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Abstract: Gas movement around and/or through the photocatalyst is thought to be an inhibition
factor to promote photocatalytic CO2 reduction performance. In this study, a hypothesis is put
forward that the natural thermosiphon movement of gases around the photocatalyst can be improved
by using black body material/surface. The black body material/surface that is placed underneath
the photocatalyst in the reactor would be heated by absorbing light and then this heats up the gases
to promote their movement around/through the photocatalyst. The aim of this study is to prove or
disprove this hypothesis by conducting CO2 reduction performance of a TiO2 photocatalyst with
NH3 under the conditions without black body material (W/O B.B.), with one black body material (W
B.B.-1), and with three black body materials (W B.B.-3). The impact of molar ratio of CO2/NH3 on
CO2 reduction performance is also investigated. This study revealed/proved that the hypothesis
worked and that the CO2 reduction performance is promoted more with W B.B.-3 compared to that
with W B.B.-1. The maximum concentration of formed CO with W B.B.-3 is two to five times as large
as that under the condition W/O B.B.

Keywords: TiO2 photocatalyst; CO2 reduction; black body material; infrared ray; mass transfer promotion

1. Introduction

Many countries have set the goal to decrease CO2 emissions by 2030 and 2050. In
Japan, the prime minister has declared the aim to reduce effective CO2 emissions to zero by
2050. However, the global average concentration of CO2 in the atmosphere increased to
417 ppmV in December 2021, which is an increase of 77 ppmV from 1980 [1]. Therefore, it
is necessary that break-through technology to reduce the amount of CO2 is developed in
the world.

This study focuses on photocatalytic CO2 reduction. It is known that CO2 could be
converted into fuel species such as CO, CH4, CH3OH, etc., by a photocatalyst [2–4]. TiO2 is
a popular photocatalyst used for CO2 reduction that performs with ultra violet (UV) [2–4].
However, pure TiO2 can only work under UV light illumination, which accounts for only 4%
of sunlight [5]. As visible light accounts for 44% of solar energy reaching the earth [5], many
approaches have tried to enhance the CO2 reduction performance of TiO2 as a photocatalyst
by expanding the wavelength of light absorbed by TiO2. One of the popular methods is
to dope metals such as Cu [6,7], Fe [8], Pd [9,10], Pt [11–13], Ag [14], alloy AuPd [15], etc.
Such a metal dopant assists with absorbing the visible light. It has been reported that the
optimization of a substrate for preparing TiO2 such as graphene hollow sphere [16] and
nano-sizing TiO2 such as nano-sheet [17], nano-tube [18], and nano-wire [9] are effective
for visible light absorbance.

The other approach to promote photocatalytic CO2 reduction is the enhancement of the
gas movement around the photocatalyst. Some research has reported that the membrane
reactor separating the product from the reaction surface promotes photocatalytic CO2
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reduction [19–21]. According to the calculation by the author, the mass transfer time of
105 s to 10−1 s is slower than the photo reaction time of 10−9 s to 10−15 s [21]. Therefore, it is
thought that the mass transfer is the inhibition factor required to speed up the photocatalytic
reaction. Another reason that causes the low reforming rate is the re-organization of the
products. Namely, due to the reaction surface that is covered by products, the movement of
the reactants to the reaction surface is prevented and the reverse reaction, i.e., re-oxidization,
which produces CO2 from CO and CH4, occurs. Consequently, it is desirable that the
product, i.e., CO and CH4, are removed from the reaction surface as soon as they are
produced so that the reactants, i.e., CO2 and water vapor, can continue to react on the
reaction surface [21]. Fuel production can be sustained by maintaining non-equilibrium.

This study sets a hypothesis that the natural thermosiphon movement of gasses around
the TiO2 photocatalyst can be improved by using black body material, resulting in the
promotion of CO2 reduction performance. When utilizing the lamp, e.g., Xe lamp, as
a light source for photocatalytic reduction, infrared (IR) light is included. As described
above, TiO2 only works under UV light illumination, meaning that IR light is not used for
the photocatalytic reaction. It is thought that the black body material absorbing IR light
passing through the photocatalyst can enhance the natural thermosiphon movement of
gases around the TiO2 photocatalyst. As a result, the upstream flow will be generated
due to the difference in gas density caused by the temperature difference. If we utilize
the sunlight for the photocatalytic reduction in the near future, it would be effective to
develop the photocatalytic reactor utilizing the wavelength from UV to IR. This is a novel
approach to promote photocatalytic CO2 reduction. There is no report utilizing the natural
thermosiphon movement of gasses around the TiO2 photocatalyst brought by black body
material in order to promote the CO2 reduction performance.

The purpose of this study is to investigate the impact of the natural thermosiphon
movement of gasses around the TiO2 photocatalyst created by black body material on
the CO2 reduction performance of the TiO2 photocatalyst. This study prepared the black
body material by spraying black body spray on Cu solid discs. To investigate the effect of
the natural thermosiphon movement of gasses around the TiO2 photocatalyst created by
black body material on the CO2 reduction performance of TiO2, this study conducted the
photocatalytic CO2 reduction under the condition without black body material (W/O B.B.),
with one black body material (W B.B.-1), and with three black body materials (W B.B.-3).
The TiO2 film was prepared on the netlike glass disc by sol-gel and dip-coating methods
following previous studies by the authors [22,23]. For CO2 reduction, a reductant is
important as a partner for the reaction. According to review papers [24,25], H2O and H2 are
generally used as reductants. It is necessary to decide the optimum reductant that provides
the proton (H+) for the reduction reaction to enhance the CO2 reduction performance. From
the past studies [26–28], the reaction scheme of CO2 reduction with H2O can be shown
as follows:

<Photocatalytic reaction>

TiO2 + hν −> h+ + e− (1)

<Oxidization reaction>

2H2O + 4h+ −> 4H+ + O2 (2)

<Reduction reaction>

CO2 + 2H+ + 2e− −> CO + H2O (3)

CO2 + 8H+ + 8e− −> CH4 + 2H2O (4)

Concerning the reaction scheme of CO2 reduction reacting with H2, this is known as
follows [29]:
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<Photocatalytic reaction>

TiO2 + hν −> h+ + e− (5)

<Oxidization reaction>
H2 −> 2H+ + 2e− (6)

<Reduction reaction>
CO2 + e− −> CO2

− (7)

CO2
− + H+ + e− −> HCOO− (8)

HCOO− + H+ −> CO + H2O (9)

H+ + e− −> H (10)

CO2 + 8H+ + 8e− −> CH4 + 2H2O (11)

Though the previous studies investigated the CO2 reduction reacting with H2O or
H2 [24,25], the effect of NH3 having 3H+, which is superior to H2O and H2, on photocat-
alytic CO2 reduction characteristics has not been examined yet other than the previous
studies conducted by the authors using Fe [30], Cu [31,32], or Pd [32]. They have been
investigated using the combination of CO2, H2O, and NH3 [30–32]. However, concerning
the reaction scheme to reduce CO2 with NH3, this is as follows [29,32]:

<Photocatalytic reaction>

TiO2 + hν −> h+ + e− (12)

<Oxidization reaction>
2NH3 −> N2 + 3H2 (13)

H2 −> 2H+ + 2e− (14)

<Reduction reaction>
H+ + e− −> H (15)

CO2 + e− −> CO2 (16)

CO2
− + H+ + e− −> HCOO− (17)

HCOO− + H+ −> CO + H2O (18)

CO2 + 8H+ + 8e− −> CH4 + 2H2O (19)

This study investigates the effect of the natural thermosiphon movement of gasses
around the TiO2 photocatalyst created by black body material on the CO2 reduction per-
formance of the TiO2 photocatalyst while changing the moral ratio of CO2 and NH3. This
study clarifies the optimum molar ratio of CO2 and NH3 to understand the photochemical
reaction under the condition for promoting the mass transfer surrounding the photocatalyst
by black body material.

2. Results and Discussion
2.1. The Characterization of TiO2 Film

Figure 1 shows SEM (Scanning Electron Microscope) and EPMA (Electron Probe
Microanalyzer) images of the TiO2 film, which is coated on a netlike glass disc. This study
obtained the black and white SEM image at 1500 times magnification, which was available
for EPMA analysis. As to the EPMA images, this study indicates the concentration of each
element in the observation area by diverse colors. When the amount of the element is
large, light colors, e.g., white, pink, and red, are used. On the other hand, dark colors, e.g.,
black and blue, are used to display small amounts of elements. According to Figure 1, we
can observe the TiO2 film having a teeth-like shape coated on the netlike glass fiber. It is



Catalysts 2022, 12, 470 4 of 12

thought that the temperature distribution of TiO2 solution that adhered to the netlike glass
disc was not even during the firing process because the thermal conductivity of Ti and
SiO2 at 600 K was 19.4 W/(m·K) and 1.82 W/(m·K), respectively [33]. Due to the thermal
expansion and shrinkage around the netlike glass fiber, a thermal crack formed within the
TiO2 film [22]. Consequently, the TiO2 film on the netlike glass fiber was teeth-like.
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Figure 1. SEM and EPMA images of TiO2 film, which is coated on netlike glass disc.

2.2. The CO2 Reduction Performance with and without Black Body Material

Figure 2 shows the comparison of concentrations of formed CO and molar quantities
of CO per unit weight of photocatalyst among different molar ratios with W/O B.B., W
B.B.-1, and W B.B.-3, respectively. The data on the molar quantity of CO per unit weight
of photocatalyst are estimated by the data on the concentration of formed CO and the
weight of TiO2 film. The weight of TiO2 film, which was measured by electron balance, was
0.004 g. In addition, the other fuels except for CO were not detected. Regarding a blank
test, this study conducted the same experiment under no Xe lamp illumination conditions
as a reference case before the experiment. We detected no fuel during the blank test, as we
hoped. As to the reproducibility of experiments, this study shows the data averaging three
times over the experiments.

It is seen from Figure 2a,b that the highest performance was obtained in the case of
CO2:NH3 = 1:1, where the highest concentration of formed CO is 100 ppmV and the largest
molar quantity of CO per unit weight of photocatalyst is 125 µmol/g. According to the
reaction scheme, as shown by Equations (12)–(19), the theoretical molar ratio to produce
CO is CO2:NH3 = 3:2. According to Figure 2a,b, it is found that the produced CO is lower.
The reason for the mismatch between the theoretical molar ratio and the optimum molar
ratio obtained under this condition is due to maintaining the product near the photocatalyst
surface. Therefore, this study attempts to investigate the effect of the natural thermosiphon
movement of gasses around the TiO2 photocatalyst created by black body material on CO2
reduction performance later.

It is seen from Figure 2c,d that the highest performance was obtained in the case
of CO2:NH3 = 3:8, where the highest concentration of formed CO is 83 ppmV and the
largest molar quantity of CO per unit weight of photocatalyst is 104 µmol/g. As described
above, the theoretical molar ratio to produce CO is CO2:NH3 = 3:2. Comparing the highest
concentration of formed CO in the case of CO2:NH3 = 3:2 with W B.B.-1 to that with W/O
B.B., the concentration of formed CO increases by 21 ppmV. Therefore, the effect of the
natural thermosiphon movement of gasses around the TiO2 photocatalyst created by black
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body material on the CO2 reduction performance is obtained. The mismatch between
the theoretical molar ratio and the optimum molar ratio obtained under this condition
occurred because the effect of the natural thermosiphon movement of gasses around the
TiO2 photocatalyst created by black body material might not be sufficient due to the small
heat capacity of black body. Therefore, this study tries to investigate the effect of more
black body materials on mass transfer surrounding the photocatalyst later.
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Figure 2. Comparison of concentration of formed CO among different molar ratios ((a,b): W/O B.B.,
(c,d): W B.B.-1, (e,f): W B.B.-3).

It is seen from Figure 2e,f that the highest performance was obtained when CO2:NH3 = 3:2,
where the highest concentration of formed CO is 238 ppmV and the largest molar quantity
of CO per unit weight of photocatalyst is 288 µmol/g. As described above, the theoretical
molar ratio to produce CO is CO2:NH3 = 3:2, which agrees with the optimum molar ratio
obtained under this condition. In addition, the highest concentration of formed CO in
the case of CO2:NH3 = 3:2 with W B.B.-3 is higher than that with W B.B.-1 by 175 ppmV.
Therefore, it is confirmed that the natural thermosiphon movement of gasses around the
TiO2 photocatalyst created by black body material could improve CO2 reduction perfor-
mance with W B.B.-3. It is thought that the mass transfer surrounding the photocatalyst is
promoted by the improved natural thermosiphon movement of gasses around the TiO2
photocatalyst created by black body material. The mechanism of these phenomena is
discussed in the following section.
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2.3. Relationship between Temperature of Gas in Reactor and Concentration of Formed CO

Figure 3 shows comparisons of the relationship between the temperature of gas in
the reactor and the highest concentration of formed CO among different molar ratios of
CO2/NH3 without and with black body material. The molar ratio of CO2/NH3 is changed
by 1:0.5, 1:1, 1:2, 1:4, 3:2, and 3:8. The temperature of the gas in the reactor corresponding to
the time, when the highest concentration of formed CO is obtained, is shown in these figures.
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(c): CO2:NH3 = 1:2, (d): CO2:NH3 = 1:4, (e): CO2:NH3 = 3:2, (f): CO2:NH3 = 3:8).

From Figure 3, it can be seen that there was almost no difference between the W B.B.-1
case and the W/O B.B. case in terms of gas temperature and the maximum concentration
of formed CO. It is thought that the heat capacity of one black body material is small,
resulting in the natural thermosiphon movement of gasses around the TiO2 photocatalyst
created by black body material, which is provided after heat storage by absorbing IR light,
and this is not enough to heat the gas surrounding the photocatalyst. Therefore, the mass
transfer surrounding the photocatalyst is not promoted, resulting in the effect of natural
thermosiphon movement of gasses around the TiO2 photocatalyst created by black body
material on CO2 reduction performance being small. On the other hand, it is found that
the difference in temperature of gas in the reactor with W B.B.-3 and that with W/O B.B.
is remarkable, being approximately 10 ◦C. Additionally, the difference in the maximum
concentration of formed CO with W B.B.-3 and that with W/O B.B. is also remarkable.
The maximum concentration of formed CO with W B.B.-3 is two to five times as large as
that with W/O B.B. As the heat capacity of three black body materials is enough to heat
the gas in the reactor, it is thought that the mass transfer surrounding the photocatalyst is
promoted by the natural thermosiphon movement of gasses around the TiO2 photocatalyst
created by black body material. As a result, it is confirmed that the mass transfer promotion
by black body material is effective for the improvement in CO2 reduction performance.
Moreover, it could be seen from Figure 3 that the temperature of gas in the reactor in the
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case of W B.B-1 increases with the increase in the ratio of NH3 to CO2. The specific heat
of NH3 and CO2 at 30 ◦C is 2.169 kJ/(kg·K) and 0.8518 kJ/(kg·K), respectively [33]. The
specific heat of NH3 is larger than that of CO2. Therefore, it is thought that the mixed gas
of NH3 and CO2 absorbs the larger heat, resulting in the temperature of the mixed gas of
NH3 and CO2 being higher when the ratio of NH3 to CO2 is larger.

Figure 4 illustrates the concept of the mass transfer promotion by the natural ther-
mosiphon movement of gasses around the TiO2 photocatalyst created by black body
material. The light illuminated from the Xe lamp penetrates through the photocatalyst
because the base material is a netlike glass disc with opening space. Black body material
absorbs IR light and stores the heat. After that, the natural thermosiphon movement of
gasses around the TiO2 photocatalyst created by black body material occurs when heating
the gas over the TiO2 photocatalyst. The mass transfer surrounding the photocatalyst is
caused, which brings the promotion of photocatalytic CO2 reduction. The heat capacity of
Cu solid disc used for black body material is 0.189 J/K per one disc at 30 ◦C [33]. Therefore,
the heat capacity of three Cu discs is 0.567 J/K at 30 ◦C. On the other hand, the volume of
gas in the reactor is 1.25 × 105 mm3. When the reactor is filled with the mixed gas of CO2
and NH3, whose molar ratio is 3:2, the density of mixed gas is 1.346 kg/m3 at 30 ◦C [33].
The specific heat of CO2 and NH3 at 30 ◦C is 0.8546 kJ/(kg·K) and 2.171 kJ/(kg·K), respec-
tively [33]. Considering the volume of gas in the reactor, the density, and the specific heat
of mixed gas, the heat capacity of the mixed gas of CO2 and NH3, whose molar ratio is
3:2, is 0.402 J/K at 30 ◦C. Comparing the heat capacity of the mixed gas of CO2 and NH3
with the heat capacity of one Cu solid disc, the heat capacity of one Cu solid disc is very
small. Therefore, the mixed gas of CO2 and NH3 is not heated well as the thermosiphon
movement of gasses around the TiO2 photocatalyst is weak. On the other hand, comparing
the heat capacity of the mixed gas of CO2 and NH3 with the heat capacity of three Cu solid
discs, the heat capacity of three Cu discs matches the heat capacity of the mixed gas of CO2
and NH3. It is thought that three black body materials can absorb the heat from IR light to
obtain the strong natural thermosiphon movement of gasses around the TiO2 photocatalyst.
As shown in the image illustrated in Figure 4, the black body material absorbs IR light and
the heat is transferred to the photocatalyst by thermal conduction. Then, the temperature
of the photocatalyst rises. When one black body material is used, the temperature rise
of the photocatalyst is small, resulting in the natural thermosiphon movement of gasses
around the TiO2 photocatalyst due to radiation heat being weak. On the other hand, the
temperature rise of the photocatalyst is large when three black body materials are used,
resulting in the natural thermosiphon movement of gases around the TiO2 photocatalyst
due to radiation heat being strong. Therefore, it is revealed that three black body materials
are needed to heat up the mixed gas of CO2 and NH3.
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According to the literature surveyed by this study, a product yield such as CH4 by CO2
reduction using Ru/TiO2 is not changed below 100 ◦C [34]. Another study has reported
that a product yield such as CH4 by CO2 reduction using montmorillonite-modified TiO2
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nanocomposites at 100 ◦C is eight times as large as that at 50 ◦C [35]. On the other hand,
a product yield such as CO by CO2 reduction using Ag-modified CaTiO3 at 33 ◦C is
lower than that at 25 ◦C by 15 µmol/h [36]. This study has conducted the CO2 reduction
experiment using TiO2 within the temperature range of 26 ◦C to 42 ◦C. Therefore, this study
believes the effect of the increase in temperature of the gas in the reactor on the increase
in the rate of CO formation is small. In addition, the mass transfer time of 105 to 10−1 s is
slower than the photo reaction time of 10−9 to 10−15 s [21], resulting in the improvement of
mass transfer being more effective to promote the rate of CO formation.

To investigate the effect of black body materials prepared by this study, this study com-
pared the thermal properties of carbon and black phosphorus with the black body material
prepared. The emissivity of carbon and black body phosphorus is 0.9 and 0.95 [37], respec-
tively. In addition, the specific heat of carbon and black phosphorus is 0.691 kJ/(kg·K) [38]
and 0.67 kJ/(kg·K) [39], respectively. As described above, the heat capacity of Cu solid
disc used for black material is 0.189 kJ/K per one disc when the volume of Cu solid is
5.495 × 10−8 m3 and the density of Cu is 8879 kg/m3. If the same volume of carbon is used,
the heat capacity of carbon and black phosphorus per one disc is 0.083 kJ/K where the
density of carbon is 2200 kg/m3 [38] and 0.081 kJ/K where the density of black phosphorus
is 2200 kg/m3 [39], respectively. As the emissivity of black body material prepared by
this study is 0.94, which is approximately the same as the emissivity of carbon and black
phosphorus as described above, this study assumed that the radiation heat from carbon
and black phosphorus is the same as that from the black body material prepared by this
study. As the heat capacity of the mixed gas of CO2 and NH3, whose molar ratio is 3:2, is
0.402 J/K, the five discs are needed for carbon and black phosphorus to heat the gas for
obtaining the mass transfer promotion by the natural thermosiphon movement of gasses.

This study believes that it is necessary to design the reactor while considering the
heat balance for improving the CO2 reduction performance of the photocatalyst in the near
future. In addition, it is another challenge to combine the photocatalyst absorbing visible
light with the mass transfer promotion by the natural thermosiphon movement of gasses
around the photocatalyst created by black body material.

3. Experiments
3.1. The Preparation Procedure of TiO2 Film

This study prepared TiO2 film by sol-gel and dip-coating processes [23,31]. [(CH3)2CHO]4Ti
(purity of 95 wt%, produced by Nacalai Tesque Co., Kyoto, Japan) of 0.3 mol, anhydrous
C2H5OH (purity of 99.5 wt%, produced by Nacalai Tesque Co., Kyoto, Japan) of 2.4 mol,
distilled water of 0.3 mol, and HCl (purity of 35 wt%, produced by Nacalai Tesque Co.,
Kyoto, Japan) of 0.07 mol were mixed for preparing the TiO2 sol solution. This study coated
the TiO2 film on a netlike glass fiber (SILLIFGLASS U, produced by Nihonmuki Co., Tokyo,
Japan) by sol-gel and dip-coating processes. The glass fiber, with a diameter of about 10 µm,
weaved as a net, was collected to be a diameter of approximately 1 mm. The porous diame-
ter of glass fiber and the specific surface area were about 1 nm and 400 m2/g, respectively,
from the specification of netlike glass fiber. The netlike glass fiber was composed of SiO2 of
96 wt%. The opening space of the netlike glass fiber was approximately 2 mm × 2 mm. As
the netlike glass fiber has porous characteristics, the netlike glass fiber can capture the TiO2
film easily during sol-gel and dip-coating processes. Additionally, we can expect that CO2
is more easily absorbed by the prepared photocatalyst due to the porous characteristics of
the netlike glass fiber. This study cut the netlike glass fiber to be disc form with a diameter
of 50 mm and thickness of 1 mm. This study immersed the netlike glass disc into TiO2 sol
solution while controlling the speed at 1.5 mm/s and drew it up while controlling the fixed
speed at 0.22 mm/s. After that, this study dried it out and fired under a controlled firing
temperature (FT) and firing duration time (FD) to fasten the TiO2 film to the base material.
This study set FT and FD at 623 K and 180 s, respectively.
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3.2. The Preparation Procedure of Black Body Material

This study prepared black body material by spraying the black body spray (TA410KS,
produced by ICHINEN TASCO Corp., Osaka, Japan) on both surfaces of the Cu disc. The
emissivity of black body spray was 0.94. The Cu solid disc with a diameter of 50 mm
and thickness of 1.4 mm was adopted as the base material for spraying black body spray.
The Cu solid disc had a diameter of 50 mm equal to the inside diameter of the reactor, as
explained below. The emissivity of the polished surface of Cu was 0.01 [33]. The used
Cu solid disc had a purity of 99.90% [35]. The specific heat, thermal conductivity, and
thermal diffusivity of Cu at 30 ◦C were 0.386 kJ/(kg·K), 398 W/(M·K), and 117 mm2/s,
respectively [33]. Figure 5 shows the black body material prepared by this study and the
Cu solid disc before spraying black body spray.
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3.3. The Characterization Procedure of TiO2 Film

This study evaluated the characteristics of the external and crystal structure of TiO2
film prepared above by SEM (JXA-8530F, produced by JEOL Lt., Tokyo, Japan) and EPMA
(JXA-8530F, produced by JEOL Ltd., Tokyo, Japan) [23,31]. These procedures use electrons
to analyze characterization, resulting in the sample conducting electricity. As the netlike
glass disc used for the base material to coat TiO2 film cannot conduct electricity, the
vaporized Pt was deposited by the Pt coating device (JEC-1600, produced by JEOL Ltd.,
Tokyo, Japan) on the surface of the TiO2 film before analyzing its characterization. The
thickness of the deposited Pt was 15 nm. The electrons were emitted from the electrode
to the sample, setting the acceleration voltage and current of 15 kV and 3.0 × 10−8 A,
respectively, in order to analyze the external structure of the TiO2 film using SEM. After
the character X-ray was analyzed using EPMA at the same time, the amount of chemical
element was clarified referring to the relation between character X-ray energy and atomic
number. SEM and EPMA had the space resolution of 10 mm. The EPMA analysis can
support clarifying the structure of the prepared TiO2 photocatalyst.
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3.4. The Experimental Procedure of CO2 Reduction

Figure 6 illustrates the experimental apparatus where the reactor consists of a stainless
tube with a scale of 100 mm (H.) × 50 mm (I.D.), the TiO2 film is coated on a netlike glass
disc with a scale of 50 mm (D.) × 1 mm (t.), positioned on the Teflon cylinder with a scale
of 50 mm (H.) × 50 mm (D.), and also consisting of a quartz glass disc with a scale of
84 mm (D.) × 10 mm (t.), a 150 W Xe lamp (L2175, produced by Hamamatsu Photonics K.
K.), mass flow controller, CO2 gas cylinder (purity of 99.995 vol%), and NH3 gas cylinder
(purity of 99.99 vol%). The reactor size for charging CO2 was 1.25 × 10−4 m3. The light of
the Xe lamp positioned on the stainless tube was illuminated toward TiO2 film. The black
body material was located under the TiO2 film coated on a netlike glass disc. As the netlike
glass disc had the aperture area of the net, which is 4 mm2 for each, the light can reach the
black body material. The mean light intensity of light illuminated from the Xe lamp was
67.6 mW/cm2.
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Figure 6. Schematic diagram of CO2 reduction experimental apparatus. The reactor consists of
stainless pipe, TiO2 film photocatalyst positioned on Teflon cylinder, a quartz grass disc, a 150 W Xe
lamp, mass flow controller, CO2 gas cylinder, and NH3 gas cylinder.

After filling the CO2 gas with a purity of 99.995 vol% and NH3 with a purity of
99.99 vol%, they are controlled by a mass controller and introduced into the reactor pre-
vacuumed by a vacuum pump for 15 min. The valves are then installed at the inlet and
the outlet of the reactor was closed during CO2 reduction with NH3. After that, this study
confirmed the pressure of 0.1 MPa and gas temperature at 298 K in the reactor. Due to
the heat of IR light components illuminated by the Xe lamp, the temperature of the gas
in the reactor rose. The temperature of the experimental room was controlled and set at
293 K by an air conditioner. The molar ratio of CO2/NH3 was changed by 1:0.5, 1:1, 1:2,
1:4, 3:2, and 3:8. The reacted gas filled in the reactor was extracted by gas syringe via a gas
sampling tap and it was analyzed by an FID gas chromatograph (GC353B, produced by GL
Science) and a methanizer (MT221, produced by GL Science). The FID gas chromatograph
and methanizer have a minimum resolution of 1 ppmV. The temperature of the gas in the
reactor was measured by a thermocouple installed in the tap, which was located 1 mm
above the TiO2 film coated on a netlike glass disc. The CO2 reduction experiment was
conducted for up to 8 h. Gas sampling and temperature measurements were carried out
from the start of the experiment until 8 h by 2 h.

4. Conclusions

From the investigation in this study, the following conclusions are drawn:

(i) The mismatch between the theoretical molar ratio to produce CO and the optimum
molar ratio obtained with W/O B.B. as well as W B.B.-1 is confirmed. As the products
near the photocatalyst surface might remain, the photocatalytic CO2 reduction perfor-
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mance is smaller under the investigated conditions with W/O B.B. and W B.B.-1 in
this study.

(ii) The highest concentration of formed CO occurring in the case of CO2:NH3 = 3:2 with
W B.B.-3 is higher than that with W B.B.-1 by 175 ppmV. It is revealed that the impact of
the natural thermosiphon movement of gasses around the TiO2 photocatalyst created
by black body material on CO2 reduction performance is larger with W B.B.-3.

(iii) There is almost no difference between the W B.B.-1 case and the W/O B.B. case in
terms of gas temperature and the maximum concentration of formed CO.

(iv) The temperature of the gas in the reactor with W B.B.-3 is approximately 10 ◦C higher
than that with W/O B.B. The maximum concentration of formed CO with W B.B.-3 is
two to five times as large as that with W/O B.B.

(v) Comparing the heat capacity of black body material with that of the mixed gas of CO2
and NH3, it is revealed that one black body material is not enough to heat the mixed
gas of CO2 and NH3 in the reactor. Three black body materials are needed to heat up
the mixed gas of CO2 and NH3 in the reactor.
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