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Methanol Decomposition

Qichen Liu1,2, Yida Zhang3, Limin Liu1, Zixiang Huang1,4, Jiawei Zheng1,5, Shiqin Jian6, 
Haibin Pan1, Chi Cao1, Hongliang Li4, Qing Yang2 *, Yu Bai7 *, Xusheng Zheng1 *

HIGHLIGHTS

•	 A rationally engineered Cu-TiO2/Ti model catalyst enables the distinction of photochemical and photothermal effects, revealing their 
distinct roles in enhancing CH3OH dehydrogenation and suppressing HCHO overoxidation, thus achieving high H2 production, 
excellent HCHO selectivity, and long-term stability in a non-noble metal system.

•	 The integration of in situ resonant Auger electron spectroscopy with in situ diffuse reflectance infrared Fourier transform spectroscopy, 
in situ Synchrotron radiation photoelectron spectroscopy, and molecular dynamics simulations enable direct visualization of charge 
transfer pathways and elucidates how the photothermal effect promotes HCHO desorption while preventing overoxidation.

ABSTRACT  Photocatalytic reactions can be driven by both photochemical and photo-
thermal processes. However, their individual contributions and synergistic effect remain 
to be clarified. Herein, we investigated the respective roles of these effects using a Cu–
TiO2/Ti model catalyst that integrated photochemical and photothermal functionalities 
within a single photocatalytic system. Employing photocatalytic methanol decompo-
sition as a model reaction, the Cu–TiO2/Ti catalyst achieved a high H2 yield rate of 
0.511 mmol h−1 with selectivity of 96.6% toward HCHO among oxidation products, 
attributed to the cooperative action of photochemical and photothermal processes. 
In situ resonant Auger electron spectroscopy (RAS), together with in situ Cu K-edge 
X-ray absorption fine structure and excited-state density functional theory calculations, 
revealed the accumulation of photogenerated electrons at Cu sites from TiO2, suggests 
the possible formation of an electron transfer pathway from TiO2 to Cu, which promotes stepwise methanol dehydrogenation to HCHO and 
H2. Simultaneously, the photothermal contribution from Ti enhanced catalytic activity by accelerating reaction kinetics and promoting the 
desorption of HCHO, thereby suppressing its overoxidation to CO.
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1  Introduction

Harnessing sunlight as the sole energy input, photocataly-
sis holds great promise for energy conversion owing to 
its sustainability and environmental compatibility. Gener-
ally, photocatalytic processes are driven by two primary 
mechanisms: photochemical and photothermal effects [1, 
2]. The photochemical effect involves the generation of hot 
charge carriers excited by ultraviolet or short-wavelength 
visible light, which subsequently inject into the antibond-
ing orbitals of adsorbed species [3, 4]. This carrier injec-
tion lowers the activation energy barrier, enabling non-
thermal reaction pathways [5]. The photothermal effect 
arises from the absorption of visible and infrared light, 
where excited electrons undergo non-radiative relaxation 
back to the ground state [6]. This process releases ther-
mal energy, inducing a localized temperature increase of 
the catalyst surface that helps overcome reaction energy 
barriers and drives catalytic conversions [7, 8]. How to 
synergize carrier injection from the photochemical effect 
with thermal energy from the photothermal process to 
overcome the limitations of single-mode mechanisms is 
of great significance for substantially enhancing photo-
catalytic performance.

Although the photochemical effect can directly activate 
substrates, the random recombination of photogenerated 
charge carriers significantly limits photocatalytic efficiency. 
Constructing directional electron transfer channels to guide 
carriers toward active sites is an effective strategy to achieve 
efficient charge separation and migration [9, 10]. To date, a 
range of advanced spectroscopic techniques, such as tran-
sient absorption spectroscopy (TAS) and time-resolved 
photoluminescence (TR-PL), have been developed to probe 
carrier dynamics [11–13]. For instance, Choi et al. employed 
TAS to characterize the highly efficient interfacial electron 
transfer in the CdS/CNT photocatalyst, revealing a transfer 
rate 37-fold faster than that of electron–hole recombina-
tion [14]. Zhang et al. demonstrated that introducing Ni3S4 
into ZnCdS significantly accelerated electron transfer using 
TR-PL, with the formation of a ZnCdS-to-Ni3S4 electron 
transport channel facilitating spatial separation of photogen-
erated carriers [15]. However, these techniques lack elemen-
tal and orbital specificity, which can only infer the direction 
of electron transfer indirectly through accelerated carrier 
dynamics [16]. Therefore, developing new characterization 

methods capable of directly observing electron transfer pro-
cesses in photocatalysis is of critical importance. Herein, 
we introduce a synchrotron-based resonant Auger electron 
spectroscopy (RAS) technique. RAS involves electronic 
transitions to unoccupied states, followed by Auger elec-
tron emission from occupied orbitals during the relaxation 
process [17, 18]. This approach involves the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO) during photocatalytic excitation, 
providing substantial potential for the precise observation of 
electron transfer channels.

Current research on the photothermal effect mainly 
focuses on broadening the solar spectral absorption to 
increase irradiation-induced temperatures, thereby acceler-
ating photocatalytic reaction rates [19, 20]. For example, Li 
et al. designed a Bi2Te3/Cu heterostructure that achieves 89% 
solar spectrum absorption and successfully heats a CuZnAl 
catalyst to 305 °C, enabling highly efficient methanol steam 
reforming for hydrogen production [21]. Liu et al. leveraged 
the selective absorption properties of a PI/Al/SiO2/SiO2–Ni 
metamaterial to effectively reduce thermal radiation losses, 
significantly enhancing the localized photothermal tempera-
ture and thus achieving superior CO2 hydrogenation perfor-
mance [22]. In fact, except for supplying thermal energy to 
overcome reaction energy barriers, the photothermal effect 
can also modulate reaction pathways by altering the kinetics 
of competing reactions and tuning surface species adsorp-
tion. Therefore, elucidating the influence of the photother-
mal effect on product selectivity in photocatalytic systems 
is also of critical importance.

Here, we constructed a model photothermal catalyst com-
prising TiO2 loaded with Cu single atoms and titanium nano-
particles (Cu–TiO2/Ti), which demonstrated the synergistic 
effect between Cu–TiO2 (photochemical unit) and Ti nanoparti-
cles (photothermal unit) during light-driven methanol (CH3OH) 
decomposition for hydrogen (H2) production. Specifically, 
using the developed in situ resonant Auger electron spectros-
copy (RAS) combined with in situ Cu K-edge X-ray absorption 
fine structure (XAFS) and density functional theory (DFT) cal-
culations, we infer a possible electron transfer from TiO2 to Cu 
that promotes stepwise methanol dehydrogenation to HCHO 
and H2, thereby accelerating the stepwise dehydrogenation from 
CH3OH to formaldehyde (HCHO) via hole activation, and pro-
moting H2 evolution at Cuδ+ sites (1 < δ < 2) by photogenerated 
electrons. Mechanistic studies revealed that Ti nanoparticles, 
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serving as the photothermal unit, not only enhanced catalytic 
activity but also generated phonons to lower the desorption bar-
rier of HCHO, thereby suppressing its overoxidation to carbon 
monoxide (CO). The synergy of photochemical-photothermal 
endows the Cu–TiO2/Ti catalyst with an impressive H2 produc-
tion rate of 0.511 mmol h−1, a high HCHO selectivity of 96.6%, 
and an outstanding stability exceeding 100 h.

2 � Experimental Section

2.1 � Materials

Ti nanoparticles (Ti NPs), copper (II) chloride dihydrate  
(CuCl2·2H2O), sodium sulfate (Na2SO4), methanol (CH3OH), 
 ethanol (C2H5OH), ethylene glycol (CH2OH)2, isopropanol 
(C3H8O), n-Butanol (C4H10O), and terpineol (C10H18O) were 
purchased from Sinopharm Chemical Reagent Co., Ltd., 
China. All commercial reagents were used without further 
purification, and all aqueous solutions were prepared using 
deionized water with a resistivity of 18.2 MΩ cm−1.

2.2 � Materials Preparation

2.2.1 � TiO2/Ti

The Ti NPs were heated to 400 °C for 1 h under the atmos-
phere of air. The obtained powder was ground to obtain 
the TiO2/Ti.

2.2.2 � TiO2

The Ti NPs were heated to 800 °C for 1 h under the atmos-
phere of air. The obtained powder was ground to obtain 
the TiO2 material.

2.2.3 � Cu–TiO2/Ti

For the synthesis of Cu–TiO2/Ti, TiO2/Ti (200  mg) 
was dispersed in a mixed solution of CuCl2 water solu-
tion (20 mL, 5.3 mM) and C2H5OH (40 mL). Then, the 
obtained suspension was stirred for 4 h, centrifuged, and 
washed with water to obtain Cu–TiO2/Ti.

2.3 � Structural Characterizations and First‑Principles 
Calculations

2.3.1 � Photocatalytic Test

The photocatalytic reactions were conducted in a batch 
quartz reactor. Each reaction was performed in 20 mL of 
CH3OH by using 200 mg of catalysts under the illumina-
tion of a 300 W Xenon lamp (PLS-SXE300E, Beijing Per-
fectlight Technology Co., Ltd.) at room temperature. Dur-
ing the photocatalytic experiments, the light intensity at 
the reaction system was maintained at 100–500 mW cm−2 
by adjusting the lamp current, as measured with an opti-
cal power meter (MC-PM100B, Beijing Merry Change 
Technology Co., Ltd.). The generated H2 and CO were 
detected by gas chromatography (East & West Analyti-
cal Instruments, Inc., GC-4400). HCHO product was 
detected by the acetylacetone colorimetric method using 
a UV–vis spectrophotometer (Cary 60 UV–Vis) [23]. 
Proton nuclear magnetic resonance (1H NMR) spectra 
were obtained to qualitatively determine the products on 
a Bruker- AVANCE III 400 MHz instrument.

2.3.2 � RAS Measurement

The RAS tests were conducted at BL10B (31,131.02.HLS.
PES) of NSRL, using the EW4000 electron energy analyzer 
to collect and analyze electrons. The beamline monochro-
mator was connected to SES software (Scienta Omicron, 
version 1.8.0) for synchronous control of incident photon 
energy during electron detection. As for Ti RAS measure-
ment, the incident photon energy was 452–470 eV, and the 
kinetic energy scanning range was 411–427 eV. In a typi-
cal Cu RAS measurement, the incident photon energy was 
932–940 eV, and the kinetic energy scanning range was 
913–925 eV. The spectra were collected under darkness or 
light irradiation. The frames of the charge-coupled device 
were set as 160 [24].

2.3.3 � X‑Ray Absorption Fine Structure (XAFS) 
Measurement

The XAFS spectra of Ti K-edge (E0 = 4966 eV) and Cu 
K-edge (E0 = 8979 eV) were measured at beamline BL14W1 
(31,124.02. SSRF.BL14W1) and BL11B (31,124.02. SSRF.
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BL11B) of Shanghai Synchrotron Radiation Facility (SSRF). 
The Ti K-edge spectra were recorded under transmission 
mode with two ion chambers. The Cu K-edge spectrum of 
Cu–TiO2/Ti was recorded under fluorescence mode with a 
Lytle chamber. Athena and Artemis codes were used to ana-
lyze the data. The parameters described the local structure 
environment including coordination numbers (CN), bond 
distance (R), and Debye–Waller (DW) factor around the 
absorbed atoms were allowed to vary during the fit process 
[25].

2.3.4 � Synchrotron Radiation Photoelectron Spectroscopy 
(SRPES) Measurements

The SRPES measurements were performed at the photoemis-
sion end-station at beamline BL10B (31,131.02.HLS.PES) in 
the National Synchrotron Radiation Laboratory (NSRL) in 
Hefei, China. The beamline is connected to a bending mag-
net and covers photon energies from 100 to 1000 eV with a 
resolving power (E/ΔE) better than 1000. The end-station is 
composed of four chambers—an analysis chamber, a prepara-
tion chamber, a load-lock chamber, and a high-pressure reac-
tor. Copper tubing at the base of the sample holder achieves 
low temperatures via a condenser to suppress the photother-
mal effect, while a thermocouple mounted on the surface 
enables real-time monitoring of the holder’s temperature. The 
analysis chamber, with a base pressure of < 2 × 10−10 torr, is 
connected to the beamline with an EW4000 electron energy 
analyzer (Scienta Omicron) and a twin anode X-ray source. 
The high-pressure reactor contains a reaction cell where 
the samples can be treated with different gases up to 20 bar 
and simultaneously with light irradiation. After the sample 
treatment, the reactor can be pumped with pressure down 
to < 10−8 torr for sample transfer [26].

In this work, the sample was treated with 1 bar of argon, 
which bubbled in CH3OH and then transferred to the analy-
sis chamber for XPS measurement without exposure to the 
atmosphere.

2.3.5 � Photoelectrochemical Measurement

Electrochemical impedance spectroscopy (EIS) and photo-
current response measurements were performed using a CHI 
660E electrochemical workstation (Chenhua Instruments, 

Shanghai, China). The FTO glasses were first cleaned 
by ultrasonic with acetone, ethanol, and H2O for 30 min, 
respectively. Then, 5.0 mg of the samples was dispersed into 
0.5 mL of terpineol by ultrasonic. The as-obtained suspen-
sion was dropped onto a 1 cm × 1 cm FTO glass, and then 
the FTO glass was dried out overnight in an oven at 80 °C. 
Pt foil and Ag/AgCl electrodes were used as the counter and 
reference electrodes, respectively. 0.5 M Na2SO4 aqueous 
solution was used as the electrolyte.

2.3.6 � In Situ Diffuse Reflectance Infrared Fourier 
Transform Spectroscopy (DRIFTS) Measurement

In situ DRIFTS tests were performed at the beamline BL01B 
(31,131.02.HLS.IRSM) of NSRL. The Bruker IFS 66v Fou-
rier-transform spectrometer equipped with a Harrick diffuse 
reflectance accessory. The in situ infrared device enables 
introducing light irradiation in a sealed CH₃OH atmos-
phere, while controlling the system temperature through a 
condenser and a thermocouple. Each spectrum was recorded 
by averaging 128 scans at a 6 cm−1 spectral resolution [27].

2.3.7 � Instrumentations

SEM images were collected on an FEI XL-30 ESEM scan-
ning electron microscope. HRTEM images were recorded 
using a Talos F200X high-resolution transmission electron 
microscope. XRD patterns were collected by TTR Ⅲ theta-
theta rotating anode X-ray diffractometer using Cu-Kα radia-
tion (λ = 1.54178 Å). The photoluminescence (PL) spectra 
were measured using a steady-state/lifetime spectrofluorom-
eter (Fluorolog-3-Tau and DeltaFlex). The measurements 
were carried out at room temperature using a 325 nm excita-
tion wavelength, and the emission spectra were collected in 
the range of 370–520 nm. The UV–vis diffuse reflectance 
spectra were recorded on a UV–visible-near infrared Spec-
trophotometer (Solid 3700 DUV). The loading of Cu was 
determined by inductively coupled plasma-atomic emission 
spectrometry (ICP-AES, iCAP 7400).

2.3.8 � Calculation Details

All calculations were performed with the density func-
tional theory (DFT) implemented in the Vienna Ab initio 
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Simulation Package [28]. The ion–electron interaction 
is described by the projector augmented wave potentials. 
Spin-polarized Perdew–Burke–Ernzerhof functional of 
the generalized gradient approximation was employed to 
treat the exchange correlation between electrons [29]. The 
Cu–TiO2(110) model was constructed by the Cu single atom 
loaded TiO2 (110) facet. A vacuum slab of 15 Å thickness 
along the c direction was applied to separate the interactions 
between neighboring images [30]. During the calculations, 
the cutoff energy was set as 500 eV, and the total energy 
convergence was set to be lower than 1 × 10−5 eV with the 
force convergence set at 0.02 eV Å−1. Brillouin zone is sam-
pled with a k-point mesh of 3 × 2 × 1. The D3 method with 
Becke-Johnson damping function was utilized to improve 
the description of van der Waals interactions. Consider-
ing the electron correlations in the TiO2 crystal, GGA+U 
method was explicitly taken into account, and Hubbard on-
site Coulomb parameter Ueff was 4.2 eV for Ti atoms [31]. 
To simulate electronic excitation from the ground state to 
the excite state, the occupation constrained DFT calculations 
were carried out, in which one electron was placed from 
the highest occupied band to the lowest unoccupied band. 
For the free energy variations calculation, we conducted a 
computational hydrogen electrode model according to the 
expression by VASPKIT with the consideration of spin 
polarization: ΔG = ΔE + ΔZPE–TΔS + ΔU(0 → T), where 
ΔE denotes adsorption energy, ΔZPE represents zero-point 
energy, ΔS corresponds to entropy change at a temperature 
of 298 K, and ΔU(0 → T) means the thermal correction to 
the internal energy. Zero-point energy and entropy for adsor-
bents were determined by vibrational frequency calculations 
using density functional perturbation theory, while entropy 
values for gaseous species were sourced from the Compu-
tational Chemistry Comparison and Benchmark Database.

The constrained molecular dynamics (MD) simulations 
were performed by employing the VASP package. The MD 
simulations were sampled by the canonical (NVT) ensem-
ble employing Nose–Hoover thermostats with a time step 
of 1.0 fs at the target temperature of 293 K and 333 K. In 
the thermodynamic integration (TI) method, the reaction 
free energy and kinetic barrier were obtained by apply-
ing a holonomic constraint on the reaction coordinate (ζ) 
during MD simulations and integrating over the average 
unbiased force associated with the reaction coordinate, as 
shown in Eq. 1:

where ΔE
(

�
a
, �

b

)

 is the free energy difference between two 
reaction coordinates 

(

�
a
and �

b

)

 and F(�) is the averaged 
constrained force. For the HCHO desorption process on the 
Ti site, the sum of Z-axis coordinates over H, C, H, and O 
atoms in HCHO is chosen as the collective variable (CV), 
which is defined by Eq. 2:

where ZH, ZC, ZH, and ZO refer to Z-axis coordinates over H, 
C, H, and O atoms in HCHO, respectively [32].

3 � Results and Discussion

To elucidate the synergistic effects of photochemical and 
photothermal processes during photocatalytic reaction, we 
designed a photochemical-photothermal coupling system 
(Fig. 1a). The photochemical effect is driven by photogen-
erated charge carriers from TiO2 upon ultraviolet excita-
tion, enabling initiation of the reaction via direct activa-
tion of substrate molecules. The photothermal effect, on 
the other hand, is realized through the absorption of vis-
ible and infrared light by Ti nanoparticles (NPs), which 
generates phonons via a non-radiative relaxation process. 
Besides, the introduction of a cocatalyst is also crucial for 
achieving efficient photocatalytic processes. Therefore, a 
model photocatalyst consisting of Cu cocatalyst supported 
on TiO2/Ti was developed (Cu–TiO2/Ti).

Cu–TiO2/Ti composite was synthesized through a 
one-step calcination, followed by impregnation to load 
Cu cocatalyst (see details in Supplementary Informa-
tion). High-resolution transmission electron microscopy 
(HRTEM) images displayed two sets of fringes with 
interplanar spacing of 0.33 and 0.25 nm, corresponding 
to the (110) plane of rutile TiO2 and the (100) plane of 
metallic Ti, respectively (Fig. S1) [33]. X-ray diffrac-
tion (XRD) patterns indicated the presence of TiO2 in the 
rutile phase and Ti in the alpha phase (Figs. S2 and S3). 
No characteristic peaks of Cu species, such as Cu, Cu2O, 
or CuO, were observed. Energy dispersive spectroscopy 
(EDS) elemental mapping images showed that Cu spe-
cies were uniformly distributed over the TiO2/Ti support 
(Fig. S4). The loading amount of Cu was determined as 
0.45 wt% by inductively coupled plasma-atomic emission 

(1)ΔE
(

�
a
, �

b

)

= −∫
�
b

�
a

F(�)d�

(2)CV = ZH + ZC + ZH + ZO
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spectrometry (ICP-AES, Table S1). To further investigate 
the precise structure of the as-obtained sample, X-ray 
absorption fine structure (XAFS) measurements were 
conducted. As shown in Fig. S5, the absorption edge of 
Cu–TiO2/Ti was between those of Ti NPs and TiO2, indi-
cating that the average oxidation state of Ti species was 
less than + 4, which was consistent with X-ray photoelec-
tron spectroscopy (XPS) results (Fig. S6) [34, 35]. Linear 
combination fitting analysis revealed that the proportion 
of the Ti and TiO2 content in the Cu–TiO2/Ti sample 
was approximately 60% and 40%, respectively (Fig. S7) 
[36]. Fourier-transform extended X-ray absorption fine 
structure (FT-EXAFS) measurements were performed to 
determine the local coordination environment of Cu. As 
depicted in Figures S8 and S9, Cu–TiO2/Ti displayed a 
prominent peak at 1.5 Å, attributed to Cu–O coordination. 
The absence of Cu–Cu scattering pathway suggested that 
Cu existed as isolated single atoms on TiO2 (Table S2) 
[37, 38]. Additionally, HAADF-TEM characterization 
was performed on the Cu–TiO2/Ti sample, where isolated 
bright spots corresponding to individual Cu atoms were 

observed, further confirming that Cu exists in the form of 
single atoms (Fig. S10).

To investigate the solar light absorption capabilities of dif-
ferent components in the photocatalyst, the optical properties 
of each component were analyzed using ultraviolet–visible 
(UV–vis) spectra (Fig. 1b). The TiO2 and Cu–TiO2 primarily 
absorb ultraviolet light and serve as the elementary material 
for the photochemical effect in photocatalysis. The introduc-
tion of Cu into the TiO2 substrate results in a redshift of 
the absorption edge and enhanced light absorption in the 
450–850 nm range, suggesting that the incorporation of Cu 
may introduce impurity energy levels, thereby promoting 
photon absorption. The Ti nanoparticle achieves full-spec-
trum absorption, demonstrating an efficient photothermal 
effect. The TiO2/Ti composite combines the capabilities of 
TiO2 and Ti NPs, exhibiting full-spectrum absorption from 
250 to 850 nm. This indicates that the prepared photother-
mal catalyst can absorb the entire solar spectrum. Further 
introducing Cu into the TiO2/Ti substrate enhances photon 
absorption around 450 nm. This improvement is attributed 

Fig. 1   a Role and response wavelength of each unit in Cu-TiO2/Ti. b UV–vis spectra for Ti NPs, TiO2, TiO2/Ti, Cu-TiO2 and Cu-TiO2/Ti sam-
ples. c H2 yield rates over Ti NPs, TiO2, Cu-TiO2, TiO2/Ti, and Cu-TiO2/Ti samples, respectively (Light intensity: 500 mW cm−2). d Time-
dependent yield of H2 and selectivity of HCHO over Cu-TiO2/Ti. The error bars denote standard deviations from three independent experiments. 
(Light intensity: 500 mW cm−2) e Comparison of the stability and H2 yield rate of Cu-TiO2/Ti catalyst with those of the reported catalysts. f H2 
yield rates over Cu-TiO2/Ti under actual sunlight illumination and real-time solar irradiance
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to Cu doping, which introduces impurity energy levels that 
facilitate more efficient photon absorption [39].

The photocatalytic hydrogen production from methanol 
was employed as a model reaction to evaluate the synergy 
between the photochemical and photothermal contributions 
of the Cu–TiO2/Ti photocatalyst. Specifically, the photo-
catalytic H2 production rates of the obtained samples were 
evaluated. Each reaction was performed in 20 mL of CH3OH 
under the irradiation of a 300 W Xenon lamp (Fig. S11). 
As displayed in Fig. 1c, the utilization of Ti NPs or TiO2 
samples as catalysts resulted in negligible H2 production. 
Upon coupling Ti and TiO2, the yield rate of H2 significantly 
increased to 0.14 mmol h−1, which could be attributed to 
the synergy of photochemical effect and photothermal effect 
(Fig. S12). The further incorporation of Cu single atoms effi-
ciently promoted the photochemical process, which achieved 
a superior H2 yield rate of 0.511 mmol h−1 and a selectiv-
ity of 96.6% for formaldehyde (HCHO) among oxidation 
products over Cu–TiO2/Ti (Fig. S13, Table S3). Meanwhile, 
the solar-to-chemical conversion efficiency (SCC) of the 
Cu–TiO2/Ti catalyst under 1 sun AM 1.5G illumination for 
photocatalytic hydrogen production from methanol is 0.21% 
(Table S4), and the apparent quantum yield (AQY) under 
365 nm LED light is 15.9%, which is 3.7 times that of TiO2/
Ti (4.3%) (Table S5).

Besides, a remarkable catalytic stability of 102 h was also 
obtained over Cu–TiO2/Ti (Fig. 1d), which ranked among 
the best non-noble metal-based catalysts for H2 produc-
tion performance from CH3OH, even comparable to the 
reported Pt-based noble metal catalysts (Fig. 1e, Table S6) 
[40–53]. To check the stability of the catalyst, we collected 
the XRD pattern, SEM image, and Cu K-edge XAFS data for 
Cu–TiO2/Ti after reactions. As displayed in XRD spectra, 
the crystal structure of Cu–TiO2/Ti was maintained after 
reactions (Fig. S14a). Meanwhile, no typical Cu nanoparti-
cles or clusters were observed. This point was further con-
firmed by the SEM image of Cu–TiO2/Ti after reactions (Fig. 
S14b). Furthermore, we collected Cu K-edge XAFS spectra 
to investigate the chemical states and atomic structure of 
Cu single atoms. Apparently, the Cu species in Cu–TiO2/
Ti inherited the initial oxidized state and atomic dispersion 
after reactions (Figs. S14c, d, Table S2), further indicating 
the remarkable stability of Cu–TiO2/Ti. Moreover, outdoor 
experiments were conducted to evaluate the photocatalytic 
hydrogen production potential of this coupling system under 
practical conditions. As illustrated in Fig. 1f, Cu–TiO2/

Ti catalyst obtained a hydrogen evolution rate exceeding 
0.20 mmol  h−1 during natural sunlight irradiation from 
10:00 to 16:00. When solar irradiance approached its peak, 
the system achieved an optimal hydrogen production rate 
of 0.33 mmol h−1 at 14:00, which was 64.7% of that using 
a xenon lamp. Importantly, the photocatalytic performance 
under real sunlight was further compared with that obtained 
under xenon lamp irradiation at different controlled light 
intensities (Figs. S14–S17). A good correlation between the 
two datasets was observed, indicating that the performance 
under natural sunlight could be well matched with that under 
simulated solar irradiation at equivalent light intensities. 
pansion experiments using different alcoh.

To elucidate the mechanistic processes of the photochemi-
cal effect in the Cu–TiO2/Ti system, we performed in situ 
resonant Auger electron spectroscopy (RAS) tests. Benefit-
ing from the photon energy tunability of synchrotron radia-
tion facility, RAS measurements employ an energy analyzer 
to collect Auger electrons with specific kinetic energy at 
each resonant energy, thus obtaining a two-dimensional 
resonant Auger electron map (Fig. 2a). In this process, a 
core-level electron is first excited to unoccupied orbitals. 
The system then relaxes via two competing channels: par-
ticipator de-excitation, in which the excited electron fills 
the core hole, and spectator de-excitation, in which another 
electron from an occupied orbital fills the core hole while the 
excited electron remains in the unoccupied state. These de-
excitation processes result in the emission of Auger electrons 
from occupied orbitals [16]. As a result, RAS simultane-
ously probes both unoccupied and occupied states through 
the initial core excitation and subsequent Auger emission, 
which offers an orbital-level and element-specific insight 
into the electronic structure. This capability makes RAS par-
ticularly powerful for investigating photocatalytic electron 
behaviors involving transitions from HOMO to LUMO.

As illustrated in Fig. 2b, the Ti RAS spectrum of TiO2/
Ti exhibited several distinct features labeled A, B, and C. 
Feature A corresponded to participator de-excitation, while 
features B and C were attributed to spectator de-excitation 
pathways (Figs. 2c and S18). Compared to TiO2/Ti, the RAS 
features of Cu–TiO2/Ti displayed pronounced broadening 
along both photon energy (horizontal) and kinetic energy 
(vertical) axes (marked by blue rectangles). This observa-
tion reflected the simultaneous broadening of the HOMO 
and LUMO levels, deriving from the incorporation of Cu 
single atoms (Fig. 2d). Such band broadening optimized the 
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optical properties of Cu–TiO2/Ti that enabling it to absorb 
photons across a wider energy range, which further proved 
UV–vis results. Notably, the Cu–TiO2/Ti system exhibited 
a marked decrease in the proportion of participator decay 
(feature A) relative to TiO2/Ti, decreasing to approximately 
50% of that of TiO2/Ti. Quantitative analysis of the Ti RAS 
spectra (Table S7) shows that the participator decay (fea-
ture A) accounts for 14.4% of the total spectral weight in 
TiO2/Ti, but decreases to only 7.5% in Cu–TiO2/Ti. Concur-
rently, the spectator decay (feature B) increases from 85.6 
to 92.5%. This observation suggested that the excited-state 
electrons promoted to the unoccupied states were less likely 
to undergo de-excitation and recombine with holes. Instead, 
these electrons were inferred to be more readily transferred 
to surrounding active sites, thereby participating in the reac-
tion process [54, 55]. Thus, we propose that the incorpora-
tion of Cu modifies the electronic structure, leading to redis-
tribution of photoexcited electrons. This point was further 
verified by in situ Cu RAS spectra of Cu–TiO2/Ti (Fig. 2e 
and c). Compared with the dark condition, the signal of Cu+ 
species significantly enhanced under light, indicating that 
photogenerated electrons that originally enriched in the Ti 
3d states converted to the Cu sites (Fig. S19) [56, 57]. Quan-
titative fitting of the Cu RAS spectra (Table S8 and Table S9 
reveals that under dark conditions, Cu exists almost exclu-
sively as Cu2+ (~ 100%). Upon light irradiation, a substantial 
fraction of Cu2+ is reduced to Cu⁺, with Cu⁺ accounting 
for 41.0% of the total Cu signal. In contrast, under thermal 
treatment (343 K in darkness), no Cu⁺ is detected, confirm-
ing that the reduction is photoinduced rather than thermally 
driven (Table S9). Additionally, in situ XAFS measure-
ments further support this conclusion. In situ Cu K-edge 
spectra, a shift of the Cu K-edge absorption edge toward 
lower energy was observed upon illumination, indicating 
a decrease in the oxidation state of Cu (Fig. S19a, b). This 
result further confirms that photogenerated electrons are 
transferred to and accumulated at the Cu sites. As a result, 
Cuδ+ (1 < δ < 2) species were obtained upon photon excita-
tion in the Cu–TiO2/Ti catalyst. This electron transfer chan-
nel facilitates the spatial separation and efficient transport 
of photogenerated electrons, which was further confirmed 
by PL, transient photocurrent response, and electrochemical 
impedance spectra under light (Figs. S20–S23, Table S10) 
[58–60]. Meanwhile, in situ RAS and XAFS measurements 
under dark thermal conditions show results highly consist-
ent with the ex situ data, indicating that the photothermal 

effect does not induce noticeable changes in the electronic 
structure. These results demonstrate that the Cu active sites 
do not undergo detectable electronic or atomic structural 
changes under purely thermal conditions, further support-
ing that the catalytic activity originates primarily from the 
photochemical effect (Fig. S19).

To validate this point, differential charge density calcu-
lations were further conducted. We established a catalyst 
model, denoted as Cu–TiO2(110), featuring a Cu single 
atom loaded on the TiO2 (110) facet. The DFT calculations 
reveal that Cu incorporation into TiO2(110) introduces 
a mid-gap state mainly derived from Cu and adjacent O 
orbitals, which acts as an efficient electron-trapping site. 
This promotes directional electron transfer from Ti 3d 
states to Cu sites, leading to electron accumulation at Cu 
active centers (Fig. S24). For simulating photoexcitation, 
one electron was removed from the HOMO and placed at 
the LUMO (Fig. S25) [61]. For clarity, the electronic con-
figuration before and after this adjustment was denoted as 
the ground state and excited state, respectively. As shown 
in Fig. 2f, the differential charge density revealed electron 
depletion (holes) localized at Ti sites surrounding the Cu 
atom (marked by red rectangles), and electron accumula-
tion at the Cu site (marked by purple rectangles). Besides, 
the H2 production pathway was further screened. The Gibbs 
free energy change for H2 generation over the Cu site was 
determined as 0.76 eV in the ground state. When it comes 
to the excited state, this Gibbs free energy change decreased 
to 0.38 eV. Therefore, the excellent photochemical effect 
of Cu–TiO2/Ti was attributed to the efficient separation of 
photogenerated carriers under photoexcitation, with holes 
localized at Ti sites and electrons accumulated at Cu sites. 
Also, the in situ generated Cuδ+ (1 < δ < 2) species promoted 
the H2 production via lowering the reaction energy barrier 
(Fig. S25).

After clarifying the photochemical effect in the Cu–TiO2/
Ti photocatalytic system, we turned our attention to decou-
pling the contribution of the photothermal effect. We first 
monitored the real-time temperature of CH3OH liquid 
over different samples under illumination. As displayed in 
Fig. S26, the temperature of the Cu/TiO2 system increased 
slightly from 293 to 304 K. When it comes to Cu–TiO2/Ti 
and TiO2/Ti, the temperature rose rapidly to 333 K within 
180 s, attributable to the photothermal conversion capabil-
ity of metallic Ti. This conclusion was further corroborated 
in the photocurrent response measurements, a pronounced 
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increasing trend in the slow response current (SRC) com-
ponent of the photocurrent was observed for the Cu–TiO2/
Ti, indicating a significant photothermal effect and a corre-
sponding temperature rise in the testing system. In contrast, 
no obvious photocurrent increasing trend was detected in 
the SRC component of the Cu–TiO2, suggesting that the 

photothermal effect was negligible (Fig. S27). These results 
further confirm that elemental Ti serves as the primary 
source of the photothermal effect [62]. As such, we specu-
lated that the photothermal effect may play an important role 
in the CH3OH decomposition reaction. To further validate 
this point, a temperature-controlled experiment was carried 

Fig. 2   a Measurement principle and process of resonant Auger electron spectra. b Ti RAS spectrum of TiO2/Ti. c Schematic diagram of elec-
tron transfer process from RAS tests. d Ti RAS spectrum of Cu-TiO2/Ti. e In situ Cu RAS spectra of Cu-TiO2/Ti. f Charge density difference of 
Cu-TiO2(110) model under the excited state. The balls in light yellow, red, and blue represent O, Ti, and Cu atoms, respectively. The yellow and 
cyan colors represent electron accumulation and depletion, respectively
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out. As depicted in Figs. 3a and S28–S30, under normal illu-
mination conditions (maintained at 333 K), the yield rates of 
H2, HCHO, and CO were 0.511, 0.485, and 0.017 mmol h−1 
over Cu–TiO2/Ti, respectively. However, when the reaction 
was performed under irradiation while maintaining the reac-
tion temperature at room temperature using a water-cooling 
system (maintained at 293 K), the formation of phonons 
contributed from the photothermal effect was efficiently sup-
pressed. In this case, the yield rates of H2, HCHO, and CO 
reduced to 0.117, 0.082, and 0.027 mmol h−1, respectively. 
It is noteworthy that although HCHO remained the main 
oxidation product, the proportion of CO product obviously 
increased from 3.38% to 24.99%. This result is quite counter-
intuitive, as overoxidation of HCHO to CO typically favors 
higher temperatures. It means that the photothermal effect 
not only influenced the activity by providing extra thermal 
energy, but also inhibited the overoxidation of HCHO to CO. 
Moreover, under dark conditions with only external heating 
applied, the H2 production rate of the Cu–TiO2/Ti catalyst 
at 333 K was only 0.019 mmol h⁻1, confirming that photon 
excitation is indispensable for initiating the photocatalytic 
reaction (Fig. S31). Furthermore, the respective contribu-
tions of the photothermal effect, photochemical effect, and 
photochemical-thermo synergistic effect to the H2 evolution 
process were quantitatively analyzed (Table S11). It was 
found that the contribution of the pure photothermal effect 
was only approximately 3.7%, while the pure photochemical 
effect contributed 22.9%, and the synergistic contribution of 
the photochemical-thermo synergistic effect reached 73.4%. 
These results indicate that the photochemical effect is the 
key factor for initiating the H2 evolution reaction, whereas 
the photochemical-thermo synergistic effect can substan-
tially promote the H2 evolution process, serving as a crucial 
driving force for the rapid photothermal catalytic methanol 
dehydrogenation reaction [63–66].

To further investigate the vital role of the photothermal 
effect in photocatalytic behavior, we performed in  situ 
diffuse reflectance infrared spectroscopy (DRIFTS) of 
Cu–TiO2/Ti catalysts (Fig. S32). To simulate reaction con-
ditions, the phonon effect arising from the photothermal 
process was also restrained by controlling the temperature 
with a condensate system. As shown in Fig. 3b, the band at 
1821 cm–1 originated from the stretching vibration mode of 
the C=O bond in the CH2O* species. Moreover, the CO* 
species was observed at 2075 cm–1 [67–69]. Apparently, 
when the condensate water was introduced, the intensity of 

the CO* species enhanced significantly, while the CH2O* 
signal decreased (Fig. 3b). As such, suppressing phonons 
would facilitate the transformation from HCHO to CO, 
which was consistent with the production selectivity trend.

The above findings were further verified by in situ syn-
chrotron radiation photoelectron spectroscopy (SRPES) 
tests (Figs. S32 and S33). During the experiments, the 
Cu–TiO2/Ti sample was treated with 1 bar of Ar, which 
bubbled in CH3OH, followed by light irradiation for vary-
ing durations. Meanwhile, the phonon effect was con-
trolled via changing the temperature with or without the 
introduction of liquid nitrogen into the analysis chamber 
(Fig. S33). Under standard reaction conditions, the C 1s 
spectra exhibited three typical peaks at 285.4, 286.9, and 
288.4 eV, corresponding to CH3OH*, CH3O*, and CH2O* 
species, respectively (Fig. 3c) [70, 71]. It suggested that 
the transformation of adsorbed CH3OH proceeds via a 
stepwise formation of CH3O* and CH2O*. In addition, 
a weak peak assigned to COx* species was observed at 
290.5 eV, indicating that few CH2O* were converted into 
COx* species. Quantitative analysis of the time-dependent 
C 1s spectra (Table S12) shows that under light irradiation 
without cooling (temperature maintained at 333 K), the 
CH2O* signal increases from 24.98 at 5 min to 50.02% at 
30 min, while the COₓ* signal remains low (≤ 10.41%). 
When the test was carried out with light irradiation and 
with liquid nitrogen cooling, the reaction temperature was 
reduced, and phonons were significantly suppressed. In 
this case, both CH3OH* and CH3O* were also observed. 
However, different from the above, the increase in CH2O* 
slowed down while the proportion of COx* species 
increased. Specifically, under the phonon-suppressed 
condition (293 K), the CH2O* signal increases only from 
6.98 to 13.45% over 30 min, whereas the COₓ* signal rises 
from 4.31% to 17.55%. This implied that, in the absence 
of phonons, more CH2O* species further underwent oxi-
dative dehydrogenation to form COx* species. Thus, we 
speculated that phonons may facilitate the desorption of 
generated HCHO to prevent overoxidation to CO.

Molecular dynamics (MD) simulations were further 
employed to investigate the desorption process of HCHO 
over the Cu–TiO2(110) model (Fig. 3d). As shown in Fig. 3e, 
the collective variable (CV) value presented the sum of the 
z-axis coordinates of the four atoms in the HCHO molecule. 
The increase in CV value corresponded to the gradual des-
orption process of HCHO from the model surface. As for 
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the adsorbed HCHO species, the energy change of the CV 
value from 2.6 to 3.2 was determined as 0.58 eV at 293 K, 
while at 333 K, the energy change decreased to 0.52 eV. 
Consequently, the MD simulation results directly revealed 
that hot phonons could facilitate the desorption of HCHO 
species by lowering the energy barrier (Fig. S34) [72, 73]. 
Based on the above results, we can conclude that phonons 
from the photothermal effect accelerated the photocatalytic 
conversion of CH3OH into HCHO and H2, meanwhile pro-
moted the desorption of generated HCHO to avoid the over-
oxidation to CO product.

We proposed a reaction pathway of CH3OH decomposi-
tion over Cu–TiO2/Ti. Upon illumination, TiO2 underwent a 
photochemical process to generate holes and electrons, which 
accumulated at the Ti sites surrounding the Cu atoms and at 
the Cu sites due to the construction of an efficient electron 
transfer channel from the Ti to Cu atoms, respectively. CH3OH 
was initially adsorbed over the Ti sites and was subsequently 
converted through a stepwise formation of CH3O* and CH2O* 

via reaction with photogenerated holes (Fig. S35). Simultane-
ously, the photogenerated electrons that accumulated at Cu 
sites led to the formation of Cuδ+ (1 < δ < 2) sites, which in 
turn transform two released H atoms into H2. The CH2O* spe-
cies then desorbed from the catalyst surface, finally generating 
HCHO. During the reaction, the photochemical effect from 
TiO2 acted as the primary driving force, not only providing 
photogenerated carriers for the stepwise reactions of CH3OH 
to H2 and HCHO, but also lowering the reaction barrier for 
H2 production over Cuδ+ (1 < δ < 2) sites by photogenerated 
electrons. In this context, the photothermal effect from the 
elemental Ti enhanced catalytic activity by accelerating the 
reaction rate. Besides, the suppression of CO formation was 
attributed to phonon-mediated desorption of HCHO, which 
prevented its further overoxidation.

In addition to methanol, we also expanded our investigations 
using other alcohols as reactants, such as ethanol, ethylene gly-
col, isopropanol, and n-butanol. As depicted in Fig. 4b, as for 
ethanol system, the H2 production rate reached 153 μmol h−1 

Fig. 3   a The yield rates of H2, HCHO, and CO over Cu-TiO2/Ti under different reaction conditions (Light intensity: 500mW cm−2). b In situ 
DRIFTS spectra over Cu-TiO2/Ti under light (above) and (below) light with condensate. c In situ C 1s SRPES spectra under light (above) and 
light with condensate (below) over Cu-TiO2/Ti, respectively. d Theoretical models of HCHO desorption over Cu-TiO2(110) model under dif-
ferent collective variable conditions. e Potential-dependent free energies of the HCHO desorption process over Cu-TiO2(110) model surface 
at 333 K and 293 K, respectively. ΔE(ζa, ζb) is the free energy difference between two reaction coordinates. (ζa and ζb) and F(ζ) is the averaged 
constrained force
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and acetaldehyde yield was 142 μmol h−1 with a selectivity of 
92.8%. When it comes to ethylene glycol, we achieved an H2 
evolution rate of 106 μmol h−1 alongside glycolaldehyde prod-
uct formation at 88 μmol h−1, with a selectivity of 83.0%. For 
isopropanol, the yield rates of H2 and acetone were 113 and 
107 μmol h−1, and the selectivity of acetone was calculated as 
94.7%. In addition, the yield rates of H2 and n-butyraldehyde 
in n-butanol system were 91 and 83 μmol h−1 (91.2% selectiv-
ity). These results indicate that the Cu–TiO2/Ti photocatalyst 
also exhibits high H2 evolution and high selectivity toward 
ketone/aldehyde products during the dehydrogenation of other 
alcohols, demonstrating broad universality.

4 � Conclusion

In conclusion, we elucidated the synergetic effects of photo-
chemical and photothermal distribution in driving efficient 
photocatalytic reactions, while recognizing that these two 
effects are intrinsically coupled under operating conditions. 
The photochemical process served as the primary driving 
force, supplying photogenerated holes for the stepwise 
dehydrogenation of CH3OH to HCHO and photogenerated 
electrons for accelerating H2 production at Cuδ+ (1 < δ < 2) 
sites. The accumulation of photogenerated electrons at 
Cu single atoms facilitated efficient charge separation, as 

supported by in situ RAS, in situ XAFS, and DFT calcula-
tions. Concurrently, the hot phonons from the photothermal 
effect suppressed the overoxidation to CO by reducing the 
energy barrier for HCHO desorption. Benefiting from this, 
an impressive H2 production rate of 0.511 mmol h−1 with 
96.6% of HCHO selectivity was obtained over Cu–TiO2/
Ti from CH3OH. Furthermore, Cu–TiO2/Ti also displayed 
outstanding performance in the expansion experiments using 
other alcohols as reactants. This work not only highlights 
the importance of coupling photochemical and photothermal 
processes for enhanced photocatalytic performance but also 
offers mechanistic insights for the rational design of efficient 
solar-driven systems for alcohol decomposition.
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