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Abstract: Since photocatalytic reactions are surface reactions, enhancing gas movement around
the photocatalyst could improve photocatalytic CO, reduction performance. A new approach
using black body material to enhance the gas movement around the photocatalyst based on the
natural thermosiphon movement of gases around a photocatalyst has been proposed and confirmed
experimentally, but the heat-transfer mechanism of the phenomena has not yet been clarified. The
aim of this study is to clarify the corresponding heat-transfer mechanism. This study calculated the
temperature of the CO, /NHj gas mixture around a P4O1/TiO, photocatalyst using the heat-transfer
formula. No difference was found between the temperature increase (Tg) from the temperature at the
beginning of the CO, reduction experiment (Tjy;) and the temperature of the CO, /NHj3 gas mixture
measured experimentally via thermocouple (T.) under the following illumination conditions: a Xe
lamp with visible light (VIS) + infrared light (IR) and IR only. The heat-transfer model proposed in

EP;)edcgtfgsr this study predicts Ty well under illumination from a Xe lamp with VIS + IR as well as under IR
Citation: Nishimura, A.; Hanyu, R; illumination only. On the other hand, the difference found between Ty and T was as large as 10 °C
Mae, H.; Senoue, H.; Hu, E. under illumination from a Xe lamp with ultraviolet light (UV) + VIS + IR.
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1. Introduction

Academic Editor: Natalia Photocatalysis is a promising technology for utilizing sunlight, i.e., renewable energy.

Martsinovich The photocatalytic reduction process can convert CO, into fuel species such as CO, CHy,
Received: 25 October 2023 CH30H, etc. [1-3]. TiO; is a popular photocatalyst used for CO, reduction. However, TiO,
Revised: 27 November 2023 works only under UV light illumination, which accounts for only 4% of sunlight [4]. On the
Accepted: 27 November 2023 other hand, visible light (VIS) and infrared light (IR) account for 44% and 52% of the solar
Published: 28 November 2023 energy reaching the Earth’s surface, respectively [4]. If a photocatalyst absorbing VIS and

IR could be developed, the performance of CO, reduction could be improved significantly.
According to a literature review [1,5], many attempts have been made to extend the

light absorption of a photocatalyst from ultraviolet light (UV) to VIS or near IR. Metal
doping is normally used to extend the light absorption performance of a photocatalyst
from UV to VIS [1]. Cu, Fe, Ag, Au and In, etc. have been investigated as dopants. Ag-
nano particles/TiO, nanowire exhibited excellent performance, producing 983 umol/g
of CO [6,7], which is 109 times as much as pure TiO,. Several photocatalyst studies have
reported extending the absorption of light wavelengths up to IR [8-11]. Under illumination
creativecommons.org licenses /by/ from light ranging in wavelength from 200 nm to 2400 nm, a W1gOj9/g-C3Ny composite
10/). produced 45 pmol/g of CO and 28 pmol/g of CHy [8]. A WS, /BiyS3 nanotube exhibited the
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absorption of VIS and near IR light (wavelength: 420 nm-1100 nm), producing 28 pmol/g
of CH30H and 25 pmol/g of C;HsOH [9]. CulnZnS-decorated g-C3Ny extended the
range of absorbed wavelengths of light from 200 nm to 1000 nm, producing 38 umol/g of
CO [10]. Hierarchical ZnInyS4 nanorods prepared using the solvothermal method produced
54 umol/g of CO and 9 umol/g of CHy [11].

In previous studies [12,13], the authors prepared P4O19/TiO;, which successfully
extended the absorbed wavelength of light up to IR. Under IR illumination, the largest
molar quantity of CO per unit weight of photocatalyst for the P4O1¢/TiO; film in the case
of CO, /HyO was 2.36 pmol/g, while that in the case of CO,/NHj3 was 33.4 umol/g [12,13].

Another way of promoting CO, reduction performance is to enhance gas movement
around the photocatalyst, which was proposed by the authors [14,15], who found that the
mass transfer time of 10° s to 10~! s was longer than the photoreaction time of 10~ s to
10~ s [16]. Consequently, mass transfer was an inhibition issue for improving the CO,
reduction performance of a photocatalyst. Another reason for the low reforming rate of
photocatalytic CO, reduction was the reorganization of the products. Since the reaction
surface of the photocatalyst was covered by products, the movement of the reactants to the
reaction surface was inhibited, and the reverse reaction, i.e., reoxidation, which reproduces
CO; from products such as CO and CHy was favored. Consequently, CO and CHy are
hopefully removed from the reaction surface as soon as they are produced. On the other
hand, the authors investigated a new approach using a black body material to enhance
gas movement around a photocatalyst based on the natural thermosiphon movement of
gases around a photocatalyst [14,15]. According to the literature survey conducted by the
authors, no study other than the authors’ previous studies [14,15] has used a black body
material for the promotion of mass transfer and photocatalytic CO, reduction performance.
Therefore, the concept of promoting mass transfer around the photocatalyst using a black
body material for the improvement of photocatalytic CO, reduction performance, which
is proposed in this study, is original to the authors. CO, reduction performance was
improved through the use of a black body material with the appropriate heat capacity by
enhancing the natural thermosiphon movement of gases around a TiO, photocatalyst [14].
The maximum concentration of CO formed using black body materials was two to five
times as large as was the case using no black body material [14]. In addition, this effect was
also confirmed for the case of a P4O1¢/TiO, photocatalyst absorbing VIS and IR [15]. Under
illumination from a Xe lamp with IR only, the concentration of CO formed using a black
body material compared to no black body material increased from 4 ppmV to 13 ppmV,
and the temperature in the reactor rose from 2.0 °C to 3.1 °C. It can be claimed that the
use of a black body material enhances mass transfer surrounding the photocatalyst via the
natural thermosiphon movement of gases around the photocatalyst [14,15]. However, the
heat-transfer mechanism of the phenomenon has not yet been clarified. Further promoting
the CO; reduction performance of the photocatalyst requires revealing the heat-transfer
mechanism underlying the temperature rise.

Consequently, the aim of this study is to reveal the heat-transfer mechanism underlying
the rise in gas temperature around the photocatalyst after heat absorption by a black body
material. This study calculates the temperature of the gases around the photocatalyst using
heat-transfer formulas and compares this to the temperature of the gases measured via
thermocouple in the CO, reduction experiment from the authors’ previous study [15].

2. Results and Discussion
Heat-Transfer Mechanism for the Temperature Increase of the CO,/NHj3 Gas Mixture Surrounding
the P4O19/TiO, Photocatalyst Due to the Black Body Material

This study calculated the increase in the temperature of the CO,/NHj3 gas mixture
(Tg) from the initial temperature (Tjy;) at the beginning of the CO, reduction experiment.
Table 1 compares Ty values to the temperature of the CO,/NHj3 gas mixture measured
experimentally via thermocouple (T¢) in the authors’ previous study [15]. The measurement
accuracy of the thermocouple used in the authors’ previous study [15] was 0.1 °C. In
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addition, the temperatures, which were measured for 10 min using the thermocouple [15],
were applied in this study. In this study, the illumination time of the Xe lamp for the
photocatalytic CO; reduction experiment was 8 h, which was in keeping with the authors’
previous studies [12-15]. According to the authors’ previous work, the formation rate
of CO attains its maximum value at approximately 2 h of Xe illumination and decreases
gradually. The formation rate of CO after 8 h of Xe illumination is nearly 0. Therefore,
this study adopted a Xe illumination time of 8 h. The following table shows Tjn;, Tg, Te,
Te — Tg and the percentage of absolute error Terror, i-€., (Tg — Te)/(Tg — Tini) X 100, at
different molar ratios under Xe illumination with UV + VIS + IR, VIS + IR and IR only. This
table indicates the effect of the temperature rise due to the black body material. Table 2
shows the relationship between the maximum concentration of CO formed and T, in the
reactor obtained from the authors” experimental study [15] (included here for the reader’s
understanding). The data with and without the black body material are shown in this table.

Table 1. Comparison of Tjy; (initial temperature of the CO, reduction experiment), T (temperature of
the CO,/NHj3 gas mixture determined experimentally via thermocouple), Tg (temperature increase
of the CO,/NHj gas mixture), Te — Tg and Terror at different molar ratios under Xe illumination
with UV + VIS + IR, VIS + IR and IR only.

UV + VIS +1IR
CO; [mol]  NHz [mol]  Tin [°C]  Tg[°C] T. [°C] Te — Tg [°C] Terror [%]
1 0.5 24.7 36.7 46.5 9.8 —44.7
1 24.0 36.5 449 8.4 —40.0
1 2 241 36.8 452 8.4 —39.9
1 4 242 36.9 452 8.3 —39.6
3 2 241 36.4 459 9.5 —43.6
3 8 244 371 452 8.1 —38.9
VIS + IR
COz [mol]  NHj [mol]  Tin [°C]  Tg[°C] T [°C] Te —Tg[°C] Terror [%]
1 0.5 254 36.3 36.8 0.5 —4.47
1 1 25.0 36.3 36.7 0.4 —3.15
1 2 24.5 36.0 35.6 —04 3.36
1 4 24.6 36.1 35.4 —0.7 6.20
3 2 24.3 354 35.5 0.1 —0.731
3 8 244 359 34.2 -17 17.2
IR only
CO; [mol]  NHz [mol]  Tin [°C] Ty [°C] T [°C] Te — Tg [°C] Terror [%]
1 0.5 25.3 34.2 34.8 0.6 —6.79
1 1 24.6 33.8 34.8 1.0 —9.67
1 2 24.6 339 349 1.0 —9.44
1 4 244 33.7 35.6 1.9 —16.7
3 2 247 33.7 35.0 1.3 —-122
3 8 25.0 34.3 34.3 0 0.374

Table 1 shows that T. — Ty was nearly zero under Xe illumination with VIS + IR and
IR only. Therefore, the heat-transfer model proposed in this study predicted Tg well under
Xe illumination with VIS + IR and IR only. On the other hand, Table 1 shows that T, — Tg
was larger under Xe illumination with UV + VIS + IR. We assume that the heat absorbed
due to the black body material was converted from the source light. In the heat-transfer
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analysis, the heat absorbed by the black body material was calculated using the light
intensity measured using the light intensity meter. However, the heat converted from the
light at each wavelength was not calculated exactly. The emissive power of black body is a
function of the wavelength of light and increases with the increase in the wavelength of
light, especially within the IR range [16]. Therefore, the heat absorbed by the black body
material under Xe illumination with UV + VIS + IR might be underestimated in this study.

Table 2. Relationship between the maximum concentration of the CO formed and the T obtained
from the authors’ experimental study [15].

UV + VIS + IR (without black body material)

The maximum concentration of CO

CO; [mol] NH; [mol] Te [°C] formed [ppmV]
1 05 16.8 318
1 1 16.8 353
1 ’ 15.6 342
1 4 152 362
9 > 183 410
3 3 15.1 291

UV + VIS + IR (with black body material)

The maximum concentration of CO

CO, [mol] NHj [mol] Te [°Cl formed [ppmV]
1 0.5 21.8 340
1 1 209 401
1 2 21.1 413
1 4 21.0 404
9 > 21.8 461
3 3 20.8 370

VIS + IR (without black body material)

The maximum concentration of CO

CO, [mol] NHj [mol] Te [°Cl formed [ppmV]
1 0.5 7.8 124
! 1 75 153
1 2 7.7 154
1 4 7.1 147
3 5 79 205
3 8 8.1 141

VIS + IR (with black body material)

The maximum concentration of CO

CO; [mol] NHj [mol] Te [°C] formed [ppmV]
1 0.5 111 153
1 1 11.7 181
1 ’ 11.1 194
] 4 10.8 176
9 2 12.0 224
3 8 9.8 169
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Table 2. Cont.

IR only (without black body material)

The maximum concentration of CO

CO, [mol] NH; [mol] T. [°C] formed [ppmV]
1 0.5 7.3 39
1 1 7.6 45
1 2 8.1 47
i 4 7.5 45
3 2 8.1 53
3 8 7.0 42

IR only (with black body material)

The maximum concentration of CO

CO, [mol] NH; [mol] Te [°C] formed [ppmV]
1 0.5 9.1 48
1 1 102 56
1 2 10.2 58
i 4 10.2 50
3 2 10.3 66
3 8 9.3 46

Table 3 lists the Ty and T, — Ty values calculated using the heat absorbed by the
black body materials—which were 1.6 to 1.7 times larger than those given for Tg in
Table 1—at different molar ratios under Xe illumination with UV + VIS + IR. Table 3
shows that Te — Ty values for the heat absorbed by the black body material were 1.6 times
larger than those given for Ty in Table 1 and ranged from 0.5 °C to 2.5 °C. In addition,
Te — Tg values for the heat absorbed by the black body material were 1.7 times larger
than those given for Ty in Table 1 and ranged from —0.8 °C to 1.3 °C. Table 3 reveals
that Te — T values decreased compared to those shown in Table 1, indicating that the
prediction accuracy of the heat model proposed in this study could be improved. Therefore,
the authors would like to investigate the procedure for measuring light intensity according
to the lighting conditions and the heat conversion process for each wavelength of light in
the near future.

This study confirms that black body materials enhance mass transfer around the
P4019/TiO, photocatalyst via the natural thermosiphon movement of gases around the
P40O10/TiO, photocatalyst. The photocatalytic reaction occurs on the surface of the P4O1¢/
TiO; photocatalyst. Since the photocatalytic CO, reduction product covers the surface of
the P4O1/TiO; photocatalyst, the new reductants, i.e., CO, and NHj3, cannot reach the
surface of the P4O19/TiO, photocatalyst. This decreases photocatalytic CO, reduction
performance. Using black body material, which can absorb the light, causes the product
remaining around the P4O1(/TiO, photocatalyst to be heated and to lighten. After that, the
product moves upward, stirring the gas around the P4O;y/TiO, photocatalyst. Then, the
new reductants, i.e., CO, and NHj, can reach the surface of the P4O1y/TiO, photocatalyst,
thereby improving photocatalytic CO; reduction performance. Since the photocatalytic
reaction is a surface reaction, we can claim that this approach effectively improves mass
transfer. Figure 1 illustrates the concept of the mechanism for mass transfer around the
photocatalyst, which is promoted by the natural thermosiphon gas movement created
around the photocatalyst by the black body materials in this study.
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Table 3. Comparison of values for Tg, Te — Tg and Terror, which were calculated using the heat ab-
sorbed by the black body materials at different molar ratios under Xe illumination with UV + VIS + IR;
these values were 1.6 to 1.7 times larger than those given for Ty in Table 1.

1.6 Q
CO; [mol] NH;3 [mol] Tg [°C] Te — Ty [°C] Terror [%]
1 0.5 440 2.5 —11.6
1 1 441 0.8 —4.04
1 2 444 0.8 —3.76
1 4 445 0.7 —3.33
3 2 43.8 2.1 -9.73
3 8 447 0.5 —2.31
1.7Q
CO, [mol] NH; [mol] T, [°C] Te — Ty [°C] Terror [%]

1 0.5 45.2 1.3 —6.05
1 1 453 —-0.4 2.00
1 2 45.7 —0.5 2.25
1 4 45.8 —0.6 2.71
3 2 45.0 0.9 —4.10
3 8 46.0 —0.8 3.80

(M

Photocatalyst
B Thermal storage
Black body materials
)
Photocatalyst
Thermal conduction
Black body materials
3)

" Natural thermosiphon
movement of gases

Gas movement f
* 00~

Gas movement
Photocatalyst

Black body materials

Figure 1. Concept of the mechanism for mass transfer around the photocatalyst, which is promoted
by the natural thermosiphon gas movement created around the photocatalyst by black body material
(Phenomenon order: (1) — (2) — (3)).
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According to the concept of this study, to improve photocatalytic CO, reduction perfor-
mance, it is important to balance the temperature of the gases in the reactor, photocatalyst,
black body material, reactor surface and air surrounding the reactor. In addition, it is
important to record experimental data for the temperature and the concentration of the
CO formed under the various light conditions in order to clarify the prediction accuracy
of the model. The experimental setup adopted in this study and its size limitations make
it difficult to record these data [15]. The authors would therefore like to redesign the
experimental setup for a CO, reduction experiment in the near future.

3. Calculation Procedure for Heat-transfer Analysis
Heat-Transfer Formulas

This study considered the heat transfer from a P4O;¢/TiO, photocatalyst that was
coated onto a net-like glass disc fitted on the black body materials to the gases over
the P4O19/TiO, photocatalyst. This study assumed that the source light is ultimately
converted to heat and absorbed by the black body materials. Since the light intensity
differed depending on the light conditions, the converted heat that was absorbed by the
black body materials decreased in the following order: UV + VIS + IR, VIS + IR, IR only. The
temperature of the CO, /NHj3 gas mixture, Ty, was calculated using the following formula:

Q = hA(Ty — Tiyi) 1)

where Q is the heat absorbed by the black body materials [Q], & is the heat-transfer co-
efficient [W/(m?2-K)], A is the heat-transfer area (=the surface area of the Cu disc on one
side) [m?], Tin; is the initial temperature of the CO, reduction experiment) [15] [K]. This
study assumed that Tg is equal to the surface temperature of the P4O10/TiO; photocatalyst
and the black body material. In other words, this study assumed that the CO,/NH;3 gas
mixture was heated from Tjy; to Ty via the P4O19/TiO; photocatalyst and the black body
material. & was calculated using the following formula:

_ Nu-A

h==

2

where Nu is the Nusselt number [-], A is the thermal conductivity of the CO,/NHj gas
mixture [W/(m-K)] and d is the representative length for each local Nu [m]. Nu was
obtained from the following formula, which can be applied to laminar-free convection heat
transfer over a vertical flat plate [17]:

2 1
0.631Pr5 x4\ 5
Nt = ! (gfj)\ ) ©
(Pr +0.9VPr + 0.4) .

where Pr is the Prandtl number [-], g is the gravitational acceleration (=9.81) [m?/s],
B is the volume expansion coefficient [1/K], g is the heat-transfer rate (=Q/A), x is the
position (=5 mm intervals up to the Cu disc radius of 25 mm) [m] and v is the kinetic
viscosity [m?/s]. The physical properties are calculated at the mean temperature of
a quartz glass installed under the Xe lamp, which is 343 K, and the maximum tem-
perature of the CO,/NHj gas mixture measured via thermocouple in the CO, reduc-
tion experiment [15]. Under these conditions, the Pr values for CO, and NHj; were
0.766 and 0.95, respectively [17]. The v values for CO, and NH3 were 0.0097 x 10~ m?2/s
and 0.51525 x 107® m?/s, respectively [18]. The A values for CO, and NHj3 were
19.94 x 1073 W/(m-K) and 42.95 x 1073 W/(m-K), respectively [17]. The B values for
CO, and NHj were 3.722 x 107% 1/K and 3.790 x 10~°® 1/K, respectively. Each physical
property was calculated for the different CO, /NHj3 molar ratios based on the weight ratio
of the CO,/NHj; gas mixture. This study assumed that Q is ultimately converted from
the source light and was calculated using the light intensity measured under each set of
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illumination conditions, i.e., 1.08 W for UV + VIS + IR, 0.952 W for VIS + IR and 0.735 W
for IR only. A was 1963 x 10~° m?.

Using the equations shown above, Ty was obtained for each molar ratio of CO,/NHj3
under each set of illumination conditions. In addition, Ty was compared to the maximum
temperature measured via thermocouple in the CO; reduction experiment in the authors’
previous study [15].

4. Conclusions

This study developed a simple convective heat-transfer model to calculate the tem-
perature of the CO,/NHj gas mixture around the P4O1/TiO, photocatalyst and the black
body material in the reactor, which was validated by experimental data in the authors’
previous study [15]. As a result, the following conclusions were drawn:

(i)  The heat-transfer model proposed in this study was found to predict Tg well under
Xe illumination with VIS + IR and IR only.

(i) Te — Tg was found to be higher, i.e.,, 10 °C higher, under Xe illumination with
UV + VIS + IR relative to Xe illumination with VIS + IR and IR only.

(iii) Te — Tg under the Xe illumination with UV + VIS + IR decreased upon increasing the
heat absorbed by black body materials; these values were 1.6 to 1.7 times larger than
those calculated using the light intensity measured with the light intensity meter.

(iv) According to the heat-transfer analysis conducted in this study, mass transfer around
the P4O19/TiO; photocatalyst was promoted by the natural thermosiphon movement
of the gases, which was generated around the P4O,o/TiO, photocatalyst by the black
body material.
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