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Catalytic Methane Removal to Mitigate its Environmental Effect
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Large reserve of methane, in the form of natural gas and methane hydrate, has been discovered and it has been intensively used
as a fuel, or as a building block for chemical synthesis. However, severe environmental and climatic issues caused by the
leakage of methane during the production, transportation and use of methane are overlooked. This offers incentives for the cat-
alytic removal of methane. Nevertheless, due to the inert nature of methane molecules, the activation of methane via thermo-
catalysis requires harsh reaction conditions. The high reaction temperature not only increases the capital cost but also acceler-
ates the deactivation of catalysts due to sintering and/or coking. The development of robust and stable catalysts with a low op-
erating temperature has become the focus of research on thermocatalytic methane oxidation. Photocatalysis, which uses the
energy of photons instead of heat to drive chemical reactions under ambient conditions, offers another approach for methane
removal. This review will cover the development of high-efficiency catalysts for methane combustion in both thermo- and
photo-catalysis. Moreover, the fundamental understanding of the active sites, surface chemistry and reaction pathway will also
be discussed. Finally, the challenges facing in the catalytic removal of methane will be summarised and potential solutions will
be provided. This review will be of interest to researchers in the field of heterogeneous catalysis, materials design, and chemi-
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1 Introduction

1.1 Background

Methane with a huge reserve is a strong greenhouse gas
with a global warming potential nearly 30 times higher than
CO,. It can be emitted into the atmosphere via various
pathways, such as farming, decay of waste landfills, and
most importantly the exploitation, production, transporta-
tion and consumption of natural gas, coal and oil. The in-
crease of methane concentration in the atmosphere equals
25 million tons of methane emission each year after 2006.
Thus, controlling or reducing the amount of methane in the
atmosphere could contribute significantly to mitigating its
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climate effect.

The atmospheric methane removal processes occur natu-
rally in the atmosphere and soil. In the atmosphere, methane
reacts with the free hydroxyl or chlorine radicals to produce
methyl radicals and water or HCI. Under the assistance of
O, and NO, the oxidation process eventually leads to the
production of formaldehyde and water vapour. The whole
process results in an estimated methane lifetime of 10 years
[1]. In soil, methane is destroyed by methanotrophic bacte-
ria to release carbon dioxide and water in methane-rich are-
as.

Artificial methane removal is attempted via physical, bi-
ological, and chemical pathways. Physically, iron-salt aero-
sols were proposed to remove methane in the lower tropo-
sphere by enhancing the concentration of OH- and chlorine
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radicals through the Fenton and photo-Fenton reactions [2].
Considering the cost of acrosols and the risk of detrimental
effects on the respiration of animals and people caused by
the existence of aerosols in the atmosphere, this method can
only be applied on a small scale and in remote areas. Bio-
logically, modification of the activity of microbes via soil
amendments or applying biotrickling filters, has contributed
to lowering the methane concentration in the atmosphere
[3,4]. However, the atmospheric concentration of methane is
too lean for bacteria survival. Thus, relatively high methane
concentration and a certain temperature are required for the
functional operation of such biological processes. Chemi-
cally, methane can be oxidised through thermo- or photo-
catalytic processes. Compared with the physical and bio-
logical methods, catalytic processes realise continuous and
rapid methane removal under certain reaction conditions.
Gas mixtures containing either high or low levels of me-
thane could be selectively converted to carbon dioxide. The
cost is relatively controllable through the development of
inexpensive catalysts and reactor engineering. Furthermore,
the catalytic methane oxidation process causes minimum
harmful effects on the environment. Finally, catalytic me-
thane oxidation could be applied in automobile engines or
other methane-consuming setups to avoid methane emission
and mitigate the environmental issue. Therefore, catalytic
methane oxidation is an ideal pathway for methane removal.

To achieve in situ removal of methane to reduce its emis-
sion, the catalytic methane oxidation can be directly applied
in venues including ventilation of coalmines/gas fields, ex-
hausts of power plants, automobiles, and home fireplaces
and boilers. Considering the concentration of atmospheric
methane is too low for direct conversion, various technolo-
gies can be used to enrich methane from low concentrations.
For example, a two-stage methane enrichment process with
initial vacuum, temperature, and final vacuum swing ad-
sorption was designed [5]. Via this methane enrichment unit,
air streams with methane of 0.3% and 1.0% were enriched
to 19% and 37%, respectively. Moreover, gas separation
membranes and other technologies such as mechanical tow-
ers and vortex tubes were used to enrich the methane con-
centration mechanically [6,7]. Porous materials such as
metal organic frameworks [8], covalent organic frameworks
[9], and zeolites [10], with high methane storage capacities,
were also designed that can be potentially combined with
methane oxidation catalysts to achieve atmospheric methane
removal. Therefore, the removal of methane via catalytic
oxidation holds both great importance in research and sig-
nificant potential for large-scale applications.

Thermocatalytic methane oxidation has been studied
since 1927 [11]. With the effort of nearly one century,
Pd-based materials were proved to be the most efficient
catalysts [12—14]. Some transition metal oxides (e.g., Co304
and perovskites) were also used as methane oxidation cata-
lysts [15-17], due to economic considerations, although

demonstrating moderate performance compared with
Pd-based catalysts. Normally, the complete oxidation of
methane by thermocatalysis requires high reaction temper-
atures (e.g., > 400 °C). The operation condition requires the
catalyst to be heat resistant. More importantly, the high
temperatures promote the formation of NOy and other sub-
stances that are detrimental to the environment, and/or poi-
son the catalysts. Therefore, it is essential to develop robust
and sintering-resistant catalysts for methane oxidation that
work under lower temperatures.

Low-temperature catalytic processes, such as photocatal-
ysis, electrocatalysis, photoelectrocatalysis have been de-
veloped to drive reactions under mild conditions, replacing
high temperatures required by traditional thermocatalysis,
such as ammonium synthesis from N, reduction, hydrogen
evolution from  water splitting, and  hydrocar-
bons/oxygenates production from carbon dioxide hydro-
genation [18-20]. Since methane oxidation is a gas phase
reaction, and the solubility of methane in most electrolytes
is extremely low, only photocatalysis has been proved effi-
cient for methane conversion at low temperatures [21-24].
The development of methane oxidation photocatalysts is at
an infant stage. Up to now, TiO; and ZnO are the most used
photocatalysts for the oxidation of methane [25-28]. Be-
sides, SrTiO3 and AgCl were also reported as photocatalysts
for the total oxidation of methane [29,30]. The performance
of methane oxidation by photocatalysis is relatively low
compared with thermocatalysis. Nonetheless, photocatalytic
methane oxidation has shown its potential as a
low-temperature technology for methane oxidation.

1.2 Preliminary mechanism of thermocatalysis and
photocatalysis

Complete oxidation of methane to CO, (CH4+ 20, — CO;
+ 2H,0 AG= -800.9 kJ/mol) is a thermodynamically fa-
vourable exothermic reaction. However, the inert nature and
high energy of the first C-H bond in methane (439 kJ/mol)
limits the kinetics of the methane oxidation reaction. Thus,
activation of the C-H bond in methane is considered the
rate-limiting step in methane oxidation [31]. After breaking
the first C-H bond, a methyl radical (-CHz) is formed, which
is the first and most important intermediate in all methane
conversion processes. Afterwards, -CHs is further oxidised
via a series of radical reactions, finally resulting in the for-
mation of CO,.

In thermocatalytic methane oxidation, methane activation
in the presence of a catalyst follows a dissociative adsorp-
tion process, as shown in Figure la [32]. Methane mole-
cules are firstly adsorbed on the active site of a catalyst.
With the input of heat energy and the assistance of the cata-
lytic active species, the breaking of the first C-H bond re-
sults in the formation of a methyl radical and hydrogen rad-
ical. Then, the formed methyl radical is either oxidised by
the reactive oxygen species (ROS) formed by oxygen acti-



vation or undergoes further dehydrogenation followed by a
completed oxidation process by ROS. A light-off curve,
which shows the relationship between methane conversion
and the reaction temperature, is used to evaluate the per-
formance of a methane oxidation catalyst (Figure 1b) [33].
As the temperature increases, the oxidation process is initi-
ated at a temperature related to the intrinsic properties of the
catalyst (stage 1). An exponential increase in methane con-
version is observed with a further increase in the reaction
temperature (stage 2), at which point, the heat generated by
the oxidation reaction is greater than the heat supplied by
the reaction chamber. Then, the reaction rate increases rap-
idly with the temperature (stage 3). At this stage, the reac-
tion is mainly controlled by mass transfer. Finally, the con-
version gradually reaches 100% as the reactants are deplet-
ed (stage 4). The “light-off” point can be defined in various
ways, however, all of which are referred to as the point
when mass transfer becomes rate-controlling [33]. The
light-off point is defined as the temperature when methane
conversion reaches 10%, 20% or 50%. However, due to the
shape of the curve, there is very little difference in the tem-
perature between different definitions. The kinetics of the
reaction is reflected in stage 1 and 2, while stage 3 and 4 are
mainly affected by the geometry of the catalyst (e.g., sur-
face area and porosity) and the structure of the reactors. It is
ideal to completely convert methane into carbon dioxide
and water (100% methane conversion) in real applications.
Therefore, high reaction temperatures (> 400 °C) cannot be
avoided. For supported catalysts, the mobility of nanoparti-
cles on the support significantly increases at elevated tem-
peratures, which causes aggregation and deactivation of the
catalyst. Therefore, catalyst stability is another important
concern.

In photocatalysis, light energy is the main energy input to
drive chemical reactions in the presence of a photocatalyst.
Most photocatalysts are semiconductor-based materials. In a
typical photocatalytic process (Figure lc), the electrons at
the valence band (VB) of a semiconductor are populated to
the conduction band (CB) upon light irradiation, leaving
holes at the VB (Step (©). Then, the electrons and holes

transfer from the bulk to the surface of the catalyst (Step 2)).

In the meantime, recombination of charges can occur, which
results in decreased photon efficiency (Step (3)). The elec-
trons and holes at the surface finally react with the reactants
in reduction (Step (®) and oxidation (Step (5) reactions,
respectively. In thermocatalysis, all energy required to
overcome the activation barrier is supplied by external heat
(Figure 1d). Thus, high temperatures are required. However,
the energy source in photocatalysis is photons, instead of
heat. Only moderate heat energy is required with the aid of
photons. Hence, compared with thermocatalysis, the activa-
tion energy and reaction temperature of photocatalytic pro-
cesses can be significantly reduced [34]. In photocatalytic
methane oxidation, the oxidative holes are considered to be
responsible for breaking the first C-H bond in methane. Ac-

tivation of methane by energetic holes results in the for-
mation of methyl radicals (-CH3) and protons. Subsequently,
complex radical reactions occur. The most accepted theory
is that -CH3 is firstly oxidised to HCHO as an intermediate.
Then, HCHO undergoes further oxidation following the
order of to HCOOH and finally to CO, and H>O. An ideal
methane oxidation photocatalyst should exhibit a strong
light absorption capability, low charge recombination rate,
suitable band potential for both methane oxidation and ox-
ygen reduction, and high stability against photo-corrosion.
Moreover, considerations in thermocatalysis such as strong
interaction between the catalyst surface and reactants as
well as the fast desorption of products should also be ap-
plied in the development of photocatalysts.
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Figure 1. (a) Dissociative adsorption of methane via thermocatalysis; Re-
printed from ref. [32]. Copyright 2022 American Chemical Society (colour
online). (b) Light-off curve for thermocatalytic methane oxidation; Reprinted
from ref.[33]. Copyright 1995 Elsevier (colour online). (c) A schematic diagram
of a typical photocatalytic process; (d) Energy diagram showing the methane
oxidation process via photocatalysis and thermocatalysis. Reprinted from ref.
[34]. Copyright 2022 Springer Nature (colour online).

1.3 Practical conditions of catalytic methane oxidation

In most studies, dry methane and pure O, are applied,
sometimes with Ar as the balance gas in the catalytic oxida-
tion of methane. Limited discussion concerning specific
application conditions for catalytic combustion of methane
is addressed although catalytic methane combustion has
been studied for nearly a century. A few important practical
aspects necessitate further detailed investigation, such as the
reactivity and stability of the catalyst under humid condi-
tions and other compounds. For instance, the exhaust gas
going through the catalytic converters of natural gas vehi-
cles contains low concentrations of methane (~ 1000 ppm),
large amounts of H,O (10—15%) and CO» (15%), as well as



CO, NOx and sulfuric compounds. H,O could promote the
sintering of noble-metal-based catalysts under high temper-
atures. CO, NOy and sulfuric compounds could be preferen-
tially adsorbed on the active sites, therefore poisoning the
catalyst. In coal ventilation air, humid and coal dust may
also affect the catalytic activity and stability. It has been
reported that the performance of the catalytic systems
dropped dramatically in the presence of water vapour [35].
Especially in photocatalytic methane oxidation, attention
should be paid to simulating the practical operation condi-
tions when evaluating the catalyst performance. In the test
of photocatalytic methane oxidation, diluted methane (100
ppm) in the presence of a high concentration of pure O; is
normally used to obtain a noticeable methane conversion
rate, not to mention the long reaction time. Moreover, batch
reactors are frequently used in photocatalytic methane oxi-
dation. This is not desirable, as continuous conversion is
required in actual application scenarios [36].

2 Thermocatalytic methane combustion

The first study of thermocatalytic methane oxidation can be
dated back to 1927 [11]. A series of transition metal oxides
were compared and Co304 was found to be the most effi-
cient. Afterwards, Pd and other noble metals were devel-
oped as active catalysts for methane oxidation [37]. In par-
ticular, Pd has been intensively studied. The effects of the
size, morphology and chemical states of Pd, and different
supports on the performance were investigated [37,38]. In
this section, the recent progress in the state-of-the-art cata-
lysts for thermocatalytic combustion of methane will be
introduced. Noble-metal-based catalysts will be given extra
focus due to their high performance and stability. No-
ble-metal-free catalysts will also be discussed. Catalyst de-
activation caused by high temperature, humid, SO, etc. will
be discussed. Finally, the fundamental studies on thermo-
catalytic methane oxidation using advanced spectroscopies
and microscopies will be summarised.

2.1 Catalyst development

Noble metals and non-noble metal oxides are used as cata-
lysts for methane oxidation. Noble metals, including Pd, Pt,
etc. show higher performance than metal-oxide-based cata-
lysts [39]. The drawbacks of noble metal catalysts are high

cost and poor stability at elevated reaction temperatures [40].

Metal oxides (e.g., CeOa, Co304, and perovskites) were also
studied for methane combustion. Metal oxides, although
displaying moderate catalytic efficiency and relatively high
light-off temperatures, are more attractive methane oxida-
tion catalysts due to economic considerations.

2.1.1 Noble-metal-based catalysts

Pd is the most widely used noble metal as methane oxida-
tion catalyst. Other precious metals, such as Pt, Rh, Ir, Au

and Ru also demonstrated excellent performance for me-
thane oxidation [41—44]. Noble metals can be used directly
or with a support. However, supported catalysts show high-
er activities due to a high dispersity of metals and the inter-
action between metals and the supports. Frequently used
supports include Al,O3, CeO,, ZrO; and zeolites. The size
and chemical states of noble metals [45—47], as well as the
interaction with the support [48-51], all have a significant
effect on the catalytic activity. Moreover, the poisoning and
deactivation of the catalysts [52] and strategies to avoid
such behaviours will be covered.

Pd-based catalysts are very active in the complete oxida-
tion of methane. Therefore, intensive attention has been
paid to Pd catalysts in the past decades. Up to now, the
temperature for 50% conversion of methane achieved over
Pd-based catalysts can be as low as 200 to 300 °C [53]. Two
active states are usually observed in the catalytic combus-
tion of methane, namely Pd and PdO [54,55]. The two
phases may co-exist in the catalyst, and the transition be-
tween Pd and PdO may occur during the catalytic reaction.
PdO is commonly accepted as a more active state than Pd. It
was observed that PAO decomposed into metallic Pd at ele-
vated temperatures and was re-oxidised into PdO upon
cooling [56].

The support of Pd can have a significant effect on the
performance of the catalysts due to the strong metal-support
interaction. Metal oxides, such as CeO,, TiO,, Al,Os and
ZrO,, are an important group of materials used as the sup-
ports for Pd species [12,57-62]. Pd was loaded on CeO, by
a deposition-precipitation method (Pd-DP) [63]. It was
found that Pd-DP displayed significantly improved methane
oxidation performance compared with the same catalysts
prepared by the impregnation method (Pd-IM) or Pd sup-
ported on AlLO; (Pd-A) by the deposition-precipitation
method. The temperature for 50% methane conversion
achieved over Pd-DP was as low as 257 °C, which was
much lower than that of Pd-IM at 557 °C and Pd-A at
349 °C. It was claimed that the high oxygen mobility of
Pd-DP guaranteed that PdOx could not be reduced to the
metallic state. Therefore, the high activity was ascribed to
the low reducibility of Pd species on Pd-DP relative to that
on Pd-IM and Pd-A, as proved by the X-ray photoelectron
spectroscopy (XPS) analysis of the Pd species. Al,Oj is an-
other common support owing to its excellent thermal stabil-
ity, high surface area and mechanical strength. Pd particles
of various sizes were loaded on a-AlOs;, 6-Al,O; and
v-ALOs, respectively [12]. The catalytic activity of
Pd-0-AlO; and Pd-6-Al,Os showed a volcano-shaped de-
pendence on the size of Pd particles, while that of
Pd-y-AlbO; increased with the particle size (Figure 2a). The
authors used ?A1 MAS-NMR to detect the fraction of pen-
tacoordinate A1*" sites in the supports, which was the origin
of the metal support interaction. A strong metal-support
interaction was observed over Pd-y-Al,Os, while the inter-



action was moderate in a- and 8-Al,O3 loaded with Pd. The
weak metal-support interaction in Pd-0-ALOs; and
Pd-6-Al,0O3 encouraged the formation of spherical or
well-faceted Pd particles. The strong interaction in
Pd-y-Al,O; caused distorted Pd particles. With the assis-
tance of the infrared (IR) spectra of CO-adsorption and
transmittance electron microscopy (TEM) analysis of the
catalysts, it was found that step sites on Pd particle surface
were the main cause for the methane oxidation (Figure 2b).
The activity of the Pd surface sites followed the order of
step > plane > corner = single atoms.
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Figure 2. (a) Dependence of the turnover frequency (TOF) at 300 °C for
methane oxidation on Pd particle size; (b) Plot of TOFs at 300 °C for methane
oxidation against the fraction of step sites. Reprinted from ref. [12]. Copyright
2017 John Wiley and Sons Ltd. (colour online).

Zeolites have been widely used as promising supports
because of their well-defined channels, high surface area
and excellent thermal stability [64,65]. The most important
advantage of using zeolites as the support is its ability to
constrain the metal nanoparticles and reduce the sintering of
catalysts. Pd was loaded on mordenite zeolite (Pd/H-MOR)
by the ion-exchange method [66]. It was reported that in-
creased acidity of zeolites could enhance the mobility of
palladium over the support under reaction conditions, which
resulted in particle growth and catalyst deactivation [67].
Thus, the acid sites of Pd/H-MOR were exchanged by so-
dium through sodium bicarbonate titrating to obtain
Pd/Na-MOR. The temperature for 50% methane conversion
was reduced from 400 °C to 340 °C. Moreover,
Pd/Na-MOR showed excellent hydrothermal resistance
(Figure 3a). STEM images of catalysts after long-term reac-
tion showed no significant change in the dispersion of Pd
species in Pd/Na-MOR, while sintering of the active phase
in Pd/H-MOR was observed. The in-situ X-ray absorption
spectroscopy for catalysts ageing indicated the fraction of
Pd-Pd coordination increased in Pd/H-MOR but Pd-O was
the dominant component in Pd/Na-MOR after treatment at
410 °C in the presence of 5% water. Another interesting
result was that the catalysts showed improved performance
after a pulse reduction by removing oxygen in the atmos-
phere (Figure 3b). Pd*" species were reduced immediately
in the absence of oxygen, accompanied by decreased me-

thane conversion. When oxygen was re-introduced, Pd was
gradually oxidised back to Pd?", and higher performance of
the catalysts than before reduction was obtained. The im-
proved methane conversion was ascribed to the formation of
highly dispersed PdO phase by redispersion, increased sur-
face roughness of freshly reoxidised PdO, or the interaction
between the reduced and oxidised Pd. Via the pulse reduc-
tion-reoxidation technique, the Pd/Na-MOR displayed a
high methane oxidation performance without deactivation
for over 90 h in the presence of steam (Figure 3c). Very
recently, Pd was confined in single crystalline silicalite-1
(S-1) zeolite with intra-mesopores for light alkanes oxida-
tion [53]. The pore size in traditional zeolites was ~2 nm,
which limited the molecular diffuse. With the introduction
of mesopores in S-1, the mass transfer was significantly
improved. More importantly, Pd nanoparticles were encap-
sulated in the zeolite instead of loaded on the surface, which
realised stable methane oxidation with a 50% methane con-
version temperature of 261 °C.

a .
100 | H,0 + CH,
8o ;100
— 60
£ w0 La &
E 20 ¥ E
&
£ of feo 2
] ! g
2 80
§ - 40 §
g 80 2
= 2
40 Rate = 3.6 a.u. L 20 g
20 |
Pd/Na-MOR
0- T T T T v + 0
100 200 300 400 500 600
Time (s)
C 100

W & oo
© o o

Methane conversiol

]
<]

&

=

d

T T T T
220 222 224 2286

©o o

T T T T T T T T
0 10 20 30 40 50 60 70 80 90
Time on stream (h)

Figure 3. (a) Light-off curves for methane oxidation with and without 5% water;
(b) Fraction of oxidized palladium in Pd/Na-MOR and corresponding catalytic
activity; (c) Stability test with continuous short pulse regeneration, insert (d)
shows the magpnification of four cycles with regeneration. Reprinted from ref.
[66]. Copyright 2018 Springer Nature (colour online).

Pd was also loaded on some mixed oxides, such as
MgAlLO4, NiC0,04, AlO3-CeO,, etc [68—70]. The mixed
oxide is believed to combine the advantages of two oxides,
therefore improving the hydrothermal resistance, long-term
stability and/or catalyst activity, Pd loaded on
CexZri—«0>—ALO; displayed a 99% methane conversion at
the temperature of 455 °C, which was much lower than that
of Pd-AL,O3 (485 °C) [71]. With further Mg-doping in the
support, the temperature was reduced to as low as 400 °C at
1 vol% CHy4 and 5.0 vol% O; in N as balance gas with a



GHSYV of 50 000 mL h™! g'!. Doping of Mg into the lattice
of CexZr1«O—AlL O3 induced oxygen vacancies and fa-
voured oxygen migration, which resulted in a smooth
transformation between Pd and PdO and was beneficial for
methane oxidation.

To further improve the stability and sintering resistance, a
second component is introduced into the Pd-based catalysts.
Bi-metallic methane combustion catalysts consisting of Pd
with another noble metal (Pt, Au, Ir, Rh, Ag,) or transition
metal (Ce, Co, Ni, Cu) are attracting increasing attention in
the catalytic methane oxidation reaction [72-74]. Among
noble metals, Pd-Pt bi-metal catalysts are the most effective,
stable and resistant combination [75,76]. A recent report
demonstrated the formation of 2-D PdOy rafts on Pt single
atoms anchored CeO, catalyst (1Pd/2Pt@CeO,) [76]. It was
found that after Pt single atoms were trapped at the
step-sites of CeQ,, further loading of noble metals (e.g., Pt
and Pd) results in the formation of 2-D rafts instead of 3-D
nanoparticles (Figure 4a). Compared with the reference cat-
alyst (denoted as (1Pd+2Pt)/CeO,) with the same metal
loading but prepared by the conventional impregnation and
calcination method, 1Pd/2Pt@CeO, displayed significantly
improved water-resistant activity. The methane conversion
loss of 1Pd/2Pt@CeO; in the presence of 4% and 10% wa-
ter vapour were 3.8% and 15.7%, much lower than that of
(1Pd+2Pt)/CeO; (23.2% and 44.3% performance loss). Both
catalysts were stable and could catalyse methane oxidation
in a period of 12 h in the presence of 4% water vapour,

though 1Pd/2Pt@CeO; displayed higher activity (Figure 4b).

According to DFT calculations, the enhanced methane con-
version activity of 1Pd/2Pt@CeO, was ascribed to the de-
creased energy barrier for methane activation. The superior
water resistance was due to the high dissociation energy of
water on the 1Pd/2Pt@CeO, surface. This minimised the
amount of OH radicals strongly adsorbed at the catalyst
surface, which is the main cause of catalyst deactivation. To
modify the performance of methane combustion and mini-
mise the deactivation of catalysts, a Pd@CeO, core-shell
supramolecular structure was loaded on a special hydropho-
bic AlLO; support [77]. Over the optimised catalysts
(Pd@Ce02/H-Al,03), complete conversion of CH4 was ob-
served when using a gas stream of 0.5 volume % CHy4 and
2.0 volume % O, in Ar at a space velocity of 200 000 ml g!
h' at ~ 400 °C (see Figure 4c). The reaction rate of
Pd@CeO,/H-Al,03; was much higher than the reference
catalysts with a similar methane activation energy, as shown
in Figure 4d. The high performance of the
Pd@CeO,/H-Al,O; was ascribed to the strong interaction
between Pd and CeO,. More importantly, The Pd@CeO,
structures remained isolated even after the reaction at
850 °C. The transformation of Pd to PdO, was maximised
due to the strong oxygen donation capability of CeO-
closely connected with Pd species. With the assistance of a
hydrophobic AlO; support, monodispersed Pd@CeO,

structures were obtained. Thus, the agglomeration of the
active phase, which caused the generation of hot spots and
deactivation of the catalyst by sintering, was avoided.
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Figure 5. (a) A scheme of the single-phase multi-element oxide and the
STEM-EDS mapping spectra of a denary (ZrCe)os (Mg,La,Y,Hf,Ti,Cr,Mn)o.3
Pdo.102« oxide; (b) Light-off curves of the denary oxide in comparison with
PdOyx and the oxide without Pd; (c) Long term methane conversion test over
the denary oxide in the presence of 4% water vapour at 375°C under both low
and high GHSVs. Reprinted from ref. [78]. Copyright 2021 Springer Nature
(colour online).

Very recently, a series of single-phase multi-element oxide
nanoparticles were designed and synthesised via a rapid
non-equilibrium method [78]. Via rational design and sys-
tematic composition tuning of the oxides, a denary
(ZrCe)o.s(Mg,La,Y,Hf,Ti,Cr,Mn)3Pdo.10>« oxide was se-
lected and used for catalytic methane oxidation, as shown in



Figure 5a. Complete methane oxidation was reached at
400 °C, which was superior to not only the other quaternary
and quinary oxides, but also the PdOy reference catalysts
(Figure 5b). The nonary oxide without Pd displayed poor
catalytic activity, indicating the crucial effect of Pd species
in methane oxidation. The denary oxide catalyst also
showed excellent thermal and hydrothermal stability. In situ
TEM images at 800 °C revealed neither phase separation
nor morphology variation. At a high GHSV of 108 000 L
gea! h! and in the presence of 4% water vapour, the cata-
lytic methane oxidation performance was maintained for
over 100 h (Figure 5c¢).

Noble metals, such as Pt, Ir, Au, Rh, Ru and Ag were loaded
on various support and used for methane oxidation
[41-44,79,80]. Pt"-Pt** dipoles were observed at the met-
al-support interface of a Pt/Cr,Os catalyst [81]. It was
claimed that the dipole sites could increase the polarisation
of methane molecules and enhance the strength of oriented
collisions between the molecules and the catalyst surface.
Therefore, the energy barrier required for breaking the first
C-H bond in methane was reduced. In addition, the Pt'—Pt**

dipole sites are maintained during the catalytic reactions due
to the electron donation from the n-type Cr,O3 semiconduc-
tor to Pt’. The mixed oxidation states of the active phase
were also observed in Ag, Ir, and Rh catalysts [42,44,80].
However, no presence of AuxO or AuyO3; was detected by
the XPS analysis of a Au/AL,Os catalyst, leaving the metal-
lic Au as the active site for methane oxidation [41].

Currently, noble-metal-based, especially Pd-based mate-
rials are still the commercially available and most studied
catalysts for methane oxidation due to their high perfor-
mance. A comparison of the performance of the no-
ble-metal-based thermocatalysts is summarised in Table 1.
Considering the scarcity and high cost, the content of noble
metals should be reduced to the minimum if they cannot be
replaced. The lifetime of commercial catalytic converters in
automobiles could be up to 1000 hours under operational
conditions or equivalent to 100 000 miles of travelling dis-
tance. Thus, the long-term stability (up to 1000 h) of cata-
lysts should be evaluated in future studies.

Table 1 Performance comparison of noble-metal-based thermocatalysts for methane oxidation. Tc is the temperature at c% methane conversion.

Catalyst Tc Ea Feed gas Stability Ref.
(°C) (kJ/mol)
Pd@Silicalite-1 Tso=261 114.2 1% CHy, 21% O,, 78% N, GHSV= 36 000 mL g*h! - [53]
Pd-Ce@SiO, T100=350 100.4 1% CHy, 21% O,, 78% N,, GHSV= 36 000 mL g*h* Stable for 25 h [57]
H,O resistant
SO, resistant
Pd/TiO, Tee=370 83.1 1% CHa, 10% O,, bal. N, GHSV =30000 mLg*h Stable for 4 cycles  [59]
Pd/CeO, T10=224 - 1% CHg, 99% Air, GHSV =50 000 mL gt h* - [63]
Pd-Co/BEA T50=352 81.1 1500 ppm CH,, 5% O,, bal. Ar, GHSV=99 900 mLg*h - [64]
Pd/SBA-15 Ts5=310 - 0.5% CHg, 10.0% O bal. N, GHSV 40 000 mL gt h™? Stable for 5 cycles  [65]
Pd/Na-MOR Ts50=335 75 1% CHa, 4% O,, bal. N, GHSV=70000 mLg*h Stable for 90 h [66]
Pd/MgAl,O,4 Ts50=337 - 0.5% CHg, 10% Oy, bal. N, GHSV=40 000 mL g * h Stable for 90 h [69]
Pd/CeyZri«O-Al,03  Tge=400 92.7 1% CHa, 5% O, bal. N, GHSV =50000 mLg*h Stable for 18 h [71]
H,O resistant
Au-Pd/ Tso=331 50.5 5% CHa, 30% O,, 65 % N,, GHSV=50 000 mL gt h? Stable for 10 h [73]
LageSrosMnOs H,O0 resistant
Pd-Pt/Ce0O, Ts50=325 74 680 ppm CHa, 14% O,, 5% CO,, bal. N, GHSV=300 000 mL g*h*  Stable for 12 h [76]
H,O resistant
Pd@CeO,/Al,O; Ts5=310 103 0.5% CHg, 2.0% O, bal. Ar, GHSV= 200 000 mL g* h! Stable for 5 cycles  [77]
(ZrCe)os(Mg,La,Y,H  T100=400 - 5% CHa, 20% O,, bal. N,, GHSV=1 080 000 mL g* h? Stable for 100 h [78]
f,Ti,Cr,Mn)3Pd10, H,O resistant
Au/AlO4 Ts50=480 73 0.8% CHya, 3.2% O, bal. He, GHSV=1 500 h* - [41]
Rh/ZrO, Tso=400 - 1% CHy, 2% O,, bal. He, GHSV=15000 mL gt h? - [42]
Ir/TiO2-H Ts50=267 55.5 1% CHa, 20% O,, bal. N,, GHSV=30 000 mL g* h™* Stable for 50 h [44]
Ag/MnLaOg Ts50=580 74 2% CHa, 98% Air, GHSV=120 000 mL gt h? - [80]
Pt/Cr,03 T50=350 - 0.2% CH,, 10% O,, bal. N,, GHSV=30 000 mL g* h? Stable for 6 cycles  [81]

2.1.2 Metal-oxide-based catalysts

Metal oxides, particularly transition metal oxides are im-
portant earth-abundant catalysts. Although the performance
is usually lower than the Pd-based catalysts, transition metal
oxides have been drawing increasing attention due to their
cost-effectiveness. Thanks to the multi-chemical-state na-
ture of transition metals, catalytic cycles can easily be

formed between the high and low oxidation states of the
metal oxide. Moreover, oxygen release and restore also be-
come possible to facilitate the oxidation reaction. Metal
oxides including binary oxides (e.g., Co304, CeQ,), trinary
oxides (e.g., NiC0,04, perovskites), multi-element oxides,
and their mixtures, have been synthesised and tested for
methane oxidation.



Binary oxides, especially those containing multi-valence
elements have been intensively studied as methane oxida-
tion catalysts. Co3O4 nanoparticles with exposed (100), (110)
and (111) facets were synthesised by a modified hydrother-
mal method [82]. The methane oxidation performance of the
catalysts followed the order of Co0304-110 > Co0304-100 >
Co304-111, with their activation energy being 82.4, 112.8
and 176.2 kJ/mol, respectively. With N-doping into the
Co304-110 by a facial N, plasma engraving method, the
performance could be further improved. DFT calculations
proved that N doping could activate Co3O4 by improving
the electrophilicity of surface oxygen and lowering the C-H
bond activation energy. Smaller nanoparticles with more
edge and corner sites usually lead to higher reactivity. An-
other study also found Co3O4 with high-index facets could
achieve high reaction rates in methane combustion [83].
Highly active Co304 nanocrystals were obtained by in situ
oxidation of Co@C core-shell nanocapsules [16]. After the
complete burning of carbon shells, enlarged particles of
Co304 with a defective surface exposing high-index facets,
such as (311) and (220), were obtained. The Co30;4 inter-
connecting at the nanoscale created abundant channels for
efficient mass transfer of reactants. The 50% methane con-
version temperature obtained was as low as 376 °C, which
is even comparable to some of the Pd-based catalysts. Other
single oxides, such as CeO», Fe;03 and MgO were active in
methane oxidation [15,84-86]. Apart from these oxides,
hydroxyapatite (Caio(PO4)s(OH),), especially the particles
with basal-faceted c-surfaces, was also proved to be active
methane oxidation catalysts [87].

Trinary oxides are another group of noble-metal-free
methane oxidation catalysts. Perovskites, with a chemical
formula of ABOs, are intensively studied in methane oxida-
tion due to their high oxygen mobility, hydrothermal stabil-
ity and ease of modification. A three-dimensional ordered
macroporous LageSro4aMnOs  was synthesised using
polymethyl methacrylate microspheres as a template [17].
The optimised catalyst displayed a high surface area of 42
m?/g. The 50% methane conversion temperature at GHSV
of 30000 mL g!' h™! was 560 °C, with an apparent activation
energy of 56.6 kJ/mol. Similarly, a mesoporous LaCoO3
was prepared by filling a mesopores silica template in a
La-Co citrate complex precursor followed by a calcination
and silica removal process [88]. LaCoOs with a surface area
of 96.7 m?/g and an average pore size of 6 nm was obtained.

The high valent cobalt ions and high content of O,*/O" spe-
cies detected in mesoporous LaCoOs; by XPS and TPR
analysis resulted in a 50% methane conversion temperature
of 470 °C.

Apart from perovskites, oxides like NiC0,04, CoAl>,O4,
MgFe,04, etc., with a spinel lattice structure were also im-
portant methane oxidation catalysts [89—91]. Among them,
NiCo0,04 was the most active and well-studied. NiC0204
nanoparticles could achieve 100% methane oxidation at the
temperature of 350 °C, while the reference Co304 and NiO
catalysts only displayed less than 10% of methane conver-
sion [92]. More importantly, the performance of NiCo,O4
catalysts was also excellent when replacing the dry methane
with the exhaust from the engine of natural gas vehicles.
Recently, NiCo,04 with various morphologies, such as na-
noplates, nanocubes, pyramidal nanosheets and bow-
tie-shaped nanocrystals, were synthesised by using different
capping agents [93]. The bowtie-shaped NiCo0,0, catalyst
displayed the highest performance and achieved 100% me-
thane conversion at 410 °C with a GHSV of 90000 mL g-!
h''. However, the water resistance of the catalyst needs to be
further improved as the conversion of methane decreased
from 76% to ~30% when 5% of water was introduced into
the reaction atmosphere.

Fruitful achievement has been obtained for the develop-
ment of noble-metal-free catalysts for methane oxidation
over the past decades. However, the performance of trans-
action-metal-oxide-based catalysts is considerably lower
than the Pd-based materials. A summary of the performance
of transition-metal-oxide-based thermocatalysts is listed in
Table 2. Although light-off points lower than 300 °C were
reported over certain catalysts, the reaction condition ap-
plied was far from the industrial requirement (e.g., low me-
thane concentration and gas hourly space velocity). Thus,
the major challenge is still the development of
high-performance transition-metal-oxide-based catalysts
that effectively work at low temperatures. Moreover, it is
appealed that similar reaction conditions as assessing the
Pd-based materials should be applied to evaluate the per-
formance of noble-metal-free catalysts. Thus, readers could
have a cmprehensive understanding of the true performance
of a newly developed catalyst.

Table 2 Performance comparison of transition-metal-oxide-based thermocatalysts for methane oxidation. Tc is the temperature at c% methane conversion.

Catalyst Tc Ea (kJ/mol) Feed gas Stability Ref.
(O

Co304 Ts=376 68 6.7% CHa, 16.8% O, bal. He, GHSV=18 000 mL g™ h™" Stable for 25 h [16]

N-Co3;04 Tso=342 73.0 2% CHa, 20% O, 5% H,0, bal. Ar, GHSV =46 800 mL g™' h™' Stable for 10 h [82]

H,O resistant

Co0304 Ts=313 2% CHa, 98% air, GHSV=24 000 mL g ' h"! - [83]
a-Fe,O3 Ts=366 5% CHa, 20% O, bal. Ar, GHSV=10 000 mL g"' h™ Stable for 10 h [84]
MgO Ts=225 1% CHa, 99% Air, 1 mL cat., GHSV=6 000 mL h™' Stable for 70 h [85]



LaCoO; Ts¢=470 - 0.8% CHa, 5% O», bal. N, GHSV=60 000 mL g ' h™! - [88]

NiCo0,04 Ts50=280 59 1% CH,, 99% Air, GHSV=24 000 mL g ' h™' Stable for 12 h [90]

NiCo0,0, T100=350 - 5% CHa, 25% O, bal. Ar, GHSV=24 000 mL g ' h™' Stable for 48 h [92]
H,0 resistant

NiC0,0,4 Ti00=410 1000 ppm CH,, 10% O, bal. Ar, GHSV=90 000 mL g™' h™! Stable for 12 h [93]
H,0 resistant

Lag ¢Sro4MnO; Ts5=566 56.6 2% CHy, 20% O,, bal. N, GHSV=30 000 ml g' h™! - [17]

CoAlO,/ CeO, Ts=415 92.2 10% CHa, 25% O, bal. Ar, GHSV=24 000 mL g ' h™' Relatively stable for50 h  [91]

2.1.3 Catalyst deactivation

The lifetime of catalysts is directly related to the eco-
nomics of an industrial catalytic process. Therefore, the
durability is an important aspect to evaluate the overall per-
formance of a thermocatalyst for methane combustion. The
factors that cause catalyst deactivation could include one or
a few issues listed here. The high operating temperature
increases the atomic mobility of both the noble metals and
the support, causing decomposition or sintering of the active
phase. A high concentration of water under the real applica-
tion conditions preferentially adsorbs on the active sites and
forms either hydroxide groups or inactive phases with the
noble metals. Some other components, such as sulfur com-
pounds or carbon dioxide could poison the active sites and
cause catalyst deactivation.

High temperature caused sintering and/or coking is an
important origin for catalyst deactivation. It should be noted
that sintering occurs on both the catalyst and the support.
Sintering of the catalyst causes the reduction of active sites
and formation of inactive phases. While sintering of the
support reduces the surface area and dispersion of the cata-
lyst. For Pd-based catalysts, it is acknowledged that PdO is
the active phase, which is converted to metallic Pd at high
temperatures. Several methods have been developed to im-
prove the thermal stability of catalysts. The most direct and
effective way is to develop catalysts that work at lower
temperatures (e.g., < 300 °C). Apart from this, using reduci-
ble oxides (e.g., CeO,) and/or transition metal oxides (e.g.,
Co304) as a support could mitigate the reduction of the ac-
tive PdO phase [63,94]. Applying another metal in the cata-
lyst or using mixed support can also significantly improve
the thermostability of methane oxidation catalysts. For in-
stance, a denary oxide
(ZrCe)os(Mg,La,Y,Hf, Ti,Cr,Mn)o3Pdo 102« displayed ex-
cellent thermostability at a high temperature of 800 °C [78].
The methane oxidation performance of the catalyst was
maintained for 100 h without noticeable deterioration. Apart
from the chemical modifications, the physical confinement
of the active catalyst could also improve the sintering re-
sistance of catalysts. Pd@CeO; core-shell nanostructures
supported on Al,O3 displayed superior performance and
stability compared with the physical mixture of Pd/CeO, on
Al,O3 [77]. Pd nanoparticles embedded in the zeolite dis-
played superior stability compared with the catalyst sup-

ported on the same support [53]. Similarly, Pd-exchanged
zeolite was also reported to not only reduce the reaction
temperature but also improve the thermostability of the cat-
alysts [95].

Under the actual application conditions, the reaction at-
mosphere for catalytic methane oxidation contains a large
amount of water (10% to 15%). Water vapour at high tem-
peratures acts as a promoter for catalyst sintering. Moreover,
due to its polarity, water molecules, instead of methane, are
preferentially adsorbed on the active sites, hindering the
activation of methane. Water vapour in methane oxidation
atmosphere also causes side reactions such as the steam
reforming of methane and water gas shift reaction, which
reduce the efficiency of the catalytic process. It was report-
ed that water formed hydroxide radicals and/or reacted with
the active PdO to form inactive Pd(OH). under reaction
conditions [96]. The inhibition of methane oxidation by
water vapour was reported to be less effective under higher
temperatures (e.g., > 500 °C) since desorption of hydroxyl
groups became a facile process [97]. In a methane oxidation
system based on Pd/SBA-15 catalyst, the methane conver-
sion rate only dropped from 96% to 84% at 450 °C. In con-
trast, at 350 °C, the conversion of methane reduced to as
low as 8% from 52% [65]. Since catalysts with a low oper-
ating temperature are ideal in thermocatalytic methane oxi-
dation, it is not sensible to apply high temperatures to re-
duce the disadvantage of water vapour. As hydrothermally
induced sintering is the main cause of catalyst deactivation
from water vapour, the stabilisation of catalysts on the sup-
port could be an effective strategy to reduce the adverse
effect of water. Pd aggregates in the confined space of
H-ZSM-5 displayed improved water resistance capability
compared with Pd nanoparticles on H-ZSM-5 zeolite [98].
Very recently, a Pd-Pt on CeO, catalyst was reported to ex-
hibit superior stability against water vapour [76]. As shown
in Figure 6, both performances of 1Pd/CeO. and 2Pt@CeO>
displayed poor stability in the presence of 4% H,O. On the
contrary, with the co-existence of Pd and Pt, the stability of
(1Pd+2Pt)/CeO- only showed a slight reduction from 79%
methane conversion to 73% after 12 h. Furthermore, when a
special geometry of Pd-Pt structure was formed, the high
methane conversion of 95% could be maintained for at least
12 h without noticeable deactivation. The excellent methane
oxidation performance and water tolerance capability of
(1Pd+2Pt)@CeO, were ascribed to low methane activation
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energy and high water dissociation energy of the Pd-Pt
structure on CeOs..
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Figure 6 Comparison of catalyst stability for the as-synthesised
1Pd/2Pt@CeO. and (1Pd+2Pt)/CeO: catalysts, 2Pt@CeO., and 1Pd/CeO:
catalysts in CHa oxidation at 500 °C with 4% H20. Reprinted from ref. [76].
Copyright 2021 Springer Nature (colour online).

Natural gas contains certain levels of sulphur compounds,
which may exist as H»S, SO,, SO; and SO.* during me-
thane oxidation depending on the reaction conditions. Sulfur
compounds, especially SO, can poison most noble metals
(e.g., Pd, Rh, etc.) even at the concentration of ppm level.
However, Pt is an excellent catalyst for SO, oxidation, thus
it can be used to improve the sulfur tolerance capability of
Pd-based methane oxidation catalysts [33,99]. Poisoning of
catalysts by SO, occurs via either competitive adsorption at
the active sites, or by sulfation of the active phase and/or
support. It was reported that SO, competed with CH4 for
adsorption sites on PdO-Al,Os surfaces [100]. The for-
mation of PdSOs and Al (SOs); was also observed using
FTIR when SO; was introduced in the methane oxidation
reaction [101]. To regenerate the active phase, thermal
treatment of catalysts under vacuum or in a reductive at-
mosphere (e.g., H» and CHs4) can remove the sulphate
groups by releasing SO [33,102]. It has been reported that
some catalysts (e.g., Pd@ZrO,) displayed relatively high
sulfur poisoning resistance [103]. However, catalyst deacti-
vation by sulfur poisoning is a complicated process and
research on the deactivation mechanism and development of
sulfur-resistant catalysts are still challenging.

CO; could also introduce inhibitory effects on the per-
formance of methane oxidation, and normally a high con-
centration of CO; exists in the real application. However, in
the co-existence of CO; and H»O, only the adverse effect of
H>O was observed [35]. The reduction in methane perfor-
mance caused by CO; alone is also less significant than
other additives. Thus, the effect of CO, was not investigated
as much as other compounds.

Catalyst deactivation is a complex yet important process
in catalytic methane oxidation. Fundamental studies on cat-

alyst deactivation guide future catalyst design and prolong
the catalyst lifetime, thus reducing the capital costs of the
catalytic process. The current research results are far from
the full understanding of catalyst deactivation. Thus, it is
encouraged that evaluation of catalyst performance should
be carried out under real application conditions. The studies
on the effect of poisonous additives on the performance
should also be considered in future studies.

2.2 Fundamental understandings

Fundamental studies via in situ and/or operando technolo-
gies reveal the details of the catalytic process and provide
significant information for catalyst design and practical ap-
plication. Current fundamental understandings in thermo-
catalytic methane conversion include the catalyst structure
evolution, which describes the active sites/phase and the
structural information of catalysts during the reaction, and
intermediate detection, which guides the reaction pathway
study and control of product yield and selectivity.
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Figure 7. (a) XANES spectra and (b) the corresponding Fourier transforms of
in situ Pd K-edge EXAFS spectra of the catalysts after pretreatment (10 min in
1 vol% CHa, 4 vol% O, balance N2, GHSV= 350 000 h'* at 410 °C) and after
15, 30, and 90 min ageing in a feed of 1 vol% CHa, 4 vol% O2, 5 vol% H20,
balance N2 at 410 °C: Pd/H-MOR (black to light grey); Pd/Na-MOR (red to
pink). Reprinted from ref. [66]. Copyright 2018 Springer Nature (colour online).

To study the structure information of the catalysts, in situ
and/or operando technologies such as X-ray absorption
spectroscopy (XAS), X-ray photoelectron spectroscopy
(XPS), transmittance electron microscopy (TEM), X-ray
diffraction (XRD) and Raman spectroscopy have been ap-
plied to investigate the structural evolution of catalysts in
the catalytic reaction conditions. In situ XPS spectra of O 1s
and Pd 3d in a heating and cooling process from 127 °C to
527 °C in the presence of CH4 and O, (CHy4 : Oz = 1:5) were
performed to study the chemical states of Pd and O in Pd
catalyst [104]. It was found that PdO seeds in the catalysts
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formed at 227-377 °C were the active sites for methane ox-
idation. A  performance-structure  relationship  was
well-established. In situ XAS was applied to study the hy-
drothermal resistance performance of Pd-MOR catalyst, as
shown in Figure 7. The X-ray absorption near edge structure
(XANES) spectra of the catalyst were obtained in a CHa, O»,
N and H,O mixture flow at 410 °C for a certain time [66].
Due to the strong metal support interaction between the Pd
metal and Na-exchanged MOR zeolite, the Pd-O structure
was more stable than that of the reference Pd-loaded MOR
zeolite. The formation of Pd-Pd bond was detected, which
was the result of PdOy reduction in PA/H-MOR. In contrast,
Pd/Na-MOR showed robust structure stability of PdOx
(Figure 7b). The results indicated that the deactivation of
catalysts in the presence of water was due to the reduction
of the active PdOx to metallic Pd. In situ XRD and Raman
spectroscopy were also applied to investigate the chemical
states of Pd, which provide important information in deter-
mining the active phase of Pd in methane oxidation
[40,105,106].

Apart from advanced spectroscopies, TEM was also used
to gain a direct observation of the structure and composition
information of the catalyst in simulated reaction conditions.
In situ TEM was applied to study the structure stability of a
denary metal oxide catalyst [78]. The oxide was heated
from 25 to 800 °C while the catalyst maintained uniform
mixing without phase separation and showed superior
structural stability. Recently, in situ TEM was used to di-
rectly observe the metal-support interaction between Pd and
TiO; under oxidative conditions [50]. It is generally thought
that TiO, is reduced at high temperatures, and then the
formed unstable TiOy species migrate onto the metal surface
forming metal NPs encapsulated by the TiOx layers [107].
TiO; with exposed (101), (100) and (001) facets were used
as supports. The Pd-loaded TiO; catalysts were observed in
an ambient pressure TEM, as shown in Figure 8. The Pd
surface was clear in all three catalysts at the temperature of
350 °C (Figure 8 a-c). When the temperature was increased
to 550 °C, obvious encapsulations were formed on the Pd
NPs supported on TiO; (101) and TiO, (100) surfaces (Fig-
ure 8 d-e). However, no evident structural change was ob-
served for TiO, (001) supported Pd (Figure 8f). This indi-
cated that the encapsulations were facet dependent. To iden-
tify the nature of the encapsulations, aberration corrected
environmental STEM were used. The interplanar spacing
measurement, combined with the electron energy-loss spec-
troscopy suggested that the surface layer was PdOx and TiOy
for Pd-TiO, (101) and Pd-TiO; (100), while only PdOx for
Pd-TiO; (001). The reason for the formation of such metal
support interaction was explained by the surface energy of
the support. The TiO, (001) with a high surface energy was
prone to be covered by O, under oxidative conditions,
which hindered the migration of surface Ti atoms, therefore
displaying a low metal support interaction (Figure 8 g-1).
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Figure 8. (a-f) In situ TEM images of Pd-TiO: catalysts with exposed facets
under oxidative conditions (O2 20 vol%/ N2 at 1 atm) at different temperatures,
scale bar 5 nm; (g-i) Proposed model for facet-dependent oxidative met-
al-support interaction. Reprinted from ref. [50]. Copyright 2021 John Wiley and
Sons Ltd. (colour online).

Understanding the reaction pathway helps to tune the
product selectivity, therefore guiding the catalyst design.
Methyl radical is generally understood as the product of
methane activation, and the intermediate for later radical
reactions in all methane conversion processes. In situ elec-
tron spin resonance (ESR) spectroscopy can be used to de-
tect methyl radicals in the selective oxidation of methane to
produce hydrocarbons [108]. Diffuse reflec-
tance infrared Fourier transform spectroscopy (DRIFTS)
has been widely used to observe the intermediates formed in
catalytic methane oxidation, as the organic species on the
surface of the catalysts are very sensitive to IR. In most
studies, methane oxidation follows a formate pathway
[92,109]. In this process, O is firstly adsorbed and activated
on the catalyst surface, forming reactive oxygen species,
which are then used to activate methane and result in the
formation of methoxyl radicals and OH radicals. The sub-
sequent dehydration causes the formation of formate radi-
cals, which are finally oxidised to carbon dioxide. Since
water has a strong IR absorption, in situ DRIFTS at high
temperatures could also be used to study the water re-
sistance property of methane oxidation catalysts [61], as
water-resistant catalysts display low water adsorption capa-
bility.

XPS is a powerful technology for surface analysis, which
has been used to study the surface species formed in me-
thane oxidation. The ratio of C to (Ni+Co) on the surface of
NiCo0,04 catalyst was measurement from the ambient pres-
sure XPS carried out in the presence of CH4 and O; at vari-
ous temperatures [92]. It was observed that the number of
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carbon species with a binding energy of 288.3 eV decreased
at the temperature from 200 to 300 °C, during which period
a rapid increase in methane conversion was observed.
Therefore, this species was identified as the intermediate in
methane oxidation. However, the nature of this intermediate
was not discussed. Very recently, the same technology was
applied in methane oxidation using IrO> film as the catalyst
[110]. In the O Is spectrum (Figure 9a), it was found that
surface OH groups were bound directly to the initially, co-
ordinatively unsaturated Ir atoms. The formation of such
excess OH groups suggested that dissociative adsorption of
O, was more facile than CH4 activation and conversion. In
the C Is spectrum under 90% CH, and 10% O, atmosphere,
a surface species with a CH,O» stoichiometry was observed
as an intermediate in the methane oxidation process (Figure
9b). This provided direct evidence for the identification of
intermediate species in methane oxidation and was in ac-
cordance with the DRIFTS analysis in many previous re-
ports [92,109].
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Figure 9. Ambient pressure XPS (a) O 1s and (b) C 1s spectra obtained from
IrO2 (110) film under CH4 and Oz atmosphere at 327 °C. Reprinted from ref.
[110]. Copyright 2022 American Chemical Society (colour online).

3 Photocatalytic methane oxidation

Although enormous progress has been achieved in methane
oxidation by thermocatalysis, the high temperature required
makes the process energy intensive and causes the for-
mation of toxic NOx under such conditions. With the energy
from photons, many reactions that require harsh conditions
can be operated under mild conditions. For instance, pho-
ton-assisted thermal catalytic methane oxidation over CeO»-
and MCM-41-based catalysts was developed [111,112]. The
50% methane conversion temperature has been reduced to
as low as 240 and 170 °C, respectively. More importantly,
the oxidation of methane has been realised via direct pho-
tocatalysis under ambient conditions (room temperature and
atmospheric pressure). Although photocatalytic methane
oxidation has not been studied intensively as the thermocat-
alytic process, current important progress achieved has dis-
played its potential in the oxidation of methane. Semicon-
ductor-based materials, usually decorated with co-catalysts,
are used for photocatalytic methane oxidation. The semi-
conductor acts as a light-absorbent, which absorbs photons

and generates electron-hole pairs for reactant activation and
subsequent conversion reactions. The co-catalysts, which
could be noble metals and transition metal oxides, are load-
ed onto the semiconductor surface to improve charge sepa-
ration and/or reactant activation. The development of me-
thane oxidation photocatalysts will be discussed according
to the different catalysts used. The fundamental studies to
understand the charge transportation and reaction pathway
in photocatalytic methane oxidation process will also be
summarised.

3.1 Photocatalyst development

The first report of methane oxidation by photocatalysis can
be dated back to 1978 [25]. TiO, was irradiated under a Hg
lamp in pure methane at room temperature. The main prod-
ucts obtained were CO and CO,, with a small amount of
C,Hs. The overall methane conversion rate and product
yield were very low. After that, TiO, has been modified in
various procedures, such as co-catalysts loading, morphol-
ogy control, facet engineering and formation of hetero-
structures to improve its activity for methane oxidation. For
co-catalyst loading, Pt, Pd, Ru, Zn and SrCOs were reported
to be effective co-catalysts on TiO, that can selectively
convert methane into CO,, mainly owing to the strong oxy-
gen reduction capability of the co-catalysts [26,113-116].
Vertically aligned TiO; nanotube arrays were grown on Py-
rex lids via anodic oxidation [117]. It was found that as the
thickness of the film increased, the methane oxidation per-
formance first increased and peaked at 575 nm thickness,
and then decreased when the film was further thickened.
Very recently, TiO, nanosheets, nanorods and octahedrons
with exposed {001}, {100} and {101} facets were synthe-
sised and tested for methane oxidation by us (Figure 10 a-c)
[118]. A high methane oxidation rate of 17.6 mmol h™' g'!
was obtained over TiO,-{001}, which is 6 and 7 times that
of the TiO»-{100} and TiO,-{101}, as shown in Figure 10d.
The performance achieved was even higher than that of a Pt
loaded anatase TiO, catalyst (Figure 10e). The improved
performance was resulted from the unique and fast
bulk-surface charge transportation and facile methane oxi-
dation of the TiO,-{001} photocatalyst. The details will be
discussed later in the fundamental understanding part. An-
other strategy to improve the photocatalytic methane oxida-
tion performance of TiO; is by formation of heterostructures,
which could promote charge separation and migration. Re-
cently, a series of biphasic heterostructured photocatalysts
containing anatase and rutile TiO, were reported for me-
thane oxidation [119]. In the absence of water, CO, was
produced solely at a rate of 6.8 mmol/ge,. in 3 h in 20 bar
CH4 and 5 bar O over the optimised catalyst (90% anatase
and 10% rutile TiO;). The formation of the heterostructure
promoted charge separation and migration between the two
phases of TiO,, thus improving the performance of methane
oxidation. Up to now, MoQOs3, SiO, and ZnO were reported
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to have positive effects on the methane oxidation perfor-
mance when forming a heterojunction with TiO;
[114,120,121].
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Figure 10. (a-c) TEM images of TiO2 nanocrystals with exposed {001}, {100}
and {101} facets; (d) CHa4 conversion and CO2 production with time and (e)
methane oxidation performance of TiO2 nanocrystals, commercial anatase,
and Pt loaded anatase. Reprinted from ref. [118]. Copyright 2022 American
Chemical Society (colour online).

ZnO, a semiconductor with a similar band structure as
TiO,, has drawn increasing attention in recent years. Due to
its intrinsic in-built electric field resulting from the
non-uniform charge distribution, ZnO displays a large
spontaneous polarisation of 0.047 C m? along the [0001]
direction [122]. This structure is not only beneficial for
charge separation but also favourable for the facile activa-
tion of methane (Figure 1la) [123-125]. Defective-rich
ZnO nanoparticles loaded with Ag were used for methane
oxidation [123]. The defects in ZnO could improve the sur-
face reaction during photocatalysis, and silver acted both as
a light absorbent and charge separator (Figure 11b). The
defective ZnO was active in methane oxidation under both
UV and visible light, while commercial ZnO and P25 TiO,
could only oxidise methane in the presence of UV light
(Figure 11c). The performance of Ag decorated ZnO in
UV-Vis irradiation was higher than that under UV or visible
light, suggesting a synergy between ZnO and the plasmonic
Ag. A similar effect was also observed in Au-ZnO photo-
catalyst for non-oxidative coupling of methane [122].
Ag-ZnO completed the oxidation of 100 ppm methane in 25
min, achieving a quantum yield of 8% at A< 400 nm. The

methane oxidation reaction was also tested in a flow reactor.
The methane concentration dropped close to zero while
carbon dioxide was formed immediately after light irradia-
tion (Figure 11d). Combined with the fact that CO and hy-
drocarbons were not detected, a good carbon balance was
achieved in the reaction. It has been proved that Ag, Au, Pd
and Cu were all efficient co-catalysts on ZnO for methane
oxidation [27,28,126—128].
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Figure 11. (a) A scheme showing the intrinsic electric field generated in ZnO
and its effect on charge separation and methane activation; (b) Effect of Ag
nanoparticle as a light absorbent and a co-catalyst; (c) Photocatalytic methane
oxidation performance of ZnO-based catalysts and commercial P25 TiO2
under different light source; (d) Photocatalytic methane oxidation performance
under UV-Vis light in a flow reactor at a total flow rate of 25 mL/min. Reprinted
from ref. [123]. Copyright 2016 Springer Nature (colour online).

Apart from the widely used TiO; and ZnO, SrTiOs, Bi-
VOs, AgCl and some other catalysts were also applied in
photocatalytic methane oxidation [29,30,129-131]. SrTiO;
catalysts were synthesised by sol-gel method (SrTiOs;-S),
calcination method (SrTiOs-C) and hydrothermal method
(SrTiOs3-H) [30]. Only SrTiOs-S was capable of photocata-
lytic methane oxidation, while SrTiO3-C and SrTiOs-H were
inactive. It was found that SrCOs;, which acted as a
co-catalyst in methane oxidation, was formed on the surface
of SrTiO; during the sol-gel preparation process. After the
decoration of SrCOs3, the adsorption of methane and desorp-
tion of oxidation product (CO;) were improved in SrTiOs3-S
compared with other SrTiOs catalysts. However, the tem-
perature programmed desorption experiment could be mod-
ified to provide more solid evidence for this conclusion.
CO, was detected in the products of methane oxidation by
BiVO4 [131]. The overall performance of quantum-sized
BiVO4 was much higher than that of BiVO4 sub-micron
particles. With the partial pressure of O, gas increased, the
production of CO, also improved. The oxidation process
followed a CH4 — CH300H — CH3;OH — HCHO —
CO; with OH- radicals as the main oxidants in each step.
Ag/AgCl was synthesised by the photo-decomposition of
AgCl and tested for methane oxidation in a quartz reactor
[29]. Low activities were observed with either UV or visible
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light, while the performance under UV-visible light was
significantly improved. This indicated a synergistic effect
between AgCl and the plasmonic Ag. Recently, a methane
gas sensor based on Ti,CTx MXene was fabricated [129].
The assembled detector displayed much higher response
and selectivity under visible light irradiation than in dark.
The gas sensing mechanism was due to methane oxidation
to carbon dioxide, as proved by photocatalytic oxidation
reactions and in situ DRIFTS characterisation.

Photocatalysis has opened a new and green pathway for
the treatment of the environmental issues caused by me-
thane emission. The performance of the currently reported
methane oxidation photocatalysts is summarised in Table 3.
Future studies on photocatalytic methane oxidation should
still be focused on the development of high-efficiency cata-
lysts as the performance of photocatalytic methane oxida-

tion processes is much lower than the traditional thermoca-

talysis. Moreover, the catalysts used are mainly TiO»- and
ZnO-based semiconductors, which are only responsive to
UV light. The discovery of visible responsive catalysts (e.g.,
organic catalysts, Z-scheme heterostructures) could broaden
the absorption of light energy to achieve high efficiency.
Another important issue that should be addressed is that the
reaction conditions of photocatalytic methane oxidation
reaction, such as the light source, methane concentration,
etc., should be unified to reveal the intrinsic activity of dif-
ferent catalysts. Finally, the stability test in photocatalytic
methane oxidation is inadequate or even overlooked in
some studies. The durability and anti-photo-corrosion per-
formance of catalysts should be measured as the future ap-
plication of the photocatalytic process would require robust

and stable catalytic systems.

Table 3 Performance comparison of photocatalysts for methane oxidation. Sco; is the selectivity of CO, in the products.

Catalyst Reaction conditions Yield Sco, Ref.
(umol/h) (%)
TiO, Batch reactor, 1300 ppm CHy in air, Hg lamp, RT 3.9 11 [25]
TiO, Batch reactor, 3 bar CH,4, Xe lamp, RT 11 100 [115]
TiO, Batch reactor, 20 bar CH,, 5 Bar O, Xe lamp, RT 23 100 [119]
Pt/TiO, Flow reactor, 1 bar, 365 nm LED, RT 9 80 [132]
SrCO3/TiO; Batch reactor, 1 bar, Xe lamp, RT 0.2 - [26]
Pd-HPW/TiO, Batch reactor, 3 bar CHy, 1 bar air, Xe lamp, RT 38 100 [113]
Pt-ZnOITiO, Flow reactor, 1 bar, CH,=69 mL/min, air=1 mL/min, Xe lamp, 140 °C 144 100 [114]
ZnO Batch reactor, 1 bar, 250 ppm CHy, in air, Xe lamp, RT 2 100 [124]
Ag/ZnO Batch reactor, 1 bar, 250 ppm CHy, in air, Xe lamp, RT 22 100 [27]
Ag/ZnO Batch reactor, 1 bar, 100 ppm CHy, in air, Xe lamp, RT 4.8 100 [123]
CuO/ZnO Batch reactor, 1 bar, 100 ppm CH, in air, Xe lamp, RT 4 100 [28]
Pd-rGO/ZnO Batch reactor, 1 bar 20 ppm CHy, in air, 470 nm irradiation, RT 0.1 - [126]
Au-Ce0,/Zn0O Batch reactor, 1 bar, 250 ppm CH, in air, Xe lamp, RT 0.6 100 [128]
Ag/AgCl Batch reactor, 1 bar, 500 ppm CHy in air, Xe lamp, RT 5.4 100 [29]
SrCO3/SrTiO; Batch reactor, 1 bar, 200 ppm CHy in air, Xe lamp, RT 0.8 100 [30]
BiVO, Batch reactor, 1 bar, 20 ppm CHy in air, visible light, RT 0.05 - [129]

3.2 Fundamental understanding

Fundamental studies in photocatalytic methane oxidation
are essential to reveal the photophysics and surface chemis-
try involved to guide future research in catalyst design and
process engineering. Since methane oxidation by photoca-
talysis is a newly developed technology, the research in this
field is focused on new catalyst development. Only very
few reports mentioned the fundamental mechanisms, such
as the charge separation, reaction intermediates and reaction
pathway.

We firstly used the in-situ UV-Vis-NIR technique to study
the behaviour of photogenerated electrons and holes of TiO»
in methane oxidation, as shown in Figure 12a [133]. Under

light irradiation, the absorption signal across the NIR region
is dominated by photoexcited electrons, while the absorp-
tion in the visible region is related to the photoexcited holes.
The spectrum under Ar atmosphere was used as a reference.
When air was introduced, photogenerated electrons were
quenched by O,. Thus, the number of photogenerated elec-
trons was significantly reduced, while holes accumulated at
the valence band of TiO;. Therefore, a decrease in the ab-
sorption of NIR regions was detected (Figure 12b). When
only methane was used, an increase in the absorption was
observed, which provided direct evidence for the fact that
the initial step of methane activation over TiO, involved
oxidation by photoexcited holes (Figure 12c¢). Moreover,
when both methane and air were introduced, a reduction of
both the absorption at the visible and NIR region was ob-



15

tained (Figure 12d). Similarly, photoinduced electrons in the
conduction band of TiO, were observed by IR spectroscopy
at the wavenumber from 3500 to 1700 cm™' [118]. Under Ar
atmosphere, the signal of photoinduced electrons firstly
increased and then followed a slow decay with continuous
light irradiation. When Ar was replaced by CHa, the strong
signal resulted from the photoelectrons was maintained for
as long as 250 min. This was because photoholes were
quenched by CH4, and electrons accumulated at the conduc-
tion band of TiO».
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Figure 12. In situ observation of charge behaviours in methane oxidation via
UV-Vis-NIR spectroscopy; (a) Reaction setup; Absorption in the presence of
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Copyright 2021 American Chemical Society (colour online).

Near edge X-ray absorption fine structure (NEXAFS)
spectroscopy can be a powerful tool to probe the electronic
structure of solid catalysts. Recently, NEXAFS was applied
to investigate the charge separation and migration in TiO-
during photocatalytic methane oxidation [118]. As shown in
Figure 13 a-c, the Ti L-edge and O K-edge spectra of TiO,
photocatalysts with exposed {001}, {100} and {101} facets
were examined under dark and light irradiation conditions.
The O K-edge signals were resulted from the electron tran-
sition from the O 1s to O 2p orbital, while Ti L-edge signals
originated from the electron transition from Ti 2p to Ti 3d
orbital. Upon UV-light irradiation, electrons were excited
from the O 2p to Ti 3d orbitals, resulting in more unoccu-
pied O 2p and less unoccupied Ti 3d orbitals. Therefore, a
decrease in the Ti L-edge and an increase in the O K-edge
were detected (Figure 13d). The change of Ti L-edge and O
K-edge signals should be the same when the charge genera-
tion, separation and recombination all occurred locally at
the surface of the catalysts. However, the Alo k-cdge/ AlTi L-edge

ratios differed from the three TiO, catalysts, as shown in Fig.

12e. A high Alo K-edge/AlTi Ledge ratio of 2.08 over the
TiO,-{001} catalyst suggested an efficient bulk to surface

immigration of holes and surface to bulk immigration of
electron, leading to strongly photoexcited holes-enriched
surface, which was beneficial for CH,4 activation (Fig. 12f).
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Figure 13. The Ti L-edge and O K-edge NEXAFS spectra of (a) TiO2-{001}, (b)
TiO2-{100} and (c) TiO2-{101} under dark and UV irradiation conditions; (d)
Schematic illustration of NEXAFS working principle of TiO2 upon UV light
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TiO2-{101}; (f) Schematic illustration showing the bulk-surface change immi-
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American Chemical Society (colour online).

Surface chemistry plays the same important role as pho-
tophysics in photocatalytic methane oxidation. The main
surface chemistry-related processes in photocatalytic me-
thane conversion include reactant adsorption, reactant acti-
vation, radical generation and reaction, product formation
and desorption. The adsorption of reactants on the surface
of catalysts is the first step of the whole reaction and can
have a significant effect on the performance of the photo-
catalyst. Temperature programmed desorption (TPD) has
been widely used in thermocatalysis to study the adsorption
of reactants and intermediates on the catalyst surface. Nev-
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ertheless, this has hardly been used in photocatalytic me-
thane oxidation. Pure SrTiO; prepared either by hydrother-
mal method or solid-state reaction method was not active in
methane oxidation [30]. However, SrTiOs prepared via a
sol-gel method was capable of methane activation. It was
found that SrCO; introduced on SrTiOs during the sol-gel
process could greatly modify the methane adsorption on
SrTiOs, as evidenced by CH4-TPD. O,-TPD could charac-
terise the O, adsorption and activation capability of solid
catalysts [125]. Au modified ZnO and ZnO/TiO, photocata-
lysts used for oxidative coupling of methane were measured
by O»-TPD to prove the effect of Au on improving oxygen
adsorption and activation [114].

The activation of adsorbed CH4 and O» produces corre-
sponding radicals for later reactions in photocatalytic me-
thane oxidation. Methyl radicals (-CHs) are the most im-
portant radicals and intermediates formed in methane con-
version reactions. Observation of -CHj3 radicals via electron
paramagnetic resonance (EPR) has been reported in other
photocatalytic methane conversion reactions, such as partial
oxidation of methane for C; oxygenates production and
non-oxidative coupling of methane [134,135]. In situ Ra-
man spectroscopy was also used to detect the formation of
methyl radicals in photoelectrochemical methane conver-
sion to CO [136]. However, -CHj3 has not been reported in
photocatalytic methane complete oxidation. Reactive oxy-
gen species (e.g., -O> and -OOH radicals) are the products
of oxygen reduction by photogenerated electrons, which is
not only beneficial for charge separation but also facilitates
methane oxidation in photocatalytic methane combustion.
ROS have been frequently detected by ex situ EPR radical
trapping experiments in various photocatalytic methane
conversion reactions [137,138]. Very recently, the direct
observation of ROS by in situ EPR in photocatalytic me-
thane oxidation has been achieved at -153 °C (Figure 14a)
[114]. Pt and Au-loaded ZnO/TiO, photocatalysts were
firstly treated under vacuum at 150 °C to remove surface
adsorbed oxygen species. Then, the catalysts were exposed
to oxygen and tested by EPR under dark and UV irradiation.
The two signals at g = 1.959 and 2.000 originated from ox-
ygen vacancies and Zn" of the catalysts, respectively. New
signals at g value of 2.020 to 2.033 were observed after UV
irradiation, which were ascribed to the oxygen species
formed by the reaction between the catalyst surface and
oxygen gas. The control experiment showed that this signal
was not visible under vacuum conditions. It was noted that
Pt as a co-catalyst could promote the formation of ROS
better than Au. Therefore, the product obtained over
Pt-ZnO/TiO, was solely CO,, while Au-ZnO/TiO, could
selectively produce C,Hs. Moreover, when CHs and O;
were both introduced, the ROS signal was decreased com-
pared to that in the absence of CHy. This indicated that ROS
as an important radical was consumed in methane oxidation.
The high ability of Pt as a co-catalyst in the production of

ROS was further proved by in situ ATR-IR spectroscopy
[114]. The IR band at 1128 cm’!, which was ascribed to -O*
radicals [139], became visible and stronger after light irra-
diation (Figure 14b). In contrast, this signal was hardly visi-
ble when Au was used as the co-catalyst for methane oxida-
tion.
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Figure 14. In situ observation of ROS: (a) In situ EPR spectra of Au and Pt
modified ZnO/TiOz photocatalyst; (b) In situ ATR-IR spectra of Pt modified
ZnO[TiO2. Reprinted from ref. [114]. Copyright 2021 Springer Nature (colour
online).

IR spectroscopy is a sensitive probe to observe organic
compounds and H>O. Thus, DRIFTS allows the detection of
the intermediates formed on the surface of catalysts to re-
veal the reaction pathway and mechanisms of photocatalytic
methane oxidation [140]. When using Ag-ZnO as the pho-
tocatalyst, the bands at 1305 and 3015 cm'! originated from
methane became weaker with prolonged irradiation time
(Figure 15a) [123]. In contrast, the signals at 2360 cm,
which was resulted from the asymmetric stretch of C=0,
kept increasing. The bands at 1625 and 3400 cm™' were the
results of 6 (HOH) and v (HOH) vibrations of chemisorbed
water. The only intermediates observed were -CHO species,
which were featured by the IR band at 1425 cm™'. The cur-
rent result obtained from DRIFTS observations only
showed the evolution of products and reactants, and thus
could not provide a complete view of the catalytic process.
Later, Pt-ZnO/TiO», which selectively produced CO, from
photocatalytic methane oxidation, was tested in an in situ IR
spectrometre [114]. As shown in Figure 15b, the band at
2880 cm! was originated from the stretching vibration of
C-H bond in the adsorbed -OCH3 species, which was an
important species for CO» production from methane oxida-
tion. Similarly, HCHO was observed at the wavenumber of
1277 ecm’!. Moreover, HCOO- was also detected, evidenced
by the stretching vibrations at 1313, 1375 and 1594 cm™.
The two bands at 2330 and 2362 cm’! were resulted from
gaseous CO; produced by methane oxidation. Very recently,
the evolution of these intermediates over time in photocata-
lytic methane oxidation by TiO, catalyst was studied using
in situ DRIFTS [118]. The detected species included -OCH3,
HCO-, HCHO and HCOQO- species, as displayed in Figure
15c. The signals for OCH3 were relatively stable, indicating
the formation rate and consumption rate of this intermediate
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were similar. The intensity of bands from HCO- and HCHO
firstly increased and then decreased quickly, indicating the
oxidation of HCO- and HCHO was much faster than its
formation. Finally, the accumulation of HCOO- species on
the surface of TiO, was observed, indicating that the oxida-
tion of HCOO was the rate limiting step among the whole
intermediate reactions. Based on the above, it can be pro-
posed that the photocatalytic methane oxidation process
followed a CHs — -CH; — -OCH3 — HCHO —

HCOOH — CO:; route (Figure 15d).
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observed by in situ IR. Reprinted from ref. [118]. Copyright 2022 American
Chemical Society (colour online). (d) Proposed reaction pathway for photo-
catalytic methane oxidation.

Desorption of CO,, which cleans the surface of the cata-
lyst, is the final step of photocatalytic methane oxidation
and has been hardly considered. Up to now, CO, adsorption
was only studied when SrCO; was loaded on SrTiO; as a
co-catalyst. In situ DRIFTS and TPD-MS were used to de-
tect the adsorbed CO; on the surface of the catalyst [30]. It
was found that basic materials including MgO, CaO, BaO,
CuO and Fe;03, displayed a high CO, adsorption capacity.
Although they were capable of methane adsorption, the
surface would be saturated by CO; in the reaction. Thus, the
adsorption sites for reactants are blocked, and methane oxi-
dation could hardly take place. In contrast, CO, could not be
adsorbed on SrCO; surface, indicating that the produced
CO; could readily desorb from the catalyst, facilitating later
cycles for methane oxidation. Apart from IR and TPD, DFT
calculation can help to simulate the adsorption of CO, on

different surfaces, which can guide the design of methane
oxidation photocatalysts. However, this was only reported
in thermocatalysis [141].

4 Summary and outlooks

Methane oxidation via heterogeneous catalysis (including
both thermocatalysis and photocatalysis) holds great poten-
tial in alleviating the environmental issues caused by the
emission of methane into the atmosphere. The so far used
and studied catalysts are mainly focused on no-
ble-metal-based materials (e.g., Pd, Pt, etc.) working at rela-
tively high temperatures. The main aim should be to devel-
op cost-effective catalysts and reduce reaction temperatures.
The developed thermocatalysts, including both noble-metal-
and transition-metal-oxide- based materials have been
summarised. Fundamental studies of the catalytic mecha-
nisms of thermocatalytic methane oxidation using advanced
spectroscopies and microscopies were also discussed. Pho-
tocatalysis, which is a new technology that operates under
mild conditions, could be an alternative to thermocatalysis
in methane oxidation. Several UV-responsive photocatalysts
(e.g., TiO,, ZnO and SrTiO3) were proved active for me-
thane oxidation. Some pioneering fundamental studies were
also attempted to reveal the photophysics and surface
chemistry involved in the photocatalytic methane oxidation
process.

Thermocatalytic methane oxidation, which requires high
temperature to drive the reaction, has been studied for dec-
ades and substantial achievements have been acquired. The
high methane conversion rate via thermocatalysis is the
most attractive feature. The supported Pd-Pt-Ru catalyst,
with an operational temperature of 400 °C has been com-
mercially applied in catalytic converters for vehicle exhaust
treatment, showing an efficiency of nearly 100%. The noble
metals in deactivated catalytic converters can also be recov-
ered and re-used. Despite this, the development of active
noble-metal-free catalysts and significant reduction of the
noble metal content in the catalyst are preferred due to their
high demand. Another issue is the catalyst deactivation due
to metal sintering and the poisoning of catalysts by humid,
SO, and CO2, which greatly limits the long-term durability
and practical application of the catalytic methane oxidation
system. More importantly, it is encouraged to test the per-
formance of catalysts under near-real application conditions
(lean methane mixed with water, CO, and NOy, SO, etc.) to
give a complete view of the catalyst in operational condi-
tions. The working temperature of most existing catalysts is
still high (400 °C or higher). Lowering the temperature (e.g.,
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to < 300 °C) can greatly extend the practical application of
the current methane oxidation technology. Fundamental
understanding of thermocatalytic methane oxidation is not
studied as intensively as other methane conversion reactions
(e.g., non-oxidative coupling of methane, partial oxidation
of methane). It is essential to track the reaction pathway by
monitoring the formation, accumulation and consumption of
radicals and intermediates during the reaction to determine
the rate-limiting step, as fully understanding the catalytic
mechanism can provide important guidance for the devel-
opment of thermocatalysts. Overall, future studies for
themocatalytic methane oxidation should pay more attention
to cost-effective catalysts that work at relatively low tem-
peratures. Furthermore, the catalyst durability and an-
ti-poison capability (e.g., against H,O, SO, etc.) are also
important factors to be considered. The fundamental inves-
tigations related to the catalyst-support interaction and me-
thane activation could provide meaningful guidance to im-
prove the catalyst activity. From the engineering aspect of
view, careful design of the reaction system to prolong the
detention time of reactants on the catalyst surface can also
improve the efficiency of the catalytic process.

Photocatalysis, which uses the energy of photons instead
of heat to drive chemical reactions, has shown its potential
in methane oxidation, although the research is only at very
early stages. Photocatalytic methane oxidation is usually
operated at room temperature and under atmospheric pres-
sure. The operation conditions are substantially more mod-
erate than traditional thermocatalysis. Moreover, the inex-
haustible solar energy, instead of heat energy usually ob-
tained from burning fossil fuels, could be used in photoca-
talysis, which makes the process not only economically but
also environmentally preferable. Thus, more attention
should be paid to methane oxidation via this green process.
The major concerns include the following. Firstly, the per-
formance of methane oxidation photocatalysts is considera-
bly lower than thermocatalysis at present. In most cases, a
noticeable methane conversion could be achieved only
when using dry methane in the presence of pure air. Sec-
ondly, the most studied photocatalysts for methane oxida-
tion are ZnO and TiO», which are both UV-responsive pho-
tocatalysts. Broadening the absorption range of catalysts
into the visible region is essential, as such natural sunlight
could be efficiently used when photocatalytic methane oxi-
dation is put into practical applications. Thirdly, the perfor-
mance test should be standardised to allow a meaningful

comparison between different publications. The reaction
condition is also suggested to reflect the real application.
For instance, the ratio of methane to air, the effect of water
vapour, CO, SO, and NOy on the performance of the cata-
lyst should be involved. The long-term stability test for up
to hundreds and thousands of hours for the photocatalyst is
essential though most of the currently reported catalysts
were only tested for less than 10 hours. Moreover, the reac-
tors used in photocatalytic methane oxidation are mostly
batch reactors, which show moderate efficiency, and low
potential in industrial applications. Thus, flow reactors
should be investigated. Lastly, the study of the photophysics
and surface chemistry in photocatalytic methane oxidation,
especially using the established technologies in thermoca-
talysis could provide important guidance for the develop-
ment of this new technology. In future investigation, the
main aim should be to develop efficient, durable and visi-
ble-responsive catalysts via co-catalyst loading, and the
formation of heterostructures, particularly Z-scheme cata-
lysts, as this may offer a potential solution for the removal
of atmospheric methane. Polymer semiconductors are an
important group of photocatalysts that can be potentially
used for methane removal since the surface and band poten-
tials could be tailored specially for methane oxidation. In
the reaction engineering aspect, the application of flow re-
actors can realise continuous methane oxidation. The inner
structure of the reactor should be carefully designed to
achieve efficient mass transfer. Another method to improve
the performance of the photocatalytic process is by the de-
sign of high-efficiency light sources and/or increasing the
irradiation area to increase energy input in photocatalysis.
For instance, panel reactors at the scale of 100 m? were
manufactured for water splitting using sunlight.[142] Alt-
hough the main energy source in photocatalysis is photons,
the overall performance of the catalytic process can be sig-
nificantly improved with mild heating (100-200 °C). Thus,
photocatalytic reactors could be equipped with temperature
control units. The delicate design of the reaction system can
considerably improve the efficiency of the catalytic process
as well as make the process potentially more applicable.

The catalytic oxidation of methane is drawing increasing
attention and addresses important environmental concerns
and energy issues. However, the current achievement could
and still needs to be improved, not only to mention new
catalysts but also catalytic systems. Much is required to be
further studied in catalyst design, reaction engineering and
fundamental mechanisms, especially for photocatalytic me-
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thane oxidation. With continuous efforts and research de-
voted, industrialised efficient methane removal process un-
der milder conditions could be expected to mitigate the en-
vironmental issues caused by methane emission.
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