion, we have designed distinctive PdiPy hollow
hemispheres with tunable crystal phases and phosphorus va-
cancy leveraging on a mild phosphating strategy, and estab-
lished a clear correlation between the concentration of phos-
phorus vacancy and HOR activity. Phosphorus vacancy acts as
an electronic structure regulator, optimizing the bonding
strength between Pd and HOR intermediates, and shifting the
HOR activity toward the apex of the volcano curve. Specifically,
the vacancy defect-rich Vp-PdsP@C catalyst manifests vastly
superior HOR mass activity and exchange current density rela-
tive to PdsP@C and commercial Pt/C, respectively. To its credit,
Vp-Pd3P@C can continuously catalyze the Hz oxidation during a

20-hour testing period without obvious degradation and
demonstrate high CO tolerance. DFT calculations reveal that the
favorable electronic structure controlled by phosphorus va-
cancy enables the optimized HBE and OHBE, resulting in a
switch of the RDS from desorption of adsorbed H:0 to the for-
mation of H:0, thereby accelerating the rate-limiting Volmer
step. Meanwhile, the inter-regulated d-band center, achieved
through the redistribution of local charge density, effectively
suppresses Pd 4d — CO 2m* back donation, leading to a high
resilience to CO poisoning. This work presents a new strategy
for designing highly active precious metal-based catalysts using
defect engineering, which can significantly enhance the hydro-
gen oxidation performance for the commercialization of
AEMFCs.
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WA E & S REN SR SSI S COFTHRNBEM S R R &

B EE m e, ENES, 3 Y, %R Tayirjan Taylor Isimjan &', £ %€, # %4>
EIEEAEMEE G EER, CERR R E S SR E, T EAEMKS41004, FE
Yok FFEAEE TRER, SRS MN510275, FE
CHEA SRR TRHFEN AT EEREALKHE, 4437100190, #
U N E A AFE TR T LA, BRE, DEMRE

FEEE: Bl B B T A e BURRL H i (AEMFCs) T LA B3R S M A0 2 R e A g LR, Bl N R BT N A A B A H R
1B PR S AL R RI(HOR) BN /1 22 218, ™ BRI T POUEMEAGT. i TPUs AL AN 5 B COTfb . 312l FR A 2 DA et
W% BT, MR PR T RS . Rk, R s Fe s A COTEBE /13 M T L HORMEAL . PAEA S5PUH LY
S aae, I HILPtEE £ E, A E AN SEHOR M IE ML, SRT, PRI AE (A 75 PEAN PO LA R OK 22 8E. 54
K, BEALAE R ThRE 2 FEPE AN S AL TR PR V2 ORI, LA, B TR AT DU A 4% A R A SR T A A, e v TR 1
WA iR FBE, 2 v i AR A AR A . DRI, ) B R 1 B8 A B 1 )G BB 4R v FUHORI R e AR, 1% 7 AVt 9 /b,
SR SEATLEE AT A Rtk (o8] A 2 67 S0 B 0T 2 v B AL A e Ak TR HOR P RE A FA AL, %2 E AEMFCs FL A0 S 3 B A B
E5-9'8

ARS8 I I - B v DA AR IR A W 5 T — FRBCIR - BR &5 M 1) 8 B B AL P P@C (V,-PdsP@C) AL T, J-F T
BRI HOR. 72 Ak ik 72 v, 385 1 42 P iy 0K (A R I LU A8 DA B M8 0o il B2, 7 Bk i IR = BR 8 Ak b 45 B B S [R] o AH 2 1k
(Pd/Pd;P@C, Pd; 2P ,@C, Pd;P@C, H1PdsP,@C) PP, @CHE AL 7. 414 FL BT R S FL B IR S8 1R A 70 D iR - BR300
I B IR S 4R i 1 Y 9T PP, @C R B B S ALk B, 25 SRR W, PA/P EL A D 1:3 B, 7E 350 °C R MR e £ E 1
V,-Pd;sP@CH A 5t e IO 2 LR BE . XU 280 L R T IE S T i 23 AR BE T d-p LT Ak, 1958 T PRI B 2 1) (3 H - AH T
TEF. WA 2RSS SRR W, V,-Pd:P@C ELAT 555 ITHORTYERE, V,-Pd;P@CTESO mV [ SiE P 1.66 mA pgpq ', 2 e LI
HJEN3.2 mA em, LT Pd;P (0.45 mA pgpg ', 1.78 mA cm *)FIFEMEPY/C (0.3 mA pgp ', 2.29 mA cm ). [, ZHEALFIFESO
mV 1AL T REF 121720 h. B4k, BIAE7ECOMR FE Rii% 1000 ppmf, V,-Pd;P@CHE 73R B H AL 4P FHORGE . 54
HLFREWHIESE | V,-Pd;P@CH PR T R ILER L FOIRES, IXAF TP 4dLIEXCO 2m* BUIE I HLF S5k, BRI T PAFICORY
AR, FEIRGS T PO CO TR I, M as T HPLCOR ML /1. % EZ BT SE R, M T Ak
FER D P P@CHET, & 2 B2 A B P AV ,-Pds P@C R A 751 B8 0% P8 AR 1887 J52 7 H T £ (L i T OH ) FET VR B 58 55, 3380
258 2 B NHLO * [ W 4 BHLO T A, AR 13E T Volmer < Bi(Hygs + OHuge — HyO + 2%*sites) (AT, HEMIEEF T HEALTE
PE. RGSLIGFIRAESS KW, V,-Pd:;P@CHLF FTHORTERE R T AT AR 3ANPR 3R (1) 2 /Co MR 445 44 R R 39 0 17 [l -7 -
AEARE A R, IR T HOR AL U AR, (2) B8l 257 7= A2 14 3 S 4% P A R 1) B T S5 A PR AL T HLago P O L 147 W5 PR 552 E
WK MR 3E T VolmersB 38, (3) =& MBS AL 1 J5 A 1X0 R AT da tA S5 40, T 1 18I ¥ FL - 5, A 80 ) 17 # 7 A
Pd 4d%UiE 3| CO 2n LB ) S5, $2 8 1 V,-Pd;P@CXFCOIMT 32 it /7.

25 b, AR SCE R B E T2 SRS 12 T V,-Pd;P@C & A7 45 5 HOR I B B 44 A AH ELAE L, B T S AL R a2 5
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