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Abstract: In the current research, the productivity of CO, photoreduction has been boosted by
performing the reaction in an innovative photocatalytic reactor, which allows for operation up to
20 bar. A set of photocatalysts were used, including three types of pristine TiO5, i.e., one commercially
prepared (Evonik P25), one home-prepared by flame spray pyrolysis (FSP), and one obtained by
the hydrolysis of TiCly (TiO,exCl), a bare thermo-exfoliated carbon nitride (C3N4-TE), and binary
materials composed of TiO, and C3Ny-TE. The photoreduction was carried out in water at pH 14
and in the presence of Nay;SOj3 as a hole scavenger. Hydrogen and very small amounts of CO were
detected in the head space of the photoreactor, while in the liquid phase, the main product was formic
acid, along with traces of methanol and formaldehyde. The composites P25/TE and TiO,exCl/TE
were found to have a higher productivity if compared to its single constituents used alone, probably
due to the heterojunction formed by coupling the two materials. Moreover, the high pressure applied
in the photoreactor proved to be very effective in boosting the yield of the organic products.

Keywords: CO, photoreduction; carbon capture and conversion; photocatalysis; pressurized
photoreactor; titanium dioxide; carbon nitride; solar fuels

1. Introduction

Climate change is one of the greatest challenges of the 21st century, influencing almost
all aspects of our lives, especially our health [1]. This phenomenon is commonly ascribed to
the massive emission of CO; into the atmosphere, which is related to every human activity,
including energy and goods production, crops, breeding, etc. [2]. It is well known that
carbon dioxide is a greenhouse gas which is not impactful as methane or water vapor;
however, its average concentration into the atmosphere has risen dramatically since the
pre-industrial era, when it was ca. 280 parts per million (ppm), whereas it has now reached
a current value of 417 ppm [3]. In order to mitigate the effects of climate change, it is not
enough to develop a sustainable worldwide economy, since efficient processes that remove
carbon dioxide from the atmosphere are also required to favor this transition, for instance
by carbon capture and sequestration (CCS) [4,5], yield boosting [6], or its use as a raw
material to be converted into other valuable products through its utilization (CCU) [7]. The
latter option is challenging due to the high stability of the CO, molecule, but in the last two
decades, a significant amount of time and research has been expended attempting to carry
out reactions to convert CO, under mild conditions [8,9]. Very promising is the reaction
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promoted by photocatalysis, in which the CO, adsorbed on the surface of a photoactive
material (i.e., the photocatalyst) is forced to react with the other adsorbed species through
the mediation of photoexcited electrons [10].

Whenever a photocatalyst is illuminated with a light of the proper wavelength, elec-
trons are promoted from the valence band (VB) of this semiconductor to its conduction band
(CB), leaving a hole in the former energetic level [10]. Then, the photoexcited electrons can
promote reduction reactions that have a more positive potential than the absolute position
of the CB, whereas the holes are employed to oxidize the adsorbed species to maintain the
electric neutrality [11].

Among a large selection of photoactive materials, TiO, has been extensively used as a
photocatalyst, usually as anatase, rutile, or a mixture of these, due to its wide availability,
chemical inertness, and low toxicity [12]. However, TiO; is characterized by a large band
gap (BG), which allows the photocatalyzed reactions to occur only when UV light is
used, in particular below 365 nm [13]. While this aspect may not be concerning at a lab
scale, it surely limits the applicability of titanium dioxide to exploit sunlight, since UV
radiation only accounts for ca. 5% of the whole solar spectrum [14]. Furthermore, in
photocatalytic processes with a solid photocatalyst, the photogenerated electrons and holes
must survive enough to migrate to the photocatalyst surface and react with the adsorbed
species. In that regard, the charge recombination rate in titania is quite fast, on the order
of the nanoseconds time range, which further limits its activity [15]. Traditionally, the
photocatalytic performance of TiO; has been improved by surface modification, using
either transition metals, such as Pt, Au, and Ag, as well as non-metallic dopants [16-18].
Indeed, the deposition of metallic nanoparticles (NPs) is a well-known method to extend
the lifespan of the electron-hole couple because they act as electron sinks (e.g., Pt) [19-22].
Metals can exploit the plasmonic effect and consequently, can provide “hot electrons”
to further enhance the activity at a visible wavelength. Tsen et al. [23] reported a high
yield of methanol in the photoreduction of CO, under UVC using copper-loaded titania.
Kaneco [24] used unmodified commercial titanium dioxide (Degussa P25) in a high pressure
reactor to perform the conversion of CO; to methane. The effect of pressure will be
discussed in this paper as well.

On the other hand, the metal-free polymeric catalyst known as graphitic carbon nitride
(g-C3Ny) is gaining attention since it is able to promote photocatalytic reactions such as
water splitting and the oxidation of organic substrates while working under sunlight,
thanks to its band gap of 2.8 eV, narrower than that of titanium dioxide [25]. It also shares
the advantages of the latter, because it can be obtained in large quantities from the direct
thermal condensation of inexpensive precursors, mainly melamine, urea, dicyanamide,
etc. [26]. C3Ny is characterized by a graphitic 2D type structure [27] and, despite its
moderate activity due to the high electron/hole recombination rate, the photocatalytic
properties can be improved by chemical, mechanical, or thermal exfoliation, so the graphitic-
like planes are exposed and functionalized [27]. Calcination is a successful methodology
to obtain high surface area C3N4 nanosheets (thermal exfoliation, TE). Still, its properties
may be tuned via surface modification, or via coupling with other photocatalyst, such as
the aforementioned TiO,, to obtain a composite in which the electronic bands of both these
materials are overlapped, so that the photogenerated charges can be better separated [28].

In this work, the CO, valorization via photoreduction to both liquid (formic acid) and
gaseous products (hydrogen, carbon monoxide, and methane) has been carried out using
titanium dioxide-based photocatalysts, such as commercial P25, homemade flame spray
pyrolysis (FSP) TiO,, and titania obtained from the hydrolysis of titanium tetrachloride
(TiOzexCl). A thermally exfoliated carbon nitride (C3Ny-TE) is also tested as such, and
as a composite made by coupling the two semiconductors (P25/TE and TiO,exCl/TE).
The facile synthesis of all these active materials poses the basis for the scale-up to an
industrial level. Furthermore, the tests have been carried out using an innovative pilot
photoreactor which allows the reaction to work at a high CO, pressure of up to 20 bar. This
increases the availability of carbon dioxide in the reaction medium, which is water, and
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greatly improves the photocatalytic activity of the photocatalyst employed by enhancing
the CO;, surface adsorption over the photocatalyst surface. Photoreactors typically operate
at ambient pressure and temperature, due to the need for transparent windows, while
in the recent past, we have set up a high pressure photoreactor (up to 20 bar) that also
allows for operation at relatively high temperatures in the liquid phase (up to 100 °C). The
photoreduction of CO, takes advantage of these conditions, expediting mass transfer and
kinetics, but most of all, improving the gas solubility and surface adsorption of the reactants.
Exceptionally high productivities have been achieved with this assembly, according to the
best literature data. The concept was demonstrated by using titania-based samples in our
previous experiments, while here we are exploring a new set of materials, never before
tested for this application at high pressure, and in principle, extending the visible light
harvesting possibilities for this reaction.

2. Results and Discussion
2.1. Characterisation of the Materials

The XRD patterns of all of the catalysts are reported in Figure 1. The XRD patterns of
the TiO, samples (Figure 1a) evidenced the coexistence of the anatase and rutile polymorphs
in all of the samples; the former exhibits a principal reflection at 20 = 25.3°, while the
latter at 27.4° [29]. FSP titania was characterized by slightly higher percentage of the
rutile phase, likely due to the higher temperature of the preparation with respect to P25.
Moreover, all the TiO, samples, except for TiO,exCl, show high intensity peaks, which
are associated with the high crystallinity of the materials. Indeed, TiO,exCl is mainly
composed of the anatase phase, and it lacks long range crystallinity, as evidenced by the
broad and low intensity reflections. The two main diffraction peaks for C3Ny-TE at 13° and
27°, reported in Figure 1b, can be attributed to the (100) and (002) crystallographic planes
of the material [27]. As reported in literature, the intensity of the main diffraction peak of
C3Ny is very low when it is coupled with titania, due to the high crystallinity of P25 [28].

The textural properties (Table 1) indicate that the SSA varied widely among the titania
samples. P25 and FSP were prepared with similar flame-based methods and consisted of
dense spherical nanoparticles, whose area was mainly due to the external nanoparticle
surface. A higher surface area was achieved for TiO,exCl and for the C3Ny-TE. TiOexCl
shows a higher surface area with respect to TiO, P25, and this is reflected in the SSA of the
composites, although the deposition process leads to a reduction in the surface area.

Table 1. Textural properties and physical-chemical features of the photocatalysts: BET specific surface
area (SSA), t-plot micropore volume (Vip), BJH adsorption pore width (W), crystallite size, phases
percentage, and band gap values estimated from DR-UV-Vis spectra elaborated as Tauc plots.

SSA Vip w Crystallite Phases Egap

Catalyst  [2¢-1]  [m3g1]  [nml Size [nm] [%] [eV]

TiO, P25 47 / 35 A(18);R(27)  A(78); R(22) 3.20

FSP 67 0.02 19.9 A(20); R25)  A(65); R(35) 32

TiO5exCl 111 / 6.7 / Poorly 3.05
crystalline

C3N4-TE 113 0.019 26.8 / Poorly 2.80
crystalline

TiO,exCl/TE 76 0.036 49 / Poorly 2.95
crystalline

P25/TE 39 0.0016 14.1 A(17); R(17)  A(85); R(15) 2.90
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Figure 1. XRD diffractograms of all of (a) TiO, photocatalysts and (b) bare C3N, and TiO, /C3N4 com-
posites. The cross and the square indicate the main reflections of anatase and rutile phases, respectively.

A morphological study of the samples was carried out by scanning electron mi-
croscopy (SEM). Figure 2 reports SEM images of TiO, FSP, TiO,exCl, C3N4-TE, and the
two TiO,/C3Ny composite materials. TiO, Evonik P25 SEM pictures are not reported
for the sake of brevity, and also because its morphology is well known and reported in
previous investigations [30]. The FSP material was comprised of agglomerates of particles,
almost spherical, around 20 nm in size. Interestingly, the morphology and the sizes of
these particles are very similar to those of TiO, Evonik P25. TiO,exCl appeared to be com-
prised of agglomerates of particles of almost spherical shape whose size ranged between
100-130 nm. Despite the higher particle sizes of this sample with respect to those of P25,
the higher SSA can be attributed to its porosity. The morphology of the C3N4-TE material
showed the appearance of nanosheets with a thickness of few nanometers, partially twisted
on themselves. On the contrary, the morphological aspect of the two composite materials,
i.e.,, P25/TE and TiO,exCl/TE, were similar to those of the respective bare TiO, materials,
indicating that titanium dioxide completely covered the carbon nitride surface during the
ball milling preparation. However, in the case of TiO,exCl/TE, some sheets of C3N4 were
still visible, although they were covered by a film of TiO, nanoparticles.
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Figure 2. SEM pictures of (a,d) TiO,-FSP at different magnifications: (b) TiO»exCl, (c) C3Ny-TE, and
both composite materials, (e) TiO,exCl/TE and (f) P25/TE.

The FTIR spectrum of the C3Ny4-TE sample (see Figure 3) confirmed the carbon nitride
structure, showing the major bands of this structure attributable to the C-N-C and C-NH-
C units, i.e., 1632, 1560, 1410, 1325, and 1250 cm—1, typical for the stretching vibration
modes of the heptazine heterocyclic ring (C¢N7) units, as long as the absorption at 887 and

804 cm~! correspond to the N-H deformation mode and a bending mode of the triazine
units, respectively [31].

— " 7
IO\
— |/ ;o\ (a)
\ \! /o \'}1 PR 2 yd '(‘l_
N / _IP / \ | 13601410 1250 \ [‘\T'*"“
o~ // ‘I | ) I,' |I
Jf/ || ‘|‘|A s 304
| E {
A | \iif f\ H
pa Il \ift |\\I ’H‘\ uf Il (b)
/ | | W {1 NV
/ | VoW | [ e
'\\ - 1* | ! IU / |
N V% 1‘|1 Wl' / |
- 7 / i
= \ . / /"4 | | .‘/ A l
3 ™~ ~ I / \
ﬁ. N ) Ve .|‘ / y, \‘
g / I i/ / |
£ Vv h' N ki) S b
E "I/‘/ ‘ \U‘ \ \" ‘I‘ ‘ﬂ .'J ,,JN : ‘\\L
H \, // \ ’1 . \\\
— B A
\//
\ ‘ 4
\J ~I: ‘.1
)
{
i
o A
A
(d)
3500 3000 2500 2000 1500 1000 200

Figure 3. FTIR spectra of (a) C3Ny-TE, (b) TiO;-exCl/TE, (c) P25/TE, and (d) bare TiO;-exCL
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Figure 3 also shows a broad band ranging from 3500 to 3000 cm ™!, which can be
attributed to O-H and N-H stretching, due to the presence of hydroxyl adsorbed species
and free amino groups on the surface. The N-H stretching confirms the existence of NH
and/or NH; groups caused by the incomplete polycondensation of the C3Njy [32]. The IR
transitions attributed to the heptazine heterocyclic ring are less defined and wider in the
composites, indicative of a disorder in the carbon nitride layered structure after the ball
milling process in the presence of both titania-containing samples. This is particularly true
for the P25/TE sample, for which the SEM micrographs evidenced a uniform coverage
of C3Ny by the titania nanoparticles. In Figure 3, the FTIR of the bare TiOpexCl sample
is also shown, evidencing the absence of bands in the heptazine range, the presence of
water, and the transitions due to the cut-off at ca. 900 cm ! due to the Ti-O-Ti bonds in the
oxide sample.

The band gap energy Eg of the catalysts was obtained according to the Tauc equation
and the Tauc plots (see Figure 4). The Eg values are reported in Table 1. According to the
band gap calculations, the addition of carbon nitride to the P25 has a positive effect on the
Eg of the catalyst, lowering its value and extending the absorption of radiation towards the
visible range. A similar trend can be observed for TiO,exCl/TE.
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Figure 4. Tauc plots determined from the DR UV-Vis spectra of all the catalysts used.

2.2. Photocatalytic Activity for the Reduction of CO;
2.2.1. Effect of pH

Photoreduction is a process in which multi-step electron additions are involved and
different intermediates are formed, depending on the conditions applied and the photocat-
alyst used. In addition, the complexity of the mechanism leads to the generation of many
products, for instance HCOOH, HCHO, CH30H, possible C; coupling products, and H,
CO due to photoreforming. The precise distribution of products and the corresponding
productivity vs. operating conditions has been determined in previous works. To summa-
rize, it was observed that the CO; conversion increased at basic pH (pH = 14) with respect
to a neutral condition. This is justified by the enhanced solubility of carbon dioxide with
the formation of both carbonate and bicarbonate in the presence of a base, as TiO; is able to
adsorb CO, and CO32~ species through either the surface hydroxylic groups (basic) or the
coordinated Ti centers on the photocatalyst surface (acidic) [33,34]. On the other hand, DFT
calculations pointed out that the adsorption of CO; over an ideal plane of carbon nitride
mainly occurs via physisorption on the bi-coordinated nitrogen of the triazine/heptazine
building blocks [35]; however, real samples of C3Ny are characterized by the presence of
-NH and -NH; moieties on the surface of the sheets, which facilitates the adsorption of
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carbon dioxide [25]. Both carbonate and bicarbonate may be reduced to HCOOH and
HCHO. In addjition, CO;, solubility further increases with increasing pressure. According to
the literature, the back oxidation of formaldehyde to formic acid is favored at basic pH. By
contrast, the reduction of formaldehyde to methanol is easier at a lower pH. Our previous
research described that the liquid products formed from the photoreduction of CO, can
further act as hole scavengers with the production of H; and CO/CO,, if the sulfite (hole
scavenger, HS) added at the beginning of the reaction is fully consumed. Moreover, the
detection of hydrogen can also be the result of direct water splitting promoted by titania,
which is quite slow under the selected reaction conditions, as demonstrated by previous
blank testing.

The best pH value at which the reaction should be performed may depend on the
market demand and value of the compounds formed, as well as their energy storage
capacity. We decided to work with a basic pH, as the formic acid, maximized under these
conditions, meets both the requirements mentioned above [36,37].

2.2.2. Effect of Pressure

In order to understand effects of pressure on the behavior of the photocatalysts,
two sets of tests were performed at 8 and 18 bar of CO,, and the results are reported in
Figure 5. We have selected these two pressure levels as examples of high and intermediate
pressure values for comparison with our previous reports. The apparatus allows operation
up to 20 bar. High pressure operation typically favors liquid phase products, whereas at
intermediate pressure (8 bar), gas evolution may occur, allowing for a better understanding
of the behavior of the sample under different regimes.

For the reason described in Section 2.2.1, the pH was increased to 14, and consequently,
the obtained formic acid was present in the solution as the formate ion. The catalyst and
the HS concentrations were 31 mg/L and 1.67 g/L, respectively. As previously mentioned,
the reaction is photocatalytic; indeed, negligible amounts of the products were detected
without either the photocatalyst or the UV irradiation. Moreover, the reaction proceeded
very slowly when the HS was not added, since the water itself may act as a hole scavenger,
but it is well known that its oxidation is kinetically slow.

Overall, the productivity of formic acid and, to a lower extent of Hy, was improved by
increasing the pressure. The solubility of CO; increases with the applied pressure; therefore,
when working at 18 bar, more reactant is available be converted from the reaction medium.
Furthermore, increasing pressure also favors the surface adsorption of the reactants over
the photocatalyst surface. TiO,exCl shows the best performance among the three titania
photocatalysts tested, with a productivity of formic acid above 7.0 mol/h kgcat at 8 bar,
which increases by 64% when a CO, pressure of 18 bar is applied. FSP titania seems
to benefit the most from the increased pressure, since it increased the productivity by
240% at 18 bar, while the benchmark bare TiO, P25 demonstrated a HCOOH productivity
increase of 91%, i.e., from 3.2 to 6.2 mol/h kgcat, at the highest pressure. Conversely,
the hydrogen evolution did not follow the same trend, except in the case of TiOpexCl,
as its Hy productivity at high pressure was almost 3.5-fold the value reached at 8 bar.
Overall, this is in accordance with the expectations, since it is likely that the hydrogen is
evolved mainly when the formic acid itself acts as a hole scavenger, i.e., after the complete
conversion of NaySOs3, and higher operating pressures should disfavor hydrogen evolution.
Formaldehyde and methanol are not reported because negligible amounts were always
detected, as expected at this pH [36].

The performance of FSP was similar to that of TiO, P25, which is a widely available
commercial material. On the contrary, TiO,exCl showed a significantly higher activity than
did the P25 benchmark, deserving some investigation for further improvement. Therefore,
the P25 and TiO,exCl samples were selected for the production of a composite with
exfoliated carbon nitride. The top performer of the composite materials was the P25/TE,
whose HCOOH productivity reached nearly 14.0 mol/h kgcat, with a 125% increase from
the lowest to the highest pressure. The other composite material, TiO,exCl/TE, and the
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bare C3Ny-TE performed similarly at high pressure, and only slightly better than the titania
P25. The HCOOH productivity rose significantly after switching to 18 bar for both of the
composite materials.

14,000 1
—_ 1 M 8 bar
12,000
S 1 ® 18 bar &
10,000 1
<
g 8,000 ]
E
> 6,000 1
=
© 4,000 -
=]
he)
(o]
& 2,000 ]
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mP25 mFSP mTiO,exCl
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14,000 - —
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H, HCOOH H, HCOOH
mTE mTiO,exCl/TE mP25/TE
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Figure 5. Effect of pressure on product distribution and productivity at 8 and 18 bar with pH = 14,
31 mg/L of catalyst, and 1.67 g/L of HS; reaction time 24 h. (a) TiO, photocatalysts and (b) bare
C3Ny and TiO, /C3Ny composites. For brevity, the name of C3Ny-TE sample is here reported as TE.

Overall, the titania from hydrolysis (TiO,exCl) and the composite P25/ TE seemed
to be more active than the other materials tested. However, for all the tests carried out,
the NaySO3 consumption was close to 100%, and consequently, the HCOOH productivity
results were underestimated. Indeed, when Na;SO; disappears from the solution, HCOOH
starts to work as HS, and it is oxidized by the hole photoproduced in the VB. This is
especially evident for the most active materials. Contemporaneously, the electrons in the
CB give rise the reduction of water forming H;, and therefore, the productivity of Hp
is overestimated.

Consequently, to boost the productivity of formic acid and prevent its consumption in
the last stage of the process, after the whole consumption of HS, it was decided to increase
the initial concentration of the hole scavenger. Thus, 5.00 g/L of Na;SO3; was added to the
reactor, and the activity of the two composite catalysts was tested. As reported in Figure 6,
along with a drop in the hydrogen productivity, a huge increase in the performance of the
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photocatalyst was also observed, with the formic acid productivity rising to 26-31 mol/h
kgcat, in the best cases, from a value of 6-14 mol/h kgcat achieved with the standard
concentration of HS.

32,000
MW HS 1.67g/

28,000
S B Hs 5.009/1 .

O
24,000
<
3 20,000

£ 16,000

y (

= 12,000

8,000

Productiv

4,000
0 e
H, HCOOH H, HCOOH

mTiO,exCIl/TE mP25/TE

Figure 6. The effect of hole scavenger concentration on product distribution and productivity at
18 bar with pH =14, 31 mg/L of photocatalyst, and 1.67 g/L or 5.00 g/L of HS concentration; reaction
time 24 h.

As expected, the hydrogen production decreased significantly when testing at a high
HS concentration, since it mainly comes from the reforming of formic acid, occurring after
the consumption of the HS itself. However, despite the 3-fold increase in the HS amount, its
conversion was again close to 99%, and, in light of that, we opted for shorter tests, lasting
6 h, using the original HS concentration (1.67 g/L). The results are reported in Figure 7a,b.

At shorter reaction times, even the most active photocatalyst, i.e., P25/TE, did not
fully consume the HS (less than 80% conversion), providing significant results regarding
the HCOOH productivity. Accordingly, the productivity of gaseous species was very low
and was limited to a small amount of Hj, in case of the composite materials, and it was
negligible for the other photocatalysts.

The photocatalytic performance can be roughly divided into two groups, since the
composites P25/TE, TiO,exCl/TE, and TiO,exCl were able to reach HCOOH productivity
at around 40 mol/h kgcat; the benchmark P25, FSP titania, and bare TE achieved ca.
16 mol/h kgcat. This is accordance with the conversion of the HS, was around 48% in case
of P25, and more than 80% when it was mixed with C3Ny. Regarding the activity of the
photocatalysts based solely on titanium dioxide, TiO,exCl was clearly the best performer.

Compared to P25 and FSP, the specific superficial area of TiO,exCl was higher
(111 vs. 47 vs. 67 m?/g), which allows for an increased amount of adsorbed carbon dioxide.
In addition, the band gap of the former was 3.05 eV, whereas the other two samples of
titania showed an Eg of about 3.2 eV, and a narrower band gap increases the amount of
light harvested from a polychromatic light source, such as the medium pressure UV lamp
used in this work. On the other hand, the carbon nitride-based composites have band gaps
below 3.0 eV; however, both have a lower BET surface area with respect to TE, and they
still performed better than the base material.

It has previously been reported that the activity of bare carbon nitride in the pho-
tocatalytic reduction of CO; is comparable with that of the photocatalysts based solely
on titanium dioxide [38—40]. Conversely, when these two materials are coupled and a
heterojunction is formed, the C3N4 sheets provide the sites for the adsorption of CO,, while
the presence of TiO, mitigates the high recombination rate by improving the separation
of the charges long enough for the reaction to take place [28,38—40]. In our case, the CO,
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uptake is further improved by the high pressure applied, which leads to the exceptionally
high yield of formic acid reported here.
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Figure 7. Tests performed at 18 bar, pH = 14, 31 mg/L of photocatalyst, and 1.67 g/L of HS
concentration, with a reaction time of 6 h. For brevity, the name of the C3Ny4-TE sample is here
reported as TE. (a) productivity results and (b) hole scavenger consumption.

Furthermore, according to our previous investigations, in the absence of sodium
sulphite as a hole scavenger, we did not observe the formation of organic products (from
CO; photoreduction), nor of hydrogen. When adding the HS, we observed progressive
accumulation of CO; reduction products over time (only HCOOH at a basic pH, as well
as HCHO and CH3OH at a neutral pH, with lower productivity), and negligible H,,
indicating a faster CO, reduction rate than the HyO reduction rate. When the HS was
almost completely consumed, the organic products formed by CO, reduction started to act
as hole scavengers themselves, with an increasing productivity of Hy [41]. Therefore, the
TiO,exCl/TE and P25/TE samples are very active, in the sense that they not only formed
the highest amount of HCOOH, but they were also able to partially consume HCOOH by
photoreforming, with the formation of Hy.
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2.3. Energy Efficiency

Finally, in order to make this technology sustainable and competitive, it is necessary to
seek for catalysts that efficiently convert the energy from the radiation into chemical bonds,
allowing for long-term solar energy storage. This point is crucial, since most of the energy
from the renewables (e.g., photovoltaic and wind) is available only for a limited amount of
time each day, and availability also varies with the season, the latitude, and the weather
conditions at which the plant is located.

In light of this, it is interesting to analyze the efficiency of the energy conversion (from
light to chemicals) of the highest performing photocatalyst, such as the composite P25/TE.
Its maximum measured formic acid productivity is up to 39.8 mol/h kgcat, which was
equal to 9.1 mmol in our batch reactor at the end of the process, or 0.42 g. The higher
heating value (HHV) of HCOOH is 5.52 kJ /g, so the overall energy content of the products,
without considering the small contribution of Hy, is equal to 2.32 kJ. On the other hand, the
UV lamp is powered by a 250 W power supply, and despite the fact that most of the energy
is dissipated through heat, that power can be used to assess the energy consumption of our
system, which is equal to 5.4 MJ after 6 h of irradiation. Then, the overall efficiency of the
process can be calculated according to the following equation (Equation (1)):

Energy Efficiency (on lamp power) [%] = (Excoon [J1)/ (Elamp [W] x time [s]) x 100 (1)

That calculation results in a 0.04% efficiency in the selected case (P25/TE and the con-
ditions described above), considering lamp consumption (Equation (2)). However, another
important performance indicator is the energy efficiency of irradiance (EEI), calculated by
referring to the real irradiance, which is lower than the lamp power consumption. This is
specifically important to assess the feasibility in the case of natural solar irradiation or other
free sources of photons. This efficiency is calculated according to Equation (2), considering
a mean irradiated surface around the lamp in the photoreactor, based on reactor geometry.

EEI [%] = (Exicoon 1)/ Birradiance [J h ™! m™2]] x time [h] x mean irradiated surface [m?]) x 100 ()

In the case of the best performing catalyst used in this work (P25/TE), the calculation
of this parameters returns 1.2% efficiency. This is a very impressive result, notwithstanding
the small absolute value, with respect to the literature results collected at ambient pressure
and temperature [42,43] and those from natural photosynthesis (0.4%); it is attributable to
the combination of the high catalytic activity of the selected samples and the very particular
high pressure conditions, which are able to boost the productivity.

3. Materials and Methods
3.1. Materials Preparation

The commercial TiO; P25 was supplied by Evonik [44], whereas two additional TiO;
home-prepared materials were obtained using two methodologies.

The TiO; nanoparticles were obtained by flame spray pyrolysis (FSP) using a home-
developed apparatus described elsewhere [45]. Briefly, titanium isopropoxide (Sigma
Aldrich, St. Louis, MO, USA, pur. 97%) was used as the titania precursor, diluted to 0.7 M
in a 1:1 v/v mixture of o-xylene (Sigma Aldrich, 97%) and propionic acid (Sigma Aldrich,
99%). The solution was pumped (2.7 mL min~!) through a capillary tube into a nozzle
and dispersed with an oxygen flow (5 L min~1); then, the formed aerosol was ignited by a
twelve-hole cone-shaped burner which surrounded the nozzle. The organic solution was co-
fed with a mixture of methane and oxygen (0.5 L min~! of CHy and 1 L min—! of Oy). The
pressure drop at the nozzle was 1.5 bar. The flame produced an instantaneous vaporization
of the solution and the pyrolysis of the precursor. The so-formed TiO, nanoparticles were
deposited in the upper section of the apparatus. Generally, FSP catalysts show a higher
surface area and higher thermal stability than solid-state or wet prepared oxides.

The second methodology to prepare TiO, was the hydrolysis of TiCly, as described
previously [46]. In brief, titanium tetrachloride (Fluka, St. Louis, MO, USA, pur. 98%) was
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added to distilled water (TiCly/HO 1:10 v/v) at room temperature. After 12 h of stirring,
the solution was boiled for 0.5 h under vigorous stirring, obtaining a milky white TiO,
dispersion that was dried under vacuum at 50 °C to recover the solid labelled as TiO,exCL

Bulk graphitic carbon nitride (g-C3Ny) was prepared by the thermal condensation
of melamine, according to the methods in [47]. Melamine (10 g) was placed in a covered
ceramic crucible and heated by increasing the temperature by 2 °C min~! up to 520 °C.
After maintaining this temperature for 2 h, the oven was slowly cooled down. The resulting
yellow powder underwent a successive heating treatment in order to obtain a thermo-
exfoliated material showing an increased specific surface area, with respect to the native
sample. In particular, the yellow g-C3N, was heated by 3 °C min~! in a static air atmosphere
at 520 °C, and maintained for 2 h before cooling down. The resulting pale-yellow powder
was labelled as C3Ny-TE.

Binary materials composed of C3N4-TE and TiO, P25 or TiO,exCl were prepared by
mechanically mixing both components in a planetary ball mill (Retsch, PM 100 CM, Haan,
Germany). For that aim, 2 g of C3Ny-TE were mixed with 6 g of TiO, P25 or TiO,exCl. The
amount of TiO;, in the case of the composite containing TiO, P25, was selected in order to
obtain the same surface area of the C3Ny-TE used (ca. 300 m?). The mixture was placed
in a zirconia jar equipped with zirconia balls of 1 cm diameter. The mixture was rotated
at 250 rpm for 1 h inside the planetary mill. The two composites were labelled as P25/TE
and TiO,exCl/TE.

3.2. Physical-Chemical Characterization of the Materials

X-ray diffraction (XRD) analyses were performed using the Rigaku D III-MAX horizontal-
scan powder diffractometer (Tokyo, Japan) with Cu-K« radiation and a graphite monochro-
mator on the diffracted beam.

The N, adsorption and desorption isotherms of the samples were measured with
a Micromeritics ASAP2020 apparatus (Norcross, GA, USA). The BET SSA (Brunauner-
Emmett-Teller Specific Surface Area) and pore volume were calculated from the N, ad-
sorption/desorption isotherms, collected at —196 °C, for the samples previously outgassed
at 150 °C for 4 h. The micropore volume was calculated according to the t-plot method.
BET linearization was used in the range 0.05-0.30 P/P° to calculate the specific surface
area (SSA). The Barrett-Joyner—-Halenda model (BJH) was used to determine the pore-size
distribution from the adsorption branch.

The Diffuse Reflectance (DR) UV-Vis spectra of the samples were recorded on a Shi-
madzu UV-3600 Plus UV-Vis spectrophotometer (Kyoto, Japan) in the range of 200-800 nm,
using an integrating sphere and BaSOj, as the reference standard. The results were pro-
cessed according to the Kubelka-Munk theory, using Equation (1) to convert the reflectance
spectra into the absorption spectra [48].

F(Reo) = [(1 — Reo)]*/(2 Reo) ®3)

To obtain the band gap of the samples, the Tauc plots were obtained by plotting the
function (F(Re) hv)!/* (with r = 2 for indirect band gap) versus the energy of irradiation,
hv [49].

Scanning electron microscopy (SEM) was performed using a FEI Quanta 200 FESEM
microscope, operating at 20 kV, on specimens upon which a thin layer of gold had been
evaporated. The FTIR spectra of the samples in KBr (Aldrich) pellets were obtained by
using a FTIR-8400 Shimadzu (Kyoto, Japan) spectrometer with 4 cm~! resolution and
256 scans.

3.3. Photoreactor and Testing Conditions

All the tests were performed using an innovative pressurized batch photoreactor
(Figure 8), whose detailed description has been reported elsewhere [50]. Briefly, it has a
cylinder shape and is surrounded by a cooling /heating jacket in which water circulates. The
temperature is regulated by a thermostatic system. The reactor is provided with an axial
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quartz window which allows for the introduction of a lamp. The apparatus is designed
to work under pressure up to 20 bar and with temperatures not higher than 90 °C. The
internal volume (with the cap secured) is about 1.3 L, and 1.2 L of liquid was used for each
experiment. A magnetic stirrer set at 400 rpm and placed under the reactor ensures the
dispersion and mixing of the catalysts.

2k :‘ - : a
Pl )} - | e
(= ._,t {.“,“;
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1 -—vxfa
b~

Figure 8. Sketch of the high-pressure photo-reactor, adapted and reproduced from [50]. (1) water
colling system (2) gas inlet (3) liquid sampling port (4) gas sampling port/purge (5) quartz sleeve
(6) magnetic stir bar.

The photons are supplied by means of a 250 W medium pressure Hg vapor lamp made
of two bulbs, which emits in the range of 254-364 nm. The average irradiance during the
reported tests was 152.63 W/m?, as measured in the UVA range by a delta OHM HD 2102.2
photoradiometer. The optimal catalyst and hole scavenger (HS) concentration, investigated
in a previous study [36], were 31 mg L' of photocatalyst and 1.67 g L~! of HS. Each test
lasted for 24 h, if not specified differently. The productivity was expressed as mmol/h
kgcat, dividing the whole amount of the product produced by the duration of the test.

Na;SO3 was used as the inorganic HS, and no products of any type were detected with-
out its addition. The suspension containing both HS and the photocatalyst was saturated
overnight with CO, at the desired pressure and room temperature. Hence, the resulting
pressure is taken as the starting value. The reaction starts when the lamp is switched on
and the temperature in the reactor reaches 80 °C (measured with a thermocouple). In order
to determine the composition of the reacting suspension, 3 aliquots of 10 mL each are taken
at the beginning and at the end of the reaction, and the mixture was centrifuged in order to
remove the catalyst.

The liquid samples were analyzed via HPLC (LC-4000 series, Jasco, Tokyo, Japan).
The latter was equipped with both UV (UV-4074, Jasco) and refractive index (RI-4030, Jasco)
detectors. The column was a 2000-0 BP-OA, Benson Polymeric, and the eluent was an
aqueous H»SOy solution (0.5 mmol L~!). Multiple injections of the same sample yielded
reproducible results, given that the maximum error of the chromatographic analysis was
ca. 5%, and repetition of the same test under identical conditions led to an experimental
error of up to 10%.

The residual HS amount in the liquid has been evaluated via iodometric titration. To
a precise volume of the sample, excess acid was added (1 M HCl), along with potassium
iodide (0.02 M) and the proper amount of potassium iodate solution (0.002 M). Then, the
mixture was titrated with sodium thiosulfate (0.002 M) until discoloration occurred.

The gas products were collected in the headspace of the photoreactor and analyzed by
a gas chromatograph (Agilent 7890, Palo Alto, CA, USA) equipped with a TCD detector,
two columns in series (HPplot Q and HP Molsieves), and a sampling loop of 250 pL. The
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timing and valve settings were set for the quantification of Hy, CHy4, and both polar/non-
polar light gases. The TCD detector was heated to 200 °C with a helium reference flow of
20 mL/min. During the analysis, the flowrate of helium through the column was equal to
5.5 mL/min, with an overall analysis time of 22 min. The oven temperature was kept at
70 °C for the first 15 min and then increased to 180 °C.

Proper blank tests in the absence of a catalyst, irradiation, or a hole scavenger evi-
denced negligible product formation. All the activity results have been reported as produc-
tivity, i.e., calculating the moles cumulatively obtained for each compound and dividing
them by the mass of the catalyst and the time of reaction. The conversion of the hole
scavenger is also calculated from the result of the iodometric titration as the converted
moles of sulfite divided by the initial amount.

4. Conclusions

The CO, photoreduction was studied by operating the reaction under different pres-
sures and investigating the effects of catalyst formulation, as well as with a comparison
of the preparation techniques for titania-based photocatalysts (i.e., P25, FSP, and TiO,
from TiCly).

It was confirmed that an increased pressure (e.g., from 8 to 18 bar) led to a large
boosting of formic acid production, the main product in the selected conditions.

While for prolonged reaction time, the HCOOH is consumed by photoreforming to
obtain Hy, which may be desirable for some applications; shorter tests, e.g., 6 h, allowed for
a better comparison of the photocatalytic activity of the selected materials. In this context,
the FSP titania performed similarly to the benchmark P25, while TiO,exCl productivity
was more than double that of both of the former, and mainly due to its lower band gap and
higher SSA. On the other hand, a similar performance was also observed with the composite
materials TiO,exCl/TE and P25/TE, in which the possible formation of a heterojunction
between titania and the g-C3Ny greatly enhanced the production of formic acid.

Lastly, a quick evaluation of the efficiency of this setup, expressed as the energy
stored in the HCOOH with respect to the energy consumed by the lamp, revealed that
the efficiency calculated with respect to the effective irradiance was up to 1.2%, one of the
highest values reported in the literature.
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