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Abstract: Methane reforming is an important potential technology for solving both environmental
and energy problems. This technology is important because methane is counted as a greenhouse
gas, but on the other hand, it can be reformed into industrially valuable compounds. More research
has focused on photocatalytic methane reforming, which has a higher activity than thermal catalysts
under dark conditions. The reaction selectivity toward specific products in photocatalytic methane
reforming is sometimes different from thermal catalyst systems. Herein, we discuss recent advances
in photocatalytic methane reforming to provide various strategies for reforming.

Keywords: photocatalyst; electron; hole; methane; hydrogen; greenhouse gas; steam reforming; dry
reforming; partial oxidation; non-oxidative coupling

1. Introduction

Methane is an important energy source that is abundant and easily obtained in natural
feedstocks, such as shale gas. On the other hand, methane is a greenhouse gas, and
its conversion to other species has been a significant issue over the last century. As a
methane molecule contains carbon and hydrogen, by adding oxidant molecules, it can
be reformed to high-value compounds, such as hydrogen (H;), carbon monoxide (CO),
or other hydrocarbons. The mixture of H, and CO is called syngas and can be further
converted to higher carbon-containing molecules, which are more valuable. Three major
oxidants are commonly used to reform methane, i.e., water, oxygen, and carbon dioxide.
The steam reforming of methane (SRM, Equations (1) and (2)) has the largest H, output
compared to others because the water oxidant contains hydrogen ions. Thus, it is now
commercialized as a way to produce H; [1,2]. However, the side reaction of CO, emission
in SRM is a major problem. The same problem occurs in the partial oxidation of methane
(POM, Equation (3)) when oxygen is used as an oxidant. Here, we define POM as oxidative
methane reforming without using H,O or CO, to distinguish it from others in the present
paper. As oxygen is input directly, the reaction conditions must be carefully adjusted;
otherwise, methane can be completely oxidized to carbon dioxide and water. On the other
hand, the dry reforming of methane (DRM, Equation (4)) can convert CO; as an oxidant.
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Steam reforming CH,4 + H,O = 3H, + CO AH®598x = 206 kJ/mol 1)

Steam reforming CHy +2H,0 = 4H; + CO, AH°59gx = 165 kJ/mol 2)

Partial oxidation (POM) with oxygen as the oxidant CHj + 0.50, = 2H; + CO AH®9gx = —38kJ/mol  (3)
Dry reforming CHy + CO, = 2H; +2CO AH°y9gx = 247 kJ/mol 4)

As presented in the equations, however, the highly positive value of enthalpy indicates
the necessity of a high temperature [3,4]. This high temperature is due to the stability of
methane. The bonding energy of C-H in methane is 434-440 kJ/mol, which is usually
regarded as a rate-determining step of the methane-reforming reaction [5,6]. Among these
four reactions, DRM is the most difficult because of its high endothermic reaction and the
high stability of the CO, oxidant compared with the other reactions.

The theoretical maximum conversion efficiencies of chemical reactions under specific
temperature and pressure conditions can be predicted by considering thermodynamic
equilibrium. Figure 1 shows the calculated conversions of methane-reforming reactions
using NASA-CEA software [7]. It can be understood that a significant amount of heat
energy is necessary for methane conversion reactions. Even in POM with O, as the oxidant,
which is the easiest way to achieve methane conversion, a temperature higher than 550 °C
is needed for a conversion rate of over 90%. As fossil fuels are usually used to heat a reactor,
the reaction system is not environmentally friendly.
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Figure 1. Calculated thermodynamic equilibrium of dry reforming of methane (blue line), partial oxi-
dation of methane (using O,, orange line), and steam reforming of methane (gray line). Equation (1)
was used to calculate the equilibrium for the steam reforming of methane. The input gas of methane
and oxidant were both at 0.01 atm [7].

Another major problem encountered in methane conversion is carbon deposition [1,2,8].
When methane molecules are cracked at high temperatures, carbon species are generated. If
these carbon species cannot react with the oxygen species supplied by oxidants, solid-state
carbon species are precipitated on the surface of the catalyst. This phenomenon is known
as coking, which deteriorates the catalytic activity. The catalyst is expanded by coking
to cause a plug and may destroy a reactor. The time scale of coking phenomena usually
corresponds to one day, which makes it difficult to commercialize.



Catalysts 2021, 11,18

30f39

In addition to these methane conversions using oxidants, the non-oxidative reaction of
methane is also attractive. Some reports indicate that only methane is introduced into the
reactor, where methane coupling occurs, and organics such as ethane, ethylene, propane,
or aromatics are produced (Equations (5) and (6)) [9-11]. Catalysts for promoting the
direct reforming of these molecules are also required. However, low activity and high
operating temperatures are crucial issues that prevent these methane coupling reactions
from being practical.

2CHy = CHg + Hy AH°59gx = 32.55 k] /mol 5)

2CHy4 = CyHy +2H) AH®59gx = 101.1 kJ/mol 6)

On the other hand, photons are a more attractive energy source than heat because
of their high-quality quantum energy. In 1972, Fujishima et al. found that irradiating
light with a certain wavelength makes it possible to drive uphill reactions, such as water
splitting [12]. In this work, ultraviolet light was irradiated onto TiO, in water, and hydrogen
was released from water, even with a bias of —0.6 V. Since then, numerous studies have
been performed to drive the uphill reaction by photocatalysis, such as water splitting or
CO; reduction without applying an electric bias [13,14]. Much research has proved that
light energy can be converted into chemical energy, even if the chemical reaction is uphill.

H,O — H, + 0.50, AHozggK =237.13 k] /mol (7)

Recently, through utilizing the various routes of conversion from light energy to chem-
ical energy, the field of methane reforming by photocatalysis has been studied. Figure 2
shows the number of publications found using the search terms “methane reforming” and
“methane reforming photo” in Web of Science [15]. As can be seen, the study of methane
reforming increased since around 1990, and the publications related to “photo” started
very recently.

900 20

800 |

700 | =—®—"methane reforming"

600 | .
"methane reforming photo"
500 |
400
300 |
200 |

100

Publications of "methane reforming

[y
o
Publications of "methane reforming photo"

8
6
{4
2
0

O _‘—’_"_I__“—"’_“"’"““ - - 1
1960 1970 1980 1990 2000 2010 2020
Year

Figure 2. Number of publications found using the search terms “methane reforming” and “methane
reforming photo” in Web of Science [15].

As photocatalytic methane conversion studies have attracted many researchers, a
comprehensive review of these studies helps many readers understand the current achieve-
ments and photocatalytic methane-conversion mechanisms. This review article aims to



Catalysts 2021, 11,18

4 0of 39

introduce photocatalysts for various methane-conversion reactions and their working mech-
anisms. Furthermore, we discuss the prospects of photocatalytic methane conversions.

In Section 2, we explain the general concept of photocatalytic methane reforming.
In addition, a strategy for material design is introduced. Section 3 introduces various
reactors used in photocatalytic methane reforming, which helps readers to start learning
the photocatalytic methane-reforming topic and optimize reactor design. In Sections 4-7,
various methane-reforming reactions are introduced: steam reforming (Section 4), dry re-
forming (Section 5), partial oxidation (Section 6), and non-oxidative coupling (Section 7).
In each section, an overview of the reaction, materials, and mechanism are described.
In Section 8, other important factors that should be considered in photocatalytic methane
reforming are explained. This section focuses on hot carriers, another important electron
transfer pathway, and the phenomenon of the bandgap shift caused by thermal energy.
In Section 9, we conclude the recent advances in methane reforming and propose prospects.

2. The Concept of Photocatalytic Methane Reforming

Following the bandgap excitation mechanism found by Fujishima et al. [12], many re-
ports adapt this concept to methane reforming. Generally, in the field of photocatalysis, ma-
terials are composed of semiconductors with metal co-catalysts, as shown in Figure 3 [14,16].
Metal particles are deposited on the surface of a semiconductor to avoid recombination and
produce active sites. When we focus on methane reforming, methane is oxidized by a hole
generated at the semiconductor, while oxidants receive electrons from the metal catalyst.

Empty band
Lightirradiation
Fermi level
Semiconductor Metal

&
|

Figure 3. General electron transfer pathway in a metal-loaded semiconductor after light irradiation.

As for the semiconductor choice, it must meet the criteria of (1) stability against light,
temperature, and the atmosphere of methane and other oxidants, and (2) the capability
to reduce oxidants and oxidize methane reductants. To drive a photocatalytic reaction,
the conduction band position must be higher than the redox potential of the oxidant and the
valence band position must be lower than the redox potential of the reductant. As is already
known, in aqueous solutions, carbon dioxide reduction requires a high conduction band
position rather than proton reduction [17,18]. The same requirement should also be adapted
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for photocatalytic methane reforming. Further requirements should be considered, namely,
(3) basicity and (4) reducibility, which are important factors that determine catalytic activity
in thermal catalysts for methane reforming [19-21]. Furthermore, to make it practical,
(5) visible light sensitivity, (6) an abundance of the photocatalyst materials, and (7) a facile
catalyst fabrication process are required. Furthermore, the basicity of the semiconductor is
an important factor that determines the catalytic activity under dark and light irradiation
conditions. For example, MgO is one of the most widely used supports in methane
reforming. Following this strategy, alkaline elements can be introduced into light absorbers,
such as the reported examples of SrTiO3, NaTiO3, or K;TigO13.

As sunlight includes only a little ultraviolet light, it is necessary to make the semi-
conductor visible-light sensitive. However, when researchers try to make photocatalysts
visible-light sensitive, they always confront a tradeoff of the decreasing relationship be-
tween visible-light absorbability and the high potential of electrons and holes to drive
efficient chemical reactions.

Our group screened various visible-light-sensitive semiconductors to drive photo-
catalytic DRM [22]. We used a flow reactor and evaluated pristine photocatalysts and
Rh- or Ru-loaded photocatalysts; however, almost all the catalysts showed no notable
activity, as shown in Table 1. There are some reasons that can account for these results.
One is the instability of the catalysts. The surface temperature of a photocatalyst increases
when it is irradiated by light without water-cooling. Thus, sulfides or unstable oxides
tend to change their structure, resulting in no significant conversion. Second, as Ruck-
enstein et al. pointed out in their paper, catalytic activity is deeply related to catalytic
support. They compared the catalytic activity in dark conditions using rhodium loaded on
various supports. They found that the order of the catalytic activity was SiO, ~ MgO =~
v-Al,O3 > Y503 > TapOs ~ LapyO3 > TiO; > ZrO; > NbyOs5 > CeO,. We further expanded
our knowledge of photocatalysts.

Table 1. H; yield (%) over visible-light-sensitive catalysts with and without visible light irradiation at 450 °C. N.D. = not
detected. Reproduced from [22] with permission from The Royal Society of Chemistry.

Rh-Dope

Light Cds Biz S3 TaON Ta3N5 SrTiO3 g-C3 N4 Bi2W06 MgFez 04 ZnFe204 CaFe204
OFF N.D. N.D. N.D. N.D. N.D. N.D. 1.6 0.1 N.D. N.D.
ON 1.2 0.2 N.D. N.D. N.D. 0.2 N.D. N.D. N.D. N.D.

Thermal

Light Cu;O Rh/Bi;WOq Ru/ZnFe; 0y Ru/CaFe;O4 Rh/CuO  Rh/g-C3Ng Rh/TaON Rh/TazNs Catalyst

Limit
OFF N.D. N.D. N.D. N.D. N.D. N.D. 15.6 22.8 36.3
ON 0.6 N.D. 2.2 2.4 N.D. 0.1 50.3 33.6 -

As for co-catalysts, the most commonly used metals are rhodium, ruthenium, plat-
inum, iridium, gold, silver, nickel, and cobalt [23,24]. These materials are also reported
as being used in thermal catalysts [25-27]. The fabrication methods can affect the activity
significantly. Our group used an impregnation method and a hydrothermal method to
make Rh/TaON [22]. Here, the particle size of the Rh was around 2-3 nm in the case of
the hydrothermal method, while it was much larger and ununiformly loaded from 2 to
15 nm on TaON using the impregnation method. As a result, the samples prepared using
the hydrothermal method exhibited higher activity.

The interaction between the semiconductor and co-catalyst is complicated, and the
order of the co-catalyst performance cannot be uniquely determined. Figure 4 shows the
H; production rate, where steam reforming of methane was performed using lanthanum-
doped NaTaOj3 under light irradiation [23]. The order of the production rate of hydrogen is
shown in this figure. On the other hand, the hydrogen production rate of the same reaction
with another semiconductor (K;TigO13) is presented in Figure 5. This clearly shows that the
activity tendencies over various metal catalysts are different from those seen in Figure 4,
implying that the photocatalytic activity is not simply dependent on the co-catalyst metal
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element. In other words, the activity strongly depends on the interaction between the
semiconductor photocatalyst support and the loaded metal co-catalyst. Indeed, the activity
order of non-oxidative methane coupling on the metal loaded on TiO, (Figure 6) was
drastically different from those shown in Figures 4 and 5.

-
oo

H, production rate / umol min™!

Pt Pd Rh Au Ni Ag Ir Ru
Metal loading

Figure 4. H, production rate for metal-loaded La-doped NaTaO3 under light irradiation. The loaded
amount is 0.01%. The black bars represent the data of materials calcinated at 773 K in air and the
white bars show the data of samples further reduced at 673 K under H;. The dotted line represents
the H, production rate of La-loaded NaTaO3 without any co-catalyst. Reprinted with permission
from [23]. Copyright (2010), American Chemical Society.
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Figure 5. H, production rate for metal-loaded La-loaded K;TigO13 under light irradiation. The loaded
amount is 0.03%. The gray bar shows the H, production over various co-catalysts loaded using a pho-
todeposition method and the white bar represents the impregnation method followed by calcination
at 773 K. Reprinted with permission from [24]. Copyright (2010), American Chemical Society.
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Figure 6. Ethane yield by non-oxidative methane coupling using various metal-loaded TiO, catalysts.
Reproduced from [28] with permission from The Royal Society of Chemistry.
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The interaction between the support and the co-catalyst also affects the catalyst sta-
bility. Balazs Laszl6 et al. performed photocatalytic dry reforming of methane using
titanate nanotubes that were modified with Au and Rh (Figure 7) [28]. They compared the
photocatalytic activities under chopped light irradiation. As a result, the photocatalytic
activity decreased in Rh-loaded titanate nanotubes, while it remained almost the same
in the case of Au-loaded titanate nanotubes. Our group performed photocatalytic dry
reforming of methane using Rh/TaON, but the catalytic activity remained stable during a
similar time to the previous report (Figure 8) [22]. These results strongly suggest that the
interaction between the semiconductor and the loaded catalyst is an important factor for
stability. This work also implies the difficulty and importance of choosing an appropriate
combination of the support and the loaded catalyst.

30,000

Rh/TNT Au/TNT
CH

25,000~

1000

1004
C

i

molar fraction (ppm)

=]
L

CH,

— —
3 hours 3 hours

time (h)

Figure 7. Conversion of methane and the formation of Hp, CO, and C,Hg with Rh and Au loaded on
titanate nanotubes (TNT). Reprinted from [29] with permission from Elsevier.

Figure 8. Stability test of Rh/TaON performing photocatalytic dry reforming of methane (DRM).
Reproduced from [22] with permission from The Royal Society of Chemistry.

This section introduced the photocatalyst design for methane reforming, including
semiconductors, loaded co-catalysts, and the interaction between the two. In the next
section, we introduce the actual experimental reactors, the reported catalysts, and the
analyzed mechanism.

3. Evaluation System for Photocatalytic Methane Conversion

In photocatalytic methane reforming, there are many reactor designs [29-33]. Since
there are various kinds of evaluation systems that have a strong influence on catalytic
activity, it is important to examine the appropriate system before comparing it. A closed
reactor was used in some previous reports, which has a longer time for compounds to
react. In most cases, flow reactors are used so that gases are continuously renewed [29].
The use of a flow reactor makes it possible to remove products, which prevents unnecessary
side reactions.

As the photocatalyst activity is strongly dependent on the irradiation area, some reac-
tors are designed for large irradiation areas, as shown in Figures 9 and 10. One example
of the further enhancement of the irradiation area is a monolith photoreactor. A mono-
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lith reactor is defined by a single structure with thin, vertical parallel channels that are
separated from each other by walls (Figure 11) [34]. This design is particularly suited for
photocatalytic gas reactions because light can penetrate deep inside the reactor; therefore,
efficient light absorption is possible. In addition, an improved sorption process and larger
catalyst loading can make the catalytic activity relatively high [31,35,36].

A reactor that can measure surface temperature is shown in Figure 12. As the surface
temperature increases when light is irradiated, the surface temperature data are important.
It is also noted that the comparison of the catalysis performance between each report
is extremely difficult because the degree of the photo-thermal effect is different in each
report. As the surface temperature increases, the catalyst has a temperature gradient. Some
previous studies reported that the temperature gradient affects catalytic properties [37].
Furthermore, if the reactor becomes complicated, such as the monolith reactor mentioned
above, the comparison between the efficiencies of each material becomes far more difficult.

Quantum efficiency, which is one of the most important values when comparing
photocatalyst performance, cannot be simply adapted for evaluation because it does not
consider the thermal effects. Quantum efficiency is defined as the charge carriers used to
generate products over the input photons. Thus, if there are thermal catalytic products,
the value of quantum efficiency can easily be overestimated. It is important to measure the
surface temperature at least so that the photothermal effect can be discussed.

Connected to a conventional
vacuum line

Reaction gas

(CH,. H,0, Ar)
Thermocouple
Catalyst Quartz wool
=/
50 mm @ N Catalyst
(/E—Q ' [ /

\\) —— S~ Quartz wool
h = amp

UV-reflection mirror Xe lamp On-line GC-TCD

(a) (b)

Figure 9. Example of a reactor for photocatalytic methane reforming: (a) a closed reactor and (b) a
flow reactor [29]. Reprinted by permission from [30]. Copyright (2014), Springer Nature. GC-TCD:
gas chromatography-thermal conductivity detector.

1o ‘

" —
o I_""qomh' E‘ 2

Figure 10. Another reactor design for photocatalytic methane reforming: (1) thermocouple, (2) gas

outlet, (3) aluminum foil, (4) sieve plate, (5) heater, (6) graphite plate, (7) mercury lamp, (8) catalyst
inlet, (9) quartz reactor, (10) catalyst bed, (11) gas inlet, and (12) fan [32]. Reprinted from [33], with
permission from Elsevier.
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reflector lamp

quartz window

ey N

CH, —:IE_L:,_, Feedpe_ - -eT
“ %_LM" WHHHH

Iy
i 5.5cm
2emi
E Monolith
v
products
Vent X s,
v ™
heater monolith support
(=
(DM
(C)
GC/TCD/FID

Figure 11. Monolith reactor used in photocatalytic methane reforming. Light can be irradiated deep
into the reactor [31]. Reprinted from [32], with permission from Elsevier. FID: flame ionization
detector, MFC: mass flow controller.

Light source

Radiation
thermometer

Quartz window
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Heater

Thermal
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YY)
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T | —

Figure 12. Example of a reactor for photocatalytic methane reforming. The heater and thermocouple
are equipped and the surface temperature is also measured [22].

4. Photocatalytic Steam Reforming of Methane
4.1. Overview of the Reaction

SRM is a favorable reaction for producing Hy because H; can be produced from
both methane and water. The amount of hydrogen produced per methane is higher than
that produced by the other methane-reforming reactions. The disadvantage is that the
reaction produces not only CO but also CO;, as shown in Equations (1) and (2) in Section 1.
The selectivity of the reaction is a major problem in SRM.

4.2. Material

Titanium dioxide (TiO;), one of the most investigated photocatalysts, has been used
by many researchers [38,39]. Although its photocatalysis ability was found in 1972, even
pristine TiO, has high photocatalytic activity, low cost, abundant material, and nontoxic
elements. Thus, it is also employed in various types of methane reforming.

Yoshida et al. loaded platinum onto TiO, and performed steam reforming of methane
(Table 2) [40]. In their reaction, only trace amounts of carbon monoxide were observed and
the ratio of Hy /CO, was close to 4, which means that the reaction proceeded according to
Equation (2). It should be noted that they performed experiments where the amount of
methane was 50% and water was around 1.5%.
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Table 2. Comparison of H, production rate using Pt-loaded and unloaded TiO,. Reprinted with
permission from [40]. Copyright (2008), American Chemical Society.

Entry Catalyst Feed Gas ? H, Production Rate ® (umol min—1)
1 TiOZ HQO n.d.
2 - CH4 n.d.
3 - H,O+CHy,4 0.004
4 Ptm(0.1) /TiO, H,O n.d.
5 - CHy 0.063 ©
6 - H,O0+CH, 0.76 4

2 Feed gas composition was 50% for CHy and 1.6% for HO with an Ar carrier. Total flow rate
was 30 mL min~!. ® H, production rate was the value after 6 h upon photoirradiation when it
became almost constant. n.d.: not detected. ¢ C;Hy (0.031 pmol min~!) was also produced. dCo,
(0.18 pmol min~1), C,Hg (0.014 pumol min 1), and CO (ca. 0.003 pumol min 1) were also produced.

Yoshida et al. also reported that SRM could be driven by irradiating light on Pt-loaded
La-doped NaTaO3 at room temperature (Table 3) [23]. They optimized various parameters,
such as the crystallite size of NaTaOj3, doping element, doping amount of the element,
surface area loading of the co-catalyst, and its amount. They found that the optimal element
to be doped is La, to be loaded is Pt, and the optimal amount for Pt onto NaTaO3:La(2%)
was approximately 0.1%.

Table 3. Result of photocatalytic reaction over various samples. Reprinted with permission from [23]. Copyright (2010), American
Chemical Society.

Production Rate (umol min—1)

Entry Photocatalyst Sger 2 (m? g~ 1) DY (nm) Feed Gas H,O H,0 + CH,4
Product H, H, CO,
1 NaTaOj3:Lac(2%) © 3.6 50 - 0.08 0.21 -d
2 NaTaOs:Lagp(2%) © 1.9 62 - 0.12 0.29 -d
3 Pt(0.1)/NaTaOs:Lac(2%) “® - - - 0.00 15 0.39
4 Pt(0.05) /NaTaOs:Lagy(2%) ¢ - - - - 1.8 0.46
5 NiO(0.2)/NaTaO5:Lac(2%) © - - - 0.16 0.18 -f
6 Pt(0.1)/TiO, 8 335 - - 0.00 0.76 0.18
7 NaTaO3pp © 0.67 58 - - 0.06 -f
8 KTaOspy © 15 58 - - 0.04 -f
9 LiTaO3pp © 0.48 57 - - 0.02 -f
10 Pt(0.01)KTaOj5:Lagy(2%) <1 5.1 58 - - 0.28 -d
11 Pt(0.03)/NaTaOs5:Lagp (2%) & - - - 0.00 45 1.2

2 BET specific surface area. b Crystallite diameter calculated from X-ray diffraction line at 22.8° for NaTaOs3, 31.7° for KTaO3 and 23.8°
for LiTaO3, respectively. © The light intensity measured in the range of 230-280 nm was 14 mW cm 2. The feed gas was H,O (1.5%) or
a mixture of H,O (1.5%) and CHy (50%) with an Ar carrier. The total flow rate was 50 mL min~'. The amount of the catalyst used for
filling up the reaction cell was 0.6 g for Pt/TiO, and 1.0 g for others. In the latter case, the catalyst was diluted with quartz granules
0.8 g). d A trace amount of CO, was produced, which was lower than 0.08 pmol min~!. ¢ Pt was loaded by impregnation method using
Pt(NO;)2(NHj3), precursor followed by calcination and H; reduction at 773 K. f CO, was not detected. 8 Pt/TiO, was prepared from TiO,
(JRC-TIO-8) and an aqueous H,PtClg solution with 50% methanol by photodeposition method. I Pt was loaded by impregnation method
using Pt(NO,),(NHj3), precursor followed by calcination at 773 K and H; reduction at 573 K.  The light intensity measured in the range of
230-280 nm was 116 mW cm 2. The feed gas was HyO (1.0%) or a mixture of HyO (1.0%) and CHy4 (10%) with an Ar carrier. The total flow
rate was 50 mL min~!. The catalyst (1.0 g) was diluted with quartz granules (0.8 g).

Other than loading Pt, Yoshida et al. incorporated potassium as an alkaline element
and fabricated Rh/K;TigOq3 [24]. The catalytic activity of Rh/K;TigO13 was comparable
with that of Pt/NaTaO3 mentioned above. They prepared samples using various methods
and found that photodeposition was the best.
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4.3. Mechanism of the Reaction

In the paper by Shimura et al., the band structure of K;TigO;3 combined with Rh metal
and RhyO3; was demonstrated [24]. They found that their samples consisted of metal state
Rh and Rh;0O3, which was shown using X-ray absorption near-edge structure (XANES)
analysis. Thus, they described the schematic view of the movement of excited carriers,
as shown in Figure 13.

Intermediates in photocatalytic SRM have also been discussed. Pale brown species
were found on Pt/ TiO;, which was determined to be [CH,O], by Yoshida et al. [40]. They
first performed photocatalytic SRM, and when the reaction became stable, i.e., the H, /CO,
ratio became the stoichiometric ratio of 4, they stopped supplying CHj, into their reactor,
while they continued to introduce water (Figure 14). They observed pale brown species only
when SRM gas was introduced, but it was consumed when water alone was introduced.
Only H; and CO, were observed as the output gas. They recognized that the pale brown
species were composed of only carbon, hydrogen, and oxygen. Combining the results of
the products obtained, they determined the intermediate to be [CH,O],. The consumption
of [CH,O], is described in Equation (8):

[CHzo]n/ad + I‘leO — 2nH, + 1’1C02. (8)

They also experimented with changing the input gas concentration (10%—50%—10%)
(Figure 15). They found that at the first step, there was a low H; production rate, but
after reacting at 50%, the production rate of Hj increased significantly, even though the
same concentration of CHy was fed. This phenomenon was attributed to the accumulation
of the intermediate.
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4H;

hv
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CO, +8H" §
CH4 + 2H,0
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Figure 13. (A) Band structure of (a) RhyO3, (b) K;TigO13, and (c) rhodium metal, and (B) the
proposed mechanism of the photocatalytic steam reforming of methane over Rh/Rh,O3/K;TigO13.
Reprinted with permission from [24]. Copyright (2012), American Chemical Society. NHE: normal
hydrogen electrode.
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Figure 14. Production rates of (a) Hp, (b) CO,, and a molar ratio of (c) Hy/CO,, where the input
gas was (A) CHy (50%) + HyO (1.6%) and (B) H,O (1.6%). Reprinted with permission from [40].
Copyright (2008), American Chemical Society.
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Figure 15. Time course of the production rate of H, with the methane concentration controlled to be
(A) 10%, (B) 50%, (C) 10%, (D) 0%, (E) 10%. Reprinted with permission from [40]. Copyright (2008),
American Chemical Society.

Regarding the mechanism of photocatalytic SRM, Yoshida et al. examined the tempera-
ture dependence of the catalytic activity and investigated the Arrhenius plot (Figure 17) [23].
Figure 16 indicates that below 348 K, the amount of H, produced increases as the tempera-
ture increases. The apparent activation energy was calculated to be 14 k] mol~!, which is far
smaller than the reported value of other thermal systems (122 k] mol ! using a Pt catalyst).
This small activation energy should be different from the thermal catalysis mechanism of
the SRM. At a temperature higher than 348 K, the hydrogen production rate was constant
versus temperature, which was explained by noting that only the photocatalytic reaction
step exists in this region.
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0.3 e = it = kb
~ m|
gO.Z" ‘\‘
= b
= 0.1 3

0‘ “\‘

1 O

0.1
0.0025 0.003

T1/K!

Figure 16. Arrhenius plot constructed using the production rate of H,. Reprinted with permission
from [23]. Copyright (2010), American Chemical Society.
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5. Photocatalytic Dry Reforming of Methane (DRM)
5.1. Overview of the Reaction

Although the DRM reaction is attractive because it can use CO, as a resource to pro-
duce syngas, DRM is the most difficult among the methane-reforming reactions, as shown
in Figure 1. This difficulty occurs because of the stability of both methane and CO,. Dry
reforming also suffers from a process of severe carbon deposition called coking. During
the methane-cracking process, the completely cracked methane leaves carbon species on
the surface, which can be oxidized and removed by the oxidant. In the case of CO, it is
less likely to be removed than other oxidants, such as O, or H,O, which accelerates the
carbon deposition [1,41,42]. There is even research on mixing oxygen in DRM to prevent
carbon deposition.

The side reactions usually discussed are listed (the primary reaction is written in
Section 1, Equation (4)):

The water gas shift reaction CO, +H,; = CO+H,O AH’ygx = 41kJ/mol, (9)

Carbon deposition CH; —» C+2H, AH®y98x = 749 kJ/mol. (10)

5.2. Material

As early as 2004, Daxin Shi et al. used a complicated material of Cu/CdS-TiO,/SiO,
to perform DRM. They observed a 1.47% CH, conversion, a 0.74% CO, conversion, and
the selectivity of the acetone was 92.3% (Figure 17, Table 4) [32]. Although they could
successfully convert methane and carbon dioxide into acetone, the conversion became zero
in approximately 2 h. They attributed this to the photo-corrosion of CdS that was promoted
by TiOz.

e
99 8
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Figure 17. Illustrated material fabricated by Shi et al. Reprinted from [33], Copyright (2004), with
permission from Elsevier.

Table 4. Photocatalytic conversion of methane and carbon dioxide over the catalyst in Figure 17.
Reprinted from [33], Copyright (2004), with permission from Elsevier.

Conversion (%) Selectivity (%)
Temperature (°C)
CO, CHy4 CH3;COOH CH;CH; CH3;COCH; co
30 0 0 - - - -
80 0.07 0.11 - 46.7 0 53.3
120 0.74 1.47 Trace 3.1 92.3 4.6
150 0.79 1.54 Trace 7.5 87.6 49

Reaction conditions = 1 atm, CO2/CH4 = 1/1 (molar ratio), UV intensity = 20.0 mW cm~2, space
velocity =200 h~1.

As for bare photocatalysts, Wibowo et al. reported in 2018 that DRM was assisted by
photon energy [43]. Employing each of SrTiO3, TiOp, WOj3, and SnO, as a photocatalyst,
they found that the amount of CO observed significantly increased when only SrTiO3 was
used, as shown in Figure 18. They further compared the activity and band position of the
used photocatalyst and found that the conduction band position is an important factor
(Figure 19). As CO;, is difficult to reduce in water, this is one reasonable explanation.
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Figure 18. CO generation from a DRM reaction at 700 °C under UV light irradiation (On) and a dark
condition (Off) using various metal oxide catalysts. Reprinted from [43] with permission from The
Chemical Society of Japan.
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Figure 19. Schematic diagram of the band structure of each catalyst and CO production mechanism
during a photocatalytic DRM reaction. Reprinted from [43] with permission from The Chemical
Society of Japan.

The bare MgO insulator exhibited photocatalytic DRM activity, according to Tera-
mura et al. [44]. To elucidate why MgO proceeds under light irradiation, they obtained a
phosphorescence-exciting spectrum with and without the flow of CO, (Figure 20A). As a
result, they found a characteristic peak at 320 nm, which can be assigned to the absorption
due to a new acceptor level built between the valence band and conduction band. The yield
of carbon monoxide is shown in Figure 20B. The rate of CO production decreased from

30 h onward.
(A) (3 MgO © (B) 46 50
(b) 14 E i
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Figure 20. (A) Phosphorescence exciting spectra of MgO. (B) Time course of the CO yield and
CHy consumption over MgO. Reprinted with permission from [44]. Copyright (2004), American
Chemical Society.
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Shoji et al. used rhodium metal as a co-catalyst for photocatalytic DRM because it
is one of the most studied thermal DRM catalysts [30]. They compared dark conditions,
UV light irradiation conditions, and thermodynamic limits calculated using the chemical
equilibrium (Figure 21). As a matter of course, the catalytic activity did not surmount the
limitation of the thermal system, but with UV light irradiation, methane and CO, were
effectively converted to Hy and CO, even at 100 °C.

Rh/STO Light

« o

H, generation (umol/min)
IS
529

Rh/STO
o Bt i :

100 150 200 250 300 350 400 450
Temperature (°C)

Figure 21. Photocatalytic activity of UV light-irradiated Rh/SrTiO3. The reaction was DRM.
Reprinted from [30]. STO: SrTiO3.

For a co-catalyst other than a noble metal, Ti3AlC; was proposed by Tahir et al. for
deposition onto TiO; [36]. Ti3AlC; is a piled structure made of graphite-like layers that has
good electron transport characteristics. They performed dry reforming of methane, steam
reforming of methane, and methane bi-reforming (Figure 22). They claimed in their paper
that the conversion was high due to the electron conductivity of Ti3AlC;. In addition, this
is the first attempt at utilizing Tiz AIC; in photocatalytic reactions.
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Figure 22. Effect of Ti3AlC; loading on the performance of TiO, for photocatalytic dry reforming of
methane. Copyright (2020), reprinted from [36] with permission from Elsevier.

Employing CeO; in photocatalytic methane reforming is promising because CeO,
is known to have many oxygen vacancies, which provides various merits in catalytic
activity [45]. Pan et al. doped zinc ions into CeO, and loaded Pt, and finally coated it with
atomic layer MgO (Figure 23) [46]. They focused on photocatalytic DRM, but they claimed
that both the input of photon energy and thermal energy boosted the conversion. The strat-
egy of doping zinc and coating the MgO atomic layer is beneficial in both thermocatalytic
and photocatalytic DRM. As for the thermocatalytic viewpoint, MgO has a high affinity
for CO; and promotes reverse CO disproportionation. From a photocatalytic viewpoint,
zinc can create localized band states and MgO can passivate the surface states of CeO,,
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which act as recombination centers. The optimized Zn/Ce molar ratio and atomic layer
deposition cycles of MgO and the ground were 0.10 and 5 cycles, respectively (Figure 24).

s

MgO layers

Figure 23. Illustration of the photocatalyst used by Pan et al. Copyright (2020), reprinted from [46]
with permission from Elsevier.
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Figure 24. Photocatalytic activity of the material that is described in Figure 24 and the references.
(a) Hy and (b) CO production rates at 600 °C in the dark and light irradiated condition. Molar ratio
optimization of Zn-Ce is shown in (c), and the time of ALD cycles optimization is shown in (d).
Copyright (2020), reprinted from [46] with permission from Elsevier. ALD: atomic layer deposition.

Moreover, they found that light-illuminated DRM has better stability than those with-
out illumination (Figure 25). To elucidate the reason, they performed X-ray photoelectron
spectroscopy (XPS) before and after photochemical and thermochemical DRM (Figure 26).
As they compared Ce** and Ce3*, the concentration of Ce®* decreased drastically after the
test for dark conditions, but for the light-irradiated condition, the ratio remained almost
the same. Since Ce®" indirectly indicates the number of oxygen vacancies, and the number
of oxygen vacancies corresponds to the unlikeliness of carbon deposition, it can be con-
cluded that light illumination preserves oxygen vacancies and prevents carbon deposition.
This sequence is an important function of light irradiation.
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Figure 25. Stability test of DRM using the material described in Figure 23 and the references.

The production rates of (a) H, and (b) CO. Copyright (2020), reprinted from [46] with permission
from Elsevier.
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Figure 26. XPS profiles of (a) Pt/CeO;, (b) Pt/Zn-CeO;,, and (c) MgO/Pt/Zn-CeO;. Each sample has
spent data under dark light conditions and as a prepared sample. The ratio of Ce?t /(Ce3 + Cet)
was calculated from the data. Copyright (2020), reprinted from [46] with permission from Elsevier.

Very recently, we found that Rh/TaON and Rh/Ta3N5 exhibited efficient activity,
both in dark and visible light-irradiated conditions (Figure 27) [22]. As TaON was stable
at higher temperatures and had better photocatalytic activity, we focused on Rh/TaON.
The photocatalyst morphology was optimized and it was found that the photocatalyst
prepared using the hydrothermal method had the best activity compared with those
prepared using the impregnation and photodeposition methods. In addition, the activity
was the highest on the 0.68 wt% Rh loaded onto TaON, which was prepared by adding
5 wt% of the precursor.
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Figure 27. Catalytic activity under dark conditions, photocatalytic activity under visible light
irradiated conditions, and thermodynamical limit calculated using the equilibrium [7]. Reproduced
from [22] with permission from The Royal Society of Chemistry.
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Tahir et al. modified TiO, using montmorillonite (MMT) [31]. They utilized MMT
because MMT has a good affinity for TiO, and it is a low-cost, abundant, and environ-
mentally friendly material. Moreover, as MMT has a silicate layer-piled structure, polar
molecules, such as water, can diffuse into MMT and expand the layer gap distance. TiO,
intercalates to the enlarged gap space and then silicate layers disperse and a nanocomposite
can be produced.

They found in their experiment that the layered structure of MMT was destroyed
during the intercalation process. In addition, the modification of TiO, with MMT prevented
the particle from undergoing crystal growth and resulted in the formation of nanocom-
posites. Since the crystallite size of TiO, was small, it was formed by MMT, preventing
crystallization. Photocatalytic activity using the photocatalyst is shown in Figure 28. In the
first step of the reaction, they observed a significant amount of C;Hg, but it disappeared
as time went by. They also observed a small amount of CH30H with a selectivity of
less than 5%.
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Figure 28. Yield of carbon monoxide and ethane under montmorillonite (MMT)-modified TiO,
performing photocatalytic methane reforming. Copyright (2015), reprinted from [32] with permission
from Elsevier.

In 2018, Tahir et al. reported that loading Ni could further enhance the photocatalytic
activity of DRM on MMT/TiO; [35]. They prepared Ni/MMT-modified TiO, by adding
Ni and MMT into a TiO; sol, dipped it into their reactor, dried it at 110 °C, and calcined it
at 500 °C for 5 h. They found that the yield rate of CO in photocatalytic DRM increased
remarkably (Table 5).

Table 5. Performance of Ni/MMT-modified TiO, with various loading amounts and references.
Copyright (2019), reprinted from [35] with permission from Elsevier. CPSI stands for channels per
square inch.

Yield Rate @ (umol g-cat~1 h—1)

Catalyst
(€0) CHy
TiO, 19 0.74
5% MMT/TiO, 26 1.01
10% MMT/TiO, 51 1.06
15% MMT/TiO, 42 1.06
1% Ni-10% MMT/TiO, 2236 3.69
3% Ni-10% MMT/TiO, 3813 5.58
5% Ni-10% MMT/TiO, 2958 4.56

aT =100 °C, Irradiation time = 2 h, CO, /H, feed ratio = 1.0, Flow rate = 20 mL/ min, CPSI = 100.

As our group has explored, g-C3Ny was explored as a light absorber for the DRM
photocatalyst. As both carbon and nitrogen are abundant elements and light-weight, visible
light-active photocatalysts, there is great merit in photocatalytic DRM. However, there
is also a demerit in that g-C3N4 decomposes from 400 to 700 °C [47]. In addition, when
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analyzing the products, the carbon may come out of the photocatalyst itself. Tahir et al.
loaded copper at the weight ratio of 3% on g-C3Ny [48]. They reported that there are other
hydrocarbon products in addition to the main products, namely, carbon monoxide and
hydrogen. At 100 °C, C3Hg was observed (Figure 29).
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Figure 29. Yield of (a) CO and H; and (b) higher hydrocarbons using Cu/g-C3Ny4. Copyright (2017),
reprinted from [48] with permission from Elsevier.

In 2019, Tahir et al. reported the loading of silver nanoparticles onto protonated g-
C3Ny. The formation of C;Hg and methanol was confirmed [49]. After synthesizing g-C3Ny
using melamine as a precursor, they protonated the surface by immersing their catalyst
into a nitric acid solution. Afterward, silver was deposited on the protonated g-C3Ny4 using
the sonication-assisted photodeposition method. They explained in their paper that the
significantly increased amount of CH3OH produced was caused by reducing protons at
the surface of the catalyst. In addition, the reaction follows the equation presented below:

2CH, + 2CO, — 3CO + 2H, + CH;OH. (11)

This result not only has the impact of producing methanol at low temperatures but it
gives rise to the possibility of a proton becoming an intermediate.

Han et al. used Pt loaded onto black TiO, to perform photocatalytic DRM [50]. Black
TiO, is a material that includes a high amount of Ti>* defects and oxygen vacancies, which
create interband levels in TiO,. They prepared the sample by reducing Pt-loaded TiO,
(P25, Degussa) at 200 °C for 24 h under an atmosphere of H. The catalytic activity obtained
shows that when light was irradiated onto the sample, the catalytic activity was much
higher at 400 °C (Figure 30). They explained why the redox potential changed when heat
was input into their system (Figure 31). At 25 °C, CO; cannot be reduced by TiO, because
the redox potential is more negative, but at higher temperatures, the potential decreases,
which enables the photocatalytic DRM to proceed. It was noted that the yields of H; and
CO were almost the same in both the light-illuminated and dark conditions. They also
reported almost the same phenomenon using the same material in photocatalytic SRM [51].
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Figure 30. Yield of (A) H; and (B) CO for DRM using Pt/black TiO, under AM 1.5G (the global
standard spectrum), visible light, and dark conditions, and (C) H, and (D) CO using Pt/Al,O3 as a
reference. Reprinted with permission from [50]. Copyright (2015), American Chemical Society.
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Figure 31. Band structure of TiO,, black TiO,, and various redox potentials at 25, 150, and 600 °C.
Reprinted with permission from [50]. Copyright (2015), American Chemical Society.

5.3. Mechanism of the Reaction

To confirm the nonthermal effect, our group compared the activity of light-irradiated
conditions and only thermal conditions by controlling the surface temperature to the
same value. As we carefully measured the surface temperature under the visible light
irradiated condition, it showed 316 °C, while the thermometer below the catalyst showed
210 °C. Thus, we controlled the temperature to 316 °C in the dark. The activity under
both conditions is shown in Figure 32. Here, it is demonstrated that there was a certain
contribution of photon energy that was directly driving the reaction.

To clarify the photocatalytic DRM mechanism, Shoji et al. performed in situ elec-
tron spin resonance (ESR) measurements on Rh/SrTiO; photocatalysts. They found that
electrons are injected from the conduction band of SrTiO3 to Rh nanoparticles under UV
light irradiation because of the disappearance of the electron peak (Figure 33a,b). With
the addition of methane, the number of excited holes decreased, indicating that the holes
reacted with methane (Figure 33c).
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Figure 32. Comparison of activity under light irradiation conditions (surface temperature = 316 °C,
operating temperature = 210 °C) vs. dark condition (surface temperature = operating temperature =
316 °C). Reproduced from [22] with permission from The Royal Society of Chemistry.

In addition, they performed isotope tests to identify the reaction intermediates. Before
the isotope test, they confirmed that CO was generated when methane alone was input,
where lattice oxygen was the only supplier of oxygen (Figure 34). Then, they used H,'30
to replace the surface oxygen with 180, after which, they input methane. When light
was irradiated onto the 30-doped SrTiO3, there was a C'80 product (Figure 35). As a
reference, they performed the same experiment with no ¥0 doping and found that the
C'80 originated from the lattice. Thus, they concluded that the reaction intermediate was
lattice oxygen. CO; continuously supplied oxygen into the lattice of SrTiO3, and the oxygen
could react with methane to produce CO (Figure 36).
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Figure 33. Electron spin resonance (ESR) spectra of (a) SrTiO3 under Nj; (b) Rh/SrTiO3 under Ny; (c)
Rh/SrTiO3 under UV Ny, CO,, and CO; + CHjy. Reprinted from [30].
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Figure 34. Sole gas experiment performed using Rh/SrTiO3. First, (a) methane only; then, (b) a
mixture of methane and carbon dioxide; finally, (c) methane again. Reprinted from [30].
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Figure 35. Yield of C'80 after exchanging surface oxygen with (a) H,!00 and (b) H,180. Reprinted
from [30].

Figure 36. Speculated mechanism of photocatalytic DRM using Rh/SrTiO3. Reprinted from [30].

To further investigate the photocatalytic DRM mechanism, Kushida et al. constructed a
unique gas-phase photoelectrochemical system (Figure 37) [52]. They used yttria-stabilized
zirconia (YSZ) pellets as an electrolyte to conduct oxygen ions inside. On both sides of the
YSZ pellet, they deposited the Rh/YSZ photocatalyst, the target material for discussion.
When using a powder photocatalyst, the redox reaction occurs at the powder, and there is
no way to see the reaction separately. Thus, the system they constructed is important in
discussing the mechanism.

They first introduced inert argon gas into the cathodic and anodic sides as a control
experiment, where no reaction proceeded. They found no photocurrent, regardless of irradi-
ating light (Figure 38). Afterward, they input carbon dioxide and methane into the cathodic
and anodic sides, respectively. Immediately after introducing the gasses, a negative voltage
appeared, suggesting that a thermal reaction occurred. Subsequently, they chopped with
UV light and observed a further negative shift, suggesting that photon energy promoted
the reaction. As the electrolyte works as an oxygen conductor only at temperatures >600 °C,
they had to set the temperature that high, resulting in the detection of a significant number
of thermally generated products under a stoichiometric reaction (Figure 39). Then, they
irradiated UV light only on one side of their photoelectrochemical cell system, utilizing
the divided field of the reduction and oxidation sites. Before experimenting, they checked
that there was no leakage of light to the other side of the spectrometer. As a result, they
found that the voltage change was evident when the light was especially irradiated onto
the anodic side (Figure 40). This result shows that the bandgap excitation in the anode is
important and methane reacts with the holes generated at the semiconductor. On the other
hand, carbon dioxide reacts with electrons in rhodium metal. From the results obtained
above, the mechanism is illustrated in Figure 41.



Catalysts 2021, 11,18

23 of 39

GAS DIFFUSION
LAYER

IRRADIATION LIGHT \ .

CATHODE

FLOW OF

CUR

RENT

(YSZ PELLET)

GAS DIFFUSION
LAYER

@  OXYGEN ION (0%)
@@ CARBON MONOXIDE
©-0~9 CARBON DIOXIDE
. HYDROGEN
. METHANE

Figure 37. Gas-phase photoelectron chemical (GPEC) system. Reprinted from [52]. Copyright 2020
by John Wiley & Sons, Inc. YSZ: yttria-stabilized zirconia.
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Figure 40. Voltage change due to light irradiation onto the cathodic side only, anodic side only, and
both sides. Reprinted from [52]. Copyright 2020 by John Wiley & Sons, Inc.
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Figure 41. Speculated mechanism illustrated from the obtained results. Reprinted from [52]. Copy-
right 2020 by John Wiley & Sons, Inc.

6. Photocatalytic Partial Oxidation of Methane (POM)
6.1. Overview of the Reaction

The definition of the POM should be considered in this review paper. As the valence
state of carbon in methane is —4, if it does not oxidize to the highest number of +4 in CO,,
it can be called partial oxidation. In this review article, to differentiate between steam
reforming and dry reforming, we define the partial oxidation of methane as not using
H,0 or CO; as the oxidant. Thus, we include a liquid-phase reaction using metal ions or
hydrogen peroxide and a gas-phase reaction utilizing O, as the oxidant.

When using metal ions or other oxidants in the solvent, it is beneficial to control
the ease of driving by choosing a relatively positive redox potential. Metal ions with
a positive redox potential work as electron scavengers and make the carrier separation
more efficient. Furthermore, the variety of oxidants has led to more discussion about the
mechanism. In addition, if we choose an appropriate metal ion scavenger, a semiconductor
photocatalyst with a low conduction band position can be used.

The selectivity of products is important, even if methane cannot be completely ox-
idized. Many researchers have focused on producing methanol in liquid phase studies,
which is considered the “holy grail” of current catalysis research [53]. Methanol generation
usually faces a significant problem of selectivity as it usually competes with ethane produc-
tion. On the other hand, a gas-phase reaction utilizes oxygen as an oxidant, where CO and
H,; are the main products.

6.2. Material

The partial oxidation of methane has been studied by utilizing photocatalysis. One im-
portant point relating to the band structure criteria is that the reduction potential of O, is
less positive compared to CO, or H,O. Therefore, semiconductors with a relatively low
conduction band position, such as WO3, V,05, BiVOy, or Bi; WOy, were used in these stud-
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ies [54-59]. It is noted that BiyWOg has no significant activity in the case of photocatalytic
DRM, probably because of the insufficient conduction band potential [22].

Another important point in the partial oxidation reaction is the selectivity of the
products. If methane is completely oxidized to CO,, the reaction is not valuable. Instead,
the oxidization should be terminated before the complete oxidation to CO, to produce
valuable compounds. To date, carbon monoxide, methanol, or ethane have been reported to
be produced from methane. However, there is a considerable amount of CO; as a product,
which needs further selectivity enhancement.

Hu et al. used NO and O, as oxidants and performed partial oxidation using vana-
dium (V)-containing mesoporous silica (MCM-41) [56]. They prepared the material under
both acidic and basic conditions using tetraethyl orthosilicate as the silicon source and
HCI for adjusting acidity. Under basic conditions, sodium silicate, as the silicon source,
and sulfuric acid was used to buffer the acidity. From the characterization, vanadium in
the sample was confirmed to be a polymeric species. The results of the CO, and CH;OH
yields are shown in Figure 42. When O, was used as the oxidant, the product was only
COg, regardless of the preparation conditions. When NO gas was used as the oxidant,
the yield of CH3zOH increased significantly in the V-containing MCM-41 prepared under
acidic conditions. The conversion of methane in the acid and base types was 6.0 and 0.7%,
respectively. Methanol was replaced as a product in the basic type with C,Hx species,
acetaldehyde, and CO,. They explained the reason for the coordination of V-oxide species
and loading sites according to the pH during preparation.
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Figure 42. Yield of CO, and methanol using (A) vanadium-containing mesoporous silica (V-MCM-41)
(acid) and (B) V-MCM 41 (base) with different oxidants. The amount of V was 0.6%, the reaction
temperature was 295 K, and the reaction time was 3 h. Reprinted with permission from [56].
Copyright (2008), Springer Nature.

Villa et al. fabricated a WO3 photocatalyst on mesoporous silica as a template and
performed the partial oxidation of methane in an aqueous solution using various electron
scavengers, such as Fe3*, Cu?t, Ag*, and HyO, [57]. Generally, the addition of scavengers
improved the carrier separation. It can be observed from Figure 43a,b that Fe3* and Cu?*
enhanced the methanol production activity, but Fe>* and H,O, enhanced the activity of
the ethane production. The authors explained that reaction selectivity occurred because
the reactions proceeded through different intermediates between the methanol and ethane
production. In the case of methanol production, the hydroxyl groups and H,O adsorbed
on the surface of the catalyst are important (Equation (12)), whereas hydroxyl radicals are
important in ethane production. This difference is because hydroxyl radicals react with
methane and produce methyl radicals, which react with each other to generate ethane
(Equations (13) and (14)). When H,O, and Fe?* were added, the selectivity of ethane
increased because they produced hydroxyl radicals, as shown in Equations (15) and (16).
The amount of CO produced is shown in Figure 43c.

CH; + HandS — CH30H + 0.5H, (12)

CHy + HO'ads — CHj- + H,O (13)
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CHj3- + CH3- — CyHg (14)
HzOz +e cp— OH™ + HO (15)
Fe** + H,O — (hv) Fe?* + HO- + H* (16)
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Figure 43. Yields of (a) methanol, (b) ethane, and (c) CO, using various oxidants and WO3 as a
photocatalyst. Copyright (2015), reprinted from [57] with permission from Elsevier.

Murcia-Lopez et al. performed the partial photocatalytic oxidation of methane to
methanol using BiVO;, in the presence of nitrite ions (NO, ™) [55]. As the result shows,
when both BiVO, and NO, ™ were present, the production of CO, was suppressed, while
the methanol production was relatively high (Figure 44). The roles of NO, ™ are also
discussed in their report. As hydroxyl radicals can be generated by the photolysis of water,
the generated hydroxyl radicals can lead to methyl radicals that produce ethane. It is better
to suppress the number of existing hydroxyl radicals in the solution. To selectively produce
methanol rather than ethane, the suppression of the production of hydroxyl radicals is
important. Nitrite ions work as a UV filter because the nitrite ion absorbs a specific photon
energy, otherwise generating hydroxyl radicals. This UV filtering effect was not very large
since they only put in 1 mM of nitrite ions. In addition, the produced oxygen radicals
then reacted with water to supply hydroxyl radicals. Another role of nitrite ions is directly
scavenging hydroxyl radicals (Equation (19)). The authors claimed the selective conversion
of methane to methanol by explaining the effects induced by nitrite ions.

NO,™ +hv —- NO- +O-~ (17)
O~ +H,O — -OH + OH™ (18)
NO;™ +-OH — NO,- +OH™ (19)
NO,~ + hyg*t — NO,- (20)
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Figure 44. Production rate of methanol, ethane, and CO, by BiVOy at 30 and 90 min. Reproduced
from [55] with permission from The Royal Society of Chemistry.
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6.3. Proposed Mechanism

From the experimental results of photocatalytic POM using various oxidants, its
mechanism has been thoroughly proposed. The result that the suppression of hydroxyl
radicals promoted methanol and the increasing amount of hydroxyl radicals promoted
ethane generation gives a rough mechanism outline, which is written as Equations (11)—(15).

The proposed mechanism provides a strategy to selectively produce methanol rather
than ethane. First, as described above, the suppression of the number of hydroxyl radicals
is important. There are two main ways to suppress their generation or to scavenge them.
In other words, the possible strategies are (1) cutting off or not using photons with energy
input, which can initiate the photolysis of water; (2) using a scavenger to decrease hydroxyl
radicals; (3) avoiding compounds that have the possibility of generating hydroxyl radicals,
such as HyO,. Another important point is the choice of oxidant. As the oxidant has strong
reactivity, methane will be oxidized to CO,.

It is noted that most reports assert that methane is not directly oxidized by holes in a
liquid-phase partial oxidation process. Instead, H,O or hydroxyl groups are intermediates
and play an important role in methane oxidation. The reaction mechanism of POM is
different from that of the SRM and DRM introduced in Sections 4 and 5. The liquid-
phase POM reaction is significantly different from gas-phase SRM and DRM, and the
temperature in the POM system would be considerably lower than that in the gas-phase
system. As an aqueous solution provides a reaction with abundant water, the intermediate
can be sufficiently supplied. In addition, as in most cases, methane conversion is an
endothermic reaction, and heat can directly assist in oxidizing methane.

7. Photocatalytic Nonoxidative Coupling of Methane
7.1. Overview of the Reaction

Non-oxidative coupling of methane (NOCM) is a desirable technique since industrially
demanded C; species can be directly made from methane [60]. However, its catalytic activ-
ity in dark conditions is extremely low compared to other methane-reforming techniques.

As for the mechanism, it is unique because it does not contain a reductant. In general,
if there are oxidants and reductants, they consume holes and electrons, respectively. Since
there is only methane, whose valence state of carbon is —4, it is speculated that it works
only as a reductant. Thus, electrons are consumed by some intermediates, or carbon itself
will be further reduced to —5. Furthermore, unlike other oxidative methane-reforming
processes, there is no oxygen to remove carbon once it deposits onto the surface of the
catalyst. This lack of oxygen makes it difficult for the reaction to proceed for a long time.

7.2. Material

Wau et al. reported on an efficient NOCM reaction using a Ga-doped Pt-loaded porous
TiO,-Si0; [61]. They introduced methane gas into their reactor and checked the output
gas. According to their XPS results, the valence state of Pt was more cationic when more
Ga was doped. Although Ga decreased the number of exciting carriers, they claimed that
a larger amount of cation Pt benefited more and achieved higher photocatalytic activity.
The results of the methane conversion, ethane selectivity, and yield are shown in Figure 45.

Yuliati et al. loaded various metals onto SiO; and Al,Os and performed non-oxidative
methane reforming by introducing only methane (Figure 46) [62]. They found that only the
cerium-loaded silica exhibited remarkable activity. They further performed experiments on
the cerium amount dependence. As the amount increased, the ratio of Ce3* decreased and
Ce** increased. At the same time, the activity decreased as the loading amount increased.
From this result, it was confirmed that Ce3* was the active site.
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Figure 45. (a) Comparison of methane conversion and ethane selectivity using TiO,-SiO, (HTS),
Ga doped TiO,-5i0, (HGTS), Pt/HTS, and Pt/HGTS. (b) Methane conversion, ethane, propane,
and hydrogen yield performing non-oxidative coupling of methane (NOCM) using Pt/HGTS (2%).
The lamp used was a 300 W Xe lamp that irradiated for 32 h. Reprinted with permission from [61].
Copyright (2019), American Chemical Society.

204 B

10+ B

Total yield / 102 C%

0%
SiO, La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 46. Total yield of hydrocarbons using 0.1 and 0.2% of various metals loaded on SiO,. Reprinted
with permission from [62]. Copyright (2008), American Chemical Society.

Gay03 and GayO3/5i0; were explored for photocatalytic non-oxidative methane-
reforming catalysts at room temperature by Yuliati et al. [63], who noted that the calculated
equilibrium of ethane production was 0.0004%. Their results showed that bare Ga;O3 had
higher photocatalytic activity than any amount of Ga supported on silica. On the other
hand, 0.1 mol% Ga-loaded silica has a higher selectivity of ethane (94%). The reason was
attributed to the dispersion of Ga on the surface of silica, where a lower amount of Ga can
drive photocatalytic reactions separately from neighboring Ga such that no other reaction
would be likely to follow. They also performed X-ray absorption near-edge structure
(XANES) analysis and found two structures of local Ga states: tetrahedral and octahedral.
From the quantitative analysis, they found that the tetrahedral species exhibited high
specific activity for selective ethane production.

Singh et al. further loaded palladium onto GayO3 and performed a non-oxidative
conversion of methane [64]. The thermodynamic equilibrium of ethane generation from
methane (Equation (5)) was calculated to be 0.0002%. They achieved 0.006% and the
stoichiometric reaction continued as the value of C;Hg/H; was almost unity in the case
of Pd (0.5 wt%)/Ga0O3, indicating that photons successfully drove the non-oxidative
conversion of methane. However, they found some problems in which the catalyst became
unstable if the temperature was higher than 320 K, the light intensity was strong, or the
methane concentration was high.

Lang et al. performed NOCM using various metals on TiO, and found that Au-TiO,
had the highest activity among various catalysts (Figure 6) [33]. The stability test is shown
in Figure 47. The production rate of both ethane and H; decreased by 21.5% from the initial
performance, but it was noted that the rate of producing both ethane and H, was sustained
at the equivalent values during the reaction. This result is important because it can be said
that the stoichiometric reaction proceeded and carbon deposition was suppressed.
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Figure 47. Time course of the production rate of ethane and H,. Reproduced from [28] with
permission from The Royal Society of Chemistry.

7.3. Proposed Mechanism

From an analogy with other photocatalytic reactions, Singh et al. assumed the follow-
ing mechanism [64]:

CHy +h* — -CH3 + HY, (21)
2-CHj; — CyHg, (22)
2H* +2e” — Hy, (23)
-CH3 + 3h* — C + 3H". (24)

As the valence state of carbon in methane is —4, they speculated that methane oxi-
dation to methyl radicals would be the first step for the reaction (Equation (21)). Then,
a proton will be reduced such that the reaction proceeds as Equations (22) and (23). Their re-
sults also observed carbon deposition, which can easily be predicted because of the absence
of extra oxidants that remove carbon. The formation of carbon deposition is described by
Equation (24).

Density function theory (DFT) calculations were performed by Lang et al. for a
mechanism study [33] to clarify the CHj species after the first step of an electron and
hole transfer based on Bader charge analysis. As a result, they found that CH3; ™ exists on
Au and CH3 ™~ /CHj3" exists on TiO;. Furthermore, they obtained a result showing that
the activation barrier for methane reduction to CH3 ™ at the Au site was 0.47 eV, while it
was 1.1 eV at the TiO, site. Thus, it was assumed that CH; would be reduced to CHz™
on Au and oxidized to CH3* on TiO,. It is noted from the calculations they performed
that the methyl radicals are less likely to be generated. Furthermore, they investigated
whether CH3* or CH; ™~ would be methyl radicals that generate ethane. The results of the
DFT calculations are shown in Figure 48. As the activation energy of methane to CH3* on
TiO, (1.57 eV) is much higher than that of CH3~ on Au-TiO; (0.47 eV), the carbocation
pathway is less likely to occur. Therefore, they concluded that NOCM proceeded via a
methyl anion-radical mechanism (Figure 49). This mechanism was supported by their
diffuse reflectance infrared Fourier transform (DRIFT) experiment, where CH3 ™ anions
were observed at approximately 600 cm ™.

Different mechanisms have been proposed by researchers with various catalyst ma-
terials. Thus, a single general mechanism of the POM reaction cannot be drawn. As only
methane is used as an input in the NOCM process, methane or intermediates derived
from methane act as an oxidant and a reductant. To elucidate the detailed reaction path,
the discussion and characterization of the intermediates are important, including CH;*,
CHj3 7, and methyl radicals. As the intermediate state analysis is difficult, further study is
needed to understand the mechanism of NOCM fully.
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Figure 48. DFT calculation of the free energy of the carbanion pathway and the carbocation path-
way. Reproduced from [28] with permission from The Royal Society of Chemistry. DFT: Density

function theory.

Figure 49. Mechanism of photocatalytic NOCM over Au/TiO, in a CH3 ™ anion process. Reproduced
from [28] with permission from The Royal Society of Chemistry.
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8. Other Important Phenomena that Must Be Considered
8.1. Another Excitation Mechanism: Hot Carriers

Recently, another excitation mechanism in semiconductor-metal combined materials,
so-called hot carriers, has been reported by many researchers [65-69]. Hot carriers are
generated when photons are irradiated onto metal, causing the excitation of electrons into
unoccupied bands (Figure 50). The excitation of metal should be separately discussed
with that of a semiconductor. Furthermore, the electron transfer path is different from
the bandgap excitation in semiconductors. Notably, some studies have focused on hot
carrier-driven methane reforming.
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Figure 50. Excited carriers’ pathway in the hot carrier mechanism.

Jiang et al. used SrTapOy, an ultrawide bandgap semiconductor, and loaded palla-
dium onto it [70]. According to their UV-visible diffuse reflectance spectrum (UV-vis DRS),
the bandgap of Sr,Ta;O; was determined to be 4.6 eV. Photocatalytic partial oxidation
of methane was performed and the result of the action spectrum using a long-wave pass
filter is shown in Figure 51a. The UV-vis DRS spectrum of Pd@Sr,Ta,O; shows a broad
absorption of Pd, which was assigned to the interband charge transition in Pd, resulting
in the generation of hot carriers. They found that there was no critical change between
A > 250 nm and A > 300 nm. These results indicate that the bandgap excitation of Sr,Ta, Oy
is not a critical requirement to drive the reaction. The claim that the bandgap excitation
was unnecessary was further verified by comparing the intensity using several long-wave
pass filters and conversion or yield (Figure 51b). Because photon numbers through long-
wave pass filters cannot be set at equal values for each experiment, the irradiation power
density varies when using different filters. These results concluded that the conversion of
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methane and the yield of carbon monoxide at both 423 and 623 K is only dependent on the
irradiation power density, not on the wavelength.
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Figure 51. (a) UV-vis spectra of Sr,TayOy and Pd/SrpTa;O7 and the quantum efficiency of methane,
carbon monoxide at 423 and 623 K. (b) Conversion of methane and yield of carbon monoxide using
various long-wavelength cutoff filters. The horizontal axis is irradiation power density with each
cutoff filter. Reprinted from [70]. Copyright (2019) by John Wiley & Sons, Inc.

To exclude the effect of bandgap excitation, they further used MCM-41 as a support
material such that there was no possibility of bandgap excitation under the mercury-
xenon lamp [71]. They employed partial photocatalytic oxidation using metal-loaded
MCM-41. Figure 52 shows the UV-vis spectrum and action spectra. The absorption
caused by metal (rthodium and palladium) overlapped with the average quantum yield
of methane. They also compared the contributions of heat or photons as the surface
temperature increased (Figure 53). The proportion of each contribution was determined by
constructing an Arrhenius plot for each photocatalytic activity and the obtained apparent
activation energies were compared. They found that in the case of rhodium, palladium,
and ruthenium-loaded catalysts, the proportion was approximately 50% in the nonthermal
photocatalytic pathways, but zero in the case of platinum. These results suggest that there
are two mechanisms in the photon-driven reaction, that is, a photo-thermal effect and hot
carrier generation.
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Figure 52. Action spectra of (a) Rh/MCM at 423 K and (b) Pd/MCM at 523 K in the wavelength range
from 250 to 400 nm. Reproduced from [71] with permission from The Royal Society of Chemistry.

Ye et al. performed steam reforming of methane using Rh/TiO; and irradiated visible
light (420 < A < 800) [72]. The hydrogen production rate was drastically improved,
as shown in Figure 54a. Their action spectrum showed that the reaction occurred without
bandgap excitation of TiO; (Figure 54b). The apparent activation energy decreased when
the light was irradiated on the sample (Figure 54c).
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Figure 53. Contribution of thermal and nonthermal effects over various metal-loaded MCM-41’s.

Reproduced from [71] with permission from The Royal Society of Chemistry.
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Figure 54. (a) Production rate of H, with and without visible light. (b) Action spectrum and UV-vis
spectrum of Rh/TiO,. (c) Arrhenius plot constructed using the production rate. Reprinted with
permission from [72]. Copyright (2018), American Chemical Society.

As shown above, some previous studies reported that photons could drive the reaction
with longer wavelengths, which is unexpected when considering the bandgap gap energies
of these reports. The action spectrum analyses provide us with more knowledge that the
bandgap excitation is not a sole reaction path in methane reforming. Thus, we must focus
on hot carrier generation in metals. It is important to separately discuss the contribution of
bandgap excitation and hot carrier generation. Action spectrum analysis and spectroscopic
analysis is helpful for understanding the mechanism of photocatalytic methane reforming.
In addition, the surface temperature increase due to the plasmonic effect in metal under
photon irradiation is not negligible, as mentioned in the next section.

8.2. Bandgap Shift due to Thermal Energy

Regardless of the excitation mechanism, that is, bandgap excitation or hot carrier,
relaxation after the excitation will contribute to increasing the surface temperature of the
photocatalysts. As we have introduced in this review, many researchers perform methane
reforming in the gas phase; thus, a temperature increase is not avoidable. In addition,
in some studies, heat energy was intentionally added and the photocatalytic activity
increased as the temperature increased.

Our group evaluated the surface temperature of the Rh/TaON photocatalyst using
a long-wavelength cutoff filter under a Xenon lamp (Figure 55) [22]. As a control group,
Rh/Al,O3 was prepared. In Rh/Al,O3, since there is no absorbance in the range of
350 nm < A < 600 nm, the temperature increase due to rhodium was confirmed to be
49 °C. In the case of Rh/TaON, the temperature increased by 56 °C. This result shows that
TaON contributed to a further 7 °C increase in addition to Rh. These results show that
both rhodium and TaON act as converters of light into heat, enhancing the photocatalytic
reaction. The temperature dependence of the photocatalytic activity is shown in Figure 27
in Section 5.2.
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Rh/Al,O3. Reproduced from [22] with permission from The Royal Society of Chemistry.

Various other reports also indicated the importance of adding heat in the photocat-
alytic methane reforming process. As mentioned in Section 6, Jiang et al. measured the
surface temperature of the photocatalyst while performing partial oxidation of methane
in the gas phase [71]. The strong light increased the surface temperature of the photocata-
lyst, which increased the photocatalytic activity. It is noted that they claimed that almost
half of the products could not be explained only by the increased surface temperature.

Pan et al. [46] and Han et al. [51] also found that photocatalytic activity increased as they
induced heat energy (Figure 56).
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Figure 56. Production rate of (a) H, and (b) CO over MgO/Pt/Zn-CeO, under light irradiation and
dark conditions. Copyright (2020), reprinted from [46] with permission from Elsevier.

Very recently, we found that the absorption spectra of semiconductors are largely
changed under heat treatment, which was analyzed by operando UV-vis spectroscopy [73].
This bandgap shift phenomenon should be considered since the surface temperature of
most of the photocatalysts increases, especially for gas-phase reactions, such as methane
conversion. The temperature increase is remarkable when there is plasmonic absorption
of the metal. It is a problem that the absorption spectra are usually recorded under room
temperature, which is different from the actual catalysis evaluation condition. Therefore,
an evaluation of the absorption spectra under heat input (operando UV-vis absorption
spectra) is very important for determining the photocatalytic performance factors, such as
internal quantum efficiency.

The operando UV-vis was constructed by our group, and the spectra were measured
from 22 to 500 °C on various metal semiconductors (Figure 57). As we estimated bandgaps
from Tauc plots, we found that the bandgap values for each semiconductor decreased
linearly in this temperature range (Figure 58a). The narrowing of the bandgap was large; for
example, in the case of TiO,, the bandgap decreased from 3.02 to 2.78 eV as the temperature
increased from 22 to 500 °C. In the case of CeO, and Nb,Os, white powder at room
temperature turned to a vivid yellow at high temperature. It was also discovered that the
effect of bandgap narrowing is more remarkable when the metal-oxygen ion distance in a
crystal lattice is large (Figure 58b).
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(b) The relationship between the slope obtained in (a) and the metal-oxygen (M-O) ion distance.
Reprinted from [73] with permission of AIP Publishing.

In summary, there are two issues to be considered while performing methane reform-
ing. First, there is another mechanism for excitation apart from bandgap excitation, namely,
hot carriers. The hot carriers excite metals at a dependent wavelength from the semicon-
ductor support. Thus, there is a certain wavelength where both the bandgap is excited
and hot carriers coexist, and only one exists. Second, the temperature dependence of the
bandgap must be considered because it narrows significantly as temperature increases, and
many studies on photocatalytic methane reforming are performed at high temperatures,
either intentionally or unintentionally. As the surface temperature of the catalyst increases
as light is irradiated onto the photocatalyst in the gas phase, it is impossible to achieve
photocatalytic phenomena apart from the photo-thermal phenomenon. In most cases of
photocatalytic methane reforming, the temperature increase has a positive effect on the
activity. Therefore, optimizing each parameter to achieve high photocatalytic and photo-
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thermal activity is important when practical use is considered. From a scientific viewpoint,
we must always be careful about all these effects.

9. Conclusions

In this review, we have introduced recent studies related to photocatalytic methane
reforming. With respect to the history of the catalyst development for methane reforming,
it began with thermal catalysts and has seen great advances since. It is good news that light
has promoted photocatalytic activity, resulting in different product selectivities or anti-
coking effects. Thus, it seems that light-irradiation solved crucial problems that thermal
energy alone holds.

As for materials, various photocatalysts have been applied to photocatalytic methane
reforming. Many photocatalysts, such as TiO;, ZnO, CeO,, TapOs, WO3, SrTiO3, NaTaOs,
K;TigO13, and g-C3Ny4, were used. From various results, it can be concluded that the appro-
priate conduction band position should be chosen by considering the redox potentials of the
reductant molecules. In addition, like thermal catalysts, the basicity of the semiconductor
is quite important in photocatalytic methane reforming.

The mechanism of photocatalytic methane reforming remains controversial. As it is
known, the mechanism for methane reforming in dark conditions is so complicated that
the detailed mechanism is still studied in thermal catalysis. In photocatalytic methane
reforming, photon energy is additionally supplied, and its mechanism is very complicated.
However, many papers reported that the excited carriers in semiconductors react with
reactants; electron reduces H,O, O,, or CO,, and holes oxidize CH,. In addition, the medi-
ators in these photocatalytic reactions have multiple possibilities. There are reports that the
oxygen ion is the mediator, and in some reports, protons are the mediators. In addition,
there is evidence that [CH,O], is one possibility for a mediator. The type of mediator de-
pends on the surface structure of the catalysts and the type of methane reforming reaction.
Hot carrier generation should also be considered for development. If the photon energy
that causes hot carrier generation is smaller than the bandgap, there will be two carrier
excitation types under irradiation with larger photon energies. The surface kinetics are
also important, as we mentioned in this review paper. It should also be considered that
the surface temperature of the photocatalyst is higher than the temperature measured in
the reactor. As the quantum efficiency is usually a few percent, the energy of the photon
is mostly converted to heat energy. Thus, the heat contribution is not negligible in the
gas-phase reaction. In addition, the physical properties of the semiconductor will change
as the temperature increases.

We propose two prospects for this field. One is the detailed study of the mechanism by
manufacturing simple and understandable structures and conditions of catalysis. Previous
studies were complex, and there were too many hypotheses. Understanding the reaction
mechanism using either a simulation or experimental approach enables us to advance
our research and development more strategically. For example, a spectroscopic method
together with a well-defined surface, such as a single crystal, makes it possible to further
discuss the reaction mechanism by observing the reaction intermediates. It can also be
beneficial to fabricate a series of samples while holding one interpretable parameter; then,
we can systematically compare their activity, stoichiometry, and/or stability. As there
are so many parameters in photocatalytic methane reforming, an investigation of each
parameter’s effect on the catalytic activity should be an important study for the future of
this field. The second is to pursue higher activities; in particular, the visible-light activity
is indispensable for utilizing solar energy effectively. By developing a photocatalyst that
remains highly active and is composed of abundant and nontoxic elements, photocatalytic
methane reforming may replace the current thermal system. As the shale gas revolution
enables more methane to be produced, the technology for utilizing methane will become
more important. From the standpoint of a hydrogen society, methane conversion is further
important. On the other hand, as the Paris Agreement represents, global warming is one
of the most serious problems humans face. Hence, methane must be activated without
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further CO, emissions. Photons are one solution to solve the double-binding problem. To
solve these difficult but important problems, we expect more researchers to join this field.
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