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Abstract: The in situ photodeposition method of copper(0) nanoparticles on TiO2 is found to produce photoactive 8 

heterogeneous catalysts suitable for redox reactions. Several variables in the method that effect catalyst structure and activity 9 

have been investigated for H2 generation as a model reaction. The counter-anion of the copper salt used plays a pivotal role in 10 

determining size, distribution and crystallinity of the nanoparticles, as well as leaching, recyclability and stabilisation. Redox 11 

cycling between Cu(0) and Cu(II) was found to be extremely facile, with oxidation occurring aerobically and re-reduction under 12 

anaerobic irradiation in water.  13 

1. Introduction 14 

Photon-excitable heterogeneous materials are a rapidly growing class of catalyst for effecting chemical transformations. 15 

As well as the clear energy savings from adopting photochemical conditions over conventional heating, employing 16 

heterogeneous materials allows the possibility of catalyst recovery and reuse. For these reasons, this class of catalyst is 17 

currently growing in popularity in the field of synthetic methodology.[1–5] Additionally, photochemical conditions can often 18 

engender unique reactivity that is different under thermal or electrochemical conditions, thus widening the plethora of 19 

organic transformations available. Their use in photocatalytic water-purification is also well established,[6,7] where 20 

persistent organic compounds and microorganisms can be efficiently degraded. However, photon-active heterogeneous 21 

semi-conductors have been most extensively studied in water-splitting,[8–14] where they show great potential in reducing 22 

and oxidizing water to generate hydrogen and oxygen gas, respectively, for their use in fuel cells.  23 

Metal nanoparticles supported on heterogeneous semiconductors have proven to be especially successful co-24 

catalysts for each of these applications.[15,16] Success has been achieved by deposition of noble metals, such as gold[17–25 
19] or platinum,[19–21] mounted on photoactive supports, such as CdS,[22] Fe2O3,[23] or WO3,[24] but most commonly onto 26 

TiO2,[25] due to its high chemical inertness and stability towards photochemical decay. The co-catalyst aids in 27 

attenuation of charge recombination following photon-induced charge excitation and separation.[26] Under UV-irradiation, 28 

electron-pooling in the metal occurs as a result of Schottky barrier formation at the metal–semiconductor interface, and 29 

thus the nanoparticle serves as the redox reaction centre. Visible light absorption may be enhanced by the surface 30 
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plasmon resonance (SPR) effect, which is caused by the oscillation of the conduction electrons in surface bound metal 1 

atoms under visible light illumination.[17,27–28] 2 

To improve the economic viability of their use, it is desirable to replace the expensive noble metal with a more 3 

available non-noble metal, such as copper. Despite reports of a reduction in activity with copper doping in the TiO2 4 

lattice,[29] when Cu nanoparticles are deposited onto the TiO2 surface the materials become interesting catalysts for 5 

water[29–42] and CO2[43] reduction, as well as water-gas-shift[44a] and water purification.[44b] So far, a number of methods to 6 

deposit copper onto supports, such as deposition-precipitation,[32,37] sol-gel immobilisation,[31,45,46] wet[29,31,33,37,38,41,42] or 7 

ion[30] impregnation, chemical reduction[31] and photodeposition are known.[31,47] It is clear that the oxidation state, 8 

surface and bulk deposition coverage, nanoparticle size and distribution are all dependent on the preparation method. 9 

Thus, each method can produce novel and unique catalysts with different properties, which can each be optimal for 10 

different applications.[31,46] The structural variation attained from each preparation method determines the nature of the 11 

nanoparticles and their interaction with the support, thus demonstrating the importance of analysing the structure and 12 

assessing the properties of catalysts prepared in different ways.  13 

Despite the method being established in the case of gold,[48] in situ photodeposition of copper, to the best of our 14 

knowledge, has not received any attention. Advantageously, in this method, the constituent parts are added to the 15 

reaction mixture, and the active catalyst is formed under the photocatalytic conditions without the necessity for isolation, 16 

calcination or purification. The lack of attention is especially surprising considering its simplicity, making it well suited for 17 

use in a range of procedures, including energy, as well as synthetic applications. As the catalyst is not isolated, the 18 

preparation conditions become more important, and, in order for the field to expand, a greater understanding of the 19 

important variables to this technique is necessary. In addition, characterisation of the relationships between structure 20 

and reactivity will greatly enhance development. Herein, we identify a number of important features of in situ 21 

photodeposition of copper nanoparticles on TiO2, the catalysts it generates and the relationship between these features 22 

to their activity.  23 

 24 

2. Materials and Methods 25 

2.1. Materials  26 

TiO2 (Hombikat) and all copper salts were purchased from Sigma Aldrich and used without further purification. 27 

Distilled water was saturated with argon, methanol was passed through a column of anhydrous alumina before being 28 

distilled from magnesium under argon. Deuterated solvents for NMR analysis were purchased from Euriso-Top. The 29 

lamp used throughout was a LOT (LSB530) 300 W Xe lamp, calibrated to 1.5 W at 10 cm with no additional filter.  30 

2.2. Catalyst preparation 31 

Catalysts were prepared in situ by addition of a copper salt stock solution (6 μmol of Cu) in methanol (5 mL) under 32 

an inert atmosphere of argon gas. This stock solution was added to the double-walled, thermostatically controlled, 33 
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reaction vessel containing a stir bar and TiO2 (25 mg) over a counter flow of argon gas. To this was added water (5 mL) 1 

and the reaction was stirred for 5 min.  2 

2.3. Catalytic proton reduction reactions  3 

A double-walled, thermostatically controlled (at 25.0 °C), reaction vessel was connected via a condenser to an 4 

automatic gas burette. The gas burette was equipped with a pressure sensor. Evolving gas during the reaction causes a 5 

pressure increase in the closed system, which is compensated by a volume increase of the burette syringe by an 6 

automatic controlling unit. The increase in volume was recorded every 0.5 min and the data collected on a computer. A 7 

GC sample was taken from the collected gas in the burette after each reaction to determine the gaseous composition. 8 

GCs were calibrated with certified commercially available gas mixtures.  9 

2.4. Catalyst isolation 10 

Following completion of a reaction, the catalyst was isolated by transferring the reaction mixture to a centrifuge flask, 11 

washing with extra portions of MeOH. It was centrifuged (3000 rpm) for 25 min and the solid isolated from the solvent by 12 

decantation. The catalyst was washed with a further portion of MeOH:water (1:1), centrifuged, and separated again from 13 

the solution. If the catalyst was being analysed then it would be thoroughly dried first. If the catalyst was being recycled 14 

then it would be transferred into a new reaction flask, using the new reaction solvent to aid complete transfer. 15 

2.5. Catalyst Characterisation  16 

ICP-OES. For determining the composition by ICP-OES, a Varian 715-ES ICP optical emission spectrometer was used. 17 

The aqueous samples (10 mL) were diluted 1: 100 or 1: 1000 and made up to 25 mL. The data analysis was performed 18 

using the Varian 715-ES Software "ICP Expert”. 19 

TEM. Measurements were performed at 200 kV with an aberration-corrected JEM-ARM200F (JEOL, Corrector: CEOS). 20 

The microscope is equipped with a JED-2300 (JEOL) energy-dispersive X-ray-spectrometer (EDXS) for chemical 21 

analysis. The aberration corrected STEM imaging (High-Angle Annular Dark Field (HAADF) and Annular Bright Field 22 

(ABF)) were performed under the following conditions. HAADF and ABF both were done with a spot size of 23 

approximately 0.13nm, a convergence angle of 30-36° and collection semi-angles for HAADF and ABF of 90-170 mrad 24 

and 11-22 mrad, respectively. Preparation of the TEM sample: The solid samples to be analysed were prepared without 25 

any pre-treatment by deposition of the solid on a holey carbon supported Ni-grid (mesh 300) and transferred to the 26 

microscope. In the case of suspensions, one drop was deposited on the carbon supported grid. The excess of 27 

suspension was removed after 10 seconds. 28 

XPS. The oxidation states and the surface composition were determined by X-ray photoelectron spectroscopy (XPS). 29 

The measurements were performed with an ESCALAB 220iXL (ThermoFisher Scientific) with monochromatic Al Kα 30 

radiation (E = 1486.6 eV). The samples were fixed on a stainless steel sample holder with double adhesive carbon tape. 31 

For charge compensation a flood gun was used, the spectra were referenced to the Ti 2p 3/2 peak of TiO2 at 458.8 eV. 32 

After background subtraction, the peaks were fitted with Gaussian-Lorentzian curves to determine the positions and the 33 
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areas of the peaks. The surface composition was calculated from the peak areas divided by the element-specific 1 

Scofield factor and the transmission function of the spectrometer. 2 

AAS. The AAS device (AAnalyst 300 Perkin Elmer) is a computer controlled routine atomic absorption and emission 3 

spectrometer for flame AAS, with double-beam optics (Deuterium lamp and hollow-cathode lamp), 6-fold lamp changer, 4 

burner system for air/acetylene (temperature 2150-2400 °C) and nitrous oxide/acetylene (temperature 2650-2800 °C) 5 

and safe gas supply. 6 

NMR. 19F NMR spectra were recorded on a Varian 400 spectrometer. Quantification of PF6- and BF4- anions in solution 7 

following separation from the solid catalyst was made by normalisation of the peak area a known amount of added 8 

pentafluorophenol. 9 

UV/vis. The diffuse reflectance UV/vis spectra were recorded on an AvaSpec-2048 (avantes) equipped with an avantes 10 

AvaLight-DH-S-BAL deuterium lamp. 11 

Further details on the Materials and Methods can be found in the Supplementary Material file 12 

 13 

3. Results and Discussion 14 

3.1. Initial development  15 

The catalysts generated in situ from different copper precursors and under different conditions were studied in the 16 

photocatalytic water reduction. This model reaction was chosen, not only because it is a simple and highly important 17 

reaction, but the generation of gas, which can be collected and measured in an automatic burette, allows for a 18 

straightforward and rapid on-line assessment of the catalyst proficiency. In the presence of a suitable hole-scavenger 19 

the structural details presented should be relevant to other reactions and applications. In each case, a copper precursor 20 

and TiO2 (25 mg) were added to a solution of water and methanol, as hole scavenger,[49] (10 mL, 1:1[50]). Initial studies 21 

confirmed a steady evolution of H2 with minor quantities of CO (<0.16%) and CO2 (<1.0%) originating from quenching of 22 

the photo-generated holes by methanol on the excited-state semi-conductor.[51,52] Control reactions confirmed that in the 23 

absence of TiO2 or Cu no active catalyst was formed, Figure 1, and that the presence of both methanol and water are 24 

essential.[53] Thus, we propose UV/vis-light excites an electron from the valence to the conduction band of TiO2. 25 

Electron-pooling in the co-catalytic copper nanoparticles attenuates charge recombination and provides the site of 26 

proton reduction and subsequent H2 gas formation.[26]  27 

3.2. Copper loading 28 

It is important to study the effect of copper loading on reactivity. An increase in the number of active sites can 29 

increase the activity, but an optimum metal particle size is required, without blocking light to TiO2.[41] Indeed, a peak in 30 

performance was observed using 6 µmol of Cu(acac)2, Figure 1. Under these conditions the reaction rate was 31 

maintained over an extended period and up to the collection limit of our equipment.[53] Subsequent studies were 32 

performed using this optimum catalyst composition. In all cases no induction periods were observed, suggesting an 33 
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extremely rapid reduction and deposition process. The effect of lamp power was also tested and predictably led to 1 

increases in reaction rate. The effect of light intensity has previously been shown by TEM measurements to be 2 

negligible on particle sizes,[48] proving it is merely a kinetic effect.  3 

 4 
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 8 

 9 

 10 

 11 
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Figure 1. H2 evolution from in situ generated photodeposition of Cu on TiO2. Left: Black line: Cu(acac)2 (6 μmol), TiO2 (25 mg), water:methanol 13 
(1:1 v:v, 10 mL), 300 W Xe-lamp (output 1.5 W), 25 °C, red: same as black but without Cu; Green: same as black but without TiO2. Right: rate vs 14 
quantity of Cu precursor.  15 

3.3. Oxidation state determination and cycling 16 

Under the inert (Ar) reaction conditions, catalyst mixtures consistently turned dark purple in colour, which was 17 

suspected to be due to formation of Cu(0) nanoparticles. Upon exposure to air, the solutions slowly turned white, a 18 

process that would be consistent with Cu oxidation. Returning the solution to inertion and light irradiation at 25 °C 19 

triggered the reverse colour change back to purple and the cycle was found to be easily amenable to many repetitions. 20 

The oxidation states of this cycle were confirmed in the following manner. A catalyst generated from the photodeposition 21 

of [Cu(MeCN)4]PF6 on TiO2 was rapidly prepared for analysis by Energy-dispersive X-ray spectroscopy (EDX), which 22 

directly confirmed the presence of Cu(0) in the purple solid.[53] A catalyst prepared from the same copper salt was 23 

isolated after allowing the solution to turn white in air and analysed by X-ray fluorescence spectroscopy (XRF), which 24 

confirmed the presence of Cu(II)O. In addition to this, X-ray photoelectron spectroscopy (XPS) was also used to 25 

compare 2 catalysts, prepared in the same way, now from Cu(NO3)2·3H2O, but isolated differently. The first was isolated 26 

under aerobic conditions and clearly showed the presence of Cu(II), Figure 2, whose signal was absent in the second 27 

sample that was isolated under inert conditions.[54] Therefore, we can confirm that copper oxide species not do exist 28 

under the reaction conditions and that the active Cu is in oxidation state 0.   29 

 30 

 31 
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Figure 2. XP spectra showing catalysts prepared from the photodeposition of Cu(NO3)2·2H2O (6 μmol) on TiO2 (25 mg) in MeOH:water (1:1 v:v, 7 
10 mL), 20 hr irradiation 1.5 W output Xe-lamp, isolated under, upper, inert conditions and, lower, aerobic conditions.  8 

The effect of this redox cycling was tested on the catalyst activity. The apparatus was fitted with a tap to isolate the 9 

burette from the reaction mixture. The tap was closed periodically to allow the reaction exposure to air and with the light 10 

switched off it turned to its characteristic white colour. Following argon purging and irradiation, the reaction returned to 11 

purple and the tap was opened again to the burette. This redox cycling was repeated 5 times over a period of 48 hours 12 

and in all cases no drop in catalytic activity was observed, Figure 3, thus demonstrating no significant structural 13 

changes to the nanoparticles despite the redox change and complete re-reduction of the oxide coating. This remarkably 14 

facile light-induced redox cycling of Cu nanoparticles observed here is an important feature of these catalysts that holds 15 

great potential to be exploited in other applications.[55] If Cu(0) is required in the catalyst then it should be stored under 16 

inert conditions, otherwise in situ reduction, as shown, can readily generate the active form. 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

Figure 3. The first three redox cycles of Cu nanoparticles on TiO2, indicating no clear change in the rate of gas evolution and thus the catalyst 25 
activity and its basic structure. 26 

3.4. Copper salt dependence on reaction rate 27 

Next, the influence of the copper salt employed for in situ photodeposition onto TiO2 was investigated by 28 

screening 17 different salts (6 µmol) and monitoring the rate of reaction. The range of catalyst activity was found to be 29 
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extremely influenced by the copper precursor, Figure 4, as rates varied by a factor of 50 from 0.09 µmol/hr/mg cat to 1 

4.24 µmol/hr/mg cat, which equates to a difference of about 30 mL of H2 after 10 hr (with 25 mg of catalyst and 1.5 W 2 

Xe-lamp). Despite the rate being slightly lower than those observed with Au and Pt,[48] due to the fact Cu is considerably 3 

cheaper than Au and Pt, the rate of H2 production per hour per € of catalyst is 81 and 30 times higher, respectively.[53] 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

Figure 4. Rates of H2 evolution from catalysts generated in situ from a selection of the different copper salts. See SI for all salts tested. 12 
Conditions: Cu salt (6 μmol), TiO2 (25 mg), water:methanol (1:1 v:v, 10 mL), 300 W Xe-lamp (output 1.5 W), 25 °C. Rates are averages of at least 13 
2 runs.   14 

Copper(I) sources also gave mixed results, as the iodide salt produced an inactive catalyst whereas the chloride salt 15 

a highly active (2.71 µmolH2/hr/mg cat)[53] one. Copper(I) oxide was only sparingly soluble in the reaction medium and 16 

therefore photodeposition onto TiO2 did not occur immediately. After a lag time (3 hr) the characteristic Cu(0) purple 17 

solution was formed and was coupled with the initiation of a steady generation of H2 gas. It is possible that this time 18 

taken is for its disproportionation, dissolution and TiO2 photodeposition.  19 

Cationic Cu(I) complexes ligated by neutral acetonitrile proved to be far more amenable to the conditions and gave 20 

reasonable rates of hydrogen gas production. Interestingly, the counter anion of the complex played an important role in 21 

determining the rate. Consistent and reproducible differences were observed when BF4- (1.91 µmol/hr/mg cat) was 22 

replaced by PF6- (0.81 µmol/hr/mg cat), equating to a difference of about 8 mL H2 gas in 10 hr with 25 mg catalyst. A 23 

catalyst prepared using each Cu salt was isolated and analysed by transmission electron microscopy (TEM) to gain a 24 

further understanding into the origins of this remarkable effect. The larger and more diffuse PF6- anion,[56] which gave 25 

slower rates of reaction, produced nanoparticles of Cu(0) that were in the range of 20-40 nm. The smaller BF4- anion, 26 

which gave higher rates of reaction, produced smaller nanoparticles in the range of 10-20 nm, Figure 5. Despite other 27 

factors being at play, it is recognised that smaller particles sizes tend to provide higher rates of proton reduction, and 28 

can also determine the wavelength dependent electron transfer mechanism.[27a] When comparing Cu(0) particles of 29 

roughly the same size generated from the two salts, a difference was also observed in the number of corner and edge 30 

atoms present. The more active catalyst, from BF4-, possessed less corner and edge atoms and larger crystallites than 31 

the less active catalyst, from PF6-, Figure 6.  32 
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Figure 5. Left HAADF image of: less active catalyst with larger Cu(0) particles, mostly between 20-40 nm, generated under the general conditions 7 
using [Cu(MeCN)4PF6], scale bar = 100 nm. Right: HAADF image of more active catalyst with smaller Cu(0) particles, mostly between 10-20 nm, 8 
generated under the general conditions using [Cu(MeCN)4BF4], scale bar = 10 nm. White arrows point towards copper particles. 9 

 10 

 11 

 12 

 13 

Figure 6. Left: ABF image of less active catalyst showing multifaceted polycrystalline Cu(0) particle on TiO2 generated under the general 14 
conditions from [Cu(MeCN)4PF6]. Right: ABF image of more active catalyst showing a particle of Cu(0) with less crystallites and less facets 15 
generated under the general conditions from [Cu(MeCN)4BF4]. Added lines are a visual aid. See SI for FFT diffractograms. 16 

This is surprising as it is commonly assumed that the active sites are the coordinatively unsaturated metal atoms 17 

(corner, edge and defects).[57,58] However, an investigation by Chen,[59] reported that identifying surface facets alone was 18 

insufficient and that surface defects play more dominant roles in determining reactivity. The defect’s abundance and 19 

distribution “is strongly affected by the nanocatalyst growth pattern and synthesis procedure”. Thus, these observations 20 

may be evidence that the anion can influence Cu nanoparticle growth rate, which in turn causes a difference in the state 21 

of surface defects and therefore of the catalyst activity.[60] 22 

The use of Cu(II) salts, in general, provided catalysts with slightly increased, and more reproducible, activities than 23 

Cu(I) salts. The difference in reduction potential to Cu(0) may play a part by affecting the rate of particle growth and 24 

therefore the particle size and abundance of surface defects. However, of course, within the Cu(II) series, the nature of 25 

the counter-anion itself also has a profound influence on the rate, Figure 4. Retaining structural similarity, but 26 

decreasing electron density at copper was conveniently tested by comparing catalysts generated using acetylacetonate 27 

(acac), trifluoro-acac and hexafluoro-acac ligands. A significant drop in activity was observed with the use of trifluoro-28 

acac compared to acac. Increasing the effect further to hexafluoro-acac did not lead to any further significant changes. 29 

This trend was also observed when comparing Cu(II) acetate with Cu(II) triflate, as the more stable conjugate base 30 
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provides access to a less active catalyst. However, there was no meaningful difference when comparing Cu(II) halide 1 

salts. Much higher and reproducible rates were achieved employing Cu(NO3)2·3H2O as copper source. Finally, very 2 

stable Cu complexes ligated by phthalocyanine or NHC ligands did not achieve high activity.[53]  3 

As demonstrated, vide supra, it is surprising how simple differences in the anion (e.g. PF6- vs BF4-) can significantly 4 

influence catalyst structure and activity (hydrogen evolution rates). A reasonable rationale for these differences is in the 5 

strength of its interaction to Cu, which will affect its ability to seed and crystallise, the rate of nanoparticle formation and 6 

defect growth. Also, organic counter anions can potentially be oxidized by holes that would contribute to, and possibly 7 

enhance, H2 production. Indeed, there is also the possibility of the anion being included in the catalyst structure. Indeed, 8 

XP spectroscopy of a catalyst prepared using Cu(NO3)2·3H2O confirmed the presence of nitrogen in the isolated, 9 

washed and dried solid.[53] The high rates observed using this catalyst sustained after being recycled, vide infra, may be 10 

explained by nanoparticle stabilisation through anion incorporation. However, this is, of course, not the case for all 11 

anions. PF6- and BF4- were detected (19F NMR) in the solution phase of separated catalyst mixtures prepared using 12 

[Cu(MeCN)4PF6] and [Cu(MeCN)4BF4], respectively. 13 

3.5. Copper deposition and leaching  14 

The counter-anion was found to have a strong influence on the quantity of copper that is photodeposited on TiO2 15 

and also the amount of leaching into solution. Photocorrosion and re-deposition will have an influence on the catalyst 16 

activity by regenerating the Cu surface and particle dispersion. The activity of catalysts generated from 13 different salts 17 

was tested, after which they were isolated by centrifugation, dried and analysed by Atomic Absorbance spectroscopy 18 

(AAS) for Cu loading. The separated solution was analysed by ICP-OES for its Cu content.[53] Due to the specific role of 19 

some anions in particle formation and integration into the catalyst structure, it is non-trivial to make a deep analysis of all 20 

the data. Nevertheless, several trends are clear. Increasing fluorination in acac decreases Cu leaching from 10% down 21 

to 0%, whilst at the same time, increasing the Cu deposited on TiO2 from 0.56 – 1.22%. There was no Cu leaching 22 

detected, and almost the highest quantity of Cu deposited onto TiO2 with the use of Cu(NO3)2·3H2O, which provides the 23 

most active catalyst. However, the most Cu deposited was from employing CuI or CuF2, two fairly inactive complexes 24 

with unreproducible rates, which suggests a peak performance from a medium metal loading, which is in accordance 25 

with noble metal catalysts.[27a]  26 

3.6. Catalyst recycling  27 

The effect of catalyst recycling on the reaction rate was tested. Catalysts were prepared using the in situ 28 

photodeposition method and tested over 23 hours, isolated by centrifugation, re-tested and the cycle repeated up to 4 29 

times. The separated solvent from each run was then analysed by ICP-OES for leached copper, Figure 7. It was 30 

observed that an increase in the activity occurred after recycling the catalysts generated from [Cu(I)MeCN4]+ with either 31 

PF6- or BF4- anions. However, further recycling did not produce any further enhancements in the rate. This is consistent 32 

with complete separation of the counter-anion (19F NMR vide supra) after the first separation. In the case of the less 33 

active [Cu(MeCN)4PF6], 33% of the copper was detected (ICP-OES) in solution after the first solid/solution separation. 34 
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Consistently, no more leached copper was detected upon further recycling. Interestingly, no copper leached in the case 1 

of the more active BF4-. Reproducible increases in activity were observed when employing CuCl2 and CuBr2, however, 2 

copper was again only detected in solution after the first use of these Cu salts. The trend of increasing activity was not 3 

continued when recycling the more active catalysts made from either Cu(acac)2 or Cu(NO3)2·3H2O. In addition to this 4 

finding of anion dependent leaching, it has previously been found that more oxidizing or acidic environments also lead 5 

to a greater extent of copper leaching.[34] 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

Figure 7. Rates of H2 production from catalysts made by photodeposition of different copper salts and the effect of recycling on reaction rate. X = 14 
MeCN. Numbers below column indicate the run number and numbers above column are % Cu content detected (ICP-OES) in the solution phase 15 
after separation of the used catalyst from each run. 16 

 17 

 18 

 19 

 20 

 21 

Figure 8. Left: HAADF image of catalyst made from in situ photodeposition of Cu(acac)2 on TiO2 and recycled 4 times; scale bar = 10 nm. Only 22 
particles of TiO2 can be seen and no Cu is detected by this technique. Right: HAADF image of catalyst made from in situ photodeposition of 23 
Cu(NO3)2·3H2O on TiO2 and recycled 4 times; scale bar = 5 nm. Cu nanoparticles of less than 2 nm can clearly be seen decorating the TiO2 24 
particles.  25 

In order to gain further insight into the origin of this behaviour, the solid catalysts were analysed by TEM after the 26 

final run. Surprisingly, in all cases except Cu(NO3)2·3H2O, no recognisable copper nanoparticles could be detected. 27 

Occasionally, sub-nanometer particles that possibly resembled copper were found but their identity could not be verified. 28 

Thus, these highly active catalysts do not have any observable Cu nanoparticles. However, the presence of copper was 29 

confirmed in two ways. Firstly, under the EDX beam Cu particles accumulated and could then be detected. Secondly, a 30 
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sample of catalyst having been recycled four times was analysed by XRF spectroscopy and found 1.08% CuO was 1 

present. Therefore, it can be concluded that recycling has the effect of reducing the particle sizes to the level where the 2 

metal is atomically distributed on the semi-conductor support. A process involving dissolution and re-reduction is 3 

invoked, which proceeds in parallel with an increase in the activity for most examples. The increase in activity is likely 4 

due to a change in mechanism, as the active incident wavelength changes with different nanoparticle sizes.[27a] In 5 

addition, high dispersity of Cu(II) leads to more rapid and extensive reduction under the reaction conditions,[36] thus 6 

producing a higher frequency of active sites. In the case of the highly active Cu(NO3)2·3H2O salt, evenly distributed 7 

particles below 2 nm were still observed after the final recycle, indicating this catalyst to be stable as its dissolution is 8 

particularly disfavoured.  9 

4. Conclusions 10 

In summary, we have examined the effects on catalyst structure and reactivity of several variables in the in situ 11 

photodeposition method of copper on TiO2 surface. The reduction of water to hydrogen was employed as a model 12 

reaction. Cu(0) was identified as the active reduction site under the reaction conditions, but redox cycling between Cu(0) 13 

and Cu(II) was found to be facile, with oxidation occurring aerobically and re-reduction under irradiation. We anticipate 14 

this effect could be highly useful, as this novel reactivity can be integrated into redox catalysis in organic methodologies. 15 

The copper salt and counter-anion used were found to be extremely important, both to catalyst structure and its activity. 16 

The most active catalyst came from the use of Cu(II)(NO3)2·3H2O (6 μmol), TiO2 (25 mg) in MeOH:water (1:1 v:v) - 17 

copper did not leach, formed small particles (<2 nm) and gave reproducible rates after recycling. Despite the complexity 18 

within the system for other copper salts,[61] a number of key observations have still been realised: 19 

- the in situ photodeposition method can only occur with a soluble copper salt, under anaerobic conditions and 20 

light irradiation 21 

- the counter-anion determines the nanoparticle size and crystallinity, the net amount of copper deposited and 22 

the degree of copper leaching into solution. 23 

- recycling improved the activity for the less active catalysts by decreasing the nanoparticle size, but there was 24 

no significant effect on the more active catalysts, which have smaller particles loaded and may be stabilised 25 

by the anion.  26 

In addition to establishing the in situ photodeposition method for copper on titania, these findings will be important in 27 

the further development and application of this class of catalyst. Uncovering the complexities and revealing 28 

structure/activity relationships is integral for heterogeneous catalysis to be applied in new fields.  29 
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