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Abstract: The photocatalytic nonoxidative coupling of methane 

(PNOCM) offers a promising route to synthesize valuable C2+ 

hydrocarbons while minimizing side reactions. Oxide-based 

photocatalysts have been predominant in this field, but suffering from 

limited conversion rates, selectivity, and durability due to poor C-C 

coupling as well as overoxidation of CH4 by lattice oxygen. Here, we 

introduce an advancement in PNOCM for methane conversion into 

ethane and propane using GaN, one of the most produced 

semiconductors, together with trace amounts of metallic cobalt 

clusters (0.1 wt%). The photocatalytic system exhibits outstanding 

stability, maintaining performance over 110 hours, achieving 

conversion rates of approximately 192.3 mmol g-1 h-1 for ethane and 

~17.9 mmol g-1 h-1 for propane, with virtually no coke byproducts 

detected, representing the highest activity and stability ever reported 

to our knowledge. This high activity is attributed to the critical methane 

activation and C-C coupling on Co cluster, which can be greatly 

accelerated via the ultrafast photogenerated charge transfer from p-

GaN to Co cluster. Additionally, the GaN support further 

synergistically enhances methane activation by in situ generating N-

H and O-H species under reaction, as well as provides a vital anti-

overoxidation effect to CH4 for high selectivity and stability.  

Introduction 

Methane (CH4), a prevalent component of natural gas, methane 

hydrate, and shale gas reservoirs, has garnered significant 

attention owing to its extensive utilization as an energy resource 

and its crucial role as a fundamental precursor for synthesizing 

valuable chemicals in the realm of carbon chemistry [1]. As a result, 

the direct and selective transformation of CH4 into high-value 

hydrocarbons (C2+ compounds) stands as a coveted objective in 

the chemical industry. Nevertheless, the inherent challenge lies in 

the inert, symmetric tetrahedral structure of CH4, particularly in the 

initial dissociation of the formidable C–H bond (which demands 

439.3 kJ mol−1 for breaking), a pivotal step for methane activation 
[2]. Within the domain of methane conversion, four primary 

pathways have been explored, including dry reforming, steam 

reforming, partial oxidation, and the carbon-carbon (C-C) coupling 

reaction. Among these, the C-C coupling reaction has garnered 

significant attention due to the formation of more valuable 

products with high energy density. The C-C coupling reaction can 

occur in two distinct forms: with involvement of oxidative agents 

(termed oxidative coupling of methane, OCM) [3], or without them 

(known as non-oxidative coupling of methane, NOCM) [4]. 

However, reactions involving oxidative agents often yield 

products that are more reactive than methane itself, leading to 

lower product selectivity and higher coke rate.  

The non-oxidative coupling of methane (NOCM) involves a 

formidable thermodynamic barrier, and thus requires a 

considerable energy input to initiate the C-C coupling process. 

Conventionally, the prevailing approach to surmount this energy 

barrier has been the application of elevated temperatures [5]. In 

contrast, the photocatalytic non-oxidative coupling of methane 

(PNOCM) is driven by photon energy rather than thermal energy, 

so it can initiate the conversion of methane into higher order 

hydrocarbons and hydrogen under mild conditions. Such an 

approach has been demonstrated over large bandgap 

semiconductors, including titanium oxide, and tungsten oxide 

decorated with co-catalysts [3b, 6]. By employing this approach, the 

need for high reaction temperatures is by-passed, thereby 

decreasing energy consumption, minimizing coke formation, and 

reducing catalyst deactivation. Such advances have been 

substantiated through both photoelectrochemical systems and a 

photo-driven redox reaction cycle system [7]. While many prior 

reports have encountered challenges associated with low stability, 

limited production rates relative to catalysts consumption, and 

significant CO2 production, one paramount challenge remains to 

develop an efficient photocatalytic system for PNOCM. 

Another challenge lies in uncovering the fundamental 

molecular mechanisms. To investigate the methane activation 

and coupling across a variety of catalytic systems, density 

functional theory (DFT) simulations have been extensively utilized 
[5b, 8]. Methane activation by stepwise dissociation of C-H bonds 
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and formation of adsorbed CH4-n (n = 1, 2, 3, 4) species initiates 

NOCM, PNOCM, and other methane conversions [9]. It is typically 

regarded as the rate-determining step and the reaction barrier can 

be overcome or reduced by photoexcitation [8j, 8k, 9d, 9e]. CH2 and 

CH species provides building blocks for higher order products 

than C2, while the complete dehydrogenation of methane to 

carbon leads to coke formation [8c, 8e]. Therefore, controlling the 

methane activation by proper catalytic system design and 

optimized reaction conditions can regulate product selectivity and 

coke resistance. Following the methane activation, C-C coupling 

via surface catalysis involves the binding of two CH4-n species to 

the same or neighboring catalytic sites, which could be a critical 

part of the overall reaction [8l, 8m] compared to methane activation. 

C-C coupling products like ethylene can also undergo further 

reactions which yields side products like acetylene or benzene [5b, 

8b, 8f]. Besides the option of eliminating these side reactions to 

enhance selectivity, it has also been demonstrated that these side 

reactions can be strategically harnessed to predominantly 

produce benzene within a zeolite environment [8n]. 

Herein, we report a scalable, wafer-based photocatalytic 

methane non-oxidation process for highly selective ethane and 

propane production by metallic Co cluster-loaded p-type GaN 

nanowires (Co/GaN) (Figure 1a). Under irradiation, the 

photocatalyst demonstrated high productivity, yielding 192.3 

mmol g-1 h-1 of ethane and 17.9 mmol g-1 h-1 of propane with a 

high selectivity of 90.6% towards C2+ products. Notably, the 

photocatalyst also displayed stability over 110 hours with virtually 

no coke byproducts detected. Isotopic labeled experiments 

confirmed the methane conversion to ethane and propane 

process. We demonstrated that methane activation, C-C coupling, 

and hydrogen evolution reaction proceeds on Co sites, which are 

significantly accelerated by the ultrafast charge transfer from p-

GaN to Co cluster during photocatalysis, and synergistically 

promoted by the in situ formed N-H and O-H species on GaN 

surface. The methane overoxidation by lattice oxygen and surface 

photocorrosion of semiconductor can be intrinsically suppressed 

due to the ultra-stable p-GaN nanowires, enabling the high 

durability of PNOCM process. 

Results and Discussion 

The magnesium-doped p-type GaN nanowires with high 

crystallinity and nonpolar lateral surfaces were synthesized using 

plasma-assisted molecular beam epitaxy (PAMBE) [10]. Field 

emission scanning electron microscopy (FESEM) images (Figure 

1b) show that they have a length of ~1 µm and are well arrayed 

on a silicon wafer. The GaN forms a nitrogen polar wurtzite 

structure (Figure S1). The nanowires were then decorated with 

cobalt clusters (0.1 wt%) by photo-deposition, denoted as 

Co0.1/GaN. X-ray diffraction (XRD) pattern (Figure S2) confirms 

that the crystal structure of nanowires corresponds to hexagonal 

GaN. A well-defined photoluminescence emission peak at 365 nm 

corresponding to the band edge emission of GaN can also be 

observed for the Co0.1/GaN sample (Figure S3). Energy 

dispersive X-ray (EDS) elemental mapping further provides a 

clear visualization of the distribution of Co clusters on the GaN 

nanowire surfaces (Figure 1c). Furthermore, high-angle annular 

dark-field scanning transmission electron microscopy (HAADF-

STEM) images (Figure 1d, e) indicate that the Co cluster on GaN 

nanowire surface show a typical lattice distance of 0.206 nm, 

corresponding to the Co hcp (1 1̄ 0 1) facet, which serve as 

cocatalysts in photocatalytic processes [11]. Notably, GaN exhibits 

distinct lattice fringes with a width of 0.259 nm along the growth 

direction (c-axis) of the nanowires. High-resolution X-ray 

photoelectron spectroscopy (XPS) for GaN and Co0.1/GaN were 

further performed (Figure 1f, g). The binding energy of Ga 3d and 

N 1s electrons in Co0.1/GaN exhibited a negative shift compared 

to pristine GaN, resulted from the strong interaction of cocatalysts 

on GaN nanowires [12]. Co0 metal species at 777.4 eV reveals the 

presence of metallic cobalt on GaN surface (Figure 1h) [13]. The 

post-reaction sample was obtained after 12 hours reaction and 

showed a 0.9 eV shift to 780.2 eV in Co 2p XPS spectra, due to 

the adsorption of oxygen species and stronger binding pattern on 

GaN surface during the photocatalytic redox process. 

In the PNOCM reaction, a wafer loaded with the photocatalyst 

was immersed in deionized water with CH4 used as the feed gas 

and irradiated by a 300W Xenon lamp. The controlled 

experiments (Figure 2a) indicate that Co0.1/p-GaN exhibited the 

highest rates of ethane production (192.3 mmol g-1 h-1) and 

propane production (17.9 mmol g-1 h-1). Additionally, hydrogen 

was generated at a rate of 230.7 mmol g-1 h-1, while the rate of 

carbon dioxide generation remained relatively low at 1.8 mmol g-

1 h-1. The majority of the hydrogen was generated through the 

non-oxidative methane coupling reaction, while a small portion 

resulted from the water splitting reaction (~2.5 mmol g-1 h-1). 

These two rates were directly calculated based on the 

stochiometric ethane and propane to hydrogen ratio. On the 

contrary, the undecorated p-GaN and cobalt decorated silicon 

only showed limited ability of water splitting under illumination, 

suggesting the high NOCM activity is only derived from the 

Co0.1/GaN. Additionally, the control groups with no light, methane 

or water individually exhibited no ability to drive any reaction. A 

control group without magnesium-doped intrinsic GaN exhibited 

the lack of such ability and a mere portion of hydrogen produced 

(Figure S4). To exclude the potential oxidation effects from the 

water molecules, a designated half reaction experiment was 

conducted with isopropanol (IPA) as the sacrificial agents, to 

consume the OH▪ radical group [14]. In Figure S5, alongside the 

comparison group with no IPA and no feed stock gas (CH4), the 

process could be considered as the non-oxidative coupling 

reaction since the reaction proceed normally with the absence of 

OH▪ radical group.  
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Figure 1. (a) Schematic illustration of non-oxidative methane coupling reaction into ethane and propane. (b) 45o-tilted FESEM image of magnesium doped GaN 

nanowires grown on silicon wafer with cobalt loading. (c) High-resolution HAADF-STEM images, EDS elemental mapping of one intact GaN nanowires with 0.1wt% 

cobalt cocatalysts loading. (d) Atomic-resolution HRSTEM image of cobalt loaded GaN surface. The red marked area indicated one cobalt cluster. (e) Reverse 

Fourier transform and Fourier transform of red marked area in (d). High-resolution XPS spectra of Ga 3d (f) and N 1s (g) states in Co0.1/p-GaN NWs and GaN NWs. 

(h) Co 2p in Co0.1/p-GaN NWs before and after NOCM reaction. 

We then conducted an in-depth analysis of the impact of 

varying Co loading on the Co/GaN photocatalysts, with the 

designation ‘x wt.%’ representing the weight percentage of Co 

relative to GaN (Table S1). Figure 2b illustrates the production of 

alkanes displayed a characteristic volcano-like trend as the Co 

loading increased, reaching its zenith at Co0.1/p-GaN with a high 

rate of 192.3 mmol g-1 h-1. Beyond this optimal point, further 

increasing the Co loading led to a decline in photocatalytic 

performance. The intriguing results mean that a very small 

amount of Co content (≤ 0.1 wt%) is sufficient and favorable for 

PNOCM reaction. It can be attributed to the balanced cobalt 

cluster size and density and an optimal coupling with GaN NWs, 

which maximize the number of active sites (Figure S6-9) [15]. 

These results underscore the synergistic optimization of activity 

and selectivity for photocatalytic conversion of CH4 triggered by 

trace Co clusters on p-GaN nanowires. For the factor of light 
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intensity (Figure 2c), elevating the light intensity led to a 

progressive augmentation of alkane production, culminating at 6 

W cm-2. Under this condition, ethane production soared to 192.3 

mmol g-1 h-1, representing a 6.8-fold increase compared to 28.2 

mmol g-1 h-1 measured under the 1 W cm-2 condition. This 

observed augmentation in catalytic efficacy can be ascribed to the 

exceptionally efficient segregation and translocation of charge 

carriers at the interface of the photocatalyst [16].  

  

Figure 2. (a) PNOCM performance with no cocatalysts on p-GaN (magnesium doped GaN nanowires wafer), cobalt deposited silicon (111) wafer, cobalt deposited 

p-GaN, and the situations without light, methane, or water for Co0.1/p-GaN. PNOCM performance by tuning (b) cobalt precursor dosage during synthesis and (c) 

light intensity. (d) Comparison in C2 product selectivity and generation rate of Co0.1/p-GaN for the photocatalytic NOCM with some previously reported photocatalysts. 

(e) Stability tests over Co0.1/p-GaN. The reaction conditions include 0.66 cm2 photocatalyst, 50 ml distilled H2O, 1 atm CH4, and 6 W cm-2. (f) Ethane isotope GC-

MS test results from 12C and 13C labelled methane feed gas.
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In a comparative analysis, summarized in Figure 2d and Table 

S2, the ethane production rate achieved by Co0.1/GaN is nearly 

three orders of magnitude higher than previously reported results. 

The unprecedentedly high conversion rate of methane can be 

attributed to following reasons: 1) The ultrafast transfer of charge 

carriers from GaN to the lateral surface and Co clusters for 

efficient surface reaction, which will be revealed by the following 

PL analysis; 2) The ultrasmall cobalt cluster endows maximized 

exposure of highly intrinsic active sites; 3) The nanowire array 

structure significantly enhances the area-to-volume ratio, 

boosting the kinetics of interfacial reactions and mass transport of 

reactants while still allowing for unimpeded transport between 

cluster surface to solution [17]. Notably, the photocatalyst also 

exhibited impressive stability more than 110 hours (Figure 2e). 

The turnover number (TON) reached an exceptional value of 

1571.1 during this stability test. Notably, our analysis of the 

sample after the stability test revealed no observable changes in 

the crystal structure of GaN (Figure S10). This can be attributed 

to the ultra-stable p-GaN nanowires with N-termination and high 

crystallinity by molecular beam epitaxy growth, which is confirmed 

by the STEM analysis (Figure S1) and consistent with our 

previous work [18]. Due to this characteristic, the methane 

overoxidation by lattice oxygen and surface photocorrosion of 

semiconductor can be intrinsically suppressed. The diminished 

activity over time to the end was primary attributed to the loss of 

Co cluster from the GaN surface, as shown by the STEM images 

(Figure S10c) and the Co 2P XPS spectra after 12-h reaction 

(Figure 1h). It is worth emphasizing the stability here is the 

highest among reported photocatalytic methane conversion 

systems to our knowledge (Table S2).  

To provide evidence for the origin of the C2+ products, we 

conducted an isotopic test using 13C-labelled methane (Figure 2f), 

which unambiguously showed the product of 13C2H6, providing 

solid evidence that the C2+ products are indeed originated from 

the nonoxidative coupling of methane feed gas.  

 

Figure 3. (a) Energy diagram and (b) reaction scheme for methane activation, C-C coupling and hydrogen evolution on a 3  3  4 slab of the Co [0001] surface as 

described by density functional theory calculations. The values in (a) are system energy relative to the starting state in eV. The equal sign in b) holds since the slab 

model is periodic. Key color code: Co (blue), C (brown), and H (white). All numbers are rounded to two decimal places. 
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We then investigated the reaction mechanism of the ethane 

production from PNOCM using density functional theory (DFT). 

The calculations suggested specific roles played by the Co 

cocatalyst and GaN nanowires in the reaction mechanism. We 

modeled the Co cocatalyst surface by using a 3  3  4 slab of the 

Co hcp (0 0 0 1) surface. Previous works have suggested that 

methane activation can be achieved through generating •OH 

radicals, and then the •OH radicals can extract a hydrogen form 

the methane and produce •CH3 radical [19]. However, from our 

computation results, while water can be dissociatively adsorbed 

to Co, releasing •OH radical from Co surface is energetically 

unfavorable (Figure S11). Instead, methane activation occurs 

through direct dissociative adsorption of CH4, forming *CH3 and 

H* adsorbate (here ‘*’ denotes the adsorbed species). This 

dissociative adsorption is exothermic, releasing 0.36 eV of energy 

(Figure 3). We note that ‘neglecting’ the dispersion correction 

would give only 0.11 eV, consistent with a previous study which 

reported 0.14 eV.[8a] Further dissociation of *CH3, resulting in *CH2 

and an additional H*, requires 0.19 eV, favoring selective ethane 

evolution over propane or higher hydrocarbons. The dissociation 

of a second CH4 molecule releases 0.17 eV. Coupling two *CH3 

groups to form an adsorbed C2H6 is again exothermic and 

releases 0.20 eV (see the bottom route in Figure 3a and 3b). 

Desorption of C2H6, requires 0.31 eV which can be supplied by 

the aforementioned methane activation and C-C coupling reaction. 

Hydrogen evolution from the two adsorbed H* species by thermal 

desorption would be energetically demanding (ΔE = 1.20 eV). 

However, this process can also be accomplished 

electrochemically, as follows:  

2 H* → H* + H+ + e-,   ΔE = 0.59 eV 

H* + H+ + e- → H2(g),  ΔE = 0.61 eV 

or  

2 H* + H+ + e- → H* + H2(g),  ΔE = 0.59 eV 

H* → H+ + e-,  ΔE = 0.61 eV 

The corresponding redox reactions involve electrons and holes 

generated on the GaN nanowire under light illumination. Similarly, 

in the top route in Figure 3a and 3b, these two electrochemical 

hydrogen evolution steps with two *CH3 adsorbates on the 

surface demand 0.47 and 0.43 eV, respectively. For the final C-C 

coupling of the remaining two *CH3 groups, a mere 0.10 eV is 

needed, and the desorption of C2H6 demands 0.30 eV. Overall, 

methane activation on the Co slab is spontaneous, the C-C 

coupling reaction is thermodynamically favored, and the 

electrochemical hydrogen evolution requires a modest 

overpotential.

 

Figure 4. (a) Energy diagram and (b) reaction scheme for methane activation, C-C coupling and hydrogen evolution on a 2  4  4 slab of the GaN [11̅00] surface, 

as described by density functional theory calculations. Ga* and N* refer to the surface Ga and N atoms, correspondingly. The values in (a) are system energy 

relative to the starting state in eV. Key color code: Ga (green), N (grey), O (red), C (brown) and H (white). All numbers are rounded to two decimal places. 
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Our GaN nanowire model surface involved a 2  4  4 slab of the 

GaN n-plane [11̅00]. While a previous work on TiO2 proposed that 

•OH radicals can be formed with radicals on TiO2 surface [19a], our 

recent work shows radical formation on GaN surface is 

unfavorable.[20] Furthermore, •OH radicals and methane could 

lead to production of methanol [21]. which is not observed in our 

experiments. Overall, methane activation through production of 

•OH radicals can be excluded. DFT calculations show that the 

dissociative adsorption of CH4 on GaN is exothermic, forming 

Ga*-CH3 and N*-H (where Ga* and N* are surface Ga and N 

atoms, respectively) by releasing 1.58 eV of energy. The 

corresponding estimate without including the dispersion 

correction predicts a release of 1.31 eV, closely aligned with a 

previously reported estimate of 1.06 eV.[8d] Although a surface 

completely covered by Ga*-CH3 and N*-H releases 1.43 eV 

energy per CH4, dissociative adsorption of water is more 

favorable forming Ga*-OH and N*-H with a release of 2.43 eV per 

water molecule. Therefore, it is expected that the GaN surface is 

predominantly covered by Ga*-OH and N*-H. Under such 

conditions, methane conversion into ethane or propane is 

unfavored since methane activation would require opening a 

coordination site by thermal (Figure S12) or electrochemical 

(Figure 4) processes that are thermodynamically demanding. For 

example, generating a Ga* coordination site electrochemically, 

would involve the following process (Figure 4): 

Ga*-OH + H+ + e- → Ga* + H2O (g), ΔE = 1.90 eV 

while methane activation at the open Ga* site would involve the 

following process: 

CH4 (g) → Ga*-CH3 + H+ + e-, ΔE = -0.95 eV 

For ethane formation, electrochemical elimination of the *OH next 

to a *CH3 adsorbate would require 1.84 eV, while dissociating 

methane on that Ga* site would release 0.87 eV. In total, 0.95 eV 

would be required to exchange one Ga*-OH by Ga*-CH3, and 

1.92 eV be required to replacing two neighboring Ga*-OH. 

Moreover, C-C coupling of two neighboring Ga*-CH3 to evolve 

C2H6 would require 2.49 eV. These substantial energy needs rule 

out methane activation and C-C coupling on the GaN surface, 

consistent with our experimental observation that pristine GaN 

nanowires do not catalyze methane activation. Only when 

decorated with Co cocatalyst, ethane evolution is observed. 

Nevertheless, to close the catalytic circle, the two vacant Ga* sites 

resulting from the C-C coupling can either dissociate water to 

revert the system to its initial state, or dissociate methane in 

preparation for the subsequent C-C coupling reaction. The 

hydrogen evolution on GaN is accomplished through the 

formation of Ga*-H electrochemically, as follows: 

Ga* + H+ + e- → Ga*-H, ΔE = -1.23 eV 

Ga*-H + H+ + e- → Ga* + H2(g), ΔE = -1.23 eV 

Therefore, we conclude that the functional role played by GaN 

nanowires is not to directly participate in the PNOCM, but instead 

to ultrafast supply electrons and holes to the Co cocatalyst. The 

density of state (DOS) of a model system (Figure 5b) is shown in 

Figure 5a (zoomed-in near the Fermi level, Figure S13). 

Photoabsorption by GaN excites electrons to the GaN conduction 

band minimum (CBM, ~ 0 eV) and generates holes in the GaN 

valence band maximum (VBM, ~ -1 eV). The strong orbital 

overlap among Co, Ga and N orbitals in the GaN band gap 

confirms the strong interaction between GaN and Co clusters for 

efficient charge transfer to Co clusters. 

The computation on the Co7-GaN cluster model was also 

performed (Figure S14). The dissociative adsorption of methane 

is still favorable, suggesting the same catalytical function of 

methane activation of the Co/GaN interface as the Co surface. 

The low coordinated environment at the Co/GaN interface makes 

the methane dissociative adsorption more energetically favorable 

than on Co surface, which, however, also makes the release of 

ethane/hydrogen evolution reaction more energetically 

demanding, reducing the likelihood of this region to participate in 

these reactions. Considering the cluster size around 2 nm with 

most exposed facets, the selected cobalt slab as the typically 

accessible active sites for simulation can well reveal the PNOCM 

process on the Co0.1/GaN system (Figure 3). 

The femtosecond ultrafast photoluminescence spectra were 

performed to detect the charge transfer on our GaN-based 

photocatalysis system. The time-resolved photoluminescence 

(TRPL) measurement shows a dramatic decay within several 

picoseconds for pristine p-GaN and Co0.1/p-GaN (Figure 5c), with 

a decay time of 3.1 and 4.96 ps, respectively. The ultrafast decay 

could be due to the smaller 50-100 nm nanowire diameter than 

the ~93 nm mean free path of carriers in p-GaN at 295 K [22], 
resulting in a super-efficient carriers extraction to the lateral 

surface. In addition, with the introduction of cobalt, the carrier 

decay appears to be hindered, forming a deep tailing that extends 

up to 70 ps (Figure S3b). This is due to the ultrafast photoinduced 

electron transfer and the formation of a charge-separated state in 

which the photogenerated holes are localized in the cobalt cluster 

surface [23]. Since the GaN was magnesium doped, holes will be 

the majority carriers transferring within GaN nanowires [24]. As 

previously published studies on Mg-type doped GaN nanowires 

indicated, the hole concentration in p-type GaN nanowires will be 

at least one order of magnitude higher than electron concentration 
[10, 18a]. Thus, holes are more favored to be transferred between p-

GaN and Co cluster. We further conducted the excitation intensity 

dependent TRPL with varied pump power from 120 μW to 1200 

μW, as Figure S15 shown. Both pure p-GaN and Co0.1/p-GaN 

exhibited an increase average decay time with the increase of 

pump power, indicating the saturated non-radiative recombination 

centers. This also aligns with the irradiation intensity-dependent 

productivity experiments as Figure 2c shown. Therefore, the high 

PNOCM activity can be attributed to the critical methane 

activation and C-C coupling on Co cluster, which are greatly 

accelerated via the ultrafast photogenerated charge transfer from 

p-GaN to Co cluster. 

10.1002/anie.202500158

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.

 15213773, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202500158 by Y

ale U
niversity, W

iley O
nline L

ibrary on [24/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



RESEARCH ARTICLE    

8 

 

 

Figure 5. (a) Total Density of states (DOS) and projected density of states (PDOS) of each element around the GaN band gap (Fermi energy EF = -0.69 eV) of (b) 

the Co7-GaN cluster model. Positive density corresponds to the alpha channel and negative density corresponds to the beta channel. (c) Time resolved 

photoluminescence (TRPL) spectra of Co0.1/p-GaN and p-GaN. (d) In situ ATR-FTIR spectra of cobalt metal powder (dark), p-GaN nanowires (pale blue) and cobalt 

cocatalysts loaded p-GaN nanowires (red) after 10 minutes 365 nm irradiation (3 W, LED) under methane atmosphere. ATR spectrum of CH4 branches (e) and O-

H, N-H branches (f) collected from CH4/H2O/GaN nanowires interface under 365 nm (3 W, LED) light illumination in 10min using cobalt cocatalysts.  

To further investigate the underlining reaction mechanism of 

PNOCM, we performed in situ the attenuated total reflectance 

Fourier transform infrared (ATR-FTIR) to observe the interaction 

between reaction species and metallic cobalt powder, GaN 

nanowires and Co0.1/p-GaN nanowires under reaction conditions 

(Figure 5d). The cobalt metal exhibits a CH4 adsorption peak at 

3018 cm-1 and bare GaN nanowires exhibit an intense O-H 

adsorption peak from 3000 to 3700 cm-1. Bare GaN nanowires 

also show several CH4 adsorption peaks with different vibration 

modes, which are much weaker compared to Co0.1/p-GaN. In 

addition, the water adsorption on Co0.1/p-GaN was greatly 

suppressed, consistent with the DFT calculation predicted. As 

shown in Figure 5e, the peaks at 2989 cm-1 and 2900 cm-1 were 

observed on Co0.1/p-GaN under irradiation, which could be 

attributed to the methyl species formed at the initial C-H (vas/vs) 

activation of methane [25]. This clearly proves the effective 

adsorption and polarization of these infrared-forbidden free CH4 

molecules at Co0.1/p-GaN surface. The polarization of C-H bonds 

of methane on wurtzite GaN m-plane has been reported before, 

while it was further enhanced with the addition of cobalt 

cocatalysts [26]. Furthermore, during the NOCM process, both N-

H group and O-H group were formed to compose one mixed peak 

in Figure 5f. The in situ generated N-H and O-H groups in water 

condition increased with the reaction time, which plays an 

important role in interacting with methane for lowering the barrier 

of C–H bond activation on Co0.1/p-GaN [1c, 27]. 

Conclusion 

In summary, we have developed a Co cluster triggered GaN 

nanowires system for PNOCM, which exhibits exceptional activity 

and stability with minimal coking over extended periods of time. 

The DFT calculations reveal that NOCM is thermodynamically 

feasible on cobalt surface, which can be fast accelerated by the 

ultraefficient charge transfer from GaN to Co cluster. The in-situ 

ATR-FTIR reveals that the N-H and O-H species formed on GaN 

surface during reaction plays a synergetic role for activation and 

polarization of CH4 molecules. Consequently, very little amount of 

Co clusters (0.1 wt%) on p-GaN triggered maximum ethane 

conversion rates of 192.3 mmol g-1 h-1, and propane conversion 

rates at 17.9 mmol g-1 h-1, respectively. In addition, the high 

durability of PNOCM more than 110 h was achieved by 

suppressing the methane overoxidation on lattice oxygen and 

surface photocorrosion due to the ultra-stable p-GaN nanowire. 

These findings highlight the synergistic roles played by GaN and 

Co clusters for the highly efficient photocatalytic coupling of CH4. 
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p-Type GaN nanowires with trace metallic cobalt clusters significantly boost the photocatalytic nonoxidative coupling of methane into 

ethane and propane with exceptional activity, selectivity and stability, which results from the critical methane activation and C-C 

coupling on Co clusters, accelerated by ultrafast photogenerated charge transfer from p-GaN, with GaN support enhancing methane 

activation and anti-overoxidation. 
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