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Steam methane reforming using a 
regenerable antenna–reactor plasmonic 
photocatalyst

Yigao Yuan    1, Jingyi Zhou2, Aaron Bayles    1, Hossein Robatjazi1,3, 
Peter Nordlander    2,4,5   & Naomi J. Halas    1,4,5 

Steam methane reforming (SMR) is the major industrial process for 
hydrogen production. It currently relies on high-temperature operating 
conditions and is associated with high carbon intensity. Photocatalytic SMR 
could provide greener and potentially more efficient H2 production. Here 
we demonstrate a plasmonic photocatalytic approach based on a Cu–Rh 
antenna–reactor photocatalyst for highly reactive, selective and stable 
SMR due to plasmon-mediated hot carrier contributions. We observe that 
the photocatalyst is intrinsically stable in photocatalysis but deactivates 
under thermocatalysis; however, the thermally deactivated catalyst can 
be regenerated by resonant illumination. The regeneration mechanism is 
studied in detail and found to be caused by plasmon-induced associative 
desorption of oxygen and carbon species.

Methane from natural gas, methane hydrate and shale gas is abun-
dant; however, the C–H bond in CH4 is relatively chemically inert. 
Numerous studies have demonstrated CH4 activation and its conver-
sion into value-added chemicals, including hydrogen1,2, methanol3,4, 
ethane5,6 and aromatic molecules1,7,8. Among these processes, steam 
methane reforming (SMR; CH4 + H2O ⇌ 3H2 + CO; change in enthalpy 
(ΔH) = 206 kJ mol−1) is particularly important, accounting for half of the 
current global hydrogen production9,10. SMR produces syngas (H2 and 
CO)—a major feedstock for industrial chemical reactions such as Fis-
cher–Tropsch synthesis11–13. Despite SMR having been utilized since the 
1930s14, traditional thermal processes face major obstacles, including 
the requirement for high temperature, coking and extreme carbon 
intensity. Photocatalytic SMR has the potential to circumvent high 
temperatures by utilizing light to reduce the activation energy15–17. 
However, its application has hitherto been confined to ultraviolet 
light illumination18–21 or necessitated additional external heating22,23. 
Detailed summaries of recent progress on photocatalytic SMR are 
provided in table 1 of ref. 16 and table 2 of ref. 17.

Plasmonic photocatalysis24–27, utilizing hot carriers from surface 
plasmon decay in metal nanoparticles, could overcome the limitations 

associated with the above listed attempts at photocatalytic SMR18–23. 
Plasmonic photocatalysis has been demonstrated with various sys-
tems, including Au28–30, Ag31,32, Cu33 and Al nanostructures34. Combin-
ing plasmonic materials with traditionally known catalytically active 
but optically inferior transition metals to form antenna–reactor (AR) 
complexes has further expanded the scope of heterogeneous photoca-
talysis, showing enhancement in the reactivity, selectivity and stability 
of various chemical reactions35–37. ARs have been demonstrated for a 
number of important chemical processes, such as H2 production from 
ammonia decomposition38,39, syngas (H2 and CO) production from 
methane dry reforming40 and other reactions41,42. In this Article, we 
demonstrate that by combining plasmonic Cu antennas with catalyti-
cally active Rh in the form of a Cu–Rh surface alloy, AR photocatalysts 
can provide a path to efficient and selective photocatalytic SMR. The 
photocatalytic SMR is primarily driven by plasmon-mediated hot car-
riers, which reduces the apparent energy barrier and contributes to 
catalytic stability. Without hot carriers, thermocatalysis deactivates 
the catalyst due to oxidation and coking. The thermally deactivated 
catalyst can be regenerated in photocatalysis, recovering the reactivity 
and selectivity under illumination conditions.
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H2O feeding in a fixed bed continuous flow reactor (Methods and Sup-
plementary Fig. 5b). The Cu19.5Rh0.5 photocatalyst showed the highest H2 
turnover frequency (TOF), up to 0.308 s−1 (0.308 moles of H2 per mole 
of Rh per second, or 2.99 µmol H2 per mg Rh per second). By definition, 
the H2 TOF is the same as the site–time yield of H2 defined previously50. 
When normalizing the absolute H2 rate to the volume of the catalyst 
bed (Supplementary Fig. 5c), a space–time yield of 15.6 µmol cm−3 s−1 
was achieved. Compared with the benchmark value of 1 µmol cm−3 s−1 
for large catalytic processes17,50, our value of 15.6 µmol cm−3 s−1 clearly 
shows the potential for plasmon-enhanced photocatalytic SMR tech-
nology in sustainable industrial H2 production. Photocatalytic SMR 
could be further scaled up by at least three orders of magnitude using 
the previously reported gram-scale photoreactor38. The selectivity was 
quantified using the molar ratio between CO and H2, where the ideal 
value of 1/3 is based on the stoichiometry of the SMR reaction. How-
ever, side reactions known for SMR, such as the Boudouard reaction 
(2CO ⇌ CO2 + C; ΔH = –172 kJ mol−1), methane pyrolysis (CH4 ⇌ 2H2 + C; 
ΔH = 75 kJ mol−1) and the water–gas shift reaction (CO + H2O ⇌ CO2 + H2; 
ΔH = –41 kJ mol−1) could decrease the CO/H2 value. In contrast, possible 
side reactions associated with catalyst activation, such as the reduc-
tion of Cu and Rh on the stream, would consume the produced H2, 
resulting in CO/H2 ratios exceeding 1/3. Figure 1c shows preferential 
selectivity towards CO on all Cu–Rh AR samples. Cu19.5Rh0.5 showed 
a CO/H2 ratio at the ideal stoichiometric value. Cu19Rh1 and Cu18Rh2 
catalysts showed slight deviation from the ideal CO/H2 ratio (Fig. 1c, 
green curve). This deviation could be associated with side reactions, as 
well as the standard uncertainty in gas delivery systems, sampling and 
quantification from gas chromatography (equation (11) in Methods). 
No other hydrocarbon products were observed in the gas chroma-
tography spectrum (Methods and Supplementary Fig. 6). As shown, 
the reactivity and selectivity of Cu–Rh ARs depends on Rh loadings, 
which should be neither too low nor too high to maximize both reac-
tivity and selectivity. The loading dependence is possibly related to 

Results
Photocatalytic SMR
Here we show that reactive, selective, and stable photocatalytic SMR 
can be achieved using a Cu–Rh AR photocatalyst (Fig. 1a). Cu was 
adopted as the antenna because of its relatively high abundance and 
efficient generation of hot carriers43. Previous thermocatalysis studies 
indicated that Ni-, Ru-, Pt- and Rh-based catalysts are most commonly 
used for SMR14,44 and alloys such as Ni–Au45 and Cu–Pt46 show coking 
resistance by weakening the binding strength of carbon species at the 
expense of higher C–H activation barriers. Our initial photocatalysis 
investigations using Cu–Ni ARs with various Ni loadings (0.2–10.0 at%) 
showed low reactivity, poor selectivity and persistent coking (Supple-
mentary Fig. 1). The Cu–Pt ARs, despite having higher reactivity than 
Cu–Ni ARs, were not selective towards either CO or CO2 (Supplementary 
Fig. 2b,e). Cu–Pt ARs also suffered from coking, as indicated by Raman 
spectroscopy after the reaction (Supplementary Fig. 2c,f). The Cu–Ru 
ARs demonstrated no coking, but the product selectivity was low (Sup-
plementary Fig. 2h,k). By contrast, the Cu–Rh ARs (Fig. 1) showed the 
highest reactivity, selectivity and stability. A similar trend has been 
noted in other systems; for instance, first principles calculations have 
indicated that Rh and Ru exhibit higher reactivity compared with Pt 
and Ni species44. Likewise, a Rh-doped Cu single-atom catalyst has 
demonstrated a lower C–H activation energy compared with Pt-, Pd- and 
Ni-doped Cu alloys47. The Cu–Rh AR photocatalysts at various loadings 
were prepared using a robust co-precipitation method48,49 (Methods), 
in which Rh reactors were adjacent to or alloyed with Cu nanoparticles 
(Supplementary Fig. 3c,f). The resulting Cu–Rh AR nanoparticles were 
semispherical with an average size of 16 nm (Supplementary Fig. 3g) 
and were supported on MgO/Al2O3 powders (Supplementary Fig. 4).

The Cu–Rh ARs are denoted by Cu20−xRhx, where x is the atomic 
loading of Rh. We tested Cu20−xRhx with x = 0.1, 0.2, 0.5, 1.0 and 2.0 and 
found that Cu19.5Rh0.5 achieved the best reactivity (Fig. 1b), stability and 
selectivity (Fig. 1c) under white light laser illumination at 3% CH4 and 3% 
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Fig. 1 | Photocatalytic SMR. a, Schematic of the photocatalytic SMR reaction 
on the Cu–Rh AR catalyst on a metal oxide support. b, Reactivity and stability 
profile of Cu20−xRhx photocatalysts. c, Selectivity profiles of CO and CO2 for the 
same samples shown in b, plotted as the ratios of CO/H2 (circles) and CO2/H2 
(triangles). d–f, Reactivity, selectivity and stability profiles of the Cu–Rh AR (d) 

compared with pure Rh (e) and pure Cu (f) catalyst. The reaction conditions were 
as follows: 0.5 W white light illumination, 3% CH4 and 3% H2O with balancing He 
(at a total flow rate of 20 sccm) under ambient pressure, 1.5 mg photocatalyst and 
no external heating.
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the coordination environment for Rh, which is similar to that of Ru in 
Cu–Ru40. Initial increasing of the Rh loading up to 0.5 mol% increased 
the total number of reaction sites, whereas additional Rh loading (2%) 
resulted in the formation of Rh clusters and nanoparticles with a lower 
Rh dispersion. Thus, the TOF of Cu18Rh2 is lower than that of Cu19.5Rh0.5 
because the TOF is normalized to each Rh.

Synergistic effects between the Cu antenna and Rh reactor were 
observed (Fig. 1d–f). The H2 production rate of the Cu–Rh AR was 
improved compared with either Cu or Rh. (Fig. 1d). Pure Cu and Rh 
catalysts showed substantially lower selectivity for either CO or CO2 
compared with the selective CO formation and minimal CO2 produc-
tion on the Cu–Rh AR (Fig. 1e,f). These results indicate that both Cu and 
Rh are essential for photocatalytic SMR and a single catalyst compo-
nent would not work as effectively. This is consistent with Rh loading 
dependence (Fig. 1b), where pure Cu and pure Rh represent the two 

extreme cases. In these cases, reaction intermediates (C species) would 
bind to the catalyst surface without specificity. However, in the case of 
Cu19.5Rh0.5, C species will bind to Rh instead of Cu because of its higher 
binding affinity44, yielding stable and selective CO desorption.

Study of the mechanism of photocatalytic SMR
Our measured wavelength-dependent reactivity and selectivity indi-
cate that photocatalytic SMR is primarily driven by plasmon-mediated 
hot carriers (Fig. 2a–d). The wavelength dependence was studied by 
monitoring product formation while varying the excitation wave-
length at a constant illumination power of 0.1 W. The corresponding 
power density (8.5 W cm−2), beam profile and repetition rate (78 MHz) 
were identical within experimental error, allowing us to compare the 
measured reaction rates as a function of illumination wavelength.  
A strong wavelength-dependent reactivity trend was observed with 
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Fig. 2 | Study of the mechanism of photocatalytic SMR. a, Wavelength-
dependent H2 TOF under 0.1 W illumination. The black star represents H2 TOF 
at an illumination of 0.2 W and a wavelength of 700 nm. b, Normalized optical 
absorption (left y axis; blue) and photothermal heating (right y axis; red) 
at various wavelengths under 0.1 W illumination. The black star represents 
photothermal heating at an illumination of 0.2 W and a wavelength of 700 nm. 
c, Normalized hot carrier (HC) injection rates at various wavelengths when the 
antibonding orbital (ε0) was centred at 0.30, 0.55 or 0.80 eV. Inset, hot carrier 
injection model. EF is the Fermi energy. d, Selectivity profiles (CO/H2 (blue) 
and CO2/H2 (green) ratios) of the experiments shown in a. The dashed lines in d 
and f are visual guides representing the ideal ratio of 1/3. e, Power-dependent 

H2 production rate (right y axis; red) and external quantum efficiency (left 
y axis; blue). f, Selectivity profiles (CO/H2 (blue) and CO2/H2 (green) ratios) of 
the experiments shown in e. g, Apparent activation barrier measurements for 
CH4 (red) and its isotopologue CD4 (black). Maximum surface temperatures 
were used. h, CH4 reaction order measurement under 0.2 W white light. The 
dashed line represents the linear regression fitting. i, CH4 conversion at various 
reactant CH4 feeding rates. The error bars in a, b, d–g and i represent the standard 
deviation of three independent measurements. The reaction conditions were 
as follows: 3% CH4 and 3% H2O with balancing He (at a total flow rate of 20 sccm) 
under ambient pressure, 1.5 mg photocatalyst and no external heating except for 
g (Methods).
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peak reactivity occurring at ~475 nm illumination (Fig. 2a). By con-
trast, the optical absorption spectrum peaked at a distinctly different 
wavelength of ~570 nm (Fig. 2b and Supplementary Fig. 5a), whereas 
the Cu interband transition had an onset at a wavelength of ~600 nm51. 
Photothermal heating during the experiment was monitored using an 
infrared camera (Methods) and represented by the measured maximum 
surface temperature (Fig. 2b and Supplementary Fig. 5d), as described 
previously52,53. The wavelength-dependent reactivity did not follow 
the trend of photothermal heating, indicating that the reaction was 
not dominated by photothermal heating. Photothermal contributions 
were also found to be negligible based on a simple control experiment 
in which the SMR reaction was run at an illumination wavelength of 
700 nm and a laser power of 0.2 W. The surface temperature increased 
by ~100 °C (black star in Fig. 2b), without an increase in reactivity (black 
star in Fig. 2a). Altogether, these results suggest that hot carriers play 
a major role in photocatalytic SMR.

The wavelength-dependent reactivity was simulated using a hot 
carrier injection model38, which relates the hot carrier distribution to 
the antibonding orbital of the adsorbate (Fig. 2c, inset). The hot carrier 
distribution was calculated from the electronic structure of Cu and 
the excitation wavelengths (Supplementary Fig. 7a). The antibonding 
orbital of the adsorbate was modelled as a Lorentzian function (Meth-
ods) with a centre energy 0.55 eV above the Fermi level (Fig. 2c). A cal-
culation of the wavelength-dependent hole injection rate into bonding 
orbitals (Supplementary Fig. 7b,c) did not correlate with the observed 
reactivities. Cumulatively, these observations are consistent with a hot 
electron mechanism resulting in the formation of a transient negative 
ion state54,55. The peak reactivity was sensitive to the energy of the 
antibonding orbital: only hot carriers with sufficient energy were able 
to access the available adsorbate–metal states to drive the chemistry. 
We also observed wavelength-dependent selectivity (Fig. 2d), where 
CO production followed the trend of hot carrier injection, with the 
CO/H2 ratio achieving the ideal stoichiometric value of 1/3 at ~475 nm. 
Fine tuning of the wavelength enabled control of the CO or CO2 yields, 
highlighting the potential for optical control of chemical selectivity in 
plasmon-driven catalysis. The external quantum efficiency, defined 

as the number of H2 molecules produced divided by the number of 
incident photons, showed a superlinear relationship with the increase 
in illumination power (Fig. 2e). By doubling the illumination intensity 
from 150 to300 mW, the reactivity and efficiency were enhanced by 
more than one order of magnitude (Fig. 2e). This strongly nonlinear 
response provides another path for further optimization of the reac-
tion. The selectivity was less sensitive to power, where CO was the main 
product, with a CO/H2 ratio close to the ideal stoichiometric value for 
all powers (Fig. 2f).

We assessed the influence of light on the apparent activation bar-
rier (Ea) of the reaction under constant illumination and varying exter-
nal heating (Fig. 2g and Supplementary Fig. 8a). At 300 mW and 467 nm 
illumination, the measured Ea of 0.42 ± 0.044 eV (40.5 ± 4.2 kJ mol−1) was 
lower than those previously reported in thermocatalysis and photoca-
talysis studies (51.5 kJ mol−1)22. We also performed thermocatalytic SMR 
under varied applied external heating, but the calculation of Ea was not 
attempted due to instability in the thermocatalysis (Fig. 3a). Further 
characterization (Fig. 4) revealed carbon deposition and oxidation 
post-thermocatalysis, indicating that deactivation resulted from the 
failure to desorb surface carbon and oxygen species. This observation 
aligns with previous reports suggesting that the associative desorption 
of CO is the rate-determining step (RDS) of SMR in thermocatalysis at 
low temperatures on Rh44. To gain further insights into the influence of 
light on the RDS of the photocatalysis reaction, an isotope experiment 
was performed using fully deuterated methane (CD4). The reactivity 
slowed down when CH4 was substituted with CD4, with a measured 
kinetic isotope effect of kH/kD = 1.9 (Fig. 2g). However, as the difference 
in zero-point energy between CD4 and CH4 was negligible (within the 
fitting error of the Arrhenius plot), the resulting Ea remained simi-
lar to that of the CH4 case. Nevertheless, the positive kinetic isotope 
effect (Fig. 2g) suggested that CH4 dissociative adsorption is the RDS 
in photocatalysis SMR on the Cu–Rh AR catalyst. The RDS shifted 
from CO associative desorption in thermocatalysis to CH4 dissociative 
adsorption in photocatalysis. This phenomenon aligns with observa-
tions in previous studies38,39, where plasmonic hot carriers facilitated 
the associative desorption of the product so that the RDS shifted to 
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dissociative adsorption of the reactant. In fact, hot carriers are known 
to facilitate associative desorption through the desorption induced 
by the electron transition mechanism56,57. The Ea is also affected by 
illumination power and wavelength. The decrease in Ea correlated with 
increasing the illumination power (Supplementary Fig. 8b). Moreover, 
the blue wavelength exhibited lower Ea and higher reactivity compared 
with the red wavelength, in agreement with the wavelength-dependent 
results shown in Fig. 2a.

Partial pressure of the reactants is another factor that influences 
the kinetics of chemical reactions. The reactivity increased by more 
than one order of magnitude when increasing the CH4 partial pressure 
(1–9%), with a reaction order of ~1.6 at 0.2 W (Fig. 2h and Supplementary 
Fig. 8c). To gain more insights into the role of light in modifying the 
elementary reaction steps, we performed microkinetic analysis assum-
ing either associative desorption of CO or dissociative adsorption of 
CH4 as the RDS. Our analysis (Supplementary Note 1) suggested CH4 
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coking in thermocatalytic deactivation and hot carrier-assisted photocatalytic 
regeneration. H atoms on the catalyst surface were omitted due to their high 
mobility and facile desorption.
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reaction orders of 0 and 1 for the two above scenarios, respectively, 
with the latter being closer to our measured reaction order of 1.6 for 
CH4 in photocatalysis. This analysis further supports a contribution of 
hot carriers to the energetics of the elementary steps, shifting the RDS 
from CO associative desorption in thermocatalysis to CH4 dissociative 
adsorption in photocatalysis, thus promoting stability and selectivity. 
We also measured the CH4 conversion rates as a function of space veloc-
ity (Fig. 2i), showing a decrease in the conversation rate from 14 to 1% 
with an increase in the space velocity from 8 to 60 l h−1 gcat

−1.

Thermocatalytic deactivation and photocatalytic 
regeneration
Unlike photocatalysis, thermocatalytic SMR on the same Cu–Rh ARs 
showed unstable reactivity with a fast decay rate (Fig. 3a) and low selectiv-
ity, producing both CO (Fig. 3b) and CO2 (Fig. 3c) at temperatures ranging 
from 250 to 550 °C. Following the deactivation in thermocatalysis, we 
found that illumination of the photocatalyst without external heating 
under the same gas environment (3% CH4 and 3% H2O with balancing 
He) could lead to its complete regeneration. The photocatalytic activity 
and product selectivity were restored, as shown in Fig. 3d–f. In the initial 
photocatalysis phase, stability was maintained under 0.2 W white light 
illumination, with CO being the predominant product (green data points 
in Fig. 3d–f). Subsequently, thermocatalysis was conducted at 450 °C, 
resulting in a substantial loss of reactivity and a shift towards CO2 as the 
dominant product (red data points in Fig. 3d–f). Following thermocataly-
sis, a recovery in reactivity and selectivity was observed upon returning 
to the photocatalysis conditions (blue data points in Fig. 3d–f). Catalyst 
regeneration under optical illumination was repeatedly observed under 
various conditions (Supplementary Fig. 9). This suggests that hot car-
riers in photocatalysis not only preserve catalyst performance but also 
have the capability to restore photocatalyst performance after thermal 
degradation caused by running the reaction under dark conditions.

Study of the mechanism of photocatalytic regeneration
We studied the catalyst deactivation and regeneration mechanisms in 
greater detail by investigating the oxidation states and relative abun-
dance of elements. Ex situ X-ray photoelectron spectroscopy (XPS) and 
Raman spectroscopy studies were performed following initial H2 activa-
tion (the catalyst reduction step), photocatalysis, thermocatalysis and 
the subsequent photocatalytic regeneration step (Fig. 4a–c). Based on 
the relative ratio of the metallic copper to its oxide species, illumination 
further reduced the initially H2-activated catalyst (the reduction step 
in the reaction chamber before photocatalysis), consistent with the 
gradual increase in the photocatalytic H2 production rate as a function 
of time shown in Fig. 1b. Thermocatalysis led to substantial catalyst oxi-
dation (Fig. 4a,c), which was associated with the reactivity loss observed 
above (Fig. 3a). Plasmonic metals such as Ag, Au and Cu are known to 
form oxides under thermal SMR reaction conditions44, which would 
damp the plasmon and reduce its light-harvesting ability. However, 
subsequent illumination under the reaction conditions (without any 
external heating) resulted in a notable increase in the metallic Cu/oxide 
peak ratio (Fig. 4a,c), consistent with the observed gradual recovery in 
the catalyst activity (Fig. 3d). Rh species remained partially oxidized 
and partially metallic (Fig. 4a,c), which is likely to represent the active 
phase of Rh in SMR20. Raman spectroscopy (Fig. 4b and Supplementary 
Fig. 10b) analysis further revealed the formation of amorphous carbon 
only in thermocatalysis, indicating coking of the catalyst surface. These 
observations further indicated the contribution of plasmon-mediated 
hot carriers in efficient and stable photocatalytic SMR. Hot carriers in 
photocatalysis can facilitate the associative desorption of CO, yielding 
stoichiometric CO production while simultaneously suppressing CO2 
production from the water–gas shift reaction. Phonons excited in ther-
mocatalysis cannot desorb CO efficiently, resulting in poor selectivity 
and poor stability. However, the thermally deactivated Cu–Rh AR can 
be regenerated by hot carriers (Fig. 4d).

Conclusions
In conclusion, we observed that a Cu–Rh AR photocatalyst is reactive, 
selective and stable for photocatalytic SMR once optimized for Rh 
loadings and for the wavelength dependence of its photoreactivity. 
We observed a fast deactivation of the photocatalyst run under ther-
mal, dark conditions, which could be fully regenerated by returning to 
photocatalytic SMR. By following the detailed elemental evolution of 
the catalyst through thermal deactivation and photocatalytic regen-
eration, we observed that hot carrier-related processes promote the 
associative desorption of C and O intermediates and assist the return 
of oxidized photocatalyst to their less oxidized states, consistent with 
a reliable and practical return to photocatalytic activity.

The process of hot carrier-driven desorption resulting in the res-
toration of photocatalyst activity has an extremely important implica-
tion. It may extend catalyst lifetimes and enable the regeneration of 
deactivated catalysts in general.

Methods
Synthesis of Cu–Rh AR
The synthesis of Cu19.5Rh0.5 (19.5 at% Cu and 0.5 at% Rh) was initiated by 
mixing 2,925 µl of a 1.0 M Cu(NO3)2 (61194; Sigma–Aldrich) precursor 
solution (120.8 g Cu(NO3)2·3H2O dissolved in 500 ml deionized water 
from a Milli-Q Advantage A10 system), 1263 µl 0.0594 M RhCl3 precur-
sor solution (156.2 mg RhCl3·xH2O (520772; Sigma–Aldrich) dissolved in 
10 ml deionized water, assuming x = 3), 9.0 ml 1.0 M Mg(NO3)2 (63084; 
Sigma–Aldrich) and 3.0 ml 1.0 M Al(NO3)3 (237973; Sigma–Aldrich) and 
then adding the mixture drop wise into a 150 ml flask while maintaining 
a pH of 8 by adding 1.2 M Na2CO3 (223530; Sigma–Aldrich) as needed. 
For Cu20−xRhx samples with different loadings, the amounts of Cu and 
Rh precursor solutions were varied accordingly. The co-precipitation 
reaction was held at 80 °C for 24 h, then washed with Milli-Q water and 
centrifuged at 1,000g five times. Subsequent treatment involved bak-
ing in an oven at 120 °C overnight, then grinding and filtering through 
a 230–400 mesh. The sample was annealed at 600 °C under a constant 
flow of 50 standard cubic centimetres per minute (sccm) He (Airgas; 
ultrahigh purity; 99.999%). Then, the sample was reduced at 400 °C 
under a constant flow of 20 sccm H2 (Airgas; research purity; 99.9999%). 
Using the prescribed preparation method, the active samples were 
Cu–Rh alloy nanoparticles supported on MgO and Al2O3.

Cu nanoparticles supported on MgO–Al2O3 (20 at% Cu). The prepara-
tion of Cu adopted the same method except that the reaction solution 
contained 3.0 ml 1.0 M Cu(NO3)2, 9.0 ml 1.0 M Mg(NO3)2 and 3.0 ml 
1.0 M Al(NO3)3.

Rh nanoparticles supported on MgO–Al2O3 (0.5 at% Rh). The prepa-
ration of Rh adopted the same method except that the reaction solu-
tion contained 1,015 µl 0.0594 M RhCl3, 9.0 ml 1.0 M Mg(NO3)2 and 
3.0 ml 1.0 M Al(NO3)3. Note that 1,015 µl Rh precursor solution was used 
instead of 1,263 µl so that the final Rh atomic concentration was 0.5 at%.

Characterization of Cu–Rh ARs
The structure of the Cu–Rh ARs was examined by high-angle annular 
dark-field scanning transmission electron microscopy, which was 
performed using an FEI Titan Themis scanning transmission electron 
microscope equipped with both spherical and chromatic aberration 
correctors. Samples were reduced before being suspended in iso-
propanol and then drop cast onto a Ni-lacey carbon transmission 
electron microscopy grid. The overall structure of the Cu–Rh catalysts 
was similar to those previously reported for Cu–Ru39,40. The active 
alloy nanoparticles were spherical (Supplementary Fig. 3a,d) with 
an average diameter of 16 nm for Cu (Supplementary Fig. 3g). Based 
on energy-dispersive X-ray spectroscopy mapping (Supplementary 
Fig. 3b,e), Cu tended to form nanospheres, whereas Rh was distributed 
across the surface, meaning that Rh can be alloyed with Cu, but some 
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free Rh species (probably in the form of sub-nanometre clusters or 
single atoms; Supplementary Fig. 3c,f) may also exist on the oxide 
support. Powder X-ray diffraction spectra were measured on a Rigaku 
D/MAX Ultima II instrument using Cu Kα radiation. Spectra were col-
lected from 30–100° at a speed of 2° min−1. Samples were reduced 
before being quickly transferred onto the sample holder. Three peaks 
matching literature values of MgO and no peaks matching Al2O3 (Sup-
plementary Fig. 4) were observed, indicating the amorphous nature 
of Al2O3. Cu–Rh had five peaks matching Cu and no peak correspond-
ing to Rh because of the relatively low loading of Rh (Supplementary 
Fig. 4). Diffuse reflectance was measured using an Agilent Cary 5000 
UV-Vis-NIR spectrometer. A Praying Mantis Diffuse Reflectance Acces-
sory (DRP-VA; Harrick Scientific Products) was attached to the spec-
trometer to convert the light configuration from transmission mode 
to diffuse reflection mode. After catalyst pre-treatment, the sample 
was quickly transferred to the Praying Mantis accessory. The spectrum 
was collected from 400–800 nm with a scan rate of 600 nm min−1. 
MgO powder (342793; Sigma–Aldrich) was used as a white reference 
for collection of the background spectrum. Reflectance data were 
collected using the spectrometer and then converted to absorption 
values (Fig. 2b) using the Kubelka–Munk diffuse reflectance formula. 
Raman spectra (Supplementary Figs. 1, 2 and 10) were collected using 
a Renishaw Raman microscope with a 785 nm excitation wavelength 
and 5 mW of power. Samples were sealed in the reaction cell, which had 
an optical window allowing for Raman detection. XPS was performed 
on a PHI Quantera X-ray photoelectron spectrometer under ultrahigh 
vacuum conditions with a step size of 0.2 eV and a pass energy of 55 eV. 
Cu–Rh AR samples were prepared and treated under the corresponding 
conditions in the Harrick reaction cell and quickly transferred for XPS. 
All XPS spectra were calibrated by C1s of 284.8 eV.

SMR reaction
Photocatalysis was performed in flow mode under ambient pressure 
and room temperature. Catalyst (1.5 mg) was loaded in the Harrick 
reaction chamber, which allowed for laser illumination through a CaF2 
optical window. A supercontinuum white light laser (WL-SC-400-8; 
Fianium; 400–900 nm; 4 ps; 80 MHz) was used as the illumination 
source in all of the experiments. The radiant flux (or simply the optical 
power) was tuned using a neutral-density filter (NDC-100C-2M; Thor-
labs) and measured using a thermal power sensor (S401C; Thorlabs). 
The reactant gas CH4 (Airgas; ultrahigh purity; 99.999%) and prepara-
tion gases were fed into the reaction chamber through gas mass flow 
controllers (MFCs; Alicat Scientific). The effluent gas was analysed by 
gas chromatography (GC-2014; Shimadzu). CH4 was separated using 
an Rt-Q-BOND capillary column (Restek; 0.53 mm internal diameter; 
20 μm film thickness; 30 m capillary column length; 10 °C min−1 ramp-
ing to 150 °C) and detected using a flame ionization detector. H2, CO 
and CO2 were separated using a ShinCarbon packed column (Restek; 
60/80 mesh particle size; 1.59 mm outer diameter; 2 m capillary column 
length; 100 °C) and detected using a pulsed-discharge helium ioniza-
tion detector. Alternatively, quadrupole mass spectrometry (QIC-20; 
Hiden Analytical) could be used to quantify the products. In a typical 
photocatalysis experiment, CH4 (0.60 sccm) and balancing He were 
mixed and flowed through a water bubbler (7533-19; Ace Glass) under 
ambient pressure with a total flow of 20 sccm, which carried 3% water 
vapour so that a 1:1 ratio of CH4 to H2O was maintained. The water bub-
bler was sealed with o-rings and the air tightness was tested regularly. 
Only pure Milli-Q water was used and the dissolved air was removed by 
bubbling with He overnight before each experiment. The conversions 
of CH4 in all of the experiments (except for the conversion studies) 
were consistently kept below 5% to minimize mass transfer limitations. 
Rh-loading-dependent stability was studied for the Cu20−xRhx systems, 
where x = 0.1, 0.2, 0.5, 1.0 and 2.0 (Fig. 1b,c). The samples were synthe-
sized using the described method by adjusting the amounts of Cu and 
Rh precursors. 1.5 mg of the annealed Cu–Rh AR was mounted into the 

reaction chamber, which was activated by H2 reduction, as described in 
the section on catalyst preparation. Samples were illuminated under 
0.5 W white light (at a beam diameter of ~1.8 mm and a power density 
of ~20 W cm−2) without external heating, thus for the photocatalysis 
studies the only energy source was the light. All samples including the 
pure Cu and pure Rh were treated under the same conditions, mak-
ing the results in Fig. 1 comparable to each other. For the wavelength 
dependence studies (Fig. 2a,b,d), bandpass filters centred at 450, 475, 
500, 525, 550, 575, 600, 650 and 700 nm with a width of ±25 nm were 
used to pick the wavelengths. A constant power of 100 mW (at a beam 
diameter of ~1.2 mm and a power density of ~8.5 W cm−2) was used for 
each of the wavelengths by adjusting the neutral-density filter. The 
reason for using a smaller beam diameter than in the case of the sta-
bility tests (Fig. 1) was to obtain a higher power density, since the laser 
power at some wavelengths was limited after wavelength selection. 
For blue wavelengths, the supercontinuum laser (Fianium) can only 
give ~100 mW output (Supplementary Fig. 5b).

Operando measurement of photothermal heating. The surface 
temperatures of the photocatalysts under illumination were moni-
tored using an infrared camera (A615; FLIR) whose working wave-
length range was 7.5–14 µm, precluding interference from the white 
light laser whose spectrum is shown in Supplementary Fig. 5b. A CaF2 
window was used in the reaction chamber and its external optical 
transmission coefficient was calibrated to 0.46. Owing to the porous 
nature of the powder sample, the emissivity of the sample powder 
was set to 0.95. Details on verification of the accuracy of the infrared 
camera are provided in our previous publications39,40,42,53, specifi-
cally in supplementary figure 11 of ref. 39, supplementary figure 42 of  
ref. 40 and supplementary figure 13 of ref. 42. For photocatalysis, the 
hottest surface temperatures, localized to the laser beam profile, 
were used to evaluate the photothermal contribution under various 
illumination conditions. Power dependence studies (Fig. 2e,f) were 
carried out by changing the illumination power of the white light 
laser using a neutral-density filter from 150–300 mW, corresponding 
to power densities from 12.8–25.6 W cm−2. For the partial pressure 
dependence studies (Fig. 2h and Supplementary Fig. 8c), the CH4 par-
tial pressure was adjusted between 1.0, 1.5, 3.0, 6.0 and 9.0%, whereas 
the H2O partial pressure was kept constant at 3% under 200 mW white 
light illumination (17 W cm−2). Thermocatalysis of SMR (Fig. 3a–c) was 
also performed in flow mode under atmospheric pressure. Typically, 
5 mg catalyst was loaded into the Harrick reactor. 3% CH4 and 3% H2O 
(balanced by He) were flowed through the catalyst with external heat-
ing ranging from 250–550 °C (with a step size of 50 °C) applied to the 
catalyst without laser illumination. Deactivation and regeneration 
(Fig. 3d–f) studies included H2 activation at 500 °C, photocatalysis at 
200 mW Fianium illumination, thermocatalysis at 450 °C and photoca-
talysis at 200 mW, sequentially. After the sequential steps, the sample 
was transferred to the XPS instrument to study the oxidation states 
of surface species (Fig. 4a,b). Apparent activation barrier measure-
ments were carried out under constant illumination with externally 
applied heating. This was the only photocatalytic SMR reaction for 
which we applied external heating to give temperature gradients for 
the Arrhenius plots. A monochromatic laser (Chameleon) was used at 
467 nm and 300 mW for the studies whose results are shown in Fig. 2g 
and Supplementary Fig. 8a. Conversion studies (Fig. 2i) were carried 
out under 3% CH4 and 3% H2O, with varying total flow rates under 
Chameleon illumination (467 nm and 300 mW).

Calibration and quantification of the products
Pure H2, CO and CO2 gas cylinders, along with three standard gas cylin-
ders (2.998% H2, 297.6 ppm H2, 0.0930% CO and 0.0990% CO2 balanced 
with He; AirGas Certified Standard-Spec with an analytical uncertainty 
of ±2%), were diluted to various known concentrations using the MFCs. 
The gas mixtures were then fed into the gas chromatograph to obtain 
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the detector response, establishing a calibration curve between the 
volume (molar) fraction (∆p) and gas chromatography spectrum peak 
area. For the actual flow-mode catalysis experiment, gas chromatogra-
phy peak spectra were collected and absolute product rates (rabs) were 
quantified by total flow rate and the calibration curve, as in equation (1):

rabs (μmol s−1) = Δp × flow (sccm)
60 (s min−1) × 22,400 (mlmol−1)

× 106 (μmolmol−1)

(1)

The specific reactivity (rRh) can be normalized to the mass of  
Rh (mRh) present in 1.5 mg catalyst (Fig. 1b) using equation (2):

rRh (μmol s−1 mgRh −1) = rabs (μmol s−1)
mRh (mg) (2)

This is linearly correlated with the TOF using the atomic mass of 
Rh (102.9 amu), as in equation (3):

TOF (s−1) = rRh (μmol s−1 mgRh−1) × 102.9gmol−1 (3)

The specific reactivity can also be normalized to the volume of 
catalyst bed (Vcatalyst bed), resulting in the space–time yield in equation (4):

Space-time yield (μmol cm−3 s−1) = rabs (μmol s−1)
Vcatalyst bed (cm3)

(4)

To compare the reactivity between Cu–Rh and pure Cu, the TOF 
cannot be used because there are no Rh reactors on pure Cu samples. 
Thus, the rate is normalized (r0) to the total mass (mcatalyst) of the catalyst 
in equation (5):

r0 (μmol s−1 g catalyst−1) = rabs (μmol s−1)
mcatalyst (g)

(5)

In the illustrations of catalyst evaluations, H2 is typically plotted 
to evaluate the reactivity and stability profile of the catalyst, whereas 
CO (or CO2) is expressed as the ratio between CO (or CO2) and H2 to 
account for selectivity.

External quantum efficiencies are plotted in Fig. 2e and defined in 
equation (6), where NA is the Avogadro constant and Ephoton is the aver-
aged photon energy, taken as 700 nm for the white light laser.

EQE = rabs (μmol s−1) × NA (mol−1)
optical power (W)/Ephoton ( J )

(6)

Error analysis relating to product selectivity was performed using 
equations (7)–(10):

SCO = rCO
rH2

(7)

log(SCO) = log(rCO) − log(rH2 ) (8)

δ[log(SCO)] = δ[log(rCO)] − δ[log(rH2 )] (9)

δ SCO
SCO

= δ rCO
rCO

−
δ rH2

rH2

(10)

According to equation (1), rCO is proportional to Δp (the volume 
fraction of CO) in the gas mixture. Thus, we have

δ SCO
SCO

= δVCO
VCO

−
δVH2

VH2

(11)

The standards we use have ±2% analytical uncertainty according 
to the Certificate of Analysis of Airgas, introducing ±2% error in δVCO

VCO
, 

as well as in δVH2

VH2
. MFCs used in this experiment contained ±0.6% error 

according to the technical data of Alicat. All of the above systematic 
errors could accumulate to δ SCO

SCO
 = ± 2.0 ± 2.0 ± 0.6 ± 0.6 = ± 5.2%. The 

same is true for the CO2 /H2 ratio measurement.

Study of the electrodynamics of Cu–Rh AR
Monte–Carlo simulations were performed to study the paths of mul-
tiple photons within the sample and to evaluate the absorbed photon 
ratio via a custom-coded program in C. The simulation was based on 
the Monte–Carlo method outlined previously58. The sample was mod-
elled as the mixture of gases (CH4, H2O and He) and Cu nanoparticles 
on MgO–Al2O3 substrate particles in an 8 × 8 × 5 mm3 box. The volume 
fraction of each solid component was estimated based on the total 
mass of the sample, the molar fraction of each component (based on 
the synthesis) and the corresponding density. The absorption and 
scattering coefficients were determined by summing the absorption 
and scattering cross-sections (σ) weighted by the volume fraction (ρ) 
of the Cu and substrate particles, as in equations 58 and 59 of ref. 38.

The optical properties of the substrate were calculated for MgO–
Al2O3 particles with sizes ranging from 1–100 µm. The refractive index 
of the substrate was approximated using the Maxwell–Garnett effec-
tive medium model by mixing the dielectric functions of MgO59 and 
Al2O3

60. Size distributions of Cu nanoparticles (Supplementary Fig. 3g)  
were incorporated when calculating the optical cross-section of Cu. 
The surface effect on the dielectric function was considered using 
the modified frequency-dependent permittivity, as in equations 47 
and 48 of ref. 38. The resulting absorption spectrum is comparable to 
that of the experimental diffuse reflectance Kubelka–Munk formula 
(Supplementary Fig. 5a).

The temperature profile of the catalyst pellet was simulated using 
COMSOL, following the method developed previously43. A two-dimen-
sional axisymmetric heat-transfer model in COMSOL Multiphysics 5.6 
was used to evaluate the wavelength-dependent temperature of the 
sample. The system geometry resembled the photocatalysis experi-
mental setup and included three distinct regions: a cylinder-shaped 
reaction pellet (containing the catalyst and gas) with dimensions of 
2 mm diameter and 1 mm height (Supplementary Fig. 5c); a steel cyl-
inder ring (supporting the reaction pellet) with an inner radius of 
1 mm, an outer radius of 3.1 mm and a height of 2.5 mm; and a steel 
cylinder box with a diameter of 10 mm and a height of 20 mm, which 
contained the pellet and steel ring and was filled with environmental 
gas at a pressure of 1 atm.

When illuminated with normal incidence light, the reaction pellet 
absorbed a fraction of the laser power, which was then converted to heat. 
The light intensity decreased exponentially along the incident direction, 
resulting in a penetration depth of ~10 µm41. Two-dimensional surface 
heating was applied to the top surface of the reaction pellet to model 
the heat source, which followed a Gaussian distribution based on the 
quasi-Gaussian beam profile of the incident laser (supplementary figure 
4 of ref. 38). The magnitude of the heat source was the product of the 
incident laser power and the wavelength-dependent absorbance of the 
sample, which was obtained from the Monte–Carlo simulation (Supple-
mentary Fig. 5a). When white light was used, the spectrum of the white 
light laser (Supplementary Fig. 5b) was also included as a weight factor.

The thermal conductivity of the solid–gas mixture in the sample 
pellet and solid Cu–MgO–Al2O3 was calculated using the Maxwell– 
Garnett effective medium model. The gas in the mixture was the same as 
in the photocatalysis experiment (CH4, H2O and He). The temperature-
dependent thermal conductivity of the gas mixture was calculated using 
the Wassiljewa equation with the Lindsay and Bromley coefficient61.

kmix =
n

∑
i=1

xiki

∑n

j=1Aijx j

(12)
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Aij =
1
4

⎧⎪
⎨⎪
⎩

1 + [μi

μj
(
M j

Mi
)

3
4 1 + Si

T

1 + S j

T

]

1
2 ⎫⎪
⎬⎪
⎭

2

1 + Sij

T

1 + S j

T

(13)

where xi, ki, μi, Mi and Si are the mole fraction, thermal conductivity, 
dynamic viscosity, molecular weight and Sutherland constant of the 
i-th gas, respectively. Values of the temperature-dependent thermal 
conductivity of the pure gas were obtained from ref. 62. Values of 
the temperature-dependent dynamic viscosity were obtained from  
ref. 63. Values of Sutherland’s constant were from ref. 64. The resulting 
photothermal heating spectrum predicted the general trend of the 
experimental results (Supplementary Fig. 5d).

Hot carrier injection rate simulation
A hot carrier injection model (Fig. 2c, inset) was used to simulate the 
wavelength-dependent reactivity (Fig. 2a) following the method of a 
previous study (equations 50–56 in ref. 38), which modelled the genera-
tion and injection of hot carriers in plasmonic photocatalysis. Three 
sources of hot carrier generation were included to calculate the hot 
carrier distribution: direct interband transitions; intraband transitions 
due to Drude damping; and geometry-assisted intraband transitions 
(Landau damping). The ratio of each component was determined from 
the corresponding imaginary part of the permittivity. The initial carrier 
distribution from a direct interband transition was dependent on the 
electronic structure and was evaluated using the quantum mechan-
ics software JDFTx51,65. The Drude electron and geometry-assisted 
hot electron generation rate could be approximated using classical 
calculations. The hot carrier injection rate spectrum was determined 
by integrating the product of the density of states of the adsorbate 
antibonding orbital and the rate of overall hot carrier generation over 
the carrier energy (equation 56 in ref. 38). The antibonding orbital was 
approximated as a Lorentzian function with a centre energy ε0 and a 
line width of 0.1 eV. The normalized spectra of hot carrier injections 
for various ε0 values are plotted in Fig. 2c.

Data availability
Additional datasets generated and/or analysed during the current study 
that are not included in the published Article and associated Supple-
mentary Information, including the atomic coordinates for the JDFTx 
calculations, are available from the open-access Zenodo repository at 
https://doi.org/10.5281/zenodo.13377300 (ref. 66).

Code availability
Python codes for the EM simulation and hot carrier distribution  
calculations are available from the open-access Zenodo repository at 
https://doi.org/10.5281/zenodo.13377300 (ref. 66).
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