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Electrocatalytic water splitting for hydrogen production is a key approach to tackling the current energy
crisis. Among the catalysts, the traditional PA@C catalysts are remarkable for their efficiency in hydro-
gen evolution. However, the high cost and scarcity of Pd catalysts, as well as the instability caused by
the corrosiveness of carbon-based substrates, hinder their large-scale application. To overcome this chal-
lenge, an effective strategy is to construct highly dispersed Pd single atoms to improve palladium uti-
lization and choose more stable materials as supports. In this study, TiO,_, carriers with abundant oxy-
gen vacancies were prepared and loaded with Pd by photoreduction deposition. Adjusting the palladium
content resulted in three forms of Pd-loaded TiO,_x: nanoparticles (Pd@TiO,_,(6%, 10%)), nanoclusters
(Pd@Ti0,_x(3%)) and single atoms (Pd@TiO,_,(1.5%)). The oxygen vacancies improved the stability of the
titanium dioxide materials by providing more active hydrogen adsorption sites and increasing the affinity
of Pd for active hydrogen. Single atom loading increased the frequency of oxygen holes in the support
and the high activity of monatomic Pd promoted the adsorption of active hydrogen and facilitated the
formation of active hydrogen intermediates. The synergistic effect of single atoms and oxygen vacancies
improved the stability and catalytic activity of the composite material. PA@TiO,_,(1.5%) showed outstand-
ing performance in hydrogen evolution in an acidic medium with an overpotential of only 24 mV at a
current density of 10 mA/cm? and a low Tafel rise of 41.9 mV/dec. This study provides an effective strat-

egy for the development of high-performance hydrogen evolution (HER) catalysts .
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.
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The widespread use of fossil fuels has led to severe energy con-
sumption and environmental pollution [1,2]. Hydrogen energy, due
to its high energy density, low cost, lack of pollution, and zero
carbon emissions, is considered the most promising clean energy
source [3]. Electrochemical water splitting driven by renewable
electricity is an ideal and efficient hydrogen production technol-
ogy. However, the sluggish kinetics of the hydrogen evolution re-
action (HER) at the cathode significantly hinders large-scale hydro-
gen production [4-6]. To enhance the kinetics of the HER, reduce
the reaction overpotential, and design efficient and durable HER
electrocatalysts is crucial. Currently, Pt@C and Pd@C catalysts are
the most efficient commercial hydrogen evolution electrocatalysts
[7]. However, their high cost and material instability, prone to de-
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activation due to corrosion during usage, hinder their widespread
application. Therefore, there is an urgent need to explore more
economically efficient electrocatalysts [8-10].

Considerable efforts have been devoted to developing novel
precious metal HER electrocatalysts (e.g., Ru, Rh, Pt, and Ir) [11-
13]. Among them, Pd is considered one of the most promis-
ing candidate materials [14]. Numerous Pd-based catalyst mate-
rials have been applied to electrocatalytic hydrogen evolution.
Heydari-Bafrooei et al. synthesized a Pd/WS, catalyst with inor-
ganic fullerene WS,-supported Pd nanoparticles using a sol-gel
immobilization method [15]. By encapsulating Pd nanoparticles
within WS, cages for the HER reaction, the catalyst material’s ac-
tivity was improved, demonstrating excellent long-term stability
[16]. Liu et al. through electrodeposition, anchored Pd nanoparti-
cles onto MoSx/TiO, nanotube arrays, enhancing the carrier’s elec-
trical conductivity [17]. The introduction of Pd nanoparticles sig-
nificantly improved the carrier’s conductivity, and the electronic
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structure of MoSy weakened the Pd-H bond, promoting hydrogen
desorption and enhancing electrocatalytic activity [18]. Zheng et al.
used a highly conductive MOF as a template to prepare a PA@MOF-
74-M composite catalyst [19]. The small size and high dispersion
of Pd nanoclusters, as well as the effective protection provided
by the MOF framework, exhibited excellent HER catalytic activity
[20]. Gao et al. successfully synthesized sub-nanometer Pd clusters
in porous cerium dioxide (Pd NCs@CeO,) [21]. The electron trans-
fer between Pd and O atoms in the material effectively regulated
the adsorption state of active hydrogen on Pd clusters, promoting
the HER catalytic activity of the composite system [22]. To further
reduce the cost of precious metals and maximize atomic utiliza-
tion, single-atom catalysis has garnered significant attention [23].
Single-atom catalysts (SACs), composed of single metal atoms fixed
on carrier materials, can maximize the exposure of active sites,
improve atomic utilization, reaction selectivity, and enhance the
system’s electrocatalytic activity [24]. Yu et al. reported graphene
(GDY)-supported zero-valent Pd atoms on ultrathin nanosheets for
direct application as a three-dimensional flexible hydrogen evo-
lution cathode [25]. The successful anchoring of individual dis-
persed palladium atoms on GDY maximized the atomic efficiency
and the number of active sites, greatly improving catalytic activ-
ity. Zhu et al. anchored isolated Pd atoms on Ti3C;Tx MXene, op-
timizing hydrogen adsorption on MXene and effectively enhancing
water molecule dissociation through strong electronic interactions
between MXene layers, improving HER activity [26]. However, the
low electrical conductivity, low loading density, and poor stability
and tolerance of single-atom catalysts severely limit their applica-
tion and catalytic efficiency [27]. Therefore, selecting a suitable sta-
ble material as a precious metal carrier is necessary.

To enhance the catalytic performance, stability, and selectivity
of precious metals, researchers have developed various carriers,
such as metal oxides, metal nitrides, metal phosphides, and metal
sulfides [28-32]. For example, Wang et al. coated ruthenium with
ruthenium oxide on TiO,, demonstrating excellent stability for hy-
drogen electro-oxidation [33]. Zeng et al. reported a highly efficient
nano-composite electrocatalyst composed of Pd NPs uniformly em-
bedded in mesoporous oxygen-deficient TiO, nanospheres [34].
Doping Ti*t sites induced the formation of abundant oxygen va-
cancies in mesoporous TiO, nanospheres, enhancing the activity
and stability of the composite material. Due to its richness and
good physicochemical properties, titanium dioxide has been widely
studied as a substrate for depositing precious metals to enhance
catalytic performance and stability [35]. Compared to TiO,, TiOy_x
with abundant oxygen vacancies has received more attention due
to its superior conductivity, catalytic activity, and stronger stability
[36,37]. Zhang et al. reported that TiO,_ substrates not only sta-
bilized MoS, but also promoted the adsorption and dissociation of
water molecules during the HER process [38]. The composite ma-
terial MoS,/TiO,_x@Ti exhibited excellent catalytic performance.
Additionally, Zhang et al. designed a structure decorating TiO,_y
nanotube arrays with CoP3;/CoMoP nanosheets [39]. The oxygen
vacancy-rich TiO,_x nanotube structure provided more active sites,
enhancing HER performance. Wu et al. developed a one-step rapid
method without the need for high temperature and inert gas pro-
tection to synthesize oxygen-deficient black TiO,-supported sub-
nanometer Pt clusters with metal-support interactions [40]. The
metal-support interactions between Pt and black TiO, endowed
the prepared composite material with excellent electrocatalytic
performance for HER [41]. The coupling effect between oxygen va-
cancies and Pt optimized the electron density around Pt, thereby
optimizing the adsorption free energy of hydrogen and improv-
ing the electrocatalytic performance of HER in acidic media [42].
Moreover, the strong interaction between Pt and oxygen-deficient
titanium dioxide significantly enhanced the stability of the de-
signed electrocatalyst [43].
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In this study, TiO,(B) was selected as the precursor mate-
rial. Through annealing in an argon atmosphere, it was trans-
formed into oxygen-deficient TiO,_x as the carrier. Using a photo-
reduction deposition method, Pd single atoms were successfully
anchored on the surface of oxygen-deficient titanium dioxide. The
newly synthesized Pd@TiO,_x(1.5%) composite material (TiO,_x
material with Pd content of 1.5%) exhibited significantly superior
HER activity. Benefiting from the ultra-stable oxygen-deficient tita-
nium dioxide carrier, the composite material demonstrated robust
long-term electrocatalytic stability, with almost no decline in activ-
ity after 1000 cycles. Further density functional theory (DFT) the-
oretical calculations indicated that the presence of oxygen vacan-
cies improved the stability and catalytic activity of the material,
promoting the generation of more active sites and enhancing the
adsorption of active hydrogen by precious metal Pd. Additionally,
by adjusting the Pd loading amount, Pd-loaded TiO,_x materials of
different morphologies were prepared. The presence of single-atom
Pd significantly increased the abundance of oxygen vacancies, and
Pd, as the main active center, greatly promoted the generation of
active hydrogen intermediates, reducing the Gibbs free energy of
hydrogen and accelerating the electrocatalytic kinetics of HER. The
synergistic effect of single atoms and oxygen vacancies collectively
promoted the high catalytic activity and stability of the composite
material.

Transmission electron microscopy (TEM), and elemental map-
ping analysis were performed using a Philips Tecnai F30 at 300
kV. Powder X-ray diffraction (XRD) was performed on Panalyti-
cal X’'pert PRO X-ray diffractometer with monochromated Cu Ko
radiation (40 kV, 30 mA). Inductively coupled plasma atomic
mass spectrometry (ICP-MS) measurements were performed on
PerkinElmer. X-ray photoelectron spectroscopy (XPS) was carried
out on PHIS000VPIIl hemispherical electron energy analyzer with
monochromatized Al Ko radiation (1486.6 eV). Electron paramag-
netic resonance (EPR) was performed at Bruker EMX-10/12 with
the temperature at 293 K.

To prepare the catalyst dispersion, PA@TiO,_x material (10 mg)
and XC-72R carbon black (5 mg) were placed in a mixture of iso-
propanol (0.5 mL) and 5% Nafion (0.05 mL). The mixture was soni-
cated for 1 h, and then 10 pL of the dispersion was drop-cast onto
a glassy carbon electrode, resulting in a loading rate of 0.013 mg
Pd/cm? for the catalyst. The addition of carbon black to the cat-
alyst dispersion enhances the electronic conductivity of the elec-
trode surface and the dispersibility of the catalyst. The electrode
preparation process for other materials was identical, using com-
mercial Pd@C (10%) and Pt@C (10%) as reference materials.

All electrochemical tests were conducted using a three-
electrode system on a CHI440C electrochemical workstation, with
a Pt mesh (20 x 20 mm) as the counter electrode, Ag/AgCl as the
reference electrode, and glassy carbon as the working electrode. All
tests were performed in a nitrogen-saturated 0.5 mol/L H,SO,4 so-
lution. Potentials were referenced to the reversible hydrogen elec-
trode (RHE), and the results were calculated using Eq. 1.

ERHE = EAg/AgCl + 0059]31‘[ + 0.237 (l)

Linear sweep voltammetry (LSV) was performed at a scan rate
of 5 mV/s after 30 cyclic voltammetry (CV) cycles of precondi-
tioning. Tafel slope was determined from the LSV curve. Catalyst
stability was assessed by performing 1000 CV cycles (100 mV/s).
Chronoamperometry was conducted by recording the time-current
density curve at 10 mA/cm?. Double-layer capacitance (Cy) was
determined from CV curves at various scan rates (20, 40, 60, 80,
100 mV/s) within a specific potential window.

DFT was employed as implemented in the Vienna Ab ini-
tio simulation package (VASP) for all calculations. The exchange-
correlation potential was described using the generalized gradi-
ent approximation of Perdew-Burke-Ernzerhof (GGA-PBE). The pro-
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jector augmented-wave (PAW) method was utilized to treat in-
teractions between ion cores and valence electrons. The plane-
wave cutoff energy was fixed at 500 eV [44]. The structural mod-
els were relaxed until the Hellmann-Feynman forces were smaller
than —0.02 eV/A and the change in energy was smaller than 105
eVv.

During the relaxation, the Brillouin zone was represented by
a I' centered k-point grid of 6 x6 x 1 [45]. Grimme’s DFT-D3
methodology was employed to describe the dispersion interactions
among all the atoms in the adsorption models.

According to XRD analysis, the main component of TiO,_x is ru-
tile, thus the model structure of rutile is used as the carrier struc-
ture [46]. The TiO, (101) surface was modeled using two three-
layer periodic slabs. The lattice constants for the (3 x 2) TiO, (101)
unit cell were set as follows: a=11.05 A, b=11.49 A, c=25.00 A.
To further investigate the role of oxygen vacancies, a single oxy-
gen was removed from the (3 x 2) TiO, (101) surface, according to
reference [47]. Simultaneously, to account for the influence of the
surface periodic structure, a vacuum layer was set to 15.00 A.

Single Pd, optimized Pd13 clusters, and Pd(111) species were
adsorbed on the TiO, (101) surface with a single oxygen removed,
representing single-atom Pd, cluster Pd, and nano Pd, respectively,
for the structural optimization of Pd-based catalysts [48]. The op-
timized configurations were subjected to Bader charge, differen-
tial charge, and density of states analyses [49]. Multiple adsorp-
tion configurations and positions were considered for all adsorbate
species, and the subsequent calculations selected the lowest en-
ergy and most stable configurations. The formula for calculating
hydrogen adsorption energy (AEy) is as follows:

1
) Ey, (2)

Enyn represents the total energy associated with the absorption
of a single hydrogen atom on the surface of Pd@TiO,_x material
[50]. Ev denotes the total energy of Pd@TiO,_y, and Ey, signifies
the energy of a gaseous hydrogen molecule (approximately —6.7
eV in this study) [51]. The Gibbs free energy correction for hy-
drogen absorption incorporates adjustments for entropy and zero-
point energy:

AGy = AEy + AEzmpeg — TASy (3)

AEy = Emn — Em

AEy represents the adsorption energy of hydrogen, AEzpg de-
notes the difference in zero-point energy between the adsorbed
state of hydrogen and gaseous hydrogen, and ASy signifies the
entropy difference between the adsorbed state of hydrogen and
gaseous hydrogen [52]. Since the contribution of vibrational en-
tropy for the adsorbed state of hydrogen is negligible, it can be
ignored. The adsorption entropy for hydrogen gas is denoted as
ASy ~ —%SHZ, where Sy, represents the entropy of the H, gaseous
phase under standard conditions. Therefore, the corrected Gibbs
free energy is expressed as follows:

AGy = AEy + 0.24 (4)

Fig. S1a (Supporting information) illustrates the precursor as
the typical TiO,(B) phase. The Raman spectrum of TiO,(B), de-
picted in Fig. S1b (Supporting information), reveals Raman vi-
brational peaks at 256, 382, 422, 477, 553, 632 and 828 cm!.
These peaks confirm that the prepared precursor material is purely
TiO,(B). Fig. 1a presents the XRD patterns of Pd-loaded TiO,_x
with different proportions. Two peaks at 25.3° and 48.0° are at-
tributed to the (101) and (200) crystal planes of anatase, respec-
tively, and two peaks at 27.4° and 36.1° are assigned to the (110)
and (101) crystal planes of rutile (JCPDS, 99-0008 and 99-0090, re-
spectively) [53]. It can be inferred that, under argon atmosphere,
after calcination at 800 °C for 3 h, TiO,(B) transforms into anatase
and rutile phases, indicating a structural change. No distinct Pd
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characteristic diffraction peaks are observed in the XRD patterns
of PA@TiO, _(1.5%) and Pd@TiO, _(3%), attributed to the small size
and good dispersion of single-atom Pd and Pd clusters, making
them undetectable by XRD. In the XRD patterns of Pd@TiO, _x(6%)
and Microscopy (TEM). The morphology of TiO,, as shown in Fig.
S2 (Supporting information), appears as a two-dimensional (2D)
nanosheet. The morphology of TiO,_x, as shown in Fig. 1b, is closer
to a particulate form. Figs. 1c and d are TEM images of TiO,_ fur-
ther magnified after increasing the resolution, where lattice fringes
with spacings of 0.351 nm and 0.324 nm are measured [54]. These
spacings correspond to the (101) lattice plane of the TiO, anatase
phase and the (110) lattice plane of the rutile phase, respectively,
consistent with the XRD results mentioned earlier. The morphology
of Pd@Ti0,_x(1.5%) and Pd@TiO,_x(3%) is shown in Figs. 1e and f,
where no obvious Pd aggregation is observed, and there are no dis-
tinct Pd lattice fringes. This is attributed to the low Pd loading in
the 1.5% material, and the extremely small size of Pd single atoms,
making them challenging to observe clearly by TEM. As shown in
Fig. 1f, Pd@TiO, _x(3%) predominantly exhibits Pd clusters in an en-
tirely exposed form. This confirms the successful anchoring of Pd
clusters on the TiO,_, material. The morphology of Pd@TiO, _x(6%)
and Pd@TiO, _x(10%) is shown in Figs. 1g and h, indicating uniform
distribution of Pd NPs on the carrier. Furthermore, by increasing
the resolution and measuring lattice fringe spacings, distinct lat-
tice fringes with a spacing of 0.224 nm corresponding to the (111)
crystal plane of Pd NPs are clearly observed. Particle size distri-
bution analysis shows that the nanoparticle size of Pd@TiO,_x(6%)
is approximately 5.91 nm, and that of Pd@TiO,_,(10%) is approxi-
mately 9.96 nm, as shown in Figs. S3a and b (Supporting informa-
tion). To verify the existence of single atoms in Pd@TiO, x(1.5%),
aberration-corrected high-angle annular dark-field scanning trans-
mission electron microscopy (AC-HAADF- STEM) was employed for
characterization, as illustrated in Fig. 1i. This clearly shows that Pd
is predominantly distributed as individual atoms uniformly on the
surface of the TiO,_ carrier, confirming the successful preparation
of single atoms (Figs. S4a and b in Supporting information).

The near-surface charge states of the catalyst materials were
investigated using XPS. Figs. 2a and b present the XPS spectra of
TiO,_x, revealing the predominant presence of Ti and O elements
of TiO,_. The Ti 2p peaks of TiO,_x are located at 464.7 eV and
459.0 eV, corresponding to the 2py;; and 2p;, states of Ti%*, re-
spectively. These binding energies are lower than the Ti 2p peaks
in pure anatase, which are at 465.5 eV and 459.5 eV, indicating a
shift towards lower binding energy possibly due to electron gain
from oxygen-deficient atoms in TiO,. In the O 1s spectrum, the
three peaks at 529.7, 532.6, and 533.4 eV correspond to lattice
oxygen in O-Ti, oxygen atoms near oxygen vacancies, and surface-
adsorbed water molecules, respectively. Notably, the peak at 532.6
eV has a larger area, suggesting a significant presence of oxygen
vacancies [55]. This is advantageous for fine-tuning the chemical
and electronic structures of the material surface, promoting en-
hanced reactivity. To further validate the generation of oxygen va-
cancies, Raman spectroscopy was performed on the materials, as
shown in Fig. 2c. The Raman peaks corresponding to the anatase
and rutile phases of titanium dioxide were detected in TiO,_x, con-
sistent with XRD results. The peak at 142 cm~! is attributed to the
Eg vibrational mode of the anatase phase, the peak at 515 cm~!
to the Aqg+Byg vibrational mode of the anatase phase, the peak
at 448 cm~! to the Eg vibrational mode of the rutile phase, and
the peak at 612 cm~! to the Aqg vibrational mode of the rutile
phase. Anatase phase of titanium dioxide belongs to the tetrago-
nal crystal phase, and in the tetragonal crystal system, changes in
the vibrational peak of the E; mode can serve as direct evidence
of oxygen vacancy defect formation. The generation of oxygen va-
cancies can enhance the sample’s conductivity and charge transfer
capability [56]. By comparing the most intense vibrational peaks
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Fig. 1. (a) XRD patterns of TiO,_y, PA@TiO;.x(1.5%), PA@TiO;_x(3%), PA@TiO,.x(6%), PA@Ti0,.4(10%). (b) TEM images of TiO,_y. (¢, d) TEM images of different crystal forms of
TiO,_y. (e-h) TEM images of PA@TiO,_y(1.5%), PA@TiO,_(3%), PA@TiO,_y(6%), PA@TiO,_,(10%). (i) HAADF-STEM image of Pd@TiO,_y(1.5%).
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Fig. 2. (a, b) High-resolution XPS Ti 2p and O 1s spectrum of TiO; x. (c)
Raman spectrums of TiO, ,, Pd@TiO, ,(1.5%), Pd@TiO, «(3%), PA@TiO,_»(6%),
Pd@TiO,_4(10%). (d) EPR spectra of different catalyst.

of the Eg mode for all materials in the anatase phase (~142 cm™1),
it is observed that the TiO,_x material is anchored by Pd atoms,
lattice defects are induced by the strong Pd-O bonding interaction,
resulting in more oxygen vacancies, and the crystallinity of TiO,_x
changes, resulting in wider distribution of vibration modes [57,58].
Additionally, electron paramagnetic resonance spectroscopy (EPR)
was employed to further confirm the presence of oxygen vacan-
cies in the materials [59]. The results, as shown in Fig. 2d, reveal
no apparent EPR peaks in TiO,, while TiO,_x and Pd@TiO, _x(1.5%)

both exhibit a sharp peak at g=2.003, consistent with the charac-
teristic EPR peak of oxygen vacancies [60]. Moreover, at g=1.983,
there is no distinct Ti3* peak, indicating that the oxygen vacan-
cies in TiO,_x and Pd@TiO,_x(1.5%) are generated during the crys-
talline phase transition in a high-temperature argon atmosphere.
Similar phenomena have been reported in previous literature. From
the spectra, it is evident that the signal peak of oxygen vacancies
is significantly enhanced when single-atom Pd is loaded onto the
TiO,_x carrier [61]. This enhancement is attributed to the strong
interaction between Pd and the TiO,_ carrier after the introduc-
tion of single-atom Pd, forming a robust Pd-O bonding, thereby
facilitating the generation of oxygen vacancies on the carrier. By
comparing the intensities of characteristic peaks, it is inferred that
single-atom Pd, when combined with the TiO, carrier, provides
the maximum abundance of oxygen vacancies [62]. High-resolution
X-ray photoelectron spectroscopy was performed on Pd-loaded
TiO, _x with different proportions to determine the chemical states
of different Pd forms, as shown in Fig. S5 (Supporting information).
The Pd 3dsj, peaks of Pd@TiO, x(1.5%) (336.4 eV), PA@TiO;_x(3%)
(336.2 eV), PA@TiO,_,(6%) (335.4 eV), and Pd@TiO,_,(10%) (335.1
eV) are located between Pd® (335.0 eV) and Pd%+ (3379 eV), in-
dicating that Pd is in an oxidized state. With increasing Pd load-
ing, the binding energy of Pd 3d shifts towards lower energy, sug-
gesting a strong interaction between highly dispersed Pd single
atoms and clusters with the TiO,_x carrier. The binding energies
of Pd@TiO, «x(1.5%) and Pd@TiO; (3%) for Pd 3dsj, are 341.7 eV
and 340.9 eV, respectively. No peaks at 335.0 eV are observed for
the single-atom and cluster forms, indicating the absence of dis-
tinct Pd-Pd bonds on these two materials [63]. This is consistent
with TEM results, confirming the successful anchoring of isolated
single atoms and clusters on the TiO,_x carrier. Furthermore, the
higher binding energy of single-atom Pd compared to cluster Pd
and nano Pd indicates a stronger interaction between single-atom
Pd and the TiO,_x carrier.
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Fig. 3. (a, b) HER polarization curves and overpotential histogram of as-prepared samples in 50 mmol/L H,SOy4, respectively. (c) Schematic illustration of the HER mechanism
on Pd@TiO,_,(1.5%). (d, e) Tafel plots and Slope histogram of prepared samples in 50 mmol/L H,SO,, respectively. (f) TOF curves with respect to Pd or Pt atoms and mass
activities (based on Pd or Pt mass loading) at 7 =50 mV of catalysts. (g) Corresponding current density scan rate curves to estimate the Cdl, respectively. (h) Cycling stability
tests of PA@Ti0;_,(1.5%) by 1000 cycles. (i) Long-term chronoamperometry measurements at a current density of 10 mA/cm? of Pd@TiO,_y(1.5%).

The hydrogen evolution reaction (HER) performances of
TiO,, TiOy_x, Pd@TiO,_x(1.5%), PA@TiO,_x(3%), PA@TiO,_x(6%),
Pd@TiO, _x(10%), Pd@C(10%), and Pt@C(10%) were systematically
evaluated in a 0.5 mol/L H,SO,4 solution saturated with N, using
steady-state linear sweep voltammetry (LSV). As depicted in Figs.
3a and b, TiO, and TiO,_x exhibit large overpotentials of 256.5 mV
and 193.5 mV, respectively. The presence of oxygen vacancies re-
duces the overpotential by approximately 25%, demonstrating that
oxygen vacancies on the carrier surface contribute to an enhance-
ment in catalytic activity.

This is attributed to the increased crystallinity and conductiv-
ity associated with the introduction of oxygen vacancies, leading
to reduced charge transfer resistance and improved catalytic per-
formance. Upon Pd loading onto the surface of TiO,_y, the overpo-
tential decreases by about 90%, confirming that the high HER ac-
tivity primarily originates from Pd species. Additionally, the overall
electrocatalytic performance of Pd@TiO,_, surpasses that of com-
mercial Pt@C (30 mV) and commercial PdA@C (51 mV), exhibiting
higher HER activity. Remarkably, Pd@TiO,_(1.5%) achieves a cur-
rent density of 10 mA/cm? at an overpotential of 24 mV with a
low loading rate of 0.013 mg Pd/cm?. The strong Pd-O bonding in-
teraction between single-atom Pd and the oxygen vacancies, this
may be due to the introduction of heavier Pd atoms that affect
the coordination structure of TiO, [64], on the TiO,_ carrier fa-
cilitates the generation of oxygen vacancies, as confirmed by the
EPR results [65]. The robust Pd-O interaction and increased oxy-
gen vacancies synergistically contribute to the enhanced catalytic
performance, as illustrated in Fig. 3c.

Figs. 3d and e present Tafel test results for different materi-
als. Pure TiO, exhibits the highest slope, with a value of 161.72
mV/dec. The presence of oxygen vacancies in TiO,_x enhances the

catalytic performance, resulting in a slope of 127.15 mV/dec. Upon
loading precious metal Pd onto TiO,_yx, the prepared Pd@TiO,_x
materials exhibit a significant reduction in Tafel slope. The Tafel
slopes for Pd@TiO,_x materials with different Pd contents are 41.9,
451, 36.7 and 35.9 mV/dec, indicating that the HER process of
Pd@TiO,_x materials follows the Volmer-Heyrovsky mechanism,
and materials with loaded Pd metals show faster reaction kinetics.

The intrinsic activity of the catalysts was verified by turnover
frequency (TOF), assuming that all Pd sites on the catalyst con-
tacted the electrolyte and participated in the HER process. As
shown in Fig. 3f, the TOF values of Pd@TiO,_x(1.5%) are 2.4
times, 3.5 times, 5.6 times, and 12.5 times higher than those
of PA@TiO, _x(3%), PA@TiO, _x(6%), PA@TiO,_(10%), and Pd@C, re-
spectively. When normalized to Pd loading, Pd@TiO,_x(1.5%) ex-
hibits outstanding mass activity (2.63 A/mg) at an overpoten-
tial of 0.05 V, surpassing the mass activities of Pd@TiO,_x(3%),
Pd@TiO, _«(6%), PA@TiO, _x(10%), and Pt@C. This indicates that the
loading of single-atom Pd substantially enhances the intrinsic ac-
tivity of each catalytic site on the titanium dioxide surface. Notably,
the catalytic activity of Pd single atoms exceeds that of Pd clusters
and Pd nanoparticles.

Fig. 3g displays the electrochemically active surface area
of the catalyst materials. Pd@TiO,_x(1.5%) exhibits the highest
double-layer capacitance value, significantly exceeding those of
Pd@TiO, _«(3%), Pd@TiO,_x(6%), and Pd@TiO,_»(10%), indicating
that single-atom palladium enlarges the active surface area of
TiO, _. Stability is a crucial factor in evaluating catalysts. Fig. 3h
demonstrates that Pd@TiO,_x(1.5%) only attenuates by 1% after
1000 cycle scanning of LSV, maintaining good cyclic performance
and verifying its stability in terms of catalytic performance. Fur-
thermore, Fig. 3i shows Pd@TiO,_x(1.5%) at the current density of
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10mA/cm? was tested by chronopotentiometric method, and it was
found that it only decreased by 0.8% after 10 h, which verified
its outstanding stability. Fig. S6 (Supporting information) shows
Pd@TiO, _x(1.5%) exhibits the smallest semicircle of all the elec-
trocatalysts studied with a charge-transfer resistance of 97.83 2
(Table S1 in Supporting information), implying the fastest charge
transfer rate at the electrode and electrolyte interface.

To further elucidate the impact of differently shaped Pd-
loaded oxygen-deficient titanium dioxide on the hydrogen evo-
lution (HER), DFT calculations [66]. Based on the XRD and Ra-
man results, the rutile TiO,(101) surface was employed as a car-
rier model, as depicted in Fig. S7 (Supporting information), and
constructed oxygen vacancies by removing individual oxygen layer
of the TiO,(101) surface: 2-coordinated bridging O (O,.) and 3-
coordinated in-plane O (Os), as illustrated in Fig. S8 (Support-
ing information). The optimized energy clearly indicates that re-
moving 2-coordinated bridging O atoms leads to the formation of
more stable oxygen-deficient titanium dioxide (TiO,_x) [67]. There-
fore, this structure was applied as the adsorption carrier for Pd,
simulating the base configuration of the composite material. The
structures of monatomic palladium, cluster palladium and nano-
palladium were optimized, the three models are shown in Figs.
S9a-c (Supporting information).

Figs. S9d-f (Supporting information) display differential charge
density maps for the three Pd shapes. It is evident that the pres-
ence of Pd results in an accumulation of electrons on the carrier,
favoring enhanced catalytic performance, consistent with experi-
mental results. Additionally, single-atom Pd induces the highest
electron transfer between the single Pd atom and the substrate
[68]. Although Pd clusters and Pd nanosheets exhibit larger overall
charge transfer to the substrate, the charge transfer to each atom is
smaller than that for single-atom Pd. The increased electron trans-
fer in Pd;@TiO,_x activates the reaction, thereby promoting im-
proved HER performance.

For the HER reaction in acidic electrolyte, the Gibbs free en-
ergy of hydrogen adsorption (AGy+) is a crucial factor for evalu-
ating hydrogen evolution activity. As shown in Fig. S9g (Support-
ing information), the AGy+ for pure TiO, is —2.77 eV, indicating
weak adsorption of H*. TiO,_x exhibits a AGy« of —1.16 eV, signi-
fying a substantial reduction in the Gibbs free energy for adsorb-
ing active hydrogen due to the presence of oxygen vacancies. This
demonstrates that the presence of oxygen vacancies significantly
enhances the interaction between surface oxygen atoms and H*.
After introducing metal Pd, a significant reduction in AGy- values
is observed, indicating that Pd is the primary catalytic active site.
Notably, single-atom Pd exhibits the smallest AGy- value, at —0.06
eV, lower than Pd clusters (—0.42 eV), Pd nanoparticles (—0.88 eV),
and even commercial Pt@C (—0.09 eV). To understand the role of
single-atom Pd on the carrier surface, the influence of different
Pd shapes on the density of states (PDOS) distribution of d-band
electrons on oxygen-deficient titanium dioxide carriers was inves-
tigated, as shown in Figs. S9h-j (Supporting information). Pd 3d or-
bitals, as active sites, influence the formation of the Pd-H bond, a
key factor in the HER process [69]. According to the d-band center
theory, the coupling of the molecular orbitals of adsorbates with
the d orbitals of metal Pd can form two different orbitals: com-
pletely occupied bonding orbitals and partially occupied antibond-
ing orbitals. According to the valence bond theory, the occupancy
of electrons in antibonding orbitals determines the stability of the
system to some extent, that is, the strength of the Pd-H bond.
Compared to Pd nanoparticles and Pd clusters, single-atom Pd has
a smaller d-band center value, indicating that single-atom Pd ex-
hibits more occupied electronic state [70]. From the figures, it can
be observed that single-atom Pd maximally promotes the shift of
the d-band center away from the Fermi level, weakens the strength
of the Pd-H bond, and lowers the adsorption energy of H. The d-
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band center of Pd nanosheets is closer to the Fermi level, indicat-
ing a stronger interaction with adsorbed H, stronger adsorption en-
ergy. This results in the difficulty of H desorption and a larger hy-
drogen evolution reaction energy barrier [71]. Single-atom Pd has a
moderate interaction with H, leading to a d-band center that tends
toward zero, making the free energy of adsorption and desorption
approach zero, facilitating the progress of the HER.

This study employed an efficient hydrothermal method to
synthesize oxygen-deficient titanium dioxide nanosheets (TiO;_x),
and subsequently anchored single-atom Pd on the carrier surface
through photo-reduction deposition. PA@TiO, _x(1.5%) exhibited a
low overpotential of 24 mV and a Tafel slope of 41.9 mV/dec,
achieving a current density of only 10 mA/cm? in acidic conditions.
Furthermore, the hydrogen evolution reaction (HER) performance
remained stable without degradation after continuous operation
for 10 h. Density functional theory (DFT) calculations indicated that
single-atom Pd possessed a AGy+ value of —0.06 eV, lower than
that of Pd clusters and Pd nanoparticles. The projected density of
states (PDOS) results demonstrated that single-atom Pd, by opti-
mizing the electron density around it, forms a strong chemical in-
teraction with the carrier, resulting in a unique electronic structure
and more oxygen vacancies. This enhancement promoted the ad-
sorption of protons and the desorption of hydrogen. The presence
of oxygen vacancies provided additional active hydrogen adsorp-
tion sites, facilitating the generation of active hydrogen and opti-
mizing the material’s activity and conductivity. The synergistic ef-
fects of these factors collectively contributed to the improvement
of catalytic performance.
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