N
N

N

HAL

open science

CO2 photoreduction to methanol over Nb and N
co-doped TiO2 aerogel deposited CuxO

Miaomiao Wen, Mourad Benabdesselam, Christian Beauger

» To cite this version:

Miaomiao Wen, Mourad Benabdesselam, Christian Beauger. CO2 photoreduction to methanol over
Nb and N co-doped TiO2 aerogel deposited CuxQO. Journal of CO2 Utilization, 2024, 81, pp.102719.

10.1016/j.jcou.2024.102719 . hal-04493798

HAL Id: hal-04493798
https://minesparis-psl.hal.science /hal-04493798
Submitted on 7 Mar 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://minesparis-psl.hal.science/hal-04493798
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Journal of CO2 Utilization 81 (2024) 102719

Contents lists available at ScienceDirect

UTILIZATION =

Journal of CO2 Utilization

S 3

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

ELSEVIER

CO; photoreduction to methanol over Nb and N co-doped TiO, aerogel
deposited Cu,O

Miaomiao Wen °, Mourad Benabdesselam ", Christian Beauger

@ Mines Paris, PSL University, Centre for Processes, Renewable Energy and Energy Systems (PERSEE), Sophia Antipolis, 06904, France
b Université Cote d’Azur, CNRS, Institut de Physique de Nice - INPHYNI UMR 7010, F-06200, Nice, France

ARTICLE INFO ABSTRACT
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Global warming is primarily caused by greenhouse gases such as CO,. One smart solution to mitigate its impact is
to convert CO into hydrocarbons through photoreduction processes. In this work, CO5 was photo-catalytically
reduced over new aerogel-based materials to produce methanol, using a solar simulator and a specifically

Methanol .
Cwo designed photoreactor.
Ae;ogel Cu-loaded Nb and N co-doped TiO, aerogels (Cu/ATiO,: Nb, N) were synthesized by the sol-gel method fol-

lowed by supercritical CO2 drying and annealing in a controlled atmosphere. The obtained photocatalysts benefit
from the peculiar properties of aerogels with high specific surface area (88 mz/g) and porosity. N and Nb doping
improved the electronic and optical properties, resulting in a significantly improved visible light absorption
compared to pure TiO; aerogel (ATiO3) or commercial catalyst P25. CuyO nanoparticles, smaller than 5 nm and
uniformly distributed on the surface of aerogels, contribute to the improvement of the conversion efficiency.
Used for CO2 photoreduction, one of the best-reported methanol yields (1.69 + 0.05 mmol/gc,t/h) was obtained,

and the impact of Cu, Nb, and N on methanol production was studied.

1. Introduction

Carbon dioxide (CO3) is a major greenhouse gas that contributes to
global warming and climate change [1]. Therefore, it is imperative to
find a green, economical, and efficient solution for its conversion and
utilization. However, CO; is the most thermodynamically stable com-
pound of carbon with a standard enthalpy of formation of -393.5 kJ/mol
and a C=O0 Bond energy E = 803 kJ/mol (298.15 K). Hence, the acti-
vation of CO; requires a lot of energy [2,3]. Traditional methods (e.g.,
thermal catalysis) are not efficient. On the contrary, artificial photo-
synthesis enables CO; reduction under mild conditions [4,5]. Therefore,
developing efficient and stable photocatalysts that convert CO5 into
useful fuels such as formic acid, methane, formaldehyde, methanol,
ethanol, etc. is crucial for the development of CO5 photoreduction
processes.

Among different semiconductors, titanium dioxide (TiOy), with a
band gap of 3.2 eV in its anatase form, has attracted considerable
attention due to its abundance, low cost, high stability, and wide
applicability [6]. Inoue et al. observed in 1979 that CO, can be cata-
lytically converted to methanol and formic acid using TiO3 as a photo-
catalyst [7], paving the way to its utilization in this area. However, raw

TiO4 has low visible light absorption, due to its wide bandgap, which
leads to fast recombination of photogenerated charge carriers and shows
low CO» adsorption capacity [8,9]. To overcome these drawbacks, many
strategies have been proposed to modify TiO,, such as doping [10],
heterojunction formation [11], surface modification [12], and hybridi-
zation with other materials [13].

The doping of TiO, with various elements can increase its photo-
catalytic activity from the creation of new energy levels in the bandgap.
Such energy levels can be located either near the conduction or the
valence band [14] depending on the type of dopant, like metal [15,16]
and non-metal [17,18]. For example, doping TiOz with silver (Ag) can
enlarge its visible light absorption range, lowering the bandgap to
2.5 eV [19]. Moreover, the creation of Ti-Ag-O also promotes more
efficient charge transfer and separation after irradiation [19]. Similarly,
Lantanum (La) doping was reported to impact the structural, optical,
and photoluminescence properties of TiO, nanocrystals [20].
Lattice-doped TiO2 nanofibers with enhanced photocatalytic properties
effectively convert Ny to NHs (14783 pmol/L/gca) under visible light
[21].

Niobium (Nb°) (0.64 A) has a similar ionic radius to Ti** (0.605 &),
allowing doping by substitution [22,23]. Such doping will generate Nbr;
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defects compensated with additional free electrons in TiO,. These free
electrons can be trapped by Ti** or oxygen vacancies (Vo) to generate
respectively Ti>" or V. Because Nb>" is an electron donor, the intro-
duction of Nb can increase the electrical conductivity of the samples [24,
25] Nb>* doping might also introduce interstitial O defects, [26] with
energy states lying upon the VB of TiO,, giving rise to yellow samples
[27]. With increasing Nb concentration, the optical band gap becomes
increasingly narrow (2.93 eV—2.75 eV for 10 mol% Nb) [28]. Nb-doped
TiOy microspheres have been reported to exhibit higher photocatalytic
rates than undoped TiO- for the degradation of gaseous acetaldehyde
[28].

However, the concentration of the dopant in the host matrix has to be
precisely controlled. Indeed, too high a concentration can result in a
quenching of the expected property and introduce excessive structural
defects which can affect the stability of the crystal.

For non-metal doping, C-doping can introduce oxygen vacancies and
defects in TiO,, which can also increase visible light absorption and
surface reactivity [29]. N-doping can create new energy levels or modify
the band structure of TiO,, which can facilitate the transfer and sepa-
ration of charge carriers and reduce their recombination rate [30-33].
Co-doping with metal and non-metal elements is also an option for
modifying TiOs. N, Eu co-doped TiO; enhanced photocatalytic reduction
of CO5 into CHy4 (13.48 pmol-g{alt-h’l), which was reported to be about
12 times higher than that of pure TiO», thanks to the synergistic effect of
Eu and N. The modification did not only effectively increase the surface
area of N-Eu/TiO3 and inhibit crystallization of TiO,, but also reduced
the band gap of TiO5 [34].

As another example, Ce/N co-doping highly affects the structure and
activity of TiOg. As the Ce concentration in the catalyst was increased
the crystallinity and crystal size of the co-doped samples decreased with
an increase in BET specific surface area [35]. Depositing metal (e.g. Fe,
[36] Cu, [37] Ag, [38] Au, [39] and Pt [40]) on the surface of TiOs is
also an appropriate method for improving the separation of
electron-hole pairs through the established metal-semiconductor
Schottky junction. This not only helps extract the photogenerated elec-
trons but also dramatically reduces the energy barrier for proton
reduction.

In the realm of photocatalytic materials, the surface area plays a
pivotal role, with a higher surface area correlating to increased catalytic
activity [41-44]. In photocatalytic COy reduction, TiO, aerogels are
distinguished by their high specific surface areas (Sggr), which markedly
enhance their photocatalytic performance [45]. 3D structured TiOo--
based aerogel photocatalyst showed a high efficiency for the degrada-
tion of toluene gas. The toluene-removal rate of Pt-TiO2/RGO aerogel
was 60% higher than that of the pure RGO aerogel, and 56% higher than
that of the bare TiO, nanofibers [46]. Pd-TiO, aerogels are approxi-
mately 3.5-fold more active for Hy evolution than Pd-TiOy powders,
giving evidence that the porous structure favors light-harvesting and
reagent transport, making them superior photocatalysts [47].

Aerogels are known to exhibit large specific surface area and pore
volume, which can be highly beneficial for CO5 adsorption and activa-
tion, enlarging the contact surface between the reactants and the cata-
lyst. [48,49] In this paper, we report the synthesis and characterization
of a new photocatalyst, developed based on the previous work of our
group [50].

Nb, N-codoped TiO; aerogels were prepared to support Cu oxides
(CuxO) nanoparticles deposited through an in-situ synthesis route. TiO2
aerogels are recognized as highly porous materials, which can enhance
light absorption and charge separation [45].

Here, we have studied the combined role of doping TiO2 aerogels
with niobium and nitrogen with that of CuyO nanoparticles deposited on
their surface. The photocatalytic activity of as-prepared photocatalysts
was investigated for photocatalytic reduction of CO,. Notably, this
methodology resulted in one of the best-reported methanol yields,
achieving an impressive rate of 1.69 + 0.05 mmol/gc,:/h. The relation
between the structure, morphology, optical properties, and
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Table 1
List of samples synthesized and studied in this work.

Name Calcination (550 °C)
ATiO, Air

ATiO,: Nb Air

ATiO2: N NH3

ATiO,: Nb, N NH;

Cu/ATiO, Air

Cu/ATiO,: Nb Air

Cu/ATiO,: N NHs

Cu/ATiO,: Nb, N NH;

photocatalytic activity was discussed in detail.
2. Experimental section
2.1. Chemicals

All chemicals were of analytical grade and used without further
purification. Copper nitrate (Cu(NO3);e3 H50, Alfa Aesar), Nitric acid
(HNOs3, 2 M, Alfa Aesar), Tetrabutyl titanate (Ti(OBu)4, C16H3604Ti,
Alfa Aesar), Niobium isopropoxide (Nb(OiPr)s, C15H3sNbOs, 10% w/v
in isopropanol/hexane (50:50) (10 at%), Alfa Aesar), Absolute ethanol
(CH3CH,0H, Alfa Aesar), Isopropanol (iPrOH, CsHgO, Alfa Aesar),
Deionized water (D.I., Homemade), Argon (Ar, 99.9999%), Ammonia
(NHs, 10 w.t. % in Nj).

2.2. Preparation of catalysts

Aerogels were synthesized starting from a classical sol-gel route
based on alkoxides, [51] and already experienced in a previous study
[52]. The following parameters have been selected for the whole study:
R = H30/Ti(OBu); = 3.4 (mol/mol), C = HNO3/Ti(OBu)s = 0.07
(mol/mol), and S = iPrOH/Ti(OBu)4 = 15 (mol/mol).

Briefly, 10.96 ml of Ti(OBu)4, 10.01 ml of Nb(OiPr)s, and 0.382 g Cu
(NO3)203 H20 (5 wt%) in 15 ml iPrOH were mixed with thorough stir-
ring and noted as solution A. Similarly, 0.84 ml D.I. water, 1.12 ml
HNOg3, and 16 ml iPrOH were mixed with thorough stirring to obtain a
solution marked as B.

Solution B was added dropwise into solution A within 30 s, with
vigorous stirring for 1 min, then left to stand for gelation. The resulting
gel was aged at room temperature for 72 hours, and then washed with
isopropanol 3 times a day for 3 days to remove HyO and unreacted
chemicals. Finally, supercritical CO, drying (SC CO2) was carried out to
obtain Nb-doped TiO; aerogel. Cu-contained aerogel samples were
prepared with the addition of Cu(NO3); in solution A.

For N-doping, aerogels were calcined under NH3 atmosphere for
45 mins at 550 °C (ramp-up and cool-down under N3 at 5 °C /min). The
obtained powder was labeled Cu/ATiO»: Nb, N (A standing for aerogel).
This post-treatment was named as NHj treatment. Cu/ATiOy: N and
ATiO5: Nb, N were also obtained by applying this NH3 treatment to
corresponding aerogels. Other samples were calcined in Air (550 °C, 2 h)
and labeled ATiOy ATiOy: Nb, Cu/ATiO,, and Cu/ATiOa: Nb.

The list of samples is presented in Table 1.

2.3. Characterization

X-ray diffraction (XRD) patterns were collected using a powder
diffractometer (MPD PANalytical X’Pert Pro) operated at 45 kV, with
CuKa radiation (A = 0.154 nm). Data were collected in steps of 0.05°
from 10 ° to 90 ° in 20 mode with Pixcel counter.

The X-ray photoelectron spectroscopy (XPS) analyses were carried
out using a Thermo Scientific K-Alpha system. XPS analysis was repeated
5 times on the same sample. The positions of all binding energies were
calibrated using the Cls line at 284.8 eV.

Scanning electron microscopy (SEM) observations were recorded
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Scheme 1. Sketch schematic of test bench.

with a MAIA3 with a 3 kV electron beam. The composition has been
analyzed by energy dispersive X-ray spectroscopy (EDX) at 15 kV, per-
formed with a Philips XL30.

Transmission electron microscopy (TEM, Thermo Fisher Spectra 200,
operated at 200 kV and equipped with a cold filed emission gun and a Cs
aberration probe corrector) analyses in high resolution TEM (HRTEM)
mode and in scanning TEM (STEM) mode.

Solid-state UV-visible diffuse reflectance spectra (UV-Vis DRS) were
recorded at room temperature using the Cary 500 UV-VIS-NIR spec-
trophotometer. Polytetrafluoroethylene standard was used as the
reference. The bandgap was determined according to Kubelka-Munk
treatment. Two values for each sample were averaged. They were ob-
tained by intersecting extreme tangents to the curve in the most vertical
area with the horizontal coordinate.

Isothermal N5 sorption experiments were performed with BELSORP
MINI X. The BET model was applied to calculate the specific surface area
of samples (Spgr). Each sample was tested twice to obtain an average
value of SggT.

2.4. Evaluation of catalytic performance

The catalytic reaction was carried out in a specifically designed

micro-autoclave equipped with sapphire windows and placed in a black
box. Sketch schematic of test bench was present in Scheme 1. A 100 W
Xe-light source (Oriel® LCS-100™ Small Area Sol1A, Newport) was
used as a solar simulator, the photocatalytic experiments were con-
ducted under a broad range of wavelengths, encompassing the entire
spectrum of light that the Xe lamp emits, thereby utilizing the complete
range of photon energies available from UV to visible light. The pho-
tocatalyst (200 mg), and Na,CO3 (400 mg) were added in H20 (100 ml)
and sonicated for 30 min. The suspension was transferred into the
reactor and purged with CO3 (1 L/h) gas for 30 min in the dark. The
lamp was then switched on to illuminate the sample and the temperature
and the pressure were recorded during the experiment. Liquid aliquots
were sampled at regular intervals using a sampling port at the bottom of
the reactor and analyzed with high-performance liquid chromatography
(HPLC, Shimadzu LC 20). The HPLC is equipped with a typical sugar
column (HPLC Column SUGAR SH1821, 6 um, 8 x300 mm, Shodex)
using 5 mM H,SO4 as mobile phase, a UV detector, and a refractive
indexing detector (RID). The gas was analyzed using an Agilent 3000 A
MICRO GC, which is equipped with a Thermal Conductivity Detector
(TCD). The analysis revealed that methanol was the sole product iden-
tified in the reaction liquid, with no detectable products in the gas phase.

Intensity (a.u.)
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Fig. 1. (A) XRD patterns of synthesized samples and (B) enlarge image of 20—30° zone.
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Fig. 2. XPS spectra of synthesized samples: (A) Ti 2p, (B) O 1 s O, = lattice oxygen, Oy = oxygen vacancies, (C) Nb 3d, and (D) N 1 s.

3. Results and discussion

Before evaluating their photocatalytic ability for CO2 reduction,
aerogel samples were deeply characterized.

3.1. Physicochemical characterization

All samples have been characterized with XRD, XPS, Ny sorption,
SEM, and TEM to analyze their morphology, composition, and structure
which are important features considering the foreseen application.

Fig. 1 shows the X-ray diffraction spectra (XRD) of the different
samples and P25 (Figure S3), TiO, aerogels doped with Nb and N
(ATiO3: Nb, N), and their counterparts loaded with Cu (Cu/ATiO2: Nb,
N). All patterns show the crystalline phase of Anatase TiO (JCPDS
71-1168). No other oxide phase could be detected showing that Nb is
most probably included in the crystalline structure of TiOs. This is
confirmed by the slight blue shift of the (101) peak at 25.2° (Fig. 1B), a
shift only observed for the Nb-doped samples, as in our previous work

[50]. This can be ascribed to a cell distortion resulting from doping
because the ionic radius of Nb>" (0.64 A) is slightly larger than that of
Ti*" (0.605 A).

The (110) peak of Rutile was clearly observed for the samples doped
only with N, ATiOy: N, and Cu/ATiO,: N. It appears much weaker on
other samples. The NH;3 treatment may lower the TiO, phase transfer
temperature which should rise above 600 °C. We have already experi-
enced such an effect of a reducing calcination atmosphere in our pre-
vious work [50]. This peak appears with a much lower intensity on XRD
patterns of other samples, even those co-doped with N, ATiO,: Nb, N and
Cu/ATiO3: Nb, N. For the latter, this may result from the presence of Nb,
which in turn is increasing the TiO, phase transfer temperature as also
reported in our previous study, thus probably here counterbalancing the
effect of NH3 treatment [50].

In all Cu-loaded samples, the peaks of Cu,O were not observed,
maybe due to the small size of the Cu,O particles, uniformly distributed
in the sample.

As shown in Table S1, the crystallite size calculated from the (101)
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Table 2
Ti 2p, O 1 s, and Nb 3d peaks position as determined for the different samples
analyzed.

samples Ti 2p (eV) O1s(eV) Nb 3d (eV)
Ti2p12  Ti2pzpn Oy Oy, Nb3ds, Nb3ds,
2 2
Cu/ATiO,: Nb, 464.28 458.51 530.67 529.78 209.89 207.17
N
Cu/ATiO,: Nb 464.31 458.42 530.87 529.86 209.80 207.13
Cu/ATiO2: N 464.28 458.47 531.16 529.77 - -
Cu/ATiO, 464.30 458.53 530.88 529.78 - -
ATiO: Nb, N 464.25 458.53 530.85 529.83 209.93 207.17
ATiO,: Nb 464.25 458.51 530.83 529.80 209.94 207.13
ATiOy: N 464.30 458.52 531.12 529.74 - -
ATiO, 464.25 458.53 - 529.81 - -

Cu/ATI®), i Cu 2p
= : by

S |cwaTié,: N

« 1

K |

z .«-ﬁ

N i

= :

@ 1

S [cwati

~ !

: 1

)
Cu/ATi()Z: Nb, N H Cu'
i i Satellite ; 2ps

960 950 940 930

Binding Energy (eV)

Fig. 3. Cu 2p XPS spectra of Cu loaded ATiO5, ATiO5: N, ATiO,: Nb and ATiO3:
Nb, N.

peak is very similar for all samples, close to 12 nm. There is no signifi-
cant effect either of the doping or the metal loading.

The Ti 2p X-ray photoelectron spectra (XPS) of all samples show
peaks at ~464.3 eV and ~458.5 eV attributed to Ti*" Ti 2p; /5 and Ti
2ps /2 respectively (Fig. 2A) [53]. As presented in Table 2, their positions
are very similar whatever the samples. The doping or the presence of Cu
seems to not affect the binding energy of Ti in the analyzed samples.

The XPS O 1 s peak can be separated into two peaks at ~529.8 eV
and ~530.8 eV corresponding to lattice oxygen (Or) and oxygen va-
cancies (Oy) respectively (Fig. 2B) [54]. The latter (Oy) appears only for
doped samples, as a result of charge balancing, thus evidencing the
successful doping of the samples. As for Ti 2p, no significant shift in the
position of the O species peaks was observed for the different samples,
(Table 2), except for samples doped only with N, ATiOy: N, and Cu/A-
Ti022 N.

Nb could be detected in our samples (Fig. 2C). The peaks at
~209.9 eV and ~207.2 eV are attributed to Nb>* Nb 3ds,, and Nb 3ds»
respectively [55]. Here also, still no significant shift in the peak positions
as presented in Table 2.

After N-doping, a peak corresponding to N 1s was expected at
~400 eV [56]. If this peak can clearly be observed in Fig. 2D for ATiOy:
N, it can hardly be detected for other N-doped samples, maybe due to
only a very small amount of N introduced in the TiO lattice.

The XPS spectra of Ti 2p, O 1 s, and Nb 3d are not different between
ATiO3, ATiOg2: Nb, ATiOy: Nb, N, Cu/ATiO3, Cu/ATiO2: N, Cu/ATiOx:
Nb, and Cu/ATiOy: Nb, N, indicating that the surface electronic
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Table 3
Cu 2p Analyses of Cu loaded ATiO,, ATiO»: N, ATiO,: Nb and ATiO,: Nb, N.
Samples Cu 2p
Cu 2py 2 Cu 2p3/s Cut/cu®*
a2t cut cut Cut Peak su?face
area ratio
Cu/ATiO, 954.89 953.10 934.90 932.87 0.80
Cu/ATiOy: N 953.90 951.98 934.05 932.30 1.21
Cu/ATiO,: Nb 954.39 952.37 934.69 932.70 0.77
Cu/ATiO: Nb, N 954.02 952.04 934.10 932.20 1.21
Cu/ATiO,: Nb-2 954.33 952.17 934.35 932.34 0.97
(calcination under
N>)
123
107
96
92
o i i 88
S~
& 74
g e 09 69
- s -
= z 51
<] = = 4 =
= o w A
7 (NS =111
A1 L E
1T"Erti1 L1
= S = =
Aelel L 1
< QO

Fig. 4. Specific surface area (Sggr) of synthesized samples and commercial
catalyst P25* *Instrumental error [%] = 0.6.

structure of as-prepared catalysts before and after doping and loading
remain stable, which is an important property of photocatalysts.

Fig. 3 shows the Cu 2p XPS spectra obtained for the samples loaded
with Cu: Cu/ATiO,, Cu/ATiO3: N, Cu/ATiO4: Nb, and Cu/ATiO4: Nb, N.
The peaks for Cu 2p; 5 and Cu 2p3/» were separated to bring out peaks
corresponding to Cu®* and Cu™. Detailed information on the peak po-
sition is presented in Table 3 and Table S2.

Taking Cu 2ps,» as an example, the peak at ~934.10 eV is attributed
to Cu®>" and the peak at ~932.20 eV is attributed to Cu™ [57]. The peak
position of Cu?>* and Cu™ both shifted to a lower binding energy
(redshift) after N doping: see the comparison between Cu/ATiOy: N and
Cu/ATiO; (—0.99/-0.85 eV for Cu>" 2,1/2/2p3/2, —1.12/-0.57 eV for
Cu* 2p1/2/2p3/2) and between Cu/ATiOy: Nb, N and Cu/ATiO2: Nb
(-0.37/-0.59 eV for Cu*" 2,1/2/2p3/2, —0.33/-0.50 €V for Cu®
2p1/2/2p3/2). This red shift represents an increase of the electron density
around Cu, resulting from a modification of their local chemical envi-
ronment after NHj treatment [58]. Considering the difference in elec-
tronegativity between N (3.04) and O (3.44) it is supposed to replace in
TiO4 structure, [59] we may see here another evidence of N-doping.
Moreover, this would indicate a close connection of Cu with N or O in
the structure.

It is also clear from Fig. 3 that an inversion of the Cu?>* and Cu™ peak
relative intensity arose after NHj3 treatment compared to samples
calcined under air. Note that an intermediate value was obtained after
calcination under N3 (0.97), see Table 3 and Figure S1. The comparison
revealed a higher Cu" content for the samples calcined under NHs,
showing a reduction of Cu?* during the treatment, in agreement with
the modification of the electron density around Cu described before.

The specific surface area (Sggr) of our samples was analyzed con-
cerning their composition and compared to that of P25 (Fig. 4). The N»
sorption isotherms of Cu/ATiOs: Nb, N curve was shown in Figure S4.
The higher the Spgr the better for photocatalytic performance.

Confirming the expected properties of aerogels, [45] our obtained
TiOy aerogel (ATiO3) showed a higher Sggr (92 mz/g) than the
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Table 4
Comparative Analysis of TiO,-Based Photocatalysts: Synthesis Methods, Applications, and Specific Surface Areas.
Sample synthesis method calcination temperature (°C) applications SBET (ng") Ref
ATiO, Sol-Gel 550 CO, photoreduction 91 this work
ATiO,: Nb (10 at%) Sol-Gel 550 CO,, photoreduction 123 this work
Cu/ATiO,: Nb, N Sol-Gel 550 CO,, photoreduction 88 this work
P25 - - commercial catalysts 50 )
TiO, Sol-Gel 500 photodegradation 67.66 [60]
TiO, Microspheres Reverse microemulsion 500 photodegradation 23.6 [28]
Nb 10 mol% doped TiO; Microspheres Reverse microemulsion 500 photodegradation 79.6 [28]
polymorphs TiO, Sol-Gel 400 photodegradation Anatase 9.33 [61]
Rutile 5.13
TiO, Aerogel Sol-Gel 500 photodegradation 136 [62]
TiO, Aerogel Sol-Gel 400 photodegradation 135 [45]
TiO, Aerogel Sol-Gel 550 photodegradation 82 [51]
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Fig. 6. (A) HAADF-STEM image of Cu/ATiO,: Nb, N, (B) Measured Cu,O particle size and (C) EDS elemental mapping of Ti (D), Cu (E), and Nb (F).

commercial catalyst P25 (51 m?/ g). The Sgrr was significantly increased
after doping with Nb (123 m?/g for ATiO:Nb), in agreement with our
previous study [50]. Present in Table 4, is the Sggr value in the literature,
TiO4 aerogels have an obviously high surface specific area.

The Cu-loaded samples maintained a high specific surface area, 74
and 96 m?/g respectively for Cu/ATiO, and Cu/ATiOo: Nb, despite a
notable decrease of about 20%.

The NH3 post-treatment, applied to dope samples with N resulted in a
slight decrease of the specific surface area, —5 m?/g for Cu/ATiO5: N
(69 m?/g), —16 m?/g for ATiO2: Nb, N (107 m?/g) and —8 m?/g for Cu/
ATiO,: Nb, N (88 m?/g), which is quite reasonable.

Such a systematic decrease can be accounted for the temperature of
the NH3 treatment which is responsible for a slight particle size increase
as evidenced by the SEM pictures (Fig. 5).

Fig. 5 presents the SEM images for ATiO, and its various doped
forms, including ATiO: N, ATiO: Nb, and ATiO9: Nb, N, as well as their
Cu-loaded variations. Consistent with our previous studies [50], the
TiO, aerogels display a texture that appears relatively dense due to the
agglomeration of roughly spherical particles and looks slightly dense.
The apparent density is however difficult to measure since the mono-
lithic nature was lost during supercritical drying and calcination.

The particle size of our aerogels stands between 22 nm and 30 nm
with quite uniform distribution. The doping with Nb leads to a decrease
in the particle size of TiO, aerogels from 25 to 22 nm in diameter
(modulo the accuracy of the method), which is consistent with the
conclusion of Ny sorption analysis (Fig. 4). Except for Cu/ATiOq: Nb, N,
the presence of Cu did not impact the mean particle size of the samples.
The small size of the particles, on top of resulting in a large specific
surface area, is beneficial to the refraction of the incident light on the
catalyst surface, thus improving the photocatalytic efficiency [63].

The presence of Cu in the samples was confirmed by TEM observa-
tions which also gave some information on the size of the Cu,O particles
(Fig. 6).

Fig. 6A shows the HAADF-STEM image of Cu/ATiOy: Nb, N. Two
families of lattice spaces could be analyzed. The lattice space of
0.354 nm corresponds to Anatase TiO3 (101) [64]. The lattice spaces of
0.246 nm and 0.232 nm can be attributed to CuO (111) and Cu,0 (111),
respectively [65], in agreement with the results obtained by XPS (Cu 2p,
Fig. 3). Comparison between Fig. 6B, C, and E, led to the conclusion that
the small particles observed in Fig. 6B most probably correspond to
CuxO. Their diameter roughly stands between 1.5 and 3 nm, which
confirms the difficulty of detecting any CuyO species with XRD (Fig. 1).

Nb could be detected (Fig. 6F), apparently uniformly distributed over

the image. The amount is however too small to discuss further.

The presence of CuyO species as homogeneously dispersed nano-
particles may facilitate the CO, reduction reaction and contribute to the
fast migration of intermediate species for better efficiency.

3.2. Optical characterization

UV-vis diffuse reflectance spectroscopy (UV-Vis DRS) was used to
characterize the domain of light absorption of our materials and to
determine their bandgap (Fig. 7).

A strong adsorption band (< 400 nm) is found for all samples
(Fig. 7 A), which is caused by the intrinsic interband absorption of TiO5
[66].

Our TiO; aerogel absorbs a little bit more light than P25 and even a
little bit more after Nb doping. The difference in absorption between
ATiO3 and its doped/loaded counterparts is represented in Fig. 7B. The
data processing applied (subtraction of the ATiO, absorption data)
revealed an absorption band at around 380 nm for ATiO5: Nb. This effect
is probably due to the slight shift of the absorption edge which should
result in a change in bandgap (Table 5).

After NHj3 treatment (ATiO2: N), a new absorption band appeared
clearly at around 440 nm (Fig. 7 A) which is amplified in Fig. 7B, as is
the band at 380 nm due to a further shift of the absorption edge. This
result can be considered as another evidence of N-doping even though N
could hardly be detected by XPS.

Both phenomena are amplified for Nb, N-co-doped TiO2 aerogel
whose absorption is much stronger in the visible domain, as if a syner-
gistic effect was at work.

The Cu-loaded samples (Cu/ATiO3, Cu/ATiO2:Nb, Cu/ATiO2:N and
Cu/ATiO3: Nb, N) show some additional absorption in the range of 400 —
550 nm, which has already been observed by Li et al., [67] and attrib-
uted to the charge transfer from the valence band (VB) of TiO5 to copper
oxide nanoparticles. The absorption increased after Nb and N doping.

In the case of Cu/ATiO; and Cu/ATiOy: Nb, which were not treated
under NHg, another absorption appeared in the range of 600 — 800 nm.
This phenomenon can be associated with the intrinsic exciton band of
CuO and the d—d transition of the Cu®* species [68].

All these observations are consistent with the color of each sample
(Fig. 7D). From ATiO5 to ATiOs: Nb, N, the samples’ color shifts from
white to beige due to a slight increase of absorption in the visible
domain. The Cu-loaded samples absorb much more light. A minimum of
absorption can be observed for Cu/ATiO5 and Cu/ATiO3: Nb in the green
range of the visible spectrum (around 550 nm) which makes them
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Fig. 7. (A) UV-vis diffuse reflectance spectra (UV-Vis DRS) of synthesized samples and P25, (B) spectra obtained after subtraction of that of ATiO,, (C) Plot of the
transformed Kubelka-Munk functions vs. the energy of light of Cu/ATiO»: Nb, N and (D) samples images of ATiO5, ATiO,: N, ATiO: Nb, ATiO,: Nb, N Cu/ATiO,, Cu/

ATiO2: N, Cu/ATiO: Nb and Cu/ATiO,: Nb, N.

Table 5
Band gap of P25 and as prepared samples.

Samples Band gap (eV)
P25 3.03 +0.02
ATiO, 3.04 £ 0.02
ATiO2: N 3.00 £ 0.06
ATiO,: Nb 3.00 £+ 0.09
ATiO,: Nb, N 2.97 £+ 0.05
Cu/ATiO, 2.96 + 0.04
Cu/ATiO2: N 2.92 + 0.08
Cu/ATiO,: Nb 2.93 +0.08
Cu/ATiO,: Nb, N 2.89 £+ 0.04

appear green. The samples treated in a reducing atmosphere (NHj
treatment, Cu/ATiO5: N and Cu/ATiOy: Nb, N) do not show such a
minimum and appear brown to dark grey.

The difference in light absorption observed for these different ma-
terials has an impact on their bandgap. This can be evidenced after

Kubelka-Munk processing of the absorption data (Fig. 7 C and Table 5).
Note that the bandgap values obtained for Cu-loaded samples have to be
taken with caution since the presence of Cu oxides makes difficult the
determination with Kubelka-Munk data treatment.

The absorbance spectrum of P25 shows a steep decrease between 350
and 400 nm, resulting in a bandgap of 3.03 eV in good agreement with
previously reported data [69].

That of TiO; aerogel (ATiO3) is very close (3.04 eV). It is clear from
Fig. 7 A and 7D that the co-doping of ATiO9, with Nb and N, enlarged the
range of light absorption of TiO,. As a consequence, its bandgap
appeared to be slightly narrower than that of ATiO, and P25 with a
value of 2.97 eV. Considering the accuracy of the calculation, it is
difficult to sort these materials. However, with a value of 2.97 eV, the
bandgap of ATiOy: Nb, N is no doubt smaller than the expected one of
3.2 eV for classical anatase TiO,. [70] The situation is even better after
Cu deposition due to the charge transfer effect. The estimated bandgap
of Cu/ATiO3: Nb, N dropped to about 2.9 eV (provided that Cu oxides do
not interfere with TiO,), the smallest of all samples synthesized in this
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study.

The bandgap of Cu/ATiO, doped with Nb or N, Cu/ATiO2: Nb and
Cu/ATiO,: N, would stand in between that of Cu/ATiO, (2.96 eV) and
that of Cu/ATiO5: Nb, N (2.9 eV).

The doping with Nb is expected to decrease the bottom of the con-
duction band (CB) of TiO5, while N doping should increase the top of the
valence band (VB) of TiO; [17]. Thus, by doping with both Nb and N, the
band gap of TiO, is expected to become narrower, improving the light
absorption performance.

3.3. Performance evaluation of photocatalytic CO2 reduction

Fig. 8A presents the performance of different photocatalysts to pro-
duce methanol (MeOH) through CO5 photoreduction. Note that here we
directly used a solution of NayCOs instead of directly bubbling CO5 into
H»0 as sometimes reported in the literature. The temperature does not
exceed 35°C during the whole test (see Figure S2). In this work, the
production rate was calculated throughout 6 h of illumination.

Undoped ATiO; showed a similar performance to the commercial
catalyst P25 (0.03 £ 0.01 mmolyeon/gcat/h vs 0.02 £ 0.01 mmolyeon/
gcat/h), indicating that TiO, aerogel (ATiO2) with higher specific surface
area Sggr can compete with P25, a mix of anatase and rutile TiO5. This
confirms what we already observed in the case of water splitting and can
thus be extended to CO2 photoreduction.

The performance of co-doped ATiO,, namely ATiOz: Nb, N (0.59 +
0.03 mmolyeon/gcat/h) is much higher than that of ATiO, (0.03 +
0.01 mmolyeon/gcat/h). Doping with Nb and N improved MeOH pro-
duction, probably due to the decrease of the bandgap resulting from
changes in both the VB and CB energy levels in TiOs.

The same level of performance can be reached with copper-loaded
ATiOg, Cu/ATiO; (0.66 + 0.04 mmolyeon/gcat/h). Here, the improve-
ment may come from the ability of Cu,O to improve the electron transfer
efficiency during the reaction. Hence, we can conclude that both mod-
ifications have a similar impact on the performance even though their
light absorption capacity is different. This also confirms that the
mechanisms at work are much probably different.

Mixing both modifications has proven to be highly beneficial.
Indeed, Cu/ATiOy: Nb, N showed the best MeOH yield (1.69 +
0.05 mmolyeon/gcat/h), just before Cu/ATiO: N (1.51 =+
0.05 mmolyeon/gcat/h) and Cu/ATiOz: Nb (1.10 + 0.04 mmolyeon/
gcat/h). Both N and Nb had a beneficial effect on the production of

Cu/ATiO,: Nb, N

MeOH (mmol/g/h)

Cycle Times

Fig. 9. Recycled use of Cu/ATiOy: Nb, N for MeOH production from CO,
photoreduction.

MeOH, but relatively, Cu/ATiOy: N is more effective.

Looking back to Fig. 7 A, Cu/ATiOy: N absorbs more light than Cu/
ATiO,: Nb. Moreover, XPS results showed that it has a higher Cu™/ cu?t
ratio, similar to that of Cu/ATiO5: Nb, N, which could also account for
higher MeOH yields, due to the better ability of Cu® to favor the CO,
hydrogenation process [71]. The same statement can be made for
Cu/ATiOy: Nb, N.

By comparing the production of MeOH on Cu/ATiO2: Nb, N at
different intervals of times during the reaction (Fig. 8B), the MeOH
production rate was found to be the highest during the first hour after
turning the light on (6 mmol/g/h). Then it gradually decreased to sta-
bilize or so after 1 h (0.6 mmol/g/h). This will help to understand the
reaction mechanism of CO2 photocatalytic reduction.

We were also interested in the “recyclability” or reuse possibility of
our catalyst. Fig. 9 shows the MeOH yields of Cu/ATiO: Nb, N tested
6 h, five times in a row. During the first runs, the MeOH yields slightly
decreased from ~1.7 mmol/gcat/h to ~1.30 mmol/gca/h in the third
run before more or less stabilizing.
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Scheme 2. Proposed reaction mechanism over Cu/ATiO»: Nb, N.

To investigate the possible reasons for the slight decrease observed,
the used catalyst was analyzed.

Firstly, the SEM image (Fig. 10 A) shows that the used-Cu/ATiOa:
Nb, N did not agglomerate after testing, instead, it remained as uniform
and dispersed small sizes (~26 nm). So the morphology of the aerogel
support remained stable after the test, which may not be the reason for
loosing activity, and by the way, is good news for further long-term
experiments.

Then the Cu 2p XPS spectrum of used-Cu/ATiOs: Nb, N showed only
Cu®* species, whereas fresh-Cu/ATiO,: Nb, N showed both Cu® and
Cu?* species (Fig. 10B). This may partly explain the slight decrease in
efficiency, caused by the conversion of Cut— Gu?* on the catalyst sur-
face during the reaction.

The mechanism of the photoreduction process is proposed, as shown
in Scheme 2.

The photocatalytic process for converting CO5 to methanol using Cu/
ATiOg: Nb, N involves a sequence of intricately linked steps, where both
light absorption and charge separation are critical:

e Light Absorption: TiO, aerogel, when illuminated by the full-
spectrum Xe lamp, absorbs photons across UV and visible wave-
lengths. This promotes electrons from the valence band to the con-
duction band, generating electron-hole pairs. The role of Nb and N
doping here may extend beyond facilitating charge separation; it
could also contribute to broadening the range of light absorption,
particularly in the visible spectrum.

e Oxidation of Water: the process begins with the oxidation of water
molecules or hydroxide ions on the TiOy surface, where the

10

Table 6
Methanol production reported in the literature.
Photocatalyst Testing Methanol yield Testing References
conditions time
Cu,O/ATiOq: CO; + NayCO3 10.14 mmol/ 6h this work
Nb, N solution Seat
room (1.69 mmol/
temperature 8cat/h)
NH2-MIL-125 CO, +0.2M 7 mmol/gea 4h [72]
(Ti) EDA (1.75 mmol/
room cat/h)
temperature
2% Pd-Cu/TiO,  COj + Hy0 0.56 mmol/g.,e ~ 8h [73]
50 °C (0.07 mmol/
gcar/h)
Cu (I) ZIF CO; + NayNO3 1.71 mmol/gcat 5h [74]
solution (0.342 mmol/
room gcat/h)
temperature

photogenerated holes in the valence band oxidize Hy0 to Oy and H*
ions (protons). This step is crucial as it supplies the protons necessary
for the subsequent reduction of CO,.

Role of CuyO Nanoparticles: acting as cocatalysts, CuxyO nano-
particles capture the separated electrons and facilitate their transfer
to CO,, enhancing the reduction process and the overall yield of
methanol.

e Reduction of COy: the photogenerated electrons in the conduction
band, now more efficiently separated, are transferred to the surface
where they meet with CO2 and the protons. It is the reaction between
CO,, protons, and electrons that leads to the formation of methanol.
Product Desorption: the methanol product, once formed, desorbs
from the aerogel surface, which is then collected from the reaction
mixture.

Under dark conditions, as evidenced by our experiments listed in
Table S3, no methanol production was detected, indicating that the re-
action was light-driven. The high specific surface area of the TiO5 aer-
ogels contributes to the efficient adsorption of CO5 and provides ample
active sites for the reaction, while Nb and N doping, along with Cu,O
loading, collectively improve the TiOy’s optical properties and charge
carrier dynamics, crucial for the effective photoreduction of COy to
methanol.

Finally, we compared our work to reported ones in the literature and
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realized in similar testing conditions, as far as the comparison is possible
(See Table 6).

Our photocatalyst could reach the best performance ever published,
in a longer period of time.

4. Conclusions

In conclusion, CuyO-loaded, Nb, and N co-doped TiO- aerogels (Cu/
ATiOg: Nb, N) were synthesized by the sol-gel method, supercritical COy
drying, and gas phase doping. ATiO5 showed an anatase phase with
particle size around 20-30 nm. Cu,O was uniformly distributed on the
TiO; surface with particle size < 2 nm. Nb and N doping enhanced the
light absorption properties of TiO5 and narrowed its bandgap. Loading
with Cu,O improved the electron transfer efficiency and the visible light
absorption ability.

Applied for CO; photocatalytic reduction, Cu/ATiOy: Nb, N has
shown to have the best performance and the highest MeOH yield (1.69
+ 0.05 mmol/gce/h). This can be ascribed to several factors: i)
improved optical properties after doping; ii) uniform distribution of Cu
species in the surface and bulk of TiOy; iii) high specific surface area and
particle connectivity resulting from the peculiar aerogel morphology.
These factors all contribute to enhancing the performance of TiO; for
CO, reduction and MeOH production.

The finding that Cu/TiO, with Nb and N co-doping has the best
performance in CO, reduction and the highest MeOH yield is very
promising. This material could be a highly effective photocatalyst for the
CO3 reduction process. Further research and development on the aerogel
morphology or N-doping will lead to the optimization of this material for
such an application. The stability was revealed to be quite good but can
however be improved, for example through stabilization of Cu™ on the
catalyst surface.
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