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Pd hydride metallene aerogels with lattice
hydrogen participation for efficient
hydrogen evolution reaction

Hengjia Wang1, Ying Qin1, Yu Wu1, Yiwei Qiu1, Ling Ling1, Qie Fang1,
Canglong Wang2, Liuyong Hu3, Wenling Gu1 & Chengzhou Zhu 1

Hydrogen adsorption and desorption in single-phase catalysts often occur at a
single catalytic site basedon the traditional hydrogen evolution reaction (HER)
pathway, which makes it difficult to break the limitation entailed by the
Sabatier principle. Herein, β-Pd hydride metallene (β-PdHene) aerogels are
synthesized as advanced HER catalysts. A lattice hydrogen-involved mechan-
ism is reported to separate adsorption and desorption sites, which is ther-
modynamically favorable compared to the traditional reaction pathway. In
situ differential electrochemical mass spectrometry and theoretical calcula-
tions reveal that lattice hydrogen as additional active sites directly participate
in the HER process. Consequently, β-PdHene aerogels exhibit a low over-
potential of only 20mV at 10mA cm−2 and remarkable HER stability, which are
even comparable to commercial Pt/C. Our work opens an avenue to rationally
develop highly active HER catalysts, bypassing the design limitations of cata-
lysts under traditional mechanisms.

Hydrogen (H2) is considered an ideal alternative to substitute tradi-
tional fossil fuels and is also a key feedstock for key industrial products
because of its high energy density and zero carbon emissions, which
meet the requirement of global carbon neutrality1–6. The electro-
catalytic hydrogen evolution reaction (HER) is one of the most
attractive and economical methods of high-quality H2 production7–9.
The Pt-based nanomaterials are widely reported as the most efficient
electrocatalysts10–12. Owing to the similar electronic structure and the
high abundance, Pd-based catalysts as the alternatives have attracted
great attention13. However, the strong binding between Pd andH is not
conducive to H2 desorption, resulting in inferior HER performance14,15.
Therefore, constructing advanced HER electrocatalysts is highly
desirable, yet challenging for a green hydrogen economy.

Insights on the catalytic HER mechanism of catalysts are of great
significance for maximizing the efficiency of electrocatalysts. Cur-
rently, the acid HER pathway typically involves the Volmer step, which
generates adsorbed hydrogen intermediates (H*) by electrochemical

reduction, generally followed by either the charge-transfer Heyrovsky
process (H* + e� +H+ ! H2) or a Tafel recombination process
(H* +H* ! H2) to produce H2

16,17. The efficiency of HER electrocatalysts
under an acidic medium depends largely on the balance of hydrogen
adsorption/desorption behavior on the catalyst surface. Based on the
Sabatier principle, an ideal HER electrocatalyst presents near-zero
hydrogen adsorption-free energy (ΔGH*)

18. Too strong or too weak of
hydrogen binding ability can result in either poisoning of active sites or
inefficient proton supplement, greatly decreasing the reaction kinetics
of HER19,20. Moreover, the hydrogen adsorption and desorption in
single-phase catalysts usually happen at a single active site according
to the traditional HER mechanism, which makes it hard to overcome
the limitations of the Sabatier principle. Consequently, exploring
advanced electrocatalysts is expected to achieve multiple catalytic
sites and break the bottleneck of the existing HER mechanism.

Herein, we proposed a lattice hydrogen-involved mechanism to
separate the adsorbing and desorbing sites on β-Pd hydride metallene
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(β-PdHene) aerogels to boost HER performance in acidic media, which
has more favorable thermodynamics than the traditional reaction
pathway. In situ differential electrochemical mass spectrometry
(DEMS) test and density functional theory (DFT) offer solid evidence
for the participation of lattice hydrogen during HER. The neighboring
H* migrates and combines with the revitalized lattice hydrogen on the
surface into H2, facilitating H2 desorption. Specifically, a notably small
overpotential of only 20mV of β-PdHene aerogels is achieved at
10mAcm−2, as well as good stability. The distinct roles of lattice
hydrogenparticipation of Pdhydridemetallene forHERwere revealed,
allowing us to better understand the overall HER mechanism.

Results
Synthesis and characterization of β-PdHene aerogels
β-PdHene gels wereprepared by the two-stepmethod as schematically
illustrated in Fig. 1a. Initially, the Pd metallene (Pdene) gels were

synthesized by a CO-mediated gelation strategy. Hydrogen insertion is
achieved under solvothermal conditions in dimethylformamide
(DMF)21. Subsequently, β-PdHene gels were gained by in situ insertion
of hydrogen atoms formed from the decomposition of DMF on Pdene
gels at 160 °C. After further purification and supercritical CO2 drying,
monolithic β-PdHene aerogels were obtained (inset in Fig. 1b). Scan-
ning electron microscopy (SEM) image reflects the hierarchically
porous structure of the resulting β-PdHene aerogels (Fig. 1b). High-
angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) and transmission electron microscopy (TEM) images
ofβ-PdHene aerogels display a thin andwrinkled two-dimensional (2D)
graphene-like morphology with an average lateral dimension of up to
several hundred nanometers (Fig. 1c, d). The selected-area electron
diffraction (SAED) pattern shows the polycrystalline structure of the β-
PdHene aerogels (inset in Fig. 1d). The thickness of β-PdHene aerogels
is measured to about 1.26 nm by atomic force microscopy (AFM),
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Fig. 1 | Synthesis and characterization of β-PdHene aerogels. a Schematic illus-
tration for the synthesis of β-PdHene gels. b SEM image, (c) HAADF-STEM image,
(d) TEM image, (e) AFM image and corresponding height profiles, and (f) HRTEM
image of β-PdHene aerogels. Inset in b, d, and (f) shows the digital photo, SAED

pattern, and corresponding FFT pattern of β-PdHene aerogels, respectively. Inte-
grated pixel intensity profiles (g) and XRD patterns (h) of Pdene and different
phases of PdHene aerogels. Source data for Fig. 1 are provided as a SourceData file.
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equivalent to 5–6 atomic layers, which further validates the thin fea-
ture (Fig. 1e). The high-resolution TEM (HRTEM) image and the cor-
responding fast Fourier transform (FFT) pattern suggest the β-PdHene
aerogels present a (111)-oriented face-centered cubic (fcc) structure.
Distinct lattice spacingof 0.237 nmcanbe attributed to the (111) planes
(Fig. 1f)22,23. The surface areas and porosity features of Pdene and β-
PdHene aerogels were evaluated by the Brunauer-Emmett-Teller (BET)
analysis (Supplementary Fig. S1). The surface area of β-PdHene aero-
gels (48.9m2 g−1) is slightly smaller than that of Pdene (64.7m2 g−1),
which may be caused by the subsequent in situ insertion of hydrogen
atoms at 160 °C. The wide existence of micropores, mesopores, and
macropores within β-PdHene and Pdene aerogels was observed, which
facilitates mass/electron transfer. The α-PdHene and mixed-phase
PdHene aerogels were also obtained by a similarmethod at 120 °C and
140 °C, respectively. Pdene, α-PdHene, and mixed-phase PdHene
aerogels show similar highly porous three-dimensional networks and
few-layer thin nanosheet morphology (Supplementary Figs. S2–S4).
Themetallene feature of α-PdHene andmixed-phase PdHene aerogels
can be also measured by AFM, which exhibits a thickness of 1.24nm
and 1.3 nm in Supplementary Fig. S5, respectively. As shown in Fig. 1g,
the average latticedistance in theβ-PdHene aerogels ismeasured to be
2.37 Å, which is much larger than those of Pdene (2.26 Å), α-PdHene
(2.34 Å) and mixed-phase PdHene (2.35 Å). The expanded lattice dis-
tance also shows that the alloyed hydride metallene is successfully
prepared. The X-ray diffraction (XRD) pattern shows that the more
negatively the diffraction peaks shift, the more hydrogen atoms are
inserted with the reaction temperature increasing from 120 °C to
160 °C (Fig. 1h). In addition, according to Eqs. 2–4, the lattice para-
meters and compositions of Pdene and different phases of PdHene

aerogels are displayed in Supplementary Table S1. The H and Pd ratio
in the α-PdHene, mixed-phase PdHene, and β-PdHene aerogels is cal-
culated to be 0.08, 0.28, and 0.43, respectively. The interaction
between Pd and hydrogen atoms was analyzed by X-ray photoelectron
spectroscopy (XPS) valence band spectra in Supplementary Fig. S6.
The narrowing of the half-band width (from 4.53 eV to 4.14 eV) man-
ifests the electronic structure changes owing to a larger Pd-Pd distance
in the hydride24–26. Importantly, the β-PdHene aerogels own good
storage stability and can be stored for at least 12 months in an air
environment without damaging the structure (Supplementary Fig. S7).

Electrocatalytic HER performance
The electrocatalytic HER activity of Pdene, different phases of PdHene
aerogels, and commercial Pt/C was estimated at a rotating disk elec-
trode under 1600 rpm with N2-saturated 0.5M H2SO4 as electrolyte
(Fig. 2a and Supplementary Fig. S8). Surprisingly, β-PdHene aerogels
possess overpotentials of only 20 and 66mV at the current density of
10mAcm−2 and 50mAcm−2 (Fig. 2b), which are lower than those of
Pdene (η10 = 56mV, η50 = 131mV) and commercial Pt/C (η10 = 32mV,
η50 = 87mV). Moreover, the overpotential of β-PdHene aerogels at
different current densities shows a much smaller value than those of
mixed-phase PdHene aerogels (η10 = 36mV, η50 = 95mV) and α-
PdHene (η10 = 52mV, η50 = 120mV). As depicted in Fig. 2c, the Tafel
slope of β-PdHene aerogels is 37.8mVdec−1, surpassing Pdene
(97.6mVdec−1), Pt/C (40.5mVdec−1), mixed-phase PdHene
(52.7mVdec−1) and α-PdHene aerogels (68.9mVdec−1), revealing the
fast HER kinetics on the surface of the β-PdHene aerogels follows a
Volmer-Tafel mechanism in the acid conditions. Such a phenomenon
demonstrates that interstitial lattice hydrogen has a significant role in
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Fig. 2 | Electrocatalytic HER performance. a LSV polarization curves in 0.5M
H2SO4 solution, (b) Overpotentials at different current densities, and (c) Tafel plots
of different electrocatalysts (the catalyst loading is 0.14mgPd cm

−2, the electrode
surface areawas 0.196 cm2, the pHof the 0.5MH2SO4 electrolyte is 0.42 ± 0.1, scan
rate is 5mV s−1, rotation rate is 1600 rpm, the resistance is 6.42 ±0.16Ω, and tem-
perature is 25 °C). The non-iR correction polarization curves were provided in
Supplementary Fig. S9. d, e LSV polarization curves of Pdene and different PdHene
aerogels on carbon paper measured before and after 5000 potential cycles (the

catalyst loading is 0.14mgPd cm
−2, the carbon paper electrode surface area is 1 cm2,

the pHof the 0.5MH2SO4 electrolyte is 0.42 ± 0.1, scan rate is 5mV s−1, rotation rate
is 1600 rpm, the resistance is 2.22 ± 0.22, and temperature is 25 °C). f CA test of β-
PdHene on carbon paper under static overpotential of 20mV (the catalyst loading
is 0.14mgPd cm

−2, the carbon paper electrode surface area is 1 cm2, the pH of the
0.5M H2SO4 electrolyte is 0.42 ± 0.1, and temperature is 25 °C). The error bars
represent the standard deviation of three independentmeasurements. Source data
for Fig. 2 are provided as a Source Data file.
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enhancing HER performance, endowing β-PdHene aerogels as one of
the most effective noble metal-based HER electrocatalysts (Supple-
mentary Fig. S10 and Supplementary Table S2). In addition to the
electrocatalytic activity, the stability of β-PdHene aerogels also needs
to be considered to evaluate the practical application potential. The β-
PdHene aerogels also suggest remarkable cycling and long-term sta-
bility, which are assessed by the electrochemical accelerated durability
test (ADT) and chronoamperometric (CA) test. The HER performance
of β-PdHene aerogels displays a negligible positive shift of only 3mV
after ADTof 5000 cycles, while Pdene and commercial Pt/C attenuates
20mV and 5mV, respectively (Fig. 2d and Supplementary Fig. S11). In
contrast, the overpotential is decreased by 15mV and 13mV after ADT
forα-PdHene andmixed-phase PdHene aerogels, respectively (Fig. 2e).
Furthermore, there is almost no loss of the current density for β-
PdHene aerogels after 12 h of the CA test (Fig. 2f). The β-PdHene
aerogels still maintain the initial morphology and hydride structure
after the ADT andCA tests (Supplementary Figs. S12, S13 andTable S3).
All the evidence shown above implies that the β-PdHene aerogels can
act as an ideal candidate for HER electrocatalysis in practical
applications.

Hydrogen adsorption and desorption behavior of different
catalysts
To further understand the significant role of lattice hydrogen for
different phases of PdHene aerogels, a series of electrochemical
measurements were conducted. The hydrogen adsorption kinetics
was carried out by operando electrochemical impedance spectro-
scopy (EIS) measurement on Pdene and different phases of PdHene
aerogels at different overpotentials (Fig. 3a and Supplementary
Fig. S14). A double-parallel equivalent circuit model was simulated by

the obtained Nyquist plots. As listed in Supplementary Table S4, Rs

corresponds to the uncompensated solution resistance27. All elec-
trocatalysts disclose comparable Rs during the HER process. The
parallel components T and R1 reflect the double-layer capacitance
and catalytic charge transfer resistance28. Moreover, the values of R1

of β-PdHene aerogels are smaller than those of other electro-
catalysts, thus enabling rapid kinetics for HER. The second parallel
component Cφ and R2 represents the hydrogen adsorption pseudo-
capacitance and resistance on the surface of catalysts, respectively29.
Owing to the potential-dependent R2 for these electrocatalysts,
plotting logR2 vs overpotential and corresponding the EIS-derived
Tafel slopes under Ohm’s law can estimate the hydrogen adsorption
kinetics30. Comparatively, the EIS-derived Tafel slopes of β-PdHene
aerogels are significantly increased, indicating that the hydrogen
adsorption kinetics slows down (Fig. 3b). To explore the hydrogen
desorption behavior, the operando CV tests of Pdene and different
phases of PdHene aerogels were determined. The hydrogen deso-
rption peak is positively shifted with an increment in the scan rate
(Fig. 3c and Supplementary Fig. S15)31. Therefore, plotting the
hydrogen desorption peak position vs the scan rate was employed to
compare the fitting slopes, which is logical to quantify the hydrogen
desorption kinetics32. The declined slope of β-PdHene aerogels
exhibits its drastically enhanced hydrogen desorption kinetics
(Fig. 3d). Thus, the significantly boosted HER activity on β-PdHene
aerogels can be ascribed to the rapid H2 desorption. Furthermore,
the kinetic isotope effects (KIEs) experiment was utilized to investi-
gate hydrogen or proton transfer kinetics behavior. The LSV curves
and corresponding KIE values (JH2O

=JD2O
at −0.3 V vs RHE) are

obtained in 0.5M H2SO4/H2O and 0.5M D2SO4/D2O electrolyte. It is
known that the presence of KIE (KIE > 1) is inferred as a descriptor of
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the hydrogen or proton transfer rate affecting the rate-determining
step for all electrocatalytic reactions33. The HER performance of β-
PdHene aerogels is significantly lower in 0.5MD2SO4/D2O electrolyte
compared to that in β-PdHene in the 0.5M H2SO4/H2O electrolyte by
a factor of about 1.50–1.61 (KIEs = 1.50–1.61) within the selected
potential range (Fig. 3e), suggesting that the hydrogen or proton
transfer is indeed evolved in the rate-determining step. Specifically,
the KIE value of β-PdHene is 1.50 at −0.3 VRHE, which is lower than
those of Pdene (1.97), α-PdHene (1.94), and mixed-phase PdHene
aerogels (1.61), verifying that rapid hydrogen or proton transfer rate
(Fig. 3f and Supplementary Fig. S16)34.

Investigation of the reaction mechanism
The surface electronic structure of Pd in the Pdene and different
phases of PdHene aerogels was performed by XPS in Fig. 4a. The Pd
3d XPS spectra show that Pd in all metallene materials exists in the
metallic state35,36. With the introduction of more interstitial lattice
hydrogen, the peak position of Pd0 3d5/2 and Pd0 3d3/2 is shifted to
higher binding energies compared to that of Pdene. Specifically, Pd
3d peaks of β-PdHene show more positive shifts of 0.3 eV than that

of Pdene, suggesting the stronger electronic interaction of Pd and H
and ultimately resulting in more electron transfer37–39. The average
energy of the d-band center (εd) is considered evidence to describe
the binding ability between the reaction intermediate and electro-
catalysts. The surface valence band spectra analysis verifies that β-
PdHene owns the lowest εd position based on Eq. 5 (Fig. 4b).
Therefore, introducing more interstitial lattice hydrogen to Pdene
accelerates the H2 desorption, beneficial for the reaction kinetics of
HER. The temperature-dependent HER kinetic analysis was also
carried out in the temperature range of 298–338 K. The thermo-
dynamic HER activation energy is calculated according to the
Arrhenius equation based on the current density at −0.05 V vs RHE.
The β-PdHene shows that the activation energy is only 7.3 kJ mol−1,
which is about 1/3 of that for Pdene (21.1 kJ mol−1), suggesting a
significant enhancement in HER kinetics due to the introduction of
lattice hydrogen (Supplementary Figs. S17 and 18). The radar map
further visually and comprehensively evaluates the good perfor-
mance of β-PdHene aerogels (Fig. 4c). Currently, it has been
reported that lattice hydrogen in Pd hydride is involved in elec-
trochemical reactions, such as nitrogen reduction reaction, but the
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Source data for Fig. 4 are provided as a Source Data file.
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involvement of lattice hydrogen during HER have rarely been
studied40. The reaction mechanism was further revealed by the pH-
dependent HER (Fig. 4d, e and Supplementary Fig. S19). The reac-
tion order of 1.6 for the Pdene catalysts is close to the theoretical
value of 2 for the traditional HER pathway, which is larger than that
of β-PdHene (1.1), suggesting the participation of lattice hydrogen.
To further prove the involvement of lattice hydrogen, in situ DEMS
with isotope labeling tests was conducted in 0.5M D2SO4/D2O
electrolyte (Fig. 4f). Initially, the Pdene and β-PdHene catalysts are
supported on a porous Au-coated polytetrafluoroethylene (PTFE)
film as working electrodes and subjected to five consecutive cycles.
Themass signal of the HER gaseous product of Pdene and β-PdHene
was measured. The m/z = 4 signal from D2 is the strongest for the
Pdene electrocatalyst, followed by the m/z = 3 and m/z = 2 signals
from DH and H2, respectively (Fig. 4g). Since a trace amount of H
remains in 0.5 M D2SO4/D2O, the weak signals of DH and H2 appear.
A similar signal trend was also observed on β-PdHene (Fig. 4h).
Among them, the D2 signal is over 3.5 fold than that of Pdene.
Moreover, the DH and H2 signals of β-PdHene are approximately
8.3 fold and 8.2 fold than those of Pdene, respectively (Fig. 4i).
Impressively, the increase of DH and H2 signals is
significantly greater than the increase of the D2 signal, which
unambiguously demonstrates the engagement of lattice hydrogen
during HER.

DFT calculations
Such a significant improvement of high HER activity of β-PdHene
was also unveiled by DFT calculations. According to the above
catalyst characterization, the (111) surface models of β-PdH and Pd
were constructed and the optimized structure is shown in Supple-
mentary Data 1, Supplementary Figs. S20a and S21a. The 2D slice of
electron density difference was calculated to identify the electron
transfer ability during the H* adsorption process. As shown in
Fig. 5a, the stronger electron depletion of Pd (red color) on β-PdH
(111) was obvious in comparison to that of Pd (111). Meanwhile, β-
PdHpresents a longer Pd–H* bond (1.816 Å) than that of Pd (1.810 Å).
These results suggest weakened electron interactions with the
introduction of interstitial lattice hydrogen. This point is further
confirmed by the results of the projected density of states (PDOS).
The results show that the H contributes little to the total density of
the state, but affects the Pd d orbital to increase the DOS of β-
PdHene near the Fermi level in Fig. 5b. The εd of β-PdH (−2.12
eV) shows an obvious downshift relative to that of Pdene (−1.88 eV)
away from the Fermi level (Ef) in Fig. 5c, revealing that the εd is far
away from the Ef after the introduction of the interstitial lattice
hydrogen. The electronic interaction can be regarded as the cou-
pling between the adsorbate valence states and the metal d states,
resulting in the generation of separated bonding and antibonding
states41. Such a downshift of the εdwill makemore electrons occupy
antibonding orbitals due to the lower antibonding energy states,
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further weakening the Pd–H interaction and promoting H2 deso-
rption. The above phenomenon is consistent with the experimental
results. The Tafel slope of β-PdHene presents that HER occurs by the
recombination of two H atoms. For the traditional HER pathway, β-
PdH possesses the most desirable ΔGH* of −0.54 eV, which is better
than that of Pd (−0.67 eV) (Fig. 5d and Supplementary
Figs. S20b and S21b). Additionally, the HER process assisted by
lattice hydrogen species is systematically studied. In particular, for
the lattice hydrogen-involved pathway, H* on-site 1 experiences
an H-transfer to adjacent site 2. As a result, H2 can be facilely
generated with lower energy barriers (0.02 eV) in comparison to
the traditional pathway, indicating the key effect of interstitial lat-
tice hydrogen on β-PdH on tuning reaction pathway to improve
the HER activity (Supplementary Fig. S21c and d). Thus, a lattice
hydrogen-involved mechanism catalyzed by β-PdHene aerogels
is proposed following the above experimental and theoretical
results (Fig. 5e). Proton in an acid electrolyte initially couples with
an electron on the surface by the Volmer step to form an adsorbed
H*. Two nearby H* undergo the Tafel step to generate H2. Adsorbed
H* migrates and combines neighboring reactive lattice hydrogen
into H2 is thermodynamically favorable. The hydrogen vacancy
state can be eliminated by the fast hydrogen transfer to supply
hydrogen, thus achieving the closed loop of the whole catalytic
reaction.

Discussion
In summary, an efficient lattice hydrogen-involved mechanism is pro-
posed to separate adsorption and desorption sites on β-PdHene to
enhance HER performance in an acidic media, which is preferred
energetically over conventional reaction pathways. The direct evi-
dence of lattice hydrogen involvement was confirmed by in situ DEMS
experiments and theoretical calculations. The adsorbedH* canmigrate
and recombine the surrounding lattice hydrogen to generate H2

molecular via the Tafel step, accelerating the H2 desorption. The β-
PdHene aerogels show enhanced HER activity with a low overpotential
(20mV) at 10mA cm−2 and remarkable long-term electrocatalytic sta-
bility. Therefore, our work offers a promising method to design high-
performance HER electrocatalysts by the favorable lattice hydrogen
participation reaction pathway.

Methods
Reagents
Palladium (II) acetylacetonate (Pd(acac)2, 99.95%, Macklin), Nafion
perfluorinated resin solution (5wt% in a mixture of lower aliphatic
alcohols and water, contains 45% water, Macklin), Tungsten hex-
acarbonyl (W(CO)6, 99%,Macklin), Platinumongraphitized carbon (Pt/
C, 20wt% Pt loading, Aldrich), Deuterated sulfuric acid (D2SO4, 96% in
D2O, Aladdin), Deuterium oxide (D2O, 99.9 at.% D, Meryer), N,N-DMF
(≥99.5%, Sinopharm Chemical Reagent Co., Ltd.), Acetic acid
(CH3COOH, ≥99.5%, Sinopharm Chemical Reagent Co., Ltd.), sulfuric
acid (H2SO4, 95–98%, Sinopharm Chemical Reagent Co., Ltd.), Deio-
nized water (18.25MΩ·cm).

Characterization
X-ray diffraction (XRD) characterization was carried out by a D8
ADVANCE (Bruker, Germany). The transmission electron micro-
scope (TEM) was performed from a Tecnai G2 F20 (FEI, USA). The
scanning electron microscopy (SEM) was performed from TESCAN
MIRA LMS. Supercritical CO2 drying was conducted using an SPI-
Dry™ critical point drying apparatus (SPI Supplies, USA). Atomic
force microscopy (AFM) was performed in Multimode8 (Bruker,
Germany). The element contents were obtained by inductively
coupled plasma mass spectrometry (ICP-MS) (Thermo iCAP RQ).
X-ray photoelectron spectroscopy (XPS) measurements were per-
formed by a Thermo Scientific K-Alpha (Thermo Fisher, USA). The

specific surface area was determined by N2 adsorption-desorption
on Micromeritics ASAP 2460 instrument.

Synthesis of the β-Pd metallene hydrides (β-PdHene) aerogels
10 mg of Pd(acac)2 and 8mgW(CO)6 were introduced in 10mL of
CH3COOH by ultrasonication. The solution was bubbled in a CO flow
for 10min and was then heated at 50 °C. Pdene gels were acquired at
the bottom for 1 h. By adding 10mL DMF, the vial was maintained at
160 °C for 16 h to acquire β-PdHene gels. The α-PdHene and mixed-
phase PdHene gels were heated at 120 °C and 140 °C, respectively.
Afterward, the corresponding aerogels were obtained by supercritical
CO2 drying.

Electrochemical measurement
All electrochemical tests were performed on a CHI 660E electro-
chemical workstation. The hydrogen evolution reaction (HER)
measurements in acidic media were conducted in a standard three-
electrode system electrochemical cell (Pine Research Instrumenta-
tion) including a rotating ring-disk electrode (RDE, diameter 5mm,
0.196 cm2, Pine Research Instrumentation) as the working elec-
trode, a saturated calomel electrode (Hg/Hg2Cl2, SCE) as reference
electrode, and graphite rode as the counter electrode, respectively.
The preparation of 0.5MH2SO4 electrolyte is as follows: 6.793mL of
concentrated H2SO4 (about 18.4M) is added to a five-compartment
electrochemical glass cell containing 243.207mL of deionized
water, and then configured into a solution of H2SO4 with a con-
centration of 0.5 M (pH = 0.42 ± 0.1). The electrolyte is an N2-satu-
rated 0.5M H2SO4 solution, which is freshly prepared before the
electrochemical measurement and stored sealed at 25 °C.
The 2.0mg catalysts and 8.0mg Cabot carbon black were
dispersed in 1.21 mL isopropanol, 1.21 mL deionized water, and
80 μL 5 wt.% Nafion solution to obtain ink by sonication. Then
34.3 μL ink was transferred onto the electrode and dried at 50 °C.
The Pd loading is therefore 34.3 × 10−3 mL × 0.8mgPd/mL/
0.196 cm2 = 0.14 mgPd cm−2.

The HER activity of as-prepared catalysts was investigated by
linear sweep voltammetry (LSV), which was conducted at a sweep-
ing rate of 5mV s−1, and a rotational rate of 1600 rpm. Tafel slopes
were determined by plotting the overpotential vs the logarithm of
current density (log J). Electrochemical impedance spectra (EIS)
investigations were conducted by using an AC voltage with 5mV
amplitude in the frequency range of 100 kHz–0.1 Hz at various HER
overpotentials. The long-term stability was evaluated using the
chronoamperometric (CA) test under a static overpotential of
20mV. The accelerated durability test (ADT) of catalysts was con-
ducted through continuous potential cycling ranging from −0.05 V
to 0.05 V vs RHE for 5000 cycles at a scan rate of 100mV s−1. The
calibration of the Hg/Hg2Cl2 electrode was carried out in a highly
pure saturated hydrogen electrolyte with Pt wire as the working
electrode and Pt plate as the counter electrode. The difference
between the H+/H2 equilibrium potential and the Hg/Hg2Cl2 refer-
ence electrode is established by identifying the center points of the
two potential values associated with zero current on the CV curve.
All potentials in this work were calibrated to the RHE using the
equation:

ERHE = ESCE +0:252V ð1Þ

DEMS measurements
In situ DEMS experiments were carried out using a QAS 100 device
(Linglu Instruments, Shanghai). A gold-sputtered PolyTetra-
FluoroEthylene (PTFE) membrane was used as a working electrode
substrate (thickness: 40μm, pore size: ≤20nm, porosity: ≥50%), in
which the PTFE membrane was from Linglu Instruments. The 10μL

Article https://doi.org/10.1038/s41467-024-54601-7

Nature Communications | (2024)15:10289 7

www.nature.com/naturecommunications


catalyst inks (0.8mgPd/mL) were added onto the Au-sputtered PTFE
membrane (working area: 0.5 cm2) and dried at room temperature to
form a uniform layer with a loading of 0.016mgPd cm

−2. The electro-
chemical cell is a typical three-electrode system. A Hg/HgCl2 electrode
and graphite rode were employed as the reference and counter elec-
trode, respectively. The electrolyte used for in situ DEMS measure-
ments is N2 saturated 0.5M D2SO4/D2O, and the volume is 2mL. Then,
five consecutive cycles at the potentiostatic process at −28mV vs RHE
were applied. The gaseous products were pumped into a mass spec-
trometer and the signal with the mass-to-charge ratio of 2, 3, and 4
could be collected.

Calculation of the lattice hydrogen atoms

d=
λ

2Sinθ
ð2Þ

dhkl =
a0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 + k2 + l2
p ð3Þ

3 × ðaPdH � aPdÞ
x × aPdH

= 0:19 ð4Þ

Where λ is the wavelength (0.154 nm), θ is the angle, {hkl} is the face
plane of Pd, a0 is the lattice constant, and x is the number of
hydrogen atoms.

Calculation of the d-band centers
The εd was calculated based on the following Equation42–44.

εd =

R

N Eð ÞEdE
R

NðEÞdE ð5Þ

WhereN(E) is thedensity of states or intensity of photoelectron spectra
after Shirley background correction.

Computational methods
All the calculations are conducted in the CASTEP module of Materials
Studio by the plane-wave pseudo-potential method45. The generalized
gradient approximation (GGA) with ultrasoft pseudopotentials based
on the Perdew–Burke–Ernzerhof (PBE) function was employed to
handle the exchange-correlation effects46. The supercell composed of
a 4 × 4 unit with a (111) surface was constructed with a vacuum layer of
15 Å to isolate the periodic unit cell. For the optimization process, the
top layer was allowed to relax and the other two layers were fixed. The
Monkhorst–Pack k-point was 3 × 3 × 1 and the cut-off energy was set as
400 eV. The convergence tolerance energy was 10−6 eV/atom and the
max force was 0.03 eV/Å. The adsorbed energy ΔEH was presented by
Eq. 647.

ΔEH = EH* � ðE* + EHÞ ð6Þ

Where EH*, E*, and EH are the H adsorption energy on the substrates,
the bare substrates, and the half energy of H2 gas.

The Gibbs free energy profiles were represented by:

ΔG=ΔE +ΔZPE � TΔS ð7Þ

WhereΔE,ΔZPE, andTΔS are adsorption energy, the differenceof zero-
point vibrational energy, and the difference of entropy at 298.15 K
before and after adsorption.

The electron density difference is defined by Eq. 8:

Δρ =ρH@slab � ðρH +ρslabÞ ð8Þ

whereρH@slab,ρH, and ρslab are the electrondensities of the adsorbedH
on the slab, the adsorbed H atom, and the clean slab. The 2D electron
density difference was obtained for a slice passing along the plane
through the Pd–H bond.

Data availability
The data supporting the findings of this study are available within the
article and its Supplementary Information files. All other data are
available from the corresponding author upon request. Source data
are provided with this paper.
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