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A B S T R A C T   

Different photocatalysts based on the combination of TiO2 and CuxO have been prepared by simple and repro-
ducible procedures. The synthesized systems have been applied in the photoreduction of CO2 to yield CH4 inside 
a 2-dimensional flow reactor in which the gas stream was passed over a thin layer of the catalyst under UV 
irradiation. Analysis of the photocatalysts reveals that the oxidation state of Cu changes throughout the reaction, 
thus modifying the physicochemical properties of the catalysts. The combination of core-level and valence-band 
level spectroscopies allowed us to draw the band diagram for the best catalyst, showing a Z-scheme structure. 
The reactor design and the photocatalyst developed can produce CH4 at a very high production rate with extreme 
efficiency. After further optimization through suppression of side reactions, we obtained one of the highest 
values reported for any type of reactor or catalytic system with a CH4 formation rate over 100 μmolCH4⋅gcat

− 1 h− 1 

using low power LED lighting.   

1. Introduction 

Climate change is directly linked to the use of fossil fuels to meet 
current energy demand which is currently estimated at 400 EJ world-
wide [1]. This has spurred research towards the development of cata-
lytic routes and processes aimed at the production of clean energy. The 
ultimate goal is the exploration into new catalytic reactions in which 
wastes are converted to useful products [2–4]. In this respect, the 
reduction of CO2 into useful chemicals appears as an ideal solution. The 
Sun provides Earth with 5.5 × 106 EJ worth of solar energy per year 
globally [5]. Thus, photocatalytic reactions hold a very high potential 
for their use in energy-related research [6,7]. Under these particular 
optics the development of photocatalysts capable of harnessing light and 
use it for the production of fuels is both exciting and necessary from a 
global environmental viewpoint. 

The process of reducing CO2 by means of a photocatalyst under 
sunlight irradiation is a term often referred to as “artificial photosyn-
thesis” [8]. The main reaction products of significant interest from an 
industrial viewpoint (primarily CH4, CO and CH3OH) is still far below 
the expected outcome. Thus, substantial breakthroughs are mandatory 
in several aspects, especially in catalyst formulation and design as well 
as in reactor architecture. 

Over the past decade, extensive research has been carried out to 

modify existing photocatalysts to improve desired product yields so as to 
make photocatalysis a viable route towards a circular economy. TiO2 is 
by far the most widely studied photocatalyst since its photocatalytic 
properties were established in 1972 by Fujishima and Honda [9]. 
However, it is not devoid drawbacks, such as high electron-hole 
recombination rate, relatively low surface area, and very low activity 
under solar irradiation [10]. All these would ultimately make its use in 
artificial photosynthesis unfeasible. For these reasons, the key aspects 
which have been tackled in the literature are the modification of ab-
sorption of light in the visible region of the spectrum or to modulate the 
rate of electron-hole pairs recombination [5,10,11]. In this respect, 
many reports may be found in which noble metals (e.g. Au, Ag, Pd or Rh) 
have been used in combination with TiO2-based systems. Nevertheless, 
the results obtained do not make up for the increase in photocatalyst cost 
[12]. In this sense, the use of other cheaper and more abundant transi-
tion metal-based catalysts is highly desirable [13–15]. The formation of 
CuxO and TiO2 hybrids has given rise to a new family of photocatalysts 
often referred to in the literature as Z-scheme heterostructures or 
Z-scheme photocatalysts. In these systems, two different semiconductors 
are linked so as to work together in a given photocatalytic reaction. 
Z-scheme heterostructures combine the benefits of both materials, pre-
serving both strongly oxidative holes and strongly reducing electrons 
[16–18]. In these heterostructures, the interface between the oxides is 

* Corresponding author. 
E-mail address: cazorla@ua.es (D. Cazorla-Amorós).  

Contents lists available at ScienceDirect 

Journal of CO2 Utilization 

journal homepage: www.elsevier.com/locate/jcou 

https://doi.org/10.1016/j.jcou.2021.101796 
Received 23 September 2021; Received in revised form 25 October 2021; Accepted 30 October 2021   

mailto:cazorla@ua.es
www.sciencedirect.com/science/journal/22129820
https://www.elsevier.com/locate/jcou
https://doi.org/10.1016/j.jcou.2021.101796
https://doi.org/10.1016/j.jcou.2021.101796
https://doi.org/10.1016/j.jcou.2021.101796
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcou.2021.101796&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of CO2 Utilization 54 (2021) 101796

2

crucial in establishing the performance of the photocatalyst. Thus, 
special attention must be paid to the development and analysis of this 
particular aspect [19]. Also, another interesting alternative to improve 
the photocatalytic activity of TiO2 is the incorporation of carbon ma-
terials [20]. In this sense, the use of carbon nanotubes (CNTs) has 
attracted a significant attention for their incorporation on the TiO2 due 
to their interesting properties. CNTs enhance the lifetime of generated 
electron-hole (e− -h+) pairs in the TiO2 and they can provide supple-
mentary catalytic active sites under certain reaction conditions, among 
other benefits [21,22]. In this study, taking profit of the electrical 
properties of CNTs, a CNTs film has been prepared and the two 
metal-based phases have been loaded separately in order to deepen into 
the reaction mechanism. 

Another key aspect which must be addressed when improving upon a 
(photo)catalyst lies in the understanding of the mechanism of CO2 
photoreduction [23]. The reaction steps at the atomic/molecular level 
are still not well understood and thus subject to discussion [24,25]. It is 
generally accepted that the reaction pathways involve the following 
steps: (1) reactants adsorption on the surface of the photocatalyst, (2) 
activation/bond weakening of the adsorbed reactants by electrons/holes 
generated by light irradiation, (3) generation of reactions intermediates 
on the photocatalyst surface, (4) formation of reaction products, and (5) 
catalyst surface regeneration [26]. Considering the photocatalysis 
reactor, the lack of an established and generally accepted standard has 
resulted in the development of custom-built photoreactor set-ups. In 
these reactors working conditions and products distributions is moni-
tored according to the needs/parameters of each laboratory. This has 
resulted in an inherent difficulty in comparing the performance of the 
samples which have been tested in different facilities. The photoreduc-
tion of CO2 may be performed both in liquid and gas phases [4,27,28]. 
The former configuration is strongly dominated by slurry reactors 
[29–31]. Nevertheless, the use of a gas-phase reaction system bears a 
significant number of advantages over liquid-phase reactors, out of 
which the following stand out: (1) the possibility of operating in very 
well controlled high-purity conditions, and (2) the fact that dissolution 
phenomena arising from the presence of water as hydrogen source 
(which can moreover be perfectly controlled) may be safely ruled out 
[32]. 

Focusing on gas-phase reactions, batch mode reactors are often used 
[33,34]. This raises the question of whether product accumulation 
and/or intermediates or products readsorption may give rise to other 
secondary or competing reactions. Thus, it becomes preferable to 
perform CO2 photoreduction in a continuous flow reactor. This is done 
by supplying CO2 and H2O (steam) with short yet controlled contact 
times between the catalyst and the gas phase. Under these conditions, 
while the aforementioned deleterious effects might occur to a lesser or 
negligible extent, the very small amounts of products generated require 
appropriate reactor design and data analysis in order to deliver mean-
ingful and reliable results. This must be considered together with the 
fact that light penetration in these systems goes to depths well below 0.5 
μm (for instance, radiation with a wavelength of 355 nm will penetrate 
under 300 nm into anatase TiO2 [35]). Thus, appropriate reactor design 
becomes yet another cornerstone to bear in mind. The reactor archi-
tectures that have been described in the few literature reports available 
are based on a thin bed of photocatalyst loaded inside a selected reactor 
chamber. The reactor is submitted to continuous radiation while CO2 
and H2O are fed during the reaction. These may be divided into (1) a 
“flow-over” (or “flow-through”) reactor in which a thin layer of the 
photocatalyst is deposited on a flat transparent substrate while the re-
action mixture is passed over (or through) the bed [36], and (2) a thin 
tubular reactor with a small cross-section in which the catalyst is loaded 
as a packed bed constantly illuminated as the gas mixture flows through 
it [37]. 

The objective of the present work is to prepare a series of photo-
catalysts based on the combination of TiO2 and CuxO, in order to 
develop high-performance Z-scheme systems. The prepared samples 

were analyzed by several physical and chemical techniques to probe into 
their structure and the nature of the interface between the semi-
conductors. Finally, the photocatalysts were tested in the photoreduc-
tion of CO2 in a flow reactor that uses a thin layer of the photocatalyst, 
thus being considered as a 2-dimensional flow reactor. The device is 
designed to irradiate the sample with UV LED lights during the experi-
ments. Our results show that it is possible to develop efficient Z-scheme 
photocatalysts which can operate under steady state conditions, which 
would allow to deliver a promising amount of CH4 in a gas stream. Some 
insights into the reaction mechanism have been obtained with the help 
of CNTs as charge carrier for metal oxides phase separation. 

2. Experimental 

2.1. Reagents and materials 

Titanium (IV) butoxide (TTB, 97 %, Sigma-Aldrich), Multi-walled 
Carbon Nanotubes (MWCNT, Nanoblack, bamboo-type MWCNT with a 
diameter between 15 and 30 nm), glacial acetic acid (HAc, 99 %, Sigma- 
Aldrich), Pluronic F-127 (F-127, Sigma-Aldrich), absolute ethanol 
(EtOH, 99.8 %, Fisher Scientific), formamide (FA, 99.5 %, Sigma- 
Aldrich), urea (99 %, Merck), copper nitrate trihydrate (Cu 
(NO3)2⋅3H2O, 99 %, Panreac), sodium borohydride (NaBH4, 98 %, 
Sigma-Aldrich), methanol (MeOH, 99.8 %, Sigma-Aldrich), glass plates 
(24 × 24 mm, Thermo Scientific Menzel, Fisher Scientific), commercial 
TiO2 (P25, Rutile:Anatase 85:15, 99.9 %, Degussa) and deionized water 
were used in the present work. All reactants were used as received, 
without further purification. 

2.2. Catalyst preparation 

2.2.1. Synthesis of TiO2 and their modification with MWCNT 
The base TiO2 used in all the preparations and its composite with 

MWCNT was synthesized following the preparation protocol reported by 
our research group [38,39]. For the benchmark TiO2, 5 g of the titanium 
precursor (TTB) were dissolved in a small amount (7.9 g) of EtOH. The 
resulting solution (labelled “Solution A”) was vigorously stirred for 10 
min. In a separate vessel 1.6 g of HAc, 0.3 g of Pluronic F-127, 1.6 g of 
H2O, 7.9 g EtOH, 0.4 g of FA, and 0.4 g of urea were mixed (this 
container was labelled “Solution B”) and stirred for 10 min. After the 
stirring period was finished “Solution B” was added dropwise to “Solu-
tion A” under strong magnetic stirring. The obtained solution was 
quickly transferred to a Teflon-lined stainless-steel autoclave and heated 
at 60 ◦C for 24 h to promote the formation of the TiO2 gel. The tem-
perature was then increased to 120 ◦C for 24 h to promote the decom-
position of urea. The obtained white solid was calcined at 350 ◦C to 
remove the template. For the preparation of the TiO2-MWCNT com-
posites, the necessary amount of MWCNTs to yield a 1 wt. % in the final 
composite was added to “Solution B” following the same synthetic 
protocol. The MWCNTs were then dispersed in “Solution B” by means of 
an ultrasound probe (Bandelin SONOPULS HD 2200) with a power of 
660 W operating at 30 % power for 5 min. Following this step, the 
synthesis was carried out under the same aforementioned conditions for 
the support based on bare TiO2. The resulting materials were denoted as 
TiO2 for the sol-gel titania, TiO2C for the TiO2-MWCNT composites. 
“P25” refers to the benchmark P25 used as reference. 

2.2.2. Synthesis of Cu-containing photocatalysts 
The impregnation of a transition metal (Cu) on the surface of TiO2, 

TiO2C, and P25 was carried out by a modification of a standard 
impregnation protocol followed by a reduction step with NaBH4 [40]. 
Firstly, 500 mg of the starting material (TiO2, TiO2C or P25) were sus-
pended in 10 mL of deionized water, using an ultrasound bath for 5 min. 
After that, the necessary amount of a solution of the metal precursor (1.9 
g/200 mL) was added to obtain a final metal loading of 1 wt. %. This 
suspension containing the precursor was stirred for 1 h. Then, the Cu 
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ions were reduced by incorporation of a freshly prepared NaBH4 
aqueous solution (molar ratio between metal and NaBH4 was 1:10) 
dropwise to the suspensions under vigorous stirring and the resulting 
mixture was stirred for 1 h. Finally, the powder was filtered and washed 
with an ethanol:water mixture three times to totally remove the 
remaining NaBH4 present in the samples. The photocatalysts were dried 
at 60 ◦C for 12 h. In the case of TiO2C photocatalyst, different Cu 
loadings (1, 2, and 5 wt. %) were prepared by the same procedure. The 
prepared Cu-containing photocatalysts were named as (CuxTiO2C, 
Cu1TiO2 and Cu1P25) where “X” corresponds to the nominal Cu loading 
used for each sample, “TiO2” stands for our synthesized TiO2, “C” cor-
responds to the MWCNTs, and “P25” stands for P25 titania. 

2.2.3. Preparation of active phase (CuxO and/or TiO2) supported on 
MWCNT film 

To study the interplay between the TiO2 phase and the CuxO phases 
and its effect in the overall performance of the resulting photocatalysts, 
a series of samples was prepared. First a film of MWCNT was prepared by 
mixing 95 wt. % of the MWCNT and 5 wt.% polytetrafluoroethylene 
(PTFE) binder solution (Sigma Aldrich). This sample was named 
MWCNT film. With this objective the photocatalyst TiO2 and CuxO have 
been deposited on the previously prepared MWCNT film using three 
different approaches:  

1) MWCNT film with Cu: To incorporate CuxO on the surface of the 
MWCNT film, the film was immersed partially in an aqueous Cu 
(NO3)2 solution (1.9 g/200 mL) for 5 min three times. After the 
dipping stage, the plate was dried at 60 ◦C overnight. The sample was 
named MWCNT film w/ Cu  

2) MWCNT film with P25: To incorporate TiO2 on the surface of 
MWCNT film, a small amount of P25 was deposited as a thin layer on 
the surface of MWCNT film. The sample was named MWCNT film w/ 
P25.  

3) MWCNT film with P25 and Cu: In this sample, CuxO and TiO2 were 
incorporated one on each side of the film without being in contact, 
following the deposition methodologies of approaches 1 and 2. The 
sample was named MWCNT film w/ P25&Cu. 

2.3. Catalyst characterization 

The crystallinity of the samples was determined by X-ray diffraction 
(XRD) analysis using a Miniflex II Rigaku apparatus using Cu Kα radi-
ation and a scanning rate of 1◦/min, in the 2θ range 6− 80◦. 

The morphology analysis of the materials was performed by trans-
mission electron microscopy (TEM, JEOL JEM 2010) and field-emission 
scanning electron microscope (FE-SEM, ZEISS, Merlin VP Compact). 

The metal (Cu) loading present in the catalysts was analyzed by 
inductively coupled plasma emission spectroscopy (ICP-OES) using a 
Perkin-Elmer Optima 4300 system. Dissolution of the different catalysts 
was carried out by treating them with HF at room temperature, in order 
to ensure the total dissolution of the samples. 

The amount of MWCNTs in the composites (TiO2C) was obtained 
from the weight loss in the 450− 600 ◦C interval measured by ther-
mogravimetric analysis (TG analysis) using a thermobalance (SDT 
2960). The sample was heated up to 900 ◦C in air, using a heating rate of 
5 ◦C min− 1 in the aforementioned equipment. 

In situ UV–vis spectra were collected with a Flame UV–vis Spec-
trometer (Ocean optics) using a deuterium halogen source (Avantes, DH- 
2000). The absorbance of the materials was measured in the range of 
200 nm–800 nm using BaSO4 as background. To perform the in situ 
UV–vis spectra the most interesting catalysts for the photoreduction of 
CO2 were incorporated on the surface of a glass plate (24 × 24) mm and 
introduced in the flow reactor. Then, the reagents (CO2 and water vapor) 
were passed through the reactor. The UV light was then turned on to 
perform the reaction under the same conditions as those described for 
the catalytic test (see Section 2.4. “Photocatalytic tests”, vide infra). 

UV–vis spectra were recorded every 10 min in order to evaluate the 
evolution of the absorbance properties (UV and Visible range) of the 
catalysts during reaction. These measurements were also performed on 
all the fresh catalysts prepared in this work to study their absorbance 
properties. 

X-ray Photoelectron Spectroscopy (XPS) was performed using a K-α 
spectrometer from Thermo-Scientific, equipped with an Al anode. UPS 
analyses were conducted in an integrated ultrahigh vacuum system, 
connected to an automated Nexsa spectrometer (Thermo scientific). UPS 
spectra were obtained using the first of the two resonance lines from a 
He lamp (He I (hν = 21.2 eV)). In order separate the secondary edges of 
the sample and analyzer, a negative potential of about 9.3 V was applied 
to the sample. Prior to measurements, an Ag foil was cleaned by argon 
ion sputtering. The bias was optimized to shift the Ag spectrum in the 
linear region of the analyzer (0–10 eV kinetic energy). A work function 
for the silver reference of 4.2 eV was obtained, in good agreement with 
the literature [41]. 

2.4. Photocatalytic tests 

The performance of the prepared photocatalysts in the reduction of 
CO2 in the presence of water vapor to yield CH4 using a flow reactor was 
evaluated under ambient conditions as follows in the set-up depicted in 
Scheme 1: 40 mg of the catalyst were incorporated as a thin layer on the 
surface of a glass plate (24 × 24) mm. The glass plate with the catalyst 
was introduced inside a metal casing which was designed to operate in a 
flow-over regime. The catalyst was purged using a stream of pure CO2 
(99.999 %) with a flow of 5 mL/min passing through the reactor until 
steady state was reached (12 h). Then, water vapor was incorporated in 
the pure CO2 stream using a water bubbler (30 ± 2.0 ◦C giving a water 
vapor pressure of 0.0418 bar) to saturate the stream of CO2 with H2O 
until steady state was once again reached (1 h). Finally, the catalyst was 
irradiated with a UV LED light (combined power output 1 W) with a 
wavelength of 365 nm at room temperature to perform the reduction of 
CO2 to fuels. Additionally, blank tests were performed under the same 
experimental conditions as the catalytic tests and no catalytic activity 
was detected in the absence of photocatalyst. Namely, these conditions 
comprised performing the reaction under standard conditions in the 
absence of photocatalyst using CO2/H2O/UV light and in the presence of 
photocatalyst using He/H2O/UV light. Other products such as higher 
hydrocarbons (C2+) or CO were also analyzed for their presence during 
the photoreaction and were always in very small amounts (<1 %). 
Analysis of the samples was carried out by gas chromatography (GC) in 
an Agilent 6890 N chromatograph working with a CTR-I column at 70 ◦C 
to separate the products, sub-products and reagents using two detectors 
(flame ionization detector (FID) and a TCD) to analyze the products of 
the reaction. The catalytic test of the sample was analyzed every 10 min 
in the GC for 4 h of the reaction. Also, in this study we measured the 
samples in film configuration (see Section 2.2.3) to address the interplay 
between the TiO2 phase and the CuxO phases and its effect in the overall 
performance of the resulting photocatalysts. In this sense the samples 
with the bare MWCNT film (sample MWCNT film), MWCNT film with Cu 
(sample MWCNT film w/ Cu), MWCNT film with P25 (sample MWCNT 
film w/ P25), MWCNT film with P25 and Cu (sample MWCNT film w/ 
P25&Cu), and MWCNT film with P25 and shielded Cu (sample MWCNT 
film w/ P25&sCu) were analyzed. In this latter sample the Cu phase was 
shielded using aluminum foil to prevent any irradiation from the UV 
source and it was analyzed using the same condition described previ-
ously in this section. 

3. Results and discussion 

3.1. Pre-reaction 

X-Ray diffraction was firstly used to establish the crystalline phases 
present in the samples. The results (Fig. 1) clearly show that the TiO2 
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samples synthesized in all the prepared samples present the character-
istic peaks of the anatase phase, while those samples prepared using P25 
had a Rutile:Anatase ratio 85:15 according to the characteristics speci-
fied by the supplier [38,40]. Given their absence of long-range order, 
MWCNTs did not show in the diffractogram. Concerning the 
Cu-containing samples, the only XRD pattern which denoted the pres-
ence of any Cu phases were those of samples with the highest loading (5 
wt.%), in which a very weak and broad peak was apparent at a 
diffraction angle 42.5◦ which corresponds to standard Cu2O [42,43] 
(JPPDS no. 05-0667). Our results indicate that all Cu-based catalysts 
contained very small nanoparticles in the range of a few nanometers in 
amounts that could not be detected by means of XRD, even though other 
techniques such as electron microscopy clearly showed the presence of 
such species (see below). 

In order to get a better idea of the morphology as well as the contact 
between the different components of the prepared systems, transmission 
electron microscopy was performed on all the samples. The binary sys-
tems (Cu1P25 and Cu1TiO2) showed clear differences between the two 
TiO2 phases. In the former, well-defined polygonal crystals with a size 
between 10 and 60 nm were dominant, whereas in the latter the TiO2 
grains showed a predominance of irregular shaped grains with sizes 
which went down to 5 nm. This clearly reflects the difference in the 

synthetic procedure for both oxides, being pyrolysis the method for 
commercial P25, while sol-gel followed by calcination at 350 ◦C was the 
method employed in the synthesis of as-synthesized TiO2 sample. 
Another distinct feature of the two samples is the fact that while in the 
case of the Cu1P25 sample the deposited Cu-based nanoparticles are 
clearly visible all over the surface of the well-defined TiO2 crystals with 
an average size of approximately 2 nm (See Fig. 2B), in the Cu1TiO2 
sample the same synthetic protocol renders Cu-based species which are 
practically undiscernible by TEM, even though ICP data (see below) 
clearly revealed the presence of a very similar amount of Cu in both 
samples. 

Concerning the ternary systems (CuXTiO2C), the images shown in 
Fig. 3 illustrate how the MWCNTs are well integrated and present an 
intimate contact with the Cu-decorated TiO2 particles for all the Cu 
loadings studied. It must be noted that at high loadings the presence of 
Cu aggregates could also be observed using TEM imaging, in agreement 
with our XRD results. 

In order to verify that the intended amounts of Cu were successfully 
loaded on the catalysts, the samples were dissolved in HF and analyzed 
by ICP-OES. Table 1 shows that all samples contained Cu amounts that 
were very close to the nominal loading. 

UV–vis spectroscopy was performed in all samples before reaction in 
order to determine not only the potential response of the synthesized 
samples under UV–vis light (Fig. 4), but also to establish the coordina-
tion and geometry of the TiO2 species present in our samples, as we have 
reported earlier [13]. Concerning the latter, all samples showed very 
strong UV absorption in the 250− 400 nm range, which was a clear 
indicative of Ti in octahedral coordination. In terms of absorption in the 
visible range, noticeable differences were observed depending on the 
sample. While pure TiO2-based samples showed negligible absorption at 
wavelengths above 400 nm, the samples containing Cu displayed a very 
broad band from 550 nm to 850 nm due to CuxO phases [44]. Further-
more, Cu deposition also results in the formation of an interfacial charge 
transfer between the TiO2 and the Cu species, resulting in a small 
extension of the absorption range λ = 400− 430 nm [12,45]. The most 
noticeable differences were observed for the MWCNT-containing sam-
ples, where even a small amount of carbon nanotubes in the sample (1 
wt. %) yielded a very high absorption in the whole visible range. From 
the analysis of the UV spectra the band gap energy for each sample was 
calculated and presented in Table 2. 

Scheme 1. Illustration of the experimental setup and photoreactor design used for CO2 photoreduction catalytic tests.  

Fig. 1. XRD patterns of the catalysts prepared in this study.  
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3.2. Reaction 

The photocatalytic CO2 reduction tests performed on the different 
samples prepared in this work yielded CH4 as the major product, with 
trace amounts of CO were present in the effluent stream. The CH4 for-
mation rate (in μmolCH4⋅gcat

− 1 h− 1) after 4 h of reaction is shown in 
Fig. 5. The results indicate that bareTiO2 (either P25 or the TiO2 syn-
thesized in this work) perform similarly, with the P25 edging ahead. The 
addition of MWCNTs appeared to hinder the formation of CH4 since the 
formation rate dropped just below 0.1 μmolCH4⋅gcat

− 1 h− 1. From our 
previous results [39], we would have expected the addition of MWCNTs 
to exert a positive influence on the formation of CH4 since their presence 
enhances the lifetime of electron-hole pairs, but our results showed that 
it was not the case. The picture changed significantly with the addition 
of Cu to the P25 and TiO2 (Cu1P25 and Cu1TiO2) samples. In this case, 
while both samples improved compared to their Cu-free counterparts, 
sample Cu1TiO2 (containing the sol-gel TiO2) experienced a 10-fold in-
crease in its CH4 formation rate, greatly surpassing the P25-based 
sample. In this respect, the addition of a transition metal-based phase 
with a marked tendency towards the formation of surface for-
miates/carbonates clearly yielded an improved photocatalyst over the 
bare TiO2 photocatalyst [46,47]. We also explored the possibility of 
efficiently incorporating MWCNT into the sol-gel process, thus creating 
a good contact between the metal oxide phase and the carbon material. 
Sample Cu1TiO2C showed a similar (yet slightly slower) CH4 formation 
rate to sample Cu1TiO2, indicating that the presence of MWCNTs in the 
sample was detrimental. In this respect, the incorporation of MWCNTs 
with the P25 did not give positive results since the co-suspension of both 

materials followed by evaporation did not yield materials with improved 
properties (results not shown). In this respect, the best samples pre-
sented so far in this study appeared to combine two characteristics that 
worked exceedingly well together:  

(1) A semiconductor photocatalyst able to efficiently generate 
electron-hole pairs when irradiated with low-power UV light  

(2) A Cu-based phase which can adsorb CO2 and transform it into 
fuels with the electrons coming from either the semiconductor 
(directly) or the carbon material (indirectly). In the latter case, as 
Fig. 5 shows, the presence of the selected carbon material is 
slightly detrimental towards the formation of CH4. 

It must be noted that while these CH4 production rates are amongst 
the highest reported values to date using similar TiO2-based systems, the 
employed incident light was in the UV range. Another recent study with 
similar catalysts was reported by Ali et al. [12] in which they used 
reduced TiO2 (RT) in conjunction with a Cu phase, which the authors 
identified as Cu2O, to reduce CO2 in a flow reactor. In their case, by 
using simulated solar light illumination (1 Sun), provided by a solar 
simulator, they observed a CH4 formation rate of 0.077 μmolCH4⋅gcat

− 1 

h− 1. In our case, using UV-LED lights (combined power output 1 W) with 
a wavelength of 365 nm, our formation rate reached 1.136 
μmolCH4⋅gcat

− 1 h− 1. This alone clearly shows the outstanding potential 
of these systems. 

However, there is one very important aspect that needs considering: 
all the reported results in our or any other study so far refers to the 
steady-state CH4 formation rate which the authors have observed after 

Fig. 2. TEM micrographs of the binary photocatalysts: (A) and (B) sample Cu1P25 and (C) and (D) sample Cu1TiO2.  
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the reaction has occurred for a given timespan (typically in the range of 
4− 6 h to ensure a stable operational regime). However, it is often the 
case that the initial stages of a (photo)catalytic process may pose the 
greatest challenge to control but also the best opportunity to improve 
upon the results obtained under steady-state conditions. With this idea 
in mind, we monitored the CH4 formation rate for the different catalysts 
over the first four hours of reaction (Fig. 6). 

While the samples containing sol-gel TiO2 (Cu1TiO2 and Cu1TiO2C) 
showed an initial increase over the first 20− 50 min of reaction (with the 
sample containing carbon nanotubes reaching a plateau after approxi-
mately 30 min), the P25-based sample presented a very steep increase in 

Fig. 3. TEM micrographs of the ternary photocatalysts: (A) and (B) sample Cu1TiO2C, (C) and (D) sample Cu2TiO2C, and (E) and (F) sample Cu5TiO2C. The inset in 
Fig. 3E corresponds to a FE-SEM image of the sample showing the Cu phase aggregates (right-hand side). 

Table 1 
Cu loadings determined by ICP-OES for the different photocatalysts.  

Sample Nominal Cu loading (wt. 
%) 

Loading determined with ICP-OES (wt. 
%) 

Cu1P25 1 1.14 ± 0.02 
Cu1TiO2 1 1.08 ± 0.01 
Cu1TiO2C 1 1.14 ± 0.03 
Cu2TiO2C 2 2.04 ± 0.03 
Cu5TiO2C 5 5.07 ± 0.09  
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CH4 formation rate at the initial stages of the reaction, followed by a 
similarly steep decline until reaching the observed steady-state CH4 
formation rate. This trend evidenced the existence of competing pro-
cesses in the case of the Cu1P25 which despite being negligible during 
the initial stages (with CH4 formation rate values reaching 8.056 
μmolCH4⋅gcat

− 1 h− 1), gained enough relevance after the first 30 min to 
reduce the maximum observed values by almost one order of magnitude. 
By comparing the samples, one distinct characteristic is the presence of a 
carbon material in the Cu1TiO2C sample. Considering that the intrinsic 
benefit of the nanotubes acting as electron conductors between the CuxO 
phases is easily overruled by the fact that the Cu-based species are pri-
marily located on the TiO2 particles, the distinctive factor must arise 
from the fact that the carbon material acts as a hole scavenger, thus 
stabilizing the CH4 formation rate in the case of the Cu1TiO2C sample. In 

this respect, the lack of a hole scavenger plays a key detrimental role in 
the performance of the P25-based photocatalyst. With this in mind, a 
very small amount of a suitable hole scavenger (EtOH) was added to the 
water bubbler located before the photoreactor. After testing different 
amounts of scavenger (between 3 and 100 μL of EtOH), the optimum 

Fig. 4. UV–vis spectra of the different photocatalysts analyzed.  

Table 2 
Band gap energies determined from UV–vis 
spectra for the different photocatalysts.  

Sample Eg (eV) 

P25 3.14 
TiO2 3.09 
TiO2C 2.96 
Cu1P25 3.12 
Cu1TiO2 2.91 
Cu1TiO2C 2.81  

Fig. 5. CH4 production rates for the different photocatalysts.  

Fig. 6. Evolution of the CH4 formation rate for the different photocatalysts 
analyzed in this study over several hours of reaction. 

Fig. 7. (A) Steady-state CH4 formation rates for samples Cu1P25, Cu1TiO2, and 
Cu1TiO2C using ethanol as hole scavenger; (B) Evolution of the CH4 formation 
rate for the best performing sample (Cu1P) under standard reaction conditions 
using EtOH as hole scavenger. 
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amount was found to be 3 μL of EtOH in 2.5 mL of distilled H2O. Fig. 7 
shows the CH4 formation rate for the different photocatalysts and the 
evolution of the CH4 formation rate for the best performing sample. 

Two very important features become obvious from these results. The 
first one is that in the case of the Cu1TiO2C, the existence of a second 
hole scavenger is largely detrimental. This may be either due to the two 
scavengers (carbon nanotubes and ethanol) competing for the neutral-
ization of holes in the TiO2 phase once the electron-hole pairs are formed 
or to the adsorption of EtOH on the surface of the carbon nanotubes, the 
result being in both cases an ineffective hole scavenging capacity. The 
second key feature is the fact that in the case of the P25-based sample, 
the CH4 formation rates spiked to almost 140 μmolCH4⋅gcat

− 1 h− 1, 
reaching a steady-state value of 117 μmolCH4⋅gcat

− 1 h− 1, two orders of 
magnitude higher than our best result so far in this work and over three 
orders of magnitude higher than the best reported results using a similar 
system [12], highlighting the unparalleled efficiency of the Cu1P25 
system by just incorporating a very small amount of EtOH in the feed 
stream. It should be noted that the presence of trace amounts of C2H4O 
(the oxidation product of EtOH) was detected in the outlet stream, but its 
concentration was always below 1 % of the total components 
concentration. 

In another report, a flow reaction system based on a tubular reactor 
system was used [37]. In this case, using a high-power UV light the 
highest CH4 formation rate was 23 nmol⋅gcat

− 1 h− 1. Biswas et al. [48] 
reported the use of Cu/TiO2 catalysts in a continuous flow reactor with a 
configuration similar to ours. By using a Xe arc lamp they obtained CO as 
the major product (over 60 μmol⋅gcat

− 1 h− 1) together with CH4 (highest 
concentration was 10 μmol⋅gcat

− 1 h− 1). Using Pt/TiO2 photocatalysts 
deposited on a glass microfiber filter, De La Peña et al. [49] reached CH4 
formation rates over 10 μmol⋅gcat

− 1 h− 1, even though CO was once again 
obtained as the major product. Tahir and Amin [50] reported the use of a 
monolithic reactor on which an In/TiO2 reached CH4 production rates 
over 50 μmol⋅gcat

− 1 h− 1 at 100 ◦C, with CO formation rates of almost 1 
mmol⋅gcat

− 1 h− 1. Also using an internal-illuminated TiO2-coated hon-
eycomb monolith reactor, Wu et al. [51] reached CH4 formation rates of 
1 μmol⋅gcat

− 1 h− 1. A recent report using core-shell structures based on Cr 
and Ti oxides by Maroto-Valer et al. [52] inspired in their earlier work 
[53] obtained CH4 formation rates over 20 μmol⋅gcat

− 1 h− 1 in a flow 
reactor similar to the one described in this manuscript. 

It must be noted that our results (obtained in gas phase under flow 
conditions) are very close to the highest reported values to date in the 
reduction of CO2 to CH4 [54–57] with some very distinct differences. 
The work of Wang et al. uses a pressurized reactor in which the reaction 
is carried out in liquid phase, while our photocatalysts can operate 
continuously under ambient temperature and pressure, which are sub-
stantially more environmentally friendly conditions. On the other hand, 
the works of Sorcar et al. [57] and Tahir and Amin [56] use significantly 
higher light intensities when irradiating the sample (using 300 and 500 
W lamps, respectively). In this sense, the use of LED lights in our study 
corroborates the very high efficiency of our prepared photocatalysts. 
Furthermore, the very high selectivity of our systems towards CH4 (>99 
%) is yet another advantage to consider when comparing our results 
with those reported for liquid-phase reactions, in which many different 
reaction products are obtained [58]. In addition, the 2D-flow reactor 
designed can be easily scaled up to larger dimensions, thus being an 
option for a straightforward larger scale application. 

In order to better understand the interplay between the TiO2 phase 
and the CuxO phases and its effect in the overall performance of the 
resulting photocatalysts, a simple test was devised using a MWCNT film 
to support the TiO2 and/or CuxO (see Sections 2.2.3, and 2.4). Fig. 8 
shows the CH4 production rates obtained using these samples. It be-
comes evident that while the MWCNT film alone and the film with 
deposited Cu (MWCNT film w/ Cu) are completely inactive towards CH4 
production, MWCNT film w/ P25 showed a very small activity of just 
over 0.06 μmol g cat− 1 h− 1. The sample containing both P25 and Cu 
species (MWCNT film w/ P25&Cu) showed a dramatic increase of its 

catalytic activity up to 0.4 μmol g cat− 1 h− 1 which proved the synergistic 
effect of having the two species together. Moreover, repetition of the 
experiment with the same sample but shielding the Cu-deposited side 
from UV irradiation (MWCNT film w/ P25&sCu) showed a very inter-
esting result. Under these conditions, the CH4 production rate dropped 
by 30 % which is a strong indicator that UV irradiation on the Cu side is 
also of paramount importance, showing that the Cu-derived species are 
also acting as photocatalysts, not as mere cocatalysts. In this respect, it 
would appear that while the three-step process described above would 
still be valid (photoactivation of the TiO2 phase, charge transport and 
reduction on a suitable CO2 adsorbent phase), the third step would also 
involve light irradiation, which may be indicative of a heterojunction- 
based phenomenon. In this respect, it becomes mandatory to establish 
the kind of heterojunction that may be involved in the case of our best 
performing sample (Cu1P25). 

To better establish the fine interplay between the components of the 
different photocatalysts, UPS spectra were collected for the best per-
forming sample (Cu1P25) as well as for the parent P25 material for 
comparison purposes. This technique measures the kinetic energy of 
generated photoelectrons from the sample when irradiated with ultra-
violet light. While no core-level information is obtained from the 
spectra, the information it provides on the electronic structure of the 
valence band is very significant, which makes it a very interesting 
technique for studying semiconductor-based photocatalysts [59]. Prior 
to the analyses, the bias voltage was calibrated using a freshly cleaned 
Ag foil mounted on the sample holder. Fig. 9 shows the obtained full UPS 

Fig. 8. CH4 production rates for different species deposited on a MWCNT film.  

Fig. 9. UPS Spectra collected for samples P25 and Cu1P25. Dashed lines are 
presented as a guide to the eye in order to know the position of the valence 
band maximum (EVB). 
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spectra of samples P25 and Cu1P25. 
The sharp spike appearing at high binding energies (BE) (or low ki-

netic energies (KE)) is due to the effect of the flood gun which was used 
throughout all the experiments in order to ensure that the collected 
spectra had sufficient resolution to perform an accurate and reliable 
analysis. Even under these conditions, the cut-off energy obtained using 
the first derivative of the UPS spectrum was 17.0 eV, in good agreement 
with other recent reports [60]. At this point, it is important to note that 
the shape of the UPS spectrum at low BE gives detailed information 
concerning the density of states (DOS) in the valence band. In other 
words, it is possible to know the level of electron occupation within the 
valence band sorted out by energy (i.e. position) within said band. For 
materials whose performance is directly linked to their valence electrons 
and their precise binding energy such as semiconductors, it becomes 
evident that UPS can be crucial to establish the reasons behind the 
suitability of a given photocatalyst. In this respect, from the analysis of 
Fig. 9 there is one important feature that must be highlighted. While the 
density of states for sample P25 at BE values above 5 eV is higher than 
that of Cu1P25, the Cu-containing sample shows a higher electron 
population at lower binding energies (BE 0− 5 eV). Considering that 
these latter energy levels are those located at the top of the valence band 
(see discussion below), the electrons located in this region will be those 
closest to the conduction band and thus most active in photocatalytic 
reactions. This serves to explain the differences in performance observed 
for both samples. While P25 has a higher electron population at BE 
above 5 eV than Cu1P25, the fact that the latter sample has a higher 
density of states at BE close to the valence band maximum gives it an 
edge in terms of photocatalytic efficiency for the reaction at hand. 

Further analysis of the UPS spectra can also be performed to build the 
electronic band structure of both samples. The first thing to do in this 
respect is to establish the valence band maximum (EVB) for both sam-
ples, while Maheu et al. [60] suggest using the second derivative of the 
UPS spectrum, we obtained more accurate results by using the valence 
band decay extrapolation explained in the literature [61,62]. The 
dashed lines presented in Fig. 9 show the energy position of the intercept 
of a straight line fitting the valence band decay and the x-axis. From our 
results, the EVB for P25 and Cu1P25 samples were 2.9 and 2.5 eV, 
respectively. This relative positioning of the valence band together with 
the band-gap energy (Eg) obtained from UV–vis spectra give the overall 
picture of valence and conduction band positioning, albeit from a rela-
tive perspective. To properly describe the electronic structures of the 
two samples, an absolute measurement of their energy levels was done 
by using the silver substrate mentioned above (see Experimental sec-
tion). The EVB maximum for P25 was measured to be 2.9 eV below the 
Fermi level of silver, while that of Cu1P25 was 2.5 eV below that same 
level. Additionally, the work function of this Ag foil was measured to be 
4.2 eV. The resulting EVB for P25 and Cu1P25 are 7.1 and 6.7 eV below 
the vacuum level, respectively. Using the offset between the EVB of the 
two samples determined by UPS and with the Eg values determined from 
the UV–vis spectra (the values were 3.1 and 3.05 eV for samples P25 and 
Cu1P25 respectively), the energy level of the conduction band (ECB) may 
be easily calculated. Thus, the absolute electronic structure for both P 
and Cu1P25 is shown in Fig. 10. Note that the energy levels are presented 
both vs. vacuum and NHE as presented in other reports [18,63]. 

It must be noted that the absolute band structure for P25 agrees with 
the literature, and that of the Cu1P25 presents a band structure in which 
the electrons promoted to the conduction band have a significantly 
higher reduction potential, which in turn explains their outstanding 
photocatalytic efficiency. Considering that the reduction potential of the 
CO2/CH4 and H2O/H2 redox pairs is -0.24 V and -0.42 V at pH 7 [18], 
respectively, it is clear that while both catalysts could perform both 
reactions under the reaction conditions, the Cu1P25 largely outperforms 
its TiO2-only based counterpart. It becomes clear from looking at the 
absolute band diagram that sample Cu1P25 presents a band structure 
typical of a Z-scheme photocatalyst in which the electrons promoted to 
the Cu1P25 conduction band can perform the reduction of CO2 to CH4 

with very high efficiency. 

3.3. Post-reaction 

Concerning the behavior of the photocatalysts after reaction, one 
aspect that must be brought forward is that all of them were highly 
stable under the tested reaction conditions in terms of both performance 
and morphology. In this respect, TEM analyses of the spent samples did 
not show any noticeable differences with respect to the fresh samples, 
which is a strong evidence of the robustness of all the TiO2-based cat-
alysts. While their morphology is very important, the chemical state of 
the constituents of the photocatalysts deserves special attention given 
the nature of the catalytic process studied. As Ali et al. [12] highlighted 
in their study, reduced TiO2 (RT in their manuscript) is the key ingre-
dient to obtain a system which displays promising performance. In our 
case, all fresh samples were either white (Cu1P25) or slightly grey 
(Cu1TiO2C) before reaction, but after reaction all samples turned into 
different shades of a grey-blue hue that evidenced that changes in the 
chemical state of the constituents of the catalysts had occurred. UV–vis 
spectroscopy studies, performed in the samples remaining in the reactor, 
showed that for all the tested samples absorption of radiation in the 
visible range took place to a significantly larger extent in the used 
samples (Fig. 11). In order to ascertain the recoverability of the spent 
catalysts, we left them on an open bench under atmospheric conditions. 
After 1 h, the catalysts recovered their initial coloring and their original 
UV–vis spectra as shown in Fig. 11. 

In order to establish this point even more, the fresh P25 and Cu1P25 
samples were placed inside a special sealed vacuum sample holder 
together with the sample Cu1P25 obtained immediately after one reac-
tion cycle, and the three samples were analyzed by Raman spectroscopy 
and XPS in an automated Nexsa spectrometer (see Experimental section). 
In this respect, while the Raman spectra (results not shown) obtained by 
the irradiation with a 633 nm excitation laser source did not yield any 
appreciable peaks from Cu phases (due to the low Cu loading), the 
fundamental modes for both anatase and rutile were clearly observed, as 
previous reports have also shown [44]. However, the XPS spectra 

Fig. 10. Absolute positions of the energy bands of photocatalysts P25 and 
Cu1P25 with respect to (a) vacuum and (b) electrochemical (Normal Hydrogen 
Electrode) scales. 
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(Fig. 12) showed some interesting features. The Ti 2p spectra for the P25 
sample showed only one peak centered at 458.3 eV characteristic of pure 
TiO2 [64], while for the Cu-containing samples (Cu1P25 and Cu1TiO2) a 
small additional peak centered 459.5 eV was also found. Considering 
that no other species are present, this peak may be attributed to the 
interaction between the metal oxide phases. Furthermore, the Cu 2p 
scan revealed two distinct signals centered at 932.0 and 933.6 eV, cor-
responding to Cu2O and CuO [44,65]. By fitting the peaks using a Lor-
entzian function, integration of the resulting peaks allowed us to 
establish the relative amounts of Cu (I) and Cu (II) oxide phases present 

in both photocatalysts with respect to the total Cu content. The per-
centage of Cu (I) oxide was 72.1 % for the fresh Cu1P25 sample, and 84.3 
% for the post-reaction sample. This is another evidence of the evolution 
of the samples during the reaction as shown above by UV analysis, in 
which reduced CuxO phases play a crucial role in the development of 
efficient CO2 reduction catalysts. 

4. Conclusions 

Our study clearly shows that photocatalysts based on the hetero-
junction of two semiconductors can deliver very interesting results in the 
formation of CH4 by the photocatalytic reduction of CO2 in gas phase. 
Furthermore, our results highlight the relevance of selecting an appro-
priate hole scavenger to assist the photocatalyst in reaching the best 
results possible, which are several orders of magnitude above the best 
reported results so far. The combination of XRD, TEM, UV–vis, XPS and 
UPS data have revealed that photocatalysts based on Ti and Cu oxides 
prepared under carefully controlled conditions present a band diagram 
which greatly favors the reduction of CO2 into CH4. During the reaction, 
the CuxO phases become reduced but are quickly reoxidized under open 
bench conditions. These systems, prepared following a very simple sol- 
gel and impregnation procedure are clear examples of highly promising 
photocatalysts for the green continuous gas-phase synthesis of CH4 from 
CO2. The highly flexible reactor presented in this study must also be 
highlighted since it is not only simple in its design, but has also great 
potential in terms of scalability as a result. The crude results obtained in 
our study were already promising considering those reported in the 
literature for such a process using similar reactor configurations (1.136 
μmolCH4⋅gcat

− 1 h− 1), but the selection of a proper hole scavenger and the 
subsequent optimization of its concentration has allowed us to reach 
CH4 production rates which are among the best reported irrespective of 
the reactor and/or conditions (117 μmolCH4⋅gcat

− 1 h− 1) and using low 
power LED lighting, which shows the outstanding relevance of our 
results. 
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tubular continuous flow reactor for the investigation of improved gas-solid 
interaction in photocatalytic CO2 reduction on TiO2, Photochem. Photobiol. Sci. 18 
(2019) 314–318, https://doi.org/10.1039/c8pp00518d. 
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