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Abstract: A new photocatalyst for CO, reduction has been presented. The photocatalyst was prepared
from a combination of a commercial P25 with a mesopore structure and carbon spheres with a
microporous structure with high CO, adsorption capacity. Then, the obtained hybrid TiO,-carbon
sphere photocatalysts were deposited on a glass fiber fabric. The combined TiO,-carbon spheres/silica
cloth photocatalysts showed higher efficiency in the two-electron CO, reduction towards CO than
in the eight-electron reaction to methane. The 0.5 g graphitic carbon spheres combined with 1 g of
TiO, P25 resulted in almost 100% selectivity to CO. From a practical point of view, this is promising
as it economically eliminates the need to separate CO from the gas mixture after the reaction, which
also contains CHy and Ho.

Keywords: photocatalysis; CO, reduction; carbon-TiO;

1. Introduction

Over the last 35 years, the annual CO, concentration in the atmosphere has increased
from about 347 ppm to about 416 ppm [1]. At the same time, the average temperature
increased by 0.7 °C. When the CO; concentration reaches 550 ppm, the estimated average
temperature will increase by 2.0 °C [2]. Direct utilization of solar energy for photocatalytic
reduction of carbon dioxide is still an important and elegant challenge for researchers to
reduce atmospheric warming and climate change. Moreover, it can reduce the number
of processes related to CO, disposal because it is carried out at atmospheric pressure
and at room temperature. The photocatalytic conversion of CO, could lead to valuable
products, such as hydrogen, carbon monoxide, methane, methanol, formaldehyde, formic
acid, ethanol, and higher hydrocarbons. The nature of the products and the selectivity
depend on the photocatalyst types and their modifications, the presence of water, and the
chemical nature of their support [2—4].

Currently, many scientific publications consider the modification of TiO;,. Photocataly-
sis with UV-Vis radiation is one of the most intensively studied fields. According to the
Scopus database, about 8400 publications in this field were published in 2021. Finding
the additives that prevent the recombination of the electron-hole pair is highly desir-
able. They should also have the ability to shift the radiation absorption band towards the
visible waves.

The modifiers are metals, metal oxides, and nonmetals, of which carbon in all its
allotropes seems to be the most important [3,5]. When the reaction is considered in the
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gas phase, it turns out that the nature of photocatalyst support significantly alters its
properties. An example is the photoreduction of carbon dioxide over Fe-, Co-, Ni-, and
Cu-incorporated TiO, on basalt fiber films. In this case, the CO, reduction to methane
with high selectivity was caused by a synergistic effect. This effect was induced by the
promotion of the photogenerated electron-hole pair (e~ /h*) separations and also by the
enhanced CO; adsorption [6].

For some time, carbon and its various allotropes have been considered as effective
titanium dioxide modifiers that improve the adsorption capacity of the photocatalyst, as
well as its photoactivity. It prevents the recombination of the electron-hole pair and shifts
the adsorption band towards visible light. These properties relate to reactions in water and
gas environments.

The pioneering series of works was initiated by ]J.-M. Herrmann [7-10]. The intro-
duction of commercial activated carbon in contact with TiO, accelerates the synergistic
effect and increases the reaction rate of phenol degradation by a factor of 2.5 [7]. Different
activated carbons were tested to confirm this observation [8]. When 4-chlorophenol was
selected as a model aromatic pollutant, the same result was obtained [9]. Different types of
hazardous wastes were studied, including herbicides [10].

In the modification of carbon, we distinguish the following types of interactions of
TiO, with carbon: carbon-doped TiO,, carbon-coated TiO,, and TiO,-loaded carbon [11].
Enhanced adsorption and interaction of carbon with oxygen vacancies were postulated to
be responsible for the higher activity.

One of the directions of modification of TiO, for photocatalytic reduction of CO,
is the use of carbon nanotubes [12] or graphene [3,13]. Many scientists consider the
electron transfer between TiO,_, and graphene through Ti-O-C bonds [5]. The enhanced
photoactivity was mainly attributed to the presence of graphene, which has an excellent
ability to transport and collect electrons [13].

Peng Wang et al. [14] demonstrated a new carbon-doped amorphous titanium oxide
for photocatalytic CO, reduction, prepared by sol-gel method. The best photocatalyst was
prepared after annealing at 300 °C with yields of CH4 and CO of 4.1 and 2.5 umol/g/h for
solar light, and 0.53 and 0.63 pmol/g/h for visible light, respectively.

J. Liu et al. [15] proposed a TiO,-graphene nanocomposite prepared using GO and
TiO, nanoparticles mixed in a suspension with water, sonicated, and then heated in an
oil bath. The photoactivity upon reduction of CO, to CH; (2.1 pmol/g/h) and CH3;0OH
(2.2 pmol/g/h) was attributed to the synergistic effect between TiO, and graphene.

Tianyu Zhang et al. [16] have shown that the modification of graphene quantum dots
by functional -OH and -NH, electron-donating groups increases the yield of CH4 from
CO; electroreduction with Faradaic efficiency by 70%.

The adsorption of CO, on the surface or the volume absorption on the photocatalyst is
an important step in the photoreduction of CO,. It is crucial especially in the gas-phase re-
action. Therefore, in this work, we have investigated the preparation of composites of TiO,
and carbon spheres using a simple method proposed by Herrmann [7-10], which consists
of the mechanical mixing of TiO, with carbon material. The basis for this research direction
was our previous work describing the high CO, adsorption capacity on the microporous
carbon spheres of the graphitic structures we fabricated [17]. Proper management of ad-
sorption and photoactivity by selecting a sorbent hybridized with TiO; leads to an increase
in CO; reduction efficiency [18]. Finally, the above composite material was deposited on a
glass fiber cloth which formed the photocatalytic bed in the reactor.

2. Results and Discussion
2.1. Characterization of Photocatalysts

The XRD patterns of the initial carbon spheres used for the nanocomposite production
(Figure 1) showed two diffraction peaks of carbon at about 23° and 43°. The first peak
corresponds to the stacking carbon layer structure (002) related to the parallel and azimuthal
orientation of the aromatic and carbonized structures. The high symmetry of the peak
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can suggest the absence of y-bands linked to amorphous and aliphatic structures [19].
The second peak of lower intensity observed at 43° corresponds to the ordered graphitic
and hexagonal carbon structures (100) [20]. The broadening of (100) peak indicates a low
degree of aromatic ring condensation (low degree of graphitization) [21,22]. The (001)
peak becomes more intense and sharper when carbon spheres are prepared at higher
temperatures; then the degree of graphitization increases, and some graphene flakes can be
observed in SEM images.

Intensity (a.u.)

T I T I T I T I T I T
10 20 30 40 50 60 70
2 Theta (deg)

Figure 1. X-ray diffraction pattern of the starting carbon spheres.

In the case of carbon spheres used here, the temperature was lower and no graphene
flakes can be observed in the SEM image shown in Figure 2. The produced spheres have
a regular spherical shape and a smooth surface; neither defects nor inclusions can be
observed. The size distribution is narrow, and the spheres are homogeneous and have an
average diameter of about 600 nm.

Figure 2. SEM image of the used carbon spheres.
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The surface area of the spheres determined by the BET methods was 455 m?/g,
dominated by ultrapores and micropores (Table 1). These characteristics affected CO,
adsorption to 3.25 mmol /g and 2.43 mmol/g at temperatures of 0 °C and 25 °C, respectively.

Table 1. Textural parameters and CO, sorption capacities of pure carbon spheres.

Vm CO, CO;

Material (Ii%'jT) (CLI;‘/’ ) Vic(;g /“;“) (<2 nm) (Z;“§7°) 0°C 25°C
8 8 8 (em3/g) 8 (mmol/g) (mmol/g)
CS 455 0.26 0.19 0.22 0.04 3.25 243

Sper—specific surface area; TPV—total pore volume; Vs—the volume of ultramicropores with diameters smaller
than 1 nm; Vi,—the volume of micropores with diameters smaller than 2 nm; Vmeso—the volume of mesopores
with diameters from 2 to 50 nm.

The diffraction pattern of pure TiO, P25 is shown in Figure 3. The used titanium
dioxide consisted of anatase (89%) and rutile (11%) with a crystallite size of 27 nm for
anatase and 43 nm for rutile, as shown in Table 2. The energy gap calculated by the
Kubelka-Munk theory was estimated as Eg = 3.204 eV. The determined BET surface area
was 54 m?/g, dominated by the mesopore structure (Table 3). This is quite a difference
compared to the carbon spheres. The adsorption of CO, was also much lower compared to
the carbon spheres; 0.72 mmol/g for P25 at 30 °C [23] compared to 2.43 mmol/g at 25 °C
for the carbon spheres.

A - anatase
A R - rutile

Intensity (a.u.)

10 20 30 40 50 60 70 80
2 Theta (deg)

Figure 3. X-ray diffraction pattern of TiO, P25.

Table 2. Phase and crystallite composition of used P25.

N Phase Composition (%) Crystallite Size (nm)
ame

Anatase Rutile Anatase Rutile
TiO, P25 89 11 27 43

Table 3. Textural parameters of used P25.

CcO
Material SgET Viotal 0,95 Vimikso DR Vmezo 30 ¢
3
(m?/g) (m>/g) (cm3/g) (cm®/g) (mmol/g)

TiO, P25 54 0.4 0.02 0.38 0.72
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From the photos taken with the scanning microscope, it can be observed that TiO, P25
nanocrystallites form relatively large, noncircular agglomerates with dimensions in the
range of about 0.5-2 um (Figure 4).

A
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Figure 4. SEM images for used TiO, P25.

In the SEM images of pure silica fabric (Figure 5), one can see the fibers bound with a
binder that provides a matrix for the applied photocatalysts. The surfaces of the fibers are
virtually clear and smooth. EDX mapping shows that only Si, O, Al, and Ca originate from
the fibers and the inorganic binder.

Figure 5. SEM images and EDX chemical element mappings of pure silica cloth.

Figure 6 presents photos of the prepared materials showing the dispersion of the
photocatalysts on the silica fiber matrix. The dispersion of the TiO, P25 photocatalyst is
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quite homogenous. The EDS analysis showed that the fibers are composed of silica and
alumina with a Si/Al ratio of about 5/1. The matrix also contains calcium. The active
phase, Ti in the form of TiOj, is present in a constant amount of about 10 wt% in each
sample. The photocatalyst is dispersed on the surface of the fibers and the binder and is
located in particular between the layers of the fibers.

Al " Ca | Ti

Figure 6. SEM images and EDX chemical element mappings of silica cloth coated by TiO, P25.

From the SEM photos presented in Figure 7, it can be seen that as the carbon spheres
content is increased from 0.05 to 0.5, the number of agglomerates increases slightly. Of
course, the shape of agglomerates characteristic of TiO, P25 dominates since the content of
carbon spheres is lower in contrast to TiO,.

As in the case of the silica fabric coated with pure TiO; (Figure 6), almost the same
properties are observed for the samples with different carbon content (Figure 7). Therefore,
Figure 8 shows element mappings for the sample P25 + C 1/0.5 as an example. The analysis
of EDS has shown that the fibers are composed of silica and alumina with a ratio of Si/Al
of about 5/1 and also calcium, as can be seen in Table 4. The distributions of Si, O, and Ca
indicate that these elements are constituents of the fiber. The active phase of Ti in the form
of TiO; is present in each sample in a constant amount of about 10 wt%. It is located on the
surface of the fibers, mainly in the form of agglomerates.

2.2. Photocatalytic Activity Measurements

Figure 9a—d present the ability to photoreduce carbon dioxide with water vapor to
carbon monoxide (CO), methane (CHy), and hydrogen (H;), respectively, with reaction
times given in umol/ gyhotocatalyst/ dm3.

The addition of carbon spheres in an amount of 0.05 g per 1 g of TiO; resulted in a slight
increase in the photocatalyst activity (Figure 9b) compared to pure P25 (Figure 9a). The com-
parison of the photoactivity towards CO production is presented in Figure 10. The amount
of carbon monoxide produced decreased slightly from 55.75 umol/ gphotocatalyst/ dm? for
P25 and 55.94 umol/ gphotocatalyst/ dm3 for P25 + C 1/0.05 to 43.62 umol/ Sphotocatalyst/ dm?
for the sample P25 + C 1/0.1 and to 46.79 umol/gphotocatalyst/ dm? in the case of the
P25 + C 1/0.5 material. At the same time, the amount of methane decreased signif-
icantly and gradually from 9.02 umol/gphotocatalyst/ dm? (pure P25) through 4.76 and
4.02 umol/ gphotocatalyst/ dm? for materials P25 + C 1/0.05 and P25 + C 1/0.1, respectively;
to practically 0.00 pmol/ gphotocatalyst/ dm? in the case of the P25 + C 1/0.5 sample.



Catalysts 2022, 12, 31

7 of 16

(B) P2

(A) P25 + C 1/0.05

C 1/0.1

[
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Figure 7. SEM images of silica cloth coated by TiO, P25 combined with different amount of carbon
spheres; (A) P25+ C 1/0.05; (B) P25+ C 1/0.1; (C) P25+ C1/0.5.

From the results obtained, it can be seen that the amount of methane captured de-
creased with the increasing carbon content in the material (Figure 11). The same dependence
was also observed for the hydrogen production (Figure 12).

Two factors may contribute to the decrease in the photoactivity for CO, CHy, and
H, with the increasing carbon sphere content. The first aspect is the well-known electron
interaction between amphoteric electrons from the surface of the graphite spheres and the
functional groups of the TiO, surface. This prevents the recombination of the electron-hole
pair. It is known that even a small interaction, specifically doping [14], is necessary to
achieve a positive effect. The addition of large amounts of carbon from 0.1 g/1 g TiO,
to 0.5 g/1 g TiO; causes the scattering of electrons in the structure with a large amount
of carbon.

The second effect is caused by the increased CO; adsorption by the carbon spheres,
as shown in Table 1. TiO, adsorbs only 0.72 mmol CO, /g at 30 °C (Table 3), while carbon
spheres adsorb 2.43 mmol CO,/g. A large addition of carbon spheres increases the sorption
and the presence of CO, on the surface of the photocatalyst, which forms CO32~ ions in
the presence of H,O vapors, which are strong electron scavengers. The further addition of
carbon spheres did not positively affect the activity. In the case of sample P25 + C1/0.5
(Figure 9d), the only product of the process was carbon monoxide. The higher content of
carbon spheres blocked the UV-Vis radiation, which can generate the TiO, electron-hole
pair and, at the same time, scatter and disperse the excited electrons in the crystal lattice of
the carbon spheres.
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Figure 8. Example of EDX chemical element mappings of silica cloth coated by TiO, P25 combined
with carbon spheres for sample P25 + C 1/0.5.

Table 4. Surface chemical element compositions from EDX of silica cloth coated by TiO, P25 combined
with carbon spheres for sample P25 + C 1/0.5.

Chemical Element Weight (wt%) Atom (%)
C 18.69 37.17
O 9.33 13.93
Al 4.96 4.39
Si 25.42 21.62
Ca 21.77 12.97
Ti 19.55 9.75

K 0.28 0.17
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It can be observed that the main products are CO, CHy, and H,. Carbon monoxide is
also the dominant component of the postreaction gases, regardless of the amount of carbon
spheres added as a modifier.

The reactivity of the photocatalysts is probably limited by the reduction of water
to hydrogen, which is the first stage of the whole complex process. In our case, with
the exception of sample P25 + C 1/0.5, there is some excess of hydrogen, which is a
positive phenomenon.

Hydrogen is formed in the reactions at the photocatalysts, as reported by
Peng Wang et al. [14] and Minoo Tasbihi et al. [24]:

1
H,O +2h* — 3 O, + 2H" 1)
2H* +2e — 2 H, @)

P25 50 —e— Hydrogen Carbon monoxide —#—Methane
o -~ l
£E
ES 50 ¢
£ 2

s

L 540 +
o 2
=9 30 1
5 g
T2 20 +
2o
cw
g2 10 1
Ty —h— I
g g 0 f——————— ’ ; '

0 1 2 3 4
Process time (h)
(a)

P25 + C 1/0.05 —e— Hydrogen Carbon monoxide —a— Methane
[ 60 |
£E
£% 50+
T 2
o 2
2 30+
5 g
t= 20 4+
Q
£d
S5 107
g —h—

0 1 2 3 4
Process time (h)

(b)

Figure 9. Cont.
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Figure 9. Total content of the products of the photoreduction of CO, in the process with: (a) P25,
(b) P25 +C1/0.05, (c) P25+ C1/0.1, (d) P25+ C1/0.5.

Carbon monoxide is the result of an easier two-electron reduction of carbon dioxide:
CO; +2H" +2e~ — CO + H,0 3)

The lower efficiency of the reaction towards methane production is the result of the
more difficult eight-electron CO, reduction reaction:

CO; + 8H' + 8¢~ — CHy + 2 H,O 4)

On the homogeneous surface of the photocatalyst, reactions No. 1 to No. 4 are the two-
electron production of hydrogen (reactions 1-2) and a two-electron to carbon monoxide
(reaction No. 3), which could be considered as an intermediate step to the 8-electron
reaction of No. 4 towards methane.



Catalysts 2022, 12, 31

11 of 16

~—-pP25 ——P25+C 1/0.05 —a4—P25+C1/01 —%—=P25+C1/0.5
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Figure 10. Total content of carbon monoxide of the photoreduction of CO, for the studied samples:
P25; P25 + C1/0.05; P25+ C1/0.1, and P25 + C1/0.5.

——-P25 —e—P25+C1/0.05 —4—P25+C1/0.1 —#=P25+C1/0.5
10

oo

[=2]

N

N

Total content of CH, in the gas
phase (umougphotocatalystldms)

o

Process time (h)

Figure 11. Total content of methane in the photoreduction of CO; for the following photocatalysts:
P25; P25 +C1/0.05; P25+ C 1/0.1, and P25 + C1/0.5.

It is known that the hydrogen production reactions (reactions No. 1-2 water splitting)
take place in the semiconductor valence band (on holes), and the CO, reduction reactions
take place in the conduction band (with the participation of electrons).

For this reason, the production of hydrogen controls all CO, reduction reactions.
In this case, only the CO formation reaction (No. 3) and the methane forming reaction
(No. 4) are linearly competing with each other. Indeed, as shown in Figure 13, with the
addition of carbon spheres, excess hydrogen decreases, and at the same time, methane
decreases, which requires more hydrogen than the formation of carbon monoxide in
reaction No. 3.
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~#-P25 —+—P25+C1/0.05 ——P25+C1/0.1 —%P25+C 1/0.5
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Figure 12. Total content of hydrogen in the photoreduction of CO, for subsequent photocatalysts:
P25, P25 +C1/0.05, P25+ C1/0.1,and P25 + C1/0.5.
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process (“mougphotocatalystldma)

P25 P25+ C 1/0.05 P25+C1/0.1 P25+C 1/0.5

Figure 13. Selectivity and yield rates of the products after 4 h of the process.

The collected postreaction gas composition is different from that obtained on pho-
tocatalysts on mineralogical ground fibers, where only methane was obtained and no
other components were identified [6]. In our case, by using silicon fibers, it is possible to
obtain a mixture of CO, CH,, and small amounts of hydrogen, with high selectivity to CO.
Figure 13 shows the calculated selectivity, and the obtained amounts of each component
of the gas phase produced. In all the cases tested, high selectivity to carbon monoxide is
observed—from about 83.40% to 100% for the sample P25 + C 1/0.5, where the hydrogen
was entirely consumed by the two-electron reaction of reduction of CO; to CO.

3. Experimental
3.1. Preparation of the Samples

In the experiments, photocatalysts consisting of TiO, P25, manufactured by Degussa
(Evonik Industries AG, Germany), and carbon material were tested. The carbon material
was prepared with the use of resorcinol and formaldehyde. The description of the original
method of producing carbon spheres used in this work is presented elsewhere [25]. Three



Catalysts 2022, 12, 31

13 of 16

powders with different mass ratios of titanium dioxide to carbon were prepared by grinding
in a mortar. The mass ratios were: 1:0.05; 1:0.1, and 1:0.5. Aqueous suspensions of the
prepared materials were applied to the fiberglass cloth. Glass fiber fabric with an area
weight of 40 g/m? was supplied by Fiberglass Fabrics (Opole, Poland). Then the fibers
with the photocatalysts were dried at 110 °C for 1 h.

3.2. Photoreduction Process

Experiments were performed in a cylindrical quartz reactor with a working volume of
392 cm?® (Figure 14). Four Actinic BL TL-E Philips lamps were used with a total power of
88 W, emitting UV-A radiation in the wavelength range of 350-400 nm. The lamps were
located outside the reactor and formed a ring. The reactor was sealed in a thermostatic
chamber to exclude other light sources and ensure a stable process temperature. An amount
of 1 cm? of distilled water was poured into the reactor. A photocatalyst previously applied
to glass fibers was added to the reactor. Then the whole system was purged with pure CO,
(Messer, Poland) for 30 min. After this time, the system was tightly sealed and the lamps
were turned on. Both during purging and during the process, the gas was stirred using
a pump with a flow rate of 1.6 dm3/h. The process was carried out for 4 h. Gas samples
were collected every 2 h for analysis.

thermostatic chamber

/ outlet
A

sampling point
for GC

sample on
glass fiber

co,

sampling point
for GC

Figure 14. The scheme of the reactor for photocatalytic reduction of CO; in the gas phase.

3.3. The Analysis of the Gas Phase

The gas phase composition was analyzed using SRI 310C gas chromatograph (SRI
Instruments, Torrance, CA, USA), equipped with a 5A molecular sieve column and an
HID detector (Helium Ionization Detector). The carrier gas was helium. The analyses
were performed under isothermal conditions at 60 °C. The gas flow through the column
was 60 cm®/min, while the volume of the gas sample was 1 cm?. The content of each
component in the gas phase was calculated in the subsequent measurements based on the
calibration curve.
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3.4. XRD Analysis

The crystalline structure of used titanium dioxide and carbon spheres was studied with
X-ray powder diffraction (CuK« radiation, Malvern PANalytical B.V., The Netherlands).
The mean crystallites sizes were calculated based on Scherrer’s equation:

KA
~ Bcost

©)

where:

D—mean crystallite size (nm),
A—wavelength of Cu K« radiation (nm),
6—Bragg’s angle (°),
p—calibrated width of a diffraction peak at half maximum intensity (rad).
The percentage of anatase in the crystalline phase (%A) was calculated according to
the equation:

Ip
Y%A = -100% 6
Ia+ IR ©)
where I4 and Iy are the diffraction intensities of the anatase peak at 25.4° and rutile peak at
27.5°, respectively.

3.5. SEM/EDS Measurements

The surface morphology of the samples was examined using a scanning electron
microscope (SEM Hitachi SU 8020, Japan). The SEM and EDS analysis parameters were:
acceleration voltage of 20 kV and current of 10 pA. The samples for investigation using
SEM were firstly vapor-deposited with a 5 nm thin chromium layer to protect the samples
from the electrical charge.

3.6. Textural Parameters and CO; Sorption Capacity Analysis

The specific surface areas (Spgr) were calculated from the Brunauer-Emmett—Teller
equation, based on the nitrogen adsorption isotherms measured at 77 K using QUADRA-
SORB evo™ Gas Sorption analyzer (Anton Paar GmbH, Austria) in the relative pressure
range of 0.05-0.2. Before the measurements, the materials were degassed for 12 h at 105 °C
under the high vacuum. The total pore volume (V1) was determined on the basis of the
maximum adsorption of nitrogen vapor at p/pg = 0.95. Micropore volume (Vicro) Was
calculated using the Dubinin-Radushkevich method, while the mesopore volume (Vmeso)
was obtained from the difference between V,y, and Viicro-

Adsorption of the carbon dioxide was performed at 0 °C and 25 °C using the same
Quadrasorb™ automatic system (Quantachrome Instruments) in the pressure range be-
tween 0.01 and 0.98 bar.

Adsorption of the carbon dioxide was also measured at 30 °C with the use of the
TGA method (Netzsch STA 449 C, Netzsch GmbH, Germany). The flow rate of carbon
dioxide during the analysis was 30 cm®/min. The process of adsorption of CO, by the
tested material lasted 120 min.

4. Conclusions

A relatively simple method for the preparation of a photocatalyst was presented in
which TiO, was combined with carbon spheres, which were then deposited on a silica fiber
cloth to provide a good bed for the photocatalytic reduction of CO; in the gas phase. The
obtained TiO,-carbon spheres/silica fiber photocatalysts showed high selectivity towards
carbon monoxide. This is very promising from a practical point of view since the step of
separating the carbon monoxide from the postreaction mixture can be avoided with only a
slight reduction in the activity. For TiO, combined with a higher amount of graphitic carbon
spheres, the two-electron reduction of CO; to CO is more privileged than an eight-electron
reaction to methane.
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