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Abstract: Carbon neutral hydrogen production is of key importance for the chemical industry of 

the future. Here, we demonstrate a new thermal catalytic route for the partial reforming of ethanol 

into hydrogen and acetic acid with near-zero CO2 emissions. This reaction is enabled by a catalyst 

containing a high density of atomic Pt1 and Ir1 species supported on a reactive α-MoC substrate, 

achieving a hydrogen production rate of 331.3 millimoles of hydrogen per gram catalyst per hour 5 

and an acetic acid selectivity of 84.5% at 270 °C, and is therefore more energy-efficient compared 

with standard reforming. Techno-economic analysis of partial ethanol reforming demonstrates the 

potential profitability for operation at an industrial scale, presenting the opportunity to produce 

hydrogen and acetic acid with a significantly reduced carbon dioxide footprint. 

 10 
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Main Text:  

The reforming of fossil fuels is currently the predominant route for industrial hydrogen (H2) 

production (1, 2), but is associated with substantial CO2 emissions (3). Greener alternatives, such 

as water electrolysis (4) and biomass gasification (5), could reduce the carbon footprint of H2 

production, but face bottlenecks in efficiency, cost-effectiveness and scalability. Partial oxidation 5 

(C2H5OH + 1.5O2 = 2CO2 + 3H2) and full steam reforming (C2H5OH + 3H2O = 2CO2 + 6H2) (6, 

7) of ethanol have also been actively explored for possible carbon-neutral H2 production, 

especially using bio-derived renewable ethanol. Although these processes show some advantages 

over conventional H2 production routes (Fig. 1A) (8), partial oxidation is intrinsically limited by 

the stoichiometrically low H2 production rate (9), whereas the highly endothermic nature of full 10 

steam reforming (Fig. 1B) (10, 11) requires high operating temperatures that promote undesired 

side reactions (12). Notably, both pathways convert 100% of the carbon atoms into CO2, depleting 

the carbon resources. 

 

Reaction pathway and catalyst design 15 

A comprehensive exploration of the ethanol reforming process revealed a complex reaction 

network (Fig. 1C). An ideal H2 production pathway from ethanol reforming should both be 

thermodynamically favorable and minimize net carbon emission (13). We propose selective partial 

reforming of ethanol with water to form acetic acid and H2 (C2H5OH + H2O = CH3COOH + 2H2) 

as the more valuable route (rust red in Fig. 1C). It offers multiple benefits: (i) the reforming process 20 

extracts H2 from both ethanol and water, producing more H2 than the dehydrogenation process 

from a stoichiometric perspective; (ii) carbon atoms remain in the liquid phase, generating a 

valuable chemical product and minimizing CO2 emission; (iii) the co-produced acetic acid fulfills 

rising global demand and serves as a critical intermediate for the production of additional 

chemicals, including cellulose acetate, vinyl acetate monomer, polyvinyl acetate (14). In contrast, 25 

conventional catalysts for ethanol reforming, including noble metal catalysts (such as Pt and Pd) 

and non-noble metal catalysts (such as, Ni, Cu, and Co) (15-21), tend to convert the carbon atoms 

in ethanol into COx, leading to a net carbon-positive process with COx emission  (without taking 

into account the origin of ethanol). 

 30 

Designing a new catalyst that enables the reforming reaction while preventing C-C bond breakage 

(22) is crucial for selectively facilitating this partial reforming route into acetic acid. We developed 

a highly dispersed Pt/Ir metal catalyst supported on α-MoC that efficiently promoted the partial 

steam reforming of ethanol into H2 and acetic acid under temperatures considerably lower than 

that required in conventional ethanol steam reforming. We selected α-MoC as a reactive support 35 

to construct the interfacial catalysts in view of its unprecedented capability of activating water at 

low temperatures (23, 24) and its strong interactions with noble metals, which created a high 

density of interfacial active sites for methanol reforming (25, 26).  

 

Compared to methanol reforming, ethanol reforming is thermodynamically less favored (27, 28) 40 

and requires a higher density of reforming sites to facilitate the reaction. More importantly, to 

achieve a high selectivity towards acetic acid, the cleavage of the C-C bond in the ethanol 

backbone, which leads to the formation of undesired C1 products like CO, CO2 or CH4 (see Figure 

1C), must be suppressed. Because C-C bond cleavage typically requires a di-σ carbon-metal 
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configuration, large metal catalytic ensembles that contain abundant metal-metal bonds must be 

eliminated  (29). Previous studies on Ir/α-MoC and Pt/α-MoC catalysts revealed that Ir has a 

stronger interaction with α-MoC (26, 30, 31), which leads to much higher dispersion than Pt under 

the same metal loading, although the intrinsic dehydrogenation activity of Ir is lower than that of 

Pt (26, 32). We expected co-loading of Ir and Pt onto α-MoC improve Pt dispersion, thereby 5 

constructing a catalyst (M/α-MoC, M = Pt/Ir) with a high density of atomic interfacial sites (i.e. 

active interfaces formed by atomic-scale Pt or Ir species, including Pt or Ir single atoms as well as 

fully exposed clusters (33), over the reactive α-MoC support) that are beneficial for the efficient 

and selective reforming of ethanol into acetic acid. 

 10 

Catalyst synthesis and characterization 

We synthesized a series of Pt/Ir-based catalysts supported on α-MoC using the incipient wetness 

impregnation method (see Methods for details; the number before Pt or Ir denotes the weight 

percentage of the metal loading). X-ray diffraction (XRD) revealed the formation of Pt particles 

(2θ = 39.8º) in 3Pt/α-MoC, and the diffraction for crystalline Pt became more pronounced in 6Pt/α-15 

MoC (Fig. 2A, Fig. S1). In contrast, Ir particles were not detected even at a metal loading of 6 wt% 

(Fig. 2A, Fig. S2). Importantly, with the addition of Ir, 3Pt3Ir/α-MoC did not show obvious XRD 

peaks for either Pt or Ir crystals at a total metal loading of 6 wt%, confirming that Ir indeed 

enhanced the dispersion of Pt species. Loading the Pt and Ir species with equal concentration onto 

an inert SiO2 support (3Pt3Ir/SiO2) produced metal particles that were resolved by XRD (Figure 20 

2A). This 3Pt3Ir/SiO2 catalyst served as a reference catalyst containing abundant large metal 

ensemble sites. 

 

The metal dispersions were further analyzed using extended x-ray absorption fine-structure 

(EXAFS). For the 1Pt/α-MoC catalyst, the Pt-Pt coordination number (CN) was 1.0, indicating the 25 

formation of small Pt clusters even at a low Pt loading. The average CNPt-Pt increased with higher 

Pt loading, reaching 4.9 for 6Pt/α-MoC (Fig. 2B, Fig. S3 to S8, Tables S2 and S3), suggesting the 

formation of a substantial number of Pt ensemble sites. In contrast, no Ir-Ir coordination was 

detected in the 1Ir/α-MoC and 3Ir/α-MoC catalysts, and the average CNIr-Ir for 6Ir/α-MoC was 

only 1.9, indicating a much higher dispersion of Ir on α-MoC compared to Pt (Fig. 2B). At a total 30 

metal loading of 6 wt%, the 3Pt3Ir/α-MoC catalyst showed no Ir-Ir scattering and a CNPt-Pt of 2.3, 

suggesting atomic dispersion of Ir species and enhanced dispersion of Pt compared to 3Pt/α-MoC.  

 

We used atomic-number (Z) contrast imaging and electron energy-loss spectroscopy (EELS) 

mapping on aberration-corrected scanning transmission electron microscopy (STEM) to visualize 35 

the atomic-scale structures of the 3Pt/α-MoC and 3Pt3Ir/α-MoC catalysts. For 3Pt/α-MoC, STEM 

Z-contrast image combined with EELS mapping revealed the coexistence of atomically dispersed 

Pt species and Pt clusters with diameter about 1 nm (Fig. 2, C and D, Fig. S9 and S10). For 

3Pt3Ir/α-MoC, the Z-contrast imaging could not differentiate Pt and Ir (Fig. S10), but the EELS 

mapping in Fig. 2F, in combination with the Z-contrast image in Fig. 2E, revealed the coexistence 40 

of atomically dispersed Pt and Ir species, as well as small Pt clusters on the α-MoC support. The 

Pt and Ir EELS signals extracted from Fig. 2F were highly confined to single pixels, demonstrating 

that the elemental-sensitive EELS mapping has single-atom sensitivity (34). In addition, 
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comparison of Fig. 2D to Fig. 2F revealed a much-improved dispersion of Pt species in 3Pt3Ir/α-

MoC than that in 3Pt/α-MoC, consistent with the conclusion drawn from XAS. 

 

Atomic electron tomography (AET) (35, 36) was used to investigate the three-dimensional (3D) 

distribution and coordination of Pt (and Ir) atoms in metal clusters in the 3Pt/α-MoC and 3Pt3Ir/α-5 

MoC catalysts (see Methods and Figs. S11 to S13). Although sampling is limited with AET, it still 

provides valuable insights into the 3D distribution of the Pt(Ir) species on the α-MoC support, and 

the local metal-metal CNs calculated from the reconstructed atomic coordinates can be 

informative. In 3Pt/α-MoC, for a 1495-atom motif containing 48 Pt atoms, most Pt atoms had 

CNPt-Pt ranging from 3 to 9 (Fig. 2G, Movie S1). In contrast, in the 3Pt3Ir/α-MoC catalyst, most 10 

of the Pt/Ir atoms were present as single atoms distributed at point defect sites on α-MoC, with 

only a small portion of Pt/Ir atoms showing a CN between 1 and 5 (Fig. 2H, Movie S2). These 

comprehensive structural analysis results consistently demonstrate that Ir species promoted the 

dispersion of Pt species on α-MoC to create a high density of interfacial active sites. 

 15 

Catalytic evaluation 

In-situ spectroscopy experiments were performed to examine the potential of the 3Pt3Ir/α-MoC 

catalyst for activating water and ethanol by tracking the adsorption and evolution of surface 

species. The O 1s x-ray Photoelectron Spectroscopy (XPS) under ultrahigh vacuum (UHV) 

showed two peaks at 530.3 and 531.6 eV that we attributed to residual oxygen and hydroxyl 20 

groups, respectively, on the surface of α-MoC (Fig. 3A, Fig. S14) (31). After dosing water onto 

the catalyst at room temperature (RT) in near-ambient-pressure XPS (NAP-XPS) experiments, an 

adsorbed water peak at 533.2 eV(37) emerged, accompanied by an increase in the hydroxyl group 

peak (531.6 eV). This observation suggests that water dissociates into hydroxyl species over 

3Pt3Ir/α-MoC at RT, consistent with previous reports on other α-MoC based catalysts (38).  25 

 

In addition, dosing ethanol onto the 3Pt3Ir/α-MoC catalyst at RT caused increases of the two peaks 

at 531.8 eV and 533.2 eV, attributed to adsorbed oxygenates and ethanol (39), respectively (Fig. 

3B, Fig. S14), indicating the dissociative adsorption of ethanol. As the temperature increased, the 

peak assigned to adsorbed oxygenates increased, indicating enhanced activation of ethanol, despite 30 

the Pt and Ir species remaining unchanged during this process (Figs. S15 and S16). Meanwhile for 

3Pt3Ir/SiO2, feeding water and ethanol does not lead to dissociation at RT (Fig. S17). The 

dissociation of ethanol over the 3Pt3Ir/α-MoC catalysts was further confirmed by transient kinetic 

analysis (TKA) (Figs. S18 and 19). When C2H5OD was fed to the pretreated 3Pt3Ir/α-MoC surface 

at RT, both H2 and HD were detected in the outlet gas, suggesting that the catalyst could dissociate 35 

both C-H and O-H bonds of ethanol at RT.  

 

To assess the feasibility of ethanol-water partial reforming over these catalysts, we used in-situ 

Fourier-transforming infrared (FT-IR) spectroscopy (Fig. 3C) to monitor the adsorption (evident 

by the presence of C-H stretching in ethanol at 2981 cm-1), the effective dehydrogenation of 40 

ethanol (evident by the increase of C=O stretching at 1758 cm-1, C-O bending mode at 1377 cm-1, 

and C-O stretching mode at 1242 cm-1 in acetaldehyde (40)) and the overall reactivity (formation 

of acetic acid) among α-MoC, 3Pt3Ir/α-MoC and 3Pt3Ir/SiO2 catalysts. For the 3Pt3Ir/SiO2 

catalyst containing large metal ensembles, the peaks associated with carbon monoxide (C-O 
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stretching at 2063 cm-1) and methane (C-H stretching at 3016 cm-1, degenerate bending mode at 

1303 cm-1) were clearly resolved (Figure 3C(i)) once the vapor of ethanol/water mixture was 

introduced over the catalyst. This result indicated that large ensembles of noble metals were highly 

active for C-C bond cleavage (41), making them unfavorable for partial ethanol reforming.  

 5 

In contrast, ethanol dehydrogenation was particularly effective on α-MoC (Figure 3C(ii)), as 

evidenced by the appearance of bands associated with acetaldehyde at 1242 cm-1 and 1758 cm-1 

after the introduction of the ethanol/water vapor mixture onto the catalyst at 270 oC. Although C-

C bond breakage was not observed, we were unable to resolve the peak associated with CH3COO- 

over α-MoC, possibly because of its inability to further transform acetaldehyde into the 10 

corresponding acid. Surprisingly, only on the 3Pt3Ir/α-MoC catalyst containing abundant atomic-

scale interfaces between Pt1 or Ir1 and α-MoC , could the asymmetric stretching mode of O=C-O- 

in CH3COO- at 1612 cm-1 (42) be resolved, even from the early stages of reforming (Fig. 3C(iii)). 

Thus, these interfaces were critical for the formation of acetic acid.  

 15 

These results demonstrated that the surface of 3Pt3Ir/α-MoC could readily activate both water and 

ethanol in the initial stage of the reaction, following the pathway shown in Fig. 3C, indicating 

potentially excellent catalytic performance in steady-state reactions. 

 

The pristine α-MoC sites favored the dehydrogenation of ethanol into acetaldehyde and the 20 

dissociation of H2O into hydroxyls (31, 43), whereas the interfaces between atomic-scale Pt or Ir 

species and α-MoC were pivotal for the partial reforming of ethanol with water. Importantly, 

eliminating the formation of Pt(Ir)-Pt(Ir) ensembles was crucial for preventing C-C bond cleavage 

and for the low selectivity toward COx and methane in the reaction. 

 25 

We evaluated the selective reforming performance using a continuous-flow fixed-bed reactor (the 

mass balance, calculated based on the number of carbon atoms, ranged from 101% to 109% for all 

catalysts, see Methods for details). Ethanol reforming typically follows a dehydrogenation-

reforming sequential pathway (44), so the performance of acetaldehyde reforming with water was 

evaluated first on α-MoC-based catalysts (Fig. 4A). Pure α-MoC shows negligible activity towards 30 

acetaldehyde reforming, which is in good agreement with the in-situ FTIR results. In contrast, with 

the loading of Pt or Ir, the activity increased substantially, suggesting that noble metals or 

metal/carbide interfaces played a vital role in the reforming process. Although 3Pt/α-MoC showed 

a higher H2 production rate than 3Ir/α-MoC, its selectivity toward undesired C1 products was much 

higher (~38% vs. ~8%), primarily because of its tendency to aggregate under high metal loadings 35 

that promoted C-C bond cleavage. The co-loading of Pt and Ir boosted activity toward H2 

production and high selectivity, exceeding 80%, toward acetic acid. These results supported our 

proposal that a high density of Pt1 and Ir1 single atoms on molybdenum carbide would facilitate 

H2 production through reforming while suppressing C-C cleavage. 

 40 

We then evaluated ethanol reforming with water on these catalysts. Pure α-MoC showed a H2 

production rate of 51.3 mmolH2/(gcat·h) at 543 K, with acetaldehyde as the main product (selectivity 

~53.0%) (Figure 4B and Table S4) and ethylene/ethane accounting for ~20% selectivity. Loading 



7 

 

either Pt or Ir onto α-MoC drastically increased the H2 generation rate (Figs. S20 and S21). A 

comparison of the reforming activity of Pt/α-MoC and Ir/α-MoC at a low metal loading of 1% 

(Fig. S22) revealed higher intrinsic ethanol reforming activity for Pt/α-MoC and the essential role 

of atomic-scale noble-metal/carbide interface in reforming, similar to what we observed for 

acetaldehyde reforming. For comparison, supporting atomically dispersed Pt species on an inert 5 

carbon support yielded neglectable reforming activity, highlighting the essential role of the Pt(or 

Ir)/α-MoC interface. At a higher metal loading of 3%, both 3Pt/α-MoC and 3Ir/α-MoC 

demonstrated superior H2 generation activity (147.3 mmolH2/(gcat·h) and 176.0 mmolH2/(gcat·h), 

respectively) and a high acetic acid selectivity exceeding 50%. Further increasing the individual 

metal loading to 6% did not improve the activity or selectivity towards acetic acid (Figs. S20 and 10 

S21).  

 

Notably, with co-loading of Pt and Ir, 3Pt3Ir/α-MoC exhibited the highest efficiency, achieving a 

H2 generation rate of 331.3 mmolH2/(gcat·h) after optimizing reaction condition (Figs S23 and 24), 

and surpassed previously reported results in thermocatalysis, photocatalysis and electrocatalysis 15 

(Fig. 4D and Tables S5 and S6). A high water-to-ethanol ratio was used (9:1) under the optimal 

condition, which is critical for both thermodynamic and kinetic reasons, as detailed in the 

Theoretical Investigation section below. Additionally, 3Pt3Ir/α-MoC demonstrated a high 

selectivity of 84.5% toward acetic acid, with less than 10% toward C1 products (CO, CO2 and 

CH4), showing better performance than fully reforming processes under similar reaction 20 

temperatures (Figure 4D, Table S7). The presence of a high density of interfacial M1/α-MoC (M1 

= Pt1 or Ir1) sites effectively blocked the undesired reaction routes, such as the formation of 

acetaldehyde and other by-products.  

 

Durability test on the 3Pt3Ir/α-MoC catalyst demonstrated promising stability in both activity and 25 

selectivity over a 100-hour run (Fig. 4C). The activity for H2 production decreased by 21% from 

its initial level within the first 100 hours of reaction, but the rate of decline gradually slowed as 

testing proceeded. Over this period, the catalyst achieved a cumulative H2 production of 27.3 mol 

per gram of catalyst, accompanied by the generation of 19.2 mol of acetic acid. Furthermore, XRD 

characterization revealed no obvious structural change of the catalyst after usage (Fig. S25), 30 

suggesting potentially much longer lifespan. 

  

Theoretical investigation 

To better understand the enhanced catalytic performance of the 3Pt3Ir/α-MoC catalyst, we 

performed density functional theory (DFT) calculations to explore the ethanol reforming paths and 35 

reaction mechanisms (Fig. 5 and Figs. S26 to S37). With inputs from structural characterizations, 

we constructed five structural models to represent different catalytic sites: Mo-terminated α-

MoC(111) as pristine α-MoC; Pt(111) and Pt(210) representing the flat surface sites and step sites 

of Pt clusters/particles, respectively; Pt1/MoC(111) and Ir1/MoC(111) for atomically dispersed Pt 

and Ir on α-MoC, respectively. 40 

 

We first explored the reaction pathways of ethanol decomposition on the α-MoC(111) surface. 

Figure 5A and Fig. S26 show that on α-MoC(111) the terminal C-H bond of ethanol first 

dissociated into surface *CH2CH2OH and then went through two favored routes. One involved the 
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dissociation of C-O bond to form ethylene with an effective energy barrier of 0.80 eV, and the 

other generated the most thermodynamically stable intermediate CH2CO with an effective energy 

barrier of 0.78 eV. However, subsequent transformation of this intermediate into acetaldehyde and 

acetic acid required much higher energy barrier (> 1.3 eV), suggesting that ethanol reforming 

would be hindered on α-MoC by the accumulation of C2 species. However, this result did not fully 5 

align with the high acetaldehyde selectivity we observed in experiment (Fig. 4B), signaling the 

strong influence from surface hydroxyls.  

 

Note that under our experimental conditions, a high surface hydroxyl coverage was expected 

during the reaction because of the high feedstock ratio of water to ethanol (9:1) and the high 10 

activity of α-MoC for water dissociation (31). To unveil the interaction between carbon 

intermediates and hydroxyls, we performed calculations of CH2CH2OH dissociation on the α-

MoC(111) surface with low and high hydroxyl coverages of 1/3 ML and 5/9 ML, respectively 

(Fig. S27). The rate-determining steps of ethanol decomposition under 5/9 ML hydroxyl coverage 

are presented in Fig. 5D. A comparison of Fig. 5A with Fig. 5D revealed that the overall energy 15 

barrier toward the formation of acetaldehyde was lowered to 0.92 eV at higher hydroxyl coverage, 

whereas the barrier toward ethylene formation increased to 1.10 eV. This result suggested that 

ethylene formation could be to some extent inhibited by the increased hydroxyl coverage from 

water dissociation on α-MoC, consistent with the experimental selectivity.  

 20 

For comparison, the pathways of ethanol decomposition on Pt particles were also investigated (Fig. 

5B and Fig. S28). The results showed that the reforming process on the Pt(111) flat surface did not 

exhibit a specific preference for any single product, as the calculated energy barriers toward 

acetaldehyde, acetic acid, CH2CO intermediate, and C1 products were similar. However, on the 

Pt(210) step surface, the energy barrier for C-C bond breakage of the most stable CH2CO 25 

intermediate was reduced to 0.81 eV (Fig. 5C and Fig. S29), suggesting that Pt particles, containing 

rich step surfaces, favored the formation of C1 products. This result aligned well with the 

experimental findings on catalysts containing large metal ensembles, such as the 3Pt3Ir/SiO2, 

3Pt/α-MoC and 6Pt/α-MoC (Fig. 4B, Fig. S20, and Table S4).  

 30 

To investigate the catalytic effects of atomic M1/α-MoC (M1 = Pt1 or Ir1) interfacial sites, we 

calculated the pathways for the reaction of CH2CO (the most stable C2 intermediate on α-MoC, 

Fig. 5A) into acetic acid and acetaldehyde on Pt1/MoC(111) and Ir1/MoC(111) at high hydroxyl 

coverage (Fig. S30, Fig. 5, E and F). The energy barriers toward the formation of acetic acid were 

reduced to 0.58 eV on Pt1/MoC(111) and 0.73 eV on Ir1/MoC(111), drastically lower than those 35 

on pristine α-MoC and metallic Pt surfaces. Thus, the interfacial structure formed by atomically 

dispersed Pt (or Ir) and α-MoC facilitated the selective generation of acetic acid, aligning well with 

experimental observations, highlighting the importance of a high density of interfacial M1/α-MoC 

sites in turning the reaction pathway towards partial reforming into acetic acid. Our calculations 

also suggest that small fully exposed metal clusters on MoC exhibit structural and adsorption 40 

characteristics (Figs S31 to S37, Movies S3 and S4) akin to those of Pt1/MoC or Ir1/MoC sites, 

thus also contribute to the overall catalytic activity. However, when large Pt or Ir particles form 

on α-MoC surface, C-C bond cleavage is significantly facilitated, leading to the formation of 

undesired products like CO2 and CH4. 
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Techno-economic analysis 

Having demonstrated the outstanding catalytic performance of 3Pt3Ir/α-MoC in selective partial 

ethanol reforming, we further conducted an exhaustive techno-economic analysis and life cycle 

assessment to evaluate its prospect in an industry-scale plant for the production of H2 and acetic 5 

acid (Fig. S31, analysis detailed shown in Tables S8 to S11). The evaluation indicates that the 

reforming plant can potentially achieve an attractive return on sales (ROS) ratio (Table S12), 

surpassing the average of the chemical industry (45), demonstrating the economic viability of this 

process. Moreover, over the lifespan of the catalyst, carbon emissions for the production of H2 and 

acetic acid are reduced by 21.9% and 38.6%, respectively, compared to conventional routes (Fig. 10 

S32, analysis details shown in Table S13). The decrease in fossil energy consumption is even more 

significant, with reductions of 51% and 86%, respectively. These results provide robust support 

for the sustainable attributes and feasibility of scaling up this process. Note that this process is still 

in its primary stage, more research and development efforts are required to further improve its 

efficiency and adaptability (see Table S12 and associated discussions). 15 

 

Outlook 

In summary, we report a new thermal catalytic process for the selective partial reforming of ethanol 

with water to produce H2 and acetic acid, which preserves the carbon resources in a high-valued 

liquid product and drastically cuts the net carbon emissions. A rational design and construction of 20 

a high density of atomic M1/α-MoC interfacial sites while avoiding the formation of large metal 

ensembles is demonstrated crucial for tuning the reforming pathway towards a high selectivity of 

acetic acid and for achieving an unprecedented H2 generation activity of 331.3 mmolH2/(gcat·h) at 

low temperatures. This process could be scalable and profitable at an industrial scale, offering a 

promising avenue for sustainable green H2 production with zero CO2 emissions. 25 
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Fig. 1. A survey of H2 production routes. (A) Comparison of energy efficiency and costs of 10 

various H2 production routes. Detailed references listed in Table S1. SMR: steam methanol 

reforming; SER: steam ethanol reforming; SSER: selective steam ethanol reforming. (B) 

Thermodynamics evaluation of different ethanol conversion routes. (C) Schematics of the reaction 

network for ethanol reforming: (i) ethanol convert into acetaldehyde via dehydrogenation and 

forms the corresponding (hemi)acetal through condensation, with the latter not contributing to net 15 

H2 production; (ii) ethanol goes through dehydration/hydrogenation to form ethylene and ethane, 

neither generating H2; (iii) ethanol can produce CO2 and CO/CH4 via C-C bond breakage, a side 

reaction consuming H2; (iv) ethanol goes through full reforming with water and produces H2 and 

CO2. Although this process produces the most H2, it requires higher temperatures and does not 

preserve the carbon resource at all; and (v) ethanol selectively reforms with water to produce H2 20 

from both reactants while preserving high-value C2 products such as acetic acid.  
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Fig. 2. Structural characterization of the PtIr/α-MoC catalysts. (A) XRD profiles of α-MoC 

supported Pt/Ir catalysts with different metal loadings. Inset notes the enlarged region of the 

Pt(111) diffraction peak. (B) Coordination numbers (CN) of Pt-Pt and Ir-Ir in different catalysts 5 

obtained from EXAFS fitting. ▲: Pt/α-MoC, ◼: Ir/α-MoC, ●: PtIr/α-MoC.  (C, D) HAADF image 

(C) and the corresponding EELS mapping (D) of 3Pt/α-MoC. (E, F) HAADF image (E), and the 

corresponding EELS mapping (F) of 3Pt3Ir/α-MoC. Metal clusters and atomically dispersed 

species are marked with yellow and red circles, respectively. Pt element is presented in blue and 

Ir in red in the EELS mapping. The bottom panels present the enlarged Pt/Ir elemental maps and 10 

the corresponding pixel indexes of the areas marked by the white squares 1 and 2 in panel F, and 

the EELS spectra extracted from the pixels with the corresponding colors. (G, H) The metal atom 

distribution in 3Pt/α-MoC (G) and 3Pt3Ir/α-MoC (H) obtained through 3D reconstruction from 

tomographic tilt series. The blue spheres show Mo atoms, and the golden spheres represent Pt/Ir 

atoms. The bar charts show the M-M (M=Pt or Ir) coordination number distribution calculated 15 

from the reconstructed 3D structural model. Scale bars in panels C-F: 2 nm.  
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Fig. 3. Reaction network and site requirement studies for partial reforming of ethanol. (A-

B) NAP-XPS results of the 3Pt3Ir/α-MoC catalyst under different pressure of H2O (A) and ethanol 5 

(B). The samples were treated in the corresponding environments noted in the figure for 30 min 

before measuring. Or represents residual oxygen; H2Og and H2Oad denote water in the gas phase 

and water adsorbed on the catalyst surface, respectively; EtOHg and EtOHad refer to ethanol in the 

gas phase and ethanol adsorbed on the catalyst surface, respectively. (C) In-situ FTIR spectra of 

water and ethanol adsorption over (i) 3Pt3Ir/SiO2, (ii) α-MoC, and (iii) 3Pt3Ir/α-MoC catalysts at 10 

270 °C. The fresh catalysts after pretreatment were followed by Ar flushing for 30 min at 270 °C, 

and then exposed to ethanol and water atmosphere. Inset includes schematic illustration of possible 

dominant reaction pathways on each catalyst. 

  



17 

 

  

Fig. 4. Catalytic performance for partial reforming of ethanol. (A) Catalytic performance of 

supported Pt/Ir catalysts for partial reforming of acetaldehyde. Reaction conditions: 543 K, weight-

hourly space velocity (WHSV) of acetaldehyde = 10.6 gacetaldehyde/(gcat · h), flow rate of the carrier 

gas (5% Ar in N2) = 60 mL/min, n (acetaldehyde) : n (H2O) = 1 : 9 . (B) Catalytic performance of 5 

supported Pt/Ir catalysts for partial reforming of ethanol. Reaction conditions: 543 K, WHSVethanol 

= 10.6 gethanol/(gcat · h), flow rate of the carrier gas (5% Ar in N2) = 60 mL/min, n (ethanol) : n 

(H2O) = 1 : 9 . (C) Long-term stability test of 3Pt3Ir/α-MoC for partial reforming of ethanol with 

water. The reaction condition is the same as in panel B. (D) Comparison of H2 production activity 

through ethanol steam reforming in literature and in this work. The same symbol indicates data 10 

from the same reference (detailed references are listed in Table S7) .  
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Fig. 5. Reaction pathways of ethanol reforming on PtIr/α-MoC catalysts. (A) Energy profiles 

for ethanol conversion pathways on the pure α-MoC (111) surface; (B) Energy profiles for ethanol 

conversion pathways on the flat Pt(111) surface; (C) Energy profile for the conversion pathway of 

the most stable intermediate CH2CO on the Pt(210)  step surface; (D) Energy profiles for the 5 



19 

 

corresponding formation pathways of C2H4 and CH3CHO on the α-MoC(111) surface with a 

hydroxyl coverage of 5/9 ML; (E, F) the energy profiles for the rate-determining steps of CH3CHO 

and CH3COOH formation from the most stable intermediate CH2CO and hydroxyl on the 

Pt1/MoC(111) (E) and Ir1/MoC(111) (F) interfaces (CH2CO/OH = 1:2, their total coverage = 9/16 

ML). The Pt, Ir, Mo, C, O and H atoms are shown in gold, pink, dark cyan, grey, red, and white, 5 

respectively; to make a distinguish, the C atoms from ethanol are marked in black. 

 


