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ABSTRACT: Dry reforming of methane (DRM) is a promising strategy to closing the carbon loop. DRM valorises CO2 and CH4 
by producing synthesis gas (H2 and CO), the precursor to various synthetic fuels. Key limitations of the DRM are the high-
temperature requirements (600–1000 °C) and competing side reactions, many of which produce carbon that can deactivate the 
catalyst. Designing a stable, low-cost and active catalyst remains one of the greatest DRM challenges. One potential strategy to 
curtail the limitations that hinder DRM is to utilise visible light to access the localised surface plasmon resonance (LSPR) of metal 
catalysts. The current review discusses the recent developments in designing catalysts for LSPR-assisted thermocatalytic DRM. 
The thermodynamic and kinetic principles that underpin DRM are first introduced, followed by an overview of thermocatalyst 
design strategies. The mechanism behind LSPR is discussed, with recent developments and strategies for introducing LSPR to the 
DRM examined. The review offers a thorough overview of catalyst design for light-assisted DRM and may be used as a guide to 
developing stable and light-receptive catalysts for the reaction. 
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1. Introduction 

The current dependence on fossil fuels for energy has increased the atmospheric concentration of greenhouse gases 
such as carbon dioxide (CO2) and methane (CH4), stimulating a global temperature rise of 1.1 °C since 1850 [1]. The 
Paris Agreement in 2015 outlined the need to reduce carbon emissions by 45% to prevent a global temperature rise of 
1.5 °C that would induce irrevocable climate damage [2,3]. The Sixth Assessment Report published by the 
Intergovernmental Panel on Climate Change in 2023 highlighted that the 2019 greenhouse gas release rates decreased 
relative to its last assessment in 2009, but the attempts to curb emissions were far below the Paris Agreement’s 
requirements [1,2]. 

The need to mitigate the consequences of climate change has stimulated socio-political reform of the global energy 
platform. Current strategies to reduce CO2 emissions focus on replacing fossil fuels as the primary energy source with 
green alternatives, preventative CO2 capture and atmospheric CO2 capture. Despite comparable technology costs, 
implementing green alternatives such as wind, solar and battery solutions fall short of the 45% CO2 reduction target, so 
further developments in carbon capture, storage and utilisation projects are crucial to managing climate change. 

As a strategy for mitigating climate change, CO2 utilisation has great potential as the CO2 feedstock may produce 
value-added chemicals. Currently, the infrastructure and energy costs required to overcome the stability of CO2 limit 
widespread adoption [4]. Of these technologies, converting CO2 to ‘Green Fuels’ (carbon neutral or negative net 
emissions) is highly promising. When combined with Fischer-Tropsch synthesis, the dry reforming of methane (DRM) 
reaction may produce various synthetic fuels via a synthesis gas intermediate (syngas, a combination of H2 and CO) 
[5,6]. DRM contributes to valorising CO2 by creating an intermediate gas mix product suited to producing fuels that 
may be substituted directly into existing infrastructure, particularly for the transportation industry (automobile, shipping 
or aviation fuels). Developing synthetic fuels from CO2 creates a carbon loop with net zero emissions and without the 



Photocatalysis: Research and Potential 2025, 2, 10004 2 of 30 

 

infrastructure adaptability costs, providing a viable fossil fuel alternative. 
DRM technology is less mature than other CO2 conversion reactions like CO2 methanation, as several challenges 

limit its technical and economic feasibility. The reaction’s endothermicity requires high-temperature operation (600–
1000 °C), necessitating significant energy input. At these temperatures, DRM competes with several side reactions, 
many of which deposit carbon that deactivates the catalyst. The DRM field is focused on strategies to improve the 
catalyst stability and lower the energy requirements [7,8]. One approach to overcome these thermodynamic limitations 
is to incorporate visible light in the DRM by inducing localised surface plasmon resonance (LSPR). Light-assisted DRM 
(thermal + visible light energy input) has demonstrated moderate improvements in low-temperature conversion, but has 
more recently been reported to considerably improve catalyst stability. Ultimately, the understanding of this strategy is 
far from comprehensive, limiting the potential of designing ideal light-receptive DRM catalysts. 

Recent reviews addressing light incorporation into DRM focus on catalyst design for photothermal DRM, 
highlighting photo-enhancements achieved through bandgap and coupled bandgap-LSPR excitation [9,10]. These 
reviews highlight that semiconductor materials are required for bandgap excitation, and so recent developments focus 
on designing novel catalyst materials to improve photo excitation efficiency [11–13]. To date, no review article has 
examined the impact of incorporating LSPR to thermocatalytic DRM. Inducing LSPR in traditional thermocatalysts has 
demonstrated the potential to boost the catalytic performance of thermally active materials. This review examines the 
role of LSPR excitation in improving catalyst performance, focusing on the impact of light on the DRM reaction 
mechanism and catalytic stability. Understanding the mechanism behind the influence of light on catalyst stability is 
crucial to developing light-receptive catalysts. The current review initially discusses the thermodynamic and kinetic 
limitations of the DRM, where the current thermocatalytic design strategies, with an emphasis on stability, are 
considered. As illumination with visible light cannot provide sufficient energy to catalyse DRM, visible light 
illumination must be coupled with thermal heating, the main driving force for the reaction [14]. The materials and 
physicochemical properties that underpin thermocatalytic DRM are therefore fundamental to the performance of light-
assisted DRM. The physics behind LSPR and methods to integrate visible light into DRM are discussed with recent 
developments in light-assisted DRM catalysts then reviewed, focusing on light’s impact on catalytic stability. The 
review concludes with an analysis of the gaps in understanding and future work required to design an efficient, light-
receptive catalyst for the conversion of CO2 and CH4 to syngas. 

2. Reaction Chemistry and Thermodynamics 

For the DRM reaction, CH4 and CO2 are combined over a heterogeneous catalyst (typically metal/metal oxide) to 
form syngas (Equation (1)) [5,15,16]. In addition to abating CO2, DRM reduces the considerable water and energy input 
of the current syngas production route through the steam reforming of methane (SRM, Equation (2)) [17]. A 
stoichiometric H2 and CO product ratio is formed under ideal reforming conditions (no side reactions), which may be 
converted into valuable hydrocarbons via Fischer-Tropsch synthesis [5]. Fischer-Tropsch synthesis with H2/CO ≈ 1 
yields a variety of short and medium-chain hydrocarbons (38% C2–4 and 39% C5–11 yield over Fe3O4, T = 533 K, P = 
1.50 MPa and t = 320 h), suitable for direct substitution into various oil-derived hydrocarbon applications [18]. 

CHସ + COଶ ⇌  2CO + 2Hଶ     ∆Hଶଽ଼ ୏
଴ = +247 kJmolିଵ (1)

 CHସ + HଶO ⇌ CO + 3Hଶ        ∆Hଶଽ଼ ୏
଴ =  +206 kJmolିଵ

 (2)

2.1. DRM Kinetics and Thermodynamics 

The DRM reaction is endothermic, favouring reaction temperatures above 600 °C. These high temperatures are 
required to overcome the stability of CH4, which is responsible for the high activation energy [19]. The reaction 
competes with several side reactions that impact the selectivity and deactivate the catalyst at typical reaction 
temperatures (600–1000 °C) [5,15]. Within this temperature range, DRM is highly susceptible to deactivation by carbon 
deposition reactions and active metal sintering [5,20,21]. DRM thermocatalyst design is centred on formulating a stable 
and selective catalyst that can effectively catalyse the reactants at relatively low operating temperatures (~500 °C). 

Despite much research, the reaction mechanism remains contentious for common metal/metal oxide catalysts. The 
reaction mechanism depends on catalyst type, properties and reaction conditions. Although the reaction pathway 
depends on several variables, the activity of the support strongly influences the reaction performance [22]. Supports 
that have electron donation capacity (classified as ‘Lewis basic’ and ‘active’ supports) may be directly involved in the 
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reaction mechanism by providing CO2 adsorption sites. Conversely supports with no mechanistic involvement are 
considered ‘inactive’ [22,23]. The most accepted mechanism was first proposed by Papadopoulou et al., drawing from 
several in-situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), density functional theory (DFT) 
calculations and kinetic studies that have since been supplemented by more recent work [5,16,24]. CH4 adsorbs and 
dehydrogenates on the active metal surface, forming S1–CHx,ads (S1 = adsorption site ‘1’) (Figure 1a.i). Simultaneously, 
CO2 is adsorbed, disassociating into S2–COads on the metal oxide support or the active metal (S2 = adsorption site ‘2’). 
The adsorption and disassociation of CH4 and CO2 are competitive on the active metal or active metal-support interface, 
where there is a greater charge concentration, particularly over inactive supports (absence of Lewis basic sites) [5,21]. 
CO2 may also adsorb at the Lewis basic sites of active supports [5,21]. Once CO2 and CH4 are adsorbed, H2 is formed 
by CHx dehydrogenation, and both H2 and CO are desorbed from the catalyst surface (Figure 1a.ii). In a slower process, 
S1–CHx,ads is oxidised to form S1–COads (Figure 1a.iv) by either surface Oads atoms or surface hydroxyls (OHads) formed 
by the coupling of surface Hads and Oads (Figure 1a.iii). The CO and H2 are then desorbed. For this mechanism, the 
adsorption and disassociation of methane (CHx–H bonds) are considered the rate-determining step (RDS) over a basic 
support [25–28]. 

 

Figure 1. (a) The proposed dry reforming of methane reaction mechanism as described by Papadopoulou et al., whereby CHx 
disassociation is considered the RDS (a.i) [24]. (b) The alternative ‘methoxy’ pathway, whereby either the CHx intermediate forms 
CHxO or carbonates adsorbed onto the support decompose to form CHxO. Methoxy decomposition is considered the RDS (b.ii). The 
carbon, oxygen and hydrogen molecules are represented as black, red and white, respectively, and ‘*’ denotes surface adsorbed material. 

Other studies have suggested that the CHxO intermediate (‘methoxy species’) may be a crucial intermediary species 
[24,29–31]. This species could form from the rapid oxidation of S1–CHx,ads (produced from CH4 dissociative adsorption 
onto the catalyst surface; Figure 1b.ii), which forms S1–CHxOads. The methoxy route differs from the previous pathway, 
where S1–CHx,ads rapidly forms S1–COads upon oxidation. Alternatively, the methoxy intermediate may be formed by 
decomposing formate intermediates developed by CO2 adsorbed onto the support. Literature suggests that the RDS for 
this methoxy pathway is the decomposition of the CHxO intermediate to form CO and H2

 (Figure 1b.iii) [24,29]. This 
reaction pathway may improve stability relative to the primary pathway, as the early oxidation of CHx may minimise 
the complete CHx dehydrogenation that forms adsorbed carbon (Cads) [31]. 

2.2. DRM Challenges 

As mentioned previously, DRM is limited by the high reaction temperatures, competing side reactions and 
susceptibility to deactivation. Reaction modelling determined that up to nine side reactions may compete with the DRM 
reaction within the typical operating temperatures [32,33]. In addition to SRM (Equation (2)), the reverse Sabatier 
(Equation (3)), reverse water gas shift (RWGS, Equation (4)), Boudouard (Equation (5)), CH4 cracking (Equation (6)) 
and hydrogen oxidation reactions (Equations (7) and (8)) are prevalent among these side reactions. Of these reactions, 
the Boudouard and CH4 cracking produces carbon that may lead to catalyst deactivation. The impact of promoting 
RWGS is less severe than the carbon-forming reactions, as CO is a desired product for the DRM [17,22]. 



Photocatalysis: Research and Potential 2025, 2, 10004 4 of 30 

 

CHସ + 2HଶO ⇌ 4Hଶ + COଶ       ∆Hଶଽ଼ ୏
଴ = +165 kJmolିଵ (3)

COଶ + Hଶ  ⇌ CO + HଶO              ∆Hଶଽ଼ ୏
଴ = +41 kJmolିଵ (4)

2CO ⇌ COଶ + C(ୱ)                       ∆Hଶଽ଼ ୏
଴ = −172 kJmolିଵ (5)

CHସ ⇌ C(ୱ) + 2Hଶ                         ∆Hଶଽ଼ ୏
଴ = +75 kJmolିଵ (6)

Hଶ + CO ⇌ C(ୱ) + HଶO               ∆Hଶଽ଼ ୏
଴ = −131 kJmolିଵ (7)

2Hଶ + COଶ  ⇌ C(ୱ) + 2HଶO        ∆Hଶଽ଼ ୏
଴ = −90 kJmolିଵ (8)

Equilibrium modelling (Figure 2a) [23] and Gibbs free energy modelling (i.e., reaction spontaneity, Figure 2b) [34] 
show that the Boudouard reaction occurs primarily below 700 °C. CH4 cracking typically occurs above 550 °C, 
indicating that all three side reactions coincide at low operating temperatures (500–700 °C). The low thermal energy 
input, competing side reactions and potential carbon deposition through the Boudouard and CH4 cracking reactions 
make thermocatalyst design challenging for low-temperature DRM. 

The product ratio (H2/CO) can directly observe the impact of side reactions. Under ideal operating conditions, this 
ratio should be stoichiometric (1/1). The RWGS will result in a significant decrease in H2/CO ratio (<1) as H2 is 
consumed and CO is produced [5,33]. The Boudouard reaction and CH4 cracking cause an increase in H2/CO ratio (>1) 
as CO is consumed or H2 is produced [5,33,35]. Whilst the H2/CO ratio is a key parameter in understanding catalyst 
performance for the DRM, it does not provide a complete understanding of the system, as several side reactions are 
likely to occur simultaneously. 

 

Figure 2. Temperature dependence of DRM side reactions on (a) the equilibrium conversion and (b) Gibbs free energy, showing 
the prevalence of side reactions for the low-temperature DRM (500–700 °C). Image (a) adapted with permission from Lovell et al. 
[23]. CC 4.0. Image (b) adapted with permission from Abdulrasheed et al. [34]. CC 3.0. 

DRM catalysts are often deactivated by carbon deposition (or ‘coking’) through the Boudouard and/or CH4 
cracking reactions or catalyst sintering. Carbon-driven deactivation may occur through several mechanisms, including 
forming surface metal carbides, encapsulating active sites and plugging of support pores (and/or the reactor), all leading 
to an activity decrease by limiting access to active sites [36–38]. Additionally, whisker carbon may be formed between 
the active metal and the support. The whisker does not directly deactivate the catalyst, with the loss in activity deriving 
from a diminished metal-support interaction (MSI) and reactor clogging [17,37]. The formation of different carbon 
types depends on the catalyst and reaction conditions. Surface atomic carbon (type ‘α’) and amorphous films and 
filaments (type ‘β’) are ‘active’ carbon, where available adsorbed oxygen atoms may gasify the species to form gaseous 
CO (Figure 3). With insufficient Oads, excessive carbon build-up may lead to graphitic (type ‘C’) carbon formation 
[37,38]. For some active metals, particularly non-noble transition metals like Ni and Co, carbon may diffuse through 
the active metal, accumulating between the metal and the support, forming carbon nanotubes (‘whiskers’, type ‘ν’) with 
the active metal at the head [37,38]. Over Ni-based catalysts, nickel carbide (Ni3C, type ‘γ’) may form through the 
reaction of surface C with the active metal [37]. 



Photocatalysis: Research and Potential 2025, 2, 10004 5 of 30 

 

 

Figure 3. Possible carbon formation mechanisms, identifying the formation routes of α (red), β (yellow), ν (blue) and c (green). Of 
these carbon species, α and β carbon are considered ‘active’ as they may be gasified by surface-adsorbed oxygen. 

Deactivation may also occur through sintering of the active metal. At higher reaction temperatures (often above 
700 °C) [16], adjacent active metal deposits may agglomerate, forming larger deposits with a lower surface area that 
inhibits surface adsorption [39]. Deactivation by sintering and coking may occur simultaneously, as larger particle sizes 
often stimulate carbon deposition [39,40]. Deactivation may be minimised by carefully considering operation conditions 
and catalyst design, which will be discussed in Section 3.4. 

3. Thermocatalyst Design 

While this review is focused on the impact of light on DRM stability, the catalyst design strategies for light-assisted 
DRM are adapted from thermocatalytic DRM. As light is used to supplement the thermal energy input and boost the 
performance of thermal DRM, outlining the approaches to thermocatalyst design is crucial to justifying the materials 
and properties for light-assisted DRM. This section provides an overview of thermocatalyst design, as this has been 
addressed in-depth in other reviews [5,15,21]. 

Conventional DRM thermocatalysts employ an active metal loaded on a metal oxide support (Figure 4) [23,41]. 
The active metals are categorised as noble metals, like platinum (Pt), palladium (Pd), rhodium (Rh) and ruthenium (Ru), 
or non-noble metals, like nickel (Ni), cobalt (Co) and iron (Fe). Similarly, a range of supports have been employed for 
these reactions. In addition to providing essential mechanical stability, the support considerably influences catalytic 
performance by providing the surface area necessary for active metal stabilisation and dispersion [21,22]. Ceria (CeO2), 
lanthana (La2O3), zirconia (ZrO2) and magnesia (MgO) are considered active, as they contain Lewis basic sites that 
assist with the adsorption of the acidic CO2. Other supports, such as silica (SiO2), alumina (Al2O3), and yttria (Y2O3), 
are classified as inactive [21,23]. Titania (TiO2) is another common support that has been classified as both active and 
inactive, depending on the extent of TiOx formation upon surface reduction of TiO2 [42,43]. Recent trends in 
thermocatalyst design introduced emerging support materials such as activated carbon, clay, silicon carbide (SiC), boron 
nitride (BN) and metal-organic frameworks, which are not discussed in this review [22]. 
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Figure 4. Various aspects of thermocatalyst design, including active metal and support selection, synthesis and active metal loading 
techniques. * Note: TiO2 may be classified as an active or inactive support depending on the role of the TiOx surface layer in the 
DRM reaction mechanism. Image adapted with permission from Lovell et al. [23]. CC 4.0. 

Thermocatalysts are designed to be active, selective and stable (the three primary performance criteria). The 
performance is controlled by the active metal and support material properties, synthesis technique, preparation 
conditions such as the calcination temperature (when required) and the reduction conditions (the active metal should be 
fully reduced to provide the necessary surface properties and electronic structure to facilitate the reaction) [23]. 

3.1. Role and Selection of Active Metals 

The active metal is the principal component of the catalyst that facilitates the DRM reaction. For an active support, 
CH4 adsorbs and disassociates on the active metal. The active metal also provides CO2 adsorption sites, particularly for 
inactive supports [21,22]. The material selection and the active metal physicochemical properties like deposit size, 
dispersion and loading all impact catalyst performance. As mentioned previously, noble (Pt, Pd, Rh and Ru) and non-
noble metals (Ni, Co, Fe) are employed for the DRM. Noble metals are desirable, as they are active and highly stable, 
with excellent resistance to coking and high-temperature sintering [21]. The cost of noble metals is orders of magnitude 
greater than non-noble metals, too great to justify commercialisation [44,45]. Non-noble metals are favourable for their low-
cost and high affinity, so thermocatalyst design typically focuses on improving non-noble metal performance [21,22]. 

Hou et al. demonstrated the performance of the active metals on mesoporous α-Al2O3 for DRM (T = 800 °C, 
WHSV = 60 L·gcat

−1·h−1, t = 240 min) [46]. Of the common active metals, Ni, Co and Pd deposited carbon, resulting in 
catalyst deactivation. Conversely, Rh, Ru and Pt had negligible carbon deposition (0.00 mgc·gcat

−1·h−1), demonstrating 
the high stability of noble metals [46]. The activity followed the order Ni > Co ≈ Rh > Ru > Pd > Pt, though the Ni and 
Co used a higher loading (10wt% compared to 5wt% for noble metals), which likely influenced the results [46]. The 
high activity and low cost of Ni and Co drive their use in thermocatalytic DRM despite their susceptibility to carbon 
deposition [5,37]. 

Ni is both active and selective for the DRM [21,46]. Within the DRM operating temperatures (600–1000 °C) [5], 
Ni becomes susceptible to sintering and carbon deposition, deactivating the catalyst. Relative to other metals, Ni has a 
low Tammann temperature (when the bulk atoms become mobile, resulting in atomic reorganisation) of 590 °C [47], 
causing sintering within the low-temperature DRM range (500–700 °C) [48,49]. Ni sintering deactivates the catalyst by 
lowering Ni dispersion, which may be slowed or prevented by stabilising the active metal on the support and increasing 
the support surface area to improve Ni dispersion [50,51]. Deactivation through carbon deposition may be caused by 
poor carbon gasification rates (oxidising carbon to form CO or CO2 gas products) due to strong Ni-C bonding [52,53] 
or high carbon diffusion rates through the active metal that yields whisker-type carbon [37]. Overcoming the 
considerable carbon deposition and preventing Ni sintering are the greatest challenges for Ni-based catalysts for DRM, 
particularly as carbon formation is often linked to metal dispersion [22,24,29]. 

Like Ni, Co is an active and inexpensive transitional metal [41,44]. There are conflicting reports in literature when 
comparing the activity of Co and Ni, where several studies identified Ni as more active [54–56], while others have 
suggested that Co is more active [48,57]. Like Ni, Co also suffers from deactivation through coking and sintering, 
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although Co sintering usually occurs outside the low-temperature DRM range (typically above 700 °C) [16]. Similarly, 
Co has exhibited better coke resistance than Ni, which several authors attribute to the improved resistance to stronger 
Oads adsorption, improving the O availability to gasify surface carbon [48,56,58]. 

The active metal loading, deposit size, and dispersion are three inextricably linked physicochemical properties that 
may be controlled by varying aspects of catalyst synthesis, such as precursor concentrations, synthesis technique, 
temperature treatment and MSI. Generally, greater DRM activity is achieved ≥10 wt% metal loading, but beyond 10 
wt% typically exhibits similar performance [21,59]. A study on xCo/MgO by Wang et al. demonstrated that loadings 
from 8–36 wt% (8, 12, 24, 36 wt%) had comparable CO2 and CH4 conversions, which was greater than the 4 wt% 
Co/MgO catalyst. A loading of 48 wt% had the same initial conversion, although the catalyst rapidly deactivated, 
attributed to large metal clusters that facilitated carbon deposition [60]. Without careful synthesis control, increasing the metal 
loading decreases the dispersion due to active metal agglomeration, which may facilitate active metal sintering [51,61,62]. 

Smaller deposit sizes are more active, selective and stable for DRM [51,63]. Most significantly, several studies 
identified a size threshold for whisker carbon formation, though the value depended on the materials and conditions 
employed in the studies [21,51,63]. Damaskinos et al. used Ni/Ce0.8Ti0.2O2−δ to show that beyond a threshold value (Ni 
size = 22 nm), Ni facilitated both carbon deposition reactions (primarily CH4 cracking) [63]. Smaller Ni deposits (<22 
nm) accelerated carbon gasification through better CO2 disassociation and greater access to CeO2 labile oxygen atoms, 
improving carbon resistance [63]. Metal sintering that increases the particle size through agglomeration also stimulates 
carbon deposition via the mechanism outlined by Damaskinos, which impedes DRM performance. Similarly, Zhan et 
al. studied the impact of Ni size over Mg(Al)O solid solution for various reduction (650–800 °C) and reaction (500–
800 °C) temperatures [51]. Increasing the reduction temperature beyond the Ni Tammann temperature induced sintering, 
increasing the Ni deposit size. For reaction temperatures between 500–700 °C, small deposits (5.8 nm) were active, 
while deposits ≥6.6 nm were deactivated due to whisker carbon formation (Figure 5) [51], demonstrating that the 
whisker carbon size threshold (~6 nm) varies considerably between materials. The strength of MSI is a crucial factor in 
designing thermocatalysts for the DRM. Strong MSI promotes active metal dispersion and stabilisation, which may 
prevent or limit the sintering extent of the active metal that would otherwise deactivate the catalyst [17,64]. Conversely, 
weaker MSI yields larger active metal sizes for DRM. The larger sizes improved CH4 turnover, promoting H-spillover 
as well as facilitating CH4 cracking, indicating that the MSI must be carefully controlled to optimise performance [17]. 

 

Figure 5. Summary of the Ni deposit size study by Zhan et al. over a Mg(Al)O support [51]. Increasing the reduction temperature 
induced Ni sintering. Small sizes (5.8 nm) were active at low DRM temperatures (500–700 °C), while increasing the Ni size to 6.6 
nm induced whisker carbon formation and catalyst deactivation. 

3.2. Role of Supports 

Active metals loaded onto metal oxides Al2O3, CeO2, SiO2, and TiO2 are the most employed heterogenous catalysts 
for the DRM. Other supports, such as yttria (Y2O3), zirconia (ZrO2) and magnesia (MgO), are more commonly used as 
dopants to overcome the limitations of inert supports as they are less effective as stand-alone supports. Y2O3 and ZrO2 
weakly interact with the active metal, resulting in poor active metal dispersion and sintering susceptibility [65,66]. 
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Conversely, MgO promotes strong MSI while providing poor surface area, yielding low active metal dispersion [65,66]. 
Recent work has utilised various carbon-based compounds, metal-organic frameworks, clay, and boron nitride as DRM 
catalyst supports [22]. Recent reviews have thoroughly addressed the design of novel materials for thermocatalytic 
DRM, so these materials are not considered in this review [22,67]. As previously detailed, these conventional supports 
can be classified as inactive (Al2O3, SiO2, TiO2*) or active (TiO2*, CeO2 and ZrO2), depending on the role of the support 
in the reaction mechanism. 

As a DRM catalyst support, Al2O3 has been heavily studied, exhibiting mild activity relative to other supports 
[65,66]. It is often favoured for its good thermal and mechanical stability and high surface area, facilitating active metal 
dispersion [21,68]. Al2O3 exists in several stable crystalline phases, most commonly alpha (α-Al2O3), gamma (γ-Al2O3) 
and eta (η-Al2O3) alumina [69]. NiAl2O4 or CoAl2O4 spinel formation is common, particularly upon high-temperature 
calcination or high-temperature operating conditions (>700 °C) [70,71]. The spinels form due to the strong MSI and are 
undesirable as they limit the availability of active species, impeding catalyst performance. In the absence of aluminate 
spinels, strong MSI with Al2O3 supports has been shown to restrict the complete reduction of Ni or Co, which hampers 
catalyst activity [70,71]. Alumina-supported Ni and Co rapidly deactivate through carbon deposition, often attributed 
to the active metal properties. Al2O3 is an irreducible support and, therefore, has a limited capacity to release O species 
to gasify the surface carbon, resulting in carbon accumulation [21,60]. 

Like Al2O3, SiO2 is used for its high surface area, thermal stability, and low cost compared to other supports [21,72]. 
Typically, SiO2 has no CO2 adsorption capacity, so the activity is mainly attributed to the active metal properties. Silica 
is also highly desirable for its controllable porosity and morphology, whereby non-porous, mesoporous and core-shell 
structures are commonly employed [21,73]. The initial DRM performance of non-porous SiO2 is amongst the most 
active supports, although it is susceptible to catalyst deactivation by active metal sintering induced by poor MSI [65,66]. 
Several studies reported carbon-driven deactivation, making non-porous SiO2 non-functional for high-temperature 
DRM. Mesoporous or core-shell structures demonstrate improved sintering resistance and prevent whisker carbon 
formation [74,75]. Changing the porosity alone has been shown to be insufficient to mitigate carbon formation entirely, 
as the catalysts produced graphitic and amorphous carbon that deactivated the catalyst by pore blocking [37,74,76]. 

Classifying TiO2 as an active or inactive support typically depends on the MSI strength. Titania with strong MSI 
partially encapsulates the active metal with a reducible TiOx layer [42,43]. The TiOx layer may provide sites for CO2 
adsorption, resulting in highly active catalysts [42,43] (Figure 6a). Nagaoka demonstrated that releasing oxygen trapped 
in the TiOx basic sites facilitated carbon gasification, improving the stability of the DRM [42]. The extent of TiOx 
encapsulation is dependent on the MSI. With very strong MSI, extensive coverage may prevent reactant adsorption on 
the active metal, rendering the catalyst inactive [43]. As strong MSI induces the active TiOx layer, weak MSI yields an 
inactive TiO2 support often characterised by moderate DRM activity and poor stability (limited support oxygen release 
capacity) [65,66]. Relative to the other supports, TiO2 often has a low surface area, resulting in poor active metal 
dispersion [65,66]. Additionally, TiO2 commonly undergoes a phase change from anatase (a-TiO2) to rutile (r-TiO2) 
around 600 °C, provoked by either high-temperature calcination or the DRM reaction temperatures [77]. The influence 
of this catalytic performance for DRM was not severe, whereby Shah et al. demonstrated that the r-TiO2 phase was 
marginally less active than a-TiO2 [78]. TiO2 has potential for the DRM, and current work focuses on using promoters 
and dopants to boost the support surface area and induce basicity on inactive TiO2 [17,22]. 
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Figure 6. (a) Classification of TiO2 as ‘active’ or ‘inactive’ depends on the presence of the TiOx. Surface oxygen vacancies (SOVs) 
may aid the absorption of CO2. Small quantities of this TiOx layer is advantageous for assisting CO2 adsorption, but extensive 
coverage of the active metal from strong metal support interaction (MSI) may prevent access to the active metal for CH4 adsorption 
and disassociation. (b) Surface CeO2 is highly reducible, allowing the facile generation of SOVs at Ce3+ sites. These sites aid the 
adsorption of the CO2 molecule. 

CeO2 is a promising support that has demonstrated excellent coke resistance. The support is characterised by high 
oxygen storage capacity, distinctive redox properties, and often forms strong MSI with transitional metals, limiting 
active metal sintering [5,22]. CeO2 undergoes a facile transition between Ce4+ and Ce3+ oxidation states arising from a 
single weakly bound f-shell electron [79,80]. The electron structure makes CeO2 highly reducible, whereby low-
temperature surface reduction occurs from 200–400 °C and bulk reduction from 650 °C [81]. Surface oxygen vacancies 
(SOVs) are formed upon reduction, which may have one or two unpaired electrons (Lewis basic sites) that aid CO2 
adsorption (Figure 6b) [82]. Despite the benefits, Wang et al. showed that CeO2 was less active than the supports 
considered thus far, achieving a maximum CO2 conversion of 63.2% (compared to 87.4%, 88.2% and 65.7% for Al2O3, 
SiO2 and TiO2, respectively) and CH4 conversion of 50.7% (compared to 82.1%, 82.3% and 50.1% for Al2O3, SiO2 and 
TiO2, respectively—0.5 wt% Rh catalyst, T = 800 °C, WHSV = 60 L·h−1·g−1) [65]. Selected studies have shown that 
negligible carbon deposition may occur over CeO2 [17,80]. The release of Oads captured in the SOVs on ceria (often 
referred to as ‘labile O’) presents an opportunity to improve DRM stability, whereby the released Oads may gasify 
surface carbon to form CO. Isotopic experiments using 18O directly showed the contribution of lattice oxygen to CO 
formation by carbon gasification [63,83–85]. Damaskinos et al. demonstrated over Ni/Ce0.8Ti0.2O2 that the transient 
release of labile O was faster than CO2 disproportionation over Ni, preventing carbon build-up and thereby achieving a 
stable catalyst [63]. Carbon accumulation is impacted by several compounding variables, including the rate and quantity 
of oxygen released from CeO2, the carbon diffusion rate through the active metal, the amount of carbon accumulated at 
the metal-support interface and the exposed active metal crystallite phase [83]. If the carbon gasification rate by the 
release of trapped Oads does not exceed the carbon deposition rate, then the carbon will accumulate, irrespective of the 
oxidative capacity of the support. 

3.3. Synthesis Techniques 

The physicochemical properties of the catalyst are predominantly dependent on the material selection. However, 
varying the synthesis technique may allow the fine-tuning of physical and chemical properties such as the active metal 
deposit size, active metal dispersion, MSI and the catalyst reducibility [7,86]. While the synthesis technique is crucial 
to achieving desired material characteristics and properties, the benefits of various techniques have been explored 
extensively in other thermocatalytic DRM reviews [17,21] and will not be discussed in this review. 
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3.4. Thermocatalytic Stability Improvement Strategies 

The greatest limitation of DRM is the catalyst instability caused by active metal sintering or coke deposition. 
Manipulating the operating conditions and catalyst design are possible methods to improve thermocatalyst stability. 

3.4.1. Influence of Operating Conditions 

The reaction temperature, pressure, and CO2/CH4 feed ratio are all optimisable parameters to limit carbon 
deposition [87]. As discussed in Section 2, the catalyst is susceptible to deactivation by carbon deposition between 500–
700 °C. Thermodynamic modelling determined that 525–625 °C favours carbon deposition through the Boudouard 
reaction, and CH4 cracking occurs from 550 °C, making temperature optimisation difficult. Literature suggests that 
operating the DRM at 700 °C is preferred, as greater temperatures stimulate CH4 cracking, and lower temperatures 
initiate the Boudouard reaction [21,33]. A computational study by Nikoo et al. found that pressures above 1 atm 
increased the carbon deposition across all temperatures [33], which was supported by Wang et al., who demonstrated 
better DRM conversions at low pressures (0.01 atm) [88]. 

Literature suggests that changing the CO2/CH4 ratio from stoichiometric 1/1 may limit carbon formation reactions 
at certain temperatures [33]. Increasing the ratio (i.e., CO2-rich feed) improved the CH4 conversion, achieving near-
complete conversion by 800 °C. Increasing the CO2/CH4 ratio creates a soft oxidative environment that promotes CH4 
oxidation, preventing carbon deposition by CH4 cracking [33]. Furthermore, increasing the ratio limited CO2 conversion, 
particularly below 600 °C [33]. Arora et al. suggested that the exothermic hydrogen oxidation reaction (Equation 8) 
caused this decrease while simultaneously depositing carbon [38]. The DRM reaction became favoured from 700 °C, 
and by 800 °C, the CO2 conversion neared completion for low CO2/CH4 ratios. As altering the system pressure and 
CO2/CH4 ratio changes the DRM environment and balance of side reactions, the product ratio (H2/CO) and reaction 
consumption are ultimately changed, as stoichiometry dictates a 1/1 conversion. Literature instead focuses on catalyst 
design strategies to overcome carbon deposition under atmospheric pressure and a stoichiometric CO2/CH4 feed ratio. 

3.4.2. Stability Considerations in Thermocatalyst Design 

As previously established, many DRM catalysts are susceptible to carbon deposition. Consequently, much work 
has focused on tuning and modifying the catalysts to be more stable toward DRM. The design of a stable catalyst has 
been centred around three possible strategies; (i) using two active metals (‘bimetallic’), (ii) using a promoter; and (iii) 
altering support basicity. 

As discussed in Section 3.1.1, noble metals such as Pt, Ru and Rh are highly stable for DRM, producing negligible 
carbon. Selected studies showed that incorporating small quantities of noble metal improved the stability of a non-noble 
catalyst. Moreno et al. highlighted that 2 wt% Ru decreased the carbon formation of Ni/Al2O3 by 27%. Decreasing the 
Ru concentration to 0.5 wt% resulted in a 66% decrease in carbon formation while increasing the catalytic activity 
(750 °C, WHSV = 110 L·h−1·g−1) [89]. The 2 wt% Ru sample formed large Ru agglomerates (~38 nm) that had poor 
interaction with Ni (~8 nm), but 0.5 wt% Ru greatly interacted with Ni, improving stability [89]. The authors did not 
investigate the Ni–Ru interaction that caused the improved stability. Li et al. performed a comprehensive review of the 
impact of noble promotion on DRM and found that small amounts of noble metals consistently modified the surface 
electronic properties of Ni, leading to carbon resistance. Introducing noble metals resulted in smaller, more stable Ni 
deposits that resisted sintering [90]. Horlyck et al. demonstrated the potential of non-noble metal bimetallic catalysts 
by synthesising several Ni–Co/Al2O3. The study showed that Ni was susceptible to both Boudouard and CH4 cracking 
reactions, but Co was susceptible to only the Boudouard (600 °C, WHSV = 144 L·h−1·g−1). The authors found that small 
amounts of Co (2.5 wt%) alloyed with Ni (7.5 wt%) stimulated facile electron transfer that aided the oxidation of carbon 
species, resulting in a significant reduction in carbon deposition (96% relative to 10Ni/Al2O3) [56]. As Ni–Co costs 
much less than noble metal promotion, new studies focus on optimising these bimetallic non-noble catalysts [37,56]. 

Promoters differ from bimetallic catalysts, as the promoter is typically inactive toward DRM but instead alters the 
catalyst properties to improve DRM performance. A wide range of metals have been assessed for DRM. Franz et al. 
studied the promotion impact of alkali earth metals (Na, K and Cs) on a 10Ni/ZrO2 catalyst [91]. Introducing the 
promoters decreased the initial CH4 conversion from 50% for 10Ni/ZrO2 to ~40% with 1 wt% promoters and further to 
~30% with 2 wt% promoters (regardless of promoter material). The alkali promoter reduced the carbon content from 
53 mgc·gcat

−1 for 10Ni/ZrO2 to ≤10 mgc·gcat
−1. A promoter content of 1 wt% was able to reduce carbon content, although 

the CH4 conversion decreased by 10%, limiting its potential. Increasing the promoter content to 2 wt% reduced the 
carbon content below 5 mgc·gcat

−1, while the activity decreased by 20% relative to 10Ni/ZrO2. The authors attributed 
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the stability improvements to the formation of carbonates on Na and Cs (Na2CO3 and Cs2CO3), which are known to 
promote carbon gasification over alkali metals [91–93]. Ibrahim et al. studied the influence of 1 wt% Ga, Gd, Sc, Ce 
and Cs on 5Ni/MCM-41 (mesoporous silica) [94]. Ce, Ga and Gd improved the activity considerably, which was 
attributed to improved basicity relative to the 5Ni/MCM-41 control. Although Cs and Sc deactivated the catalyst by 
oxidising Ni, all the promoted catalysts exhibited a lower carbon deposition. Several studies have demonstrated the 
impact of B promotion, which has been shown to increase the basicity by inducing hydroxyl groups, which enhances 
catalytic activity [95–97]. Additionally, Fouskas et al. showed that B promotion (<5.6 wt%) may also reduce the Ni 
size, improving carbon resistance by up to 86% [96]. 

The final commonly studied approach to enhance DRM catalyst stability is to synthesise mixed oxides to improve 
support basicity. Modifying Al2O3 with basic oxides presents an opportunity to overcome carbon deposition. Horváth 
et al. showed that a ~9 wt% CeO2 content resulted in a small decrease in the activity while significantly reducing the 
carbon deposition rate (by ~70%), causing a considerable stability improvement [98]. Laosiripojana et al. varied the Ce 
concentration from 0 to 14 wt% for Ni/Al2O3-CeO2 [99]. They found that the Ce did not influence the Ni properties, 
and the CO2 incorporation increased the activity relative to Ni/Al2O3 (T = 900 °C). Like Horváth, they found that 
incorporating CeO2 improved coking resistance, whereby negligible carbon was formed above 8 wt% Ce. Similarly, 
MgO has enhanced the DRM performance of Al2O3-supported materials while suppressing carbon formation [100], 
although high-temperature calcination risks MgAl2O4 formation, which was more active than Al2O3 but was unstable 
due to coking [101]. 

Other studies modified the support to improve the reducibility and oxygen storage capacity of reducible oxides, 
like CeO2, to further enhance the support anti-coking properties. Incorporating Zr into CeO2 (CexZr1−xO2−δ, or ‘CZx’) 
forms a Ce–Zr solid solution that improves the thermal stability, promotes the facile production of SOVs and improves 
oxygen storage and transport [102]. Despite the improved surface basicity, incorporating Zr resulted in whisker carbon 
formation for the DRM [102,103]. The mechanism behind carbon deposition in the presence of Zr has not been 
investigated, but it occurred irrespective of Zr content [102]. Vasiliades et al. incorporated Pr into CeO2 (Ce1−xPrxO2−δ, 
where x = 0, 0.2, 0.5, 0.65, 0.8, 5 wt% Ni loading) as an alternative to Zr. Increasing Pr content negated carbon formation 
but decreased the DRM activity (Table 1). The lowest Pr modification (Ce0.8Pr0.2O2−δ) displayed similar activity to 
Ni/CeO2 and had better carbon resistance, which was attributed to the greater oxygen storage capacity and mobility 
upon Pr lattice substitution [104]. Modifying irreducible and reducible supports may offer a way to tailor a catalyst to 
be stable and selective to the DRM reaction. 

Table 1. Summarised performance of Pr-modified CeO2 catalysts in a study by Vasiliades et al. [104]. 

Catalyst Temp (°C) 
Conversion (%) a Carbon Formation 

CO2 CH4 Total Carbon (wt%) b Moles of Active Carbon (μmolg−1) c 

5 wt% Ni/CeO2 
550 19 12 - 3.7 
750 85 80 19.6 88 

5 wt% Ni/Ce0.8Pr0.2O2−δ 
550 19 12 - 0.72 
750 82 75 0.22 2.0 

5 wt% Ni/Ce0.2Pr0.8O2−δ 
550 13 6 - 0.87 
750 63 50 0.07 16.7 

a P = 1 bar, GHSV = 30,000 h−1. b Determined by thermal gravimetric analysis after 25 h at 750 °C, GHSV = 30,000 h−1. c Active 
carbon measured by isotopic in-situ DRIFTS. 

4. Localised Surface Plasmon Resonance 

Integrating solar illumination (ultraviolet, visible light, and infrared) may help solve the DRM limitations. 
Providing kinetic and thermodynamic assistance from electromagnetic radiation (EMR) may offset the thermal 
requirements and promote specific DRM reaction pathways [55,85]. Several avenues of solar illumination have been 
explored in literature. Xie et al. outlined the definitions of each illumination approach, which contain nuance in the 
mechanisms that drive the reaction [105]. The avenues of integrating light into DRM are summarised in Figure 7. 
‘Photocatalysis’ describes the direct conversion of CO2 using light as the only energy source (i.e., no thermal heating). 
Semiconductor bandgap excitation by photon adsorption creates electron-hole pairs that aid surface redox reactions. 
‘Plasmonic photocatalysis’ is a subset of photocatalysis, where localised surface plasmon resonance (‘LSPR’, typically 
visible light excitation) drives the DRM reaction, as opposed to bandgap excitation. ‘Photothermal catalysis’ occurs 
when heat generated by light drives the reaction. When the heating is insufficient to catalyse the reaction, a thermal 
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input may also be added (‘photothermally driven’). The current review concentrates on a subset of photothermally 
driven catalysis, herein called ‘visible light-assisted’ thermocatalysis, which combines heating with visible light 
illumination (i.e., no bandgap excitation). The role of bandgap excitation is not considered as recent reviews detailed 
the role of bandgap excitation and LSPR/bandgap excitation coupling for photocatalytic DRM [9,10]. 

 

Figure 7. Establishing the mechanisms and definitions for the various solar-illumination avenues. The relative contribution of 
thermochemistry is given by x (x = 1 indicates thermocatalysis). The driving forces behind the photothermal catalytic DRM are 
thermal activation, hot carrier generation, localised hotspotting and bandgap excitation. The current review examines ‘visible light-
assisted’ thermocatalysis, a thermal/LSPR hybrid approach classified under ‘photothermally driven catalysis’. 

4.1. Physics of Localised Surface Plasmon Resonance 

4.1.1. Visible Light Absorption Mechanism 

The LSPR effect occurs when a metal (smaller than the wavelength of the incident light) is illuminated. This 
invokes oscillation of the metal’s free electrons within the light wave’s alternating polarity (Figure 8a) [106,107]. The 
particle’s electron cloud displacement by its attraction to the EMR wave resists the restoring force from the particle’s 
nucleus, forming a dipole moment about the particle (Figure 8b). The absorption properties of the dipole moment 
accentuate the capture of the EMR’s energy [108–112]. The oscillation frequency of a particle’s electrons will increase 
until it stabilises at a frequency known as the ‘plasmonic frequency’, matching the frequency of the EMR wave. With 
sufficient energy, an outer d-shell electron of the absorber material may reach an excited state. Here, the electron is 
considered as a ‘hot electron’ (or ‘hot-carrier’), which has sufficient energy to overcome the Schottky barrier of the 
metal oxide support, or the electron decays from this excited state and releases the absorbed energy as heat that raises 
the local temperature (known as ‘localised hotspotting’). 
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Figure 8. (a) Electron cloud movement stimulates oscillation within the incident EMR. (b) Creation of the dipole moment about 

the particle as a result of oscillation. Image (a) adapted with permission from Rodrigues et al. [107]. CC BY. (b) Image adapted 

with permission from Bora et al. [112]. CC 3.0. 

4.1.2. LSPR-Induced Effects in DRM 

The hot-carrier may directly aid the DRM by altering the surface charge of the active metal and, in some situations, 
the support material. Hot-carrier generation occurs instantaneously (<100 fs), where the energy from the absorbed EMR 
raises the electron’s energy state beyond its Fermi level [106]. On the active metal, these electrons can induce a surface 
charge transfer, changing the local basicity of the active metal and facilitating the adsorption and conversion of the 
reaction intermediates [106,113,114]. 

Alternatively, the hot electrons may migrate across the Schottky junction (the interface between the active metal 
and metal-oxide support) when the support has semiconductor properties [106,115,116]. The hot carrier can then 
relocate to the support surface, facilitating CO2 activation or CO2 reduction and carbonate intermediate formation via 
surface charge transfer (Figure 9) [105,106]. The LSPR phenomenon distinguishes itself from other photoexcitation 
methods as the electron is not in thermal equilibrium with the catalyst, so the high electron energy aids its transition to 
the support material [116]. The hot electron can assist in catalysing the reaction by lowering the activation energy of 
one or several reaction intermediates, directly improving the kinetics [106]. 

Alternatively, the hot electron may also decay to its Fermi level, releasing the supplementary energy as heat in a 
process called ‘relaxation’ (Figure 9) [106]. The heat raises the local surface temperature of the active metal, known as 
‘localised hotspotting’. The increased local temperature may facilitate bond breaking or surface adsorption, improving 
the conversion rate of the DRM reaction intermediates, especially as DRM is endothermic [111,117–119]. 

 

Figure 9. Hot carrier generation and relaxation occur upon the visible light illumination of a metal/metal oxide catalyst, as described 
by Ghoussoub et al. [106]. The dark blue circles denote electrons, and the white circles denote electron holes. 
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4.1.3. Decoupling Relative Contributions 

Distinguishing between the direct contribution of hot carriers and localised hotspotting is challenging, which limits 
the understanding of the role of visible light illumination in enhancing DRM. Several authors employed scanning 
electrochemical microscopy (SECM) and similar methods to quantify the hot electrons upon visible light illumination 
[120–123]. SECM separates the relative contributions of hot electrons and localised hotspotting, although it is not 
performed in the context of a reaction. The hot electrons may be used directly in the reaction context, and the heat 
energy from the localised hotspotting may be transferred to instantaneous reaction intermediates or products. This 
complicated LSPR pathway remains elusive, and a better understanding is paramount to designing a light-receptive catalyst. 

4.2. Influence of Process Variables 

4.2.1. Material Selection 

The influence of the LSPR phenomenon in the DRM depends strongly on material selection. Selected metals, 
known as ‘plasmonic metals’, have a narrow plasmonic response at specific EMR wavelengths, defined by their 
absorption spectra (Figure 10) [26]. LSPR may be integrated into the DRM by combining a plasmonic metal such as 
gold (Au), silver (Ag) or copper (Cu) with thermocatalytically active metals, forming a bimetallic catalyst and 
illuminating the catalyst with the characteristic LSPR wavelength of the plasmonic material [26,124,125]. 

 

Figure 10. UV-vis absorption spectra of monometallic Rh (red) and Au (blue) on SBA-15 (mesoporous silica) and bimetallic Rh-
Au (green) on SBA-15. The neat SBA-15 support (black) had negligible UV-vis absorption. The sharp Au peak at ~ 520 nm suggests 
single wavelength enhancement would induce a strong light response, whereas broad Rh/SBA-15 suggests the full visible light 
spectrum is more suitable. Image adapted with permission from Liu et al. [26]. Copyright © 2015, John Wiley and Sons. 

Alternatively, metals smaller than the wavelength of incident light that has a high concentration of free carriers 
may exhibit surface plasmon effects [126]. Transitional metals like Ni or Co have a lower free carrier concentration 
than ‘traditional’ plasmonic metals, leading to a dampened LSPR response [126,127]. However, the interband and 
intraband transitions of Ni and Co produce broader visible light absorption than the wavelength-specific response of 
plasmonic materials [126,127]. As such, stimulating a conventional, transitional metal catalyst (Ni or Co) using a broad 
visible light spectrum has achieved comparable results to incorporating plasmonic metals [55,85,128]. 

4.2.2. Thermal Effects 

For many reactions, the plasmonic contribution alone cannot provide enough energy to catalyse the DRM. 
Consequently, a combination of plasmonic-catalysis and thermocatalysis is required. For the endothermic DRM 
reaction, the local temperature increase provided by radiative plasmon decay, coupled with the hot electron contribution, 
may drive the forward reaction by improving the activation of CH4 and stimulating enhanced surface charge transfer 
that assists with converting adsorbates [106,113,114]. 

Decoupling the thermal and non-thermal contributions to the reaction is challenging [129]. Currently, reaction rate 
modelling is employed to determine the thermal reaction rate, which is compared to the overall reaction rate to determine 
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the respective non-thermal contribution. Other techniques, such as in-situ DRIFTS and DFT modelling, compare the 
surface-adsorbed intermediates of thermal and light-assisted reaction conditions to distinguish changes in the reaction 
mechanism upon illumination [28,31,85]. The experimental and theoretical models overlook the symbiotic relationship 
between thermal and light effects. As the temperature increases, more energy is supplied to the surface electrons, 
reducing the required energy for excitation, which improves the LSPR response [130]. 

5. Light-Assisted DRM 

Since the early conception of LSPR-incorporated DRM in 2015 by Liu et al., many mechanistic studies have been 
conducted on various materials [26]. This section will first introduce the techniques employed to obtain insights into 
the DRM mechanism under light before assessing the progression of catalyst design for light-assisted DRM. Early 
approaches for integrating visible light into DRM focused on incorporating plasmonic materials like Ag, Au and Cu 
into traditional thermocatalysts [20]. Light-assisted DRM then targeted the plasmonic response of non-noble metals 
known to be DRM-active. As outlined in Section 4, it is crucial to note that all metals smaller than the wavelength of 
the incident light will all metals exhibit a plasmonic response [131]. Noble metals are often characterised by broad 
visible light absorption, as opposed to the more focused wavelengths demonstrated by plasmonic metals. As these noble 
metals are still limited by their high cost, current literature focuses on using non-noble metals like Ni and Co for light-
assisted DRM. 

5.1. Probing the Light-Assisted Reaction Mechanism 

Literature typically probes the light-assisted reaction conditions through techniques such as in-situ DRIFTS, 
isotopic experiments and DFT calculations. In-situ DRIFTS measures the diffuse scattering of an incident infrared (IR) 
beam striking the powdered catalyst sample. The incident IR excites molecules on the catalyst surface, stimulating 
vibrations that cause changes in the molecule’s dipole moment [132]. The excitation wavelength is characteristic of the 
surface-adsorbed species, allowing the direct identification of species adsorbed onto the catalyst’s surface. Measuring 
the transient response upon inducing small changes to the reaction (e.g., temperature step or chemical pulse) indicates 
which species are involved in the reaction mechanism [132]. Light illumination typically occurs using a focused laser 
[133,134] or Xe lamp [55,85] light source through a separate window to the IR beam path. For light-assisted DRM, in-
situ DRIFTS can compare the reaction intermediates under thermal and light-assisted DRM conditions. Of particular 
interest is the presence of the methoxy species (CHxO, x = 1–3), which indicates that CHx is oxidised before complete 
dehydrogenation, preventing carbon formulation through CH4 cracking [55,85,134]. While the technique effectively 
identifies the reaction intermediates, in-situ DRIFTS spectra are often highly convoluted, making quantitative 
assessments challenging [132]. Furthermore, the signal intensity attenuates as the temperature increases, limiting the 
assessment to a low-temperature DRM range (typically <700 °C) [132,134]. 

Isotopic labelling is a powerful tool to probe the light-assisted DRM mechanism. Isotopes are created by adding 
neutrons to elements, creating elemental tracers that aid the deconvolution of the reaction mechanism. Isotopic labelling 
is effective at determining the origin of certain species and is often coupled with in-situ DRIFTS to provide a more 
comprehensive understanding of the reaction mechanism. Isotopically labelling C species in either CO2 (13CO2) or CH4 
(13CH4) may provide insight into the origins of certain products, as well as carbon formation, whereby the spent carbon 
may be gasified to produce either 12CO or 13CO, depending on the labelling of CO2 or CH4 [85,135]. The involvement 
of labile oxygen species may be determined by reducing the catalyst surface and oxidising with isotopically labelled O 
(18O) before the reaction. If the catalyst’s labile O are actively involved in the reaction mechanism, a C18O product 
would be evident [63,135]. The products are measured with a mass spectrometer, distinguishing the molecules by 
molecular weight. Coupling isotopic labelling with in-situ DRIFTS causes a shift in the molecule’s fingerprint, 
providing a better distinction between active reaction intermediates and spectator species [85,135]. 

Density functional theory calculations provide a theoretical understanding of the reaction mechanism by providing 
insight into the adsorption energy of reaction intermediates, the reaction energies of key elementary reactions, as well 
as the preferred binding sites. The complexity of the reaction limits the scope of the DFT calculations. For light-assisted 
DRM, the role of light in CH4 dissociation has been investigated by modelling a slab of active metal [135,136]. No 
support is present in the model, as the model assumes for deposits of significant size, the CH4 dissociation reaction will 
take place on the active metal without the influence of the support. Similarly, the CH4 dissociation model does not 
account for the adsorption and disassociation of CO2. The role of light is assessed by changing the excitation states of 
the active metal, mimicking the role of hot electrons in the reaction mechanism [28,136]. Similarly, work by Zhu et al. 
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added additional electrons to replicate the role of hot carriers [137]. The CO2 dissociation reaction has also been 
investigated following the same strategy as the CH4 dissociation reaction using models of the active metal, an active 
metal atom on the support and a slab of support [28,136]. The reliability of these techniques to model light using DFT 
must be questioned, as the narrow system bounds may not be fully representative of reaction conditions. 

5.2. Early Approaches to Light-Assisted DRM 

Initial light-assisted DRM strategies incorporated plasmonic metals such as Ag [138], Au [26,27,139] and Cu [28] 
into known thermally active catalysts. Liu et al. studied the influence of Au on a Pd-Au/Al2O3 catalyst [139]. Pd/Al2O3 
was the most active material, but low Au content (90Pd-10Au/Al2O3) had similar catalytic performance to the Pd/Al2O3 
once illuminated, indicating that LSPR supplemented the activity lost from Au doping. Au/Al2O3 demonstrated 
negligible conversion, suggesting that Au was DRM inactive. 

Song et al. employed a Pt-Au/SiO2 catalyst with limited active metal loading (0.5 wt% Pt and 1.0 wt% Au) [27]. 
The combination resulted in a ~25% increase in CO2 conversion relative to the thermal Pt-Au/SiO2 when illuminating 
at the plasmonic wavelength range of Au (480 < λ < 600 nm; Figure 11a,b) [27]. While light illumination considerably 
improved the product generation, no significant change in the H2/CO ratio was observed, suggesting that light 
accelerated the DRM reaction but did not alter the reaction pathway. The authors used finite-difference time-domain 
(FDTD) simulations to demonstrate that the generation of hot electrons from Pt and Au likely drove the conversion of 
adsorbates, improving reaction rates. The influence of light on catalytic stability was not investigated in this work [27]. 
In-situ DRIFTS and DFT analysis demonstrated reduced HCOOads and COads concentrations upon illumination. The 
authors postulated that the lower surface coverage upon illumination meant the CO and H2 species were more likely to 
desorb, increasing activity [27]. While the authors demonstrated the potential of light for activity improvements, they 
did not assess catalyst stability. 

 

Figure 11. (a) UV-vis absorption spectra of Pt/SiO2 (brown), Pt-Au/SiO2 (black) and Au/SiO2
 (blue), overlaid with light source 

emissions with various filters (purple—U340, blue—L42+B440, green—Y50+B480, gold—G545 and red—R68). (b) CO2 

conversion for Pt/SiO2 (grey) and Pt-Au/SiO2 (red) under various filters for light-assisted DRM. T = 673 K, Iv = 0.6 W cm−2. Image 

adapted with permission from Song et al. [27]. Copyright © 2018, American Chemical Society. 

Zhou et al. showed the effectiveness of a Rux-Cu(2−x)/MgO-Al2O3 (0 < Ru < 0.5 wt%) catalyst under visible light 
illumination [28]. The 20Cu/MgO-Al2O3 could not catalyse the DRM reaction, instead promoting the undesirable 
RWGS reaction to favour CO production. Under a 19.2 W·cm−2 light intensity (400 < λ < 800 nm), the authors 
demonstrated a seven-fold increase in the reaction rate at 727 °C. The H2/CO ratio increased from ~0.2 to 1.0, suggesting 
that the reaction was more selective to DRM than RWGS under illuminated conditions. DFT modelling indicated that 
light illumination resulted in a mechanistic change. Under thermal conditions, adsorbed H and O species coupled, 
forming OHads and eventually water (i.e., RWGS reaction). The OHads formation limited the availability of oxygen to 
oxidise the surface carbon formed by CH4 disassociation, resulting in carbon accumulation and catalyst deactivation. 
The authors suggested that the role of localised hotspotting was negligible at high operating temperatures (~1000 K), 
so Cu-generated hot carriers-promoted the associative desorption of H2 by electronic transitions under light-assisted 
reaction conditions. (Figure 12a,b). The rapid coupling of Hads to form H2 prevented OHads formation, thereby increasing 
the availability of Oads to gasify the surface carbon (Figure 12c). In addition to the activity enhancements, illuminating 
the catalysts with visible light achieved significant selectivity and stability improvements [28]. The extent of catalytic 
improvement may partly be attributed to the endothermicity of the reaction, whereby the additional energy through 
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LSPR incorporation drove the forward DRM reaction [106,113,114]. 

 

Figure 12. Summary of a study by Zhou et al. that suggests light’s role in the DRM mechanism over Rux-Cu(2−x)/MgO-Al2O3 
catalysts [28]. (a) Light was adsorbed onto the Cu antenna, facilitating hot carrier generation and migration to the Ru reactor site. 
(b) Hot carrier aided the adsorption and disassociation of CH4 on the Ru reactor site. (c) Hot carriers facilitated the coupling of Hads, 
preventing the combination of Hads and Oads to form OHads, the precursor to water generation (i.e., RWGS side reaction), leading to 
improved stability (better oxygen availability) and selectivity. 

5.3. Light-Assisted DRM on Non-Noble Catalysts 

As plasmonic metals such as Au, Ag and Cu are not DRM active or selective and noble metals are limited by their 
high cost, more recent work has focused on illuminating the broad-spectrum absorbance of non-noble DRM catalysts 
(i.e., Ni or Co as the active metal) [25,140–142]. Liu et al. observed the interaction between active metal loading and 
light impact for Ni/Al2O3 catalysts (TR = 550 °C, Iv = 1.07 W·cm−2) [25]. The 10Ni/Al2O3 showed the most significant 
light enhancement (compared to 5, 15 and 20 wt% Ni) despite 15Ni/Al2O3 being the most active. The authors 
demonstrated that illuminating Al2O3 and SiO2-supported Ni had similar impacts on catalyst performance, leading to 
the belief that Ni drove the light enhancement. They attributed the 10 wt% Ni illuminated performance to greater visible 
light absorption, but the authors did not address why the intensity of light absorption peaked at 10 wt% Ni and then 
decreased significantly by 20 wt% Ni. 

Hu et al. studied Al2O3 cluster-modified Ni/Al2O3 (‘ACM’, clusters deposited onto Ni) under light [143]. The 
Ni/Al2O3 reference deposited carbon upon illumination, whereas ACM-Ni/Al2O3 improved carbon resistance by an 
order of magnitude. The authors used DFT to show that surface modification with alumina clusters improved the 
oxidation of Cads and increased the enthalpy of Cads polymerisation under light, resulting in improved catalyst stability 
and yielding better H2 and CO generation rates upon illumination (2.9 and 1.9 times greater than thermal conditions, 
respectively). The authors did not investigate the impact of light on carbon formation or attribute the enhancement to 
specific properties of the Al2O3 clusters [143]. 

Liu et al. studied the influence of Ni size for light-assisted DRM over Ni/Al2O3. Deposits below 17.3 nm in 
diameter were required to achieve light-enhanced activity for their system [140]. Above 17.3 nm, the Ni catalysts had 
a low conversion with minor light enhancement (Iv = 1.07 W·cm−2, 300 < λ < 800 nm). Below this threshold, the 3 nm 
deposit possessed the best activity and light enhancement, whereas the 9.5 and 10.1 nm catalysts had similar activity 
(attributed to 5 and 10 wt% Ni, respectively), indicating that the smaller particles lead to greater conversions under 
visible light. The origin of inactivity for deposits greater than 17.3 nm was not studied, which could be addressed with 
a systematic deposit size mechanistic study. Similarly, catalyst deactivation was evident for greater loadings, which was 
not investigated in the work. 

Using light conditions akin to their previous studies, Liu et al. observed the influence of morphology on light-
assisted DRM by synthesising impregnated Ni/SiO2, Ni@SiO2 core-shell structure and Ni@SiO2 yolk-shell structure 
[75]. Under thermal conditions, the catalysts followed the order Ni/SiO2-Im > Ni@SiO2-yolk > Ni@SiO2-core, which 
was inversely related to the Ni deposit size. The impregnated catalyst had the greatest CH4 and CO2 activity 
enhancement under light, though it deactivated rapidly due to carbon formation. The authors used in-situ electron spin 
resonance spectroscopy to identify oxygen radicals under reaction conditions (CO2/CH4 = 1, T = 550 °C), suggesting 
that LSPR-generated hot carriers aided CO2 disassociation. Comparable thermal gravimetric analysis and spent Raman 
spectroscopy profiles indicated no light-driven change in carbon amount or type for the impregnated catalyst. 
Conversely, both the yolk and core-shell structures were more stable upon illumination, as light facilitated the formation 
of active carbon over graphitic carbon. The authors did not associate the change in carbon type between the impregnated 
and shell-structured catalysts with any property of the support. Despite these changes in carbon type and stability, the 
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catalyst selectivities were analogous (H2/CO ratio of 0.87 ± 0.04) and underwent negligible change upon illumination 
(<5% change, thermal basis). The comparability in the product selectivities suggests similar reaction mechanisms 
between the catalysts and under both thermal and light-assisted reaction conditions [75]. 

Recently, Zhang et al. studied bimetallic Nix-Co1.5−x/SiO2 catalysts (1.5 wt% metal loading) for photothermal DRM 
[55]. They found that Co had a strong interaction with SiO2 and was inactive under thermal and illuminated conditions 
despite numerous thermocatalytic (Section 3.2) and photocatalytic [144–146] studies reporting comparable Ni and Co 
activity (Figure 13a). Under light, Ni/SiO2 reaction intermediates remained the same, indicating no change in the 
reaction mechanism. The authors attributed the better performance to purely localised hotspotting. For Ni1.2-Co0.3/SiO2, 
the CHOads concentration increased upon illumination, indicating that a small Co presence led to the light-promoted 
oxidation of CHads (Figure 13b). The authors used transmission electron microscopy, thermal gravimetric analysis and 
Raman spectroscopy to demonstrate that no carbon was evident for Ni1.2-Co0.3/SiO2, indicating that light promoted a 
stable reaction pathway. Despite the lack of carbon, Ni1.2-Co0.3/SiO2 deactivated by ~20% (CO2 conversion) after 30 h, 
which the authors attributed to active metal sintering. Zhang et al. did not investigate or discuss the stability of the other 
catalysts in their study [55]. 

 

Figure 13. (a) Photothermal DRM performance over Nix-Co1.5−x/SiO2 catalysts, T = 700 °C, CO2/CH4 = 1, flow = 20 mL·min−1, IV 
= 9 W·cm−2. Co/SiO2 had negligible activity, but the bimetallic effect of Ni–Co demonstrated superior performance for 1.2 wt% 
Ni, 0.3 wt% Co. (b) Proposed photothermal catalytic DRM mechanism, suggesting that the hot carriers generated through LSPR 
aided both the oxidation of CH to form CHO and the adsorption of CO2. Image adapted with permission from Zhang et al. [55]. 
Copyright © 2023, Royal Society of Chemistry. 

While Liu et al. demonstrated the similarity of inactive supports, Zhang et al. first highlighted the potential of an 
active support for photocatalytic DRM (no additional external heating, Iv = 0.1 W·cm−2, λ > 420 nm) [135]. The authors 
showed that the rate of carbon deposition of illuminated Ni/CeO2 (0.0125 gc·gcat

−1·h−1) was considerably less than 
Ni/SiO2 (0.23 gc·gcat

−1·h−1). The authors identified isotopic C18O2 tracing coupled with in-situ DRIFTS uncovered CO2 
turnover on the ceria SOVs stimulated reverse oxygen spillover (O disassociated from CO2 migrates to Ni), resulting in 
reaction with CHx,ads that formed the more stable CHxO intermediate. DFT results confirmed that activity improvements 
stemmed from reduced CH4 disassociation energy on Ni [135]. Du et al. synthesised a Ni/CeO2-ZrO2 catalyst, which, 
while offering a small activity improvement, exhibited significantly greater stability under light [147]. They suggested 
that light facilitated the release of SOV-trapped O atoms to gasify surface carbon in a similar manner to the Rux-
Cu(2−x)/MgO-Al2O3 study by Zhao et al. [28]. While the experiment employed in-situ DRIFTS, there was no direct 
evidence verifying the role of trapped oxygen in Cads oxidation. The nature of the surface carbon on the Ni/CeO2 and 
Ni/ZrO2 was not studied. 

Lorber et al. studied the optical properties of Ni/CeO2−x nanorods using in-situ UV-vis. Under light, CO2 and CH4 
reaction rates increased 8-fold [31]. The CeO2 bandgap shifted into the visible light spectrum after reduction at 450 °C 
for 30 min, which stimulated photoexcited electron transfer from the Ce conduction band to the Ni under light-assisted 
reaction conditions (Figure 14a). The authors showed that the RWGS reaction was not promoted by light. They 
postulated that as CO2 disassociation is the rate-limiting step for RWGS, the visible light likely did not influence CO2 
adsorption onto CeO2, which is thermally driven at 400 °C. Rather, the visible light promoted CHx disassociation on 
the surface Ni through the accumulated photo-excited electrons on Ni (Figure 14b), which supports the DFT results of 
Zhang, Mao et al. [135]. This postulation was directly evidenced by an 8.5-fold increase in the CH4 conversion rate 
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upon illumination, coupled with an improved H2 yield that increased the H2/CO ratio from 0.23 under thermal conditions 
to 0.59 under light [31]. This increase in selectivity aligns with observations from Zhou et al. and Hu et al. [28,143]. 

 

Figure 14. (a) Influence of Ni loading and reduction conditions on the bandgap energy and adsorption edge for Ni/CeO2−x nanorods. 
(b) Proposed visible light-assisted DRM mechanism. Image adapted with permission from Lorber et al. [31]. CC 4.0. 

Recent work by our group assessed the role of visible light illumination on CHx oxidation rate by synthesising 
Co/xCeO2-Al2O3 (x = 0–20 mol% Ce) catalysts [134]. While incorporating a low Ce content (~5 mol%) improved the 
thermocatalytic DRM stability, all catalysts deactivated upon illumination with visible light (white LED, 420 < λ < 710 
nm, IV = 2.0 W·cm−2), despite an increase in basicity with Ce content. Characterisation of the spent catalysts identified 
that the carbon transitioned from a more stable amorphous carbon to whisker carbon (β and v-type, respectively, in 
Figure 3). Light accelerated the decomposition of CH4, causing an imbalance between the CHx (x = 0–3) oxidation and carbon 
deposition rates, resulting in catalyst deactivation (Figure 15). No CHxO intermediate was identified by in-situ DRIFTS under 
thermal or visible light-assisted reaction conditions, suggesting that the CHx oxidation rate limited the system. 

 

Figure 15. Light-assisted DRM reaction scheme over Co/xCeO2-Al2O3. (a) Thermal DRM; oxygen trapped in ceria’s oxygen 
vacancies could oxidise surface carbon, preventing carbon accumulation. (b) Visible light-assisted DRM; light accelerated CH4 
dehydrogenation, outbalancing the support’s oxidative capacity, resulting in complete CH4 cracking. The carbon deposition rate 
exceeded the carbon oxidation rate, causing light-accelerated catalyst deactivation. Image adapted with permission from O’Connell 
et al. [134]. Copyright © 2024, Royal Society of Chemistry. 

There have been an array of published studies in the light-assisted DRM field that consider various key aspects of 
catalyst design, including the influence of active metal selection, size and loading, as well as the support selection and 
the impacts of morphology and basicity on light-assisted DRM performance. A summary of the catalytic activity and 
key takeaways for the various light-assisted DRM catalysts considered in this review is provided in Table 2.
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Table 2. Summary of light-assisted methane dry reforming studies. 

Catalyst Reaction Conditions Light Conditions Conversion Rates Highlights & Additional Comments Ref. 

xNi/Al2O3 

mcat = 50 mg 
T = 550 °C 
CH4/CO2 = 1/1 
Flow rate: 20 mL·min−1 

Xe Lamp,  
HA30 filter 
Iv = 1.1 W·cm−2 
300 < λ < 800 nm 

10Ni/Al2O3 
H2 Yield (Th) = 65 μmol·g−1·min−1 
H2 Yield (VL) = 126 μmol·g−1·min−1 
CO Yield (Th) = 70 μmol·g−1·min−1 
CO Yield (VL) = 129 μmol·g−1·min−1 

Comparable performance with Ni/SiO2 control indicates 
that light-assisted DRM is driven more by the active metal 
than support selection. 

[25] 

Rh-Au/ 
SBA-15 

mcat = 5 mg 
T = 500 °C 
CH4/CO2 = 1/1 
Flow rate: 20 mL·min−1 

Xe Lamp, 
L42 + HA30 filter 
Iv = 0.31 W·cm−2 
Visible light (λ = n.s. †) 

H2 Yield (Th) = 59 μmol·g−1·min−1 
H2 Yield (VL) = 113 μmol·g−1·min−1 
CO Yield (Th) = 69 μmol·g−1·min−1 
CO Yield (VL) = 109 μmol·g−1·min−1 

Au was inactive relative to Rh, but the bimetallic catalyst 
exhibited the best light response. 

[26] 

Pt-Au/SiO2 

mcat = 20 mg 
T = 400 °C 
CH4/CO2 = 1/1 
Flow rate: 20 mL·min−1 

Xe Lamp,  
HA30 filter 
Iv = 0.6 W·cm−2 
300 < λ < 800 nm 

H2 Yield (Th) = 41 μmol·g−1·min−1 
H2 Yield (VL) = 94 μmol·g−1·min−1 
CO Yield (Th) = 55 μmol·g−1·min−1 
CO Yield (VL) = 122 μmol·g−1·min−1 

Au was inactive relative to Pt, but the bimetallic 
performed better than the Pt/SiO2 control upon 
illumination. Pt-Au/SiO2 adsorbed UV and visible light, 
but performance enhancement was attributed to the Pt/Au 
plasmonic response. 

[27] 

Cu19.8Ru0.2/MgO-Al2O3 

mcat = 1.5 mg 
T = 327–727 °C 
CH4/CO2 = 1/1 
Flow rate: 16 mL·min−1 

Fiber Laser 
Iv = 19.2 W·cm−2 
400 < λ < 800 nm 

CH4 Rxn Rate  
(Th) = 1.0 μmol·g−1·min−1 
(VL) = 4.5 μmol·g−1·min−1 

DFT showed that light promoted H2 desorption, improving 
the availability of surface oxygen (otherwise forming 
water by RWGS) to gasify surface carbon. 

[28] 

Pdx-Au(1-x)/Al2O3 

mcat = 15 mg 
T = 500 °C 
CH4/CO2 = 1/1 
Flow rate: 20 mL·min−1 

Xe Lamp,  
L42 + HA30 filter 
Iv = 19.2 W·cm−2 
400 < λ < 800 nm 

Pd90Au10/Al2O3 
XCH4

 (Th) = 771 μmol·g−1·min−1 
XCH4

 (VL) = 936 μmol·g−1·min−1 
XCO2

 (Th) = 1007 μmol·g−1·min−1 
XCO2

 (VL) = 1205 μmol·g−1·min−1 

Au dampened Pd activity. Greatest light enhancement 
occurred for Pd90Au10/Al2O3. Pd deactivated significantly. 

[139] 

4Ni/CeO2-x 

mcat = 2 mg 
T = 180–470 °C 
CH4/CO2 = 1/1 
Flow rate: 20 mL·min−1 

LED 
Iv = 0.79 W·cm−2 
400 < λ < 700 nm 

CH4 Rxn Rate  
(Th, 470 °C) = 3 mmol·g−1·min−1 
(VL, 460 °C) = 4 mmol·g−1·min−1 

CO2 Rxn Rate  
(Th, 470 °C) = 10.5 mmol·g−1·min−1 
(VL, 460 °C) = 10 mmol·g−1·min−1 

In-situ UV-vis determined that the CeO2 bandgap shifted 
from UV to visible light absorption region. Suggests CO2 
disassociation was thermally driven, but accumulated 
photo-excited electrons facilitated CHx disassociation on 
Ni. 

[31] 

1.2Ni-0.3Co/ SiO2 

mcat = 30 mg 
T = 700 °C 
CH4/CO2 = 1/1 
Flow rate: 20 mL·min−1 

300W Xe Lamp 
Iv = 9 W·cm−2 
400 < λ < 700 nm 

H2 Yield (Th) = 15 μmol·g−1·min−1 
H2 Yield (VL) = 75 μmol·g−1·min−1 
CO Yield (Th) = 30 μmol·g−1·min−1 
CO Yield (VL) = 85 μmol·g−1·min−1 

Relative to Ni, Co was inactive for DRM. Strong Co-SiO2 
interaction prevented Ni sintering at low Co loading (0.3 
wt%). No change to the reaction intermediates upon 
illumination. 

[55] 

Ag-La/CNNT 

mcat = 150 mg 
T = 700 °C 
CH4/CO2 = 1/1 
Flow rate: 5 mL·min−1 

Solar Simulator 
Iv = 0.1 W·cm−2 
λ = n.s.† 

H2 Yield (VL) = 14.9 μmol·g−1·min−1 
CO Yield (VL) = 12.8 μmol·g−1·min−1 

Ag-La synergy leads to effective interfacial carrier 
separation on protonated carbon nitride nanotubes. 

[138] 

xNi/Al2O3 

mcat = 50 mg 
T = 550 °C 
CH4/CO2 = 1/1 
Flow rate: 20 mL·min−1 

Xe Lamp,  
HA30 filter 
Iv = 1.07 W·cm−2 

300 < λ < 800 nm 

1Ni/Al2O3 
H2 Yield (Th) = 2.2 mmol·g−1·min−1 
H2 Yield (VL) = 4.0 mmol·g−1·min−1 
CO Yield (Th) = 2.1 mmol·g−1·min−1 
CO Yield (VL) = 4.5 mmol·g−1·min−1 

Wavelength-dependent performance indicated that the 
LSPR effect was prevalent for smaller Ni deposits, but 
interband transition dominated for larger Ni nanoparticles. 
1Ni/Al2O3 was most active under light. 

[140] 
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Rh/Al2O3 

mcat = 300 mg 
T = 200 °C 
CH4/CO2 = 1/1 
Flow rate: 20 mL·min−1 

Xe Lamp, Y-43 filter 
Iv = 0.19 W·cm−2 
λ > 420 nm 

H2 Yield (Th) = 16.1 μmol·g−1·min−1 
H2 Yield (VL) = 133 μmol·g−1·min−1 
CO Yield (Th) = 47.8 μmol·g−1·min−1 
CO Yield (VL) = 333 μmol·g−1·min−1 

Larger Rh sizes resulted in greater surface temperature 
upon illumination, but catalytic activity decreased due to 
agglomeration. Despite lower thermal activity, Ni/Al2O3 
control exhibited comparable light activity to Rh/Al2O3. 

[141] 

Ni/Al2O3 

mcat = 300 mg 
T = 300 °C 
CH4/CO2 = 1/1 
Flow rate: 20 mL·min−1 

Xe Lamp, Y-43 filter 
Iv = 0.19 W·cm−2 
λ > 420 nm 

H2 Yield (Th) = 35.5 μmol·g−1·min−1 
H2 Yield (VL) = 123 μmol·g−1·min−1 
CO Yield (Th) = 62.8 μmol·g−1·min−1 
CO Yield (VL) =179 μmol·g−1·min−1 

Of various transition metals (Fe, Ni, Cu, Zn, Rh, Pd, Ag, 
La, Pt and Au), only Ni, Rh and Pt exhibited a light 
response. Light performance changed with reduction 
temperature—metallic Ni was vital.  

[142] 

ACM-Ni/Al2O3 

mcat = 10 mg 
T = 602 °C 
CH4/CO2 ≈ 1/1 
Flow rate: 90 mL·min−1 

500 W Xe Lamp 
Iv = 7.69 W·cm−2 
λ > 420 nm 

H2 Yield (Th) = 22.3 μmolg−1min−1 
H2 Yield (VL) = 40.7 μmolg−1min−1 
CO Yield (Th) = 65.6 μmolg-1min−1 
CO Yield (VL) =78.6 μmolg−1min−1 

Alumina clusters deposited onto Ni/Al2O3 limited the 
Boudouard reaction, instead promoting the gasification of 
Cads. 

[143] 

Ni/CeO2 

mcat = 50 mg 
T = 807 °C 
CH4/CO2 ≈ 1/1 
Flow rate: 122 mL·min−1 

Solar Simulator 
Iv = 0.1 W·cm−2 
λ > 420 nm 

H2 Yield (VL) = 5.3 mmol·g−1·min−1 
CO Yield (VL) =6.3 mmol·g−1·min−1 

Isotopic tracing of O identified that O turnover on ceria’s 
SOVs promoted the formation of CHxO intermediate, 
thereby preventing carbon formation from complete CHx 
dehydrogenation. 

[135] 

Ni/CeO2-ZrO2 

mcat = 5 mg 
T = 700 °C 
CH4/CO2 ≈ 1/1 
Flow rate: 1.5 mL·min−1 

Solar Simulator 
Iv = 0.3 W·cm−2 
300 < λ < 800 nm 

H2 Yield (Th) = 1.01 mmol·g−1·min−1 
H2 Yield (VL) = 1.27 μmol·g−1·min−1 
CO Yield (Th) = 1.00 μmol·g−1·min−1 
CO Yield (VL) =1.14 μmol·g−1·min−1 

Small activity improvement but considerable stability 
improvement. Suggested that O released from SOVs 
gasified surface carbon. Incorporation of ZrO2 improved O 
availability. 

[147] 

Ni/CeO2 (Atomic,  
Ni-O Coordinated) 

mcat = 25 mg 
T = 470 °C 
CH4/CO2 ≈ 1/1 
Flow rate: 10 mL·min−1 

300 W Xe Lamp 
Iv = 2.4 W·cm−2 
320 < λ < 800 nm 

H2 Yield (Th) = 1.7 mol·molNi
−1·min−1 

H2 Yield (VL) = 8.6 mol·molNi
−1·min−1 

CO Yield (Th) = 3.3 mol·molNi
−1·min−1 

CO Yield (VL) =7.6 mol·molNi
−1·min−1 

SSITKA-DRIFTS showed that Ni-Ni coordination 
prompted CH4 cracking under light, but Ni-O coordination 
(atomic Ni) suppressed carbon due to the preferential 
oxidation of CHx over dehydrogenation. 

[85] 

Co/CeO2-Al2O3  
(10mol% Ce) 

mcat = 50 mg 
T = 650 °C 
CH4/CO2 ≈ 1/1 
Flow rate: 24 mL·min−1 

White LED 
Iv = 2.0 W·cm−2 
420 < λ < 710 nm 

H2 Yield (Th) = 0.57 mmol·g−1·min−1 
H2 Yield (VL) = 0.78 mmol·g−1·min−1 
CO Yield (Th) = 1.29 mmol·g−1·min−1 
CO Yield (VL) = 1.51 mmol·g−1·min−1 

Incorporating CeO2 into Al2O3 improved stability under 
thermal conditions but deactivated under light. Light-
accelerated CHx dehydrogenation rate outbalanced CHx 
oxidation rate, resulting in catalyst deactivation by 
whisker carbon. 

[134] 

Ni/SiO2 
Ni@SiO2-Yolk 
Ni@SiO2-Core 

mcat = 50 mg 
T = 550 °C 
CH4/CO2 ≈ 1/1 
Flow rate: 20 mL·min−1 

300 W Xe Lamp 
Iv = 1.07 W·cm−2 
300 < λ < 800 nm 

Ni@SiO2-Yolk 
H2 Yield (Th) = 0.48 mmol·g−1·min−1 
H2 Yield (VL) = 0.72 mmol·g−1·min−1 
CO Yield (Th) = 0.49 mmol·g−1·min−1 
CO Yield (VL) = 0.67 mmol·g−1·min−1 

The impregnated Ni/SiO2 was the most active but 
deactivated rapidly. Ni@SiO2-Yolk and Ni@SiO2-Core 
exhibited superior stability due to forming active carbon 
over graphitic carbon. 

[75] 

† n.s. = not specified. 
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6. Summary and Outlook 

The DRM is a promising CO2 utilisation solution that may ease the global energy transition to fossil-fuel 
alternatives. Currently, the significant thermal energy demand and competing side reactions, such as the reverse water 
gas shift and carbon deposition reactions like the Boudouard and CH4 cracking, limit the DRM reaction. Common 
thermocatalysts such as metal oxide-supported Ni and Co often deactivate due to carbon deposition or active metal 
sintering at high operating temperatures, making catalyst stability crucial to DRM performance. 

Inducing the LSPR mechanism by illuminating the catalyst with visible light may provide a unique opportunity to 
enhance the DRM stability while offsetting thermal energy requirements and help to overcome the limitations of the 
DRM. Achieving this outcome requires a comprehensive understanding of the catalytic systems and mechanisms behind 
supplementing the DRM reaction with visible light. The active metal selection has been briefly studied for light-assisted 
DRM, where several authors have demonstrated that illuminating conventional monometallic catalysts or incorporating 
a plasmonic metal to form a bimetallic catalyst effectively enhances catalytic activity and stability. Metals such as Ni, 
Pt, Pd, Ru, Rh, Co, Cu and Au have been studied independently, however no systematic study has determined which 
active metal combination is optimum for the DRM reaction. Several studies investigated active metal properties for 
light-assisted DRM, such as deposit size and loading, although all investigations were inconclusive in attributing the 
observed trends to physicochemical properties. 

The studies assessed in this review highlighted light’s potential to improve the catalytic activity of DRM. In 
particular, several studies reported that light boosted CH4 conversion, improving the H2 yield. In these studies, the 
H2/CO ratio increased relative to thermal reaction conditions due to the enhanced availability of adsorbed hydrogen 
atoms under light that promoted the preferential reaction of Hads to form H2 over the combination with Oads to form 
OHads, a key reaction step in the RWGS side reaction. By increasing the CH4 conversion under light, the product 
selectivity may then shift significantly by limiting the influence of RWGS. While promoting CH4 conversion with light 
illumination may be advantageous to the activity and stability, it may be detrimental to the activity, as light-facilitated 
CH4 dehydrogenation may inadvertently lead to complete CH4 cracking, resulting in carbon accumulation. 

The impact of visible light on the DRM reaction mechanism remains contentious. Several authors showed using 
isotopic DRIFTS that the LSPR promotes the formation of the methoxy (CHxOads) intermediate by stimulating the 
release of Oads trapped in the oxygen vacancies of a CeO2-based support. Oxidation of the CHx intermediate prevents 
complete CH4 dehydrogenation (CH4 cracking reaction), suppressing coke formation. Other authors attributed the 
improved stability to enhanced gasification of adsorbed carbon by releasing Oads. Regardless of the pathway, studies 
suggest that Oads release could be attributed to the oxygen storage capacity and facile reduction of CeO2, which warrants 
further investigation. 

Conversely, several studies have demonstrated catalyst deactivation by carbon deposition under visible light 
illumination, even in the presence of supports with oxygen release capacity (including CeO2). Literature agrees that in 
addition to the light-promoted release of Oads, light facilitates the adsorption and disassociation of CHx on the active 
metal. The dual functionality of light unveils a delicate interplay between the light-accelerated CHx dehydrogenation 
(that may inadvertently cause CH4 cracking to Cads) and the CHx oxidation rate that either removes Cads or avoids coke 
formation by forming CHxO (x = 1–3). Future work should focus on probing this balance and understanding how 
material selection and modification of physicochemical properties influence the relative CHx dehydrogenation and 
oxidation rates. Studies that have inadvertently probed this balance suggest that oxygen availability is crucial to 
improving stability under light. 

Light-assisted thermocatalytic DRM is an emerging field with several key research barriers. Most significantly, 
there is a lack of understanding of the influence of material properties on the light-assisted DRM performance and the 
reaction mechanism. Although several supports have been studied, no systematic study has effectively investigated the 
oxygen release capacity of the support and associated physicochemical properties, such as the oxygen storage capacity, 
oxygen mobility, surface basicity and metal-support interaction in the context of light-assisted DRM. Similarly, the role 
of the active metal and influence of active metal properties (loading, dispersion and deposit size) has not been related 
to the light-assisted reaction mechanism or catalytic performance metrics such as selectivity and stability. Furthermore, 
decoupling the synergistic influence of light and thermal activity and understanding the role and relative contributions 
of hot electrons and localised hotspotting remains another significant research barrier for light-assisted DRM and 
beyond for LSPR-mediated catalysis. Understanding the physics behind the influence of light on the DRM mechanism 
may considerably aid the optimisation of the catalyst and process conditions. To address these research challenges, we 
propose several recommendations to advance the field: 
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(1) A systematic investigation into the role of the oxygen release capacity of the support in the light-assisted DRM 
mechanism. Systematically improving the oxygen release capacity may accomplish a complete understanding of 
the role of the support in improving catalytic stability. 

(2) A systematic investigation into the role of the active metal on the light-assisted DRM mechanism. Carefully 
moderating the active metal properties such as loading, dispersion and active metal size may provide a more 
detailed understanding of how light influences the reaction mechanism and aid further catalyst optimisation. 

(3) A catalyst universality study. Currently, a wide range of material combinations have been investigated for light-
assisted DRM, but changes in the experimental conditions, such as reaction temperature, GHSV, CO2/CH4 ratio 
and light illumination conditions, limit direct comparability. Universality studies that investigate various supports 
and active metals will provide a more thorough basis for material selection and catalyst optimisation. 

(4) A systematic investigation into the coupling of bandgap excitation and LSPR effects. Many photothermal studies 
have illuminated the catalysts with a broad solar spectrum, potentially resulting in both bandgap excitation and 
LSPR effects [9]. However, no study to date has decoupled these effects, limiting the understanding of the 
mechanism for the influence of light. 

(5) A detailed techno-economic analysis on light-assisted DRM. Much of the recent work in light-assisted DRM has 
not been translated to the broader motivation of utilising CO2 to mitigate the impacts of global warming. 
Performing this analysis and comparing it with technologies such as thermocatalytic DRM and other CO2 
reforming reactions like CO2 methanation may provide a more thorough understanding of the requirements to 
become technologically competitive. 

(6) Explore the use of artificial intelligence (AI) and machine learning in the design and optimisation of light-assisted 
DRM catalysts. Integrating LSPR into thermocatalyst design is an additional complexity that requires the careful 
balancing of (i) maximising the role of light (the light absorption properties of the catalyst, energy redistribution 
efficiency, wavelength and intensity of the light source), (ii) properties of the active metal (selection, loading and 
metal size) and (iii) properties of the support (oxygen release capacity, morphology, surface area, thermal stability), 
(iv) the various reaction parameters (outlined in (3) above) and (v) the synergistic effects of (i), (ii), (iii) and (iv). 
Using empirical and theoretical data, machine learning may be able to predict the catalytic performance of certain 
catalysts under light, as demonstrated by Haghshenas et al. [148], or AI-driven High-Throughput Experimentation 
(HTE) may provide the permutations necessary to rapidly optimise the catalyst, yielding catalyst suggestions 
tailored to the desired output [149]. 

These studies will provide a comprehensive understanding of the materials and their influence on light-assisted 
DRM mechanism, leading to ideal catalyst pairings and material property optimisation. Through efficient catalyst 
design, light can be employed as a tool to overcome common DRM limitations such as high thermal requirement, poor 
DRM promotion amongst possible side reactions, susceptibility to catalyst deactivation and active metal sintering. 
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