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Abstract—Single-atom catalysts (SACs) are the latest generation of nanoheterogeneous catalysts. They consist of
active metal sites dispersed into single atoms on the surface of a solid support and, thus, exhibit unique catalytic
performance including enhanced activity and high selectivity. Semiconductor materials are used to prepare single-
atom photocatalysts designed for photo-driven chemical processes, generally without external heating. Photoinduced
low-temperature methane conversion over SAC-based photocatalysts offers new prospects for methane chemistry.
This review summarizes, systematizes, and analyzes recent publications on dry reforming of methane (DRM) and
nonoxidative coupling of methane (NOCM) in the presence of single-atom photocatalysts. Despite the unfavorable
thermodynamics of these types of reactions over wide ranges of low and high temperatures, they can be carried out
at room temperature under photocatalytic conditions. The review discusses the performance of SACs in photoin-
duced DRM and NOCM compared to heterogeneous nanocatalysts. It further provides a comparative assessment
of the SAC behaviors in DRM and NOCM under photocatalytic and conventional thermocatalytic conditions.
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As the principal component of natural gas, methane is
currently one of the major fossil fuels. The application of
this carbonaceous raw material instead of conventional
petroleum feedstocks has become an advantageous
strategy for the industrial synthesis of value-added
chemicals. Today, methane-based chemical synthesis is
of great importance both for the Russian market—the
world leader in natural gas reserves and production—
and for countries that increasingly produce shale gas
and, consequently, face the challenge of the disposal of
methane as a greenhouse gas [1, 2].

However, the thermal stability of the CH, molecule
impedes the implementation of methane-based synthesis:
high amounts of energy are required to activate the
strong C—H bonds. Therefore, only high-temperature
thermocatalytic techniques are currently used for
industrial methane processing. In facilities of this kind,
methane is converted—primarily through synthesis gas
(syngas)—into methanol, formaldehyde, acetic acid,
ethylene, hydrogen, polymers, and other petrochemicals

[3, 4]. Nonetheless, recent chemical research has
increasingly focused on the development of alternative
low-temperature methods for the conversion of methane
into these value-added chemicals [5-8], including
a combination of catalysis with exposure to various
high-energy fields (e.g., low-temperature plasma
[8-10], electrical energy [6, 11, 12], and photon energy
[11, 13—17]). Although all these methods hold great
promise for the activation of inert chemical bonds under
low-temperature conditions [7, 17, 18], photocatalysis
is an unique technique that reduces the energy barrier
of the C—H bond in the CH, molecule by at least 74%
[19]. This offers an opportunity to carry out methane
reactions even at room temperature and, moreover,
provides a fairly high selectivity towards the desired
product [6]. Researchers have particular expectations for
the photocatalytic application of highly dispersed single-
atom catalysts (SACs) [20-25], an innovative approach
to methane chemistry [20, 26].
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Fig. 1. Overcoming the thermodynamic limit in DRM when transitioning from thermal catalysis to photocatalysis: (a) Rh/SrO; under
UV irradiation (reproduced from [31]); and (b) Rh/TaON under visible light irradiation (at A>400 nm) (reproduced from [46]).

SACs with isolated metal atoms on the surface of a
solid support have proven to be highly active and selective
catalysts in a number of thermocatalytic applications
[5, 27-29], including those that involve CH, [5, 30].
According to available forecasts, photocatalytic methane
activation over these highly dispersed catalysts will make
it possible to directly convert CH, to C,—C, hydrocarbons
under light irradiation and achieve high efficiency
minimal energy consumption [20, 26].

The purpose of the present review was to demonstrate
the excellent prospects of this innovative approach for
chemical reactions with unfavorable thermodynamics,
such as dry reforming of methane (DRM) [31] and
nonoxidative coupling of methane to C, hydrocarbons
(NOCM) [32].

PHOTOCATALYSIS IN METHANE CHEMISTRY

Ofparticular interest are photochemical transformations
of CH, under artificial light irradiation (e.g., light-
emitting diodes, xenon lamps, and other unconventional
illumination sources) [13—18, 33-37]. In this context,
the use of focused illumination has recently attracted
increasing attention among researchers [38—45].

This approach gained in popularity after thermodynamic
limitations were overcome for some direct CH, conversion
reactions [31, 46], such as NOCM [32] and DRM [38].
When photo-driven, these reactions occur at moderate and
low temperatures regardless of light frequency or catalyst

type (Fig. 1). Under photocatalytic conditions, the system
goes beyond the thermodynamic equilibrium limit due to
the transformation of photon energy into chemical driving
forces. Specifically, photoexcited charge carriers such as
electrons (¢”) and positively charged electron vacancies
(the so-called “holes™, h") are involved in the process by
initiating reduction and oxidation reactions, respectively
[17, 38]. The C—H bonds of CH, can undergo oxidative
dissociation either directly on the semiconductor holes or
under the effect of mediators (e.g., "OH, O, etc.) that form
on the photogenerated holes if oxidants (H,0,, O,, CO,,
and/or H,0) are involved in methane conversion [17, 38].
In their turn, the photogenerated electrons promote the
reduction process (H" + e~ — 1/2 H,).

Any photocatalytic reaction consists of three major
steps: (i) absorption of light quanta (4v); (ii) generation
and spatial separation of charges (¢~ and h"); and
(ii1) the catalytic reaction itself. The overall efficiency
of a photocatalytic system is determined by the balance
between the thermodynamics and kinetics of these
reaction steps [15, 38]. The catalytic performance of a
semiconductor material entirely depends on the ability
of its components to catalyze, on its surface, a particular
chemical reaction. In contrast, the quantum efficiency
of a photocatalytic system depends both on the light
absorbance by the photocatalyst and on the separation
efficiency of electron—hole pairs [38]. In order to ensure
the separation of electrons and holes, the semiconductor
should be able to absorb a light quantum (%v) that exceeds
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Fig. 2. Photoexcitation mechanisms for e~ and h* under light irradiation of metal-doped semiconductor catalysts: (a) electron transfer
pathway from conduction band to Fermi level; and (b) excited carriers’ pathway in the hot carrier mechanism (electron transfer from

Fermi level to conduction band) (reproduced from [2]).

its bandgap energy (E,) (the bandgap is the difference
between the energy levels of the conduction band and
the valence band, which hold e and h, respectively).
Therefore, the quantum efficiency of the photosystem
can be enhanced by reducing the photocatalyst’s bandgap
width and increasing the stability of its photoexcited
charges. The various strategies proposed to address this
challenge through the improvement of photocatalyst
design [15, 47] include, in particular, controlling the
semiconductor morphology [14, 48], facet-engineering
techniques [49], and introducing defects on the
heterogeneous photocatalyst surface [50]. The spatial
separation of carriers (e~ and h") can be ensured by
generating structures with interfacial heterojunctions
for photoexcited charges. For this purpose, a number of
engineering solutions have been proposed, such as adding
electron traps (Ag", Cu?*, Fe’") to a photosystem [ 14, 51],
doping a semiconductor with heteroatoms, and fabricating
composite semiconductors [14]. However, the most
common approach involves decorating a conventional
semiconductor (e.g., TiO, or ZnO) with a cocatalyst,
usually a noble metal (Au, Pt, Pd, Rh, etc.) [52]. Small
amounts of this cocatalyst (0.1-1.5 wt %) are added to
achieve high dispersion of its nanoparticles [53, 54] or
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even isolated atoms [21] on the semiconductor surface.
The addition of a metal cocatalyst to a semiconductor not
only enhances the carrier separation efficiency and the
light absorbance but also generates additional active sites
(specifically, the atoms and ions of the metal dopants),
which facilitate redox reactions by decreasing the reactant
activation energies [11, 52]. As a result, metal doping of
a photocatalyst accelerates a photocatalytic reaction by
a factor of at least 5-10 [55].

Metal doping of a semiconductor can create intraband
states below its conduction band (Fig. 2a). Given that
a metal’s Fermi level is generally located below the
bottom of a semiconductor’s conduction band, the
photogenerated electrons “fall” from the conduction
band onto metal particles [2, 38]. As a result, the bandgap
of the photocatalytic system is narrowed, and the light
absorbance rises, thus markedly enhancing the quantum
efficiency. In addition to bandgap excitation, another
mechanism has been reported for excitation in combined
metal-semiconductor materials (hot carrier mechanism,
Fig. 2b). In this case, hot carriers are generated when
photons are irradiated onto metal, causing the excitation
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of electrons in unoccupied bands, followed by the electron
transfer to the semiconductor’s conduction band [2, 38].

Hot electrons are known to be generated in highly
dispersed photosensitive metal particles (Au, Ag, Cu, Rh,
Pd, Ru, etc.) [56]. The photogenerated free electrons in
metal nanoparticles can be oscillated collectively under
light irradiation through the excitation of localized surface
plasmon resonance (LSPR), thus abruptly increasing the
absorbance. LSPR takes place when the incident frequency
matches the natural frequency of free electrons oscillating
in metal nanoparticles on a photocatalyst surface [57, 58].
For LSPR of some metals, the light absorption frequencies
essentially occur in the visible and near-IR ranges (43%
and 52% of the sunlight spectrum, respectively), whereas
the UV radiation accounts for only 5%. Therefore,
depositing the nanoparticles of these metals on a
semiconductor surface photosensitizes this semiconductor
and significantly enhances the quantum efficiency of the
photocatalytic system under sunlight irradiation [38, 52].

Hot electrons are known to be excited in a metal at
a specific wavelength only. Consequently, a combined
metal-semiconductor material has a certain wavelength
at which both the bandgap and hot electrons are excited
simultaneously, as well as a wavelength at which only
one of these mechanisms is workable [38]. The bandgap
excitation effect can be totally eliminated when the
metal is deposited on a non-conductor (e.g., MCM-41
silicate [58]). In any case, however, the presence of a
photosensitive metal in a photocatalyst is able to expand
the visible absorption range, enhance the electromagnetic
field, and simultaneously induce a thermal effect [59].
Photon irradiation may significantly heat the metal-loaded
photocatalyst surface [38]. In this context, photochemical
processes can be initiated on heated heterogeneous
surfaces by two different mechanisms (separately or
in combination): by photoinduced hot electrons and by
light-excited photons (photothermal effect) [57, 58].
Some researchers deliberately add thermal energy [38].
They report that, under heating, the bandgap narrows and
the photocatalytic activity increases, clearly due to the
synergy of the light and heat effects on the semiconductor
modified with a metal cocatalyst. These efforts have
even given rise to a new area of photochemical research,
namely photothermal catalysis [58—61].

The advantages of photothermal catalysis are most
noticeable when the reaction is carried out without
external heaters, i.e., when the catalytic surface is heated
solely due to the optical properties of the photocatalytic

system [43—46]. Recent research has increasingly taken
into account this knowledge to develop novel process
designs for low-temperature photoinduced methane
conversion in the presence of catalysts with highly
dispersed metal dopants [17, 22, 45]. Although these
processes are nominally carried out at room temperature,
the photocatalyst promotes the transformation of solar
energy to thermal energy, thus markedly heating its
surface, and the electromagnetic field induced by hot
carriers initiates catalysis.

Along with the photocatalyst type, the photon source
properties such as the wavelength (A) and intensity (/)
of emitted light are critical to photothermal processes.
These properties have a major effect both on the reaction
temperature developed on the catalytic surface and on
the process performance. Visible light ensures that the
methane-activating metal is involved in photocatalysis,
whereas IR radiation maintains a high photocatalyst
surface temperature, the value of which is largely
determined by the light intensity. State-of-the-art optical
technology makes it possible to focus the light flux by
means of specialized lenses, thus reaching high intensity,
equivalent to 30 to 400 suns (or, in terms of / value, up
to 3.6-19.2 W/cm?). As a consequence, the photocatalyst
surface can be heated to 300-727°C even without an
external heater [43—45, 46].

PHOTOINDUCED DRY REFORMING
OF METHANE

Recent years have witnessed the publication of many
review papers on DRM (reaction (1)) under photothermal
catalytic conditions [2, 17, 62—66], and the amount of
research in this area has been steadily growing [39-45,
67—-74]. The great interest in photocatalytic conversion of
methane and carbon dioxide to syngas is fairly predictable
for at least two reasons: (1) this process involves two
thermostable molecules [62, 75]; and (2) both are
greenhouse gases [2, 75-79].

CH, +CO, <> 2CO+2H,;
AH,, = +247.5 kJ/mol; AG,,, = +171kJ/mol. @)

Under photoirradiation, the endothermic and
thermodynamically unfavorable reaction (1) can occur
on the photocatalytic surface even without external
heating [31, 39, 40, 43—45, 80]. Light radiation acts as a
heater and accelerates the dissociation of the C—H bonds
of methane, thus notably decreasing the activation energy

PETROLEUM CHEMISTRY
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of the reaction. In the presence of photocatalysts doped
with highly dispersed metals, the rate of this photothermal
catalytic reaction can reach 0.4 to 2649 moles of
CH, per 1 kg of the catalyst per hour (mol kg™' h™")
[31, 39, 40, 4345, 80].

Most photocatalytic systems known for reaction (1)
contain nanoparticles of a metal cocatalyst such as Rh [31,
81, 82], Pd [80], Ru [43, 44], Pt [41, 42, 83-85], and Ni
[39, 40, 69—74]. Recently, the use of a SAC (specifically,
Ru,@Cu,/MgO-Al,0;) in photocatalytic DRM has been
reported for the first time [45]. This system contained a
single-atom alloy in which single Ru atoms (activation
sites for CH, molecules) were surrounded by plasmonic
Cu nanoparticles (acting as an antenna) up to 5 nm in size
(with resonance at A = 560 nm). The local optical field
induced by the copper antenna effectively converted the
catalyst into a photocatalyst [86], and the combination of the
plasmonic antenna with single Ru atoms imparted specific
properties to the nanostructure. The Ru,;@Cu,/MgO-Al, 0O,
catalyst stably promoted the reaction under photothermal
conditions for at least 50 hours at ambient pressure without
external heating. As a result, methane and carbon dioxide
were converted beyond the thermodynamic equilibrium
with a high rate, 100% hydrogen selectivity (at a methane
conversion of at least 60%), and high production rate (about
1900 mol kg™' h™! for H,). The energy efficiency of the
process was at least 15% [45].

The reaction was carried out under intense light
irradiation (/ = 19.2 W/cm?). Due to the high thermal
conductivity of the Ru—Cu alloy, the photocatalyst
surface was heated to 727°C. At this temperature, the
Ru,—Cu,/MgO-Al,O; photocatalyst prepared from the
nanoparticles of two metals (Ru and Cu) rapidly coked
and deactivated—unlike the Ru;@Cu,, single-atom alloy.

The Ru;@Cu,/MgO-Al,0; single-atom catalyst
exhibited its superior performance only when the synergy
of light and heat existed. In contrast, when the reactor
was heated to 727°C under dark conditions of thermal
catalysis, the catalyst exhibited an almost five-fold lower
initial activity in reaction (1). In this case, it demonstrated
a low selectivity towards the desired product and
completely deactivated very quickly.

PHOTOINDUCED NONOXIDATIVE
COUPLING OF METHANE

Nonoxidative coupling of methane (NOCM) into
C, hydrocarbons and hydrogen (reaction (2)) is another

PETROLEUM CHEMISTRY

attractive pathway for the productive utilization of natural
gas. However, like DRM, this endothermic reaction
faces severe thermodynamic limitations [87]. A number
of studies have attempted to overcome these limitations
using photocatalytic techniques [32, 33, 88].

2CH, <> C,H, +H,;
AH, =+65 kl/mol; AGy,, =+70 kJ/mol. 2)

The engineering implementations of photocatalytic
NOCM proposed to date differ in the following aspects:
reactor type (flow-type reactors [89, 90], batch reactors
[90-92], slurry reactors [93, 94], or chemical looping
[95]); irradiation type (intense UV radiation [90-97] or
concentrated visible-range sunlight [55, 89, 98]); and
the type of reaction medium (anhydrous [95-98], liquid
water, or water vapor [99-103]). The photon-driven
reaction is generally carried out at room temperature and
ambient pressure in the presence of hybrid photocatalysts
based on metal oxides doped with transition or noble
metals [88]. In recent years, particular attention has been
paid to photocatalysts with single-atom metal sites. The
photocatalytic properties of these single-atom hybrid
photocatalysts depend both on their composition and on
the presence of water in the reaction zone.

Previous research in this area has mostly focused on
photocatalytic NOCM in anhydrous media [55, 95-98,
104—117]. All these studies note that, although undoped
metal oxides (TiO,, ZnO, Ga,05;, WO3, In,0;, CeO,,
etc.) possess both semiconductor and optical properties,
these materials are almost inactive and nonselective in
photocatalytic NOCM [55, 96]. It is their modification
with metal cocatalysts that generates photocatalytic
systems capable of promoting methane conversion at a
noticeable rate. Particularly efficient hybrid photocatalysts
have been prepared with low concentrations (0.1-0.5%)
of metal dopants, clearly due to high dispersion of the
metals on the semiconductor surface [52]. A number
of successful attempts to dope oxide semiconductors
(WO4_,, TiO,, Ga,03, Ga-TiO,—-Si0,, and NaTaO;) with
metal nanoparticles and nanoclusters (specifically, Au,
Ag, Pt, and Cu) have been reported to date. However,
although these photocatalytic systems exhibited 88—
100% selectivity in the formation of C, hydrocarbons
from methane, their activity was inadequate in most
cases (3.5-388 pumol kg™' h™! with respect to CH,)
[89, 90, 104—-109]. Single-atom photocatalysts have
achieved notably higher performance in NOCM, up to a
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specific ethane/ethylene yield of 4501100 umol g~ h™!
[112, 113, 117].

Most single-atom photocatalysts reported to be
applied for NOCM are monometallic (Table 1, items
1-18, 23). They are prepared by immobilizing isolated
atoms of transition metals (e.g., Zn [91], Ga, Fe [92],
Nb, Mo, and W [110]) or noble metals (e.g., Pd, Pt,
Au, Ag, and Ru [55, 96, 111-113]) on the surface of
hierarchical macro—mesoporous zeolites or metal oxides.
The metal dopant is preferably deposited on the surface
of an oxide semiconductor (e.g., the oxide of titanium
[55, 112], zinc [89, 101, 117], gallium [96], or indium
[113]) that has a nanostructured morphology (nanosheets
[89, 112, 117] or nanorods [100, 115]). Alternatively,
monometallic single-atom photocatalysts can be
prepared in the form of porous titanosilicate (TiO,—Si0,)
filmed microarrays: in methane conversion, these two-
dimensional thin-film heterogeneous catalysts enhance
the light-reactant interaction to a greater extent than even
nanostructured materials [ 110, 111]. Despite the inactivity
of titanosilicate films themselves in photocatalytic
NOCM, the single-atom photocatalysts prepared by the
localization of metal atoms in their macropores exhibit
a 15-600-fold higher methane conversion than pristine
TiO,—Si0, cells. The specific effect depends both on
the dopant type (transition or noble metal) and on the
manner it affects the photocatalyst bandgap. Specifically,
transition metal dopants (Fe, Cu, and Ga), which increase
the hole conductivity of the contact, have an almost zero
effect on its photocatalytic properties. In contrast, metal
dopants that increase the electron conductivity of the
microarray (Nb>Mo>W>Ta) enhance both the activation
of CH, molecules and the desorption of reaction products
(C,Hgand H,) [110]. However, regardless of the pathway
by which the metal affects the bandgap, the activity of
noble-metal-doped microarrays is always more than an
order of magnitude higher than that of similar systems
doped with transition metals (cf. Pt;@TiO,—SiO, [111]
vs. Nb,@TiO,-Si0, [110], see items 4 and 16 in Table 1).

Noble-metal-doped single-atom photocatalysts based
on the most common semiconductors (i.e., titanium, zinc,
and gallium oxides) have been thoroughly investigated
in photocatalytic NOCM [55, 96, 112, 115]. Using the
case of Pd doping, it has been shown for each of these
semiconductors that noble metal decoration produces
ethane-selective (85-97%) single-atom photocatalysts.
On the other hand, their catalytic activities noticeably
differ from one another; actually, they increase in the

following order: Pd,@Ga,0;<<Pd; @ZnO<<Pd,@TiO,.
Table 1 (items 6, 8 and 17) clearly shows that the TiO,-
based catalyst exceeds the other two competitors by 1-3
orders of magnitude. When titanium oxide is doped with
noble metals, the resultant single-atom photocatalysts can
be divided into two types: (1) SACs with diverse particle
sizes, which simultaneously include both isolated metal
atoms (M) and metal nanoparticles/nanoclusters (M,
[55]; and (2) catalysts with only single atoms of the metal
dopant (M) on the heterogeneous surface [112].

The photocatalytic systems with diverse particle sizes,
M,+M,/TiO, (M = Pd, Pt, Au, Ag, Ru, Ir, or Rh), are
described in [55]. Although the NOCM activity of these
systems depends on the choice of metal dopant (it increases
in the order of Rh < Pt < Ir < Pd < Ru < Ag < Au), all
of them promote the visible-light-driven conversion
of methane to ethane and achieve high selectivity
(95-97%) under mild conditions (room temperature and
ambient pressure). In all cases, however, these catalysts
provide inadequate yields of the desired C,Hy product
(4-82 pmol g~' h™!), even when the most effective gold-
doped system, namely Au,+Au,/TiO,, is used (Table 1,
items 9-15).

The photocatalytic performance of single-atom
photocatalysts that contain only isolated noble metal
atoms (M;@TiO,) is manyfold higher than that of
systems with diverse dispersion of dopant particles
(M;+M,/TiO,) (cf. items 12 vs. 17, Table 1). The order
of photocatalytic activity of the dopants is also different
in the case of SACs: Ru < Rh <Ir << Au << Pd, with
palladium in the leading position [112]. This order of
M, @TiO, photocatalytic performance correlates with
the degree of occupation of the TiO, valence band by the
noble metal d-orbitals (Fig. 3a) [112] (the valence band is
responsible for the hole conductivity of the system, and
doping the photocatalyst with noble metal nanoclusters
[M,,/TiO,] enhances the electron conductivity). Different
metal impurities have different effects on the properties
of a prepared M,@TiO, hybrid semiconductor, including
its bandgap width and the number of the charged oxygen
sites involved in hole conductivity [118, 119]. In all
cases, however, the generation of a single-atom metal
contact gives rise to the appearance of new positively
charged metal carriers (M®"). In other words, doping
TiO, with single-atom metal sites provides conditions
for the activation of CH, on positive metal sites (M®")
rather than on the charged oxygen sites in the TiO, lattice,
thus altering the oxidation pathway. In the case of the

PETROLEUM CHEMISTRY
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dissociation of methane C—H bonds on oxygen hole
sites, the newly-formed methyl radical fragments are
electrostatically strongly retained by the charged sites
of lattice oxygen, thus directing the process towards the
preferential formation of carbon oxides. In contrast, in
single-atom photocatalysts, positive noble metal atoms
become the key sites for the NOCM reactions. These
sites both promote the oxidative activation of CH, and
provide the stabilization of methyl radicals followed by
their coupling into ethane (CH, + M%" — [*CH;~M%'] —
[C-C-M?®] — C,Hy). Therefore, the appearance of
positive metal sites makes it possible not only to obtain

an active photocatalyst but also to essentially suppress
the excessive oxidation of CH, by lattice oxygen.

It should be noted that the presence of isolated positive
metal sites and the stabilization of methyl radicals on
them during CH, activation are typical of SACs, which is
what makes them efficient in thermal catalysis [5, 120].
Photocatalytic conditions further enhance their effects
because, under photoirradiation, photogenerated holes
are concentrated on M®" sites, thus decreasing the NOCM
energy barrier many times over and allowing for the
reactions to occur even at moderate and low temperatures.
For example, in the presence of Pd,@TiO,, switching from

PETROLEUM CHEMISTRY
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thermal catalysis to photocatalytic conditions decreased the
NOCM activation energy by a factor of about 18 (from
167.9t09. 54 kJ/mol) [112]. This SAC, almost inactive in
thermal catalysis, exhibited a very high C,H, production
rate (about 910 pmol g! h™') and 94% selectivity in
photocatalytic NOCM at room temperature and ambient
pressure. The amount of hydrogen produced matches
the NOCM stoichiometry: hydrogen was formed on the
photogenerated electron carriers of the photocatalyst due to
the reduction of H' protons; the protons, in their turn, were
formed, along with CH; radicals, on the photogenerated
holes as a result of C—H dissociation in the methane
molecules (CH, +h* — H" + °*CH;; 2H" + ¢~ — H,). The
observed photocatalytic activity was proportional to the
light intensity, thus confirming the activation of CH, on
photogenerated carriers.

Compared both to pristine TiO, and to the titanium
oxide doped with metal nanoparticles (Pd,/TiO,), the
Pd-doped SAC (Pd,@TiO,) demonstrated extraordinary
performance in photocatalytic NOCM (Figs. 3b, 3¢) [112].
The researchers attribute this high efficiency to the fact that
a Pd—O, unit was constructed in the photocatalyst lattice,
implying the potential of accumulating photogenerated
holes on the metal sites. This unit results from a chemical
interaction between the isolated palladium atoms and the
lattice oxygen of TiO,, and cannot be obtained with metal
nanoparticles. In the case of Pd,/TiO,, Pd nanoparticles
are localized on the titanium oxide surface. Under
photocatalytic conditions, the photogenerated electrons
would be concentrated at Pd due to the formation of a
Schottky junction, while the photogenerated holes would
remain in TiO, [112]. In Pd,/Ti0,, like in pristine titanium
oxide, methane activates on the TiO, oxygen sites, which
does not entirely rule out the possibility of the formation of
carbon oxides during the process (with CO, selectivity of
about 32%). On the other hand, negative Pd particles can
stabilize methyl radicals "*CH; (produced by the oxidative
dissociation of the C—H bonds of CH,), thus directing
the process toward the production of C, hydrocarbons.
Although Pd,/TiO, provided a relatively low yield of
C, hydrocarbons (about 210 umol g~! h™!, which was
markedly lower than that on the SAC sample), the reaction
products contained not only ethane but also ethylene, a
higher value-added hydrocarbon product (Fig. 3¢). In the
presence of Pd,/TiO, (the catalyst that only contained Pd
nanoparticles), the ethylene selectivity was not high (9%
C,H,, 59% C,Hy).

PETROLEUM CHEMISTRY

A series of studies describe Pd-doped bimetallic
hybrid photocatalysts that exhibit a C,H, selectivity of
40 to 75% (items 19-21 in Table 1) [98, 114, 115]. The
complex compositions of these photocatalytic systems
consisted of highly dispersed palladium coupled with
zinc or gold deposited on a metal oxide surface: Pd,+Pd,/
Zn-WO;_, [98], Pd,—Au,/Bi,NbOsF [114], and
Pd,@Au/ZnO [115]. Despite the relatively low rate of
the photocatalytic reactions (about 60-70 pmol g”' h™!
with respect to CH,), these catalysts achieved a total
selectivity towards C, hydrocarbons of about 90-96%,
with the rest reaction products being C; hydrocarbons and
CO. The product distribution between ethylene and ethane
largely depends on palladium dispersion. Specifically,
the Pd-doped single-atom photocatalysts (Pd;@Au/Zn0O)
provide for the preponderance of ethane in the reaction
products (40% C,H,, 56% C,H¢) [115]; the systems
with palladium nanoclusters/nanoparticles are more
selective towards ethylene (57-75% C,H,, 17-27% C,Hy)
[98, 114]. Using a PdAu/Bi,NbOsF system, Tang et al.
[114] demonstrated that photocatalysts with dual (Pd +
another metal) atomic sites (Pd,—Au,/Bi,NbO;sF) achieve
the highest efficiency in C,H, production. However, their
superiority is manifested only when the atomic sites
of these two metals are chemically bound, because a
mechanical mixture of dual monometallic photocatalysts
(Pd,/Bi,NbOsF+Au,/Bi,NbOsF) is inefficient and
its photocatalytic properties are similar to those of a
Pd,—Au,/Bi,NbOsF system composed of metal
nanoparticles (Fig. 3d). These dual bimetallic sites were
found to implement the tandem photocatalytic strategy,
with the CH, to C,H, conversion occurring on Au sites
and ethane being dehydrogenated to ethylene on Pd sites.

The synergy of two active sites during photocatalytic
NOCM has also been observed for Pd—Zn-loaded
polymetallic systems (Pd;+Pd,/Zn—-WO;_, [98] and Pd,@
Au/ZnO [115]) based on oxide semiconductors (WO;_,,
Zn0). The hybrid photocatalytic system additionally
included plasmonic components (gold nanoparticles
or tungsten oxide with a defective lattice) to improve
the optical properties of the photocatalyst, facilitate
the separation of photogenerated carriers, and promote
the generation of methane activation sites (Zn"—0")
from Zn?* and lattice oxygen (O%"). The hypothetical
scheme (Fig. 4) [115] shows that methane is converted to
ethylene through alkoxy intermediates, with palladium,
zinc, and lattice oxygen being cooperatively involved.
Under photoirradiation, electrons are transferred from the
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hybrid photocatalyst (reproduced from [115]).

oxygen atom to the zinc atoms, thus generating paired
Zn"-O" sites, on which methane undergoes dissociative
adsorption to form a methoxy derivative ("OCH;). With
cooperation from the palladium site, this intermediate
becomes stabilized, thus preventing its further oxidation
to carbon oxides. Due to its dehydrogenating ability,
palladium promotes the subsequent conversion of
the methoxy intermediate to C,H, through an ethoxy
derivative ("OCH,CHy).

A number of recent publications report on the
achievement of high ethylene selectivity in the presence
of Pd-free hybrid composite photocatalysts prepared
by doping highly dispersed gold into tungsten oxide
(Au,/WO;_,[107]) and carbonized zinc oxide (Au,/C—ZnO
[109]). In the first case, it was found that, under
photocatalytic conditions, a local electric field is
induced on Au sites, and hot electrons are generated and
involved in the CH,-to-C,Hg conversion through the
methyl intermediate ("CH;) on negative Au®" sites [107].
Negative oxygen sites (O™), generated under the impact
of photons from the lattice oxygen atoms of the oxide
photocatalyst, are responsible for high ethylene selectivity:
the methyl radicals immobilized on the O™ sites promote
the alkoxy pathway [107, 109]. Although the Au,/WO;_,

photocatalyst, with oxygen defects in the tungsten oxide
lattice, provides 100% methane-to-ethylene selectivity (at
room temperature, ambient pressure, and under visible
light irradiation), it exhibits a very low activity (indicated
by a specific reaction rate not exceeding 6 pmolqy, g ' h™!
[107]). The methane-to-ethylene conversion activity of
Au,/C-ZnO is markedly higher (about 46 pmolyy, g ' h!
with 99% selectivity) [109]. This performance is achieved
by stabilizing oxygen atoms in the crystal lattice via
carbon-doping of ZnO.

The catalytic systems prepared from non-carbonized
zinc oxide and highly dispersed gold (Au,/ZnO or
Au;+Au,/Zn0O) have been selective towards ethane
rather than ethylene. A number of publications report on
attempts to use these catalysts in photoinduced NOCM
[89, 107, 115, 117]. Despite the high C,H, selectivity
(90-94%) reported in all these papers, the published
data on the activity of these photocatalysts are rather
controversial. Most papers note the low activity of
Au,+Au,/ZnO photocatalytic systems (a specific C,Hg
yield of about 10-11 umol g~! h™"), with ethylene being
the dominant byproduct (up to 4%) [89, 107, 115]. On
the other hand, Zheng et al. [ 117] describe the preparation
of'a seemingly similar composite that has an activity two
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orders of magnitude higher than that reported in the other
references (a C,Hy yield of 1122 pmol g™! h™!), with the
byproducts consisting of CO, and traces of H,O rather
than ethylene. This, along with the appearance of oxygen
vacancies in the oxide lattice during the process, serves as
evidence of the instability of lattice oxygen. They explain
the record activity of their photocatalytic system by the
generation of two negative sites (Au® and O") on the
photocatalyst surface: these sites, together, are assumed
to polarize very effectively the C—H bonds of methane and
to promote further methane transformations. We believe,
however, that this explanation of the extraordinary
photocatalytic activity appears rather doubtful. Attention
should be drawn to the water traces detected in the reaction
products: this could alter the photocatalytic mechanism
and enhance the process performance [100-103].

A series of publications have been related to
photocatalytic NOCM in the presence of water [93, 94,
99—-103]. Their data are summarized in Table 2.

References [99, 100] propose photo-driven NOCM
in an aqueous solution of Fe* salts or in the presence
of water vapor over magnesium oxide/alumina doped
with highly dispersed nickel (Ni**-MgO/Al,0O5). A major
disadvantage of photocatalytic systems of this kind is their
poor energy efficiency, not exceeding 0.21% (Table 2,
items 1, 2).

The photocatalysts doped with noble metals (Table 2,
items 3—7) have an order of magnitude higher efficiency
than the other materials. Among them, researchers have
most often used conventional semiconductors (e.g.,
oxides of titanium, zinc, or gallium) doped with highly
dispersed palladium or platinum with single-atom
metal sites (Pt;@Ga,0;, Pd;@Ga,0;, and Pd;@Zn0O)
[101-103] or with diversely dispersed sites (Pt;+Pt,/TiO,,
Pd,+Pd,/TiO,, and Pd,+Pd,/Zn0O) [93, 94, 101]. Using
these photocatalytic systems, the NOCM reactions
have been investigated under intense UV irradiation
and continuous flow conditions, which have been
implemented either in a slurry reactor with an aqueous
medium [93, 94, 101] or in a fixed-bed reactor in the
presence of water vapor [102, 103]. All the researchers
have noted that introducing water into the reaction
zone leads to a manyfold increase in the yield of ethane
(Fig. 5a). It should be emphasized that the effect of H,O
addition depends not so much on the choice of metal
dopant as on the semiconductor properties. In particular,
the wider the oxide’s bandgap, the stronger this effect
(TiO, < ZnO < Ga,03), which indicates that oxides are
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not strongly involved in methane activation. The presence
of water completely reverses the order of activity of
the catalysts in NOCM: the highest performance was
achieved for Pd,@Ga,05 [102], a SAC that remains
almost inactive in anhydrous media [96] (cf. item 6 in
Table 1 vs. item 7 in Table 2). All this points to a likely
change in the catalytic cycle and to the involvement of
water molecules.

Some researchers regard water as a cocatalyst in
photocatalytic NOCM via indirect activation of CH,4
molecules [93, 94, 121]. A series of experiments on the
effects of carrier traps on process performance have
shown that, like in anhydrous media, the oxidative
activation of methane and the reductive formation
of hydrogen occur on photogenerated holes (h*) and
electrons (e7), respectively [93, 94]. However, Sato et al.
[121] demonstrated (using real-time mass spectrometry
and operando IR spectroscopy) that, in the presence of
even traces of H,O, the reactions occur on h™ sites in
the following sequence: aqueous hydroxyl radicals are
oxidized into "OH radicals, which subsequently affect
the C—H bonds of CH, molecules, thus being directly
involved in the formation of methyl intermediates ("OH).
Given that H,O exceeds methane in kinetic activity [121],
the dissociation of C—H bonds ceases to limit the NOCM
reactions, resulting in their manyfold acceleration. Water
not only catalyzes the oxidative dissociation of C—H
bonds but also promotes the subsequent pairing of "CH;
radicals into C,H4 on the surface of a heterogeneous
catalyst [90, 121]. The presence of ‘OH and "CH;
radicals in the photocatalytic methane conversion in the
presence of H,O has been reliably confirmed by electron
paramagnetic resonance (EPR) spectra [94].

A radical process theoretically involves a large
number of reactions [93, 94]. For example, the following
transformations potentially occur in photocatalytic
NOCM over Pt;+Pt,/TiO,:

Pt/TiO, + hv — h*+ ¢, (3)
H,0 +h* — "OH + H, 4)

¢ +H"— 1/2H,, (5)
*OH + CH, — ‘CH; + H,0, (6)
*CH, + ‘CH; — C,H, (7)
CH; + *OH — *CH, + H,0, )
*‘CH, +'CH, — C,H,, )
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2'0OH — O, + 2H+ + 2¢, (10)
2CH, + O, — 2CO + 4H,, (11)
CH, + 20, — CO, + 2H,0, (12)
CH, + 8 h*+ 4H,0 — CO, + 2H,0 + 8H".  (13)

The main reactions are (3) to (7) as they produce
ethane and hydrogen. However, the radical process
can continue along the pathway of reactions (8) to (10)
to additionally give ethylene and oxygen. In its turn,
oxygen will potentially involve methane into incomplete
oxidation to CO (11) and complete oxidation to CO, (12).
Carbon dioxide can also be produced at photocatalyst
holes by steam reforming of methane (13).

The formation of CO, is accelerated in the presence of
‘OH radicals, while the production of C,Hg is facilitated
by improving the diffusion characteristics of the
photocatalyst and by increasing the CH, partial pressure
(up to 100-200 kPa) [102, 103].

All the above-listed compounds (H,, C,Hg, C,H,, CO,
and CO,), in different proportions, have been detected in
the reaction products of photocatalytic NOCM processes
carried out in aqueous media over various single-atom
photocatalysts: Pt;+Pt,/TiO, [110], Pd,+Pd,/TiO, [94],
Pd,@ZnO [101], Pd,@Ga,04 [102], Pt,@Ga,05 [103],
and Ni>*~-MgO/Al,0; [100] (Figs. 5a to 5f). In all the
cases, the dominant byproduct was CO,, and the amount
of hydrogen product was several times higher than the
stoichiometry of the target C,H, production reaction (2).

Water serves as the main source of hydrogen and of
CO, formation: under photocatalytic conditions, the H,O
molecule either splits into H, and O,, or enters steam
reforming of methane into H, and CO, [93, 94]. The
negligible methane conversion observed in the absence
of water under the process conditions imposed in these
studies (Fig. 5b) suggests that an aqueous medium
creates a synergistic effect of several NOCM reactions.
This synergy imparts a relatively high energy efficiency
to the photocatalytic process, especially with respect
to hydrogen production (up to 14.4%). However, the
concurrent CO, formation is generally responsible for a
lower ethane selectivity (45-80%) than that in anhydrous
media.

While Yu et al. [93, 94] note the importance of radical
reactions in aqueous-medium photocatalytic NOCM,
they deem it possible that, like in anhydrous media,
the metal dopant atoms are involved in redox reactions
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on photoexcited carriers. This assumption is consistent
with the fact that the main photocatalytic regularities
remain unchanged even though water is added to the
reaction zone. Regardless of the presence or absence of
H,O0, pristine semiconductors are almost inactive, and
Pd-doped catalysts achieve the highest yield of ethane
(Fig. 5a). In addition, Pd—Zn catalysts promote the
formation of some ethylene along with ethane (Fig. 5c¢).
Furthermore, the photocatalytic activity increases with
the dopant dispersion and reaches its maximum on SACs,
i.e., catalysts in which the active metal consists only of
single atoms or cations (Figs. 5c, Se) [94, 100-102].
Ishimaru et al. [102] confirmed experimentally that the
particles of the reduced metal (in particular, Pd) that
accumulate the photogenerated electrons are involved
in the reductive reactions of H, production. The data
reported in [99] confirm—for the case of photo-driven
NOCM in an aqueous iron nitrate solution—that metal
cations that contain photogenerated holes can be involved
in the oxidative dissociation of the methane C—H bonds.

Zhang et al. [99] constructed a full redox cycle for
CH, conversion with the production of C,Hs and H, in
the presence of Fe3* ions. They found that, in a system of
this kind, CH, coupling is induced by hydroxyl radicals
that are generated by photo-driven intermolecular charge
migration of an Fe** complex. The delicate coordination
structure of the [Fe(H,0)sOH]*" complex ensures
selective C—H bond activation and C—C coupling of CH,.
The Fe?* produced by Fe** reduction is involved in the
reductive reactions of electrolytic H, production, thus
turning back into Fe3* and closing the catalytic cycle. This
process design almost completely precludes the formation
of CO,, thus providing high ethane selectivity (94%).
However, the C,Hy formation rate is low (8.4 umol h™),
in particular due to the lack of reaction synergies.

Turning back to photocatalytic NOCM over hetero-
geneous catalysts in the presence of H,O, where reaction
synergy exists, their performance critically depends on
two factors, namely the photocatalyst composition (in
particular, the type of metal dopant) and the physical
form of water in the reaction zone. The dopant determines
the ratio between the rates of H,O and CH, conversion
reactions occurring in NOCM, thus affecting both the
production rate and selectivity. For example, Pt-doped
catalysts—more active in water-involving reactions than
their Pd-doped counterparts [11]—generally exhibit a
higher methane conversion rate and a lower yield of
C,Hg [93, 94, 102, 103]. The physical form of H,O is
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with water volume being varied (based on [100]).
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also of great importance: the reaction rate is an order
of magnitude higher when saturated water vapor is
used instead of liquid water [102, 121]. Photoactivated
interfacial water particles form a thin film (with a
thickness of about 1 nm, or about 3.5 monolayers of
H,0 molecules) on the photocatalyst surface and, as
such, participate in NOCM [102, 103, 121]. These
adsorbed water molecules provide the reaction field that
promotes C,H, production: specifically, they promote the
dissociation of the methane C-H bond as they hydrate
and stabilize intermediate hydrocarbon radicals so as to
prevent them from subsequent oxidation and to direct the
reaction toward ethane formation [102]. The importance
of water adsorption on the photocatalyst surface is
confirmed by the dependence of ethane formation rate
on water vapor pressure and on reaction temperature
[102]. In the photocatalytic NOCM over Pd;@Ga,05,
the maximum C,Hy formation rate was achieved in the
presence of saturated water vapor (P, =3.0-3.6 kPa) at
room temperature (Fig. 5d). However, this rate abruptly
dropped when the temperature either decreased (due to
water vapor condensation) or increased (apparently as a
result of H,O desorption from the heterogeneous surface
of the photocatalyst). These trends are typical of other
photocatalysts (e.g., Pt/TiO,, Pt/NaTaO;, and Pt/TiO,
[121]) as well; in all cases, the coupling of "“CHj; radicals
on the surface of water-covered heterogeneous catalysts
occurs only at low temperatures (about 40°C) [121].

Athigher temperatures, the reaction mainly transitions
to the gas phase [121], where no radical generation is
observed, and the H,O molecules are not directly involved
in the CH,-to-C,Hg conversion anymore [100]. At the
same time, water vapor can also enhance the methane-
to-ethane conversion in photothermal coupling [100].

Shen et al. [100] investigated the effects of H,O on
visible-light-driven photothermal NOCM in the presence
of aNi**~MgO/Al,05 SAC at 150°C and ambient pressure
(Figs. Se, 5f). In the absence of water vapor, CO, and
ethane were simultaneously produced from methane in
about equal proportions, and the catalyst rapidly lost
its activity. An addition of water droplets (0.1-0.4 mL)
stabilized the catalyst and markedly suppressed the carbon
dioxide formation. Moreover, the yield of C,H, increased
by a factor of about 1.5-2, its peak (454.3 umol g h™! with
about 98% selectivity) corresponding to 0.3 mL of water.
As water droplets enter the reaction zone, they vaporize
and presumably adsorb on the catalyst surface [100],
thus affecting the NOCM process. When H,O is added
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in greater amounts, it does not vaporize completely, and
its effect decreases. Analogous trends were also observed
in the presence of similarly composed photocatalyst
except that it contained nickel nanoparticles (Ni,—MgO/
Al,O5). However, the last one exhibited markedly lower
performance values (a C,H; yield of 260-320 pumol g ' h™!
and a selectivity of about 60—70%) (Fig. 5e).

Unlike catalysts with nanodispersed nickel, a single-
atom photocatalyst has single Ni?>* cations incorporated
into its MgO cell by isomorphic substitution of Mg?*
ions. This creates preconditions for the formation of
oxygen sites most enriched with photogenerated electrons.
Electrophilic oxygen atoms in the MgO lattice can abstract
one hydrogen atom from CH, to form the H-O,;;..—CHj;
structure. The activated methyl intermediate is adsorbed on
the Oj,ice Site, resulting in further hydrogen dissociation
and the consumption of lattice oxygens to eventually
generate an over-oxidative CO, product. In addition, this
adsorption deactivates the photocatalyst. With regard to
the mechanism of water vapor effects on photothermal
catalysis, water is assumed to perform two functions
[100]: (1) as H,O splits into H, and O, gases, it repairs the
oxygen defects generated during the reaction process (in
accordance with the Mars—van-Krevelen mechanism, with
respect to O, transfer from the gas phase to the catalyst
surface [122]); and (2) in the presence of H,O, the CH;4
intermediate activated on oxygen sites migrates onto Ni
sites, where it undergoes coupling into C—C bonds, thus
giving C,Hy. Due to these functions of water, even trace
amounts of H,O in the reaction system are able to stabilize
active sites and substantially promote ethane production
rate and selectivity. The above suggests that lattice oxygen
is the only site responsible for the activation of methane
C-H bonds (with Ni** ions presumably acting as C—C
bond formation sites) [100].

The heterogeneous Ni>*~MgO/Al,O; has become
the first noble-metal-free single-atom photocatalyst
ever known for NOCM. Moreover, its photocatalytic
application at elevated temperatures has to date remained
the only example, and a successful one, of catalytic
NOCM initiated by photogenerated charge carriers under
photothermal conditions. On the other hand, its catalytic
performance is at least twofold lower than that achieved
by some recently reported single-atom photocatalysts
doped with noble metals such as Pd;@Ga,05 [102],
Pd,@TiO, [112], and Au,;+Au,/ZnO [117]. Whether
in the presence of water vapor (Pd;@Ga,05) or in an
anhydrous medium (Pd,@TiO, and Au,+Au,/Zn0O),
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these photocatalysts promote NOCM at room temperature
under photoirradiation with an intensity of 1-6 suns
(I = 0.1-0.6 W/cm?). The specific ethane production
rates (910-1122 umol g~! h™!") exhibited by these
catalysts are at least comparable to the values achieved
by SACs under thermocatalytic conditions at 650—700°C
[123, 124]. Yet, the methane conversion that has
been actually achieved is insufficient for industrial
implementation of the process, and the inadequate C,H
quantum efficiency (not exceeding 5.1%) should also
be taken into account. However, we believe that this
type of photocatalysts holds promise for their further
development, for example, using advanced optical
techniques capable of focused irradiation and, thus,
of boosting light intensity to several hundred suns.
Further research should also take advantage of some
other opportunities offered by photothermal catalysis.
In particular, paired (acid—base) Lewis sites highly
efficient in the activation of methane C—H bonds can be
generated on the surface of oxide semiconductors at about
120-600°C [125, 126].

CONCLUSIONS

The literature data discussed in this review show the
high application potential of integrated photocatalysis/
single-atom catalysis technology for methane chemistry:

—State-of-the-art photocatalytic methods based on the
use of highly dispersed metal-doped hybrid photocatalysts
make it possible to overcome thermodynamic limitations
and, thus, carry out NOCM and DRM reactions without
external heating;

—Single-atom photocatalysts have proven to be more
efficient than catalysts doped with metal nanoparticles
or nanoclusters. This is most likely attributable to the
advantageous photocatalytic properties of SACs, such
as the accumulation of photogenerated holes and the
involvement of positive metal sites in the oxidative
dissociation of methane C—H bonds, as well as the relative
stabilization of methyl intermediates. The last feature
promotes the coupling of the methyl radicals into C,Hg
(under NOCM reaction conditions); and

—Bimetallic systems such as single-atom alloys
with the second metal represented by nanoparticles with
enhanced plasmonic photosensitivity appear to hold the
greatest promise.
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