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A lattice oxygen-free design for efficient and
stable photothermal methane dry reforming

Tingting Pan1,2,4, Weiwei Xu1,4, Hua Deng3, Heng Zhao1 , Yujie Xiong 2 &
Zhangxing Chen 1

Photothermal dry reforming of methane, a promising approach to producing
syngas, typically uses oxide materials and is mediated by lattice oxygen.
However, it is limited by the balance of the oxygen-releasing/replenishing
loop. Here, we present a methane activation pathway free of lattice oxygen on
a N-Ni/NiCo@C catalyst. Direct involvement of reactive oxygen species (O*/
OH*) released fromCO2promotes effectiveCH4 activation andeliminates coke
deposition on oxophilic NiCo sites. Control experiments and density func-
tional theory calculations show that forming a C-N-Ni structure is essential for
improving catalytic performance. This is achieved by strengtheni ng the
electronic interaction between the NiCo nanoparticles and the carbon layer,
thereby boosting the elemental steps of CH4 dehydrogenation and CH* oxi-
dation and preventing metal oxidation. The optimal catalyst exhibits a high
light-to-chemical energy efficiency of 52%, maintaining stability during
200 hours of continuous operation at amild temperature of 540 °C. This work
demonstrates that highly efficient and stable photothermal dry reforming of
methane can be achieved by bypassing lattice oxygen.

Methane dry reforming (DRM), which converts the two main green-
house gases (CH4 andCO2) into syngas (CO andH2), is a promisingway
of reducing carbon emissions and producing a valuable feedstock for
industrial processes1. However, traditional thermally driven DRM
requires high operating temperatures (700−1000 °C) to overcome the
endothermic nature of the reaction (ΔH298K = 247 kJmol-1), which leads
to severe catalyst deactivation via metal sintering and coking, parti-
cularly for Ni- and Co-based catalysts2,3. Recent advancements in light-
driven DRM offer a promising way to address these issues by using
photothermal effects to reduce operating temperatures and improve
energy efficiency4,5. Nevertheless, this approach faces challenges such
as low light utilization efficiency (typically <10% under standard solar
irradiation) and significant coking at moderate temperatures
(400−600 °C)6.

The abundance and mobility of active oxygen species are crucial
for achieving anti-coking photothermal DRM (PDRM). This is because

all C-H bonds in CH4 are typically cleaved at oxygen sites by photo-
generated holes7–9. Traditionally, metal oxide-based catalysts (e.g.,
CeO2, β-Ga2O3, WO3) have been employed for the DRM process,
enabling carbon species to interactdirectlywith lattice oxygen (OL) (C*
+ OL→CO)10–13. Therefore, the oxygen release capability of these cat-
alysts plays a key role in mitigating coke-induced deactivation. How-
ever, the strong metal–oxygen interactions in metal oxides severely
restrict the mobility of lattice oxygen, thereby impeding coke con-
sumption and reducing DRM efficiency14. Furthermore, the excessive
release of OL during prolonged DRM operation results in metal seg-
regation and accelerates catalyst deactivation15. Ideally, an approach
should be developed that bypasses the involvement of lattice oxygen
to overcome this limitation. It is well established that substantial active
oxygen species (O*/OH*) are formed during CO2 conversion in the
DRM process (CO2→CO+O*, CO2 +H*→CO+OH*). Additionally, Ni/
Co exhibits a strong binding affinity towards oxygen-containing
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radicals due to its high oxophilicity16,17. Thus, the adsorbed O*/OH*
species over the Ni/Co sites can be effectively utilized for CH4 activa-
tion, thereby substituting the role of OL. However, the limited electron
transfer efficiency around the Ni/Co sites makes these metals suscep-
tible to oxidation deactivation by O*/OH* species6,18. The main chal-
lenge in addressing this issue lies in constructing an efficient,
directional electron transfer channel to enhance electron density
around the metal sites.

Recently, metal-organic framework (MOF)-derivedmaterials have
emerged as potential candidates for efficient, stable, light- or thermally
driven catalysis19,20. MOF-templated synthesis can produce metal cen-
ters that are highly dispersed and coated with a carbon layer. This
provides broad light absorption, high photothermal efficiency, and
especially fast electron conduction20–24. Notably, electrocatalytic stu-
dies have revealed that tuning the N-ligands duringMOF synthesis can
facilitate the formation of metal-N-C structures that exhibit unique
capabilities in electronmodulation, intermediate regulation, andmetal
anchoring in room-temperature catalysis25,26. This special structural
feature means that MOF-derived catalysts could be useful for directed
electron transfer in PDRM. However, their applications in photo-
thermal catalysis remain unexplored, as high-temperature pyrolysis
converts metal-N-C structures into metal@NC structures19,27,28, which
fail to preserve the intrinsic electronic and catalytic properties of the
metal-N coordination sites.

Here, we present the design of an efficient, stable NiCo-MOF-
derived N-Ni/NiCo@C catalyst featuring C-N-Ni coordination. This
optimized catalyst achieves a light-to-chemical energy efficiency
(LTCEE) of 52% at 2.8W cm−2 of light irradiation, producing H2 and CO
at rates of 423.3 and 487.4mmol h−1 g−1, respectively. Crucially, it
maintains stable H2/CO ratios for 200h at the coke-sensitive tem-
perature of 540 °C, outperforming N-free and single-metal samples, as
well as NiCo/Al2O3, through synergistic N-Ni coordination, alloying,
and a carbon-coated structure. The C-N-Ni coordination acts as a
directional electron transfer pathway that regulates electron dis-
tribution within the NiCo alloy. This promotes the activation of C-H
bonds at the Ni sites and drives the activation of CO2 at the Co sites.
Additionally, photoexcited electrons accumulate at the N-Ni sites via
the carbon coating, which effectively prevents the NiCo metal from
beingdeactivatedby reactive oxygen species (OH*/O*) during theDRM
process. Notably, abundant oxygen radicals oxidize CH* to CHO* and
CO under the influence of photogenerated holes, thereby eliminating
carbon deposition and inhibiting the water-gas shift reaction (RWGS).
The precise construction of the Ni-N-C sites provides a feasible strat-
egy for achieving efficient, stable photothermal DRM under mild
conditions.

Results and discussion
Synthesis and structural characterization of catalysts
A series of MOF-derived NiCo nanoalloys (denoted N0, N1, and N2)
with varying nitrogen-doping levels was synthesized using a one-step
microwave hydrothermal method. Scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) images reveal a
well-defined spherical morphology, with an average diameter of
344 nm. These nanospheres are further decorated with uniformly
dispersed 7.2 nm nanoparticles (Fig. 1a, b and Supplementary Fig. 1a,
b). High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) analysis (Fig. 1c, d) shows that these
nanoparticles are coated in graphitic carbon and have a lattice fringe
spacing of 0.206 nm, which is consistent with the (111) crystal plane of
a NiCo alloy22. Elemental mapping and line-scanning profiles confirm
the homogeneous spatial distribution of Ni and Co atoms of the MOF
precursor and MOF-derived catalyst, as well as the high dispersion of
thenanoparticles (Fig. 1e and Supplementary Fig. 2–4). By contrast, the
reference samples N0 and N2 exhibit inferior nanoparticle dispersion

and larger average NiCo particle sizes of 11.8 and 35.8 nm, respectively
(Supplementary Fig. 5 and 1c, d).

Results from inductively coupled plasma-optical emission spec-
troscopy (ICP-OES) show that as the dosageof theN-ligand increases in
N0, N1, and N2, so does the N doping content, rising from 1.5 wt.% to
2.4wt.% and 3.0wt.%. The N detected in N0 is likely to come from the
DMF solvent (Fig. 1f and Supplementary Table 1). An increased N
doping content was found to lead to a significantly decreased Ni
content, ranging from 28.3wt.% in N0 to 12.0wt.% in N1 and 3.1 wt.% in
N2, while the Co content showed minimal change. Consequently, the
Co/Ni molar ratio increased from 1.2 in N0 to 2.1 in N1 and 8.4 in N2.
Notably, the Co/Ni ratio of 1.2 in N0 is similar to the equal amounts of
Ni and Co precursors. Therefore, the sharp decrease in Ni content
suggests that a higher dosage of N-ligand forms a coordination bond
with Ni, inhibiting the formation of metallic Ni during catalyst
synthesis.

Figure 1g shows the X-ray diffraction (XRD) patterns of the N0, N1
andN2 samples. The peak at 26° corresponds to graphitic carbon (PDF
#41-1487), which is consistent with the observations made using
HAADF-STEM (Fig. 1c). Peaks at 44.3°, 51.6° and 76.0° align with cubic
metallic nickel (PDF #04-0805) and/or cobalt (PDF #15-0806). The
enlarged peak at approximately 44.3° is positioned between the
standard peaks of pure Co (111) and Ni (111) (Fig. 1g, inset), which
confirms the formation of a NiCo alloy22,29. Notably, this peak gradually
shifts towards higher angles with increasing N-doping, approaching
the Ni (111) position. Meanwhile, the graphitic carbon peak remains
unshifted (Supplementary Fig. 6). Typically, the peak shift in NiCo
alloys tends to approach the increasedmetal22, while our ICP-OES data
show significant Ni depletion. This suggests that N-doping introduces
lattice strain, causing the lattice spacing to decrease. This could sig-
nificantly alter the electronic distribution of Ni-Co nanoalloys and
potentially enhance their photothermal catalytic performance.

Catalytic performance for DRM
The catalytic performance of catalysts with varying levels of N-doping
wasevaluated at 600 °Cunder 2.8Wcm−2 light irradiation (Fig. 2a). The
H2 and CO formation rates exhibited a volcano-type trend as the N
content increased, peaking at 561.8 and 597.4mmol gcat

−1 h−1, respec-
tively, with an H2/CO ratio of 0.94. Dark conditions at the same tem-
perature yielded significantly lower rates and H2/CO ratios
(Supplementary Fig. 7a). Under full-spectrum illumination, the optimal
N1 catalyst exhibited higher CH4 and CO2 conversions across
330–600 °C compared to thermal-only conditions, exceeding thermal
equilibrium limits (Fig. 2b). The corresponding H2/CO production
rates and ratios in photo-enhanced DRM were also higher than that in
thermalDRM (Supplementary Fig. 7b, c), confirming the photothermal
synergy.

To clarify the effect of changes to the Co/Ni ratio on N doping
(Fig. 1f), a control sample (Ni1Co2@C) with the same metal composi-
tion but no external N ligand was prepared. Its H2 production rate was
approximately 50% lower than that of N1 and slightly below that of N0,
emphasizing the importance of N doping rather than themetal ratio as
the primary activity enhancer in this study (Supplementary Fig. 7d).
The apparent activation energies (Ea) calculated via Arrhenius plots
revealed that the photothermal Ea values for H2 formation were 93.7,
52.6 and 188.7 kJmol−1 for N0, N1 and N2, respectively, which are sig-
nificantly lower than their corresponding thermal Ea values of 152.3,
160.4 and 222.8 kJmol−1 (Fig. 2c and Supplementary Fig. 7e, f). The
lowest Ea of N1 suggests that it possesses the optimized active sites for
photoelectric activation. Selective analysis shows that the selectivity of
CO production in photothermal catalysis and thermal catalysis
remains almost unchanged (Fig. 2d). However, light irradiation sig-
nificantly enhances the selectivity of H2 production, indicating that
photothermal catalysis optimizes the reaction pathway related to CH4
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activation more effectively. This observation has been further
explored in the mechanism study.

The LTCEE was calculated using the data in Fig. 2b to serve as a
metric for the catalyst’s capacity to convert light energy into chemical
energy30. As shown in Fig. 2e, the LTCEE exhibited strong temperature
dependence for N1, peaking at 510 °C. This suggests that enhanced
performance does not solely result from photoelectric activation;
rather, suitable temperatures enable optimal light utilization, which is
essential for minimizing energy input in practical applications. Fig-
ure 2f shows the LTCEE of all samples at 510 °C with different amounts
of N doping. The LTCEE values correlate with the catalytic perfor-
mance of these samples, and N1 exhibits the highest efficiency of
52%, competitive to that of previously reported solar-driven
systems7,11–13,18,30–34 (Supplementary Table 2). These results suggest
that the appropriate amount of N doping plays a decisive role in
enhancing the LTCEE of the catalyst and the performance of PDRM.

For practical applications, especially in PDRM, the stability of the
catalyst is of vital importance, as carbon deposition often leads to
rapid deactivation. Notably, N1 exhibited high activity and stability for
200hat 540 °Cduring continuous testing (Fig. 2g). Specifically, theH2/
CO ratio increased slightly from0.8 to0.84 under light and from0.7 to
0.73 in the dark. CH4 conversion declined by only 0.04% per hour
under light versus 0.06% in the dark, while CO2 conversion decreased
by 0.08% in both conditions. This indicates that light mainly stabilizes

active sites for CH4 activation. In contrast, N0 exhibited significant
deactivation, with CO2 and CH4 conversion losses of 1.8% and 1.2% per
hour, respectively. Furthermore, the conversion rate and H2/CO ratio
of the reference sample, Ni1Co2/Al2O3, both showed a sharp decline
within 50 h. A detailed study of the spent N1 catalyst after 200 h was
conducted and compared with the fresh sample. As shown in Sup-
plementary Fig. 8, no phase change, loss of active sites, or increased
amorphous carbon was observed. These results confirm that the N-Ni/
NiCo@C structure significantly enhances the stability of high-loading
NiCo catalysts in DRM by resisting deactivation via structural protec-
tion and active site stabilization.

Identification of active sites
To elucidate the influence of N-doping on atomic coordination, we
conducted X-ray absorption near-edge structure (XANES) and exten-
ded X-ray absorption fine structure (EXAFS) studies on the N1 catalyst,
alongside the reference samples N0 and N2. The Ni K-edge XANES
spectra of these samples shift towards Ni2+ character with increasing
N-doping (Fig. 3a), though this is distinct from the spectrum of NiO.
EXAFS analysis revealed an increase in Ni-N scattering at 1.2 Å from N0
to N2, together with a metallic Ni-Ni/Co peak at ~2.15 Å. This confirms
the presence of dual coordination environments (Fig. 3b). Con-
sistently, the 2.2 Å maximum in wavelet transform (WT) analysis con-
firms Ni–Ni/Co coordination, while the gradually emerging peak at
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approximately 1.2 Å directly indicates increased Ni–N bonding (Fig. 3d
and Supplementary Fig. 9a−c). Regarding the Co K-edge XANES
spectra (Supplementary Fig. 9d), all spectra matched the Co foil,
indicating metallic Co states. Co K-edge EXAFS showed prominent ca.
2.15 ÅCo-Co coordinationpeakswith a right shift in N2/N1/N0 (Fig. 3c),
suggesting NiCo nanoalloy formation35, consistent with the results of
XRD and energy-dispersive X-ray spectroscopy (EDS) mapping. The
corresponding WT analysis revealed a ca. 2.2 Å Co–Co coordination
feature, with a faint ca. 1.25 Å signal in N-doped samples (Supplemen-
tary Fig. 9e–h), implying N-induced Co ion formation.

X-ray photoelectron spectroscopy (XPS) analysis reveals sig-
nificant electronic modulation in NiCo nanoalloys (Fig. 3e and Sup-
plementary Fig. 10). The Ni 2p spectra show that the Ni2+ peak
(856.2 eV) shifts by −0.77 eV from N0 to N1, with an additional shift of
−0.50 eV to N2. This positive shift increases the electron density at the
Ni sites, creating electron-rich Niδ⁺ (0<δ < 2) species that accelerate the
kinetics of H⁺ reduction for enhanced H2 evolution. This suggests that
Ni-N coordination could increase the surface energy and improve the
reactivity of the Ni sites36. The Co 2p spectra show a decrease in Co0

intensity (778.5 eV) with N-doping (Supplementary Fig. 10); this aligns
with increases in ionic coordination as determined by EXAFS. The

distribution of oxygen species further supports catalyst activation,
with oxygen vacancies (OA, 531.9–532.3 eV) dominating surface oxy-
gen (69.9–75.7%), thereby promoting CO2 adsorption37. N 1 s XPS
analysis reveals that the predominance of pyridinic-N (398.8 eV) in N1
(62%) exceeds that in N2 (57%) and N0 (54%) (Fig. 3f and Supplemen-
tary Fig. 10). Pyridinic-N has been reported to favor CH4/CO2

activation19,27; thus, the optimal performance of N1 is likely related to
the prevalence of Ni-N-C sites in this material.

The EXAFS and XPS analyses above have confirmed that the Ni-N
coordination site increases the electron density around the Ni sites.
Density functional theory (DFT) calculations were performed to fur-
ther explore the effects of N doping on charge transfer in NiCo
nanoparticles. For the pure NiCo surface (Fig. 3g), the average metal-
metal bond length is ~2.49 Å. N-doping (N-Ni/NiCo) reduces the dis-
tances between neighboring sites to 2.42 Å (Ni-Ni), and 2.40 Å (Co-Co),
indicating lattice compression and consistent with the XRD peak shifts
shown in Fig. 1g. Differential charge analysis revealed electronic
transfer dynamics between Co and Ni. On the undoped surface, the
cobalt marked with a circle acts as an electron acceptor (1.23e), while
nickel releases 1.11e. Conversely, on theN-Ni/NiCo surface, the electron
transfer pathway has changed. The Co atommarked with a circle loses
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0.31 e, Ni releases only 0.21 e, and the adjacent N atoms gain
approximately 1.10e. This indicates that N significantly promotes the
accumulation of electrons around Ni, which is consistent with the
enhanced Ni electron density observed in the XPS results. This result
assists in proving the role of Ni-N sites in regulating the electronic
environment of NiCo.

To investigate the role of Ni-N sites in the DRM reaction, we first
examined reactant adsorption and activation via temperature-
programmed desorption (TPD)38. In the CH4-TPD experiment (Sup-
plementary Fig. 11a, b), the amount of CO produced increased

sequentially from N0 to N2, while CH4 desorption decreased. N2
exhibited the maximum CO yield among them, indicating that CH4

activation is dominatedby the abundanceofNi-N sites. Conversely, the
amount of CO2 desorbed and the amount of CO derived from it pro-
gressively diminished across the series during CO2-TPD (Supplemen-
tary Fig. 11c, d), which correlates with reduced metallic NiCo content.
This confirms that CO2 activation primarily relies on NiCo alloy sites.

Due to the variety of active sites (Ni, Ni-N, and Co) present in the
investigated catalyst, it is difficult to precisely determine their indivi-
dual contributions to the adsorption and activation of CH4 and CO2.
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Therefore, idealized surface models of the NiCo alloy and the N-Ni/
NiCo catalyst were created, and the adsorption energies of CH4 and
CO2 on these active sites were calculated using DFT. As shown in
Fig. 3h, four types of active sites were considered: Ni and Co on NiCo,
and Ni-N and Co(N) on N-Ni/NiCo. The results show that the CO2

adsorption energies are in the following order: Ni-N (−2.66 eV) >Co(N)
(−2.64 eV) >Ni (−0.78 eV) > Co (−0.60 eV). This suggests that N-doping
increases the CO₂ adsorption energy on the NiCo surface by a factor of
3.4–4.4. Furthermore, N-doping reduces the adsorption energy dif-
ference between the Ni and Co sites from 0.18 eV to 0.02 eV, favoring
CO2 activation at the Co sites. Similarly, for CH4 adsorption, the
energies follow the sequence Ni-N (−1.87 eV) >Ni (−1.18 eV) > Co (N)
(-0.89 eV) > Co (−0.72 eV), indicating thatN-doping also promotes CH4

activation predominantly mediated by Ni sites rather than Co sites.
Therefore, theN-Ni/NiCo surface promotes amore effective functional
differentiation, providingmoreNi sites for CH4 activationandmoreCo
sites for CO2 activation. These findings clearly demonstrate the pivotal
role of N doping in regulating the electronic structure and catalytic
properties of the active Ni and Co sites. The N-Ni site remarkably
enhances reactant adsorption capacity and optimizes the distribution
of CH4 and CO2 adsorption across different sites, which is consistent
with the TPSR results. This synergistic effect is advantageous for
achieving high catalytic efficiency and stability.

In situ investigation for reaction mechanism
In order to investigate the mechanistic effects of light on N1, the sur-
face intermediates were monitored using in situ diffuse reflectance
Fourier transform spectroscopy (DRIFTS). Under dark conditions with
a CH4/CO2/Ar flow during temperature ramping from 300 to 540 °C
(Fig. 4a), the following characteristic peaks were observed over the
N1 sample: gas-phase CH4 (3014 and 1302 cm−1) and CO2 (2360 and

2340 cm−1) vibrations8,18, adsorbed bidentate carbonate (b-CO3
2−,

1701 cm−1) and monodentate carbonate (m-CO3
2−, 1350 cm−1). The

intensified O-H stretches (3700 and 1600 cm−1) indicated the RWGS
reaction. Upon illumination, the adsorption of CH4/CO2 intensified
markedly, and the carboxylate peak (1707 cm−1) strengthened, while
the -CHx species (1460 cm−1) emerged8, confirming the enhanced
chemisorption of CO2 and CH4. Illumination produced a carboxyl
intermediate (-COOH, 1538 cm-1)39, alongwith the disappearance of the
water signal. This suggests that H* (from CH4 dissociation) reacts with
CO2 to form -COOH, which has been reported to decompose readily
into CO and HO* radicals40. This reaction pathway is distinct from
conventional CO2 splitting into CO and O*39, thus favoring the con-
version of CO2. Furthermore, the oxidative HO* could promote the
oxidation of hydrocarbon intermediates (-CHx)

40, thereby increasing
the H2/CO product ratio and improving coking resistance18.

To further investigate the influence of light on the activation of
CH4 and CO2, the N1 catalyst was tested individually under a 10% CH4/
Ar and a 10% CO2/Ar atmosphere, as shown in Fig. 4c and Supple-
mentary Fig. 12. In the dark, a strong gaseous CH4 peak and weak CO2

signals were observed, suggesting that CH4 was partly oxidized by
surface oxygen species. Upon illumination, the CO2 signal intensified,
indicating that more surface C* species resulting from CH4 dehy-
drogenation were oxidized. New bands emerged in the
1500–1600 cm−1 region, suggesting enhanced CH4 activation. Notably,
the conversion of CH4 to CO2 is reported tomitigate coking during the
DRM process8. However, for CO2 activation under a 10% CO2/Ar
atmosphere (Supplementary Fig. 12), the adsorption peak showed
negligible differences betweendark and light conditions. This suggests
that light primarily promotes CH4 activation of. This is consistent with
previous DFT results, which highlight the main enhancement in CH4

activation over the N1 catalyst.
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In situ near-ambient pressureXPS (NAPXPS) studies of PDRMover
the N1 catalyst reveal light-mediated stabilization mechanisms. After
2 h of DRM in the dark at 540 °C (Fig. 4d), the Ni0/Ni2+ ratio decreased
from 0.8 to 0.4, while the Co0/Co2+ ratio dropped from 1.0 to 0.5.
Under illumination, these ratios increased to 1.0 and 1.1, respectively,
confirming that light preserves the metallic states that are critical for
reactant activation. This is because oxidized metal sites promote
agglomeration and exhibit poor activation capacity41,42. Together with
in situDRIFTS results,metal oxidation appears to be related to the CO2

conversion process, wherebyCO2 adsorption onmetallic sites oxidizes
the metal and generates CO. In contrast, light enables an alternative
pathway by promoting the formation of COOH* intermediates, which
decompose into CO and OH* without oxidizing the metal sites
(Fig. 4b). The O 1 s NAPXPS spectra further support this argument
(Fig. 4e). The O 1 s spectrum of the fresh catalyst exhibits four peaks at
529.0, 531.7, 533.0 and 535.0 eV, which are assigned to oxygen vacan-
cies (Ov), surface O-C, adsorbed O=C and H2O

8, respectively. After 2 h
of dark DRM reaction, the intensity of the Ov peak dropped sharply
while the intensity of the O=C peak increased. This suggests that CO2-
adsorbed species occupied metal-Oᵥ sites, leading to elevated metal
valence states. The increased H2O peak compared to the initial spec-
trum indicates the occurrence of the RWGS reaction. In contrast,
PDRM induced negligible changes to the Ov and O=C peaks, and the
H2O peak disappeared, confirming that light suppresses both metal
oxidation and RWGS. Furthermore, the N 1 s spectra (Fig. 4f) also
changed after a 2-hDRM reaction in the dark. Therewas a positive shift
in the N-metal peak, a significant decrease in the N-pyridine peak, and
the emergence of a graphitic N peak. Importantly, illumination pre-
vents these degradations. Overall, the light-induced new pathway
preserves active sites and suppresses RWGS, thereby endowing N1
with exceptional PDRM activity, H2 selectivity, and catalyst stability.

Quasi-in situ isotope labeling using 12CH4 and 13CO2 was further
employed to trace the CH4/CO2 degradation pathways in DRM/PDRM.
Gas chromatography (GC) analysis identified three peaks at 2.5, 2.8,

and 3.6min, with temperature-dependent shifts confirming 13C incor-
poration (Supplementary Fig. 13a, b). The mass spectra (MS) of the
three peaks (P1, P2, P3) at 540 °C under illuminationwere analyzed. For
P1 (Fig. 5a), the peaks at m/z = 12, 16, and 28 correspond to 12CO ori-
ginating from 12CH4, while the peaks atm/z = 13, 1,6 and 29 correspond
to 13CO from 13CO2. Additionally, peaks corresponding to the inter-
mediate product formaldehyde (H12CHO, m/z = 30, 31) were detected.
All the peaks in P2 correspond to the ion fragments of 12CH4 (Fig. 5b). In
P3 (Fig. 5c), the main reactant 13CO2 (m/z = 13, 16, 29, 45) was observed
alongside peaks of 12CO2 (m/z = 12, 16, 28, 44). In this system
(12CH4 +

13CO2),
12C-containing substances can only originate from

12CH4 or the graphitic carbon in the MOF material. Thus, a control
experiment was carried out in a 13CH4 +

13CO2 atmosphere, which
yielded no 12CO2 (Fig. 5d). This rules out the participation of catalyst
carbon and confirms the conversion process from CH4 to CO2. Quan-
titative analysis of this transformation (Fig. 5d) demonstrated light-
enhanced and temperature-dependent formation of 12CO2 (m/z = 44)
from 12CH4. Notably, unlike the previously reported carbon exchange
mechanism between reactants (i.e., CO2 and CH4) in the PDRM
reaction8, this unidirectional CH4-to-CO2 conversion suppresses cok-
ing induced by CH4 cracking and reduces H2 consumption by CO2.

The reaction pathway can be further elucidated by examining the
temperature-dependent evolution of 12CH4 and 13CO2. From 300 to
570 °C under illumination (Fig. 5e), the intensity of 13CH4 decreased
rapidly while the concentrations of 12CO and 12CO2 increased. The
H12CHO intermediate first increased and was then completely con-
verted to CO/H2/CO2

43. In the dark reaction (Fig. 5f), a slower tendency
for CH4 degradation and product formation tendency was observed,
with H12CHO remaining stable at high temperatures. This identifies
HCHOas the key intermediate species in the conversion of CH4 toCO2.
Conventional pathways involve stepwise CH4 dehydrogenation fol-
lowed by oxidation via catalyst lattice oxygen44, which risks coking if
oxidation is lacking. Crucially, our catalysts contain no lattice oxygen;
thus, the detection ofHCHO implies an alternative routewherebyCHx*
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intermediates from CH4 cracking are oxidized by oxygen radicals to
form HCHO before complete mineralization. Among these reactive
oxygen species, there should be O* from CO2 deoxygenation and OH*
from *COOH decomposition. Supplementary Fig. 13c, d show how the
temperature affects the way 13C-labeled substances evolve in PDRM
and DRM. Compared with DRM, light significantly promoted the con-
version of 13CO2 to 13CO, which is consistent with the activity test
results. Furthermore, no formic acid species were detected in the gas
phase; however, COOH* was observed in the in situ DRIFTS. This may
be due to the strong nucleophilicity of COOH*, causing them to adsorb
strongly at the metal sites.

DFT calculation for catalytic mechanism
DFT calculations were performed to elucidate the energetics of CH4

(Fig. 6a) and CO2 (Fig. 6b, c) dissociation at the NiCo alloy and N-Ni/
NiCo interfaces. Figure 6a shows theCH4dehydrogenationpathwayon
both surfaces (CH4→CH4*→CH3*→CH2*→CH*). At the NiCo interface,
the activation barriers for the formation of CH3*, CH2*, and CH* are
0.08, 2.13, and 1.08 eV, respectively. CH3* → CH2* constitutes the rate-
determining step (RDS). In contrast, the N-Ni/NiCo exhibits lower
barriers of −0.27, 0.90, and −1.11 eV respectively, indicating that N
doping markedly enhances CH4 activation. The subsequent CH* → C*
step, which is responsible for carbon accumulation, has a negligible
barrier of 0.01 eV on NiCo, but rises to 2.09 eV on N-Ni/NiCo. This
proves thatN incorporation significantly suppresses coking,which is in

agreement with catalyst lifetime tests. Furthermore, the literature
reports that both CH* and CH2* can react with oxygen radicals (OH*
and O*) to yield CO. CH* + OH* → CHOH* less favorable from a kinetic
perspective than CH2* + OH* → CH2OH*

40,45. In our calculations, CH2*
readily converts to CH* on N-Ni/NiCo with a ΔE of −1.11 eV. GC-MS
detection of formaldehyde also supports the formation of CO via the
reaction CH* + O*. Therefore, Fig. 6a shows the calculated transition
state results for CHO* formation and subsequent dehydrogenation:
CH*→CHO*→CO*→CO (g). The barriers for these three steps on NiCo
are −0.08, 2.13, and 1.08 eV respectively; all of these values exceed the
corresponding values on N-Ni/NiCo (−0.10, −2.13 and −1.08 eV). This
demonstrates that N-Ni/NiCo promotes not only CH* oxidation, but
also its subsequent dehydrogenation to form CO. These calculation
results prove that the CH4→CHO* → CO pathway is energetically
favored for DRM syngas production at these interfaces.

In situ DRIFTS under illumination revealed the formation of
*COOH on the surface, implying that CO2 reacts with H* to form
*COOH. Reportedly, *COOH may either hydrogenate to form the
undesired intermediate HCOOH in the RWGS reaction, or cleave to
produce CO and OH*, with the latter facilitating CH4 activation40.
Supplementary Fig. 14 shows that *COOH hydrogenation to HCOOH
requires aΔEof−1.25 eVonNiCo, but only0.34 eVonN-Ni/NiCo,which
highlights the latter’s superior ability to suppress the RWGS reaction.
Conversely, *COOH cleavage into CO and OH* is highly exergonic
(ΔE = −2.61 e V) on N-Ni/NiCo versus −1.43 eV on NiCo (Fig. 5b),
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identifying CO2→ *COOH→CO+OH* as the preferred CO2 activation
pathway. Another common CO2 activation pathway is direct deox-
ygenation to CO39, which occurs with an energy barrier of −0.49 eV on
N-Ni/NiCo; this is significantly lower than the −0.13 eV required on
NiCo (Fig. 6c). This indicates that N doping could enhance CO2 deox-
ygenation too, which is consistentwith the superior DRMperformance
of N-Ni/NiCo.

Based on the above research results, Fig. 6d shows a schematic
diagram of the PDRMmechanism. In the NiCo alloy, Ni is the main site
for activating CH4 and CO2. The higher electronegativity of Co leads to
electrons transferring from Ni to Co. This forms Ni sites with electron
deficiency,which reducesNi’s ability to activateC-Hbonds. Thismakes
thedehydrogenationofCH4 the rate-limiting stepof theDRMreaction.
In contrast, the N-Ni sites adjust the electron transfer path under the
influence of lattice strain and the electron-withdrawing effect. This
inhibits charge transfer from Ni to Co and makes Co sites more
effective at activating CO2, while Ni sites mainly activate CH4. When
illuminated, photogenerated electrons in the carbon layer transfer to
the N-Ni and adjacent Ni-Co sites. This enhances the activation of CH4

on N-Ni and inhibits the oxidation of Ni-Co by CO2. This process gen-
erates a large number of surface oxygen species (O*/OH*), which react
with CH* with the assistance of photogenerated holes to form the key
intermediate *CHO and ultimately convert to CO/CO2. This new reac-
tion pathway, combined with efficient directional charge transfer,
gives the N-Ni/NiCo@C catalyst an extremely high LTCEE, excellent
photothermal catalytic performance, an improved H2/CO ratio, and
superior stability. This highlights the advantage of using active oxygen
species directly to activate CH4 and the key role of engineering the
electron structure in optimizing the photothermal catalytic pathway.

In summary, we have demonstrated the effectiveness and dur-
ability of a photothermal DRM process using the N-Ni/NiCo@C cata-
lyst. Such impressive performance is made possible by the directional
transfer of photogenerated electrons under the influence of the
electron-withdrawing C-N-Ni site. Following the doping of the NiCo
alloy with N, the electronegativity difference between Ni and Co nar-
rowed significantly, enabling them to act as activation sites forCH4 and
CO2, respectively, in the DRM reaction. Experiments and theoretical
simulation results indicate that the released reactive oxygen species
can directly oxidize CH* to CHO, which then converts to CO or CO2.
This crucial step not only reinforces DRM but also blocks the dehy-
drogenation of CH* to carbon deposition. Furthermore, the N-Ni sites
trap the photogenerated electrons around theNi/Co interface, thereby
preventing the metal from being oxidized by oxygen species. This is
necessary to ensure long-term catalytic durability. Specifically, N-Ni/
NiCo@C exhibits an excellent H2/CO production rate of 452.3/
527.6mmol h−1·g-1 and a selectivity of 0.95, while remaining stable for
200h. Furthermore, a remarkable LTCEE of 52% is achieved with the
optimized catalyst. This work presents a novel approach to designing
efficient catalysts for PDRM and emphasizes the importance of a
directional electron transfer path in synergizing photothermal effects,
optimizing the electronic structure, and anti-coking mechanisms.

Methods
Material synthesis
The NiCo-MOF was synthesized using the microwave hydrothermal
method. Specifically, 0.362 gNi (NO3)2·6H2O (AR, SinopharmChemical
Reagent Co., LTD), 0.3662 g Co (NO3)2·6H2O (99.99%, Aladdin),
0.262 g 1,3,5-benzene tricarboxylic acid (BeijingBailingwei Technology
Co., LTD), 3.275 g polyvinylpyrrolidone (Aladdin) and variable 1,10-
phenanthroline (98.0%, Macklin) were dissolved in 75mL N,
N-dimethylformamide (DMF), and stirred with a magnetic stirrer for
30min, after which they were transferred to a 250mL autoclave. After
sealing, the autoclave was installed in a microwave hydrothermal
chamber. The temperature program was set to raise the temperature
to 150 °C, followed by a 1.5 h reaction at this temperature. Upon

completion, the autoclave was naturally cooled to room temperature
before being taken out. The resulting product was centrifuged and
filtered,washed three timeswithDMF, anddried at 60 °C in anoven for
8 h to obtain NiCo-MOF powder. The as-prepared NiCo-MOF powder
was calcined at 700 °C for 2 h feed with 200mL/min Ar to yield
N-doped carbon-coated catalyst (N-Ni/NiCo@C). The addition amount
of 1,10-phenanthroline was controlled at 0, 0.203, 0.406, 0.609, and
0.816 g. The obtained samples were sequentially labeled as N0, N0.5,
N1, N1.5, and N2.

DRM performance measurements
DRM performance measurements were carried out under ambient
pressure in a fixed-bed continuous flow quartz reactor with a quartz
window at themiddle of the furnace for light irradiation. For each test,
20mg of catalyst was loaded and held in place by quartz wool. The
reaction gas (10% CH4/10% CO2/80% Ar) was continuously introduced
into the reactor with a flow rate of 50mLmin−1, giving a weight hour
space velocity (WHSV) of 150,000mL/(g h). A 300Wxenon lamp (PLS-
SXE300E, Perfect Light) was employed as the light source to drive the
DRM reaction. The products were evaluated by an online gas chro-
matograph (GC-2014ATFSPL, Ar carrier, Shimadzu) equipped with two
flame ionization detectors (FIDs) and a thermal conductivity detector
(TCD). The bulk temperature of the catalyst powder was detected
using a thermocouple.

Quantification of reaction rates:

CH4conversion=
nCH4

inð Þ � n
CH4

outð Þ
nCH4

inð Þ × 100% ð1Þ

CO2conversion=
nCO2

inð Þ � n
CO2

outð Þ
nCO2

inð Þ × 100% ð2Þ

rCO =
nCOðoutÞ

m
ð3Þ

rH2
=
nH2

ðoutÞ
m

ð4Þ

H2selectivity =
nH2

ðoutÞ
2½nCH4

inð Þ � nCH4
outð Þ� × 100% ð5Þ

CO selectivity =
nCOðoutÞ

nCH4
inð Þ � nCH4

outð Þ+nCO2
inð Þ � nCO2

outð Þ × 100%

ð6Þ

niðinÞ=
F ×XiðinÞ×60

22:4
ð7Þ

niðoutÞ=
F ×XiðoutÞ×XArðinÞ×60

XArðoutÞ× 22:4
ð8Þ

where ni represent molar flow rate of gas (mol h−1), Xi represents the
gas volume fraction detected by TCD, rCO and rH2 are the production
rates of CO and H2 (mol g h−1), F is the original flow rate of the gas (L/
min), and m is the weight of catalyst (g).

According to Arrhenius formula, the logarithm of the H2 reaction
rate (In rH2) was plotted against the reciprocal of temperature (1/T),
and the activation energy (Ea) was obtained from the following slope:

lnrH2
=
Ea
R

� 1
T

� �
+ In A ð9Þ
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R is the molar gas constant (8.314 Jmo1−1 K−1), A is the pre-factor,
and T is the thermodynamic temperature (K) of each temperature
gradient.

LTCEE calculation: Δr(H2) = r(H2)PDRM − r(H2)DRM, Δr(CO) =
r(CO)PDRM − r(CO)DRM, Δr(H2) = 2α-β and Δr(CO) = 2α + β were written,
where α and β represent the reaction rates of DRM and RWGS,
respectively.

α =
Δr H2

� �
+Δr COð Þ
4

ð10Þ

β =
Δr COð Þ � Δr H2

� �
2

ð11Þ

LTCEE is defined as:

LTCEE=
αΔHDRM + βΔHRWGS

P
× 100% ð12Þ

where ΔHDRM (247 KJmol−1) and ΔHRWGS (41 KJmol−1) are the standard
reaction enthalpy of DRM and RWGS reaction, respectively, and P
refers to the power of irradiation.

Catalyst characterizations
XRD patterns were recorded on a Rigaku-Smartlab 9KW from Japan
with Cu-Kα radiation (λ = 1.54178Å). Morphology and EDS element
mapping were recorded by SEM, HRTEM and HAADF-STEM. XPS was
performed on a Thermo Scientific ESCALAB 250Xi spectrometer with
Al Kα as the X-ray source. XAFS spectroscopy with the Co K-edge and
Ni K-edgewas tested on the TableXAFS-500A using a 1.6 kWX-ray light
source. The elemental content data are collected using ICP-OES by
UTLIMA-2 (JY, France) and ONH836TOC (LECO). Raman spectra
(PicRaman M3, timegate) are used to analyze the coking of the sam-
ples. TGA analysis was carried on theNETZSCHTG209 F1 Libra TGA to
determine the amount of carbon deposited.

CH4-TPD measurements. CH4-TPD measurements were carried out
on AutoChem2920 (Micromeritics). Typically, 100mg of catalyst was
placed in a quartz tube reactor and treated under He flow at 300 °C for
60min to remove impurities. After cooling to 40 °C, the catalyst was
exposed to 10% CH4/90% Ar. Then, the catalyst bed temperature was
increased from40 to 700 °C (ramping rate, 10 °Cmin−1) under He flow.
The desorption products were detected by the mass spectrometry.
CO2-TPD experiments were performed in a similar process except
using CO2 flow.

In situDRIFTSmeasurements. The in situDRIFTSmeasurementswere
performed using a Thermo Scientific IS50 Fourier-transform spectro-
meter equippedwith aHarrick diffuse reflectanceaccessory. In the test
of CO2 and CH4 adsorption and activation, the fresh catalyst was first
purged with Ar flow for 30min at room temperature to remove
impurities. Then the fresh catalyst was exposed to 10% CH4/10% CO2/
80% Ar flow to collect the DRIFTS spectra for CO2 and CH4 adsorption.
After adsorption saturation, the system was exposed to light irradia-
tion (PLS-SXE300E, Perfect light), and the temperature data were
recorded continuously. The DRIFTS for respective CO2 and CH4

adsorption and activation were performed in a similar process except
using 10% CO2/90% Ar flow and 10% CH4/90% Ar, respectively.

In situ NAP-XPSmeasurements. In situ NAP-XPSmeasurements were
performed on Thermo Scientific ESCALAB 250Xi spectrometer with Al
Kα as the X-ray source. The fresh catalyst was first treated at ultrahigh
vacuum (up to 10−9mbar). After that, the system was purged with
0.5mbar CO2 and 0.5mbar CH4 for 2 h at 540 °C to collect the data.

The in-situ NAP-XPS for PDRM was performed in a similar process,
except adding 300W Xe lamp irradiation.

Quasi in-situ 13C-labeled isotope labelling experiments. Quasi in-situ
13C-labeled isotope labelling experiments were performed in the same
reactor with activity test by using two different reactant systems as
feeding gas, including equivalent amounts of 12CH4 +

13CO2 (I),
13CH4 +

13CO2 (II). In a typical test, 10mg of fresh catalyst was used. After
sealing the reactor, the reactorwasfirstpurgedwithArflowfor30minat
300 °C and then equivalent amounts of 13C-labeled substances (i.e.,
Systems I or Systems II) were introduced with the temperature increas-
ing from 300 to 600 °C at a rate of 10 °C/min in dark or under 300WXe
lamp irradiation, the products were analyzed using a GC-MS (8860-
5977C, He carrier, Agilent) and the data collected continuously.

DFT calculations
Based on density functional theory (DFT), a series of theoretical cal-
culation methods were employed in this study46, including the Vienna
ab initio simulation package (VASP), the Perdew–Burke–Ernzerhof
(PBE) functional within the generalized gradient approximation (GGA)
framework, the projector-augmented wave (PAW) method, the
Monkhorst–Pack k-point grid, and theDFT +Ucorrectionmethod. The
energy convergence threshold for self-consistent iteration was 10−6eV,
and the residual force for ionic relaxation needed to be below
0.02 eVÅ−1. It should be noted that the PBE-GGA-based DFT approach
possesses inherent limitations, including the neglecting nuclear
quantum effects, inadequate characterization of van der Waals inter-
actions, and restriction to ground-state properties in the absence of
supplementary extensions.

The catalyst model was constructed using a 3× 3 supercell for the
(111) facet of CoNi alloy (N0)2, with a 15Å vacuum layer inserted to pre-
vent interactions between adjacent periodic images. To simulate N atom
incorporation, four surface metal atoms on the CoNi (111) surface were
substituted with N atoms, forming the N-Ni/CoNi (111) structure (N1).

The adsorption energy (ΔEads) of surface species on N1 or
N0 surfaces was calculated using the following equation:

ΔEads = Etotal � ðEadsorbate + EsurfaceÞ ð13Þ

where ΔEtotal, Eadsorbate, and Esurface denote the total energy of the
adsorbed surface species, the energy of the adsorbate in the gas phase,
and the energy of the clean N1/N0 surfaces, respectively.

The Gibbs free energy (ΔG) for gas molecules (CH₄, CO₂) and
adsorbates was calculated using the following equation:

ΔG=ΔE +ΔZPE��TΔS ð14Þ

where E is the total structural energy from DFT calculations, ZPE is the
zero-point energy, and S is the vibrational entropy.

Charge density differences were used to analyze electron density
and electron cloud distribution changes for the substituted metal
atoms on N1 and N0 surfaces. The charge density difference was cal-
culated using the following equation:

Δρ=ρtotal � ρsurf ace � ρM ð15Þ

where ρtotal, ρsurface, and ρM represent the charge densities of the
substituted surface, clean surface, and substituted metal atom,
respectively.

Data availability
The processed data generated in this study are provided in the main
text, supplementary information, and Source Data files. Source data
are provided in this paper. DFTmodels are provided in Supplementary
data 1 file. Source data are provided with this paper.
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