
0 0  M O N T H  2 0 1 7  |  V O L  0 0 0  |  N A T U R E  |  1

LETTER
doi:10.1038/nature21672

Low-temperature hydrogen production from  
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Polymer electrolyte membrane fuel cells (PEMFCs) running on 
hydrogen are attractive alternative power supplies for a range of 
applications1–3, with in situ release of the required hydrogen from 
a stable liquid offering one way of ensuring its safe storage and 
transportation4,5 before use. The use of methanol is particularly 
interesting in this regard, because it is inexpensive and can reform 
itself with water to release hydrogen with a high gravimetric 
density of 18.8 per cent by weight. But traditional reforming of 
methanol steam operates at relatively high temperatures (200–350 
degrees Celsius)6–8, so the focus for vehicle and portable PEMFC 
applications9 has been on aqueous-phase reforming of methanol 
(APRM). This method requires less energy, and the simpler and 
more compact device design allows direct integration into PEMFC 
stacks10,11. There remains, however, the need for an efficient APRM 
catalyst. Here we report that platinum (Pt) atomically dispersed 
on α-molybdenum carbide (α-MoC) enables low-temperature 
(150–190 degrees Celsius), base-free hydrogen production through 
APRM, with an average turnover frequency reaching 18,046 
moles of hydrogen per mole of platinum per hour. We attribute 
this exceptional hydrogen production—which far exceeds that 
of previously reported low-temperature APRM catalysts—to the 
outstanding ability of α-MoC to induce water dissociation, and 
to the fact that platinum and α-MoC act in synergy to activate 
methanol and then to reform it.

Pioneering work from 15 years ago12,13 showed that hydrogen can 
be generated by aqueous-phase reforming of biomass-derived carbo-
hydrates, including methanol, on platinum/aluminium oxide catalysts. 
More recently, use of a single nuclear [RuHCl(CO)(HN(C2H4PiPr2)2)] 
homogenous catalyst14 enabled hydrogen to form at an unprecedented 
rate of 4,700 mol hydrogen per mol ruthenium per hour in the presence 
of concentrated potassium hydroxide solution and neat methanol at 
around 368 K. One main advantage of such homogeneous catalysts14,15, 
and of metalloenzymes16, is that each metal site in the catalyst contrib-
utes directly to the reaction—a fact that has stimulated much work on 
dispersing catalytically active noble metals as isolated metal atoms on 
support materials, to improve the efficiency of heterogeneous catalysts 
while minimizing the amount of noble metal used17–19. However, in 
order to achieve a high rate of hydrogen production from the reaction 
of methanol and water at low temperatures, both the water and the 
methanol must be activated effectively, and this may be difficult to 
achieve with a catalyst that contains only isolated noble-metal sites.

We reasoned that bifunctional structures might be important, with a 
suitable material not only acting as a support for confined metal atoms, 
but also modulating their electronic structure (given that the ligand of 
the high-performing homogeneous APRM catalyst mentioned above 
has been proposed14 to have a crucial role as a hydrogen acceptor and in 

promoting the cleavage of carbon–hydrogen bonds at the metal centre). 
Because the electronic structure of metal catalysts can be tuned by their 
supports or promoters20,21, and because electron-deficient platinum 
nanoparticles have been proposed to be responsible for the high activity 
of the low-temperature water–gas shift reaction18,20, careful choice of 
the support material for platinum should in principle make it possible 
to obtain bifunctional constructs with atomically dispersed noble-metal 
sites that catalyse low-temperature APRM.

In investigating possible support materials, we discovered that  
α -MoC (face-centred-cubic (fcc) structure; hexoctahedral (Fm3m) 
space group) exhibits stronger interactions with platinum than do com-
mon oxide supports or β -Mo2C (hexagonal close-packed; tetragonal 
(P63/mmc) space group). Driven by this strong interaction, platinum 
forms an atomic dispersion (termed Pt1) over α -MoC during a 
high-temperature activation process, generating an exceptionally high 
density of electron-deficient surface Pt1 sites for the adsorption/acti-
vation of methanol. Meanwhile the substrate, α -MoC, shows high 
water-dissociation activity, producing abundant surface hydroxyls that 
accelerate the reforming of reaction intermediates at the interface 
between platinum and α -MoC. These two effects combine to confer 
the platinum/α -MoC catalyst with unprecedented catalytic efficiency 
(the average turnover frequency, ATOF, is 18,046 h−1) and good stabil-
ity in the base-free APRM process at 150–190 °C.

We prepared platinum-modified molybdenum carbide catalysts 
(around 2 wt% platinum, unless otherwise specified) by using tem-
perature-programmed carburization (TPC) of a mixture of methane 
and hydrogen with different precursors (see Methods). The catalysts 
are denoted hereafter as x%Pt/α -MoC, 2%Pt/MoC-2, 2%Pt/MoC-3 and 
2%Pt/β -Mo2C. X-ray diffraction (XRD; Fig. 1a) showed that the crystal 
phase of molybdenum carbide in Pt/α -MoC is pure α -MoC, while the 
crystal phases of 2%Pt/MoC-2 and 2%Pt/MoC-3 contain a mixture of 
α -MoC and β -Mo2C, with 70.1% and 44.7% of α -MoC, respectively 
(Extended Data Fig. 1a).

For platinum supported on pure β -Mo2C (2%Pt/β -Mo2C), we 
detected a small ATOF at 190 °C (168 mol H2 per mol Pt per hour), 
similar to the values seen for oxide-supported platinum catalysts 
(Al2O3 and TiO2; entries 8 and 9 in Table 1). When we mixed a  
fraction of α -MoC with β -Mo2C to host the platinum, we observed a  
marked increase in activity (Fig. 1b and entries 5–7 in Table 1). For 
2%Pt/α -MoC (with pure α -MoC), the average rate of hydrogen gene-
ration reaches 129.6 μ mol hydrogen per gram catalyst per second 
(ATOF =  4,130 h−1) at 190 °C—a value that is more than an order of 
magnitude higher than that seen with the platinum/oxide catalysts. 
When we decreased the platinum loading the Pt/α -MoC catalysts to 
0.2%, the intrinsic activity increased still more (ATOF =  18,046 h−1). 
Notably, no base was involved in the whole process, making it both 
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easy to operate and sustainable. Also encouraging is that selectivity for 
the by-product carbon monoxide was low (less than 0.1%), such that it 
could be easily removed22,23,24. In an 11-cycle test, the 0.2%Pt/α-MoC 
catalyst achieved a total turnover number of more than 132,000 for 
each platinum atom, generating about 1.68 mol hydrogen per gram 
catalyst (Fig. 1d). The long-term stability of the catalyst is of course 
important and remains to be examined and optimized, but the initial 
hydrogen-production activity of the system meets the requirements for 
state-of-the-art PEMFC vehicle applications (see Methods)25.

The interplay between platinum and α -MoC has an irreplaceable  
role in methanol reforming. To obtain insights into the structural  
origins of the observed excellent catalytic performance, we characteri-
zed the catalysts fully by several methods. Atomic-resolution scan-
ning transmission electron microscopy (STEM) Z-contrast images of 
2%Pt/α -MoC confirm the existence of a high density of atomically dis-
persed platinum atoms (Pt1, highlighted in red) over the fcc structure of 
the α -MoC surface (Fig. 1f and Extended Data Fig. 2). The occasionally 
observed platinum nanoparticles contribute directly to the metallic 
platinum peaks detected by XRD (Fig. 1a, 2%Pt/α -MoC). Notably, the 
0.2%Pt/α -MoC catalyst (which has the highest ATOF) shows predomi-
nantly atomically dispersed platinum species (Fig. 1g), and no platinum 
particle was observed by either STEM or XRD (Extended Data Fig. 3a;  
the density of Pt1 here is estimated to be about ten platinum atoms 
per 100 nm2). The atomic dispersion of platinum atoms is maintained, 
and there is no sign of phase oxidation on the spent catalyst (Fig. 1h, 
Extended Data Figs 3a and 4a, b).

We then used extended X-ray-absorption fine-structure (EXAFS) 
analysis to determine the nature of the different platinum species.  
For the 2%Pt/α -MoC catalysts, there is a monotonic decrease in the 
co ordination number for platinum–platinum interactions (from 6.5  
to 4.8), and an increase in the platinum–molybdenum coordination  

number (from 1.6 to 3.2), as the molar percentage of α -MoC in the support  
increases—suggesting that platinum interacts much more strongly 
with α -MoC than with β -Mo2C (Fig. 1b, Extended Data Table 1  
and Extended Data Fig. 1)26. The large platinum–molybdenum  
co ordination number could result from the atomic dispersion of plati-
num atoms on the α -MoC surface (the Pt1 arrangement observed by 
STEM), while the platinum–platinum scattering is contributed mainly 
by the small number of platinum nanoparticles (Fig. 1a). We observe 
that, when the platinum loading decreases to 0.2%, the platinum– 
platinum coordination number drops to 0 (Fig. 1c and Extended Data 
Fig. 5), indicating that platinum nanoparticles are eliminated from the 
catalyst and that atomically dispersed platinum species become the 
dominant structure—in good agreement with our STEM observations.

In addition, the interaction between metal and support substantially 
changes the electronic structure27 of platinum and α -MoC in the Pt/ 
α -MoC catalyst. The binding energy of Pt 4f7/2 of 0.2%Pt/α -MoC and 
2%Pt/α -MoC in X-ray photoelectron spectroscopy (XPS) experiments 
is 71.8 eV (Extended Data Fig. 6), which is about 0.6 eV higher than 
that of metallic platinum28. Indeed, when platinum is incorporated 
onto the surface of α -MoC, density functional theory (DFT) calcula-
tions show that the electron density at platinum sites reduces greatly as 
compared with the density over metallic platinum, while the platinum– 
molybdenum interface forms electron-rich regions (Extended Data 
Fig. 7), thus changing the reactivity of the construct. The low ATOF of 
2%Pt/oxide catalysts, which are dominated by platinum nanoparticles,  
indicates that these nanoparticles have only mild APRM activity. In 
addition, increasing the platinum loading in the Pt/α -MoC catalysts 
leads to an increase in platinum nanoparticles and decrease in the ATOF 
(Extended Data Fig. 3b, c). All of these results indicate that atomically 
dispersed platinum accommodated over an α -MoC support constitutes 
the most active site for the APRM reaction in this catalytic system.
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Figure 1 | Structure and catalytic performance of Pt/MoC catalysts. 
a, XRD profiles, showing intensity of diffraction versus 2θ angle, for 
2%Pt/α-MoC, 2%Pt/MoC-2, 2%Pt/MoC-3, 2%Pt/β-Mo2C and pure-
phase α-MoC and β-Mo2C. Pt, α-MoC and β-Mo2C are found in the 
Inorganic Crystal Structure Database (https://icsd.fiz-karlsruhe.de) 
under accession numbers 649490, 618306 and 618291, respectively. 
a.u., arbitrary units. b, The coordination numbers of Pt–Pt and Pt–Mo 
shells (data, left axis) and their catalytic activity (bars, right axis, shown 
as normalized hydrogen-production activity) change with the molar 
percentage of α-MoC in Pt/MoC samples. We carried out three parallel 

reactions and show here the average activity (error bars represent 
the standard deviation). c, Coordination numbers as a function of Pt 
loadings in Pt/α-MoC catalysts. Error bars represent the fitting error 
of coordination numbers from EXAFS. d, Approaching ‘real’ APRM on 
0.2%Pt/α-MoC (n(CH3OH):n(H2O) = 1:1). TTN, total turnover number. 
e, Low-magnification STEM bright-field image of 2%Pt/α-MoC. f, High-
resolution STEM Z-contrast image of 2%Pt/α-MoC, with the single Pt 
atoms circled. g, h, High-resolution STEM Z-contrast images of fresh (g) 
and used (h) 0.2%Pt/α-MoC catalyst.
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We further carried out first-principle calculations to investigate the 
structural and electronic properties of the Pt/α -MoC catalyst, as well 
as the reaction mechanism. On the basis of our experimental char-
acterization results, we constructed three catalyst models (Extended 
Data Fig. 7a) to represent the different active sites in Pt/α -MoC:  
molybdenum-terminated α -MoC(111); Pt(111), to simulate platinum  
nanoparticles; and Pt1/α -MoC, to model atomically dispersed  
platinum over α -MoC(111).

DFT calculations confirm that the special geometric and electronic 
properties resulting from the strong interaction between platinum 
and α -MoC benefit the APRM reaction. Electrons are donated from  
platinum to α -MoC (Extended Data Figs 1h, 4c and 6), and the electron- 
deficient Pt1 sites have lower affinity for carbon monoxide than does 
the Pt(111) surface (Extended Data Fig. 8). Detailed reaction-pathway 
calculations show that the decomposition of methanol into methoxyl 
and the dissociation of water are thermodynamically favoured on pure 
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Figure 2 | Reaction path for hydrogen 
production from methanol and water. 
a, Energy profiles for CH3OH dissociation 
into CO and H atoms on α-MoC(111), 
Pt(111) and Pt1/α-MoC(111) surfaces. The 
x axis shows the reaction intermediates and 
transition states (TSs); the y axis shows the 
relative energy of each state. b, Energy profiles 
for CO2 formation via the water–gas shift 
reaction on these three surfaces. Pt, Mo, C, 
O and H atoms are shown in blue, cyan, grey, 
red and white, respectively; in order to make 
a distinction, the C atoms from CH3OH are in 
dark blue. O″ refers to oxygen on a different 
adsorption site with respect to the previous 
state; a subscript ‘g’ denotes a gas-phase 
reactant or product.

Table 1 | Various Pt/MoC catalysts and conventional platinum catalysts for generating hydrogen through APRM

Entry* Catalyst
Pt loading  

(wt%)†
Temperature  

(°C)
ATOF‡  

(mol H2 per mol Pt per hour)
H2 production rate  

(μmol H2 per gram catalyst per second)
CO (selectivity)  

(%)

1 2%Pt/α -MoC 2.2 190 4,134 129.6 0.06

2 2%Pt/α -MoC 2.0 170 1,755 50.0 0.07

3 2%Pt/α -MoC 2.0 150 541 15.4 0.01

4 0.2%Pt/α -MoC¶ 0.29 190 18,046 76.2 0.14

5 2%Pt/MoC-2 2.0 190 2,402 68.4 0.05

6 2%Pt/MoC-3 2.3 190 318 10.6 –

7 2%Pt/β -Mo2C 2.1 190 168 5.0 0.13

8 2%Pt/Al2O3 2.0 190 171 4.9 0.07

9 2%Pt/TiO2 2.0 190 148 4.2 0.02

10 α -MoC‖ – 190 – 2.3 0.83

11 2%Pt/α -MoC§ 2.0 190 1,020 29.0 –

12 2%Pt/α -MoC** 2.0 190 699 20.0 0.12

*Reaction conditions: n(CH3OH):n(H2O) =  1:3 (except for entries 4, 11 and 12), 50 ml total volume of liquid, 100 mg catalysts, 190 °C; reaction for 1.25 hours; 2 MPa N2 (10% Ar as internal standard). 
†Pt loadings were measured by inductively coupled plasma atomic emission spectrometry (ICP-AES). 
‡The turnover frequency was averaged over 1.25 hours. 
¶n(CH3OH):n(H2O) =  1:1. 
‖Pure α -MoC without Pt content. 
§The reactant was ethanol: n(CH3CH2OH):n(H2O) =  1:3. 
**The reactant was ethylene glycol: n(HOCH2CH2OH):n(H2O) =  1:3.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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α -MoC(111) (Fig. 2, Table 2 and Extended Data Fig. 9), with energy 
barriers of 0.49 eV and 0.56 eV, respectively. However, the further 
dehydrogenation of methoxyl groups is kinetically hindered under 
moderate conditions, owing to the high barrier for the subtraction 
of C–H bonds (1.30 eV). On the other hand, over Pt(111), although 
methanol could be effectively activated (the effective barrier is 
0.79 eV), water dissociation and the substantial reforming of CO*  
cannot proceed at low temperatures (effective barrier of 1.18 eV). 
Notably, on the Pt1/α -MoC(111) bifunctional catalyst, in which 
there are sites for scissoring O–H bonds (on α -MoC next to Pt1) and 
C–H bonds (Pt1), the barrier for complete dissociation of methanol 
to CO* /H*  is reduced to 0.67 eV, and the rate-limiting step is the 
dissociation of the last C–H bond. The adsorbed carbon monoxide 
(on Pt1) further reforms with hydroxyl groups at the interface with 
α-MoC, with a barrier of 0.91 eV, agreeing well with the experimen-
tal apparent activation energy of 0.86 eV (Extended Data Fig. 3d). 
The synergy between Pt1 and α -MoC—and the bifunctional nature 
of Pt/α -MoC—gives this catalyst exceptional low-temperature cat-
alytic activity (Table 2), as confirmed in temperature-programmed 
surface reaction experiments (Extended Data Fig. 10).

We have developed a new catalyst that comprises atomically dispersed 
platinum over α -MoC. This catalyst shows outstanding hydrogen- 
production activity and stability in the low-temperature APRM process. 
The α -MoC provides highly active sites for water dissociation (with an 
activation energy of 0.56 eV), producing abundant surface hydroxyls 
and thus accelerating the methanol-reforming reaction at the interface 
between Pt1 and α -MoC. Meanwhile, the well dispersed Pt1 geometry 
maximizes the exposed active interface of Pt1/α -MoC and effectively 
increases the density of active sites for the reforming reaction. This new 
catalyst paves the way towards a commercially achievable hydrogen- 
storage strategy.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Table 2 | Effective energy barriers and reactive sites for water 
dissociation and methanol decomposition on various catalysts

Catalyst H2O → OH + H CH3OH → CO + 4H
Water–gas  

shift reaction Rate constant 
ratio  
/k k( )H2O CH3OH *Ea (eV) Site Ea (eV) Site Ea (eV) Site

MoC 0.56 MoC 1.30 MoC 1.87 No 6.56 ×  108

Pt(111) 1.15 Pt 0.79 Pt 1.18 No 5.13 ×  10−5

Pt1/MoC 0.56 MoC 0.67 Interface 0.91 Interface 20.44

The effective barrier is the activation energy (Ea) of a series of elementary steps, and is the energy 
between the most stable state and the highest transition state.
*This is the rate constant ratio between water and methanol dissociation.
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METHODS
Preparation of catalysts. α-MoC support. Ammonium paramolybdate 
((NH4)6Mo7O24•4H2O) was purchased from Sinopharm Chemical Reagent Co. 
Ltd. A grinded powder of ammonium paramolybdate was calcined in a muffle 
oven to 500 °C at a rate of 10 °C min−1 to synthesize the precursor MoO3. Then 
0.8 g MoO3 was loaded into a quartz tube reactor and placed in a vertical furnace. 
The powder was heated to 700 °C in NH3 (100 ml min−1; pre-purified gas) at a 
rate of 5 °C min−1 and kept at 700 °C for 2 hours. After the sample was cooled to 
room temperature, the gas was then switched to a CH4/H2 mixture (100 ml min−1; 
20/80 v/v), and the temperature was increased to 700 °C at 5 °C min−1 and held 
at 700 °C for 2 hours. Finally, the sample was passivated at room temperature 
using a 0.5% O2/He gas mixture29. Elemental analysis finds that the Mo/C ratio of  
α -MoC is around 1/0.8.
β-Mo2C support. β -Mo2C was synthesized using the same precursor as α -MoC, 
as follows: 0.8 g MoO3 was loaded in the quartz tube and carburized with a  
CH4/H2 mixture (100 ml min−1; 20/80 v/v), with the temperature being increased 
at 5 °C min−1 to 300 °C, then at 1 °C min−1 to 700 °C. After carburization at 700 °C 
for 2 hours, the sample was cooled to room temperature and passivated using a 
0.5% O2/He gas mixture.
2%Pt/β-Mo2C catalyst. The passivated β -Mo2C support was transferred to a 
deaerated, aqueous solution containing an appropriate amount of chloroplatinic 
acid (H2PtCl6•6H2O) to achieve the desired loading. The slurry was stirred for 
3 hours, dried using evaporation, and then transferred to a freeze dryer overnight to 
remove any moisture. Before catalytic evaluation, the catalyst was activated with a  
CH4/H2 mixture (15/85 v/v). The activation temperature program heated the sample  
to 300 °C and held it there for 1 hour. The temperature was then increased to 590 °C 
at a rate of 5 °C min−1 and held there for another 2 hours.
2%Pt/α-MoC and 2%Pt/MoC-2 catalysts. An appropriate amount of H2PtCl6•6H2O 
was loaded onto a homemade MoO3 support, using a wetness impregnation 
method. (To synthesize MoO3, an appropriate amount of ammonium paramo-
lybdate was dissolved into pure water, adjusting the pH of the solution to 3.7. 
The solution underwent ultrasonication for 2 hours. The precipitates thus gener-
ated were separated by evaporation of solvent and dried at 60 °C under a vacuum 
overnight. The precipitates were then grinded into powder and calcined in air at 
500 °C for 4 hours.) After being dried at room temperature under vacuum, the 
sample was calcined at 500 °C for 4 hours. For Pt/α -MoC, the calcined Pt/MoO3 
was carburized using the same procedure as for the synthesis of β -Mo2C. For  
Pt/MoC-2, MoO3 impregnated with H2PtCl6 was carburized directly without  
calcination in air at 500 °C.
2%Pt/MoC-3 catalysts. An appropriate amount of H2PtCl6•6H2O aqueous solution 
was added into the ammonium paramolybdate solution dropwise under stirring. A 
yellow precipitant was thus generated. The solvent was evaporated at 90 °C and the 
precipitant was dried at 120 °C for 3 hours to ensure that the powder was dried30. 
Then the sample was carburized (as for β -Mo2C) directly to obtain 2%Pt/MoC-3.
2%Pt/Al2O3 and 2%Pt/TiO2. These reference catalysts were synthesized using wet 
impregnation of H2PtCl6•6H2O over commercial Al2O3 and TiO2 supports12. The 
slurry was stirred for 3 hours in air to remove the liquid, using the rotary evaporator 
under vacuum at 35 °C. The material was dried at 120 °C for 3 hours, and then 
calcined in the muffle oven at 500 °C. The Pt loading is 2%. The catalysts were 
reduced with H2 before catalytic evaluation.
Pt/α-MoC catalysts with different Pt loadings. Pt/α -MoC catalysts with 2.2 wt%, 
3.1 wt%, 5.1 wt% and 7.4 wt% Pt loadings were prepared as for Pt/α -MoC. Samples 
with 0.2 wt% and 0.7 wt% Pt loading were prepared using the wetness impreg-
nation method with activated α -MoC as the support. The catalysts are denoted 
x%Pt/α -MoC, where x denotes the rough weight concentration of Pt (x =  0.2, 1, 
2, 3, 5 or 7).
Evaluation of catalytic performance. Before their performance was evaluated, 
all Pt/MoC catalysts were activated in a CH4/H2 mixture (15/85 v/v) at 590 °C for 
2 hours. The Pt/oxide catalysts were activated in H2 flow at 500 °C. After being 
cooled to room temperature, the activated sample was transferred into de-aerated 
water in the autoclave under the protection of a N2 flow. The sealed autoclave was 
purged using 2 MPa N2 (10 vol% Ar was used as an internal standard) three times. 
The catalytic reactions were carried out at 190 °C (the pressure of the system was 
as high as 6 MPa), and after the reaction the gas phase was analysed using an 
Agilent 7820 gas chromatograph with a thermal conductivity detector (TCD). We 
quantified the gas-phase concentration of H2, CO and CH4; however, we could not 
accurately determine the concentration of CO2 owing to its high solubility in the 
liquid phase, especially at high pressures. We analysed the liquid-phase products on 
an Agilent HPLC 1200 using a Prevail carbohydrate ES 5-μ m column. To generate 
the results shown in Fig. 1d, for each cycle, the system was reacted at 190 °C for 
1.25 hours. After cooling down to room temperature, the gases were analysed by 
gas chromatography and then released. Then the system was reheated to 190 °C 

and reacted for another 1.25-hour cycle. A total of 11 cycles was conducted, with 
the turnover number reaching 132,166. As regards the observed decline in turn-
over number per cycle, the possible reasons could be: first, some catalyst particles 
migrated to the upper part of the reactor during the reaction; or second, the CO2 
accumulating in the liquid partially suppressed the reaction.

We measured the activity in the methanol (or ethanol or ethylene glycol)- 
reforming reaction through the amount of H2 produced in a certain reaction time. 
We determined this amount using internal standards and according to the following  
equations:
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where nx is the molar concentration of gas x; fx is the response factor of gas x, 
calibrated using a mixture of standards; Ax is the measured peak area of gas x; 
and Sx is the selectivity for the by-products CO and CH4. The amount of Ar (nAr) 
is determined from the partial pressure of Ar (0.2 MPa) and the volume of the 
autoclave (135 ml; the liquid occupies 50 ml of this) using the ideal gas equation. 
The amount of hydrogen product was determined on the basis of equation (1). 
The selectivity for by-products is defined as the molar ratio of the by-product to 
the main product, H2, in the gas phase.
Estimation of Pt usage for a commercial PEMFC vehicle. The reported hydrogen 
consumption and range of the Toyota Mirai 2017 vehicle are 1 kg H2 per 100 km 
(at a speed of about 100 km h−1; ref. 25) and 500 km, respectively. 

To fuel such a vehicle, we propose using hydrogen-reforming stacks to replace 
high-pressure hydrogen-storage tanks. Methanol and water would be stored sepa-
rately. Given that the hydrogen fuel cell produces pure water, the water is recyclable. 
The fuel tank used in traditional cars could be filled with methanol.

Whether this strategy would work in practice is a complicated problem 
that is related to both science and engineering. Here, we roughly estimate the 
amount of our 0.2%Pt/α -MoC catalyst that would be required. Further engi-
neering effort is needed in order to optimize the process and bring it to practical 
application. Given the hydrogen-consumption rate of Mirai (1 kg h−1) and the 
Pt-normalized hydrogen-production rate (18,000 mol H2 per mol Pt per hour) 
of the 0.2%Pt/α-MoC catalyst, around 6 g Pt should meet the requirements of 
Mirai per hour, which corresponds to approximately 3 kg of 0.2%Pt/α-MoC  
catalyst.
Structural characterization. X-ray diffraction. The XRD measurements presented 
in Fig. 1 were taken at the 17-BM beamline (λ =  0.72768 Å) of the Advanced 
Photon Source at Argonne National Laboratory. A 3 mg powder sample of each 
passivated Pt/MoC catalyst was loaded into an amorphous silica tube of diameter 
1.0 mm. Two-dimensional XRD patterns were collected with a Perkin Elmer amor-
phous silicon detector, and the diffraction rings were integrated using the Fit2d 
code (http://www.esrf.eu/computing/scientific/FIT2D). Rietveld refinements of 
the measured XRD patterns were done using GSAS packages31.

XRD patterns of spent catalysts and of catalysts with different amounts of Pt 
loading (Extended Data Fig. 3) were collected on a Rigaku X-ray diffractometer 
operated at 40 kV and 100 mA, using Cu Kα  radiation.
X-ray-absorption fine structure. Molybdenum K-edge (20,000 eV) XAFS spectra 
were measured at the BL14W beamline of the Shanghai Synchrotron Radiation 
Facility in transmission mode, using an ion chamber as the detector. Mo foil, MoO2 
(Aldrich) and MoO3 (Aldrich) were used as standards. Before measurement, all 
of the samples were activated in a mixture of CH4 and H2 (20/80 v/v) at 590 °C for 
2 hours and carefully sealed under argon protection in a glove box.

Platinum L3-edge (11,564 eV) XAFS spectra were also measured at the BL14W 
beamline, in fluorescence mode, using a Lytle detector to collect the data. For 
samples with low metal loading (less than 1%), a 32-channel solid detector was 
used and multiple parallel scans were applied to achieve high data quality. Pt foil 
and PtO2 (Adamas-beta) were used as standards. The XAFS samples were sealed 
in a chamber with Kapton windows under argon protection in a glove box after 
activation.

All XAFS spectra were processed using the Ifeffit package32. The extended XAFS 
oscillation was fitted according to a back-scattering equation, using FEFF models32 
generated from crystal structures of MoC (space group Fm3m), Mo2C (P63/mmc) 
and Pt (Fm3m).
X-ray photoelectron spectroscopy. XPS spectra for activated 2%Pt/α -MoC and 
0.2%Pt/α -MoC catalysts were collected using an Axis ultraimaging photo-
electron spectrometer (Kratos Analytical). The passivated catalyst fine powder 
was made into a small pellet (6 mm diameter) and held on the sample holder.  
This pellet was then activated in the pretreatment chamber of the XPS spectrometer 
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under a 60 ml min−1 flow of 15% CH4/H2 at 590 °C for 2 hours. After activation, 
the sample was introduced directly into an ultrahigh-vacuum chamber for XPS 
measurement at room temperature without exposure to air. The XPS spectra were 
processed using CasaXPS software (http://www.casaxps.com/).

To investigate the surface chemical structure of catalyst after exposure to 
methanol and water, we activated the pellet of 2%Pt/α -MoC or 0.2%Pt/α -MoC in 
the pretreatment chamber of the XPS spectrometer at 590 °C under 60 ml min−1  
CH4/H2 for 2 hours. After collecting the spectra, we exposed the activated sample 
to 60 ml min−1 methanol (0.8 kPa)/water (2.3 kPa)/N2 for 60 min at 190 °C. After 
exposure, the catalyst pellet was transferred into the ultrahigh-vacuum chamber 
for measurement.
Electron microscopy. STEM characterization was performed on an aberration- 
corrected Nion UltraSTEM-100, operated at 100 kV (ref. 33). The Z-contrast 
images were collected with an annular dark field detector in the range of 
86–200 mrad. The convergence angle was set to 30 mrad. Electron energy-loss 
spectroscopy was carried out with the same experimental set-up.

Catalyst samples for STEM analysis were prepared by first embedding the cat-
alyst powder in resin and then slicing it into electron-transparent TEM samples 
using a microtome. The TEM samples were baked at 160 °C under vacuum for 
8 hours before loading them into the electron microscope. Control experiments 
were performed on samples prepared by dry dispersing of catalyst powder directly 
onto the TEM grid inside a glovebox under argon protection and without vacuum 
baking. The results are qualitatively the same.
Temperature-programmed surface reactions. Methanol desorption. We examined 
the desorption behaviour of methanol on the catalysts using the temperature- 
programmed desorption (TPD) technique. Before analysis, we pretreated about 
50 mg of the passivated Pt/MoC-based catalyst in 15% CH4/H2 for 2 hours at 590 °C 
(Pt/oxide supports were pretreated in H2 for 2 hours at 500 °C) in a quartz tube, 
and then cooled the samples to 35 °C. Then the system was purged thoroughly with 
helium to remove the desorbed molecules. Saturated methanol vapour was then 
introduced into the system by means of a 80 ml min−1 helium flow for 15 min from 
a bubbler that was maintained at 35 °C. After methanol adsorption, the system was 
further purged by helium flow until no signal of desorbed methanol (m/z =  31) 
could be observed. The test sample was then heated to 500 °C at a rate of 5 °C min−1 
under 80 ml min−1 helium flow. Signals of H2 (m/z =  2), He (m/z =  4), CH4 
(m/z =  15), H2O (m/z =  18), CO (m/z =  28), CH3OH (m/z =  31), CO2 (m/z =  44), 
HCOOH (m/z =  45), HCHO (m/z =  30) and HCOOCH3 (m/z =  60) were recorded 
with an OMINI Star mass spectrometer.
Methanol plus water surface reaction. The temperature-programmed surface 
reaction of methanol and water uses the same experimental procedure as that for 
methanol TPD, except for the adsorption stage: here, a mixture of methanol and 
water was introduced by 80 ml min−1 helium flow for 15 min at room temperature. 
(The amount of methanol and water in the mixture was calculated from the phase 
diagram for the methanol–water system, and the molarity of methanol aqueous 
solution was controlled such that Pmethanol/Pwater in the gas phase equalled 1.)
Computational details. Methods. All calculations were performed using the 
plane-wave-based periodic DFT method, as implemented in the Vienna ab initio 
simulation package (VASP)34,35. The electron–ion interaction was described with 
the projector augmented wave (PAW) method36,37. The electron-exchange and 
-correlation energies were treated within the generalized gradient approximation in 
the Perdew–Burke–Ernzerhof functional (GGA-PBE)38. The plane-wave basis was 
set up to 450 eV. Electron smearing was used via the Methfessel–Paxton technique 

with a smearing width consistent to σ =  0.2 eV. The adsorption energies included 
spin polarization. All transition states were estimated using the climbing image 
nudged elastic band method (CI-NEB)39, and we analysed the stretching frequen-
cies in order to characterize whether a stationary point is a minimum state without 
imaginary frequency or a transition state with only one imaginary frequency. We 
also included the van der Waals interaction (D3) in this work.

We calculated the adsorption energy, Eads, according to Eads =  EX/slab −  
(Eslab +  EX), where EX/slab is the total energy of the slab (the clean surface) with 
adsorbates in its equilibrium geometry, Eslab is the total energy of the bare slab, 
and EX is the total energy of the free adsorbates in the gas phase. Therefore, the 
more negative the adsorption energy, the stronger the adsorption. The activa-
tion barrier (or activation energy, Ea) and reaction energy (Δ Er) are calculated 
according to Ea =  ETS − EIS and Δ Er =  EFS − EIS, where EIS, EFS and ETS are the 
energies of the corresponding initial state (IS), final state (FS) and transition state 
(TS), respectively.
Models. The calculated lattice constant of a cubic platinum cell (fcc) is 3.9194 Å 
(experimental constant of 3.9239 Å), and the Pt–Pt bond has a length of 2.771 Å. 
The calculated lattice constant of a cubic MoC cell (fcc) is 4.3318 Å (experimental 
of 4.270 Å), and the Mo–Mo bond is 3.063 Å long. For the top views of surface 
models for α -MoC(111), Pt(111) and Pt1/α -MoC(111) (Extended Data Fig. 7), 
we used the same unit cell—namely p(3 ×  3)—and 3 ×  3 ×  1 k-point sampling. In 
total, the MoC(111) surface has 27 molybdenum and 27 carbon atoms, of which  
9 molybdenum and 18 carbon atoms were fixed; the Pt(111) has 36 platinum atoms, 
and 18 of these were fixed; the Pt1/MoC(111) has 1 platinum, 27 molybdenum and 
27 carbon atoms, of which 9 molybdenum and 18 carbon atoms were fixed, and 
the platinum coverage was 1/9.
Data availability. The data that support the findings of this study are available 
from the corresponding authors on reasonable request.
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Extended Data Figure 1 | Structural characterization of Pt/MoC-
based catalysts. a, Rietveld structure refinement results obtained from 
XRD analysis of different Pt/MoC-based catalysts, including α -MoC 
lattice constants and molar percentages of fcc α -MoC. b, Molybdenum 
K-edge (20,000 eV) X-ray absorption near-edge structure (XANES) 
spectra of different Pt/MoC-based catalysts and of molybdenum foil and 
molybdenum oxides; the results suggest that no molybdenum oxide is 
present in the catalysts. c–g, Platinum L3-edge EXAFS fitting results for:  
c, 2%Pt/α -MoC; d, 2%Pt/MoC-2; e, 2%Pt/MoC-3; f, 2%Pt/β -Mo2C; and  
g, 2% Pt/Al2O3 catalysts in R space, where R represents the distance 

between scattering neighbour atoms and the absorbing atom, without 
correcting for scattering phase shift. The circles show the original data, 
and the red curve is the fitting curve; the areas enclosed by dotted green 
lines represent the fitting region. h, Corresponding platinum L3-edge 
XANES spectra for the catalysts, platinum foil and platinum oxides. The 
platinum L3 ‘white line’ (the first maximum of the XANES curve after the 
absorption edge; dotted line) of Pt/α -MoC catalysts moves to a higher 
energy than in metallic platinum foil, suggesting that platinum in the 
catalyst exhibits a positive charge.
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Extended Data Figure 2 | Electron microscopy characterization.  
a, Low-magnification STEM Z-contrast image of 2% Pt/α -MoC.  
b, Corresponding fast Fourier transform (FFT) pattern of the image, 
showing that the α -MoC substrate has a fcc structure and is imaged along 
the [011] zone axis. The red dashed lines illustrate the {111} planes. The 
polycrystalline substrate is highly textured. c, Electron energy-loss 
spectrum (EELS) acquired from a 16 ×  16 nm2 region of the α -MoC 

substrate, showing the presence of a very small amount of oxygen and the 
strong molybdenum and carbon signals. d, STEM bright-field image of 
0.2%Pt/α -MoC catalyst. e, Corresponding FFT pattern. The α -MoC 
support has a porous appearance, with highly textured nanocrystals of 
2–6 nm in size. This textured structure shows a strong tendency to align 
along the {111} direction (as shown in the FFT pattern)—that is, the 
nanocrystals have strong tendency to expose the {111} surfaces.
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Extended Data Figure 3 | XRD characterization and reaction kinetics. 
a, XRD profiles of fresh and spent 0.2%Pt/α -MoC catalysts after 1 and 
11 reaction cycles. The similar diffraction patterns suggest that this 
catalyst is stable under APRM conditions. There is no sign of bulk phase 
oxidation or phase transformation. The diffraction peaks of the α -MoC 
substrate appear at higher 2θ angles than the theoretical predicted values, 
indicating that the lattice constant of this substrate is slightly smaller 
than that of stoichiometric α -MoC. We ascribe the shift in the diffraction 
peaks to a deficiency in carbon as compared with the stoichiometric 
value. b, XRD profiles of Pt/α -MoC catalysts with different Pt loadings 
(0.7 wt%, 2.2 wt%, 3.1 wt%, 5.1 wt% or 7.4 wt%, numbered 1, 2, 3, 5 and 
7, respectively, in the figure). XRD profiles were collected on a Rigaku 
X-ray diffractometer operated at 40 kV and 100 mA, using Cu Kα  
radiation. We observed no peaks associated with Pt nanoparticles for 

catalysts with Pt loading lower than 0.7%. However, when the Pt loading 
increases from 2.2 wt% to 7 wt%, a small peak associated with fcc Pt 
diffraction appears and increases gradually, indicating the presence and 
growth of Pt nanoparticles. c, Variation in catalytic activity (hydrogen 
evolution rate) versus Pt loading on Pt/α -MoC catalysts (190 °C; 
n(CH3OH):n(H2O) =  1:3). The activity of catalysts with less than 3.1% Pt 
loading was determined in three parallel reactions. The activity values are 
the numerical averages; the error bars represent the standard deviation  
of the three tests. d, Arrhenius plot of the methanol-reforming reaction  
for 2%Pt/α -MoC. The estimated apparent activation energy (Ea) is  
82.9 kJ mol−1, similar to the reaction barrier energy calculated from DFT. 
R2 =  0.9919 is the coefficient of determination of the linear regression 
fitting. 
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Extended Data Figure 4 | XANES characterization of Pt/α-MoC.  
a, Platinum L3-edge and b, molybdenum K-edge XANES results from 
fresh and used 0.2%Pt/α -MoC. These XANES spectra suggest that charge 
transfer from platinum to molybdenum is unchanged after the reaction, 
and that there is no sign of bulk phase oxidation in α -MoC. c, Pt L3-edge 
XANES spectra of Pt/α -MoC catalysts with different Pt loadings. Platinum 
foil and platinum oxide were used as standards. The position of the ‘white 
line’ (dashed line) shows gradual positive movement (from 0.5 eV to 
0.6 eV) with decreasing Pt loading.
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Extended Data Figure 5 | Pt L3-edge EXAFS fitting results for  
Pt/α-MoC catalysts with different Pt loadings. a–d, Fitting details for  
Pt L3-edge EXAFS spectra obtained for the 0.2%Pt/α -MoC catalyst (a, b) 
and the 2%Pt/α -MoC catalyst (c, d) as examples (‘k’ and ‘q’ refer to the 

EXAFS annotation for the wavenumber of the photoelectron) e–h, Pt L3-
edge EXAFS fitting results for e, 0.7%, f, 3.1%, g, 5.1%, and h, 7.4% Pt/ 
α -MoC catalysts in R space (k weight =  3).
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Extended Data Figure 6 | XPS characterization of 2%Pt/α-MoC and 
0.2%Pt/α-MoC. a, XPS spectra of the platinum 4f regions (the binding 
energy of pure platinum foil is 71.2 eV) and b, the molybdenum 3d regions 
of 2%Pt/α -MoC before and after exposure to methanol/water vapour  
at 190 °C for 1 hour. Ptδ+ denotes a partial positive charge on Pt.  
c, XPS spectra of the platinum 4f and d, molybdenum 3d regions of 
0.2%Pt/α -MoC before and after exposure to methanol/water vapour at 
190 °C for 1 hour. After the reaction, we detected no oxidation of platinum 

in either catalyst (as compared with the fresh catalysts); however, we did 
observe oxidation of a small amount of molybdenum, as shown by the 
generation of weak components in the high-energy region. These findings 
show that: first, platinum is not oxidized during the reaction; and second, 
perhaps only the MoC domain that is far from the Pt1 species is oxidized 
by the dissociated water, while oxygen-containing groups on the MoC 
domain adjacent to Pt1 will be converted to CO2 and H2 through the 
ongoing reaction cycles.
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Extended Data Figure 7 | Calculation models and electronic properties. 
a, Top views of molybdenum-terminated α -MoC(111) (representing the  
α -MoC surface without loaded Pt), Pt(111) (representing pure Pt) and 
Pt1/α -MoC structures obtained from DFT models. Blue, Pt atoms; cyan, 
Mo atoms; grey, C atoms. b, Charge-density differences for Pt atoms, 
Pt–Mo bonds and Mo atoms from Pt1/α -MoC(111), in top and side 
views. Blue and red represent charge depletion and charge accumulation, 
respectively. Electron densities over the Pt and Mo sites in the catalyst 
are reduced greatly compared with the density over metallic Pt, while the 
Pt–Mo bonds form electron-rich regions. The units for the colour scale 
bar are a.u.−3. c, Crystal orbital overlap population (COOP) analysis of 

the Mo–C and Mo–Mo bonds in α -MoC(111), the Pt–Pt bond in Pt(111), 
and the Mo–C, Mo–Mo and Mo–Pt bonds in Pt1/α -MoC(111). In a 
COOP analysis, all energies are measured with respect to the Fermi level; 
a bonding contribution is represented by a positive COOP and an anti-
bonding contribution by a negative COOP. For example, it can be found 
that charge transfer from Pt to the Pt–Mo interface in the Pt1/α -MoC(111) 
model effectively arouses the anti-oxidation ability of α -MoC (as seen 
by looking at the Mo–C bonds: anti-bonding characters (a negative sign 
around the Fermi level) in MoC(111) become bonding characters  
(a positive sign) in Pt1/MoC(111), indicating a stronger Mo–C bond, 
which is related to anti-oxidation ability).
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Extended Data Figure 8 | Adsorption energies in surface models and 
some detailed reaction paths. a, Adsorption energies (Eads, measured 
in eV) of CH3OH, H2O, CO, CO2, H and H2 in different surface models. 
b, c, Reaction pathways for the APRM-driven formation of formic acid 
(HCOOH) via OH oxidation on b, Pt(111) and c, Pt1/α -MoC(111). The 
energy profile for the HCOOH conversion route of methanol reforming 

over the two models incorporates the zero-point energy and entropy 
correction at 463 K. The results suggest that the HCOOH route is not 
kinetically favoured as compared with the CHO dissociation route.  
d, Intermediate structures and corresponding energies for elementary 
steps of the reaction CO +  2OH →  CO2 +  H2O. TS, transition state;  
FS, final state.
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Extended Data Figure 9 | Energy profiles for methanol dissociation and the water–gas shift reaction on α-MoC(111) and Pt(111). a, Methanol 
dissociation into CO and H atoms on α -MoC(111). b, Water–gas shift reaction on α -MoC(111). c, Methanol dissociation on Pt(111). d, Water–gas shift 
reactions on Pt(111).
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Extended Data Figure 10 | Studies of temperature desorption and 
surface reactions. a, Temperature-programmed surface reaction (TPSR) 
of methanol and water over 2%Pt/α -MoC. The very-low-temperature 
H2 generation with CO2 at 115 °C is due to the methanol reforming with 
water. The signals around 214 °C are attributed to the reaction of methanol 
and water adsorbed at bare α -MoC sites. b, TPSR of methanol and water 
over α -MoC. At low temperatures (166 °C), no C-containing species is 
generated, indicating that α -MoC cannot dissociate the C–H bond of 
methanol at this temperature, let alone catalyse the successive reforming 
or decomposition processes. In other words, Pt1 is indispensable for 
low-temperature C–H clearage. Only at temperatures greater than 220 °C 
could α -MoC catalyse the methanol-reforming reaction. c, Temperature-
programmed desorption (TPD) of methanol over 2%Pt/α -MoC. The 

signals at 145 °C are attributed to the intermolecular reforming of 
methanol, and the signals at 206 °C signals come from the decomposition 
of methanol into CO, CO2 and H2. d, TPSR of methanol and water over 
2%Pt/Al2O3. Without α -MoC, Pt particles mainly catalyse methanol 
decomposition to CO and H2, as the signals at 183 °C show. Owing to 
the lack of surface hydroxyl from water dissociation at this temperature, 
CO2 does not form, and can be detected only at higher temperatures. The 
results show that the α -MoC support in the 2%Pt/α -MoC catalyst serves 
as the centre of water dissociation and suppresses the side reaction of 
methanol decomposition at low temperatures. The combination of Pt1 
and α -MoC renders this catalyst capable of water dissociation, C–H bond 
activation and reformation, and thus a good choice for low-temperature 
hydrogen production.
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Extended Data Table 1 | Pt L3-edge EXAFS fitting results for Pt/MoC catalysts and the reference compound 2%Pt/Al2O3

* C.N., coordination number.
†The difference in inner potential (the zero-point energy of photoelectrons) between the measured sample and standards.
‡Mean-square relative displacement, which measures the disorder of neighbouring atoms.
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