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18 Abstract

19 The global energy crisis has driven research into earth-abundant copper (Cu)-modified TiO2 photocatalysts 
20 for solar hydrogen evolution (HER). Current high-performance TiO2-based catalysts demonstrate optimal 
21 performance under UV light, which constitutes ~5% of the solar spectrum. However, they exhibit negligible 
22 activity under illumination with longer wavelengths (λ > 380 nm), which represent ~50% of solar spectra, 
23 hindering their practical application. Understanding dynamic catalyst/co-catalyst interfacial changes and 
24 charge transfers is critical for optimization, yet progress is hindered by the need of expensive, specialized 
25 techniques lacking broad accessibility. We address these challenges by developing highly active 
26 photocatalysts featuring highly-dispersed multivalent Cu active sites on surface-reduced TiO2. 
27 Systematically controlling the amount of Cu loaded, we achieve one of the highest reported activities for 
28 transition metal-modified TiO2, reaching 9.35 mmolH2·gcat

-1·h-1 under simulated solar light conditions and 
29 1.23 mmolH2·gcat

-1 after 3 h under λ> 380 nm illumination. The AQY values were calculated as 40.81% at 
30 340 nm and 3.22% for 390 nm indicating efficient utilization of simulated solar light especially in the UV-
31 region. XPS, UV-DRS and HAADF-STEM confirm coexisting Cu1+/Cu2+ species and ~1.5 nm CuxO (x=1, 
32 2) nanoclusters, highly dispersed on the TiO2 support. We further propose a solid-state operando UV-DRS 
33 approach enabling direct observation of the dynamic, reversible reduction of Cux to Cu0 under illumination, 
34 triggered by the charge transfer between TiO2 and Cux. The photocatalyst displays remarkable stability, 
35 maintaining full activity for at least 26 hours of solar irradiation and retaining significant activity after 18 
36 months in the aqueous/methanol dispersion. This work provides a design strategy for robust, high activity 
37 HER photocatalysts, and an accessible operando platform for mechanistic studies in heterogeneous 
38 photocatalysis.
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41 1. Introduction
42 Energy transition, which is not only associated with the issue of energy scarcity due to the 
43 depletion of fossil fuels, but also with the impact of their combustion on climate crisis, has been a 
44 topic of considerable discourse over the past decade. Concurrently, high-temperature chemical 
45 industrial processes, which demand substantial energy inputs, have become increasingly costly, 
46 presenting significant challenges to sustainability. As a result, the scientific community  has been 
47 extensively exploring alternative fuels to develop more sustainable and “green” processes.1–5 
48 Among the available energy sources, hydrogen (H2) is regarded as one of the most promising due 
49 to its high energy density and potential to reduce harmful emissions during combustion, which are 
50 commonly associated with traditional fossil fuels.6 Currently, H2 is primarily produced through 
51 thermal catalytic reforming of fossil fuels and water electrolysis. However, a more sustainable 
52 approach is required for large-scale hydrogen production.7 Solar light, a largely underutilized 
53 resource, presents an opportunity for efficient hydrogen production through photocatalysis, a 
54 process that converts solar energy into chemical energy.8
55 The utilization of photocatalytic processes can be traced back to the early 20th century; 
56 however, it was not until the seminal work of Fujishima and Honda in the 1970s that the potential 
57 of semiconductor materials in heterogeneous catalysis for hydrogen generation was realized.9 They 
58 demonstrated the photolysis of water under solar light using a single-crystalline titanium dioxide 
59 (TiO2) electrode. Since then, numerous semiconductors have been investigated for hydrogen 
60 evolution reactions (HER), including metal oxides (e.g., TiO2, ZnO), oxynitrides (e.g., TiONx), 
61 carbon-based catalysts (e.g., g-C3N4), and perovskites.10,11 Although direct water splitting through 
62 heterogeneous photocatalysis is a highly desirable approach for scalable hydrogen production, 
63 current catalysts suffer from low activity due to poor solar light utilization, fast exciton 
64 recombination, and limited reusability. TiO2 remains a focal point in photocatalysis research due 
65 to its affordability, low toxicity, and high stability 12–14. However, its wide bandgap (3–3.2 eV) 
66 constraints light absorption, reducing its overall efficiency.15 Various strategies have been 
67 explored  to overcome the limitations that hinder the applicability of TiO2, including doping TiO2 
68 polymorphs with heteroatoms (e.g. Cu, Ag, Mn, N) to narrow its bandgap, decorating TiO2  with 
69 noble metal nanoparticles (e.g. Pd, Ag, Au) to exploit localized surface plasmon resonance (LSPR) 
70 effects and forming heterojunctions with other semiconducting materials to leverage band 
71 alignment for  enhanced  quantum efficiency and electron participation in the reaction.14,16–24

72 Despite considerable progress in these strategies, no catalyst has yet been reported to achieve broad 
73 light absorption, high HER activity, and long-term stability simultaneously. This challenge is 
74 primarily attributed to fast exciton recombination and poor electron utilization. Given that 
75 photocatalysis is a surface-dependent process, an ideal photocatalyst should possess a high surface-
76 to-volume ratio, precisely tailored catalytic centres, and efficient light absorption.25

77 The concept of highly dispersed metal catalysts, reaching even atomically dispersed sites 
78 i.e. single-atom catalysts, has gained considerable attention in catalysis and photocatalysis due to 
79 their ability to create uniform atomic-scale catalytic centres on semiconductor surfaces.26 
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80 Transition metals, when reduced in size, exhibit unique catalytic properties, that make them highly 
81 effective in photocatalytic or electrocatalytic processes  such as CO2 reduction, CO oxidation, 
82 H2O2 production, polyester plastics reforming, oxygen reduction reaction (ORR) and 
83 photocatalytic HER.27–30 Platinum (Pt) has been widely regarded as the premier metal co-catalyst 
84 for HER, owing to its optimal Fermi level position that facilitates the formation of a Schottky 
85 barrier with  semiconductors like TiO2 and CdS, thereby promoting efficient charge separation. 
86 Recent advancements highlight its continued efficacy; For instance, Gui et al., reported a MoS2-
87 TiO2 heterojunction where the loading of Pt nanoparticles enabled a dual-function system for 
88 simultaneous benzaldehyde production and H2 evolution (0.56 mmolH2·gcat-1·h-1) under simulated 
89 solar light.31 In another study, a CdS/SiO2 composite embedded within a ferroelectric PVDF, 
90 achieved remarkable H2 evolution rates when loaded with Pt.32 Despite this exceptional activity, 
91 the widespread, practical application of Pt remains constrained by its scarcity and high-cost, 
92 driving the search for earth-abundant alternatives. Among transition metals, copper (Cu) is 
93 particularly attractive as a co-catalyst due to its cost-effectiveness compared to noble metals.33–35  
94 The development of highly dispersed Cu  catalysts on TiO2 has already shown promising results 
95 for HER under solar light irradiation. For example, Zhang et al. synthesized Cu single-atom 
96 catalysts on TiO2 with high apparent quantum efficiency (56 % at 365 nm), utilizing MIL-125, a 
97 metal-organic framework (MOF) known for its high surface area and multiple Cu binding sites.30 
98 This resulted in a photocatalyst, with one of the highest reported HER activity under simulated 
99 solar light. An alternative approach involves using transition metals as dopants and as single-atom 

100 catalytic centres. This can be achieved by doping of Cu2+ and the immobilization of atomic Cu 
101 centres or sub-nanometric nanoclusters, or through the interaction of different energy bands, as 
102 seen with heteroatoms, such as N, along with the immobilization of Cu catalytic centres on TiO2.36–

103 38 Both methods have been shown to result in significantly higher activity for HER under simulated 
104 solar light. Another approach focuses on the role of different single-atom catalysts immobilized 
105 on TiO2, such as Cu and Pr, in extending the lifetime of photogenerated electrons and facilitating 
106 their transfer to Cu catalytic centres. In this way, the d- and f- orbitals of Cu and Pr, respectively, 
107 contribute to the electronic modification of the catalyst, leading to significantly higher activities 
108 for H2 evolution compared to when each element is immobilized separately on TiO2.39 
109 Mechanistic insights into the reaction kinetics and the evaluation of structural and valence changes 
110 of Cu co-catalysts and TiO2 support have predominantly relied on theoretical approaches. Density 
111 functional theory (DFT) calculations have been widely used to predict and rationalize the catalytic 
112 cycles for H2 generation from a thermodynamic perspective. Numerous studies have explored the 
113 activation of TiO2 under solar light, focusing on the mitigation of photogenerated electrons to 
114 reduce isolated Cu2+ ions to Cu1+, followed by the reduction of adsorbed H2O molecules to 
115 facilitate H2 (g) generation.40–43 In addition to theoretical calculations, EPR measurements have 
116 been employed to monitor the transition of Cu²⁺ ([Ar]3d9) to the EPR-silent Cu1⁺ ([Ar] 3d10) upon 
117 light irradiation.30,44 Furthermore, in situ X-ray photoelectron spectroscopy (XPS) and X-ray 
118 absorption near edge structure (XANES) measurements have provided valuable insights into the 
119 changes in the oxidation state of Cu single-atom catalytic centers.30,36,38,44,45 Despite significant 
120 advances in the field, challenges remain in experimentally studying the mechanisms of 
121 heterogeneous photocatalysis. The existing literature lacks experimental approaches that are not 
122 only cost-effective and easily accessible but also capable of elucidating the dynamic changes in 
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123 Cu catalytic species on the TiO2 surface under solar-light irradiation. Furthermore, such 
124 methodologies are essential for investigating catalytic mechanisms in other heterogeneous 
125 photocatalyst systems
126 Herein, we report the synthesis of a robust photocatalyst for solar-driven HER composed 
127 of highly dispersed, multivalent Cu catalytic-sites supported on TiO2. This catalyst exhibits 
128 exceptional activity for H2 evolution from water splitting under simulated solar light demonstrating 
129 high-activity even at the near UV-visible range, with methanol employed as a hole scavenger 
130 (electron donor). Comprehensive structural and morphological characterizations were conducted 
131 to elucidate the interaction between Cu species and the TiO2 surface, as well as the impact of the 
132 synthetic procedure on TiO2. A series of nanocomposites with varying Cu loadings were evaluated, 
133 and the most active photocatalyst was identified based on HER performance. Long-term stability 
134 tests were conducted, along with an analysis of rate-limiting factors involving the catalyst and the 
135 sacrificial agent. Finally, we propose an all-solid-state operando approach for monitoring changes 
136 at the photocatalyst surface. This method enables real-time correlation of Cu valence state 
137 dynamics, and electron donor interactions using UV-DRS measurements under simulated solar 
138 light irradiation. 
139

140 2. Results and Discussion
141 2.1. Synthetic procedure rationale
142
143 The dispersed Cu active-sites on TiO2 catalysts were synthesized using a facile sol-gel 
144 approach coupled with solvothermal treatment (Figure 1). TiOx(OH)4-2x, the amorphous polymer 
145 formed by the spontaneous condensation of Ti(OH)4 monomeric units, was chosen as the precursor 
146 to facilitate the direct deposition of Cu through the chemical reduction of the divalent copper 
147 precursor, Cu(NO3)2·3H2O. Since crystalline TiO2 polymorphs exhibit high stability and resist the 
148 formation of surface defects under mild conditions or without the use of aggressive agents like HF, 
149 the amorphous precursor polymorph could potentially serve as a platform for the simultaneous 
150 generation of surface defects and the incorporation of reduced copper species. This is achieved 
151 through NaBH4 induced reduction, enabling the development of highly dispersed metal active sites 
152 on supports under controlled, non-corrosive conditions.46,47 Additionally, calcination at high 
153 temperatures is known to reduce pore size and limit surface area due to the agglomeration of TiO2 
154 crystallites. In contrast, this synthetic procedure leverages the abundant binding sites available in 
155 the amorphous TiO2 precursor, which are preserved under milder processing conditions, ensuring 
156 enhanced dispersion and immobilization of Cu-active sites. To further optimize the reaction 
157 environment, inert argon (Ar) gas was introduced into the dispersion in the Schlenk flask, to 
158 effectively remove dissolved oxygen from the solution. This inert atmosphere prevents unwanted 
159 oxidation and prolongs the stability of surface defects, such as oxygen vacancies (Ovac) and Ti³⁺ 
160 sites, generated after the addition of the strong reductive agent, NaBH4. These defects, in 
161 conjunction with crystal imperfections that result in kinks, steps, or terraces, play a critical role in 
162 stabilizing Cu at the required valence state for charge compensation. This is because Cu has been 
163 shown to have a high affinity for areas of support with higher electron density.48 
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164 The chemical reactions taking place after the introduction of NaBH4 can be summarized by the 
165 following equations:
166
167 𝐶𝑢2+ +2𝛣𝛨―

4 +6𝛨2𝛰→ 𝐶𝑢0 +2𝐵(𝑂𝐻)3 +7𝐻2↑                                                                    (1)
168
169 𝑇𝑖4+ + 𝑒―→ 𝑇𝑖3+                                                                                                                          (2) 
170
171 𝑂2― + 2𝑒―→ 𝑂𝑣𝑎𝑐                                                                                                                       (3)

172
173  Figure 1. Schematic representation of the synthetic procedure

174 2.2 Material characterization

175 2.2.1 Microstructure characterization and surface composition of the photocatalysts

176 Phase identification through PXRD revealed that tetragonal anatase was the only detectable 
177 crystalline phase in all samples. Specifically, diffractions at 25.2°, 36.8°, 37.7°, 38.7°, 47.9°, 53.8°, 
178 55°, 62.7°, 68.7°, 70.3°, 75.1°, 75.9° and 82.7° are assigned to the (101), (103, (004), (112), (200), 
179 (105), (211), (204), (116), (220), (215), (301) and (312) crystal planes of anatase (Figure 2a). No 
180 diffraction peaks of zero-valent Cu or its oxides, CuO or Cu2O, were observed even at the highest 
181 copper loading on the TiO2 support. The absence of characteristic diffraction peaks for copper 
182 species in the XRD pattern suggests a high degree of Cu dispersion on the TiO2 nanoparticles 
183 surface, likely in the form of  isolated few-nanometric clusters. Alternatively, the copper clusters 
184 may be present at concentrations below the instrumental detection limit, further supporting the 
185 hypothesis of highly dispersed Cu species. To assess the potential incorporation of copper atoms 
186 and their surface doping in TiO2, the position of the (101) plane was analyzed for each sample 
187 (Figure 2b). The analysis revealed a negligible shift to lower 2θ angles, for the 1Cu-CS@TiO2 
188 (sr) sample relative to the unmodified TiO2 (sr) reference. The absence of a significant shift 
189 suggests that no substantial lattice parameter change occurs, which would be expected if Cu2+ 
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190 (0.087 nm) had substituted for Ti4+ (0.074 nm) in the bulk crystal structure.49 The observed minor 
191 shift is therefore attributed to an instrumental artifact, such as sample displacement during analysis. 
192 This result further supports that copper species are not incorporated into the TiO2 lattice but are 
193 instead dispersed on the catalyst surface and are available to participate in catalytic redox 
194 processes.. Rietveld refinement of the diffraction patterns was employed to quantify any subtle 
195 changes in lattice parameters or strain resulting from ion substitution. Of note, the lattice 
196 parameters (a= b, c) of bare TiO2 (sr) match the reported values of the ICSD card no. 142916 
197 (Table S-1). The observed microstrain value of 0.036% can be associated with the existence of 
198 oxygen vacancies (Ovac) located near Ti3+ ions, which predominantly reside within the bulk rather 
199 than on the surface of the nanoparticles. This is due to the inherent instability of undercoordinated 
200 Ti3+ ions at the elevated temperatures encountered during the calcination process in air, rendering 
201 their presence on the surface less favorable. The formation of a limited amount of such defects in 
202 the bulk structure contributes to the measured microstrain, reflecting localized lattice distortions 
203 caused by oxygen vacancies and Ti3+ interactions. These defects may originate from the strong 

Figure 2. a) PXRD patterns of the synthesized photocatalysts b) Differences in the position of the diffraction 
attributed to the (101) plane of anatase as a result of Cu loading c) Raman spectra and shifting of the E1g vibration of 
the crystal lattice of anatase d) Full IR-ATR spectra of the synthesized photocatalysts e) 1100 – 1900 cm-1 and f) 
2500 – 3700  cm-1 break-downs of the IR spectra
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204 reducing power of NaBH4, which interacts with the polymeric amorphous precursor. This 
205 interaction may result in the cleavage of Ti-O bonds, creating lattice imperfections, which in turn 
206 could be incorporated into the nanoparticles during the assembly of larger TiO2 nanoclusters, 
207 influencing their final structure and properties and as a result increasing the microstrain value.50,51

 
208 This observation is further supported by the trend in microstrain values, which correlates with the 
209 increasing NaBH₄ concentration and reaches a maximum for the 3Cu-CS@TiO2 (sr) sample. The 
210 contribution of Cu to the lattice strain appears to be negligible in the case of bare TiO2 (sr) and 
211 3Cu-CS@TiO2 (sr), as both samples were prepared using an equivalent amount of NaBH4, 
212 resulting in comparable microstrain values. Additionally, increasing NaBH4 concentration in the 
213 presence of a higher Cu2+ precursor concentration (as in the 4Cu-CS@TiO2 (sr) sample) did not 
214 significantly alter the microstrain value of the nanocomposite. This suggests that the copper 
215 species predominantly interacts with TiO2 at the surface, with minimal bulk substitution of Ti4+ 
216 with Cu2+. This surface-dominated interaction further indicates the limited incorporation of Cu 
217 into the bulk structure of TiO2. Finally, the plateau in the microstrain value for the 3Cu-CS@TiO2 
218 (sr) sample indicates that further NaBH4 addition does not introduce additional defects during the 
219 synthetic procedure, confirming no further impact on the Ti4+ and O2- ions in the polymeric 
220 precursor. Unit cell volume calculations provide further insight into the location of the surface 
221 incorporated Cu atoms. Specifically, the anatase crystal lattice volume increases up to the 2% mol 
222 Cu/Ti for the 2Cu-CS@TiO2 (sr), primarily due to the unit cell expansion along the a, b and 
223 especially the c-axis (Table S-1).52 This observation, could further suggest a subtle anisotropic 
224 distortion of the anatase lattice along the c-axis, likely attributed to Cu atoms preferentially 
225 occupying positions along this direction. The crystallite size of the TiO2 nanoparticles remained 
226 largely unaffected by the introduction of the copper precursor in the solution, further 
227 demonstrating that Cu primarily interacts with the surface of TiO2. This results in a decoration-
228 mediated modification rather than a doping effect, which could potentially alter the average 
229 crystallite size. In our case, the average crystallite size of the synthesized photocatalysts ranged 
230 from 17.4 ± 0.4 (for 1Cu-CS and 3Cu-CS@TiO2 (sr)) to 18.8 ± 0.4 nm (for the sample 2Cu-
231 CS@TiO2 (sr)). 
232 Raman spectroscopy was employed to further investigate possible changes in the vibrations 
233 of the anatase crystal lattice upon the introduction of increasing Cu concentrations. The absence 
234 of vibrations of the crystalline phases of CuO or Cu2O further supports the argument that copper 
235 exists in a highly dispersed state, as  amorphous or sub-nanometric crystalline nanoclusters on the 
236 TiO2 surface. Vibrations at 144, 196, 397, 517 and 639 are assigned to the three Eg modes and A1g 
237 and B1g modes of the anatase crystal lattice (Figure 2c).14 The inset in Figure 2c indicates a 
238 negligible shift in the Eg₁ band of TiO2, which is most prominent in the 4Cu-CS@TiO2 sample. 
239 This subtle shift suggests a slight shortening of Ti - O bond distances due to minimal substitution 
240 of Ti4+ ions by Cu2+ or Cu1+ ions.53 Even at low concentrations, Cu incorporation introduces 
241 localized strain, slightly compressing the Ti - O bonds and causing the observed shift. This effect 
242 aligns with the anisotropic behavior of the anatase lattice, where the c-axis is most susceptible to 
243 structural modifications, while the a and b lattice constants remain largely unaffected. The stability 
244 of the a and b axes further supports the hypothesis that Cu incorporation is limited and primarily 
245 affects the local bonding environment rather than inducing significant bulk lattice distortion.54

246
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247

248

249 To analyze the chemical species, present on the surface of the synthesized photocatalysts, 
250 we employed IR-ATR spectroscopy. The characteristic Ti - O stretching vibrations, originating 
251 from the TiO6 octahedra within the anatase unit cell, were observed in the spectral region of 400–
252 900 cm-1 for all samples, as illustrated in Figure 2d. The bending vibration of the –OH groups 
253 bound to TiO2 at 3300 cm-1 is evident in all samples, though its intensity decreases as the copper 
254 concentration increases. The most intense vibration is observed in the TiO2 (sr) sample, indicating 
255 an abundance of binding sites such as terminal Ti atoms, Ti3+ ions, oxygen vacancies, or bridging 
256 oxygen atoms, which serve as favorable sites for hydroxyl group binding.55 This outcome can be 
257 ascribed to the specific interaction of copper with the surface sites where –OH groups would 
258 typically bind, thereby reducing their availability for binding of the hydroxyl group . 
259 Consequently, as the copper content increases, the concentration of surface –OH groups decrease, 
260 reflecting the competitive binding between copper species and –OH groups on the TiO2 surface 
261 (Figure 2e). In addition to the hydroxyl groups, a weak vibration at 1637 cm-1 corresponds to the 

Figure 3.  XPS surface analysis of the synthesized photocatalysts. Selected regions for comparison of a) C 1s 
b) Ti 2p c) O 1s and d) Cu 2p3/2.
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262 bending modes of O–H bonds in adsorbed water molecules, indicating the presence of water on 
263 the surface of the nanocatalysts (Figure 2f).56 Two distinct bands centered at 1440 cm-1 and 1556 
264 cm-1 arise from the symmetric (νₛ) and asymmetric (νₐₛ) stretching vibrations of carboxylate 
265 (COO⁻) ions, respectively (Figure 2f). The absence of a band at 1700 cm-1, which would 
266 correspond to the C=O stretching of free acetic acid, suggests that acetic acid is not adsorbed on 
267 the surface of the nanocatalysts.57 Instead, the observed bands indicate the presence of coordinated 
268 acetate ions bound to surface atoms of the TiO2 nanoparticles. The bands at 2849 cm-1 and 2924 
269 cm-1 can be assigned to the symmetric and asymmetric C–H stretching vibrations of –CH2 groups, 
270 while the band at 2957 cm-1 originates from the asymmetric C–H stretching vibrations of - CH3 
271 groups.58 Notably, the intensity of these bands increases with increasing concentration of dispersed 
272 copper species, suggesting a strong correlation between the presence of copper and the adsorption 
273 of organic species, such as acetate ions and hydrocarbon fragments, on the surface of the 
274 nanocatalysts. One plausible explanation for this observation is that copper species, which through 
275 the synthetic procedure that was employed, can exist in three different valence states Cu0, Cu1+ or 
276 Cu2+ play a key role in the adsorption process. Specifically, Cu2+ ions exhibit a high affinity for 
277 complexation with carboxylate groups (e.g., acetate ions) due to their strong Lewis acidity and 
278 ability to form stable coordination complexes.59 As the concentration of dispersed copper 
279 increases, the proportion of Cu2+ ions likely becomes more significant, particularly in the 3Cu-CS 
280 and 4Cu-CS@TiO2 samples. This increase in Cu2+ concentration enhances the adsorption of 
281 acetate ions, leading to the observed increase in intensity of the carboxylate bands. While the 
282 presence of strong acetate-binding Cu2+ sites cannot be ruled out at lower copper concentrations, 
283 their number is likely lower compared to samples with higher copper loadings. This explains why 
284 the intensity of the carboxylate and C–H stretching bands is more pronounced in samples with 
285 higher copper content. The increase in intensity of these bands with increasing copper 
286 concentration indicates an increase in the availability of Cu2+ sites for complexation with acetate 
287 ions, stabilizing organic fragments on the surface of the nanocatalysts. 
288 XPS analysis of the surface composition of the photocatalysts was used to reveal the 
289 valence state of Cu, providing insights into the chemical composition of the active surface in the 
290 resting state (rs) (i.e. before light illumination) (Figure 3). High resolution scans in the B 1s region 
291 did not reveal the presence of adsorbed boron species, such as borates derived from the addition 
292 of NaBH4, which could potentially inhibit catalytic activity. The consistent concentration of 0.7 – 
293 0.9 wt% across the samples indicates that Na can be considered an invariant parameter and can 
294 therefore be ruled out as a contributor of potential different photocatalytic properties (Table S3). 
295 The C 1s region deconvolutes into four peaks at 284.8 eV (C-C, C-H) species, 286.0 eV (C-OH 
296 species), 287.6 eV (C=O formalities) and 288.8 eV (O-C=O species) (Figure 3a). 60 The observed 
297 increase in the concentration of oxygenated carbon species with rising copper concentration aligns 
298 well with the findings from the IR-ATR spectra. This observation provides substantial evidence 
299 for the hypothesis that there is an increase in acetate groups, which are likely coordinated to Cu2+ 
300 or Cu1+ clusters on the surface of the TiO2 support. In the Ti 2p region, as expected, titanium is 
301 present in +4 oxidation state (TiO2). The 2p doublet yields two peaks at 458.7 eV (2p3/2) and 464.4 
302 eV (2p1/2), with a spin orbit splitting of 5.7 eV, all values characteristic for Ti4+.14,61 The Ti 2p and 
303 O 1s spectra do not show any clear signs of oxygen vacancies, which would appear as a shoulder 
304 at 457.3 eV for the Ti 2p3/2 line (Ti3+).61,62 However the presence of these vacancies in the bulk of 
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305 the material cannot be excluded, as the vast majority of Ti will remain in the (Ti4+) state, even after 
306 prolonged treatment (Figure 3b).   Regarding the O 1s XPS spectrum, it deconvolutes into two 
307 peaks: one at 530.0 eV, corresponding to the lattice oxygen of TiO2, and another at 532.0 eV, 
308 attributed to surface hydroxyl species (-OH groups). As the copper concentration increases, the 
309 intensity of the hydroxyl peak decreases, following the trend observed in the IR-ATR spectra 
310 (Figure 2e). This suggests that copper nanoclusters occupy the surface sites where -OH groups 
311 would preferentially adsorb.  The copper 2p3/2 spectra centers at 932.6 eV, which may be attributed 
312 to either oxidized (Cu1+) copper or metallic (Cu0) (Figure 3d). Typically, to distinguish between 
313 these two states, the Cu 2p3/2 binding energy is utilized in combination with the Cu LMM Auger 
314 kinetic energy in order to calculate the value of the modified Auger parameter (α’).63 However, in 
315 the present case the low concentration of Cu in the samples leads to a very weak Cu LMM signal, 
316 which also overlaps with the Ti 2s region and cannot yield any meaningful information.14,63 For 
317 1Cu-CS@TiO2 (sr), the binding energy of the main Cu 2p3/2 line suggests that most likely the 
318 majority of Cu is either in the Cu1+ or metallic (Cu0) state in the sample. In the case of 2Cu-
319 CS@TiO2 (sr), a mild shift to 932.3 eV is observed, which most likely suggests that Cu is mostly 
320 in the +1 oxidative state in this sample.64 For samples 3Cu-CS@TiO2 (sr) and 4Cu-CS@TiO2 (sr), 
321 contributions also from Cu+2 are clearly evident due to the shoulder of the main Cu 2p3/2 line at 
322 933.9 eV. Specifically, for sample 4Cu-CS@TiO2 (sr), Cu2+ contributions are estimated at ca. 10 
323 % of the total 2p3/2 area. The fingerprint satellite peak for the Cu2+ state also appears at 942.6 eV, 
324 confirming the presence of such species in the samples, and most dominantly in sample 4Cu-
325 CS@TiO2 (sr)..61,65 This peak is not observed in any other sample during XPS analysis; however, 
326 the presence of minor concentrations of Cu2+ cannot be entirely ruled out, particularly for the 2Cu-
327 CS@TiO2 (sr) and 3Cu-CS@TiO2 (sr) samples. These trace amounts of Cu2+ may be present but 
328 could fall below the instrument's detection limit, rendering them undetectable in the XPS spectra. 
329 Trasmission Electron Microsocpy – Bright Field (TEM-BF) images were collected for all 
330 samples and analyzed to determine the size distribution of individual nanoparticles and the overall 
331 morphology. (Figure 4 and Figure S-2). The results indicate that all samples exhibit a 
332 polydisperse nature, with nanoparticle sizes ranging from 2 nm to 48 nm (Figure S-2b, S-3b, S-
333 4b, S-5b). This trend persists even in the TiO2 (sr) sample, suggesting that the primary factor 
334 contributing to the polydispersity is the addition of NaBH4.
335 The introduction of NaBH4 alters the surface energy of TiO2 nanoparticles, leading to 
336 uneven growth inhibition across the sample.66 This non-uniform growth is further exacerbated by 
337 Ostwald ripening, where particles with higher surface defect concentrations (e.g., Ti3+ sites) grow 
338 at the expense of smaller ones, resulting in larger nanoparticles exceeding 30 nm. Additionally, 
339 the presence of copper, whether as single atoms and/or nanoclusters, introduces a minor but 
340 statistically insignificant increase in the average crystallite size, as confirmed by both TEM and 
341 XRD analysis. This trend aligns with the XRD data, indicating that copper, in its single-atom or 
342 small-nanocluster form, has a limited impact on overall particle size distribution. The average 
343 nanoparticle size as calculated from the TEM images, was 18.4 ± 9.5 nm for the 3Cu-CS@TiO2 
344 (sr). High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) 
345 combined with energy dispersive X-ray spectroscopy (STEM-EDS) was employed, to investigate 
346 the distribution of copper (Cu) and identify the presence of aggregated species that could form 
347 clusters or nanoparticles (e.g., Cu, Cu2O, or CuO). The analysis of the Cu-EDS spectra and the 
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348 overlaid EDS maps for Cu and Ti indicates that copper species are dispersed extensively on the 
349 surface of TiO2 (sr) (Figure 4c, S-3c, S-4c, S-5c). Despite increasing copper loading in the samples 
350 3Cu-CS@TiO2 (sr) and 4Cu-CS@TiO2 (sr), the dispersion remains largely uniform, with only a 
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351 few brighter spots observed, suggesting limited aggregation and the potential formation of copper 

Figure 4.  a) TEM-BF image of catalyst 3Cu-CS@TiO2 (sr) b) Average size distribution of 80 particles measured 
through ImageJ software c) HAADF-STEM image and the corresponding STEM-EDS intensity elemental maps of the 
elements Ti, O and Cu in the STEM-BF image d) HR-TEM image and 1), 2), 3) lattice spacings of the selected regions 
e) 1) TEM-BF image 2,3) HAADF-STEM images and 4) Cu-STEM-EDS intensity elemental map overlay* with the 
STEM-HAADF image in (e-3). 
*The above Cu signal intensity was obtained by applying three successive smoothing steps to the original STEM-EDS mapping data).
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352 nanoclusters. High-resolution transmission electron microscopy (HR-TEM) imaging was 
353 performed to investigate the presence of copper (Cu) and copper-based 
354 nanoparticles (e.g., Cu, Cu2O, or CuO) on the TiO2 (sr) surface. For each sample, multiple d-
355 spacings were calculated from HR-TEM images to identify crystallographic planes associated with 
356 TiO2 and any potential copper-based phases. The analysis confirmed the presence of anatase TiO2, 
357 with identified lattice planes corresponding to (101), (004) and (200) consistent with the tetragonal 
358 unit cell of anatase (Figure 4d S-2d, S-3d, S-4d, S-5d). In all samples even at those with higher 
359 copper loadings, no distinct d-spacings arising from unit cells of Cu0 or copper-based (Cu2O or 
360 CuO) crystalline nanoparticles were detected, indicating a high degree of dispersion of copper 
361 species on the TiO2 (sr) surface. 
362 The Cu loadings in the 1-4Cu-CS@TiO2 (sr) catalysts were accurately quantified via ICP-
363 OES, yielding the values of 0.98, 2.04, 2.34 and 2.96 wt% respectively (Table S2). These results 
364 confirm the successful incorporation of copper and are in good agreement with the semi-
365 quantitative TEM-EDS analysis. Slight variations between the techniques are expected, as ICP-
366 OES provides a precise bulk measurement, whereas EDS offers a localized, semi-quantitative 
367 composition. The consistency between the bulk-sensitive ICP-OES and the local EDS analysis 
368 confirms the uniform distribution of copper species throughout the bulk of each photocatalyst.36 
369 STEM-EDS mapping was utilized to quantitatively analyse the copper content on the TiO2 
370 (sr) surface (Table S-2). The results show that Cu concentration increases systematically with the 
371 addition of higher copper precursor amounts during synthesis, aligning well with the expected 
372 values. This outcome validates the effective copper loading on TiO2 (sr), with measured 
373 concentrations reflecting controlled loading through the applied synthetic procedure. The presence 
374 of amorphous CuO or Cu2O nanoclusters could not be definitively identified through HR-TEM, 
375 likely due to their extremely small size. However, their existence cannot be ruled out for the 3Cu-
376 CS@TiO2 (sr) and 4Cu-CS@TiO2 (sr) samples, as evidenced by the more intense Cu signal in the 
377 STEM-HAADF spectrum (Figure 4c and S-5c). 
378 To accurately determine the distribution of Cu on the TiO2 surface, we used HAADF-
379 STEM (Figure 4(e1, 2, 3)) combined with STEM-EDS (Figure 4(e-4)). The HAADF-STEM 
380 images show bright contrast features corresponding to highly dispersed Cu nanoclusters with a 
381 uniform size distribution averaging 1.5 nm. The absence of larger nanoparticles suggests a strong 
382 stabilization of these nanoclusters on the TiO2 surface, mediated by interactions with surface 
383 defects, generated during the synthetic procedure, that prevented their aggregation. 

384

385 2.2.2 Electronic properties
386
387 The optical properties of the synthesized photocatalysts were evaluated using UV-visible 
388 diffuse reflectance spectroscopy (UV-DRS). While many techniques commonly employed for 
389 characterizing surface-immobilized co-catalysts  provide only partial information - often failing to 
390 distinguish the exact surface composition, particularly in the case of Cu, UV-DRS offers a 
391 complementary approach to elucidate the nature of surface-active sites and their interactions with 
392 the TiO2 (sr) support. As shown in Figure 5a) and b), the synthesized photocatalysts exhibit 
393 additional optical transitions beyond the intrinsic bandgap transition of TiO2. These transitions are 
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394 attributed to the presence of Cu species and defect states, which are consistent with the conditions 
395 of the synthetic procedure. Specifically, the strong reductive environment and the limited 
396 availability of dissolved oxygen (due to the Ar atmosphere) facilitated the formation of reduced 
397 Cu species (Cu1+ and Cu0) while concurrently generating a limited number of defects, such as Ti3+ 

Figure 5.  a) Absorption spectra of all the synthesized photocatalysts b) Differences in the absorption edge of TiO2  
upon Cu loading c) Kubelka-Munk plots for the determination of the bandgap of the synthesized photocatalysts d) 
Deconvoluted absorption spectra of TiO2 (sr) e) Deconvoluted absorption spectra of 1Cu-CS@TiO2 (sr) f) 
Deconvoluted absorption spectra of 2Cu-CS@TiO2 (sr)  g) Deconvoluted absorption spectra of 3Cu-CS@TiO2 (sr) 
h) Deconvoluted absorption spectra of 4Cu-CS@TiO2 (sr)
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398 and oxygen vacancies, on the preexisting surface of the amorphous TiO2 nanoparticle. These 
399 defects were subsequently filled in situ by copper atoms, 
400 leading to the strong interaction between  Cu and the TiO2 support,. Furthermore, the d-d 
401 transitions of Cu2+ are evident in all Cu-loaded samples, as observed in the DRS spectra, indicating 
402 the presence of multivalent copper across all compositions.49 While XPS analysis revealed that 
403 Cu2+ is detectable at higher Cu loadings, this observation can be attributed to the instrumental limit 
404 of detection, particularly for samples with copper loadings below 3.09 wt% (refer to Table S2 for 
405 details). The absorption edge of TiO2 exhibits a minor shift to longer wavelengths, with the sample 
406 containing the highest Cu loading (4Cu-CS@TiO2 (sr)) reaching 400 nm, compared to 387 nm for 
407 bare TiO2 (sr).This minor shift suggests that there is no significant doping of Cu2+ or Cu1+ into the 
408 bulk lattice of TiO2, which would otherwise introduce additional states deep within the bandgap 
409 of anatase TiO2.49 Instead, the observed effect is likely limited to the surface incorporation of Cu2+ 
410 or Cu1+ atoms at defect sites or interstitial positions, rather than extensive substitutional doping.67 
411 This surface incorporation may lead to localized electronic modifications but does not substantially 
412 alter the overall band structure of TiO2. The Kubelka-Munk plots (Figure 5c) derived from the 
413 transformed UV-DRS reflectance spectra (Figure S-6a), align with previous observations, 
414 showing that the bandgap of anatase TiO2 undergoes only a minimal change upon Cu introduction. 
415 The bandgap follows a slight downward trend, reaching a minimum value of 3.08 eV for the 
416 sample with the highest Cu loading (4Cu-CS@TiO2 (sr)). This finding further supports the 
417 conclusion that copper incorporation does not substantially modify the electronic structure of TiO2 
418 (sr). Rather, the minor bandgap reduction and the slight downward trend suggest that Cu species 
419 are predominantly located on the TiO2 surface, where they remain accessible as active catalytic 
420 sites. This surface localization is consistent with the minor shifts observed in the absorption edge 
421 and the lack of substantial bandgap modification, reinforcing the idea that Cu incorporation is 
422 primarily a surface phenomenon rather than a bulk effect.36

423 For the investigation of the surface modifications of TiO2 (sr) induced by Cu and the 
424 identification of the active copper species, deconvolution of the UV-DRS absorbance spectra was 
425 performed in conjunction with Kubelka-Munk plots, XRD, XPS, HR-TEM, and HAADF-STEM. 
426 Copper can exist in various oxidation states and coordination environments on TiO2, including 
427 single-atom sites, metallic Cu nanoparticles, and oxide nanoclusters (e.g., Cu2O and CuO). Using 
428 the bandgap value from Kubelka-Munk plots as a constraint, the Tauc-Lorentz function 
429 successfully deconvoluted the indirect bandgap transition (O 2p → Ti 3d).68 Further analysis of 
430 the residual spectra using Gaussian functions provided insights into the copper species present, in 
431 line with existing literature (Figure 5d – h).69–76 For bare TiO2 (sr), an additional Gaussian peak 
432 (G1) centred at 378 nm (absorbance ~ 0.06), with a tail extending to 420 nm, was attributed to 
433 transitions from the valence band to defect states (e.g., Ovac or Ti3+) near the conduction band 
434 (Figure 5d) and Figure S-6b)).77,78 This peak, associated with the Urbach effect, reflects disorder 
435 or defect states in the semiconductor, while its low intensity, compared to the main TiO2 absorption 
436 (absorbance ~ 0.9), indicates limited defects, consistent with the minor modifications introduced 
437 by NaBH4. In Cu-loaded samples, the highest defect concentration (indicated by the largest G1 
438 peak height) was observed in 4Cu-CS@TiO2, correlating with the highest NaBH4/Ti ratio. This 
439 finding supports the conclusion that defects (e.g., Ovac or Ti3+) arise from the reductive 
440 environment. A shift in the G1 peak position was also noted, with 2Cu-CS@TiO2 photocatalyst 
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441 exhibiting a distinct defect formation process, as its peak did not shift to longer wavelengths like 
442 the others (Figure 5f) and S-6b)). The G4 Gaussian fit, corresponding to the d-d transition of Cu2+ 
443 in an octahedral coordination environment, indicates the presence of surface-coordinated Cu2+  or 
444 CuO nanoclusters (Figure 5d- h) and S-6e)).36,69–72,74,76,79,80 These species were identified in all 
445 samples, yet they became more pronounced at higher Cu loadings (3Cu-CS@TiO2 and 4Cu-
446 CS@TiO2). For lower Cu loadings, Cu2+ percentage fell below the XPS detection limit. The 
447 shifting of the G4 peak centre suggested the clustering of Cu2+ or agglomeration of CuO 
448 nanoparticles, which reduced the Jahn-Teller distortion with increasing Cu concentration.69,70 The 
449 G2 peak, which corresponds to a combination of primarily Cu1+ and Cu2+ oxides, exhibits a 
450 relatively constant position but increases in width and intensity up to 1.93 wt% Cu (2Cu-
451 CS@TiO2) (Figure 5d - h) and S-3c)). At higher loadings (4Cu-CS@TiO2 (sr)), the G2 peak 
452 becomes sharper and more intense. This observation indicates that isolated Cu1+ species, 
453 immobilized on TiO2 (sr) surface defects or forming small Cu2O clusters, are predominant at lower 
454 loadings. Conversely, with increasing Cu loading, the shift of G2 to shorter wavelengths and 
455 narrowing of the peak suggests agglomeration into larger Cu2O and CuO nanoclusters. The G3 
456 deconvoluted transition, centred from 492 to 506 nm, is attributed to metallic copper nanoparticles 
457 and their surface plasmon resonance (SPR) (Figure 5d- h) and S-3d)).74,81 The increase in G3 
458 width for 2Cu-CS@TiO2 compared to 1Cu-CS@TiO2 reflects the contribution of dispersed Cu1+ 
459 and Cu0 SPR. The observed shift of G3 to longer wavelengths, such as 506 nm, is indicative of an 
460 increase in the size of the Cu nanoparticles. Furthermore, the shift of G3 to shorter wavelengths in 
461 the presence of higher Cu loadings suggests surface oxidation of the Cu nanoparticles to Cu2O and 
462 CuO, thereby attenuating the SPR effect.
463 Charge transfer and separation efficiency of photogenerated charge carriers was further 
464 investigated through photoelectrochemical measurements. The transient photocurrent responses of 
465 bare TiO2 (sr) and Cu-loaded catalysts are presented in Figure S7 a). All Cu-modified samples 
466 demonstrated an enhanced photocurrent density compared to TiO2 (sr), indicating more efficient 
467 electron-hole separation. Notably, the 3Cu-CS@TiO2 (sr) photocatalyst exhibited the most 
468 pronounced response to simulated solar-light, generating a photocurrent approximately 5.3 times 
469 higher than that of TiO2 (sr). This suggests that the specific wt% loading of Cu in this sample 
470 optimally facilitates charge separation. This result was further confirmed by the EIS plots, where 
471 the 3Cu-CS@TiO2 (sr) catalyst displayed a reduced resistance value compared to bare TiO2 (sr), 
472 indicating a more efficient electron transfer at the interface between the electrode and the 
473 electrolyte (Figure S7 b).29,38

474

475 2.3 Photocatalytic hydrogen evolution and operando photocatalytic mechanism 
476 determination

477 The photocatalytic hydrogen evolution reaction (HER) via water splitting was 
478 systematically evaluated across all synthesized catalysts to determine the influence of Cu loading 
479 on activity. As shown in Figures 6a and b, 3Cu-CS@TiO2 (sr) exhibited optimal performance 
480 under full-spectrum solar simulation (300 W Xe lamp), achieving an average HER rate of 9.35 
481 mmolH2·gcat-1, corresponding to a ~ 29-fold enhancement compared to bare TiO2 (sr) (0.32 
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482 mmolH2·gcat-1·h-1). This significant enhancement underscores the pivotal role of uniformly 
483 dispersed Cu species in promoting charge separation and the H2O reduction reaction. However, 

Figure 6. a) Performance of each synthesized photocatalyst for the photocatalytic HER under full solar light spectrum 
illumination in the course of 6 hours b) Average H2 evolution rate per hour for each photocatalyst c) Photocatalytic HER 
reaction with 3Cu-CS@TiO2 (sr) under pure visible light (AM 1.5 G filter + 380 nm cutoff) d) Photocatalytic HER with 
3Cu-CS@TiO2 (sr) over the course of 26 h solar light illumination for the determination of the rate limiting component  
e) Stability evaluation of the catalytic dispersion after 18 months.f) Solid-state photochemical UV-DRS analysis of 3Cu-
CS@TiO2 (sr) g) Schematic illustration of the transformations occurring on the photocatalytic surface of 3Cu-CS@TiO2 
(sr) during solar-light driven HER
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484 excessive Cu loading (4Cu-CS@TiO2 (sr)) led to a decline in performance, likely due to 
485 nanocluster aggregation, which both accelerates charge recombination and restricts active-site 
486 accessibility, an outcome consistent with previously reported Cu-loaded photocatalysts.75 Notably, 
487 under near UV-visible-light irradiation (λ> 380 nm), 3Cu-CS@TiO2 (sr) retained important 
488 activity, generating 1.22 mmolH2·gcat-1 after 3 h (Figure 6c). The herein reported activity of H2 
489 evolution with 3Cu-CS@TiO2 (sr) ranks among the highest reported values for modified TiO2 
490 photocatalysts under both full solar light irradiation and after filtering most of the UV irradiation 
491 λ> 380 nm) (Table S4). 
492 The photon utilization efficiency of the 3Cu-CS@TiO2 (sr) was evaluated at the 340 and 
493 390 nm centre wavelengths. Ahigh AQY of 40.81% was achieved at 340 nm, indicating superior 
494 charge separation and transfer efficiency of the photocatalyst under high-energy UV irradiation.30 
495 The AQY value decreased substantially to 3.22% at 390 nm, a phenomenon directly correlated 
496 with the optical absorption of the photocatalyst, which exhibits an absorption edge at 396 nm 
497 (Figure 5g). Nevertheless, this value remains high for a surface-modified TiO2 system at this 
498 wavelength, indicating non-negligible activity in near-visible light.35

499 The catalyst with the highest H2 catalytic activity, namely 3Cu-CS@TiO2 (sir), was 
500 selected to determine surface changes during the photocatalytic reaction and its stability. 
501 Specifically, to examine the long-term stability and potential surface reorganization of active sites, 
502 we conducted extended photocatalytic testing under continuous solar irradiation. The 
503 photocatalyst exhibited remarkable durability, maintaining consistent activity over 26 hours. The 
504 temporal profile revealed a distinct plateau in hydrogen evolution after 23 hours of illumination, 
505 which we attribute to near-complete consumption of the methanol electron donor (E.D.) (Figure 
506 6d). This interpretation was verified by introducing 1 mL of deaerated 20% methanol solution, 
507 which promptly restored hydrogen production, as evidenced by the system reaching 153.7 
508 mmolH2·gcat-1 by the 26-hour endpoint. To identify potential liquid-phase products from methanol 
509 oxidation that could inhibit catalytic activity, we performed GC analysis on aliquots taken at the 
510 start of the experiment (0 h), after 2 h and 12 h of irradiation, and at the 26th hour mark when H2 
511 evolution has ceased and before fresh MeOH has been added to the reaction solution (Figure S8). 
512 The analysis identified formaldehyde (FAD) as the sole detectable oxidation product in the liquid 
513 phase. FAD was evident after 2 h of reaction, and its concentration increased substantially by the 
514 12-hour time-point. Interestingly, at the final measurement (26 h), the concentrations of both 
515 MeOH and FAD had significantly diminished. We attribute the simultaneous decrease to the high 
516 volatility of both compounds, particularly FAD (boiling point at -19 °C). Although FAD is known 
517 to potentially poison catalytic surfaces, its eventual depletion from the liquid phase suggests weak 
518 adsorption on 3Cu-CS@TiO2 (sr) and indicates that catalyst poisoning from FAD is not the 
519 primary cause for the activity plateau at the 26th hour of  simulated solar-light irradiation.82,83This 
520 controlled experiment in addition to the GC spectra of the liquid solution definitively demonstrates 
521 that the observed activity plateau resulted solely from electron donor depletion, confirming the 
522 exceptional structural and functional stability of the catalytic sites during prolonged operation. The 
523 absence of any irreversible deactivation indicates that the highly dispersed Cu active-sites and the 
524 Cu - TiO2 interface remains intact and active throughout extended photocatalytic cycles. To assess 
525 long-term stability, the photocatalyst dispersion from the initial 6-hour experiment was stored in 
526 the dark for 18 months within the same reaction solution, without adding a fresh electron donor. 
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527 When retested, the catalyst exhibited a ~2.9-fold reduction in activity (Figure 6e), This decline is 
528 attributed to the oxidation of Cu1+species to less active Cu2+ by dissolved oxygen, surface 
529 contamination by organic byproducts such as formaldehyde from the initial methanol oxidation 
530 and the potential aggregation of copper nanoclusters into larger CuO nanoparticles that may act as 
531 charge recombination centers. Despite this loss of activity, the catalyst retained considerable 
532 functionality, maintaining a hydrogen evolution rate of 3.2 mmolH2·gcat-1·h-1. This demonstrates 
533 that the material possesses promising long-term stability, remaining viable for photocatalytic 
534 applications even after extended storage in the reaction environment. 
535 To gain further insights into the transformations occurring on the surface of 3Cu-CS@TiO2 
536 (sr), UV-DRS was employed. This method is sensitive to the coordination environment of metal 
537 ions (e.g., Cu2+/Cu1+/Cu0) during the catalytic cycle for H2 evolution, while keeping the catalyst in 
538 the solid state, allowing easy recovery for post-reaction analysis. Furthermore, the solid-state 
539 nature of the catalyst makes it easily retrievable for further evaluation. Using volatile methanol as 
540 the electron donor in our set-up enables a solid – gas interface and allows us to exploit the reduced 
541 reaction rate compared to dispersed nanocatalysts with readily accessible electron donors. This 
542 setup also provides a convenient way to observe surface-related phenomena. In our case, the 
543 catalytic surface undergoes important changes, as shown in Figure 6f. Upon solar light activation, 
544 photogenerated holes (h⁺) in the valence band (VB) of TiO2 oxidize methanol gas adsorbed on the 
545 catalyst surface. Simultaneously, photogenerated electrons (e⁻) from the conduction band (CB) of 
546 TiO2 migrate to highly dispersed CuO / Cu2O nanoclusters, reducing them to Cu1⁺ species and 
547 metallic Cu0 nanoparticles.84 This dual process drives the hydrogen evolution reaction while 
548 sustaining the catalytic cycle. Over time, a weak absorption band emerges at 600 nm, characteristic 
549 of the surface plasmon resonance (SPR) effect of metallic Cu0 nanoparticles. This spectral feature 
550 develops alongside two additional contributions to the absorption profile (400 – 550 nm): 
551 interactions between Cu species and surface defects (particularly Ti3+ and oxygen vacancies (Ov) 
552 generated during TiO2 photoactivation), and intraband transitions within the Cu0 nanoparticles. 
553 The observed changes indicate that Cu2+ initially present as highly dispersed CuO nanoclusters 
554 strongly bound to the TiO2 surface, undergoes reduction to Cu1+ and eventually to Cu0 
555 nanoparticles. These nanoparticles further enhance the absorption properties of the photocatalyst, 
556 extending its light absorption range and enabling visible light harvesting through the SPR effect. 
557 After turning off the lamp and storing the photocatalyst in air overnight, we obtained a new 
558 absorption spectrum (brown-colored spectrum in Figure 6f representing the post-irradiation 
559 resting state of the photocatalyst. A comparison with the pre-irradiation spectra (green line) reveals 
560 nearly identical features, with only minor differences. Most notably, a slight decrease in intensity 
561 of the d-d transition band above 600 nm is observed, which is attributed to the partial, irreversible 
562 reduction of Cu2+ to Cu+ during photocatalytic reaction. This minimal spectral change suggests 
563 that the system exhibits remarkable stability under reaction conditions, with only limited 
564 permanent modification of the copper oxidation state.
565 Following the 6-hour hydrogen evolution experiment, the photocatalyst powder was 
566 recovered, washed with ethanol, and dried. For comparison purposes, we also analysed the post-
567 reaction powder from the solid-state DRS photochemical study, which was examined without any 
568 cleaning treatment. All XRD patterns exclusively exhibited diffraction peaks corresponding to 
569 anatase TiO2, with no detectable signals from metallic Cu0 nanoparticles (Figure S-9). Both 
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570 samples showed background curvature at 62.5° 2θ, which was significantly more pronounced in 
571 the H2O/MeOH-dispersed sample. This feature likely originates from adsorbed MeOH and/or FAD 
572 that contribute to the amorphous part of the diffraction pattern. Notably, the photocatalyst analysed 
573 via UV-DRS on its all-solid form demonstrated substantially less interference from organic 
574 species, highlighting the advantage of this approach for studying the intrinsic surface properties of 
575 TiO2-based photocatalysts.
576           The combination of data obtained from the characterization of 3Cu-CS@TiO2 (sr), and 
577 solid-state operando photochemical analysis leads us to propose the mechanism underlying solar-
578 light-driven HER in the presence of methanol (MeOH) as an electron donor (E.D.) (Figure 6g)
579 In its resting state, the catalyst consists of strongly immobilized CuxO (x = 1, 2) nanoclusters on 
580 the TiO2 surface. Upon exposure to solar light with a wavelength less than 393 nm, as illustrated 
581 in Figure 5b, c and g, TiO2 (sr) is activated, facilitating electron transfer into the conduction band 
582 (CB). Both charge carriers (h+ and e-) diffuse across the photocatalyst surface, where h+ are 
583 scavenged by MeOH generating oxidation products and suppressing recombination with e-. It is 
584 important to note that in this process, MeOH not only acts as an h+ scavenger but also serves as a 
585 proton (H+) source via its photocatalytic reforming to formaldehyde (FAD), contributing to the 
586 enhanced rate of H2 evolution when coupled with H2O reduction.85,86 Subsequently, the e- are 
587 transferred to the highly dispersed Cu catalytic sites, reducing Cu2+ to Cu1+ and facilitating strong 
588 H+ adsorption on the Cu1+ active sites. The hydrogen evolution process is likely to occur via 
589 adsorbed hydrogen recombination (Langmuir-Hinshelwood) or a proton-coupled electron-transfer 
590 step (Heyrovsky), with the high dispersion of Cu sites favouring the former. Operando 
591 photocatalytic analysis reveals that, over time, surface plasmon resonance (SPR) emerges from 
592 metallic Cu0 nanoparticles, which could be attributed to the aggregation of dispersed Cu sites into 
593 larger Cu0 nanoparticles. However, the absorption spectra of the used photocatalyst's resting state 
594 shows minimal differences from the fresh catalyst, suggesting that SPR originates from the outer-
595 shell reduction of CuxO nanoclusters to metallic Cu0 rather than their aggregation. The combined 
596 effect of SPR from Cu0 on the outer shell of CuxO nanoclusters enhances photocatalytic 
597 performance by broadening light absorption, accelerating electron diffusion and proton reduction 
598 to H2.
599

600 3. Experimental section

601 3.1 Materials

602 Titanium(IV) i-propoxide – Ti{OCH(CH3)2}4 – TTIP (97%) Absolute ethanol – CH3CH2OH 
603 (99.8%), Methanol – CH3OH (99%), Copper(II) nitrate trihydrate – Cu(NO3)2 ∙ 3H2O (99%), 
604 Anhydrous acetic acid – CH3COOH (99.8%), Sodium borohydride – NaBH4 (99.99%) and 
605 Acetonitrile – (MeCN) (99.9%)_ were purchased from Acros Organics and used without further 
606 purification. Barium sulfate – BaSO4 (99%) was obtained from Thermo Fisher Scientific. 70% 
607 HNO3, 34.5-36.5% H2O2 solution and 48% HF solution were obtained from Merck. 35% 
608 Formaldehyde – CH2O solution was obtained from Honeywell. Ultra-pure water was supplied 
609 from a Rephile Milli-Q water system and used for all the synthetic procedures. Argon - Ar gas 
610 (99.7%) was supplied by Revival N.C.

Page 20 of 32Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

0/
28

/2
02

5 
4:

56
:1

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5TA04071J

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta04071j


21

611 3.2 Synthesis of multi-valent Cu - TiO2 (xCu-CS-TiO2 (sr)) catalysts

612 A sol-gel synthetic procedure coupled with solvothermal treatment was employed for the synthesis 
613 of the Cu-CS@TiO2 catalysts. For the synthesis of the amorphous TiOx(OH)4-2x colloid dispersion, 
614 a synthetic procedure previously developed in our lab was employed.14 Briefly, 1.5 ml (5 mmol) 
615 of TTIP were dropwise added to 10 ml of absolute ethanol in a round bottom flask, under 
616 continuous stirring. Stirring of the precursor solution for 30 min was followed by the addition of 
617 0.6 ml (10 mmol) anhydrous acetic acid for controlling the hydrolysis rate of the titanium alkoxide 
618 solution. After the complete hydrolysis of the titanium precursor, 1 ml of MilliQ H2O was added 
619 with a rate of 0.5 ml/min. The previously transparent solution gradually turned cloudy yielding the 
620 TiOx(OH)4-2x polymeric dispersion. As soon as the solution turned completely turbid another 0.6 
621 ml of anhydrous acetic acid and 4 ml of EtOH was added to avoid gelation of the dispersion.  The 
622 reaction flask was kept for 8 h at the dark while maintaining constant stirring allowing the uniform 
623 nucleation and growth of amorphous particles. 
624 xCu-CS - TiO2 with different molar percentages (x= 1, 2, 3 or 4% mole Cu/mole Ti) were 
625 synthesized for identifying the most active catalyst for the HER reaction, while surface reduced 
626 TiO2 was synthesized without the addition of Cu precursor salt, for comparison. Necessary 
627 amounts of Cu(NO3)2 ∙ 3H2O for the theoretical molar of Cu were added to the dispersion and the 
628 solution was homogenized under constant stirring for 1 h. Next the reaction flask was cooled to 
629 4°C using an ice bath inside a fume hood while Ar gas was continuously supplied through the 
630 dispersion. For the in-situ reduction of Cu2+, four molar equivalents of NaBH4 were dissolved in 
631 1 ml MilliQ H2O and rapidly injected into the [Cu2+]x[TiOx(OH)4-2x]y dispersion. The dispersion 
632 instantly turned dark brown in color, and the reaction flask was kept for an additional 2 h at 4°C 
633 while constant stirring was maintained to ensure complete reduction of Cu2+ and facilitate uniform 
634 interaction with TiOx(OH)4-2x. Following this the reaction solution was transferred to a 30 ml 
635 Teflon lined autoclave reactor and subjected to solvothermal treatment for 8 h at 120°C. The 
636 resulting pellet was thoroughly washed with ethanol and water using multiple centrifugations and 
637 redispersion cycles, until the pH of the supernatant reached 6.8. Finally, the products were calcined 
638 at 550°C for 2h to induce crystallization of the catalysts and eliminate residual carbon impurities. 
639 The synthesized samples of the Cu co-catalysts immobilized on the surface of reduced (sr) TiO2 
640 were denoted as 1, 2, 3, 4Cu-CS@TiO2 (sr).
641
642 3.3 Characterization methods 

643 Powder X-ray diffraction (PXRD) patterns of the synthesized catalysts were recorded on a Bruker 
644 D8 Advance diffractometer, using Bragg-Brentano geometry, operating at 40 kV and 25mA. A Cu 
645 Anode kith Ka1 (λ= 1.5418 Å) was used as the X-ray source of the instrument. The diffraction 
646 patterns were recorded for a 3 – 85 2θ° range while the step size was set at 0.02°/s and the step 
647 duration at 0.220s. Crystalline phase identification was performed using Diffrac. EVA software 
648 while Rietveld refinement was carried out using Diffrac. TOPAS. Crystallite size was determined 
649 by fitting the most prominent diffraction peak of anatase located at 25.3° (101) and employing the 
650 Scherrer equation:
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651 𝐿 = 𝛫𝜆
𝐵 (2𝜃) 𝑐𝑜𝑠𝜃,

652 (1)

653 where K represents the shape factor (0.89 for spherical nanocrystallites), λ denotes the wavelength 
654 of the X-rays originated from the Cu anode, B (2θ) corresponds to the full-width at half-maximum 
655 (FWHM) of the diffraction assigned to the (101) crystal plane of anatase and θ represents the Bragg 
656 angle.
657 Raman spectroscopy of the nanocatalysts was carried out at a dual-source Micro-Raman Renishaw 
658 inVia Qontor spectrometer using the 532 nm Ar laser.
659 Fourier Transform Infrared (FT-IR) spectroscopy was performed using a Shimadzu IRAffinity-1 
660 spectrometer equipped with an ATR (attenuated total reflection) accessory. The technique was 
661 utilized to characterize the powdered catalysts and for the evaluation of the photochemical events 
662 on the surface of the catalyst. 
663 XPS measurements were performed in an ultra-high vacuum (UHV) chamber with a working 
664 pressure of 5 × 10-10 mbar. A non-monochromatic Al Ka radiation source (1486.6 eV) and a 
665 Leybold LH EA11 electron energy analyzer, operated at a pass energy of 100 eV, were used. 
666 Catalyst powders were pressed on a thin lead sheet to prepare the samples. The analysis area was 
667 a rectangular region measuring 4 × 5 mm2, and binding energies were determined with an accuracy 
668 of 0.1 eV. All spectra were charge-corrected using the adventitious carbon peak (C 1s) at 284.8 
669 eV as a reference.
670 UV-DRS absorbance and reflection spectra were collected in a SHIMADZOU UV-2600i 
671 spectrophotometer equipped with an integrating sphere attachment (ISR-2600Plus) using BaSO4 
672 as a reference. For the measurements, mixtures 1:10 of the powdered catalyst and BaSO4 were 
673 prepared and used for the determination of the absorption and reflection maximum of the powdered 
674 samples. The reflection data were transformed to Kubelka-Munk plots for the estimation of the 
675 bandgap of the semiconductor nanocatalysts. The plots were created by plotting (F(Rꚙ)hv)1/2 
676 versus the photon energy and extrapolating the linear fit of the steep part of the plot below 390 nm 
677 to the point of zero photon energy. 
678 The Tauc-Lorentz model (3) was used to fit the indirect bandgap transition of anatase TiO2 in the 
679 UV-DRS spectra.87 This model combines the Tauc law, which describes the absorption edge of 
680 semiconductors, with the Lorentz oscillator model, which accounts for the broadening of electronic 
681 transitions due to interactions with the lattice. For each sample, the Tauc-Lorentz function was 
682 applied to accurately model the fundamental absorption edge of TiO2, ensuring that the indirect 
683 bandgap transition (O 2p → Ti 3d) was properly represented. The fitting process involved 
684 constraining the bandgap energy to the value obtained from the Kubelka-Munk plots, allowing for 
685 a precise deconvolution of the TiO2 absorption edge while isolating contributions from defect 
686 states (Ti3+ or Ovac) and Cu species using Gaussian functions (4).88 Each deconvoluted spectrum is 
687 accompanied by a lower panel depicting the fitting quality and residuals, thereby demonstrating 
688 the accuracy of the deconvolution process via the FITYK software.
689

690 𝜀2 =      
𝛢𝛦0𝐶(𝐸― 𝐸𝑔)2

(𝐸2― 𝐸2
0)2+ 𝐶2𝐸2

∙  1
𝐸

                                   𝑓𝑜𝑟 𝐸 > 𝐸𝑔

0                                                                 𝑓𝑜𝑟 𝐸 ≤ 𝐸𝑔
       (3)
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691
692 Where: ε2(Ε) is the imaginary part of the dielectric function, E is the photon energy, Eg is the 
693 indirect bandgap of anatase, E0 is the peak transition energy, C is the broadening parameter and A 
694 is the amplitude parameter.
695

696 𝑓(𝐸) =  𝐴exp ― (𝐸―𝐸0)2

2𝜎2                                                                   (4)
697
698 Where: A is the amplitude, E0 is the peak center energy and σ is the standard deviation.
699
700 For the measurements conducted during the all-solid-state photochemical study, BaSO4 was not 
701 used in order to clearly display the photo-induced changes on the catalyst surface, in the visible 
702 and IR regions. This also avoided any alterations in the spectra caused by interactions of the 
703 catalyst with BaSO4. 
704 Transmission Electron Microscopy (TEM) was conducted using an FEI Talos F200i field-emission 
705 gun (scanning) transmission electron microscope (Thermo Fisher Scientific Inc., Waltham, MA, 
706 USA) operated at 200 kV equipped with a windowless energy-dispersive spectroscopy 
707 microanalyzer (6T/100 Bruker, Hamburg Germany). Sample preparation involved the drop-
708 casting of ethanolic suspensions of each catalyst onto nickel grids. Size distributions of the studied 
709 nanostructures were calculated by measuring the dimensions of an average of 80 individual 
710 nanoparticles using ImageJ software. 
711 For the detection of copper species on the surface of TiO2 nanoparticles a JEOL-JEM-
712 F200 TEM/STEM equipped with a cold field emission gun at an acceleration voltage of 200kV, a 
713 high-angle annular dark-field (HAADF) detector used in scanning mode (STEM), and a large 
714 windowless JEOL Centurio EDX detector (100 mm2, 0.97 srad, energy resolution < 133 eV) was 
715 used. For sample preparation, an ethanolic dispersion of the powdered sample was prepared 
716 followed by deposition on a 400-mesh gold grid with a lacey carbon thin film (Plano GmbH). Prior 
717 to analysis, the samples were treated by a plasma cleaner (Zepto, Electronic Diener) at 20 W for 
718 15 s at a helium (He) gas pressure of 0.03 mbar.
719 Inductively Coupled Plasma Optical Emmision Spectrometry (ICP-OES) was employed for the 
720 accurate determination of copper content in the bulk of each sample. An Agilent 4210 Microwave 
721 Plasma Atomic Emission Spectrometer (MP-AES) at an analytical wavelength of 327.395 nm, 
722 with a calibration range of 0.5 to 10 mg/L was used. The digestion method for the (1-4)Cu-
723 CS@TiO2 (sr) was obtained from Ref. [89] and applied with minor modifications. Briefly, 10 mg 
724 of each copper-containing sample was digested using a solution of 2.5 ml HNO3, 2.5 ml H2O2 and 
725 1 ml HF. The dispersion was heated on a hot plate at 90° C for 3 hours and then diluted to a final 
726 volume of 50 ml with MilliQ H2O, in order to decrease the concentration of highly corrosive HF 
727 and HNO3 in the final solution.
728 Gas-Chromatography (GC) was carried out for the identification of the products from methanol 
729 oxidation, present in the catalyst dispersion. A Chromatec Crystal 9000 GC equipped with a flame 
730 ionization detector (FID). Helium (He) was used as the carrier gas, and nitrogen (N2) was employed 
731 as the make-up gas. The injector temperature was set to 220 °C. The oven temperature was initiated 
732 with a e min hold at 40 °C, followed by a ramp of 15 °C/min to 100 °C, a subsequent ramp of 30 
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733 °C/min to 240 °C, and a final hold at 240 °C for 3 min. The FID was operated at 300 °C. 
734 Identification of the compounds was performed using external standards. For analysis, aliquots 
735 were withdrawn from the reaction mixture at specified time intervals. To remove the catalyst, each 

736 aliquot was first centrifuged and then filtered through a 0.22 μm syringe filter. A 20 μl volume of 

737 the resulting supernatant was diluted to a final volume of 1 ml with MeCN, which served as the 
738 solvent for the GC analysis.
739 Photoelectrochemical measurements were performed using a standard three-electrode using 
740 VersaSTAT 3 Potentiostat/Galvanostat (AMETEK, Inc., USA), controlled by VersaSTAT 
741 software for data acquisition and analysis. A Fluorine-doped Tin Oxide (FTO) glass (1 cm x 1 cm) 
742 coated with each catalyst served as the working electrode. A Pt wire and an Ag/AgCl (saturated 
743 KCl) electrode were used as the counter and reference electrode, respectively. The working 
744 electrode was prepared by dispersing 5 mg of the catalyst powder in 1 ml of a 1% v/v Nafion, 
745 ethanolic solution, followed by ultrasonication for 10 min to form the catalyst ink. The catalyst 
746 was drop-cast on the FTO substrate and dried overnight at 60 °C. A 300 W Xe lamp (100 mW/cm2) 
747 was used as the light source. A 0.2 M Na2SO4 solution was employed as the electrolyte. 
748 Photocurrent density vs time (l-t) curves were measured using a chronoamperometric method at a 
749 constant bias of 0.5 V vs Ag/AgCl under light illumination on and off cycles of 20 s each.
750 Electrochemical Impedance Spectroscopy (EIS) analysis was conducted in the frequence range of 
751 10 kHz to 0.01 Hz with an AC amplitude of 5 mV at the open-circuit potential.
752 Apparent Quantum Yield (AQY %) values were obtained in order to evaluate the utilization of 
753 incident photons by the better performing photocatalyst. A 300 W Xe lamp was used as the light 
754 source, coupled with bandpass filters (Coligh Optics, 340 ± 5 nm, 390 ± 5 nm) to isolate specific 
755 wavelengths. The incident photon flux (P) for each center wavelength was measured at the reactor 
756 position using an optical power meter (Achema, 73927). The number of incident photons (Np) was 
757 calculated using the following formula:
758

759 𝑁𝑝 =  𝑃∙𝜆∙𝑡
ℎ∙𝑐

                                                                                      (5)
760
761 where P is the power in W measured at each wavelength, λ is the center wavelength of each 
762 bandpass filter, t is the irradiation time (s), h is Planck’s constant (6.626 ·10-34 J·s), and c is the 
763 speed of light (2.998 ·108 m·s-1).35 The calculation then was performed by the formula:
764

765 𝐴𝑄𝑌 (%) =  2∙𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑣𝑜𝑙𝑣𝑒𝑑 𝐻2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 
𝑁𝑝

                                                      (6)

766
767
768 3.3 Experimental procedures
769
770 3.3.1 Photocatalytic hydrogen evolution
771
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772 The photocatalytic hydrogen evolution reaction (HER) was conducted using a 300 W Xe lamp 
773 solar-light simulator. The evaluation of the most active catalyst and its in-solution stability after 
774 one year was performed using the following experimental setup: A gas-tight 15 ml glass vial was 
775 filled with a 200 μg/ml nanocatalyst dispersion in Milli-Q H2O, occupying 70% of the total 
776 volume. Methanol, at an H2O/methanol ratio of 80:20, was used as the sacrificial electron donor. 
777 The nanocatalyst dispersion was degassed for 15 minutes under an Ar flow. To maintain a stable 
778 temperature and filter wavelengths below 200 nm, a water-circulating Pyrex cold filter was 
779 employed. The photocatalytic reactor was positioned 50 cm from the lamp, and the reaction was 
780 carried out at 300 rpm for 6 hours. For hydrogen quantification, 100 μl of the gaseous mixture 
781 from the reactor headspace was sampled hourly using a gas-tight syringe and analyzed with a gas 
782 chromatograph (Bruker 430-GC) equipped with a thermal conductivity detector (TCD). The oven 
783 and detector temperatures were set to 70 °C and 150 °C, respectively. A 5 Å molecular sieve 
784 column was used, with nitrogen (N2) as the carrier gas. Data acquisition and quantification were 
785 performed using Galaxie (Varian) software. Calibration of the gas chromatograph was achieved 
786 as described before.90

787 To determine the rate-limiting component between the sacrificial donor and the catalyst, an 
788 extended-duration experiment was conducted. The quantities of catalyst and solvent mixture were 
789 reduced by 25%, while maintaining the same catalyst-to-solvent ratio. This adjustment was made 
790 to prevent over-pressurization of the gas-tight vial and ensure the reproducibility of the method.
791 To evaluate the photocatalytic activity under softer irradiation conditions (λ> 380 nm), 10 mg of 
792 the powdered photocatalyst were dispersed by ultrasonication in a 20 % MeOH solution with total 
793 volume of 40 mL. The suspension was then transferred to a reaction chamber which was evacuated 
794 and subsequently filled with Ar to a pressure of 1.2 bar. The reaction is carried out under visible 
795 light illumination by a 300 W solar simulator (Quantum Design) using a 380 nm cutoff filter and 
796 an AM 1.5 G filter, while the dispersion was continuously stirred at 300 rpm. The evolved H2 and 
797 was quantified by gas chromatography (Micro GC fusion, Inficon) by taking a measurement every 
798 30 minutes for a total reaction time of 3 hours.
799
800 3.3.2 All solid-state photochemical analysis.
801
802 The photochemical all-solid-state analysis of the catalysts was conducted using a custom-designed 
803 experimental set-up. For sample preparation, a round steel sample holder with a 2.6 mm diameter. 
804 Initially, a stainless-steel sample holder with a cavity was utilized, which was filled nearly to the 
805 top with BaSO4 to create a uniform background. Subsequently, a circular quartz glass slide of 
806 equal diameter was affixed, and a uniform catalyst layer was prepared on its surface via drop 
807 casting. To construct the catalyst film, 30 mg of the catalyst were dispersed in 5 mL of MeOH, 
808 resulting in a homogeneous film on the quartz glass.
809 The experimental setup was assembled inside a fume hood as follows: the sample holder was 
810 positioned 0.5 m away from the Xe lamp, with a quartz filter placed in between to block 
811 wavelengths below 200 nm. A methanol reflux was set in a Schlenk flask while Ar gas was fed 
812 through the top of the condenser. The whole device was placed adjacent to the catalyst film. A 
813 gas-injection nozzle was used to direct the flow of Ar and methanol vapors toward the catalyst 
814 surface with a fixed rate of 3 ml of gaseous mixture per hour. The flask was evacuated after every 
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815 time point to avoid over-pressurization. Since methanol is flammable, and its vapor can cause 
816 irritation to the eyes and skin, all experiments were conducted inside a fume hood. After 30 min 
817 intervals of irradiation, the sample holder was removed for absorbance UV-DRS measurements. 
818 XRD analysis was conducted to the powdered catalyst before and after the experiment.

819 4. Conclusions
820 In summary, we report an innovative synthetic approach to fabricate TiO2-supported 
821 photocatalysts with finely controlled, multivalent Cu active sites (Cu0/Cu1+/Cu2+) for efficient 
822 hydrogen evolution through water reduction and methanol reforming to formaldehyde. The 
823 resulting catalysts demonstrate exceptional HER activity under both full-solar and near UV-visible 
824 irradiation, remarkable stability during extended operation, and structural integrity of the active 
825 sites. Comprehensive structural and spectroscopic characterization revealed distinct Cu valence 
826 states emerging from varying Cu loadings, while elucidating the critical role of NaBH4 reduction 
827 in fostering strong metal-support interactions that enhance photocatalytic performance. Systematic 
828 operando analysis of the optimal 3Cu-CS@TiO2 (sr) catalyst in its solid form provided insight into 
829 the dynamic Cu2+→ Cu1+→ Cu0→ Cu2+ redox cycle, where Cu2+ serves as the primary electron 
830 mediator, and Cu1+ as well as Cu0 nanoparticles function as the dominant active sites for proton 
831 reduction to H2. This solid-state photochemical approach establishes a new methodology for 
832 probing surface reaction mechanisms in photocatalysis, offering unique advantages for 
833 understanding charge transfer processes at metal-semiconductor interfaces under operational 
834 conditions.
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