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Supplementary Text 

Preparation and Optimization of photocatalysts for CH3OH dehydrogenation 
 
Catalysts preparation. The W-C phase diagram suggests that the formation of WC is 
thermodynamically favoured between 300 to 1200 ℃ (1). To form WC, the relative amount of carbon 
precursor to tungsten precursor is needed to be at 50% based on the phase diagram (1) and employed 
the carburization process at high temperature in a vacuum or hydrogen atmosphere. Under vacuum, 
carbon diffusion is limited to very short distances, suggesting WC only forms when the solid carbon 
source directly interacts with tungsten (2). Conversely, a homogeneous distribution of carbon can be 
possible during carburization in hydrogen atmosphere (2). Under a hydrogen atmosphere, carbon travel 
in the form of hydrocarbons over a distance from several millimetres to centimetres (2). Within this work, 
we used a complex mixture of tungstic acid (H2WO4), urea and ethanol in a H2/Ar gas mixture 
atmosphere under vacuum conditions. The carburization was carried out for 3 hours at 850 ℃ with slow 

ramping of 2 ℃/min. Here urea functions as a carbon source for WC. Due to high temperature 
decomposition, urea can produce various gaseous products: NH3, CO2 and CO gases (3).  Ethanol 
serves as a complexing agent and remain at trace level which eliminates from reaction tubular furnace 
as temperature rises. With continuous H2/Ar gases mixture, much of the tungsten precursor reduces 
into metallic W, and carbon contents decrease due to the produced gases (NH3, CO2, CO, etc.,) (4) 
from urea has more available time to escape from the outlet of the tubular furnace. Once the 
temperature reaches at 850 ℃ (where it is held for 3 hours) the formed gases are more available to 
metallic W, which may react with solid carbon to form WC. In this way, we synthesized WC/W 
nanoparticles (NPs). Moreover, the formation of solid carbon from urea at hydrogen atmosphere (5, 6) 
can induce epitaxial growth of WC on W (7-11). A similar heteroepitaxial growth of WC on W at hydrogen 
and methane gas mixture environment can be found elsewhere (12). To form the Cu-WC/W composite, 
we add different weight percentage of Cu source to tungsten precursor complex above following the 
co-reduction process. At the same time, the formed carbon contents are reduced by reaction with W to 
form WC, while some reacted with Cu. Note that there is no chemical bonding between Cu and W, 
signalling that Cu exist as an individual entity on the tungsten skeleton. We introduced other non-noble 
metals such as Ni, Mg, Ca, and Zr to the above tungsten complex following the same thermal treatment 
process. 
 

Effects of Cu precursor loading on H2 production.  We prepared four different Cu-WC/W NPs by 
utilizing 1, 2, 4, and 6 weight percentage of Cu precursor into tungstic acid complex. Once prepared, 
we tested the H2 production from pure CH3OH dehydrogenation using AM 1.5 G simulated light 
conditions at ambient conditions. After 2 hours of continuous illumination, we observed the hydrogen 
production efficiency was higher for 2% Cu loading (2176.66 µmole.g-1.h-1) as compared with other 
studied catalysts as shown in Fig. S1. Additionally, the H2 formation efficiency was up by almost a  factor 
of 14 for 2% Cu-WC/W NPs compared to bare WC/W NPs (156.83 µmole.g-1.h-1). Note the performance 
of both of 4 and 6% samples was lower (1310, and 933.71 µmole.g-1.h-1, respectively) than 2% Cu-
WC/W NPs but higher than 1% Cu-WC/W NPs sample (620 µmole.g-1.h-1). The sharp maximum rate of 
2% Cu-WC/W NPs was associated with the nature of the active site for the reaction (it necessitates the 
presence of both Cu and WC/W NPs surface) which occurs at the heterointerface where all the feeding 
components in the reactions, for example, light-excited electrons and adsorbed CH3OH can be brought 
together (13). The loss in activity of both of 4 and 6% Cu-WC/W NPs samples indicates further loadings 
of Cu source, might not improve the H2 production from pure CH3OH whereas a similar observation 
was also made for 1% Cu-WC/W NPs. This might be related to the fact that at higher loadings of Cu 
NPs, there is reduced reactive area from WC remaining to be exposed to reactants. This is a kind of 
shadowing of the photoactive support by the Cu NPs, resulting in reduced H2 production. Similar 
observations were reported for Au (14), Pd (15) and Pt (16) NPs loadings on TiO2 materials in H2 
production from photocatalytic CH3OH steam reforming processes. However, we describe the 
characterization and optical properties of 2% Cu-WC/W NPs sample elaborately within this study 
alongside 1% Cu-WC/W NPs and 4% Cu-WC/W NPs samples where appropriate. 
 

Effects of non-noble metals incorporation on H2 production. Stimulated by higher plasmonic 
photoactivity of 2% Cu-WC/W NPs from methanol decomposition, we took further steps to check 
whether Cu-like non-noble metals incorporation to WC/W NPs could provide more H2 efficiency under 
AM 1.5 G simulated conditions. As displayed in Fig. S2, the H2 efficiency magnitude of 2% Cu-WC/W 
NPs was superior compared to other non-noble based metals-WC/W NPs. This could be related to the 
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fact that other noble free metals such as Ni, Mg, Ca, and Zr introduction to WC/W NPs might alter the 
surface of WC/W NPs, possibly with formation of oxides that were not identifiable in the 2% Cu-WC/W 
NPs. Note that the photocatalytic H2 formation over bare Cu NPs is deemed to be very low which could 
be associated with poor dispersion of Cu NPs in CH3OH solution. This is likely because Cu NPs are 
highly agglomerated and hence have low solubility in CH3OH solution. However, agglomerated NPs are 
reasoned to be effective in increasing the absorption range of Cu NPs because the agglomerations 
increase the scattering ability of NPs (17). A contrasting observation was made for Cu-WC/W hybrid 
nanostructure in CH3OH solution where the composite is easily dissolved in the methanol, resulting in 
outstanding photocatalytic performance. This is probably linked to the fact that the distribution of Cu 
particles on WC/W is at low density 
 
Effects of illuminated energy on H2 production. As noticed from Fig. S3, the H2 production efficiency 
is far better under AM 1.5 G simulated light illumination, reaching to 2176.66 µmole.g-1.h-1 and drops by 
nearly 2 fold under 420 nm illumination. At 700 and 800 nm, the H2 efficiency never approached the 
value observed with AM 1.5 G simulated light irradiance. 
 

XRD analysis. Fig. S4 shows the X-ray diffraction (XRD) pattern for in-situ prepared WC/W sample 
assignable to elemental W having the body–centered cubic (bcc) structure with multiple peaks at 2θ = 
40.35, 58.37, and 73.35o, corresponding to (011), (002), and (112) plane, respectively (ICSD # 653433); 
whereas WC shows no visible peaks implying that WC might have a crystalline aspect with short-range 
order. After the introduction of bare Cu precursor, the XRD pattern of WC/W exhibited three additional 
peaks, maintaining the peaks related to WC/W while three peaks could be assigned to the (111), (002), 
and (022) planes of face-centered cubic (fcc) elemental Cu phases located at 2θ = 43.52, 50.56, and 
74.28o, respectively (18, 19). No other peaks were identified, indicating that the in-situ synthesised 
WC/W nanoparticles (NPs) is free from other impurities. Traditionally, when carbide materials prepared 
under a reducing hydrogen atmosphere above 800 oC in presence of excessive gaseous carbon 
precursors, there is a possibility of coke formation on WC surface which can be detrimental towards 
catalytic activity (20, 21). Nevertheless, the synthetic approach within this study is selectively 
engineered by limiting the carbon precursor volume which permits the formation of only WC besides 
elemental W and thus avoiding coking formation.  
 

Complex refractive index and dielectric properties analysis. Figs. S13-14 show the complex 
refractive index and extinction co-efficient of Cu and WC samples, respectively. The refractive index (n) 
is the measure of the reduction in the rate of the speed of light in the medium (22) whereas extinction 
co-efficient (k) is the measure of how fast light energy is lost in the materials. The values of n increases 
with wavelengths whereas k follows declining characteristics from 400 nm, reaching to almost zero 
value at near infrared (NIR) region for Cu sample (Fig. S13). With increasing n values, the k values of 
WC sample (Fig. S14) against wavelength show that WC could harvest visible frequencies starting at 
400 nm to the entire NIR region due to the decrease of k value. Parallel observation was marked for 
metallic W which reveals poor solar light harvesting capacity (both n and k values of W is higher than 
bare Cu and WC samples) as shown in Fig. S15. It is explicitly evident that bare Cu NPs sample, with 
lower n and k than WC and W, show the improved light harvesting features for methanol 
dehydrogenation reaction. 
 

 

Solar to Hydrogen conversion efficiency. The solar to hydrogen conversion efficiency can be defined 
as:  STH = (Poweroutput/Powerinput) x 100% 
where Poweroutput is equal to the multiplication of hydrogen production per second and the free energy 
required (23) to produce one mole hydrogen from CH3OH dehydrogenation which was determined to 
be {(8.70 x 10-6/3600) x 92.7  x103} ≈ 2.240 x 10-4 J/s. The Powerinput is equal to the multiplication of 
power of illumination and the illuminated area which was calculated to be {(0.942 x 10-3) x 10} = 9.42 x 
10-3 J/s. Based on the above definition, the STH was determined to be (2.240 x 10-4 J/s / 9.42 x 10-3 J/s) 
x 100% ≈ 2.40 %. 
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Calculation of quantum efficiency. The sample solution was illuminated by a 300 W Xe light source 
passed through an AM 1.5 G filter, which has an average wavelength of about 550 nm. The irradiated 
sample solution area was 10 cm2 and the average intensity of irradiation was measured using a digital 
photoradiometer. Based on hydrogen reduction reaction (2H+ + 2e- → H2), two electrons are needed to 
generate one hydrogen molecule. Apparent quantum efficiency (AQE) was calculated at λ = 550 nm for 
2% Cu-WC/W NPs catalysts in pure methanol by combining the molar amount of H2 and the number of 
absorbed photons as shown: The amount of hydrogen molecules produced per second (NH2/s) was 
calculated to be 8.7 x 10-6 mol x 6.02 x 1023 mol-1/ (3600 s) ≈ 1.45 x 1015 s-1. The amount of incident 
photons per second (Nphotons/s) was calculated to be (550 x 10-9 x 9.42 x 10-3)/ (6.626 x 10-34 x 3 x 108) 
≈ 2.6 x 1016 s-1. The ratio between NH2/s and Nphotons/s gives AQE which was determined to be (2 x 1.45 
x 1015 s-1/2.6 x 1016 s-1) x 100% ≈ 11. 20 %.  

 

Inductively coupled plasma test. As determined by the ICP experiments, the actual Cu loadings in 
the sample were 3.9 wt% while the experimental loadings were 2 wt%. After the photocatalytic reaction, 
the Cu loadings were found to be similar (4.3 wt %), which is indicative that the as-prepared plasmonic 
photocatalysts do not undergo the leaching event during methanol dehydrogenation to hydrogen 
production. The similar W loadings before and after catalysis, which were 90.8 and 88.0 wt%, 
respectively, were also received. The ICP analysis further demonstrated that the plasmonic Cu-WC/W 
nanohybrid sample is highly stable. 
 

Liquid products identification after photocatalysis of methanol over plasmonic 2% Cu-WC/W 
NPs. The 1H-NMR spectra before and after reaction for both pure methanol and the liquid-mixture 
sample are shown in Fig. S25A, B. In 1H-NMR spectrum, the chemical shifts for methanol (CH3OH) 

have two symmetric chemical shifts at around 3.51 ppm and 3.16 ppm, which are due to the J-

coupling between natural-abundance 1.1% 13C and 1H in CH3 of methanol that is exhibited in Fig. 
S25A (24). However, the zoom in on Fig. S25A identifies no other peaks except the reference 
deuterated methanol (CD3OH). Over 1000 hours of plasmonic photocatalysis, numbers of new peaks 
appear as shown in Fig. S25B. The peaks at 8.07 ppm is ascribed to the H of HCOOCH3 (methyl 
formate) (25) while peaks at 4.57 ppm correspond to the CH2 of CH3OCH2OCH3 (methylal) (26). The 
peak at 3.73 ppm corresponds to the OCH3 group from both HCOOCH3 and CH3OCH2OCH3 (25, 26). 
In addition, the chemical shifts at ~3.73 ppm has spin-spin splitting because of the non-equivalent 
neighboring atoms.  
 

Measurement of selectivity. The photodecomposition of CH3OH not only produces hydrogen as a 
self-separable gas product but also generates methylal and methyl formate as liquid products. After 
complete photoreaction, we identified the liquid products using GC-FID instrument. From GC-FID 
experimentation, we obtained corresponding peak areas for methylal and methyl formate. Using 
standard methylal and methyl formate solution (Figs. S26-27), we formulated a calibration curve to 
calculate the amount of liquid product. Taking methylal as an example: The obtained peak area of 
methylal (Fig. 4D in the main text) was determined to be 79.41 pA x min. The amount of methylal was 
determined to be 79.41 x 105 = -13091.38 + 268580.66 x X ≈ 268580.66 x X = 79.41 x 105 + 13091.38 
≈ X = 29.61 mole. The produced amount of methyl formate was 6.97 mole. The selectivity of liquid 
products is calculated based on carbon species formation while the selectivity of methylal was 
calculated to be 29.61 mole/ (29.61 mole + 6.97 mole) x 100% = 80.94%. In this way, the selectivity of 
methyl formate was estimated to be 19.06%. 
 

Validation of no COx compounds formation. Fig. S30A shows a representative gas chromatogram 
of a pure methanol solution which displays hydrogen gas at a retention time (RT) of 1.570 min. Fig. 
S30B, C shows the RT of pure carbon monoxide (CO) and carbon dioxide (CO2) gases at 3.781 and 
12.21 min (27) respectively along with unavoidable air (O2 at 2.975 min and N2 at 3.014 min) 
contamination. Taking the RT of CO and CO2 as a reference point, we found that the formation of H2 
from methanol dehydrogenation is completely avoiding the evolution of CO and/or CO2, confirming that 
the hydrogen production process in this work is a clean, green, environmentally benign, and safe 
process.  
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Electron paramagnetic resonance (EPR) experiments with control sample. Neither DMPO (A) nor 
DMPO with methanol (B) nor DMPO with methanol in the presence of WC/W sample (C) under dark 
conditions yielded a significant EPR signal (Fig. S31). Even under illumination the WC/W sample failed 
to produce a reasonable DMPO-CH3O* free radical adduct signal (D, E, F, G). Therefore, it is expected 
that the bare WC/W NPs sample is required to hybridize with plasmonic metallic Cu NPs to drive the 
CH3OH dehydrogenation reaction to produce H2 (H, I, J, K). 
 

Methanol dehydrogenation to H2 and methylal and methyl formate formation under plasmonic 
excitation. Plasmonic excitation upon visible light illumination can result in energetic charge carriers 
(hot e--h+ pairs) forming on the NPs surface, which has been studied previously in the perspective of 
chemical reactions transformations (28-30). The extraction of charge carriers and their directional flow 
towards the catalytic sites in reactive environment could be multistep under plasmonic excitation when 
considering multimetallic nanohybrid system, for example the Cu-WC/W NPs in this work. We postulate 
that methanol underwent a multi-hole assisted oxidation processes to yield H2 under plasmonic 
excitation at the NPs junction via a direct and indirect charge transfer mechanism (30, 31) at solar light 
illumination conditions as expressed in reaction 1 and 2. We hypothesize that hot hole mediated CH3OH 
oxidation over plasmonic Cu-WC/W NPs can be influenced by multiple factors: (1) modulation of 
reaction pathways of WC catalyst under perturbation by strain field from W template and electric field 
from WC LSPR itself, (2) broadband absorption from plasmonic Cu NPs generates energetic charge 
carriers (hot e--h+ pairs) in Cu which flow to the neighbouring WC catalyst because of WC’s higher 
imaginary part of dielectric function than Cu NPs (30, 31), and (3) Cu’s LSPR results in direct energetic 
charge carrier formation at Cu-WC interface via plasmon decay. A cooperative and mutual efforts of 
these factors play a role in methanol oxidation with proton reduction to H2 fuel at Cu-WC interfaces.   
  
CH3OH* + h+ → CH3O* + H+       (S1) 
CH3O* + h+ → HCHO* + H+       (S2) 
H+ + H+ + 2e- → H2                                                                                                                                                           (S3) 
 
Once the reaction steps (S1) completed by consuming one hole on WC NP surface, the intermediate, 
CH3O* (methoxy species) experiences further oxidation steps (S2) to yield formaldehyde that evolved 
in existence of second hole. The photoexcitation cycle completed by capture of 2e- to reduce the two 
available protons for H2 fuel (S3). In these processes, the formation of second e--h+ pair (which provide 
the second hole for step S2) is critical which needs to be formed within few-μs timescale (the lifetime of 
CH3O* is around 4 μs in CH3OH solution (32)) on NPs immediately after the one hole driven CH3OH 
oxidation process. Nevertheless, the availability of HCHO in excess of methanol in the solution to yield 
methylal (CH3OCH2OCH3) via combination process (33) while the successive decomposition of CH3O* 
forms other intermediates species (S4-S6) those participate into multistep reaction pathways to 
generate methyl formate, HCOOCH3 (34) is likely to proceed. These formed intermediate species further 
underwent recombination reactions to yield methyl formate, HCOOCH3 as shown in reaction S7-S9. 
 
CH3O* → HCHO* + H+         (S4) 
HCHO* → HCO* + H+        (S5) 
HCO* → CO* + H+         (S6) 
CH3O* + HCO* → HCOOCH3        (S7) 
CH3O* + HCHO* → H2COOCH3 → HCOOCH3 + H+    (S8) 
CH3OH* + CO* → HCOOCH3       (S9) 
 
We observed that the formation of HCOOCH3 is lower as compared to methylal (Fig. 4D in the main 
text) which indicates that the formation of methyl formate is suppressed in some degree due to the 
unavailability of methoxy species to induce the reaction S4. This is because the methoxy species were 
consumed mostly by reaction S2 which is dominating over reaction S4. As a result, the methylal yield 
is appeared to be faster and progressed rapidly in excess of methanol solution. Reactions S7-S9 are 
indicating possible ways to make HCOOCH3 where reaction S7 is considered to be most feasible and 
selective over reaction S8 and S9. Methyl formate formation via S8 is thought to be indirect pathway 
because its involvement with dehydrogenation process for intermediate H2COOCH3 species (34). 
 
On final note, in addition to the discussed microenvironments role on methanol dehydrogenation to H2 
in the main text, we believed that methanol itself does play vital role too. Indeed, methanol is recognized 
as a good hole scavenger which could induce multi-hole reaction steps due to hot hole localization (28) 
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on the surface of WC NPs. In other words, methanol has strong electron-donating capacity on the NPs 
surface. This corollary indicates that the photoexcited charge carriers under solar light illumination could 
transfer the excitation to the CH3OH molecules, with energetic holes and electrons to drive the methanol 
oxidation and the subsequent proton reduction to H2 fuel. Parallel observations were made previously 
in which the presence of hole scavenger could promote the transient photoexciation at the NPs-
molecule interface (35, 36). Moreover, the concentration of hole scavenger can affect the multi-hole 
driven process, as highlighted that the higher the hole scavenger concentration, the higher the rate of 
multi-hole oxidation as well as larger the multi-electron reduction process (37). Note that the Cu-WC/W 
photocatalysts in this work were suspended in the excess pure methanol (purity ~ ≥ 99.9%) during 
methanol dehydrogenation. Collectively, all these factors play role in triggering the CH3OH oxidation at 
the interface as the highly energetic holes interact with the adsorbed CH3OH molecules, yielding H2 
along with industrially relevant products. 
 

Computational details for excited state. Simulations of excited state reactivity of WC surfaces were 
investigated using cluster models of the unstrained and strained structures. A representative W12C12 
cluster and the reagent were excised from each of the optimized structures. The electronic properties 
of these models were subsequently computed using the ORCA 5.0.3 software package (38). The 
ground state was solved using the CAM-B3LPY functional (39), reported to be consistent with coupled-
cluster theory for nanoparticles, (40) and the def2-TZVP (41) basis set with an effective core potential 
for W (42). The lowest 4 singlet–singlet vertical electronic excitations were calculated at the same level 
of theory by means of time dependent-DFT, using the Tamm–Dancoff approximation. This resulted in 
the reaction energy diagram (Supporting Information, Fig. S35) that qualitatively reproduces the results 
from plane-wave DFT, in particular, the CH3O→CH2O energetic differences (Supporting Information, 
Table S6). Notably, this activation barrier is further reduced upon electronic excitation. The cluster 
models were also employed to compute the adsorption energies of CH3OH and CO (Supporting 
Information, Table S7), suggesting the strained structure has a lower adsorption energy for these 
molecules. 
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Fig. S1. Effect of Cu precursor loadings on H2 production from pure CH3OH solution. 
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Fig. S2. Effect of noble-free metal loadings to WC/W NPs on H2 production from pure CH3OH 
solution. Based on this results, the hybridization between Cu NPs and WC/W NPs is essential in 
order to achieve higher photocatalytic performance. 
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Fig. S3. Effects of various illuminated energy on H2 formation from pure CH3OH solution over 2% 
Cu-WC/W plasmonic nanohybrids. Here, the wavelength of 420, 700, and 800 nm corresponds to 
the centred wavelengths of the employed band pass filters with 30 nm band width. The output 
power intensity of 420, 700, and 800 nm band pass filters were measured to be 0.70, 0.18, and 
0.07 Watt/cm2, respectively, using Thorlabs power meter (Gentec-EO, Canada). 
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Fig. S4. Powder-XRD characterization of WC/W, Cu and 2% Cu-WC/W catalysts. 
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Fig. S5. Aberration-corrected high‐resolution TEM analysis of Cu-WC/W photocatalysts. (A) Low 
magnified TEM image of WC/W sample. (B) TEM image of WC/W sample with high resolution. (C) 
Representative W NP. (D) The corresponding FFT pattern of the W NP. (E) Representative 
crystalline WC. (F) The corresponding FFT pattern of WC. (G) Low magnified TEM image of 2% 
Cu-WC/W sample. (H) Cu NPs are located on the surface of the WC shell. (I) high magnified TEM 
image of representative Cu particle, and the insert image is the corresponding FFT pattern.
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Fig. S6. Nanoparticle distribution of WC/W catalysts. 
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Fig. S7. Nanoparticle distribution of 2% Cu-WC/W catalysts. 
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Fig. S8. Cu Nanoparticle size distribution in 2% Cu-WC/W composite. 
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Fig. S9. TEM analysis of bare Cu nanoparticles. (A) STEM-DF image of Cu nanoparticles. (B) HR-
TEM at low magnification. (C) HR-TEM at high magnification from small white rectangle area in (B). 
(D) diffraction pattern of Cu NPs revealed that the lattice distance is about 0.21 nm which 
corresponds to the (111) plane of Cu NPs. (E) Inverse FFT measured from white rectangle area in 
(C). (F) Lattice distance measurement via image software from e which estimated to be 0.21 nm 
that is exactly the same obtained value from (D). (G) Cu nanoparticles size distribution which 
estimated from (B), which are highly agglomerated and scattered in the surface. (H-I) EDX 
elemental mapping for C and Cu, respectively, from red and blue rectangle boxes in (A). (J, K) Cu 
nanoparticles distribution at red and blue rectangle boxes, respectively, in (A). At red rectangle 
boxes, the co-existence of Cu and C particles is observable whereas there is no Cu particles at 
blue rectangle box location.
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Fig. S10. Bright Field (BF) and EDX elemental mapping. (A) BF image of bare WC/W sample and 
EDX maps of W, C and W+C. (B) BF image of 1% Cu-WC/W sample and EDX maps of W, C, Cu 
and W+C+Cu. (C) BF image of 4% Cu-WC/W sample and EDX maps of W, C, Cu and W+C+Cu. 
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Fig. S11. XPS analysis. (A-B) XPS profile for W4f states before and after introducing Cu. (C) XPS 
profile for Cu 2p states. (D)  Cu LMM Auger spectrum profile.
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Fig. S12. XPS C1s profile of 2% Cu-WC/W NPs sample. (A) Before Cu. (B) After Cu precursor 
introduction to WC/W NPs. The deconvoluted C 1s peak at 286.20 and 284.71eV, corresponds to 
W-C bonds and sp3 carbon (C-C) bonds of graphitic carbon. (21, 43-46). 
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Fig. S13. Refractive index (n) and extinction co-efficient (k) versus wavelength of Cu sample. 
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Fig. S14. Refractive index (n) and extinction co-efficient (k) versus wavelength of WC sample. 
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Fig. S15. Refractive index (n) and extinction co-efficient (k) versus wavelength of W sample. 
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Fig. S16. Dielectric properties versus wavelength of W sample. 
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Fig. S17. Representative H2 efficiency profile over 2% Cu-WC/W NPs for six consecutive tests. 
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Fig. S18. Representative XRD profile after reaction. As noticed, the shape, size, and the position 
of corresponding peaks before and after photocatalysis remain unchanged, suggesting highly 
stable plasmonic catalysts. 
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Fig. S19. Photocatalytic heterogeneity test. The data point under two dotted vertical line was 
obtained during the heating of the filtered methanol solution at 25, 35, and 50 ℃. After break point 
in the x-axis, the data points at 14, 18, and 24 hours are corresponding to the GC analysis for H2 
production after keeping the filtered methanol solution for 2, 6 and 12 hours, respectively, at 
respective temperature conditions. 
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Fig. S20. XPS profile after photocatalytic reaction. (A) W4f, (B) Cu 2p, and (C) C1s XPS spectrum. 
As observed from after photocatalysis, the plasmonic Cu-WC/W nanohybrids retains its original 
structure which is verified from the binding energies for W 4f, Cu 2p and C 1s spectrum. The binding 
energies for major metallic W is around 31.45 and 33.68 eV for W 4f7/2 and W 4f5/2 respectively (47) 
while the binding energies for prime Cu 2p peaks at 932.58 eV (48-50). The C1s spectrum shows 
the representative C-C peak at 284.84 eV (43, 45). All these binding energies values is a direct 
evidence that the as-prepared plasmonic Cu-WC/W nanostructure keep its original structure after 
methanol dehydrogenation reaction. 
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Fig. S21. SEM characterization after photocatalytic methanol dehydrogenation. As is clearly seen 
from Fig. S21 that before and after methanol photodehydrogenation reaction, the catalysts preserve 
the similar shape and sizes of the nanoparticles with aggregation morphologies. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

33 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S22. TEM, STEM and EDS elemental mapping analysis on 2% Cu-WC/W sample after a long 
term reaction of methanol photodehydrogenation. (A) and (B), representative STEM-HAADF 
images with atomic resolution, as shown in the images, the core shell structure of sample is well 
retained and copper nanoparticles keep standing on the surface of WC shell; (C-G) EDX maps of 
W, C, Cu and W + C + Cu; (H) and (I) representative TEM images with atomic resolution and 
enlarged image of selected area, the Cu, WC and W components are obviously observed in figure 
I, which again prove the stability of structures of prepared catalysts, where the Cu NPs are detected 
on the edges as expected; (J), (K) and (L) a representative top view TEM images of Cu NP located 
on surface of WC/W, the enlarged image of Cu NP and it’s corresponding FFT pattern, respectively. 
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Fig.S23. Analysis of thermal effect at 25, 35, 50 and 65 ℃. 
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Fig. S24. Photocurrent measurement over various catalysts using solar light at 1.0 V vs RHE in 0.5 
M KOH electrolyte containing pure CH3OH solution. 
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Fig. S25. NMR analysis. (A) 1H-NMR spectra of pure methanol before reaction. Each colored 
dotted square box represents the zoom in areas for that particular chemical shifts. (B) 1H-NMR 
spectra of methanol after reaction with 2% Cu-WC/W catalysts. The zoom in area after the arrow 
indicates the new peaks. The ratio of sample to CD3OD was 4:3 with Bruker 400 MHz instrument.
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Fig. S26. Calibration curve for methylal products over 2% Cu-WC/W sample. 
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Fig. S27. Calibration curve for methyl formate products over 2% Cu-WC/W sample. 
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Fig. S28. Observation of methylal products over 2% Cu-WC/W sample. According to GC/MS/MS, 
methylal CH3OCH2OCH3 (m/e = 76) was detected as form of (CH3OCHOCH3)+ ion (m/e = 75) after 
losing one hydrogen atom. Fragmented species, (CH3OCH2)+ ion at m/e = 45 was also observed 
due to the loss of one methoxy group.  
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Fig. S29. Observation of methyl formate products over 2% Cu-WC/W sample. Methyl formate 
was identified as (HCOOCH3)+ ion (m/e = 60). 
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Fig. S30. Verification of no carbon emission from the studied reaction. (A) Analysis of gas 
chromatography measurement for pure methanol solution. (B) Analysis of pure CO gas. (C) 
Analysis of pure CO2. 
 

A 
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Fig. S31. Electron paramagnetic resonance (EPR) measurement of WC/W NPs sample. The letters 
corresponds to different EPR tests in the presence of WC/W NPs sample. Here A (DMPO solution 
in dark), B (DMPO + Methanol in dark), C (DMPO + Methanol + WC/W NPs in dark), D (DMPO + 
Methanol + WC/W NPs under 1 minute illumination), E (DMPO + Methanol + WC/W NPs under 10 
minute illumination), F (DMPO + Methanol + WC/W NPs under 30 minute illumination), G (DMPO 
+ Methanol + WC/W NPs under 60 minute illumination), H (DMPO + Methanol + 2% Cu-WC/W 
NPs under 1 minute illumination), I (DMPO + Methanol + 2% Cu-WC/W NPs under 10 minute 
illumination), J (DMPO + Methanol + 2% Cu-WC/W NPs under 30 minute illumination), and K 
(DMPO + Methanol + 2% Cu-WC/W NPs under 90 minute illumination). In contrast to Fig. 4E-G, 
all illuminations were performed prior to loading the sample into the EPR spectrometer. 
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Fig. S32. Finite-difference time-domain (FDTD) simulation for different directions of the incident 
light relative to the Cu NPs mounted on WC/W. The pink arrow indicates the direction of plane 
wave. 
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Fig. S33. Free energy diagram for methanol dehydrogenation on Cu, W and WC surface calculated 
by DFT. 
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Fig. S34. The representative W12C12 cluster and the reagent were excised from each of the 
optimized structures of the optimized ground-state DFT calculations. 
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Fig. S35. Relative energy as a function of the reaction coordinate for CH3OH dehydrogenation 
reactions on non-strained and strained WC, respectively. A representative W12C12 cluster and the 
reagent were excised from each of the optimized ground-state DFT calculations. GS: ground state, 
State 1,2,3,4: excited states. 
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Fig. S36. Free energy diagram for methanol dehydrogenation on Cu surface calculated by DFT, 
where the perturbations from the electric field were not applied (black line) and applied (red line). 
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Fig. S37. Free energy diagram for methanol dehydrogenation on WC surface calculated by DFT, 
where the perturbations from the electric field were applied with different strength. 
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Fig. S38. The FDTD electric field simulation results for 420 nm wavelength of the incident light for 
(A), Cu, (B), WC/W and (C) Cu-WC/W under the same scale bar. 
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Table S1. Summarized photocatalytic water splitting and methanol systems for hydrogen 
production. 

 

Noa Photocatalyst Co-catalyst H2 
production 
rate 

Light source Photoreaction 
Time 
(hours/cycle, 

cycle number,     
total hours) 

Photonic 
Efficiency (AQE, 
STH, AQY, EQE, 
QE, ECE)b  

Ref 

1 TiO2 (rutile) Fe2O3 1.16 μmol/h 360-W Hanovia 
Hg-Arc Lamp 

2, 1, 2 n.a (51) 

2 Bi0.5Eu0.5VO4 Rh−Cr2O3 n.a 450 W Hg lamp 
(>300 nm) 

n.a n.a (52) 

3 Bi0.5Sm0.5VO4 Rh−Cr2O3 n.a 450 W Hg lamp 
(>300 nm) 

n.a n.a (52) 

4 Bi0.5La0.5VO4 Rh−Cr2O3 n.a 450 W Hg lamp 
(>300 nm) 

n.a n.a (52) 

5 Bi0.5Eu0.25Y0.25VO

4 

Rh−Cr2O3 n.a 450 W Hg lamp 
(>300 nm) 

n.a n.a (52) 

6 Bi0.5La0.25Y0.25VO

4 

Rh−Cr2O3 n.a 450 W Hg lamp 
(>300 nm) 

n.a n.a (52) 

7 Bi0.5Y0.5VO4 Rh-Cr2O3 112.7 μmol/h 450 W Hg lamp 
(>300 nm) 

8, 1, 8 n.a (52) 

8 Bi0.5Dy0.5VO4 Pt−Cr2O3 67.46 μmol/h 300 W Xe lamp 
(>300 nm) 

10, n.a, 28 n.a (53) 

9 Bi0.5Y0.5VO4 Pt−Cr2O3 86.56 μmol/h 300 W Xe lamp 
(>300 nm) 

n.a, n.a, n.a n.a (53) 

10 Bi0.5Nd0.5VO4 Pt−Cr2O3 22.13 μmol/h 300 W Xe lamp 
(>300 nm) 

n.a, n.a, n.a n.a (53) 

11 Bi0.5Sm0.5VO4 Pt−Cr2O3 75.30 μmol/h 300 W Xe lamp 
(>300 nm) 

n.a, n.a, n.a n.a (53) 

12 Bi0.5Gd0.5VO4 Pt−Cr2O3 26.56 μmol/h 300 W Xe lamp 
(>300 nm) 

n.a, n.a, n.a n.a (53) 

13 Bi0.5La0.5VO4 Pt−Cr2O3 61.93 μmol/h 300 W Xe lamp 
(>300 nm) 

n.a, n.a, n.a n.a (53) 

14 Bi1-xInxY1-xMoxO4 RuO2 17 μmol/h 450 W Hg lamp 
(>420 nm) 

10, 4, 40 AQY: 3.2% at 
420-800 nm 

(54) 

15 Sr5Ta4O7 NiO 2141 μmol 400 W Hg lamp 6, 1, 6 n.a (55) 

16 In0.9Ni0.1TaO4 NiOx 16.6 μmol/h 300 W Xe lamp 
(>420 nm) 

n.a, 3, 400 QE: 0.66% at 402 
nm 

(56) 

17 In0.9Ni0.1TaO4 RuO2 8.7 μmol/h 300 W Xe lamp 
(>420 nm) 

n.a n.a (56) 

18 K4Ta2Nb4O17 Ni 409 μmol/h 400 W Hg lamp n.a n.a (57) 

19 Pr2Ti2O7 NiOx 150 μmol/h/g 450 W Hg lamp 
(>200 nm) 

n.a n.a (58) 

20 Pr2LaTi2O7 NiOx 220 μmol/h/g 450 W Hg lamp 
(>200 nm) 

n.a n.a (58) 

21 BaTi4O9 RuO2 n.a 400 W Xe lamp 
(>420 nm) 

10, 3, 30 n.a (59) 

22 Ga2BiNbO7 n.a 72.6 μmol/h 400 W Hg 
lamp(>420 nm) 

n.a, 2, n.a n.a (60) 

23 In2BiNbO7 n.a 54.3 μmol/h 400 W Hg 
lamp(>420 nm) 

n.a, 2, n.a n.a (60) 

24 CaIn2O4 RuO2 n.a 400 W Xe lamp 4, 2, 8 n.a (61) 
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25 SrIn2O4 RuO2 n.a 400 W Xe lamp 3, 2, 6 n.a (61) 

26 SrIn2O4:Ba RuO2 n.a 400 W Xe lamp 
(420-700 nm) 

3, 2, 6 n.a (61) 

27 ZnO/Ga-P RuO2 n.a 300 W Xe lamp n.a, 4, n.a n.a (62) 

28 (Zn1+xGe)(N2Ox) Rh2-

vCrvO3 

1.58 mmol 450 W Hg lamp 
(>400 nm) 

 AQY: 2.0% at 
420−440 nm 

(63) 

29 ZrO2/TaON IrO2, 

Cr2O3, 

RuOx 

n.a 450 W Hg lamp 
(>300 nm) 

2, n.a,  n.a AQY: <0.1% at 
420 nm 

(64) 

30 CaTaO2N TiOXH, 
RhCrOx 

n.a 300 W Xe lamp 
(>420 nm) 

10, 3, 30 AQY: 3 × 10−3% 
at 440 ± 
30 nm 

(65) 

31 LaMg1/3Ta2/3O2N TiOXH, 

SiOXH, 

RhCrOx 

n.a 300 W Xe lamp 
(>300 nm) 

24, 2, 48 AQY: 0.03% at 
440 ± 30 
nm 

(66) 

32 LaScxTa1−xO1+2xN2
−2x 

TiOXH, 
RhCrOx 

n.a 300 W Xe lamp 
(>300 nm) 

5, n.a,  n.a n.a (67) 

33 g-C3N4 Pt-Co 1.2 μmol/h 300 W Xe lamp 
(>420 nm) 

n.a, 7, 510 AQY: 0.3% at 405 
nm 

(68) 

34 g-C3N4 (nanosheet) Co1-
phosphide 

410.3 
μmol/h/g 

300 W Xe lamp 
(>420 nm) 

3, 4, 12 QE: 3.6%, 2.2%, 
0.35% at 420, 
500, and 
580 nm, 
respectively 
STH: 0.16% 

(69) 

35 Ta3N5 (nanorod) Rh-Cr2O3 n.a 300 W Xe lamp 
(>420 nm) 

5, 3, 15 AQY: 2.2%, 
0.22% and 
0.024% at 320, 
420, and 
500 nm, 
respectively 
STH: 0.014% 

(70) 

36 Mn(bpy)V4O11(bpy) Pt 92 μmol/h/g 1000 W Xe lamp 
(420-800 nm) 

7, n.a,  n.a n.a (71) 

37 Bi2GaVO7 n.a 46.8 μmol/h 400 W Hg lamp 
(<420 nm) 

20, n.a, n.a n.a (72) 

38 Bi2YVO8 n.a 40.7 μmol/h 400 W Hg lamp 
(at 390 nm) 

24, n.a,  n.a Photonic 
efficiency: 0.628% 

(73) 

39 BiYWO6 Pt-Cr2O3 12.3 μmol/h 500 W Xe lamp 
(>420 nm) 

3, 5, 15 n.a (74) 

40 GaFeO3:N n.a 0.10 μmol/h 300 W Xe lamp 
(450 ± 5 nm) 

6, n.a, n.a QE: 0.13 ± 0.01% 
at 450 
± 5 nm 

(75) 

41 BiOBr n.a  350 W Hg lamp 
(>400 nm) 

6, n.a,  n.a n.a (76) 

42 BiOI n.a 1316.9 
μmol/h/g 

350 W Hg lamp 
(>400 nm) 

6, n.a, n.a n.a (76) 

43 Bi2Ga4O9 RuOx 19.3 
μmol/h/g 

300 W Hg lamp 
(>400 nm) 

5, n.a, n.a n.a (77) 

44 Bi2Ga3.6Fe0.4O9 RuOx 41.5 
μmol/h/g 

300 W Hg lamp 
(>400 nm) 

5, 7, 35 AQY: 0.09% at 
420 nm 

(77) 

45 Co-P Black P 15 μmol/h 300 W Xe lamp 
(≥420 nm) 

2, 20, 40 AQE: 42.55% at 
430 nm, 
ECE: over 5.4% 
at 353 K 

(78) 
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46  
CoO nanocrystals 

 
n.a 

 
20 mL 

 
532 nm solid-state 
laser or an 
AM1.5G solar 
simulator 

 
0.5, n.a, n.a 

 
STH: ~5% 

 
 

(79) 

47 SrTiO3:Al Rh/Cr2O3 3.54 mmol/h 300 W Xe lamp 2.5, 5, 12.5 EQE: 95.7%, 
95.9% and 
91.6% at 350, 360 
and 
365 nm, 
respectively 
STH: 0.65% 

(80) 

48 SrTiO3:La, 
Rh/Au/BiVO4:Mo 

Cr2O3/Ru n.a 300 W Xe lamp (> 
420 nm) 

10, n.a, n.a AQY: 33% 
STH: 1.1 % 

(81) 

49 AgTaO3 Rh 0.5Cr 

1.5O3 

486 mL/m2/h AM1.5G solar 
simulator 

10, n.a, n.a AQY: 40% 
STH: 0.13 % 

(82) 

50 CdS/boron 
carbonitride 
nanotubes 

n.a 526.02 
μmol/h/g 

300 W Xe lamp (> 
420 nm) 

5, 10, 50 AQY: 4.01% 
 

(83) 

51 NiCo2S4/ZnIn2S4/Co3

O4 yolk-shell 

NiCo2S4 20 μmol/h Xenon lamp (> 
400 nm) 
 

3, 3, 9 n.a (84) 

52 Red P/C3N4 vdW 
heterostructure 

n.a 239.8, 128.9, 
65.3, 26.7, 
and 367 

μmol/h/g at 
420, 500, 

560, 620 nm 
and full arc 
irradiation, 

respectively. 
 

300 W Xe lamp (> 
420, 500, 560, 
620 nm and full 
arc irradiation) 

5, n.a, 28 n.a (85) 

53 P/ CDots-C3N4 Pt-CoP 619.5  
μmol/h/g 

300 W Xe lamp  
(> 420 nm) and 
AM 1.5G solar 
simulator 

3, 8, 24 AQE: 6.8% at 400 
nm and 
2.4% at 500 nm 

(86) 

54 BiVO4/ ZnIn2S4 Ti3C2 

MXene 
QDs 

102.67 
μmol/h/g 

300 W xenon 
lamp ( > 400 nm) 

4, 5, 20 AQY: 2.4, 2.9, 
1.4, and 0.2 % at 
410, 460, 510, 
and 560 nm, 
respectively. 

(87) 

55 Fe2O3/C3N4 Pt 3.7 μmol/h AM 1.5G solar 
simulator 

4, 4, 16 AQE: 7.1% at 365 
nm 

(88) 

56 Polymeric 
C3N4/LaOCl 

n.a 22.3  μmol/ h AM 1.5G solar 
simulator 

5, 5, 25 AQE: 0.35 % at 
400 nm 

(89) 

57 CQDs/CdS Ni4P2 145 μmol/h/g LED light source 
(= 420 nm) 

3, n.a,  n.a AQE: 0.57 % at 
420 nm 

(90) 

58 g-C3N4 Co3(PO4)2 375.6 
μmol/h/g 

Xenon lamp ( > 
400 nm) 

3, 4, 12 AQE: 1.32 % at 
420 nm 

(91) 

59 Cd0.5 Zn0.5S n.a 137.2 
μmol/h/g 

300 W Xe lamp (> 
420 nm) 

5, 3, 15 AQY: 0.34 % at 
400 nm 

(92) 

60 Red P/Cd0.9Zn 0.1S CoP 1167 
μmol/ h/g 

300 W Xe lamp (> 
420 nm) 

4, 3, 12 AQE: 6.4 % at 
420 nm 

(93) 
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61 GaInZnON/ InP core-
shell nanoparticles 

Rh 1128 
μmol/ h/g 

300 W Xe lamp 
(400, 450, 500, 
550, and 600 nm, 
respectively) 

n.a AQE: 10.6% % at 
430 nm and 
13.8% at 350 nm 

(94) 

62 TiO2 nanofilm Pt n.a 4 W mercury lamp n.a n.a (95) 
63 2D SnS/g-C3N4 

heterojunction 

n.a 1.27  
mmol/h/g 

300 W Xe lamp 
AM 1.5G solar 
simulator 

120, 3, 360 AQE: 5.78% at 
550 nm 
STH: 2.46 % 

(27) 

64 MgO NPs n.a 320 μmol/h/g 1000-W mercury 
lamp 

12c, 3, 48 n.a (24) 

65 N-doped TiO2 Pt, Pd, Ir, 
Rh, Ru 

n.a 15 W germicide 
lamp 

n.a n.a (96) 

66 N-doped TiO2 Au n.a 15 W germicide 
lamp 

n.a n.a (97) 

67 Li2-xHxTi3O7 
Na2-xHxTi3O7 

K2-xHxTi3O7 and 
Cs2-xHxTi3O7, 
respectively 

Pt 262  
243  

327 and 
219 μmol, 

respectively 

30 W UV lamp 3, n.a,  n.a n.a (98) 

68 2D MoS2 nanosheets n.a 617 μmol/h/g 300 W Xe lamp 
AM 1.5G solar 
simulator 

66, 3, 198 n.a (99) 

69 Ti-beta n.a 0.01204 
mmol/g 

4 W mercury lamp 3, n.a,  n.a n.a (100) 

70 g-C3N4 aerogel AgNPs 152.2  
μmol/h/g 

300 W xenon-
lamp (350–
780 nm) 

7, 3, 21 n.a (101) 

71 Cu-WC/W 
nanoparticles 

n.a 2.176 
mmol/h/g 

300 W Xe lamp 
AM 1.5G solar 
simulator 

168, 6, 1008 AQE = 11.20% 
STH = 2.40% 

This 
work 

 

aEntry number 1-61 represents the photocatalysts utility for water splitting system while entry 

number beyond 61 corresponds to application in pure methanol dehydrogenation. 

bPhotonic efficiency: quantum efficiency (QE), apparent quantum yield (AQY), solar to hydrogen 

efficiency (STH), apparent quantum efficiency (AQE), energy conversion efficiency (ECE), and 

external quantum efficiency (EQE) 

c First and second cycle run for 12 hours respectively, and third cycle run for 24 hours  

 n.a: data not given or not available 
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Table S2. Tested the convergence of layer number for surface energy DFT calculation for Cu. 

 

Layer 
Number 

Surface 
Energy 
(eV/Å2) 
1,0,0 

Layer 
Number 

Surface 
Energy 
(eV/Å2) 
1,1,0 

Layer 
Number 

Surface 
Energy 
(eV/Å2) 
1,1,1 

Layer 
Number 

Surface 
Energy 
(eV/Å2) 
2,1,1 

Layer 
Number 

Surface 
Energy 
(eV/Å2) 
2,2,1 

Layer 
Number 

Surface 
Energy 
(eV/Å2) 
2,1,0 

4 0.09 6 0.10 3 0.08 8 0.09 12 0.09 8 0.10 
6 0.09 8 0.09 4 0.08 12 0.09 16 0.09 12 0.10 
8 0.08 10 0.10 5 0.08 16 0.09 20 0.09 16 0.10 
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Table S3. Tested the convergence of layer number for surface energy DFT calculation for W. 
 

Layer 
Number 

Surface 
Energy 
(eV/Å2) 
1,0,0 

Layer 
Number 

Surface 
Energy 
(eV/Å2) 
1,1,0 

Layer 
Number 

Surface 
Energy 
(eV/Å2) 
1,1,1 

Layer 
Number 

Surface 
Energy 
(eV/Å2) 
2,1,1 

Layer 
Number 

Surface 
Energy 
(eV/Å2) 
2,2,1 

Layer 
Number 

Surface 
Energy 
(eV/Å2) 
2,1,0 

4 0.25 3 0.21 8 0.23 6 0.22 12 0.23 12 0.23 

6 0.25 4 0.20 10 0.22 8 0.21 16 0.23 16 0.23 

8 0.24 5 0.20 12 0.21 10 0.21 20 0.22 20 0.23 
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Table S4. Calculated the surface energy and Work function for Cu surface with low Miller index 
(<3). 
 

Cu Miller Indices 
(hkl) 

1,0,0 1,1,0 1,1,1 2,1,1 2,2,1 2,1,0 

Surface Energy (eV/Å2) 0.08 0.1 0.08 0.09 0.09 0.1 

Surface Energy (J/m2) 1.35 1.52 1.25 1.47 1.44 1.63 

Work Function (eV) 4.45 4.36 4.63 4.41 4.46 4.28 
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Table S5. Calculated the surface energy and Work function for W surface with low Miller index 
(<3). 
 

W Miller Indices 
(hkl) 

1,0,0 1,1,0 1,1,1 2,1,1 2,2,1 2,1,0 

Surface Energy (eV/Å2) 0.24 0.2 0.21 0.21 0.23 0.23 

Surface Energy (J/m2) 3.91 3.24 3.43 3.38 3.53 3.61 

Work Function (eV) 4.1 4.85 4.19 4.27 4.3 4.3 
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Table S6. The detailed energy of the CH3O→CH2O step.Calculated ground- and excited-state 

relative energies for the reaction step CH3O*→CH2O* on cluster models of WC surface (eV). 

 
 
 
 

 CH3O*→CH2O* CH3O*→CH2O* (strained) 

ground state 4.323 4.289 

excited state 1 4.149 4.068 

excited state 2 4.183 4.103 

excited state 3 4.248 4.128 

excited state 4 4.209 4.158 
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Table S7. Calculated interaction energies on cluster models of WC surface (eV) for CH3OH and 
CO. 
 
 

 WC WC(strained) 

CH3OH -0.7886 -0.5735 

CO -1.7711 -1.282 
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