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A B S T R A C T   

TiO2-Cu photocatalysts (1 wt% Cu) containing different copper species have been prepared and used for the 
generation of hydrogen by photoreforming of cellulose (the major component of biomass) in water at room 
temperature using UV light. A positive effect of copper has been clearly observed, and the analysis of the role of 
the Cu species present shows that a mixture of Cu(I) and Cu(II) favors the process. Among the TiO2-Cu photo-
catalysts, the one prepared by a simple impregnation method and not heat-treated, which shows small and well 
dispersed copper species particles, gives the highest hydrogen production.   

1. Introduction 

The current energy model based on fossil fuels has led to the accu-
mulation of CO2 in the atmosphere, with the known greenhouse effect 
and global warming [1]. The associated negative environmental effects 
are impelling the decarbonization of the energy and mobility fields. A 
way to reduce CO2 emissions is the substitution of fossil fuels by energy 
sources with no (or less) CO2 footprint and, in this context, H2 can be 
considered the cleanest fuel if its production is based on renewable and 
non-polluting sources. It is possible to address this challenge using 
suitable catalysis technologies. Among them, photocatalysis has shown 
to be able to contribute to the production of hydrogen and high 
added-value hydrocarbons. This can occur by means of the effective 
transformation of abundant or renewable resources like biomass resi-
dues, water, and sunlight through the process known as photoreforming 
[2–5]. 

Lignocellulosic biomass is usually the surplus of naturally produced 
organic matter, ranging from agriculturally grown crops to wood wastes, 
such as pellets or sawdust. In general, it is composed (on a dry weight 
basis) of 75% carbohydrates (cellulose and hemicellulose) and 10–20 % 
lignin, being the rest lipids. Cellulose, the major component and the 
most easily degradable one [3], is a linear crystalline polymer consisting 
of glucose units linked by β(1− 4) glycosidic bonds that can be repre-
sented by the chemical formula (C6H12O5)n. It has a complex and stable 
structure, difficult to degrade, resulting from an extensive network of 
intramolecular and intermolecular hydrogen bonds. 

Cellulose photoreforming can be envisaged by Eq. 1, although 

degradation products of cellulose can be formed instead of CO2. 

(C6H10O5)n + 7nH2O→6nCO2 + 12nH2 (1) 

A photocatalyst is basically a semiconductor that becomes activated 
by UV or visible light, depending on the band gap, generating e-/h+

(electron/holes) pairs [3,4]. The charge carriers can reach the semi-
conductor surface and participate in interphase redox reactions. The 
basic and simplified set of reactions of cellulose photoreforming is the 
following [6,7]:  

1. semiconductor+ hv→e− + h+

2. H2O→OH− + H+

3. e− + H+→1
2H2  

4. h+ + H2O→OH⋅ + H+

5. HO. + Cellulose→Glucose  
6. HO. + Glucose→e− + h+ + CO2 

In this scheme, glucose represents also other potential degradation 
product of cellulose (such as galactose, arabinose, rhamnose, xylose, 
mannose, etc.,). 

Titanium dioxide is an effective photocatalyst, widely used because it 
is chemically, physically, and thermally stable, non-toxic, and relatively 
inexpensive [8,9]. However, it has some disadvantages, such as a high 
e-/h+ recombination rate and relatively high band gap (UV light is 
required). These drawbacks can be overcome by combining TiO2 with 
other substances, like, for example, transition metals, non-metallic 
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elements, dyes, surface functionalities, etc. [10–15]. Such additives can 
either facilitate the transfer of charge carriers to hinder their recombi-
nation, leading to a modification of the host material band gap 
(including the creation of new electronic states), or to make the light 
harvesting more efficient. Also, some metals or metal compounds can be 
semiconductors, with the subsequent potential creation of hetero-
junctions, or they can act as co-catalysts of the target reaction. 

The first studies to produce hydrogen by hydrocarbons photo-
reforming (Kawai and Sakata [16]) used a physical mixture of TiO2, 
RuO2, and Pt. Later, different methods have been used to incorporate 
metals to TiO2, and the target has become to replace noble metals by 
non-noble metals such as Ni, Cu, and Co [17–20]. Among them, copper 
and copper oxides are interesting because they are good electrical 
conductor and semiconductor of smaller band gap than TiO2, respec-
tively. However, there is controversy about which copper species are the 
most effective to improve the properties of TiO2 for this reaction. 
Considering this, the present work focuses on the preparation of TiO2-Cu 
catalysts by different methods to obtain photocatalysts with copper in 
different oxidation states able to generate hydrogen by cellulose 
photoreforming. 

2. Experimental 

2.1. Synthesis of photocatalysts 

Titania P25 (Degussa, 70–80 % anatase and 30–20 % rutile) has been 
used to prepare Cu-TiO2 photocatalysts. Its average crystallite and par-
ticle size are, respectively, 25 nm and 0.1 µm [21,22], and the specific 
surface area is around 50 m2/g [22]. 

Cu-P25 catalysts (nominal 1 wt% Cu) have been prepared by the 
following procedures: 

-Wet impregnation. Dried P25 (3 g) and deionized water (15 mL) are 
magnetically stirred (10 min). Then, a Cu(NO3)2⋅3 H2O aqueous solu-
tion (30 mL) is added, and the mixture is ultrasonicated (20 min) and 
placed in an oil bath (35 ◦C, 7 h) under magnetic stirring. Afterwards, 
the mixture is ultrasonicated again (20 min) and then, transferred to a 
crystallizer, and dried at 80 ◦C for 15 h. Procedure adapted from refer-
ences [18,23]. Sample named P25-Cu-i. 

-Wet impregnation + calcination. Sample P25-Cu-i is heat treated as 
follows: 3 ◦C/min up to 150 ◦C, 2 h soaking time, and 5 ◦C/min up to 
500 ◦C, 1 h soaking time. Sample named P25-Cu-ic. 

-Wet impregnation + reduction with H2. Sample P25-Cu-i is reduced 
inside a U-shaped quartz reactor (H2 flow (60 mL/min) 500 ◦C (heating 
rate 5 ◦C/min), 2 h). The catalyst, named P25-Cu-ih, is stored in a vial 
filled with Ar. After approximately one month, the inert atmosphere was 
not preserved and the sample turned light gray, being named P25-Cu- 
iht. 

-Wet impregnation + calcination + reduction with H2. Sample P25- 
Cu-ic is submitted to the reduction treatment described above. The 
resulting sample is called P25-Cu-ich and is also stored in Ar. 

-Impregnation + reduction with NaBH4. Titania P25 (3 g) is added to 
an aqueous solution (20 mL) of Cu(NO3)2⋅3 H2O. The mixture is 
magnetically stirred (10 min) and placed in an ice-water bath. NaBH4 
(0.0193 g) is added and magnetic stirring is kept for 2 h. The solid is 
washed with ultrapure H2O, and dried at 105 ◦C overnight (16 h). The 
preparation of this photocatalyst, named P25-Cu-ib, is based on the 
work of Xu et al. [24], who proposed that Cu2O is formed in these 
conditions. 

- Cu incorporation by ligand exchange. Starting with Cu 
(NO3)2⋅3 H2O, several reactants are used to obtain an oxalate copper 
complex that is deposited on P25. The detailed description of the pro-
cedure is presented in the supplementary information, SI, accompanied 
by a photograph showing the color changes (Figure S1). Sample named 
P25-Cu-o. 

2.2. Characterization of photocatalysts 

The actual copper content (and Na content in some samples) in the 
catalysts was determined after extraction with aqua regia and analysis 
by ICP-OES (Perkin Elmer, model 7300 DV (dual vision)). Details on the 
procedure are included in the SI. 

The band gap energy (Eg) of the photocatalysts was determined using 
0.1 g sample and λ scan 800–200 nm (Jasco V-670 UV–vis 
spectrophotometer). 

The photocatalysts were characterized by XRD (Miniflex II Rigaku 
(30 kV/15 mA)) with Cu Kα radiation (λ = 0.1540 nm), from 6◦ to 80◦

2θ at 2◦/min, XPS (Thermo-Scientific K-Alpha, 1486.6 eV Al Kα X-ray 
source), with a pass energy of 50 eV, and 0.1 eV scan step, irradiating 
400 µm of the sample, binding energy (B.E.) values adjusted to the C1s 
transition (284.6 eV); and TEM (JEOL, JEM-2010 200 keV, with a 
GATAN ORIUS SC600 camera and GATAN Digital Micrograph 1.80.70 
for GMS 1.8.0). 

2.3. Catalytic activity tests 

The experimental setup used for the catalytic activity tests consists of 
a glass photo reactor (Heraeus UV-RS-2) equipped with a medium- 
pressure mercury UV lamp (Heraeus TQ-150, undoped, 150 W, radia-
tion flux (Φ) of 47 W in the 200–600 nm range and λmax = 365 nm) that 
includes a built-in cooling system which allows maintaining the reaction 
temperature at 25 ◦C. The inlet gas (He) is driven to the lower part of the 
reactor, bubbling through the liquid. The outlet gas flows through a 
moisture trap before reaching the mass spectrometer (Balzers, OmniStar 
GSD 301 O1) (Figure S2). 

In a typical experiment, 1 g ball-milled cellulose (milling described 
in SI), 20 mg photocatalyst, 500 mL distilled water, and a magnetic 
stirrer are introduced into the reactor. Then, the reactor, wrapped with 
an aluminum foil cover, is well purged with helium (60 mL/min) to 
displace any dissolved oxygen, and the lamp is switched on and kept on 
for 5 h. 

The following "blank" experiments have been performed: 1) with 
cellulose but without catalyst (B1), 2) without cellulose and without 
catalyst (B2), and 3) without cellulose and using P25 (B3a), and without 
cellulose and using P25-Cu-i (B3b). 

3. Results and discussion 

3.1. Catalysts characterization 

3.1.1. Visual analysis and ICP-OES results 
The prepared photocatalysts show different colors, a clear indication 

of the different copper species developed (Fig S3). 
Sample P25-Cu-i shows a pale greenish-blue color that can be 

attributed to a basic copper salt, which could have been formed either by 
hydrolysis of copper nitrate in water or by its partial decomposition 
during the catalyst drying at 80 ◦C [25]. Sample P25-Cu-ic looks 
brownish, and this color suggests the presence of Cu2O and CuO. Sam-
ples P25-Cu-ih and P25-Cu-ich show a predominant indigo color that 
can be due to reduced titania with some contribution of the presence of 
Cu(I) and/or Cu(0) species, the last one also able to promote the 
coloration by the plasmonic effect [26,27]. Sample P25-Cu-iht looks 
gray-like, indicating the presence of Cu or CuO and, likely, also partially 
reduced titania. Sample P25-Cu-ib shows a quite pale gray-blue color, 
suggesting that partially reduced copper species are present. The 
sky-blue color of P25-Cu-o reveals that the coordination of copper is 
different from that in P25-Cu-i. 

The Cu content (wt%) in the prepared catalysts determined by ICP- 
OES is very close to 1 wt% in all samples, except in P25-Cu-ib, which 
contains 0.5 wt% Cu (Table S3). In this case, the preparation procedure 
includes a final washing step that seems to have leached out part of the 
deposited Cu (in agreement with the very pale color (Figure S3)). 
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Sample P25-Cu-o contains a relatively high amount of Na (3.6 wt%), 
remaining from NaOH and CH3COONa⋅3 H2O used in its preparation. 

3.1.2. UV-Vis results 
The UV-Vis absorbance spectra (Fig. 1a) reveal the important effect 

of the presence of copper in the optical properties of the P25-Cu pho-
tocatalysts. In the λ range 200–400 nm all samples present the high 
absorbance characteristic of P25, but the Cu-containing photocatalysts 
show additional features (relative maxima at 215 and 325 nm) that are 
likely related to LMCT (ligand to metal charge transfer) transitions 
involving O2- and copper species [28]. Besides, the P25-Cu samples, 
particularly those analysed just after the reduction treatment with H2 
and kept in an inert atmosphere until the measurement, show significant 
absorbance above 400 nm. According to Schubert et al. [29] absorbance 
between 400 and 550 nm can be the result of: localized surface plasmon 
resonance (LSPR) of Cu(0) nanoparticles, Cu(0) d-s transitions, interfa-
cial charge transfer from TiO2 to Cu(II) and metal-to-ligand charge--
transfer (MLCT) associated to Cu(I), while the strong absorption 
between 550 and 900 nm is due to d-d transitions in Cu(II) [29]. On the 
other hand, DeSario et al. attribute the absorption between 560 and 
760 nm to LSPR [30]. Therefore, it can be stated that the H2 heat treated 
samples contain Cu(0) and a strong LSPR, which is higher for the 
reduced sample that had not been previously calcined. For the rest of the 
samples, the absorbance profiles show differences in the 550–900 nm 
wavelength region, revealing a different role of the copper species, 
following the decreasing order of absorbance: P25-Cu-icht > P25-Cu-ic 
> P25-Cu-i > P25-Cu-ib > P25-Cu-o > P25. P25-Cu-i, P25-Cu-ic, and 
P25-Cu-ib present a very similar profile between 550 and 900 nm that 
reveal the presence of Cu(II) (absorbance due to d-d transitions), while 
the shape of the absorbance curve for P25-Cu-o suggests a LSPR effect 
and thus, the presence of Cu(0). 

The complete set of calculated Eg values (by indirect K-M method 
(the most appropriate for the photocatalysts studied in this work [31])) 
is shown in Table S1. 

The Eg values of the Cu-containing catalysts are lower than that of 
pure P25, and show some slight differences between them, revealing the 
effect of the different copper species present. The lower Eg values, 2.24 
and 2.35 eV, correspond to samples reduced by treatment with 
hydrogen at high temperature (500 ◦C), catalysts P25-Cu-ih and P25-Cu- 
ich, respectively. For the sample calcined at 500 ◦C, P25-Cu-ic, and 
those reduced or prepared at room temperature, P25-Cu-ib, P25-Cu-o 
and P25-Cu-i, the values are significantly higher: 2.82, 2.91, 2.97 eV and 
2.91 eV, respectively. 

3.1.3. XRD results 
The X-ray diffraction analysis of the prepared photocatalysts mainly 

shows the characteristic patterns of P25 [8,32,33], Figure S4. Peaks with 
very low intensity that could correspond to Cu species can be distin-
guished for some samples (marked in Figure S4). The main diffraction 
peaks of anatase, rutile, Cu and Cu oxides, collected in the JCPDS and 
JCPDF database, are included in Table S2. These data show the over-
lapping of some titania and copper species peaks (that totally affects the 
most intense reflection peaks of the copper species). 

With the caution imposed by the low intensity of the Cu peaks and 
the mentioned overlapping, it can be stated that samples P25-Cu-iht, 
P25-Cu-o, and P25-Cu-ich contain Cu(0) or Cu2O (peak at 2θ 74◦). Be-
sides, for these samples and for P25-Cu-i, peaks at 2θ 29.8 and 42.3◦, 
corresponding to Cu2O, seem to be present [34,35]. Assignment of CuO 
is not conclusive because the corresponding most intense peaks overlap 
with those of TiO2. No peaks due to Cu species can be distinguished for 
sample P25-Cu-ib, may be related to the low metal loading, while for 
sample P25-Cu-o significantly different peaks are observed in the 
30–35.5◦ 2θ range, which are attributed to Na species, likely NaOH, 
Na2O or Na2CO3 [36–39]. 

3.1.4. XPS results 
The Cu 2p3/2 XPS spectra obtained for the prepared P25-Cu samples 

(Fig. 1b) show a broad peak at B.E. from 930 to 938 eV that, in some 
cases, can be deconvoluted into two contributions (denoted as peak A 
and peak B). Peak A, at about 932.3 eV, is due to Cu(0) and/or Cu(I) [40, 
41], while peak B, close to 934 eV, stands from more oxidized Cu spe-
cies. Details on precise B.E. values, the relative contribution of A and B 
peaks, and surface Cu wt% are presented in Table S3. 

The XPS analysis of supported species is complicated because the 
particle size and the interaction of those species with the support have a 
relevant influence on the position and shape of the peaks (width, sat-
ellite structure, etc.) of both, photoelectron and Auger signals [42]. 
Besides, in the case of supported copper, determining whether copper is 
present as Cu(0) or Cu(I) is complex since both species have similar 
binding energy. 

For samples P25-Cu-i and P25-Cu-ic, peak B can be assigned to Cu(II) 
since satellite peaks (from 938 to 945 eV) are clearly observed in the 
spectra [40,42,43]. For samples P25-Cu-ich and P25-Cu-ib, peak B ap-
pears at 933.3 eV and no satellite peak is observed, meaning that either 
these samples do not contain Cu(II) or that the satellite peaks are not 
observable due to the very low amount of this species. For sample 
P25-Cu-o, the XPS signal has very low intensity, but it should be related 
to Cu(0) or Cu(I). The amount of surface Cu in this sample is noticeably 
lower than in the other catalysts, and a significant amount of sodium is 

Fig. 1. a) Absorbance vs wavelength profiles of P25 and P25-Cu photocatalysts and b) Cu 2p3/2 XPS spectra for the P25-Cu catalysts.  
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detected (higher than the one determined by ICP) which could be 
partially covering copper species. In general, the photocatalysts show 
surface enrichment of copper species (revealed by the surface Cu wt%, 
higher than the total Cu loading, Table S3), being more marked in the 
case of the calcined samples. 

As a summary, it can be stated that P25-Cu-i contains Cu(II) present 
as nitrate, hydroxide or oxide, and Cu(I) species (24 % and 76 %, 
respectively, of the total amount of detected Cu). P25-Cu-ic contains Cu 
(II) and Cu(I) (13 % and 87 %, respectively). Because of the preparation 
method, it is unlikely that Cu(0) is present in these two samples. P25-Cu- 
ich and P25-Cu-ib could contain a mixture of Cu(0) and Cu(I), and 
probably a small amount of Cu(II), and P25-Cu-o, likely contains Cu(0), 
that might be partially covered by Na species. 

Analysis of the Auger electrons to distinguish Cu(0) or Cu(I) [42,43] 
is very difficult because the intense XPS Ti 2 s transition (565.3 eV) 
overlaps the Auger CuLMM one (567.6–573.6 eV) [44]. However, a 
thorough analysis of the Auger spectra shows slight but relevant dif-
ferences between samples, and also with respect to analogous data ob-
tained for P25 (Fig. 2). The main features in the Cu (L3M4,5M4,5) Auger 
spectra for Cu, Cu2O, CuO, and Cu(OH)2 appear in the 912–922 eV range 
[45] (in particular at 919.0, 916.7, 918.2 and 916.3 eV for Cu, Cu2O, 
CuO and (Cu(OH)2 + Cu2O), respectively) and according to Nefedov 
et al. [46], the contribution due to Cu(NO3)2 appears at 915.1 eV [47]. 
Fig. 2 shows that in this interval, the signal intensity for the P25-Cu 
samples is higher than for P25. The following observations can be 
outlined: 

For sample P25-Cu-i there are maxima at about 915 and 917 eV 
which suggest the presence of Cu(NO3)2, Cu(OH)2 and of Cu2O. For P25- 
Cu-ic, maxima at about 915 and 918 eV probably correspond to Cu2O 
and CuO. It must be also mentioned that the main peak is shifted by 
0.51 eV to lower values with respect to the position in P25 (921.92 eV), 
indicating a stronger Cu-Ti interaction. This analysis allows confirming 
that peak A in the XPS data of these two samples (Fig. 1b) does not 
correspond to Cu(0). 

For P25-Cu-ich, the Auger signal also shows the features commented 
for P25-Cu-ic, but the contribution at 919 eV reveals that this sample 
contains Cu(0). In this case, the shift of the main signal to lower values is 
0.15 eV. 

The Auger profile of sample P25-Cu-ib is very similar to that of P25 
with an additional contribution at 916 eV that can correspond to Cu2O 
and/or Cu(OH)2 species. Finally, for P25-Cu-o the profile is very similar 
to that of P25 due to the low surface Cu content. 

In addition to the above interpretation, it must be considered that 
copper is coordinated not only to oxygen forming copper oxides, but also 
to oxygen and/or titanium from the P25 surface which can influence the 
electronic and structural characteristics of the supported species. 

Figure S5 shows the O1s XPS data. For P25, the main peak is due to 
O-Ti (529.5 eV, TiO2 lattice oxygen) and the shoulder includes two 
contributions: at 531 eV, corresponding to O in surface OH groups (Ti-O- 
H species) and at 532.4 eV, probably due to adsorbed H2O [48]. Precise 
B.E. values are shown in Table S5. In general, the same features are 
observed for the P25-Cu samples, although the main peak is somewhat 

Fig. 2. Auger spectra of each P25-Cu photocatalyst compared to that of P25 (B.E. of the main maximum and the corresponding electrons kinetic energy energy (K.E.) 
are shown in Table S4). 
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shifted to higher B.E., probably due to the interaction of oxygen with Cu 
species. The magnitude of this shift slightly varies for the different 
P25-Cu samples, being higher for samples treated (calcined and/or 
reduced) at higher temperature. A similar shift has been observed in the 
Ti2p XPS analysis (Figure S6). The main peak is slightly shifted to higher 
B.E. values in the P25-Cu catalysts with respect to P25. This means 
either that copper species interact with O and Ti atoms in a similar way 
and/or that a certain distortion of the outer TiO2 surface structure occurs 
upon copper incorporation. The largest effect is found for samples 
P25-Cu-ic and P25-Cu-ich (treated at 500 ◦C), for which the amount of 
surface Cu is higher than for the rest of the samples. This indicates that 
copper does not diffuse in the TiO2 bulk and, thus, the commented XPS 
shifts are due to modifications occurring in a very external position, 
close to the surface. 

In the case of the P25-Cu-i sample, the relatively intense peak at 
about 532 eV can be attributed to the presence of NO3

- (O1s B.E. 
532.5–533.6 eV). The O 1s XPS profiles of samples P25-Cu-ic, P25-Cu- 
ich and P25-Cu-ib do not show this peak, indicating that nitrates have 
been completely removed by the heat treatments. For P25-Cu-o, the 
relatively intense contribution at 531.3 eV is probably related to the 
remaining oxalate or acetate species [48]. The N1s analysis shows for 
sample P25-Cu-i a peak at 406.71 eV, characteristic of NO3

- species [47, 
49], confirming the presence of nitrates (about 0.92 wt% N) in it and the 
absence in the rest of samples (Figure S7). 

3.1.5. TEM results 
The obtained TEM images are shown in Figure S8. Sample P25-Cu-i 

(Figure S8a (image also shown in Fig. 3a)) contains very well dispersed 
particles all over the surface. As it has been prepared in mild conditions, 
the formation of metal or metal oxide clusters is not expected. According 
to the aspect of this sample (Figure S3), the observed particles could be 
copper basic salts formed by the interaction of the Cu(NO3)2 solution 
with the TiO2 surface. In samples P25-Cu-ic and P25-Cu-ich, Cu particles 
are visible and well dispersed, but larger (Figures S8b and S8c), likely 
due to sintering associated with the thermal treatment. They could be 
Cu2O and/or CuO in P25-Cu-ic and Cu(0) and/or Cu2O in P25-Cu-ich. 
Since the reduction treatment can lead to the migration of partially 
reduced titanium oxide towards copper particles producing the SMSI 
(Strong Metal-Support Interaction) effect, Cu particles might be covered 
by titania or a Cu-Ti alloy can be formed (as reported for Ru supported 
on ZnO [50]). 

Very few particles are observed for P25-Cu-ib (Figure S8d), in 
agreement with the lower Cu loading. The TEM images of the P25-Cu-o 
catalyst show larger particles (and closer together) that might be also 
covered by sodium species (Figure S8e), suggestion supported by the 
large amount of superficial Na detected by XPS. 

The proposed copper species present in each catalyst and the esti-
mated particle size are shown in Table S6. 

3.2. Photoreforming of cellulose 

Fig. 3b shows the hydrogen generation (µmol⋅gcat− 1) vs time 
recorded for all the tested photocatalysts. The analogous data of CO2 
generation are presented in Figure S9. 

The amount of generated H2 and CO2 (in µmol⋅h− 1⋅gcat
− 1) is presented 

in Table 1. Blank B2 renders 2.6 µmol H2 and 18.3 µmol CO2, while in 
blank B1, the production of H2 and CO2 is 2.1 and 0.7 µmol, respectively, 
showing that cellulose photooxidation and water photolysis are 
negligible. 

Data in Table 1 show that all the P25-Cu catalysts are more active 
than bare P25. The largest amount of H2 (in µmol⋅h− 1⋅gcat

− 1) is produced 
using the P25-Cu-i catalyst, followed by P25-Cu-ib, while the less active 
samples are those that have been thermally treated (calcined and/or 
reduced with H2). This is in line with the recent study published by 
Schubert et al. [29] who considered this finding surprising. Besides, it 
should be noted that for the two catalysts that produce the highest 
amount of hydrogen, the H2/CO2 ratio is close to 2, which agrees with 
the stoichiometry of the reaction (Eq. 1). 

To explain the differences between catalysts it is necessary to 
consider both, the nature of the Cu species present and their particle 
size. It is intriguing that the two most active samples, P25-Cu-i and P25- 
Cu-ib, have been prepared by different procedures and they contain, as- 
prepared, different copper species that are either active or become 
activated under the reaction conditions. This second option seems to be 
relevant for sample P25-Cu-i (as-prepared it still contains nitrate ions). 

Analysis of the used catalysts should shed light on this but, unfor-
tunately, the used catalyst is mixed with the unreacted cellulose and it is 
not possible to analyse it separately. 

In any case, it is clear that several redox reactions will occur 
involving the photocatalysts components. That is, when a TiO2-Cu 
photocatalyst is irradiated with light of the suitable wavelength, e-/h+

pairs are generated and the electrons can move towards the supported 
Cu species and produce potential reduction reactions, what can activate 

Fig. 3. a) TEM image of sample P25-Cu-i and b) Hydrogen production vs time in the photoreforming of cellulose.  

Table 1 
Results of cellulose photoreforming for the catalysts studied.   

Gas products (µmol⋅h− 1⋅gcat
− 1)  

Catalyst H2 CO2 H2/CO2 

P25 297 211 1.41 
P25-Cu-i 731 407 1.80 
P25-Cu-ic 437 277 1.58 
P25-Cu-ih 510 313 1.63 
P25-Cu-ich 470 275 1.71 
P25-Cu-ib 653 341 1.92 
P25-Cu-o 549 476 1.15 
Blank B3a* 69 19 3.63 
Blank B3b* 53 46 1.15  

* see the text 
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the co-catalyst. If Cu(0) is formed, it would be a proper conductor of 
electrons to reduce H+. If CuO is present on the TiO2 surface, the elec-
tron transfer to the co-catalysts is feasible according to the work function 
values (5.9 ± 0.1 eV and 5.4 ± 0.2 eV for CuO and TiO2, respectively) 
[51,52]. Such a transfer could result in the formation of Cu2O or even Cu 
(0) species, and they would deliver electrons for the reduction of H+ to 
H2 and become oxidized and ready for a new electron transfer. This 
comment intends to point out that complex and multiple redox processes 
can occur on the P25-Cu photocatalysts and the obtained results show 
that they are more effective when the photocatalysts have not been 
heat-treated and the particle size of the copper species is smaller. 

To better appreciate the significance of the obtained results, they 
have been compared with those previously published, using cellulose as 
sacrifice substrate and photocatalysts prepared with commercial titania 
(Table S7 and associated comments). Assuming that comparison of re-
sults is usually difficult due to differences in the catalyst nature, the 
experimental conditions, and the setup used, it can be concluded that:  

• In general, the production of CO2 is not reported in most published 
studies, and this is an important aspect of the process that should be 
also presented.  

• Comparing systems that use similar power radiation, the present 
study gives the highest H2 generation, and this good result is ob-
tained with non-noble metal-based photocatalysts. 

In summary, the incorporation of copper to P25 and the conditions 
used in this study allow the efficient hydrogen production by cellulose 
photoreforming. The simplest preparation method has led to the most 
active catalyst, meaning that this procedure leaves the catalysts in the 
most suitable form to become efficiently activated during their man-
agement and/or under reaction conditions. 

4. Conclusions 

P25-Cu catalysts prepared by different procedures have led to 
different supported copper species. They are significantly more active 
than bare P25 for the generation of hydrogen by cellulose photo-
reforming. The just impregnated catalyst (P25-Cu-i) and the one reduced 
with NaBH4 at room temperature (P25-Cu-ib) show the highest activity 
due either to the preservation of the surface TiO2 structure and/or to the 
presence of copper species more active or able to be activated in their 
use. Calcination and reduction heat treatments reduce the catalyst 
effectivity. Sample P25-Cu-i, standing out for the simple preparation 
method, can be considered very promising to boost the cellulose pho-
toreforming process for obtaining green hydrogen. 
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Ródenas, J. Environ. Chem. Eng. 9 (2021) 1–11. 
[33] L. Cano-Casanova, A. Amorós-Pérez, M.Á. Lillo-Ródenas, M.C. Román-Martínez, 
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