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Abstract: Methanol steam reforming (MSR) is a promising method for large-scale production of 

hydrogen. While significant efforts have been devoted to the reaction mechanisms, the function 

of water except serving as a reactant is little known. Here we present a density functional study 

of the catalytic role of water in the whole MSR process on the PdZn(111) surface. It is shown 

that water not only influences the adsorption of reaction species but also the kinetics of the 

elementary steps of MSR. The calculated adsorption energies of reaction species including 

CH3OH*, CH3O*, H2COOH*, HCOOH* and HCOO* increase by some 0.10–0.30 eV in the 

presence of co-adsorbed water. Importantly, water is found to substantially favor six 

dehydrogenation steps of MSR through lowering the activation barriers by 0.25–0.46 eV without 

being consumed, providing compelling evidence for the catalytic role of water in MSR. 

Depending on the manner in which water participates in the reactions, the catalytic mechanisms 

of water are classified into two categories, the solvation effect and the H-transfer effect. For the 

dehydrogenation steps involving O–H bond cleavage, both of the two mechanisms are applicable 

and show a slight difference in reducing the reaction barriers. However, for the dehydrogenation 

steps involving C–H bond cleavage, the catalytic function of water can only be realized through 

the solvation effect. These results uncover the catalytic role of water in MSR and are helpful for 

understanding the water effect in other chemical transformations.    

1.  Introduction 

Methanol steam reforming (CH3OH + H2O → CO2 + 3H2, MSR) is one of the most promising 

methods for on-demand hydrogen production because of the advantageous properties of 

methanol, such as high H/C ratio, the liquid nature at atmospheric pressure, and an industrial 

scale production from various feedstocks.
1
 However, it is still a challenge to apply MSR in fuel 

cells for efficient production of hydrogen because the by-product, CO, is poisonous to the anode 

of the cells.
2, 3

 In recent years, massive endeavors have been devoted to improving the activity 
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and selectivity of catalysts for MSR towards CO2 and H2, which can basically be divided into 

two main groups: copper-based and group 8–10 metal-based catalysts.
1, 4, 5

 Among them, ZnO-

supported Cu catalysts are widely used in commerce,
6, 7

 but they suffer from severe coking and 

sintering at relatively low temperatures.
5, 8

 In contrast, Pd/ZnO catalysts first reported by Iwasa 

et al.
9-12

 are more efficient for MSR, which combine the advantages of thermal stability and 

catalytic selectivity. The catalytic functions of Pd/ZnO are greatly improved by the formation of 

PdZn alloys, which are identified as the real active phase for MSR reactions.
10, 13, 14

 The surface 

termination and reactivity of PdZn alloys are of great interest. In the investigation of alloying 

thin Zn layer on Pd(111), a p(2 × 1) LEED pattern was observed at a Zn coverage of 0.5 ML, 

suggesting an ordered surface termination with a Pd: Zn ratio of 1: 1.
15-17

 A theoretical work by 

Neyman et al. reported that this surface termination is stable because the surface segregation of 

neither Pd nor Zn is favorable.
18

 On the other hand, some studies reported that the geometric 

structure of the PdZn surface would be rearranged in certain conditions.
19-21

 When exploring the 

reactivity of PdZn alloys, amount of DFT calculations have been implemented on simplified 

catalyst models, ranging from the most stable (111) and (100) surface to the defect surface
17, 22-24

 

and PdZn nanoparticles
25

, providing mechanistic understanding of MSR process. Except for 

PdZn alloys, the ZnO support or ZnO patches formed by partial oxidation of PdZn particles 

under MSR conditions might also be responsible for the high selectivity.
26-28

 

Although MSR is a well-established process experimentally, the reaction mechanisms of MSR 

are still not fully understood. Based on previous studies,
22, 24, 29-37

 plausible reaction pathways on 

PdZn and Cu have been reported as follows (R1–R8), where an asterisk (*) represents the 

adsorbed state.  

R1 H2O* → OH* + H* 

R2 CH3OH* → CH3O* + H*  

R3 CH3O* → HCHO* + H* 

R4 HCHO* + OH* → H2COOH* 

R5 H2COOH* → HCOOH* + H* 

R6 HCOOH* → HCOO* + H* 

R7 HCOO* → CO2(g) + H* 

R8 H* + H* → H2(g) 
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The above pathway undergoes several key intermediates, e.g., methoxyl (CH3O*), 

formaldehyde (HCHO*), hydroxymethoxy (H2COOH*), formic acid (HCOOH*) and formate 

(HCOO*). It is worth pointing out that the fourth step (R4: HCHO* + OH* → H2COOH*) is 

critical for MSR because the combination of HCHO* with OH* largely suppresses the 

decomposition of HCHO* into CO* and H2 (the side reaction)
38

 and thus alleviates the poisoning 

of the fuel cell anodes. In addition, the reaction of HCHO* with CH3O* to produce CH2OOCH3* 

is another pathway to hinder the decomposition of HCHO*, but it is unfavorable in the presence 

of water.
32, 39

 The hydroxyl (OH*) consumed in R4 origins from the decomposition of water (R1). 

Therefore, water, by supplying hydroxyl, plays an important role in enhancing the selectivity of 

MSR towards CO2 and H2. What further intrigues us is whether water has other effects in MSR 

except serving as a reservoir of hydroxyl? This is also the focal point of our work . 

In general, water is regarded as no more than solvent or reactant in chemical reactions. 

However, with the advances in experimental and theoretical techniques, an increasing number of 

studies were carried out to explore other possible roles of water in atomic-scale. Among them, 

the catalytic role of water has attracted particular attention. For example, in the gas-phase 

reactions, water acting as a catalyst notably accelerates the hydrogen-transfer from aldehyde, 

sulfuric acid, or nitric acid to hydroxyl.
40-43

 In aqueous solution, water is found to facilitate the 

cleavage of C–H, O–H and C–X (X = Cl, Br) bonds by constructing hydrogen-bonded 

complexes.
44-47

 In heterogeneous catalysis, such as gold-catalyzed CO oxidation,
48-53

 propene 

epoxidation,
54, 55

 and others,
56-58

 a small quantity of water can significantly promote the reaction 

rates. Similar effect of water is also reported in Pt-
59, 60

, Pd-
61

, Ag-
49, 62

, Cu-
63, 64

, TiO2-
65

, FeO-
66

 

and Mn0.75Co2.25O4-catalyzed
67

 systems. For MSR-related steps, Maria Flytzani-Stephanopoulos 

et al.
63

 reported the promotional role of water in the conversion of methanol to formaldehyde on 

Cu(111) surface. Wang et al.
68

 theoretically explored the water effect in HCOOH decomposition 

on Pd(111) and revealed that co-adsorbed H2O and its coverage could influence this process. 

Furthermore, Chen et al.
69

 found that the water aggregation could reduce the barrier of water 

dissociation on PdZn(111). In the reverse reaction, methanol synthesis from CO2 and H2, the 

catalytic role of water was also reported.
64, 70, 71

 

While some work studied the water effect on some steps of MSR, an overall picture that 

describes the catalytic role of water in MSR is still lacking, especially on the Pd/ZnO catalysts. 

In this article, we present a comprehensive theoretical study of the effect of water in the whole 
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MSR process from thermodynamics and kinetics. We show that water not only affects the 

adsorption of reaction species but also the kinetics of the elementary steps of MSR. In the 

presence of co-adsorbed water, the adsorption energies of reaction species including CH3OH*, 

CH3O*, H2COOH*, HCOOH* and HCOO* are increased by some 0.1–0.3 eV (in absolute value) 

owing to the hydrogen bonding interactions. Of great importance is that finding that water has a 

substantial effect in the dehydrogenation steps of MSR, the activation barriers of which are 

reduced by 0.25–0.46 eV with respect to the cases without co-adsorbed water. Depending on 

how water participates in the reactions, we classify the catalytic mechanisms of water into two 

categories, the solvation effect and the H-transfer effect. Therefore, this study maps out an 

overall picture for the function of water in MSR.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

2.  Computational details 

All self-consistent periodic DFT calculations were performed using DMol
3
 software as 

implemented in the Materials Studio package.
72, 73

 The generalized gradient approximation 

(GGA)
74

 in the form of the PW91 exchange-correlation functional and double-numerical quality 

basis set with polarization functions (DNP) were employed. The core electrons of metal atoms 

were treated using effective core potential (ECP).
75, 76

 A thermal smearing of 0.002 hartree and a 

real-space cutoff of 4.5 Å were adopted. 

As the catalytic performance of Pd/ZnO is ascribed to the PdZn alloys,
13, 14

 all the calculations 

were carried out on the most regular (111) surface of the PdZn alloys.
77, 78

 The lattice parameters 

of the bulk PdZn crystal, a = b = 4.11 Å, c = 3.35 Å, were taken from the experimental work.
78

 

PdZn(111) was modeled by a periodic four-layer slab repeated in a 4 × 4 surface unit cell with a 

12 Å vacuum slab to separate the periodically repeated slabs (Fig. 1). The bottom two layers 

were constrained at the bulk position and the top two layers with the adsorbates were allowed to 

relax. The Brillouin-zone integrations were performed using 3 × 3 × 1 k-point grid. A complete 

LST/QST (linear synchronous transit and quadratic synchronous transit) approach
79, 80

 and a 

mode-eigenvector following method
80

 were chosen to determine the transition state structure.  

The adsorption energy, Eads, was calculated as follows:  

Eads = Eadsorbate + surface − (Eadsorbate + Esurface) 

where Eadsorbate + surface is the total energy of PdZn(111) covered with adsorbates, Eadsorbate is the 

energy of free adsorbate, Esurface is the energy of clean PdZn(111) surface. With these definitions, 
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the more negative the value of Eads is, the more stable the adsorption on the surface will be. All 

the calculated energies reported herein do not include ZPE-correction. 

3.  Results and discussion 

3.1  Adsorption of key reaction species on PdZn(111) 

Before addressing the MSR reactions, we first investigate the adsorption of key reaction species 

involved in MSR on the PdZn(111) surface. Table 1 lists the adsorption sites, adsorption energies 

and major structural parameters of key species on PdZn(111) in the absence of water. 

Calculation results show that species adsorbed via H or C atom prefer sites with more Pd atoms, 

while species adsorbed via O atom favor sites with more Zn atoms, which is also supported by 

previous studies.
29, 32

 In theory, the hydrogen and carbon atoms poor in electrons favor the 

alkalic Pd sites and the oxygen atom rich in electrons prefers the acidic Zn sites. The saturated 

species, like H2O*, HCHO* and HCOOH* tend to be adsorbed on top sites, whereas the 

unsaturated species, like H*, OH*, CH3O*, H2COOH* and HCOO* favor the bridge or hollow 

sites. The adsorption energies of unsaturated species are much higher (in absolute value) than 

those of saturated species as shown in Table 1. In addition, the binding of HCOO* on the 

PdZn(111) surface has two possible modes, i.e., bidenate (bi-HCOO*) and monodenate (mono-

HCOO*), which have the adsorption energy of –2.73 eV and –2.24 eV (bridge adsorption), 

respectively. Though the bidenate HCOO* is more stable than monodenate HCOO* on the 

surface, the H atom of bi-HCOO* points to the gas phase rather than the substrate surface, 

suggesting the dehydrogenation of bi-HCOO* might be difficult to occur.  

Table 2 lists the adsorption details of several key species on PdZn(111) in the presence of 

co-adsorbed water. Compared to the cases without co-adsorbed water, the adsorption geometries 

of key species change slightly except for methoxyl (CH3O*), i.e., CH3O* alone preferentially 

adsorbs at the 3-fold hollow site, H
PdZn2

, whereas it moves to the 2-fold site, B
PdZn

, after the 

introduction of water. As displayed in Table 2, most of the selected species and water could co-

adsorb at the neighboring sites of PdZn(111), with calculated adsorption energies falling between 

–0.89 eV and –3.33 eV. It is interesting to note that the co-adsorption energies of H2O⋯H2O*, 

CH3OH⋯H2O*, H2COOH⋯H2O*, bi-HCOO⋯H2O* and mono-HCOO⋯H2O* are ~0.3 eV (in 

absolute value) higher than the sum of separated adsorption energies (Table S1), which mainly 

attributes to the hydrogen bonding interactions between the key species and co-adsorbed water. 
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As shown in Table S1,  the lengths of the hydrogen bonds between water and key species are 

measured at 1.5–1.8 Å, falling in the typical region for a hydrogen bonding interaction. Based on 

the above analysis, one can conclude that the introduction of water can enhance the adsorption of 

key species on PdZn(111). 

3.2 Kinetics of MSR with and without co-adsorbed water on PdZn(111)  

As mentioned before, the whole MSR process consists of eight elementary steps, including six 

dehydrogenation steps (the dehydrogenation of H2O*, CH3OH* and HCOOH* involving O–H 

bond cleavage, and the dehydrogenation of CH3O*, H2COOH*, and HCOO* involving C–H 

bond cleavage), the formation of H2COOH*, and the generation of H2. In the following, the 

possible catalytic role of water in each step will be discussed in detail.  

3.2.1  H2O* → OH* + H*  

As shown in Fig. 2, the dissociation of a single water starts from the initial state (IS1-1) with 

H2O* siting at the Zn top site to the final state (FS1-1) with OH* and H* anchored at hollow 

sites. The activation barrier and reaction energy are calculated to be 1.18 eV and 0.22 eV 

respectively, in good agreement with the previously reported activation barrier of 1.15 eV and 

reaction energy of 0.22 eV.
69

 In the presence of a co-adsorbed water, the dissociation of water 

has two alternative pathways. In the first pathway (IS1-2 → TS1-2 → FS1-2), the dissociation 

process only occurs in H2O(a)*, while H2O(b)* merely serves as a by-stander without involving 

in H2O(a)* dissociation. In the second pathway (IS1-3 → TS1-3 → FS1-3), the two water 

molecules, H2O(a’)* and H2O(b’)*, both participate in the dissociation process following an 

SN2-like mechanism: while a hydrogen of H2O(b’)* transfers to H2O(a’)*, a hydrogen of 

H2O(a’)* is simultaneously abstracted to the surface, resulting in the final species H*, OH*, and 

H2O(a’)*. The overall reaction can be expressed as H2O(b’)⋯H2O(a’)* → OH* + H2O(a’)* + H*, 

where H2O(a’)* is not consumed in the whole reaction but just acts as a mediator for transferring 

hydrogen atom. Coincidentally, the two pathways possess the same energy profile albeit different 

structures of transition states and final states. The activation barriers and the reaction energies are 

0.92 eV and 0.32 eV, respectively. The dissociation barrier of water dimer is reduced by 0.26 eV 

with respect to that of single-water dissociation, indicating water itself plays a promotional role 

in its dissociation.  
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3.2.2  CH3OH* → CH3O* + H*  

Although the dissociation of methanol might be initiated by the breaking of O–H, C–O or C–H 

bonds, previous calculations show that the O–H bond scission is the dominant pathway.
24

 As 

shown in Fig. 3, a single CH3OH* at Zn top site (IS2-1) dissociates into adsorbed CH3O* and H* 

with an activation barrier of 1.27 eV and a reaction energy of 0.15 eV, which are close to the 

previously reported activation barrier of 1.08 eV and reaction energy of 0.28 eV.
81

 Analogous to 

water dissociation, the dehydrogenation of methanol in the presence of co-adsorbed water also 

has two possible pathways. In the first pathway (red curve in Fig. 3), the dehydrogenation only 

occurs in methanol, with water serving as a by-stander. The activation barrier and reaction 

energy are 0.86 eV and 0.29 eV, respectively. Although water does not participate in the 

dehydrogenation, it does play a critical role in weakening the O–H bond of methanol through 

hydrogen bonding interaction. In the second pathway (blue curve in Fig. 3), a H-transfer process 

takes place between water and methanol, i.e., a hydrogen of methanol transfers to water and 

simultaneously a hydrogen of water is abstracted to the surface. The overall reaction can be 

expressed as CH3OH⋯H2O* → CH3O* + H2O* + H*. The activation barrier and reaction energy 

are calculated to be 0.93 eV and 0.35 eV, respectively. For the two pathways, water is not 

consumed and just acts as a catalytic promoter, resulting in the reduction of the activation barrier 

by ~0.40 eV with respect to the case without co-adsorbed water. 

3.2.3  CH3O* → HCHO* + H*  

The dehydrogenation of CH3O* to HCHO* on PdZn(111) is considered to be the rate-limiting 

step of MSR in previous studies.
23, 29, 82

 As shown in Fig. 4 (black curve), CH3O* alone is 

strongly adsorbed at the 3-fold hollow site, H
PdZn2

, with an adsorption energy of –2.32 eV. The 

subsequent dissociation of CH3O* to HCHO* and H* needs to overcome a barrier of 1.41 eV, 

which is 0.24 eV higher than the previously reported value.
29

 Both the high activation barrier and 

the endothermic reaction energy (1.18 eV) indicate that the dehydrogenation of CH3O* is 

difficult to occur. In the presence of co-adsorbed water, H2O* and CH3O can form a 

CH3O...H2O* complex via hydrogen bonding interaction, which results in the barrier of CH3O* 

dehydrogenation being reduced by 0.25 eV. Compared with the dehydrogenation of water and 

methanol, the catalytic effects of water in this step is a little weaker. Thermodynamically, water 

favors this step by a decreased reaction energy of 0.58 eV with respect to the path without co-
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adsorbed water. As water is unable to form hydrogen bonding with the hydrogen atom of C–H 

bond, therefore the role of water serving as a H-transfer mediator is not available here. 

 3.2.4  HCHO*+ OH* →  H2COOH* → HCOOH* + H* 

The reaction between HCHO* and OH* to produce H2COOH* is a critical step in determining 

the selectivity of MSR. Our calculation results show that this step is favorable in both kinetics 

and thermodynamics, with an activation barrier of 0.16 eV and an exothermic reaction energy of 

0.48 eV. Previous DFT calculations also gave a similar results of an activation barrier of 0.17 eV 

and a reaction energy of –0.50 eV.
33

 Considering this step could readily occur we thus did not 

explore the effect of water in this step. 

 As stated in the introduction section, the decomposition of HCHO to produce CO is the side 

reaction in MSR process. Then, how water affects this pathway is also worth noting. The  

decomposition of HCHO experiences two elementary steps, i.e., HCHO* → HCO* + H* and 

HCO* → CO* + H*. Because the first step (HCHO* → HCO* + H*) was found to be rate-

limiting
37

, we thus only studied the effect of water in this step. As shown in Table S3, with the 

assistance of water the activation barrier is still above 0.80 eV, much higher than that of HCHO* 

+ OH* → H2COOH*. Therefore, the reaction of HCHO* with OH* remains predominant even 

though the effect of water on the side reaction is considered. 

Fig. 5 (black curve) shows that the dehydrogenation of single H2COOH* has an activation 

barrier of 1.08 eV and a reaction energy of –0.43 eV. While in the presence of co-adsorbed water, 

the activation barrier is dramatically reduced to 0.62 eV and the reaction energy changes to –0.49 

eV. The introduction of water reduces the activation barrier of H2COOH* dehydrogenation by 

0.46 eV, indicative of the catalytic effects of water. Similar to CH3O*, water is unable to 

construct hydrogen bonding interaction with the C–H bond of H2COOH*, thus the role of water 

serving as a H-transfer mediator is not available either. 

3.2.5  HCOOH* → HCOO* + H* 

 In the dehydrogenation of formic acid, trans-HCOOH* and cis-HCOOH* are both considered. 

Our calculation results show that trans-HCOOH* is more stable than cis-HCOOH* both in gas 

phase and on PdZn(111), suggesting that trans-HCOOH* is probably the dominant species. For 

the case without co-adsorbed water (black curve in Fig. 6), the dehydrogenation of trans-

HCOOH* to HCOO* is exothermic, with a reaction energy of –0.13 eV and an activation barrier 
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of 0.71 eV. In the presence of co-adsorbed water, the reaction energy and activation barrier 

reduce to –0.27 eV and 0.46 eV, respectively, as shown by the red curve of Fig. 6. Note that the 

hydrogen bonding in IS6-2 is constructed between the H atom of water and the carbonyl oxygen 

of trans-HCOOH*. Theoretically, the H atom of water can also interact with the hydroxyl 

oxygen of HCOOH*, but the optimized structure is found less stable than IS6-2 and thus is not 

studied. In the presence of water, the dehydrogenation of HCOOH* starts from cis-HCOOH*. As 

depicted by the blue curve of Fig. 6, cis-HCOOH* and water form a weakly hydrogen-bonded 

complex (IS6-3) with a co-adsorption energy of –0.69 eV. Subsequently, the H-transfer occurs 

between the cis-HCOOH…H2O* complex and the substrate, leading to the production of 

adsorbed H*, H2O* and HCOO*. Water in this process is not consumed and just serves as a 

mediator for H-transfer. As the water molecule in IS6-3 is pretty far from the substrate surface, 

~3.5 Å, thus the dehydrogenation barrier is calculated to be 0.67 eV, slightly lower than that of 

the case without co-adsorbed water. In comparison of the three pathways, we find that the 

dehydrogenation of trans-HCOOH* with a co-adsorbed water is the most favorable to occur, 

with an activation barrier of 0.46 eV and energy release of 0.27 eV.  

3.2.6  HCOO* → CO2(g) + H* 

As stated above, although the bidenate adsorption of HCOO* is more stable than monodenate 

adsorption mode, the dissociation of bi-HCOO* is predicted difficult to occur since the H atom 

of bi-HCOO* points to gas phase rather than the substrate surface. Recent studies revealed that 

the dehydrogenation of HCOO* experiences a bi-HCOO* → mono-HCOO* → CO2(g) 

pathway.
33, 68

 Our calculation results show that the transformation of bi-HCOO* to mono-

HCOO* needs to overcome a high barrier of 0.85 eV, as depicted by the black curve of Fig. 7. 

However, the subsequent C–H bond cleavage of mono-HCOO* is favorable in both kinetics and 

thermodynamics with an activation barrier of only 0.21 eV and a reaction energy of –0.64 eV. 

The whole pathway (bi-HCOO* → mono-HCOO* → CO2(g)) is almost thermoneutral with a 

total reaction energy of –0.05 eV. Therefore, the transformation of bi-HCOO* to mono-HCOO* 

is the rate-limiting step in HCOO decomposition. The CO2 molecule prefers to desorb into gas-

phase as soon as it is generated.  

In the presence of co-adsorbed water, the transformation barrier from bi-HCOO* to mono-

HCOO* is reduced to 0.54 eV, which is 0.31 eV lower than that of the case without co-adsorbed 

water. However, the barrier of mono-HCOO* dehydrogenation increases by 0.21 eV with respect 
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to the path without co-adsorbed water, in part because the hydrogen bonding in between H2O* 

and mono-HCOO* breaks as the C–H bond cleaves in TS7-2. In comparison of the structures of 

IS7-1* and IS7-2*, we find that the introduction of water elongates the distance of the H atom of 

mono-HCOO* to the substrate surface, from 1.98 Å in IS7-1* to 3.00 Å in IS7-2*,which is 

another causal reason for the increased dehydrogenation barrier. While water to some degree 

hinders dehydrogenation of mono-HCOO*, it reduces the barrier of the rate-limiting step (the 

transformation of bi-HCOO* to mono-HCOO*) from 0.85 eV of the case without co-adsorbed 

water to 0.54 eV, indicating water still plays a promotional role in the dehydrogenation of 

HCOO*.   

3.2.7  H* + H* → H2(g) 

 The generation of H2 from adsorbed H atoms is the final step of MSR. Our calculation results 

show that the combination of two H atoms anchored at two neighboring hollow sites is 

exothermic by 0.39 eV, with a low barrier of  0.12 eV, as shown in Fig. 8. Similar to CO2 

molecule, H2 tends to desorb into the gas-phase once it is produced. Considering the easiness of 

the generation of H2, the catalytic effects of water thus is not explored here.  

3.2.8  Overview of the catalytic effects of water in MSR  

In the sections above, we have systemically studied the catalytic role of water in the whole 

MSR process except for two low-barrier steps, HCHO* + OH* → H2COOH* and H* + H* → 

H2(g). For the other six dehydrogenation steps, the introduction of water is found to notably 

reduce the activation barriers by 0.25–0.46 eV. The catalytic mechanisms of water can be 

roughly divided into two categories: (i) the solvation effect, which means water only serves as a 

by-stander to affect the reactions without participating in the bond cleavage and formation, as 

depicted by Fig. 9(a), and (ii) H-transfer effect, which means water does participate in the H-

transfer process but only serves as a mediator to transfer H atom from reactants to the surface, as 

depicted by Fig. 9(b). In essence, both of the two catalytic mechanisms are based on the 

hydrogen bonding interaction between water and adjacent species. Remind that the six 

dehydrogenation steps studied above consist of two groups, O–H bond cleavage and C–H bond 

cleavage. For the dehydrogenation steps involving O–H bond cleavage, both of the two catalytic 

mechanisms of water (Fig. 9) are applicable and show a slight difference in reducing the reaction 

barriers. However, for the dehydrogenation steps involving C–H bond cleavage, water can only 
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promote reactions through the solvation effect instead of  serving as a mediator for H-transfer, 

mainly because water is unable to construct hydrogen bond with weakly polarized C–H bond.  

Considering the computational model with one co-adsorbed water per unit cell might fail to 

account for the high water coverage in experiment, we re-investigated two high-barrier 

elementary steps, CH3OH* → CH3O* + H* and CH3O* → HCHO* + H* by adding two and 

three water molecules in the unit cell. The calculation results are listed in Table S2. It is shown 

that both two and three water molecules in one unit cell are also able to reduce the activation 

barriers of the two steps compared to the cases without co-adsorbed water. Moreover, the 

variations of activation barrier in the presence of one, two, and three water molecule(s) are 

within 0.20 eV for the two steps, indicating the slight increase of water coverage will not notably 

affect the catalytic function of water. On the other hand, if the coverage of water is further 

increased, resulting in most catalytic centers being occupied, water will surely play a retarding 

role in the reaction. Overall, understanding the effect of water coverage on the elementary steps 

is not easy and needs continuous studies.  

4. Conclusions 

We have systematically investigated the catalytic effects of water in the whole methanol steam 

reforming (MSR) process using the first-principles calculations. The main conclusions are drawn 

as follows. First, water is found to play an enhancing role in the adsorption of key species 

involved in MSR. The co-adsorption of water and reaction species such as CH3OH*, CH3O*, 

H2COOH*, HCOOH* and HCOO* are some 0.10~0.30 eV more stable than separated 

adsorption, owing to the hydrogen bonding interaction. Second, the introduction of water could 

notably affect the kinetics of elementary steps of MSR. For six critical dehydrogenation steps, 

including the rate-limiting step, water is capable of reducing the activation barriers by 0.25–0.46 

eV without being consumed, indicating that water does play a catalytic role in MSR. Third, the 

catalytic mechanisms of water can be roughly divided into two categories depending on how 

water participates in the reaction: the solvation effect and the H-transfer effect. Both of the two 

effects are proved effective in the steps that involving O–H bond cleavage, while only the 

solvation effect is applicable in the steps involving C–H bond cleavage. The interpretation of the 

catalytic role of water in MSR would provide deeper insights into the reaction mechanisms of 

MSR and stimulate the interests in exploring the catalytic role of water in other chemical 

reactions.  
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