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Photocatalytic reduction of CO3 to formic acid (HCOOH) offers a sustainable pathway for carbon utilization, yet
its efficiency is fundamentally limited by poor CO; adsorption and rapid electron-hole recombination in con-
ventional photocatalysts. To address this challenge, a series of Pd-loaded hydrogenated TiO, catalysts (x wt%Pd/
H-TiO,) were developed through a synergistic hydrogen reduction-impregnation strategy, aiming to regulate the
electron density of Pd active sites and enhance interfacial charge separation. Systematic characterization
revealed that increasing Pd loading (0.6-1.4 wt%) effectively trapped photogenerated electrons, suppressing
recombination losses and elevating electron density at Pd sites. Combined with optimized CO2 adsorption ca-
pacity (0.178 mmol-g~') and accelerated charge transfer, the 1.0 wt%Pd/H-TiO, catalyst achieved a HCOOH
production rate of 14.14 mmol-gea-h~! under mild conditions (30 °C, 2.0 MPa, 4.57 mW-cm~2), outperforming
most reported TiOgz-based systems. Mechanistic studies further demonstrated a strong correlation between Pd-
induced electronic effects and multi-electron COy activation kinetics. This work provides a scalable catalyst

design paradigm for balancing charge dynamics and surface reactivity in photocatalytic CO5 valorization.

1. Introduction

The chemical transformation of the greenhouse gas carbon dioxide
(CO») plays a crucial role in addressing environmental challenges. As an
effective element with high abundance of both C and O, CO3 can be
transformed into valuable compounds such as carbon monoxide (CO),
methanol (CH3sOH), methane (CH4), formic acid (HCOOH), ethylene
(C2H4) and others, opening up new paths for CO, capture and exploi-
tation (Wang et al., 2023; Xu et al., 2023). Among the reduction prod-
ucts, HCOOH has gained interest because it is a raw material for several
chemical processes (Rumayor et al., 2018). It can also serve as a
hydrogen-storage molecule that contains 4.4 wt% hydrogen (Bi et al.,
2016; Zhao et al., 2023). HCOOH from COy hydrogenation has been
comprehensively investigated. Owing to the high thermodynamic sta-
bility of CO, molecule, with bond energies reaching 750 kJ-mol~},
considerable energy is necessary for the cleavage of C=0 bonds (Wagner
et al., 2020). The process of hydrogenating CO, to prepare HCOOH by
photocatalysis technology can utilize renewable energy sources to
activate inert CO, molecules. Compared with other typical methods of
CO, conversion, photocatalytic hydrogenation of CO; to prepare

HCOOH not only has 100 % atom utilization, but also enables the re-
action to be conducted under mild conditions instead of the traditional
high temperature and high-pressure conditions (Wang et al., 2021).
However, the photocatalytic CO, reduction reaction also has un-
avoidable disadvantages (Ma et al., 2024). Firstly, weak interaction
between conventional photocatalyst surface and CO5 molecules makes
less CO, adsorption (Alamgir et al., 2025). The linear structure and
closed-shell electronic configuration of the CO, molecule shows a more
stable nature making it difficult to be activated (Habisreutinger et al.,
2013). Secondly, the CO, photocatalytic reduction process involves a
multi-electron transfer mechanism that requires the coupling of multiple
electrons and protons to facilitate the chemical transformation (Pan and
Heagy, 2020; Zhang et al., 2023). Unfortunately, photocatalysts have
fast electron-hole recombination and the low surface charge density
makes it difficult to ensure multiple electron supply (He et al., 2025).
Therefore, the adsorption and activation of CO, molecule and photo-
catalytic CO; conversion are highly challenging. Jia et al. (Xiong et al.,
2023) investigated the activation and dissociation of CO2 on rutile and
anatase titanium dioxide (TiO3) surfaces, and demonstrated by density
functional theory (DFT) calculations that the metal loading effectively
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promotes the electron transfer and contributes more to the activation of
COa.

The strategic design of electron-rich active sites is fundamental to
enhancing the CO, adsorption and activation process (Cao et al., 2024).
The introduction of metals has been demonstrated to regulate the
electron density of active sites, thereby promoting CO» adsorption and
activation. Additionally, it can cause electron-hole pairs to separate,
which improves CO5 conversion (Xiong et al., 2015). This is due to in-
jection of electrons into a CO5 molecule from active sites of catalyst
surface can cause bending of the linear structure, thereby activating the
CO». Zheng et al. (Xiong et al., 2015) prepared photocatalysts using TiOy
as a carrier loaded with the metal Pt by a simple sol-gel method, and
found that two platinum states (Pt° and Pt*™) existed in TiOs. In contrast
to the pt?* species, the pt® species functions as an electron acceptor,
thereby effectively attracting photo-induced electrons and markedly
improving the adsorption of COy molecules. This observation empha-
sizes the vital role of electron transport in facilitating the photocatalytic
reduction of CO5 to HCOOH by transferring electrons from the photo-
catalyst to the active sites. The enhancement of photocatalytic efficiency
can be achieved through the improvement of CO, adsorption and acti-
vation at active sites characterized by elevated electron density (Cao
et al., 2021). Ma et al. (Ma et al., 2023) created an oxygen-coordinated
Pr single-atom (Pr;-N405) catalyst that was 28.9 times more active than
it was before to the modification, with an activity of 511 pmol-g~1-h~!
for the photocatalytic reduction of CO5 to CH3OH. The study revealed
that the Pr;-N4O; catalyst more effectively promotes the generation of
photogenerated electrons at the Pr sites, than the catalyst lacking
oxygen-coordination Pr atoms (Pr;-Ng), providing high-density active
sites that enhance CO; adsorption and activation.

Due to its suitable redox potential, TiO3 has become the most popular
material, exhibiting excellent photocatalytic properties. Pd-loaded H-
TiOy photocatalysts were prepared using hydrogen heat treatment
combined with impregnation method. This study aims to explore the
influence of electron density at Pd active sites on the adsorption and
activation of COj, as well as the properties related to electron-hole
separation. A variety of catalysts were synthesized by adjusting the
loading levels of Pd. The electron density of Pd active sites was modu-
lated via different Pd loading amounts. The results showed that, for the
best photocatalytic activity, there was an ideal balance between the Pd
active center’s electron density, CO, adsorption, and electron-hole
separation capability. The influence of the variation of Pd contents on
CO4 adsorption activation was further confirmed by density functional
theory calculations.

2. Experimental
2.1. Materials

Anatase titanium dioxide (TiO2; 99.8 %), palladium chloride (PdCly;
99.9 %), sodium borohydride (NaBH4; 98 %), potassium carbonate
(K2COs; 98 %), potassium hydroxide (KOH; 95 %), and a standard for-
mic acid solution (HCOOH; AR) were bought from Aladdin Reagent
(Shanghai) Co.,Ltd.

2.2. Synthesis of catalyst

Anatase TiO, was acquired commercially and used as the precursor
material without further purification (hereafter denoted as TiO3). To
prepare hydrogenated TiO2 (designated as H-TiO3), the pristine TiOy
was subjected to a pretreatment process. The procedure entailed sub-
jecting the material to a temperature of 500 °C for a duration of 12 h
within a reducing atmosphere composed of 5 % hydrogen (H3) com-
plemented by argon (Ar).

The x wt% Pd/H-TiO, catalysts were synthesized employing a
traditional impregnation technique (Jin et al., 2020). In a typical syn-
thesis procedure, predetermined amounts of PdCl,—with its
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concentration adjusted to achieve the desired metal loading—were
combined with 0.5 g of H-TiO4 support and 20 mL of deionized water.
The mixture was prepared in a glass beaker under controlled conditions.
The mixture underwent continuous stirring at room temperature for a
duration of 24 h to guarantee thorough dispersion, culminating in a
homogeneous suspension. Subsequently, the pH of the suspension was
meticulously adjusted to a range of 10.0-11.0 utilizing a 1 mol-L™}
NaOH aqueous solution. The molar ratio of Pd to NaBH4 was maintained
at 1:6 by adding a freshly prepared aqueous solution of NaBH4 (30
mgmL™Y) to the alkaline suspension. The reduction reaction was
permitted to proceed for 2 h with continuous stirring, and the process
considered complete when gas evolution ceased. Vacuum filtration was
employed to isolate the solid product, which was then extensively
washed with deionized water to eliminate any soluble residues. The final
catalyst, known as Pd/H-TiO,, was obtained by drying the material in an
oven at 110 °C for 12 h after purification.

2.3. Catalyst characterization

The structural characteristics of TiO5, H-TiO5, and x wt% Pd/H-TiO2
catalysts were analyzed using X-ray diffraction (XRD; Rigaku Ultima IV)
to assess their crystallinity and phase composition. The quantitative
analysis of palladium loading in x wt% Pd/H-TiO2 was performed uti-
lizing inductively coupled plasma-optical emission spectrometry (ICP-
OES; Agilent 5110). The morphological characterization, which
encompassed the size distribution of Pd nanoparticles, was conducted
utilizing transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM; JEOL JEM-2100F). The
investigation of surface electronic states was conducted using X-ray
photoelectron spectroscopy (XPS; Thermo Scientific K-Alpha). Photo-
electrochemical properties were evaluated using a CHI 760E electro-
chemical workstation, while charge carrier separation efficiency was
assessed through photoluminescence (PL) spectroscopy. Adsorption
characteristics were quantified by CO, temperature-programmed
desorption (CO2-TPD; Micromeritics AutoChem II 2920) to measure
CO, uptake capacity.

2.4. COy hydrogenation performance

The experiments for photocatalytic CO, reduction were carried out
in a 50 mL high-pressure autoclave reactor equipped with a sapphire
optical window (Anhui Kemi Machinery Technology Co., Ltd.). The re-
action system was sustained at a temperature of 30 + 0.5 °C, under a
total pressure of 2.0 MPa. The reactor was charged with an aqueous
mixture containing 10 mL deionized water, 10 mL KOH solution, and
catalyst at a concentration of 2 g-L™1. Prior to the initiation of the re-
action, the reactor underwent a tri-fold purging process utilizing high-
purity CO2 (99.99 %) to ensure the complete removal of any ambient
gases. The reaction atmosphere was established by introducing 1.0 MPa
of COq, followed by 1.0 MPa of Hy through separate gas inlets. Photo-
catalytic activation was achieved using a monochromatic ultraviolet
(UV) light source (A = 300 nm) directed vertically through the sapphire
window. Precise temperature control (+0.1 °C) was maintained
throughout the experiment using a calibrated thermocouple integrated
with the reactor jacket. Gas products were analyzed by gas chroma-
tography (GC, Agilent 8890). Liquid products were analyzed by high
performance liquid chromatography (HPLC, Agilent 1260 Infinity II).
The HCOOH production rate was determined according to equation (1).

_ TNucoon 1)
Mg, X t

where nycoon denotes the amount of HCOOH after the reaction (mmol),
Meqe. is the mass of catalyst (g), and t is the reaction time (h).
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2.5. Theoretical calculations

The influence of metal Pd enrichment and oxygen vacancies (Oy) on
CO4, adsorption and activation mechanisms was examined through DFT.

Structural representations of the TiO, (101) facet were constructed
utilizing data acquired from high-resolution transmission electron mi-
croscopy (HRTEM) analysis. The Vienna Ab initio Simulation Package
(VASP) was employed to carry out quantum mechanical simulations,
utilizing the projector augmented wave (PAW) method for electronic
structure calculations (Zheng et al., 2021; Li et al., 2018). The PAW
method was utilized to examine the interaction between the core and
valence electrons. The valence electron states were expanded utilizing a
plane wave basis set, employing a cutoff energy of 400 eV for the pur-
pose of total energy calculations. The self-consistent electronic loop was
deemed converged upon achieving a convergence criterion of 10 eV.
The convergence of the calculation is established when the maximal
force exerted on an atom falls below 0.02 eV A~L. The TiO, (101) surface
was characterized by a vacuum layer thickness of 15Aand a2 x 2 x 1
Monkhorst-Pack k-point mesh. The adsorption energy (Eq4s) of CO2 on
the catalyst is calculated utilizing equation (2):
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Eads = Etotal - Ecamlyst - ECOZ (2)

where E,,q represents the total energy of CO, molecule adsorbed on Pd
metal particles supported on H-TiO2.E g denotes the total energy of
the Pd/H-TiO; system, and Eco, is the total energy of gas molecules. The
charge density difference (Ap) was computed according to equation (3).

Appp = Pa —Pp 3

where Apap, pa, and pp is charge densities of the systems AB (CO2
adsorbed on Pdy/TiO»-Oy or Pdy/TiO3), A (CO5 or COy — Pd of CO5
adsorbed on Pdy/TiO3), B (Pdy/H-TiO5 or TiO,-Oy of CO4 adsorbed on
Pd,/TiO2-Oy), respectively. The interactions and charge transfer be-
tween Pd and TiO, were examined separately since it is crucial to note
that their roles in the system are still unclear.

6 7 8
Particle size / nm

EU100 nm

= N
N O

Frequengf/ %
& 0N

ol=ll
234567891011

Fig. 1. (a) XRD pattern of x wt%Pd/H-TiO catalysts, and HRTEM images of (b) 0.6 %Pd/H-TiO catalyst, (c) 0.8 %Pd/H-TiO, catalyst, (d) 1.0 %Pd/H-TiO, catalyst,
(e) 1.2 %Pd/H-TiO,, catalyst, (f) 1.4 %Pd/H-TiO catalyst. The inserts are Pd particle size distribution and enlarged HRTEM images.
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3. Results and discussion
3.1. Microstructure

The crystalline structure of the x wt%Pd/H-TiO, catalysts were
analyzed using XRD, as shown in Fig. 1a. The x wt%Pd/H-TiO catalysts
all contained three major diffraction peaks at around 25.3°, 37.9° and
48.1° were assigned to (101), (004), and (200) (JCPDS No. 21-1272).
With the increase of Pd loading, its diffraction peaks did not appear in
the catalysts, indicating that Pd atoms size is small (Permporn et al.,
2022). The main characteristic peaks are not significantly shifted, which
proves that Pd has not entered the lattice of H-TiOy but is highly
dispersed across the surface of H-TiO5 catalysts. In order to investigate
the influence of metal Pd loading on the grain size of H-TiO,, the
Scherrer equation was utilized to determine the crystallite size for all
samples, as presented in Table S1. The results showed that all samples
are between 38 and 40 nm. By measuring the Pd content in the catalysts,
it was found that the theoretical content was consistent with the actual
content, showing that x wt%Pd/H-TiO catalysts could be successfully
prepared by the impregnation method.

Through the analysis of lattice stripe spacing in the HRTEM maps of
various x wt% Pd/H-TiO, catalysts, it was determined that a consistent
stripe spacing of 0.219 nm was present across all catalysts, which is
indicative of the Pd (111) orientation. And all of the samples show a
0.34 nm lattice stripe, which corresponds to H-TiO3 (101). It can be
found that the loading of Pd has no effect on the microscopic
morphology of H-TiO,, indicating the microstructure of Pd/H-TiO2
catalysts prepared by impregnation can remain stable. In photocatalytic
reactions, the size of metal particles can influence the photocatalytic
activity (Wang et al., 2018). The dimensions of the Pd particles were
ascertained via TEM, owing to the significant relationship between the
chemical processes on the catalyst surface and the movement of pho-
togenerated electrons. As shown in Fig. 1b-f, the size of Pd particles
increases progressively with the Pd loading content. When the Pd
loading exceeds 1.0 %, a rapid increase in particle size is observed,
reaching approximately 6.0 nm. Photocatalytic reactions prefer small
metal particle size to enhance electron transfer (Schweinberger et al.,
2013).

Introduction of the metal Pd promotes electron transport to the
active site and modifies its electron density (Cao et al., 2024). In order to

(a) Pd 3d Pd 3d,,
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deeply investigate the changes in the electron density at the Pd active
center, XPS was used to analyze the electronic structure of Pd and Ti in
the catalyst, as shown in Fig. 2. The investigation revealed that an in-
crease in the number of metal active sites results in a redistribution of
surface charge density, which subsequently alters the electronic struc-
ture of Pd (Zhang et al., 2013). It can be seen that there is one type of Pd
state (Pdo), in x wt% Pd/H-TiO; catalysts. compared to the pd?+ species,
Pd® species may function as an electron acceptor, causing electron
segregation and raising the Pd active site’s electron density (Jin et al.,
2020). As illustrated in Fig. 2a, the binding energy of Pd 3ds/» across all
catalysts exhibits a shift towards higher binding energy, while the
binding energy of Ti 2p3,» demonstrates a shift towards lower binding
energy. This observation suggests a notable interaction between H-TiO5
and the metal Pd. The electrons are transferred from the H-TiO; to the
Pd active sites in all the prepared catalysts. Therefore, the electron
density of the Pd active center increases. It is also possible to observe
that the change in binding energy gradually decreases when the loading
of Pd exceeds 1.0 %, which indicates a change in the interaction between
Pd and H-TiO,. Moreover, there is a progressive reduction in the elec-
tron density of the Pd active center. The variation in the binding energy
of metal Pd for x wt% Pd/H-TiO catalysts is presented in Table S2.
The textural properties of x wt%Pd/H-TiO; catalysts were investi-
gated using Ny adsorption-desorption measurements. As illustrated in
Fig. S1, the catalysts demonstrate a significant specific surface area,
which is essential for CO, adsorption, as it offers numerous accessible
adsorption sites. Significantly, elevated Pd loading led to a marked
decrease in surface area (Table S3), suggesting that metallic Pd particles
occupy the catalytic surface. The incorporation of metal active sites
influences the electron density in the catalyst’s active regions, leading to
an augmented transfer and localization of induced electrons within
these metal active sites, thereby improving the adsorption of CO3 mol-
ecules (Sun and Huang, 2022; Etim et al., 2021; Gao et al., 2023). The
influence of electron density at the Pd metal active sites on COq
adsorption and activation was assessed by analyzing the interaction
between CO; molecules and the catalyst using CO»-TPD locharacteri-
zation. As shown in Fig. 3, the series of x wt% Pd/H-TiO, catalysts
exhibit distinct CO, desorption peaks between 200 and 500 °C,
demonstrating their pronounced CO; chemisorption capability. This
behavior originates from the amphoteric nature of the H-TiO5 support,
which possesses both acidic Ti*" sites and basic 0" sites, with the latter
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Fig. 2. XPS spectra of (a) Pd 3d; (b) Ti 2p for x wt%Pd/H-TiO, catalysts.
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Fig. 3. CO,-TPD curves of x wt% Pd/H-TiO, catalysts.

particularly facilitating COy adsorption through the formation of
carbonate-like species. The calculated CO5 adsorption amounts for x wt
% Pd/H-TiO3 catalysts were summarized in Table S3. As shown in the
results, the CO, adsorption capacity exhibits a volcano-shaped trend
with increasing Pd concentration, initially rising and subsequently
decreasing. This behavior clearly demonstrates that the population of
metallic active sites plays a pivotal role in governing the CO5 adsorption
dynamics. Notably, the 1.0 wt% Pd/H-TiO3 catalyst displays the optimal
CO4 adsorption performance, achieving a maximum adsorption capacity
of 0.178 mmol-g~ .

3.2. Theoretical calculation

The analysis indicates that the electron density of the metal active
sites influences the adsorption performance of the catalyst on COj,
subsequently impacting the catalyst’s activity. Thus, DFT calculations
were utilized to evaluate the impact of the number of Pd active sites on
CO; adsorption and activation. Drawing upon the prior research con-
ducted by the subject group, we developed models incorporating vary-
ing Pd contents to investigate the adsorption and activation mechanisms
of COy, as illustrated in Fig. S2 and Fig. S3. The site of the oxygen va-
cancy was exemplified by Oy, henceforth referred to as Oy. The
adsorption energy and electron transfer of CO; in different models are
shown in Table 1. COy adsorption on a TiO; surface containing Oy, can be
—0.357 eV, implying that Oy enhances the interaction between CO, and
the catalyst, hence boosting CO5 sorption. The analysis of the adsorption
energy of CO» on catalysts exhibiting varying Pd loadings indicates that
at a Pd atom count of 4, the adsorption energy of CO, measures —0.236
eV. When the atomic number of Pd was increased to 8, the adsorption
energy of CO5 was even more negative at —0.732 eV, suggesting that the
adsorption efficacy of the catalyst for COy could be improved by the
addition of Pd atoms. However, the adsorption energy of CO, decreased
when the number of Pd atoms continued to increase to 12, which was
consistent with the experimentally measured HCOOH production rate

Table 1
Adsorption geometry, energy of CO, adsorbed on different Pd loading amounts
surface.

Model TiOy/(Ae) Pd,/(Ae) CO2/(Ae) Eags/€V
CO,-TiO, 0.120 - -0.120 —0.104
CO,-TiO5-0Oy 0.127 - -0.127 —0.357
CO4-Pd4/TiO, -0.325 0.518 —0.193 -0.176
CO2-Pd4/TiO2-O, —0.284 0.568 —0.302 —0.236
CO,-Pdg/TiO, —0.460 0.819 —-0.359 —0.337
CO2-Pdg/Ti0,-0, 0.207 0.205 —0.412 —0.732
CO2-Pd;»/TiO, —0.567 0.989 —0.422 —0.463
CO2-Pd;2/TiO2-Oy —0.003 0.405 —0.402 —0.437
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and COy adsorption. This finding suggests that the production of
HCOOH may be optimized by elevating the concentration of the metal
Pd within a defined range, as it improves the adsorption of CO,.

The electron transfer of CO2 adsorbed on the various catalysts was
subsequently analyzed, as illustrated in Fig. 4. When COs is adsorbed on
TiO»-Oy electrons are transferred from TiO5 to CO5 (—0.127 e). When
further with the increase of Pd loading the charge transfer of CO, shows
an increasing and then decreasing trend. The charge transfer of CO5 was
at its highest when the number of Pd atoms was 8, suggesting that the
activation of CO, is improved by the appropriate Pd loading.

3.3. Photocatalytic reduction of CO»

The photocatalytic performance of x wt%Pd/H-TiO4 catalysts for the
reduction of CO, to HCOOH was assessed under controlled conditions: a
temperature of 30 °C, a pressure of 2.0 MPa, and a light intensity of 4.57
mW-cm 2. As shown in Fig. 5, the HCOOH production rate initially in-
creases with the Pd loading, reaches a maximum, and subsequently
decreases with further increases in metal content. The HCOOH pro-
duction rate on the H-TiO5 catalyst is 9.86 mmol- g"é,fh’l. At an increase
in Pd loading amounts from 0.6 % to 1.0 %, the HCOOH production rate
increased by about 76 % up to 14.14 mmol-gz-h~!. When the loading of
metal Pd continued to increase, the HCOOH production rate decreased
instead. Excessive increase in Pd loading is rather detrimental to the
catalytic activity. In conjunction with the characterization of Section
3.1, it is possible to observe a progressive increase in the electron density
of the Pd active sites as the Pd loading amounts increase, which in turn
leads to an improvement in the CO4 adsorption performance. The in-
crease in CO, adsorption is one of the reasons for the improvement of
HCOOH production rate. Given that the photocatalytic CO, reduction
reaction necessitates the migration of electrons to the active sites for the
reduction of COo, it is essential that only suitable Pd atoms fulfil the
function of separating the electron-hole pairs. Thus, the other reason for
the lower HCOOH production rate is a higher Pd loading content leads to
particle agglomeration and inhibits the effective utilization of metal
atoms. The gas products collected after the reaction were analyzed by
GC. The results demonstrated that the x wt% Pd/H-TiO, catalysts pro-
duced virtually no other carbon-containing byproducts, achieving
nearly 100 % selectivity for HCOOH. Under identical conditions, the
cycling stability of the optimal 1.0 %Pd/H-TiO catalyst was evaluated
(Fig. S4). After five consecutive cycles, a slight decrease in HCOOH
production rate was observed, which was attributed to a minor reduc-
tion in the dispersion of Pd nanoparticles (Fig. S5).

The optical absorption properties of x wt%Pd/H-TiO5 catalysts were
examined using UV-vis diffuse-reflectance spectra (DRS), as shown in
Fig. S6. As the Pd loading increases, the catalyst’s absorption edge shifts
toward the visible range, leading to an enhanced light absorption in-
tensity. This shift can be attributed to the plasmonic resonance effects of
Pd nanoparticles, which enhance the absorption of visible light by
inducing collective oscillations of conduction electrons in the metal,
thus improving the photocatalytic performance under visible light
irradiation. According to the Tauc plots (Fig. 6a), the band gap (Eg) of
the x wt%Pd/H-TiO, catalysts were estimated did not change (2.7 eV)
indicating that the metal Pd content does not influence the catalyst’s
band gap.

The energy band structure of a photocatalyst is critical in deter-
mining its redox characteristics, which considerably influence its cata-
lytic activity for CO3 reduction (Zhang et al., 2021). The catalyst’s band
structure was evaluated using Mott-Schottky (M—S) characterization to
elucidate the causes for the high photocatalytic activity of x wt%Pd/H-
TiO, catalysts, as shown in Fig. 6b. The n-type semiconductor behavior
of the x wt% Pd/H-TiO, catalysts was confirmed by the positive slope
observed in the M—S curve. The flat band potential, determined by the
point at which the tangent to the M—S curve intersects the x-axis, can be
used to estimate the conduction band (CB) energy of n-type semi-
conductors. The application of Formula 4 facilitates the determination of
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Fig. 4. The charge density difference and Bader charge analysis of models with CO, adsorption Pd,/TiO». Yellow and violet denote electron accumulation and loss,
respectively (isosurfaces = 0.0006685 e/Bohr>). Note: This section studies the charge transfer between CO, and Pd,/TiO,-O,. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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the potential concerning the Ag/AgCl reference electrode. The valence
band (VB) values for Pd/H-TiO, concerning the normal hydrogen elec-
trode (NHE) can be determined using Formula 5 (Iguchi et al., 2016):

E[vsNHE] = 0.2V + E[vsAg/AgCl] @

Eyg = E; + Ecg (5

The flat-band potential of n-type semiconductors has been docu-
mented to be 0.1 V more positive than the CB (Huang et al., 2021).
Therefore, the calculated ECB values for the x wt% Pd/H-TiO catalysts
were —0.71, —0.78, —0.86, —0.67, and —0.62 V versus the NHE, cor-
responding to different Pd loadings. Detailed energy band structure
parameters for the x wt%Pd/H-TiO3 catalysts are provided in Table S4
and Fig. 7. For the photocatalytic reduction of CO; to HCOOH to occur,
the catalyst’s CB potential must be less than the CO,/HCOOH potential
(—0.58 eV). According to Fig. 7, the result proved that x wt% Pd/H-TiOy
catalysts met the redox potential for the photocatalytic reduction of COy
to HCOOH, indicating that all prepared catalyst can convert CO5 to
HCOOH. Compared with other catalysts, it was also found that the Ecg
potential of 1.0 % Pd/H-TiO5 catalyst was shifted to more negative di-
rection. The elevated energy band structure enhanced the catalyst’s

sof (b) 0.6% Pd/H-TiO,

0.8% Pd/H-TiO,
—— 1.0% Pd/H-TiO,
40F —v— 1.2% Pd/H-TiO,
1.4% Pd/H-TiO,

>
T

-» -0.68 eV

0.0 0.5 1.0
Potential / (V vs Ag/AgCl)

Fig. 6. (a) Tauc plots of x wt%Pd/H-TiO, catalysts; (b) Mott-Schotty curves of x wt%Pd/H-TiO, catalysts at 2000 Hz.
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Fig. 7. Energy band structure of a series of x wt% Pd/H-TiO, catalysts.

capacity to convert CO2 to HCOOH, although its oxidizing capability
was somewhat diminished (Huang et al., 2022). Therefore, 1.0 % Pd/H-
TiOy catalyst had the highest photocatalytic activity and the greatest
HCOOH production rate.

The electron-hole separation performance of x wt%Pd/H-TiO; cat-
alysts by measuring photocurrent response and PL spectroscopy in
Fig. 8a-b. The intensity of the photocurrent response of the catalyst
exhibited a pattern of initial increase followed by a subsequent decrease
as the loading amounts of Pd were increased. The maximum photocur-
rent response intensity of the 1.0 % Pd catalyst indicates the optimized
electron-hole separation performance. This suggests that proper metal
loading serves to separate electron-hole pairs and improves charge
transfer, which is more conducive to photocatalytic reactions in the
liquid phase (Zhu et al., 2020; Ren et al., 2024). Furthermore, the signal
intensities of the catalysts in the PL spectra show an opposite trend and
the lowest intensity of 1.0 %Pd/H-TiO, catalyst demonstrated that it
exhibited the smallest recombination rate of electron-hole pairs. The
results confirmed that loading of metal Pd effectively enhanced the
electron-hole separation and transfer of catalysts within a certain range.

Meanwhile, the carrier concentration of x wt%Pd/H-TiO; catalysts
via equation (6), which agreed the photocurrent response results
(Table S5). The charge density of 1.0 %Pd/H-TiO; catalysts (Ng = 1.76
x 10'%) was higher than other catalysts, showing that metal Pd doping
increases the carrier density. An excessive increase in metal active sites

2.5
(a) = = 0.6% Pd/H-TiO,
: e 0.8% Pd/H-TiO,
L2of = S — 1.0% PA/H-TiO,
' - - 1.2% Pd/H-TiO,
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<
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Z
-
=
£
1.0
=
<9
=]
2
_20 5
£0.
0.0
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Irradiation time / s
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is detrimental to electron-hole separation. As the increase of electron
traps leads to easier complexation of electron-hole makes the electron
density decrease.

2/880@0

Ne= 31/ jav

©

where Ny is charge density of catalyst, ¢ is dielectric constant, &g is
vacuum dielectric constant, ey is electrical charge, d(1/C%»/dvis slope of
the M-S curve.

Fig. 9 shows the influencing factors of HCOOH production rate and
the adsorption conversion steps of COs. The findings indicate that the
adsorption properties and charge density of CO, are enhanced by
increasing the electron density at the active site. The increase in reactant
concentration and charge concentration were the key factors for the
increase in HCOOH production rate.

4. Conclusions

This study demonstrates that rational electron density engineering of
Pd active sites via impregnation-hydrogenation synthesis can simulta-
neously address the critical bottlenecks of CO, adsorption and charge
carrier separation in TiOy-based photocatalysis. By precisely modulating
Pd loading (0.6-1.4 wt%), the optimal 1.0 wt%Pd/H-TiO, catalyst

(b) 0.6% PA/H-TiO,

hex = 360nm 0.8% Pd/H-TiO,

— 1.0% Pd/H-TiO,

1.2% Pd/H-TiO,

3 1.4% Pd/H-TiO,
z
‘?
=
S
=
o

400 500 600 700
Wavelength / nm

Fig. 8. (a) Photocurrent response; (b) Steady-state PL spectra of x wt%Pd/H-TiO, catalysts under 360 nm excitation.



R. Ma et al. Chemical Engineering Science 320 (2026) 122485
(@), 19 1020 16 (b)
‘:F - ’*\
T, *— - ~ kol
516 - ~ 41.8  <0.16 *° % o
¥ e S g 12 — %
: * % ~~ o : HCOOH ©) 0
s12t P 3 * 17, Jo12g . Pd @
K I \ = s O e h* C02
= (* )] \ < : 40.8;
2
: st - \ {16z JoosE | 6 6 (1 @.ﬁ
E A R 5
S n
= . £ L & 60 6
g 4 o ~ 415 Hooag
8 S . &)
=
o
0 1 1 1 1 1 14 dooo  doo
0.6 0.8 1.0 1.2 1.4

Pd loading / %

Fig. 9. (a) HCOOH production rate on x wt%Pd/H-TiO as a function of CO, adsorption, carrier concentration and electron density of the Pd active sites; (b) COy

adsorption conversion mechanism.

achieves a HCOOH production rate of 14.14 mmol~g§alt-h*1 with 1.43-
fold enhancement over pristine H-TiO,, alongside a maximized CO5
adsorption capacity of 0.178 mmol-g~! under 30 °C, 2.0 MPa. DFT-
based mechanistic studies demonstrate that Pd serves as electron res-
ervoirs, exhibiting a correlation with the enhanced CO5 adsorption en-
ergy of —0.732 eV. These methods of modulating the electron density of
the Pd active sites offer guidance on developing efficient photocatalysts.
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