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Abstract

The structure and configuration of reaction centers, which dominantly govern the catalytic behaviors,
often undergo dynamic transformations under reaction conditions, yet little is known about how to
exploit these features to favor the catalytic functions. Here, we demonstrate a facile light activation

strategy over a TiO;-supported Cu catalyst to regulate the dynamic restructuring of Cu active sites
1



during low-temperature methanol steam reforming. Under illumination, the thermally deactivated
Cu/TiO2 undergoes the structural restoration from inoperative Cu,O to the originally active metallic
Cu caused by photo-excited charge carriers from TiO», thereby leading to substantially enhanced
activity and stability. Given low intensity solar irradiation, the optimized Cu/TiO; displays a H»
production rate of 1724.1 pmol g!' min™', outperforming most of the conventional photocatalytic and
thermocatalytic processes. Taking advantages of the strong light-matter-reactant interaction, we
achieve in-situ manipulation of the Cu active sites, suggesting the feasibility for real-time

functionalization of catalysts.

Introduction

Hydrogen (Hz) is of great significance as an alternative clean energy carrier and chemical building
block.'* Using a stable liquid (e.g., CH3OH) in the process of reforming with H>O results in the release
of H> with a high storage density, and enables a safe storage and transportation of H,.>® The state-of-
the-art procedures for methanol steam reforming (MSR) using representative copper-based catalysts
are generally conducted at relatively high reaction temperatures (250-350 °C), consuming a massive
amount of energy input.” ® Pioneering works have demonstrated the low-temperature H, production
through aqueous-phase methanol reforming, yet noble-metal-catalysts and/or high reaction pressure
are still required to fully activate both CH3OH and H>O molecules.>° Therefore, it becomes quite an
essential and indispensable task to develop an innovative strategy that enables efficient H> production
from MSR under facile condition over non-noble-metal catalysts.

Introducing light energy into the conventional thermocatalysis has emerged as a promising
strategy to achieve a more rapid conversion by activating reactants with photo-induced charge
carriers.!!'> More encouragingly, a few recent advances exemplified that the light irradiation can
influence the configuration of catalytic active sites, rendering a dynamic evolution of catalyst to tune

the overall performance.'® 7 Basically, restructuring of the catalyst surface in response to reaction
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environment, such as structura and/or compositional evolution, is of paramount importance,
as it not only determines the structure-performance relationship, but also governs the underlying
mechanisms over genuine active sites.?5 Linic and co-authors revealed a visible-light-induced photo-
switching of the Cu valence state, in which the localized surface plasmon resonance (LSPR) of metallic

Cu core reduced oxide shell formed in-situ on Cu, favoring the selective propylene epoxidation.' This
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strong light-matter interaction is achieved using Cu nanoparticles (NPs) with an adequate diameter
(~40 nm), together with a critical threshold irradiance to maximize the exploitation of LSPR energy.
Downsizing Cu NPs leads to a more coordinatively unsaturated surface,® ?° and their interaction with
adsorbates would be amplified due to their inherent thermal instability,>* enabling a more pronounced
catalytic behavior in MSR. However, this could ultimately weaken the LSPR absorption/metallic
nature by severe surface poisoning/transformation, making the small Cu NPs more susceptible to
deactivation.! It remains largely unknown how to in-situ revive these deactivated materials under
operating conditions to produce functioning catalysts that deliver outstanding activity with long-term
stability.

Here, we present a simple approach, which is enabled by taking the advantage of strong
interaction between TiO; and ultraviolet (UV) light, to manipulate the dynamically compositional and
structural changes of the Cu active site under operating MSR conditions, favoring the surface catalytic
behavior of Cu/TiO; catalysts for low-temperature H» production. We observe a rapid thermal
deactivation caused by the oxidative restructuring of actively metallic Cu into Cu,O. Introducing UV
light under operating conditions stimulates the inoperative catalysts by initiating structural restoration
from Cuz0 (light off) to metallic Cu (light on), which in turn, producing functioning catalysts to favor
long-term and efficient H> production. Advanced in-situ investigations combined with density
functional theory (DFT)-based molecular dynamic simulations serve as a powerful platform to unravel
the fundamental mechanism and critical role of UV light in facilitating the restructuring and
valence/compositional control of Cu species occur along the path to catalytic function. We believe that
the concept of light-induced structural transformation is an effective and competent supplement to
conventional activation treatment, and will provide numerous new opportunities for constructing a
robust and long-lived catalytic process by optimizing the dynamic nature of active sites under

operating conditions.

Results and discussion
Effect of illumination on the MSR performance

To explore the effect of light irradiation, the steady-state catalytic activity of MSR on 5.8%
Cu/TiO; reduced by H> (named as Cu/TiO>-H> hereafter) at a reaction temperature of 170 °C was

measured in dark condition, followed by irradiation of light with different wavelengths (see details in
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experimental section). Without light irradiation, the initial H, production rate maximized at 153.5 pmol
gl min! and progressively decreased to 9.8 umol g! min' after 105 min reaction (Figure 1a),
accompanied with the color of the catalyst changed from black (Cu/TiO2-H) to yellow (deactivated
state, named as Cu/TiO2-D hereafter; inset in Figure 1a). This indicates a possible structure change of
Cu, probably from metallic state to oxidative state. When introducing visible light (420 <A <720 nm,
458.1 mW cm), the catalytic performance was not altered, and the color of catalyst was maintained
in yellow. The critical role of Cu LSPR in activating the catalysts was also excluded by comparing the
catalytic behavior under dark or exposing visible light from the beginning of the reaction (metallic Cu)
(Supplementary Figure 4). Surprisingly, upon irradiation of UV light (300 <A <420 nm, 67.9 mW cm’
2), the catalytic activity was sharply increased to 202.5 pmol g! min’!, and the color of catalyst was
converted into black (photo-activated state, named as Cu/TiO2-PA hereafter), signifying a distinctive
role of UV light in initiating the structural restoration of Cu (Figure la). An apparent quantum
efficiency (AQE) of 66.0% was observed upon the irradiation of monochromatic light (A = 365 nm) at
170 °C. A slight decrease in catalytic performance after 4 h reaction could be attributed to the coke
formation, and regeneration of spent sample (calcination in air at 350 °C followed by reducing in H>
atmosphere) can recover their catalytic performance. Additionally, UV—visible light irradiation (300 <
A < 720 nm, 628.0 mW c¢m™) led to a similar dynamic change process, with a more pronounced
enhancement in activity and long-term stability, revealing a cooperative effect of UV—visible light in
improving catalytic performance (Figure 1a). The observed rate enhancement might primarily attribute
to charge-carrier-mediated reactant activation, albeit with the potential contribution of photothermal
heating. The dynamic photo-activation process is reversible and can sustain multiple successive cycles
without noticeable decrease in performance (Figure 1b).

Similar photo-activation behavior can be observed at reaction temperatures between 150 and
210 °C (Figure 1c¢), and simply increase the reaction temperature up to 210 °C without light irradiation
did not trigger the activation of catalysts, ruling out the potential role of photo-induced heating effect
(Supplementary Note 1). Meanwhile, the H> production rates under UV—visible light irradiation (300
<A <720 nm, 628.0 mW cm%) were much higher than those under UV light irradiation (300 <A < 420
nm, 67.9 mW cm™) at different temperatures. The apparent activation energy was decreased from 77.0
to 67.9 kJ mol™!' (Supplementary Figure 5), and a linear dependence of reaction rate on visible light

intensity further verified the distinctive role of visible-light-induced hot-carriers beyond simple
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photothermal heating (Supplementary Table 1 and Supplementary Figure 6). We note that the
reversible oxidation/photo-activation process was only observed when using TiO: as the support (see
Supplementary Table 2 for the chemical composition of catalysts), and Cu/TiO; exhibited higher
catalytic performance compared with other conventional metal oxide support (Supplementary Figure
7). To further prove the advantage of Cu/TiO catalysts, solar-driven MSR under low photon-flux
(512.0 mW cm?, 300-800 nm) was conducted without additional thermal energy input (see
Supplementary Figure 8 and 9). Upon solar light irradiation, a surface temperature of 170 °C was
detected over 5.8% Cu/TiO; catalyst, which exhibited significantly superior catalytic performance
(1724.1 umol g min') compared to the representative Cu/ZnO/Al,O3 (CZA) (784.6 umol g! min™)
and other noble-metal-based catalysts (Pt, Pd, and Au: 389.8, 137.4, and 75.7 umol g! min’,
respectively) under same irradiation condition (Figure 1d), outperforming most of the conventional
photocatalytic and thermocatalytic process under mild reaction conditions (Supplementary Table 3).
Only a trace amount of undesirable CO was produced, and other organic products (e.g., CH-O and
HCOOH) were not observed, suggesting an excellent selectivity of Cu/TiO; catalyst for initiating MSR
(Supplementary Table 4). We suppose that UV-light could excite TiO support to generate photo-
induced electrons, which serve to induce the reduction of Cu oxide to Cu metal, and the resulted

metallic Cu could further absorb visible light via LSPR to promote MSR/H; production.3? 33
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Figure 1. MSR activities of Cu/TiO> catalysts upon different light irradiation. a, Time-on-stream H»
production over 5.8% Cu/TiO; under different light activation condition at 170 °C. Insets show
representative photos of catalysts at different reaction stages, and the clear color change indicates
possible configurational and valence changes occurred on catalysts during the reaction. b, Reversible
photo-activation by UV—Vis light at 180 °C over 5.8% Cu/TiOs. ¢, Light activation procedures under
different reaction temperatures (150-210 °C) to validate the charge-carrier-initiated activation process.
The catalysts were pre-deactivated under the thermocatalytic condition at 150 °C. d, Solar-driven MSR

activity under the irradiation of low photon flux.

Structural change of Cu/TiO: in different reaction stages

The structures of catalysts were investigated to unravel the origin of their distinctive catalytic
behavior. High-resolution transmission electron microscopy image (HR-TEM) of Cu/TiO»-H»
demonstrated a clear lattice fringe of 0.182 nm assigned to the (200) plane of metallic Cu (Figure 2a).

Cu NPs with an average diameter of 3.0 nm were uniformly anchored on the surface of TiO> support



(Supplementary Figure 10), and a discrete distribution of Cu and TiO> was observed (Supplementary
Figure 11). After the reaction in dark condition (Cu/TiO2-D), a unique structural evolution of Cu was
discerned. The surface atoms of Cu were deviated from their original position, leading to an obvious
reconstruction of Cu NPs with a semi-coherent interface between TiO; support (Figure 2b). A lattice
fringe of 0.210 nm in the reconstructed Cu NPs was demonstrated to be (200) plane of Cu2O, and such
an oxidation of Cu into Cu2O was further confirmed by the high-resolution X-ray diffraction (XRD)
patterns (Figure 2d). We propose that the reactant molecules trail the surface atoms of Cu NPs out of
their original positions due to their strong interaction, as evidenced by the roughened surface of Cu
NPs. Such a strong interaction resulted in the penetration of O atoms of reactants into the subsurface
of Cu NPs during reaction. Notably, the oxidation of Cu NPs did not bring obvious sintering
(Supplementary Figure 12 and 13). Due to the small size of Cu NPs that consist of only several lattice
slabs, slight reconstruction of the atomic structure in surface/subsurface could induce the atomic re-
arrangement of a whole nanoparticle. The atomic transformation of original active metallic Cu into
oxides may enormously retard the surface catalytic reactions in respect of hindering the adsorption and
bond activation of reactants.

With the assistance of photo-induced electrons from TiO; upon UV light excitation, the CuxO in
Cu/TiO2-D can readily revert to the activated state (photo-activated state, Cu/TiO2-PA). The lattice
fringe of Cu in Cu/TiO2-PA was measured to be 0.203 nm, corresponding to the (111) plane of metallic
Cu, whereas the semi-coherent interface between Cu and TiO2 was preserved (Figure 2c¢). The reverted
reconstruction of Cu active sites was also confirmed by high-resolution XRD (Figure 2d). Such a
photo-activated reconstruction retarded the surface poisoning of Cu by maintaining the Cu NPs in the
metallic state, thus rendering a promoted activity and stability upon light irradiation.

The chemical state change with dynamic restructuring was investigated through the Cu K-edge
X-ray absorption near edge structure (XANES) spectra. The XANES spectrum over Cu/TiO»-H»
exhibited a similar absorption edge and shape of Cu foil, indicating the Cu species in Cu/TiO2-H; were
mainly in the metallic state (Figure 2e). Notably, upon the interaction with reactants in dark condition,
the absorption edge of Cu in Cu/TiO»-D distinctively shifted to higher energy, which is close to that of
Cu' in Cu0 reference. The XANES spectrum of Cu/TiO»-PA displayed a similar feature to that of
Cu/TiO,-H», further validating the reduction of Cu' into Cu upon light irradiation (Figure 2e).

Furthermore, the extended X-ray absorption fine structure (EXAFS) oscillations in R space (Figure 2f)
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revealed that the Cu in Cu/TiO2-H; and Cu/TiO2-PA exhibited main characteristic features for the
Cu—Cu bonds, whereas Cu/TiO-D showed no feature for the Cu—Cu with the appearance of Cu—O
bonds. Specific characteristics of the Cu—Cu and Cu—O bonds can be obtained by fitting the EXAFS
oscillation (Supplementary Figure 14—19 and Supplementary Table 5). The wavelet transforms contour
plots of Cu/TiO>-H, and Cu/TiO»-PA displayed a maximum intensity at approximately 6-8 A,
matching the Cu—Cu bond of Cu foil (Supplementary Figure 20). Comparatively, the maximum of the
wavelet transform plot of Cu/TiO2-D was located at 4-6 A!, corresponding to the oxygen atoms
surrounding the central copper atom.

All the above characterization results suggest that Cu active sites in Cu/TiO2 experienced severe
restructuring under operating MSR conditions, in which a full transformation of metallic Cu into Cu2O
under dark condition was observed. The strong interaction between Cu/TiO; and UV light, which is
manifested by photo-excited charge carriers from TiO> support, activates the inoperative catalysts in-
situ, rendering a dynamic transformation of Cu20 back into catalytically active metallic Cu for a more

facile surface reaction.
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Figure 2. Structures of Cu/TiO; catalysts in different reaction stages. a, HR-TEM image of Cu/TiO»-
H>. b, HR-TEM image of Cu/TiO»-D. ¢, HR-TEM image of Cu/TiO»-PA. d, XRD patterns of Cu/TiO>
catalysts in different reaction stages. e, XANES spectra at Cu K-edge of Cu/TiO; catalysts in different
states and reference samples. f, Fourier transformed Cu K-edge EXAFS oscillation of Cu/TiO:

catalysts in different states and Cu foil.



In-situ investigation of dynamic restructuring on Cu/TiO2

In-situ techniques provide more real-time evidences for a deeper understanding, although the
above ex-situ characterizations confirmed the structural change of Cu active sites. Operando
ultraviolet—visible diffuse reflectance spectra (UV—Vis DRS) of catalysts were investigated using a
UV-Vis spectrophotometer equipped with an in-situ reaction cell. As presented in Figure 3a, the fresh
sample (dark 1 min) demonstrated a typical LSPR absorption peak of metallic Cu at approximately
590 nm.>* 3% Slight change of the surface oxidation condition of Cu species renders substantial shift of
light absorption spectrum, which can be attributed to the fact that Cu LSPR is highly sensitive to local
chemical state.'® 3> After exposure of Cu/TiO2 to MSR condition at 170 °C, the LSPR peak of Cu
gradually disappeared with the appearance of a shoulder peak at an absorption edge of approximately
550 nm, which can be attributed to the transformation of Cu to CuO, in accordance with observed
color change during activity measurement. During the diminishing process of the Cu LSPR peak (590
nm), a gradual red-shift can be observed (inset in Figure 3a), suggesting that Cu NPs with smaller
diameters were easier to be oxidized. Successive irradiation by UV light (67.9 mW cm) induces a
drastic transformation of chemical status of catalysts, manifested as the reduction of Cu2O back into
metallic Cu (reappearance of LSPR absorption peak at 590 nm). Similar light-activation process could
not be initiated by using visible light solely, even the light intensity was as high as 458.1 mW cm™
(Supplementary Figure 21), emphasizing the pivotal role of UV light in facilitating the valence and
configuration change of Cu species (Supplementary Figure 22).

The oxidation state of Cu species was further monitored by in-situ diffuse reflectance infrared
Fourier transform spectroscopy using CO as probe molecules (in-situ CO DRIFTS, see Supplementary
Figure 23 and Supplementary Note 2 for peak assignment). In Cu/Ti02-Hz, the Cu species were mostly
in metallic states, as evidenced by the appearance of peaks at 2055 and 2105 cm™ (Figure 3b).
Compared to Cu/TiO»-Ha, the signal intensity of CO adsorption in Cu/TiO2-D (2105 cm™) was
drastically diminished, which could be attributed to the substantial coverage of Cu species by surface
reactants, lowering the adsorption capacity. The vanished peak at 2055 cm™! (small metallic Cu NPs)
and preserved absorption peak at 2173 cm™ (Cu!(CO).) in Cu/TiO2-D concertedly verified the
transformation of Cu into Cu' in Cu/TiO,-D. Subsequent light activation led to the reduction of Cu!

back into the metallic state, as can be observed by the increase of the bands in 2105 cm™ with the re-
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appearance of the small Cu NPs signal (2055 cm™) (Figure 3b). Such a chemical state evolution of Cu
was further confirmed using in-situ near ambient pressure X-ray photoelectron spectroscopy (in-situ
NAP XPS). As revealed by Cu 2p spectra (Figure 3¢), Cu/TiO2-Hz only displayed Cu® feature, whereas
a noticeable satellite peak (947.0 eV) corresponding to the Cu! feature was detected over Cu/TiO»-D.3®
After introducing light, the Cu 2p spectrum changed back into a metallic Cu feature (Figure 3c).
Combined with various in-situ techniques (UV—Vis DRS, CO DRIFTS and NAP XPS), the dynamic

change of the oxidation state of Cu species in different reaction conditions was comprehensively

revealed.
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Figure 3. In-situ investigations of light-induced dynamic restructuring. a, In-situ UV—Vis absorption
spectra of Cu/Ti0; under different reaction conditions. b, /n-situ CO DRIFTS spectra of the Cu/TiO2
catalysts in different reaction stages. ¢, Cu 2p spectra of in-situ NAP XPS characterization under

different reaction conditions, corresponding to Cu/TiO2-Hz, Cu/TiO2-D, and Cu/Ti0,-PA, respectively.

Correlation between the reaction intermediates and the dynamic restructuring
In-situ DRIFTS and in-situ NAP XPS were further applied to advance the understanding of the

underlying mechanism for the observed oxidation and photo-induced activation of Cu. /n-situ DRIFTS
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analysis was conducted during MSR under dark or light conditions in order to provide further
fundamental insights into how the light-matter interaction could facilitate a more efficient surface
transformation. The reaction pathways for MSR have been well established according to previous
literature,?” 3 with the key intermediates involving HCOOCH3, CH,0, HCOOH, or CO identified
over Cu-based catalysts (Supplementary Figure 24).% ** 4 During measurement, no peaks related to
gaseous or adsorbed CO (2100 to 2000 cm™') were observed in each reaction conditions, excluding the
formation of CO as reaction intermediate.*! The characteristic peaks at around 2360 cm™! were defined
as CO2 (one of the products) (Figure 4a). Interestingly, under dark condition, the peak intensity
increment of CO; gradually decreased, which could be attributed to the deactivation of catalysts at
170 °C under dark condition. Adding light energy can facilitate the reaction, as evidenced from the
slope change, under light irradiation, peak intensity of CO> grew faster compared with that under dark
condition (Figure 4b), which is in consistent with observed results in kinetic measurement. Under dark
condition, C—H stretching vibrational modes of methanol species (around 2950 cm™) showed a slight
decrease, followed by a sharp decrease after adding light, signifying a more pronounced conversion of
methanol species upon light irradiation (Figure 4a).*** Furthermore, Cu—OCH3 (1450 cm™) gradually
became evident under dark condition, while it was disappeared after introducing light energy (Figure
4a).?* * These phenomena indicate a severe accumulation of *CH30 that bonds with Cu, which may
block the Cu active site under dark condition. More importantly, the light can endow a more reactive
surface by stimulating the decomposition of accumulated *CH3O species for triggering succeeding
conversion. As the result, after light irradiation, another upward peak related to the vibrational modes
of *HCOO appeared at 1560 cm™', which was produced from successive conversion of the *CH30O
species (Figure 4a and b).*

To further probe the difference in residual adsorbates after reaction under dark or light condition,
additional DRIFTS measurements were undertaken (Figure 4c). The background spectrum was firstly
recorded in Ar atmosphere at 170 °C, followed by reaction with/without light irradiation for 30 min.
Afterward, the chamber was purged by Ar gas for another 30 min to eliminate the weakly adsorbed
species. Surface *CH;30 species (2937 and 2838 cm™)?>* and *HCOO species (1560 and 1361 cm’
12245 were identified under both dark and light condition. Compared to the residual species under dark
condition, the surface coverage of *CH3O species was decreased obviously under light condition. In

contrast, a notable increase of *HCOO species can be observed under light condition, further verifying
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the transformation of *CH30 to *HCOO. Such a correlation indicates that the accumulation of *CH30
might be the reason for the deactivation in dark condition, and more critically, with the assistance of
light energy, *CH30O species could be smoothly decomposed, rendering a swift turnover of consecutive
reaction steps.

Long-lived surface adsorbates were further confirmed by C 1s spectra of in-situ NAP XPS
measurements. C 1s spectrum in the fresh sample (0.3 mbar H», 350 °C) showed peaks at 285.0 and
286.0 eV from adventitious carbon (Figure 4d). After introducing gaseous reactants (0.3 mbar gaseous
CH30H and H>O, 170 °C), three external peaks centered at 288.1, 287.3, and 285.7 eV were observed,
which correlate to gaseous CH;OH, *HCOO, and *CH30—Cu species,***’ respectively, manifesting a
substantial coverage of these predominant intermediates (Figure 4d). With the existence of these
strongly bonded adsorbates, the Cu species could be gradually oxidized, whereas the chemical state of
Ti and O remained nearly unchanged (Supplementary Figure 25). After introducing light, the surface
coverage of the prominent intermediate (*CH30—Cu) was decreased (Figure 4d), accompanied with
the Cu 2p spectrum changed back into metallic Cu feature (Figure 3¢). The change behavior of Cu 2p
and C 1s in the in-situ NAP XPS reveals the interrelation between the intermediate evolution and the
dynamic change of the oxidation state of Cu species. Under dark condition, reaction intermediates are
stable and strongly bond to Cu species, blocking the active site of Cu. More importantly, UV—visible
light facilitates the decomposition and conversion of such long-lived adsorbates, which enables a

dynamic change of Cu chemical state to facilitate surface catalytic transformations.
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Figure 4. Correlations between the reaction intermediates and the dynamic restructuring. a, In-situ
DRIFTS spectra of Cu/TiO; under dark and light conditions at reaction temperature of 170 °C. b, Slope
change of the peak intensity of key intermediates derived from Figure 4a. ¢, Residual surface
adsorbates after MSR with/without light irradiation. d, C s spectra in the in-situ NAP XPS
characterization under different reaction conditions, corresponding to Cu/TiO2-H2, Cu/TiO»-D, and

Cu/TiO2-PA, respectively.

First-principles molecular dynamics simulations

Two computational models (model A: Cu/TiO2, and model B: Cu2O/TiO;, see Supplementary for
detailed information) were constructed to simulate the motion of atoms (with molecules) and the
corresponding electronic structure of the entire system using first-principles methods based on local-
density approximations of density functional theory (DFT-LDA). First-principles quantum molecular
dynamics simulations based on the Car-Parrinello method (CPMD) were used to investigate the state
of each model in thermal equilibrium at 170 °C.

In model A (Cu/TiO2), spontaneous dissociative adsorption of CH30H can be observed, forming
*CH30 species near the interface between Cu and TiO> (Supplementary Figure 26). The accumulation
of such species is supposed to be responsible for the observed oxidation of Cu due to the strong metal-
reactant interaction. Since the electronic structure of Cu metals was superimposed on TiO2, metallic
Cu is proposed to serve as a charge transfer channel, delivering UV-excited electrons from TiO; to
reactants (See supplementary Note 3 for detailed discussion).

In model B (CuxO/Ti02), spontaneously dissociative adsorption of CH30H resulted in two sets
of species. One was (—T1)—~OCH3 and (—Cu—O)—H in the interface between Cu,0 and TiO» (Figure 5a),
and another was (—Ti)~OCHj3 and (—Ti—O)—H on the TiO; surface (Figure 5b). At this moment, the
electronic structure of Cu,0O was found to be superimposed on the electronic structure of TiO> formed
by Ti 3d and O 2p (Figure 5c). The upper edge of the Cu 3d band was well mixed with the lower edge
of Ti 3d band and O 2p band of Cu,0, whereas the density of state in O 2p band of TiO> near this
energy was much smaller than that of O 2p band of Cu2O (marked in red in Figure 5c). In this case,
the UV-excited electrons of O 2p of TiO: could enter the Ti 3d band and simultaneously inject into the
Cu 3d band with the additional help of the O 2p wavefunction of Cuy0, reducing the formed CuxO

into metallic Cu. As the result, photo-induced electrons from the TiO> were mostly consumed in the
13



reduction of Cu0O due to the strong wavefunction coupling between CuO and TiO». Looking at the O
2p components of (—Ti)—OH and (—Ti)—OCH3 formed by dissociative adsorption of H>O and CH30H,
releasing H from —OH or from that of —OCHj3 can be expected by inducing unstable states due to the
electron extraction upon UV irradiation (Supplementary Figure 27).

Our simulations demonstrate the role of photo-induced charge carriers and *CH30O species during
dynamic restructuring of Cu. The accumulation of *CH30 species, produced from CH30H activation
via TiO2 (see Supplementary Note 4 and reference®®), plays a decisive role in inducing the oxidative
restructuring of Cu to CuxO. Once the light is applied, the UV-excited electrons from TiO; could
initiate reductive structuring of as-oxidized Cu2O into metallic Cu with the assistance of O 2p
wavefunction of CuxO, resulting in a dynamical restructuring of Cu (Figure 5d). Consequently, due to
the plasmonic nature of metallic Cu, visible light can be utilized to produce hot carriers, which could
cooperate with the charge carriers from TiO; to further promote the surface reaction. Such a
cooperative photoactivation process, together with resulting structural optimization, concertedly

contribute to the outstanding performance of dynamic photocatalysis.

Cc 05 Cu_3dof § Ti_3dof E O_2pof O_2pof d & 4 %
3 u “Cu,0
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Figure 5. DFT-based first-principles molecular dynamics simulation and proposed process for photo-
initiated dynamic structural evolution on Cu/TiO> catalysts. a, Geometry at the moment when the
CH30H came close to the interface between Cu2O and TiO: support. b, Geometry at the moment of
dissociative adsorption of CH30H on TiO; surface. ¢, Electronic properties of model B (CuxO/TiO2)
thermally equilibrated at 443 K. Gray, brown, red, dark gray and white indicate Ti, Cu, O, C, and H,
respectively. Black broken line indicates the highest occupied level, and yellow shadow indicates the

band gap of TiO2 support. d, Schematic illustration of dynamic reversible photo-activation process.
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Conclusion

We demonstrate a solar-induced dynamic restructuring over Cu/TiO» catalysts to revive the
catalytic activity for low-temperature H» production. Specifically, Cu nanoparticles undergo an
oxidative restructuring into CuxO with severe thermal deactivation under the dark condition, while it
manifests a sharp increase in catalytic activity and stability due to the UV light-induced reductive
restoration into metallic Cu. In-situ characterizations combined with DFT-based molecular dynamics
provide a comprehensive insight into how the light-matter-reactant interaction drives the structural and
chemical change of Cu. The accumulated adsorbates of *CH30 under dark condition oxidize the Cu
active sites, whereas the UV-excited electrons from TiO> facilitate Cu restructuring to promote the
adsorbate dissociation. Besides, the reverted plasmonic Cu could capture visible light to further
promote the surface reaction. The interplay of UV and visible light renders a cooperative photo-
activation process, enhancing the stability with activity outperforming most of the conventional
photocatalytic and thermocatalytic processes. This study demonstrates a novel and feasible strategy to
regulate the structural evolution of active surface sites during the reaction, which in turn provides
alternative protocols to construct a highly efficient and stable reaction center toward broader and more

sustainable industrial reactions.
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