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            Abstract
Polymer electrolyte membrane fuel cells (PEMFCs) running on hydrogen are attractive alternative power supplies for a range of applications1,2,3, 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)6,7,8, 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.
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                    Figure 1: Structure and catalytic performance of Pt/MoC catalysts.[image: ]


Figure 2: Reaction path for hydrogen production from methanol and water.[image: ]
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Extended data figures and tables

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.


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 [image: ] 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.


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.


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.


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).


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.


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).


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.


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).


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.


Extended Data Table 1 Pt L3-edge EXAFS fitting results for Pt/MoC catalysts and the reference compound 2%Pt/Al2O3Full size table
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