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A B S T R A C T

The management of the CO2 produced during the catalytic oxidation of volatile organic compounds (VOCs) is a 
key challenge for the development of sustainable air purification processes. In this work, an integrated approach 
was investigated, where the CO2 evolved by the catalytic oxidation of toluene, used as a model VOC, was either 
captured by sustainable zeolite-based cryogels or straightforwardly converted into solar fuels through a 
photothermo-catalytic route. For the CO2 capture, chitosan/poly(ethylene glycol) diglycidyl ether cryogels 
containing zeolite 13X were prepared. The presence of zeolite strongly improved the adsorption performance, 
allowing a capture efficiency of about 70% in the integrated test, whereas a negligible CO2 uptake was obtained 
with the cryogel without zeolite. For the CO2 conversion, 1 wt% Cu2O-TiO2 supported on Ni/Ce-modified 
phyllosilicates was examined. Among the investigated samples, the modified kaolinite support showed the 
best performance, reaching 77% of CO2 conversion after 4 h of solar photothermo-catalytic test at 120 ◦C. The 
improved activity of this sample was mainly related to the higher amount of basic sites, especially those with 
medium strength, favouring the adsorption and activation of CO2, whereas the Cu2O-TiO2 mixed oxide promoted 
the photocatalytic contribution under simulated solar irradiation. The integrated strategy here proposed is 
promising to couple VOC removal with CO2 capture/utilization using sustainable materials, thus contributing to 
a circular approach for environmental protection.

1. Introduction

Air quality in both indoor and outdoor environments is a major 
current concern. In particular, the removal of volatile organic com
pounds (VOCs) and CO2 management are critical issues and are directly/ 
indirectly related to several of the 17 Sustainable Development Goals 
(SDGs) of the United Nations. In particular: SDG 7: affordable and clean 
energy, SDG 11: sustainable cities and communities, SDG 12: respon
sible consumption and production and SDG 13: climate action [1].

Among the various technologies for the VOCs removal, the catalytic 
oxidation is one of the most widely used, because it enables the complete 
mineralization of VOCs under milder conditions, compared to the non- 

catalytic combustion methods, allowing also the treatment of different 
VOCs over a broad concentration range [2]. However, the produced CO2 
must be addressed.

In this context, we originally proposed an integrated approach, in 
which the CO2 produced from the thermal catalytic oxidation of VOCs 
can either be captured with sustainable cryogels or converted into solar 
fuels by noble metals-free catalysts through a solar photothermo- 
catalytic route.

Regarding the first approach, we have developed cryogels in which 
zeolite particles, which are well known for their reversible CO2 
adsorption capability, are embedded within and held together by a 
biopolymeric framework composed of chitosan and poly(ethylene 
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glycol) diglycidyl ether as a crosslinking agent. In this way, high- 
performance monolithic adsorbents can be obtained, overcoming the 
typical technological limitation of zeolites associated with their pow
dery form [3–5].

Whereas for the CO2 conversion approach, the application of hybrid 
catalysis, such as the photothermo-catalysis, allowed to exploit an 
energy-saving and efficient process compared to both the energy- 
intensive thermocatalytic CO2 conversion reaction and the photo
catalytic route at room temperature, which is characterized by very low 
yields into solar fuels [6–8].

In the present work, for the solar photothermo-catalytic conversion 
of CO2, arising from the toluene (VOC model) catalytic oxidation, we 
investigated the performance of a noble metal-free composite supported 
on modified phyllosilicates. In particular, we studied the performance of 
1 wt% Cu2O-TiO2, which permits the efficient exploitation of the pho
tocatalytic properties of TiO2 enhanced by the presence of cuprous oxide 
that acts as an electron donor for the CO2 reduction reaction [9,10]. The 
physicochemical properties of this composite and the beneficial role of 
copper species have been extensively investigated in our previous 
studies, including their interaction with CeO₂, Co-based species, zeolites, 
and different TiO₂ crystalline phases [8,9,11].

The Cu2O-TiO2 mixed oxide was supported on different phyllosili
cates (mordenite, kaolinite, halloysite and sepiolite) modified by the 
intercalation of Ni and Ce. This chemical treatment increased the CO2 
adsorption on the basic sites of the phyllosilicates, allowed the exploi
tation of the thermally activated redox properties of Ce ions, and effi
ciently promoted the thermocatalytic CO2 activation by Ni [6,7], thus 
enabling a holistic effect that combines these thermocatalytic features 
with the photocatalytic ones of the Cu2O-TiO2.

Therefore, we propose an integrated approach that combines CO₂ 
capture and solar-driven photothermo-catalytic conversion over sus
tainable materials, directly applied to the gas stream of the toluene 
catalytic oxidation. By coupling air pollutant abatement with CO₂ 
valorization by capture or by conversion into high added-value solar 
fuels, the here investigated process establishes a circular pathway to
ward improved environmental sustainability.

2. Materials and Methods

2.1. Sample preparation

Chemically crosslinked chitosan-based cryogels were prepared by 
modifying the procedure previously reported in the ref. [12] with the 
aim of (i) chemically crosslinking the polymeric framework to improve 
cryogel stability and (ii) inducing a finer microstructure by adjusting the 
temperature selected for the freeze-casting process.

Chitosan (CS) powder (molecular weight: 190–310 kDa; deacetyla
tion degree 75–85%, by Sigma Aldrich) was dissolved in a 2 vol% 
aqueous acetic acid solution under stirring at room temperature for 
about 24 h. The pH of the CS solution (20 mg/mL) was ~3.8. Poly 
(ethylene glycol) diglycidyl ether (PEGDGE, average Mn 500, by Sigma 
Aldrich) was used as crosslinker [13]. It was added dropwise to the CS 
solution (CS/PEGDGE weight ratio of 1/1) under stirring at room tem
perature. Then, Zeolite 13X powder (ZX, average particle size 2 µm, by 
Sigma Aldrich) was added to the CS/PEGDGE solution (polymer/ZX 
weight ratio of 1/4) and mechanically stirred to get a homogeneous 
mixture. The latter was finally poured into cylindrical plastic tubes and 
rapidly frozen by immersion in liquid nitrogen. After storing the samples 
for one week in a freezer at − 25 ◦C, macroporous cryogels were obtained 
by lyophilization.

The 1 wt% Cu2O-TiO2 composite was prepared following the pro
cedure previously reported [9]. The amount of cuprous oxide (1 wt%) 
was the optimal one to favour the CO2 reduction reaction under similar 
reaction conditions of this work and to ensure strong interaction with 
the TiO2 [8,9].

In particular, the stoichiometric aqueous solution of copper (II) 

chloride was added to the TiO2 (Aeroxide® P25) under stirring at 55 ◦C 
in a water bath. Subsequently, 10 mL of 2 M NaOH solution was further 
added, and the resulting dispersion was stirred for 30 min. Afterwards, 
10 mL of ascorbic acid solution (0.5 M), used as a reducing agent, were 
added, and the obtained dispersion was stirred for further 3 h. Finally, 
the obtained slurry was centrifuged at 9000 rpm for 10 min and washed 
with deionized water several times. The obtained powders were dried at 
55 ◦C under vacuum overnight.

The intercalation of Ni and Ce into the examined phyllosilicates 
Montmorillonite K30 (Sigma-Aldrich 69904); Kaolinite (Sigma-Aldrich 
03584 ); Halloysite nanoclay (Sigma-Aldrich 685445 ); Sepiolite (Sigma- 
Aldrich 70253) was carried out following the procedures reported in the 
ref. [6]. In detail, 0.8 g of phyllosilicates were dispersed in 50 mL of a 
50:50 acetone-water solution and maintained at 50 ◦C for 24 h. After
wards, two aqueous solutions of 3.0 g of Ce(NO3)3•6H₂O in 40 mL of 
water and the other containing 2.0 g of Ni(NO3)2•6 H2O in 40 mL of 
water, were added to the phyllosilicate solution and stirred at 50 ◦C for 
24 h. The resulting mixture was dried at 80 ◦C for 24 h and then calcined 
at 300 ◦C for 2 h.

Finally, the 1 wt% Cu2O-TiO2/phyllosilicate composites were syn
thesized with a modified solid-state dispersion (SSD) method [9,14]
followed by a hydrothermal treatment. Specifically, 200 mg of 
Ni-Ce/phyllosilicates and 200 mg of 1 wt% Cu2O-TiO2 were homoge
neously mixed with a pestle into an alumina mortar. The resulting 
powder mixture was transferred to a beaker containing 30 mL of 
deionized water and sonicated for 30 min. The suspension was then 
placed in a Teflon-lined autoclave and heated at 80 ◦C for 5 h. Subse
quently, the product was centrifuged at 9000 rpm three times, and the 
obtained solids were dried at room temperature for 24 h.

These samples are coded as 1CuTi/ phyllosilicates, where MON 
= montmorillonite, KAO = kaolinite, HAL = halloysite and SEP 
= sepiolite.

2.2. Cryogels characterizations

The microstructure of the produced cryogels was investigated by 
scanning electron microscopy (SEM) with a Tescan CLARA microscope. 
The observations were performed on samples previously cut with a razor 
blade and sputter-coated with an Au layer.

Carbon dioxide equilibrium adsorption isotherms were recorded at 
25 ◦C with a 3Flex apparatus by Micromeritics. Before each test, the 
samples were activated at 150 ◦C under nitrogen flow for 12 h using the 
FlowPrep 060 Sample Degas System by Micromeritics.

The sample stability at 150 ◦C was previously assessed by thermog
ravimetric analyses carried out using a TGA Q500 (TA Instruments). 
Samples were heated from room temperature up to 700 ◦C at a rate of 
10 ◦C/min under a nitrogen atmosphere. The analyses allowed the 
determination of the thermal stability window of the cryogels and the 
actual polymer/zeolite weight ratio.

2.3. 1%Cu2O-TiO2 supported on the modified phyllosilicates 
characterizations

The FTIR spectra were recorded with a Spectrum Two System (Perkin 
Elmer), using KBr powders as reference.

The textural properties of the photothermo-catalysts were evaluated 
by N2 adsorption-desorption measurements with an ASAP 2000 instru
ment, outgassing the samples overnight at 120 ◦C. The surface area was 
determined by the Brunauer-Emmett-Teller (BET) method in the stan
dard pressure range 0.05–0.3 p/p0. The pore volume and pore size dis
tribution were evaluated by analysis of the desorption curve, using the 
Barrett, Joyner, and Halenda (BJH) method.

The UV–vis Diffuse Reflectance Spectroscopy (DRS) spectra were 
recorded with a JASCO V− 670. The optical band-gap of the samples (Eg) 
was evaluated by plotting the modified Kubelka–Munk function vs the 
hν, using BaSO4 as reference [15]. It is important to highlight that the 
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application of this method to composite materials requires some addi
tional considerations. As reported in refs. [15,16] in fact, the reflectance 
spectra of these samples are more complex than those of bare semi
conductor oxides with a homogeneous crystalline phase, because of the 
absorption from the impurity phases present in this type of complex 
composites. Therefore, to extrapolate the Eg values, these features were 
also considered.

The CO2-TPD (Temperature Programmed Desorption) measurements 
were carried out in a fixed-bed quartz reactor filled with 150 mg of 
sample. After the adsorption and surface saturation process, the CO2 
flow (30 cc/min) was stopped. Afterwards, the reactor was heated from 
30 ◦C to 500 ◦C (rate of 10 ◦C/min). The CO2 desorption peaks were 
acquired with a mass spectrometer (Sensorlab VG Quadrupoles). Before 
the measurements, the samples were pre-treated with a He flow (30 cc/ 
min) overnight at 150 ◦C.

X-ray photoelectron spectroscopy analysis (XPS) was performed with 
a K-Alpha™ + X-ray photoelectron spectrometer. The binding energy of 
the C (1 s) peak at 284.9 eV (relative to adventitious carbon) was 
employed as a reference.

SEM-EDX analysis was carried out with a ZEISS SUPRA 55 VP 
equipped with an energy dispersive X-ray (EDX) INCA-Oxford 
windowless detector.

The photoluminescence (PL) spectra were acquired using a Perkin 
Elmer LS45 luminescence Spectrometry apparatus with an excitation λ 
of 300 nm.

2.4. CO2 capture/conversion from the catalytic oxidation of VOC

The employed experimental set-up is illustrated in the supporting 
information (Fig. S1). In particular, the catalytic oxidation of toluene 
(used as a model VOC) was carried out in a heated flow reactor. The 
reaction was performed continuously at atmospheric pressure using 
150 mg of 1 wt% Au/CeO2 catalyst, chosen as the best catalyst, under 
our experimental conditions, to favour the total oxidation of toluene into 
CO2, adopting the same experimental procedures and the sample prep
aration method reported previously [17]. The reactor was heated with a 
programmable oven with a heating rate of 10 ◦C/min from 30 ◦C to 
310 ◦C, the temperature at which the total combustion of toluene was 
verified (Fig. S2) and was maintained at this temperature (310 ◦C) for 
the entire duration of the integrated approach tests.

Before the measurements, the reactant mixture (0.7 vol% toluene; 
10 vol% air, balance in He) was adsorbed–desorbed over the 1%Au/ 
CeO2 catalyst for 30 min to assure steady-state conditions. With this 
procedure, conversion and selectivity were reproducible within 3–5%. 
Preliminary runs performed at different flow rates demonstrated the 
absence of external diffusional limitations. The absence of internal 
diffusion limitations was instead verified by running experiments with 
different powder grain sizes. We excluded the occurrence of heat 
transfer limitations because we found that the temperature of the reactor 
at different heights was substantially the same, reasonably due to the 
low concentration of the reactants used in the catalytic tests. The flow 
rate of the reactants mixture was 60 cc/min. The effluent gases were 
examined on-line by a gas chromatograph, equipped with a packed 
column with 10% FFAP on ChromosorbW and an FID detector, and by a 
quadrupole mass spectrometer (VG Quadrupoles). The carbon balance 
was always higher than 95%.

The evolved CO2 was continuously fed into a tubular Pyrex photo
reactor (Fig. S1), filled with 200 mg of as-prepared cryogels for the CO2 
capture or with the 1 wt% Cu2O-TiO2 supported on Ni/Ce- 
phyllosilicates for the photothermo-catalytic CO2 conversion. These 
latter samples were therefore irradiated for 4 h with a solar lamp (Osram 
Ultra Vitalux 300 W, irradiance of 10.7 mW/cm2) and the tubular 
reactor was surrounded by aluminium foils in order to reach a temper
ature of 120 ◦C, accurately controlled by an infrared thermal camera. 
For both reactions, the CO2 conversion values, or the CO2 capture per
centages, were evaluated using an Agilent 8860 gas chromatograph 

(Carboxen− 1000 column, TCD detector) calibrated for the detection of 
carbon dioxide, methane, and carbon monoxide, and with the Trace GC 
instrument (Porapak Q column, FID detector) used to detect the possible 
formation of other organic compounds.

The CO2 conversion/capture values were determined after 4 h of 
reaction with the following equation:

CO2 conversion/capture (%): 

(

Areapeak CO2in− Areapeak CO2out ×

(
Areapeak standard in
Areapeak standard out

)

AreapeakCO2in
) × 100 

Furthermore, the mass balance method was applied, considering the 
following equation:

CO2 conversion/capture (%): 
(

Areapeak CO2out

Areapeak products out + Areapeak CO2out

)

× 100 

The two methods were in agreement with each other (± 5%, repro
ducibility 95%).

The values of the CO2 conversion and of the CO2 capture were also 
evaluated following the signal m/z = 44 of the connected GC-MS, 
opportunely calibrated, and the values were in agreement with each 
other (± 5%, reproducibility 95%).

For the solar photothermo-catalytic CO2 conversion, the molar 
selectivity towards CO and CH4 products was evaluated with Equations 
1 and 2:

CH4 selectivity % :

(
NCH4

(NCH4 + NCO)

)

× 100 (1) 

CO selectivity % : (
NCO

( NCH4 + NCO)
) × 100 (2) 

where NCH4 and NCO are the production rates of CH4 and CO in μmol/ 
gcatalyst•hirradiation.

Before the tests the samples for the CO2 capture were treated under 
He flow (30 cc/min) overnight at 150 ◦C, whereas the phyllosilicates- 
based composites were subjected to surface cleaning by irradiation 
with an UV lamp under He flow following the procedure reported in the 
literature [8,18,19], to avoid possible interferences due to the presence 
of carbonaceous contaminants on the sample surface.

3. Results and discussion

3.1. Cryogels-materials characterizations and CO2 isotherms

The microstructure of the cryogels is shown in the SEM micrographs 
reported in Fig. 1. The CS/PEGDGE sample exhibits the representative 
microstructure of cryogels, characterize by a thin polymeric walls and 
large pores (on the order of tens of micrometres) formed during the 

Fig. 1. SEM micrographs of CS/PEGDGE (left) and CS/PEGDGE + ZX 
(right) cryogels.
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freeze-casting process. In the CS/PEGDGE + ZX sample, the cryogel 
appears to be more compact, and the zeolite particles are uniformly 
dispersed on and within the polymeric walls.

Due to the presence of the polymeric binder “gluing” together zeolite 
particles, thermogravimetric analyses were carried out before per
forming any thermal treatment to determine the actual stability window 
of the cryogels (Fig. 2).

For the CS/PEGDGE sample, the weight change up to around 100 ◦C 
can be ascribed to the loss of adsorbed water, while changes at higher 
temperatures are due to thermal degradation of the polymeric network. 
In the presence of zeolite, the weight loss due to water extends up to 
around 200 ◦C, as water molecules are more strongly retained in the 
zeolite-containing sample and therefore require more energy to be 
released. Moreover, the shoulder at around 240 ◦C in the thermogram of 
the CS/PEGDGE + ZX sample corresponds to the onset of thermal 
degradation processes involving the polymer phase. For this reason, 
activation of the samples prior to adsorption experiments was carried 
out well below this threshold temperature, namely at 150 ◦C, to avoid 
any degradation of the polymer phase.

The results of the CO2 equilibrium adsorption experiments, using 
pure CO2 gas stream, are shown in Fig. 3, in which the adsorbed CO2 
amount (qe) is plotted as a function of the gas pressure at equilibrium.

Since the CO2 adsorption capacity of the pure CS/PEGDGE cryogels 
is extremely low, the CO2 uptake of the CS/PEGDGE + ZX sample can be 
mainly ascribed to the presence of zeolite particles embedded into the 
polymeric framework. The adsorption behavior can be satisfactorily 
described by the Langmuir model [20], leading to a maximum CO2 
adsorption capacity value of about 2.48 mmol/g.

3.2. CO2 capture from the integrated approach

The same adsorbents were used in the integrated approach (CO2 
coming from the toluene catalytic oxidation) in order to evaluate the 
CO2 capture percentage after 4 h of this test. As expected from the CO2 
adsorption isotherms reported in Fig. 3, the CS/PEGDGE cryogel is un
able to capture relevant amounts of CO2 under the dynamic conditions 
generated by the catalytic toluene oxidation process. In contrast, the CS/ 
PEGDGE + ZX cryogel is able to capture a substantial fraction of the 
carbon dioxide produced over 4 h of toluene oxidation, reaching a 
capture efficiency of 69.5%. It should be noted that the potential 
maximum adsorption capacity might be not fully exploited under the 
flow conditions at the outlet of the catalytic reactor, likely because of 
kinetic and/or residence-time limitations. In particular, the relatively 
short residence time of the gas stream and possible mass-transfer limi
tations at the outlet of the catalytic reactor may hinder the full 

exploitation of the equilibrium adsorption capacity under dynamic 
conditions. Therefore, a lower flow rate could be adopted to further 
exploit the CO2 adsorption capacity of the CS/PEGDGE + ZX cryogel, 
leading to even higher capture efficiency values.

Furthermore, it is important to underline that, in the integrated 
approach, the material was tested under a significantly more complex 
gas composition than that employed in the CO₂ adsorption isotherm 
tests, which were carried out using a pure CO₂ stream (Fig. 3). Indeed, 
the gas stream generated by toluene oxidation contains not only CO₂ but 
also air, water vapor, and possible traces of reaction by-products. 
Therefore, the performances measured in the integrated configuration 
should be considered net values obtained under multicomponent oper
ating conditions. Under this environment, competitive adsorption of 
H2O on the hydrophilic zeolite-based cryogel may partially reduce the 
availability of adsorption sites for CO₂, thereby affecting the observed 
capture efficiency in the integrated test.

3.3. Solar photothermo-catalytic CO2 conversion using the integrated 
approach

The performances of the 1 wt% Cu2O/TiO2 composite supported on 
the Ni/Ce-intercalated phyllosilicates in the CO2 conversion arising from 
the catalytic oxidation of toluene are reported in Table 1. In our 
experimental conditions, only CO and CH4 were detected as solar fuels 
[7,8]. For all the samples, the CO was the main product with some 
formation of CH4, pointing to a preferential two-electron reduction 
pathway [11,21]. Notably, the addition of the modified phyllosilicates 
promoted the CO2 reduction reaction compared to the bare 1CuTi.

Interestingly, among the tested supports, the Ni/Ce-kaolinite sample 
gave the best results with the 77% CO2 conversion arising from the 
catalytic oxidation of toluene. Conversely, the interaction of the 1% 
Cu2O/TiO2 with the modified sepiolite did not provide substantial im
provements compared to the unsupported 1CuTi. It is also important to 
highlight that the hybrid solar photothermo-catalytic approach is 
essential to obtain this activity at relatively low temperature (120 ◦C). 
Indeed, even using the 1CuTi/KAO catalyst, no CO2 conversion was 
detected in the bare solar photocatalytic test at room temperature, 
whereas in the dark thermocatalytic tests, a CO2 conversion of 55% was 
reached only at 200 ◦C, with no measurable activity observed at lower 
temperatures, including 120 ◦C. These findings highlight the synergistic 
effect of simulated solar light in assisting the catalytic mechanism [7,8, 
22,23], resulting in an activity at low temperature, that was higher than 
the sum of the single photocatalytic and thermocatalytic approaches, Fig. 2. TGA curves for CS/PEGDGE and CS/PEGDGE + ZX cryogels.

Fig. 3. CO2 adsorption isotherms of CS/PEGDGE and CS/PEGDGE + ZX cryo
gels. The solid line represents the best fit of the Langmuir model to experi
mental data.
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with the additional benefit of reduced energy demand.
Figure S3 shows the solar photothermo-catalytic stability of the 

1CuTi/KAO catalyst during 25-h continuous test performed at 120 ◦C. 
After 15 h of operation, the CO₂ conversion decreased by approximately 
7%. Thereafter, only a slight additional decline was observed, with the 
catalyst maintaining a CO₂ conversion of about 68% after 25 h on 
stream. Overall, the loss of catalytic activity was limited to approxi
mately 10%, indicating good stability under the adopted reaction con
ditions. The observed decrease may be related to the continuous 
exposure of the catalyst to the complex gas stream generated during 
toluene oxidation, containing CO₂, air, water vapor, and possible traces 
of reaction by-products, which may progressively affect the efficiency of 
the CO₂ reduction process.

In order to rationalize the observed differences in photothermo- 
catalytic activity, the prepared composites were systematically 
characterized.

Fig. 4 reports the FT-IR spectra of the analysed composites. All the 
catalysts showed wide bands centred in the range 3700–3350 cm− 1 

related to the O-H stretching of the phyllosilicate supports. In particular, 
the 1CuTi/KAO and 1CuTi/HAL showed two bands in the range 
3700–3600 cm− 1 associated with the presence of Al in their structure, 
which gives rise to the formation of the stretching vibration of the inner- 
surface Al–OH groups [24]. The O-H bending was detected for all the 
samples in the range 1631–1600 cm− 1, and it is also related to the O-H 
groups present in the layers of the phyllosilicates due to the water 
adsorbed/intercalated in the structures [25]. The wide bands at 
1045–1020 cm− 1 are typical of the stretching vibration of the Si-O-Si 
bonds, whereas the bending vibration is in the 915–900 cm− 1 interval 
[24–26]. In the 1CuTi/KAO sample, additional bands at about 1108 and 
1004 cm− 1 are due to mono-substituted Si-O stretching [26]. Finally, the 
bands at low wavenumbers (< 700 cm− 1) were associated with the M-O 
bonds (M= Metal as Ni, Ce, Ti, Cu) [6,9]. Interestingly, only the 
1CuTi/KAO sample (the best one in the photothermo-catalytic CO2 
conversion, Table 1) showed a little band at about 1355 cm− 1 attributed 
to the symmetric vibration of carboxylate groups (COO-) formed from 
the interaction of the phyllosilicate-based samples with the atmospheric 

CO2 [27]. The other composites showed instead a negative feature likely 
associated with the desorption of physisorbed CO2 (Fig. 4) [28], indi
cating that only with the modified kaolinite, even with the atmospheric 
CO2, the interaction with its basic sites led to the formation of weak 
bonds. Therefore, in this sample, the CO2 adsorption/activation appears 
to be favoured.

To verify the key contribution on the reaction to the presence of basic 
sites and their effects on the CO2 adsorption/activation, Fig. 5 reports 
the CO2-TPD profiles of the investigated samples. To correlate the basic 
features of the examined composites with the photothermo-catalytic 
activity, we also recorded the profile of the unsupported 1CuTi sample.

The CO2-TPD profiles can be divided into three zones considering the 
type of the basic sites: α for weak (CO2 desorption peaks from 30 to 
140 ◦C), β for medium (CO2 desorption peaks from 140 to 450 ◦C), and γ 
for strong (CO2 desorption peaks above 450 ◦C) basic sites [29]. For the 
CO2 conversion reaction, it is important to highlight that it is important 
to exploit basic sites that are neither too strong nor too weak. In fact, the 
CO2 adsorbed on too weak basic sites cannot be activated, being fav
oured its desorption; on the contrary, the CO2 adsorbed in the very 
strong basic sites formed stable carbonates species on the surface, 
difficult to be activated/converted [6,30,31].

All the composites showed a CO2-TPD peak centred between 55 ◦C 
and 65 ◦C related to the presence of weak basic sites due to the inter
action between surface -OH groups and the CO2 [32]. Interestingly, the 
trend in the amount and distribution of basic sites follows the 
photothermo-catalytic activity (Table 1 and Table 2). Indeed, the 
1CuTi/KAO showed the highest total amount of basic sites, with also the 
highest percentage of medium sites (91%), in a temperature range 
(158–195◦C, Table 2, Fig. 5) relatively close to the operating tempera
ture reached during the photothermo-catalytic tests (120 ◦C). The 
presence of these medium sites, as for the β sites of the other samples, is 
associated with CO₂ desorption from metal-oxygen pairs (Mⁿ⁺-O2- sites) 
[31,33] and it is particularly favourable in the 1CuTi/KAO sample to 
efficiently activate the CO2 and to promote its conversion into solar 
fuels. The 1CuTi/MON and 1CuTi/HAL, that exhibited about 20% lower 
CO2 conversion compared to 1CuTi/KAO (Table 1), also showed about 

Table 1 
Solar photothermo-catalytic parameters after 4 h of CO2 conversion reaction at 120 ◦C.

Sample CO2 conversion (%) CO formation rate (μmol/g•h) CH4 formation rate (μmol/g•h) CO selectivity (%) CH4 selectivity (%)

1CuTi/MON 59 16 6 73 27
1CuTi/SEP 23 6 / 100 /
1CuTi/HAL 55 15 4 79 21
1CuTi/KAO 77 21 9 70 30
1CuTi 19 5 / 100 /

Fig. 4. FTIR spectra of the examined samples. Fig. 5. CO2-TPD profiles of the examined samples.
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0.32 and 0.35 mmol CO2 gcat
− 1 of total amount of basic sites respectively, 

lower compared to 1CuTi/KAO (0.56 mmol CO2 gcat
− 1,Table 2), with some 

medium sites shifted at temperatures higher than 200 ◦C (i.e., stronger 
CO2 adsorption-lower CO2 activation, Fig. 5). This is reasonably one of 
the key features explaining their lower photothermo-catalytic activity 
compared to the 1CuTi/KAO. Consequently, the 1CuTi/SEP and 1CuTi 
samples displaying the lowest amount of basic sites together with the 
presence of strong γ sites (or high temperature β sites) that led difficult 
the activation and then the conversion of CO2. Moreover, they holding 
the highest % of weak basic sites (20–22%) where the CO2 desorption 
was favoured instead of its conversion. Indeed, these samples were the 
least active among the tested composites (Table 1).

The textural properties of the samples are reported in Table 3 and in 
Fig. 6. All the examined composites showed type IV/V isotherms with a 
hysteresis loop typical of the mesoporous materials [34]. In particular, 
the 1CuTi/HAL showed the highest surface area (128 m2/g) and the 
lowest mean pore diameter and volume with a H1 hysteresis loop 
(Fig. 6A) associated with narrow and uniform mesopores [31,34] as also 
displayed in the pore size distribution curve (Fig. 6B). On the contrary, 
the other samples showed wider pore size distributions with a H2 hys
teresis loop (Fig. 6A) typical of pores with narrow necks and wide bodies 
(“ink bottle” pores) [34]. These textural differences are strictly corre
lated to the typical morphology of the examined commercial phyllosi
licates, with the halloysite nanoclay characterized by the presence of 
nanotubes in its structure, as largely reported in the literature, which 
leads to a higher exposed surface area compared to the other phyllosi
licates [24,31].

The UV-DRS spectra of the examined compounds are reported in 
Fig. S4. All the samples showed a similar reflectance spectrum, with the 
main contribution, as expected, arising from the presence of TiO2, with 
the typical decrease of R% at about 388 nm. Furthermore, a feature in 
the 500–700 nm region can be associated with interfacial charge 
transfer from the valence band of TiO2 to the Cu2O co-catalyst [8,9,35]. 
Consequently, no variation was detected in the optical band gap (Eg) 
values evaluated by the modified Kubelka-Munk function (Table 3, 
Fig. S3) among the analysed samples, indicating that the optical 
response is mainly dominated by TiO2.

Although the 1CuTi/HAL showed the same Eg value as 1CuTi/KAO 
with a higher surface area (Table 3, 128 m2/g instead of 119 m2/g of the 
modified kaolinite-supported composite), it was less efficient in the CO2 
photothermo-catalytic conversion reaction than the 1CuTi/KAO 
(Table 1). This indicates that the greater abundance of medium basic 

sites (Table 2) resulting in a more favourable CO2 activation on the 
modified kaolinite support. This is a more relevant factor for achieving 
high solar fuels production than the textural and optical properties 
differences alone. A high concentration of intermediate strength basic 
sites in the modified kaolinite facilitates the CO2 adsorption. Subse
quently, CO2 is likely activated through a synergistic photothermo- 
catalytic pathway in which the intercalated Ni and Ce species 
contribute to its thermal/redox activation. In this system, TiO₂ acts as 
the primary photoactive semiconductor generating e− /h+ pairs under 
simulated solar irradiation, whereas Cu₂O enhances charge separation 
and facilitates electrons transfer toward adsorbed CO₂ species, thereby 
improving the efficiency of the CO2 conversion into CO and CH4 [8,9,11, 
36]. The predominance of CO (Table 1) suggests that CO₂ reduction 
mainly proceeds through a two-electron transfer process, while the 
lower CH₄ production indicates that subsequent multi-electron hydro
genation steps occur to a more limited extent. Overall, these results 
indicate that the photothermo-catalytic performance is more strictly 
governed by the amount and nature of the accessible basic sites of the 
support, especially medium basic sites, favouring the CO2 
adsorption/activation.

To verify the presence of the cuprous oxide species on the best per
forming sample (1CuTi/KAO), the XPS analysis was performed (Fig. S5).

Table 2 
Quantitative analysis of basic sites for the examined materials. α: weak (T < 140 
◦C); β: medium (140 ◦C<T < 450 ◦C); γ: strong (T > 450 ◦C) basic sites; TABS: 
total amount of basic sites in mmol CO2/gcat.

Sample Basic sites

α (%) β (%) γ (%) TABS

1CuTi/MON 11.0 89.0 / 0.32
1CuTi/SEP 20.3 70.6 9.1 0.21
1CuTi/HAL 13.6 86.4 / 0.35
1CuTi/KAO 9.4 90.6 / 0.52
1CuTi 21.9 78.1 / 0.16

Table 3 
Textural and optical properties of the examined photothermo-catalysts.

Sample BET surface 
area (m2/g)

Mean pore 
diameter (nm)

Pore volume 
(cm3/g)

Eg 

(eV)

1CuTi/ 
MON

113 10 0.19 3.3

1CuTi/ 
SEP

103 11 0.22 3.3

1CuTi/ 
HAL

128 6 0.16 3.3

1CuTi/ 
KAO

119 8 0.18 3.3

Fig. 6. N2 adsorption-desorption curves (A) and Barrett-Joyner-Halenda (BJH) 
pore size distribution (B, desorption curve) of the examined photo
thermo-catalysts.
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The Ni 2p region (Fig. S5A) exhibited the spin-orbit splitting related 
to Ni 2p3/2 and Ni 2p1/2. These signals are related to Ni(II) with a shake- 
up at ca. 6 eV. The position of the Ni 2p3/2 at about 855.2 eV suggests a 
strong interaction involving Ni species and the surrounding matrix/ 
support [37]. Ce 3 d was split into eight components ascribed to several 
Ce 4 f level occupancies in the final state [38]. Six of these components 
(Fig. S5A, olive line) are assigned to Ce(IV) and two to Ce(III) (violet 
line). Two additional components of the Ce 3 d5/2 were overlapped with 
the Ni 2p1/2 peaks. The support contained predominantly Ce(IV), with 
only about 2% of the total Ce present as Ce(III). In the Cu 2p region 
(Fig. S5B), the two peaks at 932.2 and 952.2 eV were consistent with the 
presence of Cu+. Indeed, the possible presence of Cu2+ states is char
acterized by peaks at higher BE (usually at about 934 and 954 eV) [9, 
39]. Nevertheless, the simultaneous presence of Cu0 species cannot be 
excluded, since Cu0 and Cu⁺ exhibit very similar Cu 2p binding energies 
and spectral features [39,40]. Analysis of the Cu LMM Auger transitions 
would be required to discriminate between these oxidation states; 
however, in the present case, the Auger signal intensity was insufficient 
for a reliable analysis because of the very low copper oxide loading. The 
two bands in the Ti 2p region (Fig. S5C) are associated with the Ti4+

with a peak separation of about 5.9 eV, typical of the TiO2 P25 [41].
The interaction between the modified kaolinite support and the 

Cu2O-TiO2, together with the presence of copper species, promoted a 
more efficient separation of photogenerated charge carriers. Indeed, the 
PL spectrum of 1CuTi/KAO exhibited a lower band emission intensity 
than that of unsupported 1CuTi, indicating a reduced electrons–holes 
recombination rate and a more effective charge carriers separation 
(Fig. S6) [42]. Three main emission bands were observed. The emission 
centred at approximately 433 nm can be attributed to defect states, 
surface oxygen vacancies, and/or exciton recombination through bulk 
defects [43]. The band at about 486 nm is associated with the excitonic 
transitions from sublevels of the conduction band, generated by the 
presence of the copper species, to the valence band of TiO2. Finally, the 
broad emission centred at around 540 nm is likely related to surface 
defects in the TiO₂ crystalline structure, whose formation may be further 
promoted by the interaction with the modified kaolinite support [43].

Finally, the SEM-EDX analysis (Figs. S7, Table S1) of the same sample 
showed, in accordance with the literature, the typical heterogeneous 
morphology of this type of composites [7,44,45].

The proposed reaction mechanism for the CO2 reduction, coming 
from the thermocatalytic oxidation of toluene, using the best sample 
(1CuTi/KAO) relies on the synergistic interaction of several processes 
contributing to solar fuels production. First, the combination of ther
mocatalytic and photocatalytic pathways enhances the mobility and 
availability of protons generated from water vapor oxidation, which is 
widely recognized as the rate-determining step in CO₂ photoreduction 
[8,46]. This synergistic effect promotes the simultaneous interaction of 
photogenerated electrons, protons, and adsorbed CO2 molecules, 
thereby improving the overall reaction efficiency. In particular, CO2 is 
efficiently adsorbed on the medium-strength basic sites of kaolinite, as 
evidenced by CO2-TPD measurements. Subsequently, the adsorbed 
molecules are activated by the intercalated Ni and Ce species and con
verted into solar fuels through the cooperative action of the Cu2O-TiO2 
composite.

Secondary, the presence of copper species, mainly attributed to Cu⁺ 
with a possible contribution from metallic Cu0, as suggested by the XPS 
analysis, represents a beneficial feature for the photothermo-catalytic 
process. Cuprous oxide can act as an electron mediator owing to its 
favourable conduction band position [47], facilitating charge transfer 
toward the adsorbed CO₂ molecules. Moreover, the intimate interaction 
between Cu species and TiO₂ facilitates the charge carriers separation, 
limiting the electron-hole recombination as verified by the PL mea
surements. This increases the availability of electrons for the CO2 
reduction reaction. Metallic Cu0 species may further promote electron 
mobility and reduce the kinetic barrier associated with the CO₂ con
version reaction [48]. In this way the solar fuels formation was 

efficiently promoted.
The obtained results, namely a CO₂ capture efficiency of approxi

mately 70% achieved with the zeolite 13X/chitosan/PEGDGE cryogel in 
the integrated test and a CO₂ conversion of 77% over the 1 wt% Cu2O- 
TiO2 composite supported on Ni/Ce-kaolinite under photothermo- 
catalytic conditions at 120 ◦C, demonstrate the potential of the pro
posed integrated approach. Future efforts will focus on further tuning 
the capture properties of the cryogel to enhance both CO₂ uptake and 
selectivity, while also investigating strategies to control the desorption 
of the captured CO₂ and its subsequent conversion into solar fuels. This 
approach may help overcome some of the major limitations associated 
with photothermo-catalytic CO₂ conversion when CO₂ originates from 
VOC oxidation process. Indeed, the complex gas stream, consisting of 
CO2, air, water vapor and possible trace of by-products, may signifi
cantly affect catalytic activity, products distribution, and long-term 
catalyst stability.

Furthermore, a deeper understanding of the electronic structure and 
charge-transfer processes within the multicomponent Cu₂O–TiO₂/Ni/ 
Ce-kaolinite catalyst is required. Advanced investigations including DFT 
calculations, Mott–Schottky analyses, and photoelectrochemical char
acterizations, will provide valuable insights into the electronic structure 
of the composite and how it can influence the catalytic performance. 
Such information will be crucial for guiding catalyst design and opti
mizing both synthesis parameters and operating conditions, ultimately 
leading to further improvements in CO2 conversion efficiency and solar 
fuels production using an integrated air purification platform.

4. Conclusions

In this work, an integrated approach for the management of the CO2 
produced by the catalytic oxidation of toluene was investigated, 
combining two sustainable routes, namely CO2 capture by zeolite-based 
cryogels and CO2 conversion into solar fuels by noble metal-free pho
tothermo-catalysts. The introduction of zeolite 13X into the chitosan/ 
PEGDGE cryogel strongly improved the CO2 uptake, allowing a capture 
efficiency of about 70% in the integrated test, whereas the cryogel 
without zeolite showed only a negligible capture ability. On the other 
hand, the 1 wt% Cu2O-TiO2 composite supported on Ni/Ce-modified 
phyllosilicates efficiently promoted the photothermo-catalytic CO2 
conversion. Among the examined samples, the utilization of the modi
fied kaolinite showed the best performance, with 77% of CO2 conversion 
and a CO and CH4 formation rate of about 21 and 9 μmol/gcat•h, 
respectively, after 4 h of reaction at 120 ◦C. The improved activity of 
this sample was mainly related to the higher amount of basic sites, 
especially medium basic sites, that favoured the adsorption and acti
vation of CO2, whereas the Cu2O-TiO2 composite promoted the photo
catalytic contribution under simulated solar irradiation. Therefore, the 
synergism between the thermocatalytic features of the modified phyl
losilicates and the photocatalytic properties of Cu2O-TiO2 allowed to 
efficiently valorise the CO2 arising from the removal of an air pollutant. 
The approach proposed here is promising to couple air purification with 
CO2 capture/utilization using sustainable materials, thus contributing to 
a more circular strategy for environmental protection. At the same time, 
this work provides a proof-of-concept of a dual route in which the CO2 
generated from VOC removal can be managed either through capture or 
through conversion into solar fuels, depending on the desired 
application.
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