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hotocatalytic overall water gpliiting (POWS) Into hydro-

gen and oxygea offers an efective and sustoianblo solution
to the prossiag chollenges of energy and cavironmental
crises.””” However, most photocatalysts exddblt insufficlent
charge carrier separation epon excitation, lending to significant
recombination elther within the bulk materlal or at the surface,
which critically impairs their overall photoontalytic efficiency.?
Varlous stratogies have boen proposed, including facet
englneering,*® doplng (bandgap adjustment),® cocatalyst
englneerlag,"’ and the construction of heterostructures.®
Among these, cocatalyst engincering plays a paramount role,
not only in facHitating efficlent electron—hole pair separation
but also in providing surface activo sites for catalytic
renctions.’™** Previous studies of cocatalysts have demon-
strated that photocatalytic performance can be enhanced by
modulating the atomic configuration (e.g, nanoclusters, single-
atom sites) or modifying the loading methods (e.g, photo-
deposition, impregnation). Nevortheless, the issuc of structural
corapatibllity between the host photocatalyst and cocatalyst is
often overlooked when opplying the aforementioned strategies,
Specifically, the spatial distribution and interfacial alignment of
the cocatalyst on the host photocatalyst may change, making it
challenging to fundamentally understund thelr structural
syacrgy and the mechanistic rolo of tha cocntulyst.

”i _; ACS PUb“ Cati ons © 2025 Amorican Chamical Sociaty 6743

Perovsldte-type strontinm titannte (S{PIO{; STO) s a
promizslag photocatalytic muterlal for POWS.'? Inspired b
htarojunction casos with lattice-matched epitwdal grawth,'
wo selected pafladium (Pd) s cocatalyst for structural studles,
guilded by density fanctional theory (DFT) models. Pd gharas
simfar lattice paramcters with STO (Figuro la), which may
facilitate cpitaxial deposition on STO with a Inttice-rantched
interfaca.'”'" Currontly, Pd-based cocatalysts have been widely
cmployed in total synthesls of nataral producta and large-scalo
Industrinl produt:tlon.w'M

In photocatalysis, Pd-based cocatalysts excel in tha sclective
hydrogeaation of C=C and C=0 bonds™ und varlous
organic synthesis,?® attributed to thelr remarkablo surface
alloying characteristics and exceptional selectivity.”” Unfortu-
nately, metallic Pd sites exhibit suboptimnl performance in
hydrogen cvolution reaction (HER), traditionally ascribed to
strong hydrogen adsorption properties.®**® Despito the
inhereat limitations as an HER cocatalyst, the multifunctional
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Figure 1. Atomic structure schematic of Pd cocatalyst loaded on the SrTiO; surface and schematic diagram of hydrogen intercalation process
for the PdH,/STO formation. (a) Crystal unit cell structures and constants of Pd and SrTiOs, respectively, as well as the calculation of interfacial
lattice mismatch. Note: The similarity in crystal structure between SrTiO; and Pd suggests the potential presence of a lattice matching effect, which
may facilitate epitaxial growth. (b) Schematic illustration of in situ formed PdH, cocatalysts on STO. Hydrogen intercalation enhances the electron
enrichment capability of PdH,, sites and modulates their hydrogen desorption capacity, thereby boosting the POWS performance. In situ hydrogen
intercalation ensures the spatial distribution and interfacial matching between the cocatalyst and the SrTiO; host photocatalyst remain consistent,
enabling more precise exploration of the influence of the hydrogen intercalation for performance.

properties of Pd provide opportunities to enhance catalytic
performance and further investigate the structure—activity
relationships between the cocatalyst and the host photo-
catalyst. Notably, palladium hydride (PdH,) is a solid-state
phase formed by the intercalation of hydrogen atoms into the
metallic palladium lattice, resulting in distinct physicochemical
properties due to changes in both crystal structure and
electronic configuration.””*” Its reversible phase transition and
tunable electronic structure make it highly applicable in
catalysis. Moreover, PdH, demonstrates exceptional thermal
stability and oxidation resistance, maintaining its lattice
integrity without contraction even after annealing at 300 °C
in an inert atmosphere or prolonged exposure to ambient air.*’

Herein, we demonstrate that PdH, is an efficient HER
cocatalyst on STO with enhanced electron extraction ability
and modulated hydrogen adsorption energy (see Figure 1b for
the proposed schematic mechanism). The resultant PdH,/
STO achieves a hydrogen evolution rate up to 5 mmol-g "-h™
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in a stoichiometric ratio of 2:1 for POWS, a remarkable 6.4-
fold enhancement compared to Pd/STO, and maintains stable
operation over 20 h. Our structural characterizations and
theoretical calculations elucidate that the hydrogen intercala-
tion process on Pd/STO successfully modulates the electronic
structure of Pd without significantly changing the interfacial
structures (Figure S1), which enhances interfacial electron
transfer to PdH, and promotes hydrogen desorption; femto-
second transient absorption (fs-TA) analysis reveals the
advantages of PdH,/STO in reaction kinetics and charge
carrier transfer mechanisms. This work represents the first
example of using Pd hydrides as HER cocatalyst in POWS and
provides insights for deeply understanding and controllably
tuning the cocatalyst at atomic scale to broaden cocatalyst
functionality in other photocatalytic reactions.

The Al-doped STO photocatalyst was synthesized via a one-
step molten salt method, while the PdH, cocatalyst was
introduced in a two-step process: first, a liquid-phase reduction

https://doi.org/10.1021/acs.nanolett.5c01007
Nano Lett. 2025, 25, 6743-6752
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Figure 2. Crystalline structure and morphological characterization of PdH,/STO. (a, b) HAADF- and BF-STEM images proving successful
loading of PdH, on STO. (c, d) Atomic-scale HAADF-STEM image of (c) PdH,/STO and (d) PdH, cocatalyst. Note: FFT pattern along the
[110] zone axis of PdH, in the white box line of (d), indicating the single-crystal structure of PdH,. (e¢) HAADF-STEM image and the
corresponding EDS elemental maps of PdH,/STO. (f) XRD patterns of STO, Pd/STO (1.0 wt %), PdH,/STO (1.0 wt %), and PdH,. The orange
shaded region represents the identical peak lines for Pd and STO. (g) SSNMR spectra of Pd/STO (1.0 wt %) and PdH,/STO (1.0 wt %),
providing detailed insights into the hydrogen-bonding components present in the photocatalysts. The two peak lines in the orange shaded region

correspond to the Pd hydride peaks.

to load Pd nanoparticles, followed by hydrothermal hydrogen
intercalation to form PdH, in situ'® (see details in the
Supporting Information). High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
images revealed that PdH, was tightly bound to the surface of
STO (Figures 2a-e and S2a-c). STEM-based energy-dispersive
X-ray spectroscopy (EDS) elemental maps (Figures 2e and
S2d) were used to examine the distribution of the catalyst
components. The EDS analysis confirmed that STO exhibited
a uniform distribution of Sr, Ti, and O elements with PdH,
nanoparticles clearly visible on the surface. Figures S3 and S$4
showed that the STO was prepared with a cubic-octahedral
structure composed of {100} and {111} crystal facets with Pd
nanoparticles distributed uniformly across the surface. During
the hydrogen intercalation process, PdH, nanoparticles
maintain their original distribution, and the intercalation has
no discernible effect on the particle size of Pd (Figure SS).
However, due to the effects of the high-temperature and high-
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pressure hydrothermal environment, the surface loading of the
cocatalyst decreased by approximately 21—37%, as confirmed
by inductively coupled plasma (ICP) spectroscopy (Table S1).
Atomic-scale HAADF-STEM images (Figure 2c) revealed the
well-defined {100} facet of the STO single crystal, which was
loaded with PdH, nanoparticles. Previous studies have shown
that the {100} facet of STO is electron-rich under photo-
catalytic conditions, which facilitates reduction reactions.
Therefore, the successful loading of PdH, onto this facet
provided ideal conditions for enhancing the hydrogen
evolution reaction (HER) performance. Further atomic-scale
HAADF-STEM images (Figure 2d) showed that the PdH,
nanoparticles exhibited well-defined crystal facets. But as
shown in Figure 2d, interstitial hydrogen atoms were
undetectable due to minimal electron scattering at high angles.
However, lattice expansion associated with hydrogen inter-
calation was evident (Figures 2d and S3d), as demonstrated by
the increased Pd—Pd distance (~2.36 A along the (110)

https://doi.org/10.1021/acs.nanolett.5c01007
Nano Lett. 2025, 25, 6743—-6752
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Figure 3. Photocatalytic overall water splitting performance. (a) The apparent quantum yield (AQY) of PdH,/STO (1.0 wt %) plotted as a
function of the wavelength of the incident light. (b) Time courses of gas evolution during overall water splitting over Pd/STO (1.0 wt %) and
PdH,/STO (1.0 wt %). (c) Stability test of PdH,/STO (1.0 wt %) during photocatalytic water splitting. The produced H, and O, accumulated in
the reaction system were evacuated every 2 h. The inner wall of the reactor window was cleaned after every evacuation. Reaction conditions:
catalyst, SO mg; reaction solution, SO mL H,O; light source, a 300 W Xe lamp (>300 nm). For the measurement of AQY, the 300 W Xe lamp was

equipped with various band-pass filters.

directions) near the surface of PdH,, compared to Pd (~2.29
A). This lattice expansion corresponded to a 3—4% increase in
the Pd lattice at the surface compared with Pd, serving as a
robust indicator of hydrogen intercalation. Furthermore, the
lattice place spacing of Pd/STO and PdH,/STO provided
preliminary estimates of lattice constants, as summarized in
Table S2. The H-to-Pd ratio in PdH,/STO (1.0 wt %) was
approximately 0.51. Additionally, Figures 2d and S6 reveal that
both STO and PdH, nanoparticles exhibit single-crystal
structures with high crystallinity, characterized by well-defined
atomic facets and a highly ordered atomic arrangement
extending from the surface into the bulk. Comparison of
PDF standard cards for Pd (PDF#97-064-8675) and STO
(PDF#97-017-0091) revealed that the Pd peaks, including
{111}, {200}, and {220} reflections, appeared at 26 values of
40.11°, 46.66°, and 68.12°, respectively. These peaks aligned
well with the corresponding reflections of STO. X-ray
diffraction (XRD) patterns confirmed consistent peak
positions for Pd/STO, PdH,/STO, and STO, with PdH,
matching three specific peaks (Figures 2f and S7). This
similarity suggested a potential lattice-matching effect between
the STO photocatalyst and the PdH, cocatalyst, further
supported by the orderly interfacial arrangement of STO, Pd,
and PdH,, forming a regular cross-like pattern (Figure S8) that
was consistent with the alignment of peak reflections.
Additionally, solid-state nuclear magnetic resonance
(SSNMR) spectroscopy was used to investigate the hydro-
gen-bearing covalent bonds in the photocatalysts. Figure 2g
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showed the one-dimensional (1D) 'H magic angle spinning
(MAS) NMR spectra of the Pd/STO and PdH,/STO samples,
revealing two strong peaks at chemical shifts of —0.071 and
0.73 ppm, corresponding to hydrogen in the Pd hydride
lattice.”*"**

In a typical photocatalytic water splitting experiment, 50 mg
of photocatalyst was dispersed in 50 mL of pure water,
followed by sequential photodeposition of CoOOOH as oxygen
evolution catalyst (OEC) and Cr,O; as overlayer covering on
the PdH,, nanoparticles. As shown in Figure S9, we observed
that the gas bubble generation rate for PdH,/STO (1.0 wt %)
was significantly more vigorous than that for Pd/STO (1.0 wt
%). After evaluation of the photocatalytic activity for the
POWS reaction, the H,/O, ratio closely approached the
stoichiometric ratio of 2:1 expected from water splitting.
Photocatalytic H, evolution rates of PdH,/STO enhanced
significantly than that of Pd/STO (Figure 3b); notably, this
enhancement was evident across various ranges of loadings.
Figure S10 revealed that the gas evolution rate of PdH,/STO
ranged between 3 and 7 times that of Pd/STO under
consistent feed ratios. Additionally, as shown in Figure S11, the
POWS activity exhibited a volcano-like trend with varying
PdH,, loadings, reaching peak activity at 1.0 wt % loading. At
this point, the HER activity of PdH,/STO was 6.4 times higher
than that of Pd/STO (Figure 3b), achieving a hydrogen
evolution rate of § mmol-g_l-h_l, representing a substantial
improvement. Figure 3a shows the relationship between the
apparent quantum yield (AQY) of the photocatalyst and the

https://doi.org/10.1021/acs.nanolett.5c01007
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Figure 4. Analysis of electronic structure, surface properties, and behavior of photogenerated carriers in PdH,/STO and controls. (a) XPS
spectra of Pd 3d in Pd/STO and PdH,/STO, demonstrating that hydrogen intercalation modulated the electronic structure of Pd. (b) H,-TPD
spectra of Pd/STO and PdH,/STO. (c) DFT-calculated adsorption energies of H 4, on PdH,/STO and Pd/STO. (d) Projected density of state
(PDOS) of the d orbit of the Pd site on the surface of STO. (e, f) Calculated average potential profiles of (e) PdH, and (f) Pd on STO,
respectively. (g) PL spectra, (h) TR-PL spectra, and (i) surface photovoltage spectra of STO, Pd/STO (1.0 wt %), and PdH,/STO (1.0 wt %),
respectively, indicating that intercalation mitigated charge carrier recombination while it optimized the charge carrier migration dynamics.

irradiation wavelength during overall water splitting, with the
efficiency reaching 10.76% at 334 nm (10 nm), as shown in
Table S3. Moreover, in POWS tests conducted over 28 h and
10 cycles, PdH,/STO consistently maintained excellent
activity, indicating the robust anchoring of PdH, on the
STO surface with high HER activity (Figure 3c).

To investigate the cause of the significant performance
disparity, crystal structure characterization of the postreaction
samples was conducted. TEM images revealed that after 20 h
of testing, PdH, remained firmly anchored, with Cr oxides
serving as a protective layer to form a core—shell structure with
PdH, (Figure S12). As shown in Figures S13 and S14, the
XRD patterns exhibited diffraction peaks that were consistent
with those observed before the reaction. Moreover, the
postreaction SSNMR spectra revealed two characteristic Pd
hydride peaks at —0.41 and —0.29 ppm,”**"** confirming that
the crystal structure of the sample remained unchanged.
Ultraviolet—visible diffuse reflectance spectroscopy (UV—vis
DRS) in Figure S1S demonstrated a stable absorption edge at
384 nm for all samples, with an increase in background
absorption observed above 400 nm. This increase was
attributed to the progressively intensified tail absorption
induced by the cocatalyst loading,* which was not expected
to impact performance. Preliminary analysis, based on the
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Tauc equation, determined the optical band gaps of all samples
to be approximately 3.24 eV (Figure S15), indicating that
loading Pd or PdH, as HER cocatalyst does not alter the
intrinsic absorption edge of the STO.

X-ray photoelectron spectroscopy (XPS) was employed to
investigate the valence states of Pd in Pd/STO and PdH,/
STO. Figures 4a and S16 displayed high-resolution spectra of
the Pd 3d orbitals, showing the characteristic spin—orbit
coupling doublet, 3d;,, and 3d;,, with an energy separation of
5.45 eV. Compared to Pd/STO, PdH,/STO exhibited a 0.51
eV increase in binding energy, indicating electron transfer from
palladium outward.””** This shift resulted in a downward
movement of the d-band center and an altered electronic
structure postmodification. Consequently, the Pd species in
PdH,/STO were in an electron-deficient state, which may, to
some extent, facilitate the accelerated transfer of photo-
generated electrons. Notably, the cocatalyst loading had
negligible impact on the oxidation states of Sr, Ti, and O, as
confirmed by Figure S17. Moreover, the valence of Pd in
PdH,/STO remained unchanged before and after the reaction,
whereas in Pd/STO, the peak at 336.8 eV observed after the
reaction corresponds to Pd** (Figure S18), indicating that its
electronic structure was altered due to the photocatalytic
experiment. This change aligned with the performance
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Figure S. Photogenerated electron transfer mechanism and dynamics. (a-c) Pseudo color plots and (d, e) transient absorption spectra recorded
at indicated delay times measured with 325 nm excitation for (a, d) STO, (b, e) Pd/STO (1.0 wt %), and (c, f) PdH,/STO (1.0 wt %). Over the
same period, the photogenerated charge carriers in PdH,/STO sustain highest activity. (g) fs-TA kinetics probed near 350 nm and the
corresponding multiexponential fits. (h) Schematic diagrams for the enhanced interfacial transfer of photogenerated electrons after hydrogen
intercalation. The charge carriers in PdH,/STO exhibit the most efficient lifetime. (h,) and (h,) correspond to Pd/STO (1.0 wt %) and PdH,/

STO (1.0 wt %), respectively.

degradation observed in the three h test (Figure 3b), further
suggesting that hydrogen intercalation not only modulated the
electronic structure of Pd but also maintained the stability of
the PdH, sites. To evaluate the interaction between reactant
molecules and the photocatalyst surfaces, hydrogen temper-
ature-programmed desorption (H,-TPD) was performed
(Figure 4b), and the desorption peak near 100 °C
corresponded to physisorbed hydrogen, while peaks between
410 and 430 °C were attributed to chemisorbed hydrogen
desorbing from Pd or PdH, sites. The desorption peak
reflected the amount of gas desorbed, and PdH,/STO
exhibited the highest desorption among all samples. This
observation showed that PdH, sites facilitate hydrogen
desorption, suggesting that hydrogen intercalation mitigated
the strong hydrogen adsorption typically associated with
pq.36-38

DEFT calculations were conducted to further investigate the
active sites (details were provided in the Supporting
Information). We constructed a trilayer STO {100} model
featuring a Pd cluster and PdH, species on its surface, with
hydrogen atoms incorporated into the Pd cluster to simulate a
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PdH, composition with a 2:1 stoichiometry (Figure S19). As
shown in Figure 4c, the hydrogen adsorption energies at the
Pd sites were evaluated before and after hydrogen incorpo-
ration. PdH,/STO exhibited a weaker hydrogen adsorption
energy (AG = 0.03 eV). In contrast, Pd sites in Pd/STO
showed relatively stronger hydrogen adsorption (AG = —0.11
€V), indicating that hydrogen intercalation effectively weakens
the bond between Pd and the hydrogen adsorbates. The
projected density of states (PDOS) analysis revealed
substantial electronic structure discrepancies of Pd sites
between the Pd/STO and PdH,/STO surfaces. As illustrated
in Figure 4d, the Pd site on PdH,/STO showed a lower
electron density around the Fermi level compared to the Pd
site on Pd/STO. This result indicated that hydrogen
incorporation reduces the electron density on the PdH,
surface, diminishing the direct electronic interaction between
the Pd site and hydrogen adsorbates, which ultimately
weakened hydrogen adsorption. Moreover, the theoretical
results demonstrated that PdH, exhibited enhanced electron
extraction capabilities and elevated carrier mobility. Work
function analysis of Pd and PdH,, deposited on STO revealed
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that PdH,, with a work function of 3.48 eV, interacted more
strongly with STO surface than Pd clusters (3.29 eV) (Figure
4e,f). This superior electron transfer capability of PdH,
highlighted its important role in driving the surface reactivity.
Electrochemical impedance spectroscopy (EIS) measurements
revealed similar Nyquist plot diameters for all samples (Figure
$20), as summarized in Table S4. As shown in Figure S21,
linear sweep voltammetry (LSV) curves showed that PdH,/
STO had the lowest overpotential for HER, indicating that
HER was thermodynamically most favorable on PdH,/
STO.””* To further investigate the behavior of photo-
generated charge carriers, transient photocurrent response
measurements were performed. Figure S22 shows that the
chopped photocurrents of PdH,/STO were significantly higher
than those of Pd/STO, which was consistent with their
performance. Steady-state photoluminescence (PL) and time-
resolved photoluminescence (TR-PL) spectra were conducted
to evaluate the recombination rate and effective lifetime of
carriers. As shown in Figure 4g, the fluorescence intensity was
highest for STO, followed by that for Pd/STO, with PdH,/
STO exhibiting the lowest intensity. This trend suggested that
PdH,/STO minimizes charge recombination and maximizes
the carrier utilization efficiency. Similarly, the carrier lifetimes
(Figure 4h) were shortest for PdH,/STO (1.60 ns), followed
by Pd/STO (1.65 ns), and longest for STO (2.31 ns),
indicating that PdH,/STO exhibited the most efficient charge
transport. In terms of evaluating spatial charge separation
capabilities, surface photovoltage (SPV) measurements were
conducted on these samples.*””** Under illumination (300—
400 nm), the SPV values for PdH,/STO were significantly
higher than those for Pd/STO and STO (Figure 4i), indicating
that PdH,/STO exhibited a markedly higher carrier concen-
tration at the surface under operational conditions, which
highlighted the enhanced space charge separation promoted by
PdH,.

In photocatalytic processes, charge carrier separation and
migration were highly intricate and transient, occurring on
ultrafast time scales such as femtoseconds and picoseconds. To
further investigate the dynamics and mechanisms of charge
transfer facilitated by Pd and PdH, cocatalysts, the carrier
dynamics of these photocatalytic systems were monitored in
real time using femtosecond time-resolved transient absorption
(fs-TA) spectroscopy. Upon excitation with a 325 nm pump,
all pre- and postreaction fs-TA spectra exhibited a continuous
absorption peak in the 345—365 nm range (Figure Sa-f). This
signal was predominantly attributed to ground-state bleaching
(GSB) of the STO substrate, as the loading of Pd-based
cocatalysts was relatively low (~1.0 wt %).** Notably, the GSB
peak for PdH,/STO decayed more slowly over time compared
to Pd/STO, demonstrating higher photogenerated charge
activity in PdH,/STO. The prolonged retention of photo-
generated electrons in the conduction band (CB) of STO in
the presence of PdH,, compared to Pd alone,**** indicated
that PdH,, served as an effective cocatalyst. This enhancement
in charge transfer to STO helps to explain the superior water-
splitting performance observed in the PdH,/STO systems.

In addition, excited-state dynamics of all samples were
analyzed by fitting the fs-TA kinetics at 350 nm using an
exponential decay function, with detailed fitting parameters
provided in Table SS. The average relaxation lifetimes for
STO, Pd/STO, and PdH,/STO were 434.3, 303.8, and 275.9
ps, respectively (Figure Sg). This trend aligned with the
average lifetimes observed in time-resolved photoluminescence
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(TR-PL) measurements (Figure 4h), confirming the efficient
charge carrier transport in these systems.** According to
literature, in cocatalyst/host catalyst systems, 7, corresponds to
the charge recombination process from the excited state (ES)
to the trap state (TS), while 7, represents the charge transfer
process from the ES in the catalyst to the cocatalyst (e.g,
charge transfer from STO to the surface of Pd or PdH,)."
Comparison of 7, and 7, between the samples showed that in
PdH,/STO, the 7, relaxation lifetime was not only shorter than
in Pd/STO but also significantly prolonged (Figure Sh). This
result suggested that hydrogen intercalation enhanced the
functionality of Pd as cocatalyst by reducing the trapping of
photogenerated electrons by defect states, while also
significantly facilitating their transfer to active sites that were
conducive to catalytic reactions.”® Consequently, hydrogen
intercalation was crucial for improving the kinetics of catalytic
reactions in Pd/STO systems to enhance the overall
performance. The aforementioned characterization results
indicated that atomic-scale modulation of the cocatalysts,
such as intercalating Pd with appropriate heteroatoms such as
hydrogen, can significantly facilitate charge transfer and inhibit
the recombination of photogenerated electrons and holes,
which in turn dramatically improves the POWS performance.

In this work, we have developed Pd hydrides as HER
cocatalysts on STO for enhanced photocatalytic overall water
splitting. The in situ formation of PdH, via hydrogen
intercalation not only accelerates the electron extraction to
the cocatalyst but also weakens the hydrogen bonding energy
for the optimized HER kinetics, verified by spectroscopic
characterizations and theoretical calculations. The hydrogen
intercalation optimizes the compatibility between Pd and STO,
and the constructed PdH,/STO demonstrates a remarkable
hydrogen evolution rate of $ mmol-g~"-h™’, representing a 6.4-
fold enhancement compared to the pristine Pd/STO, while
maintaining stable operation for over 20 h. We highlight this is
the first implement of Pd hydrides used as HER cocatalyst in
POWS, and the performance might be further enhanced by in
situ, controllable modulation of the electronic structure of the
loaded cocatalyst to optimize compatibility with the host
catalyst. This work provides fundamental insights into the
atomic-level understanding of the cocatalyst effect and sheds
light on precise exploration of cocatalyst functionality for other
photocatalytic reactions.
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