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Abstract

The catalytic behavior of Cu surfaces in the anhydrous production of aldehydes

from alcohols, a process of industrial significance, is puzzling: the two simplest alcohols

(methanol and ethanol) show dramatically different decomposition behavior on Cu.

Here, we study the thermodynamic and kinetic processes involved in the anhydrous

dehydrogenation of linear-chain alcohols including methanol, ethanol, 1-propanol, and

1-butanol on the Cu(110) surface using multiscale approaches. First, we obtain the

adsorption structures and energies of the reaction intermediates, in which van der Waals

(vdW) interactions play a crucial role. Then we determine the kinetic barriers for the

two dehydrogenation steps, namely the O–H and the subsequent C–H bond breaking on

Cu. The reaction of methoxy to formaldehyde has a rather high energy transition state,

in contrast to that of alkoxide to aldehyde in the longer chain systems. This difference

qualitatively explains the lower production efficiency of formaldehyde on Cu. Finally,

we simulate the production rates of aldehydes based on which we optimize reaction

conditions and propose possible avenues for enhancing the production of anhydrous

formaldehyde using Cu-based catalysts.

Introduction

Aldehydes, especially formaldehyde (CH2O), with millions of tons produced per year, are

key precursors to many important chemical compounds. Currently, formaldehyde is man-

ufactured by oxidative dehydrogenation of methanol (CH3OH) using silver-based catalysts,

with water as a byproduct: 2 CH3OH + O2 → 2 CH2O + 2 H2O.1–8 It is desirable to dehy-

drogenate methanol to formaldehyde anhydrously, CH3OH → CH2O + H2, that is, without

production of water, at moderate temperatures over non-precious metals, such as Cu or Ni

so that the high energy-cost process of formaldehyde/water separation can be eliminated,9–15

with the H2 byproduct being useful as a clean fuel. Copper catalyzes anhydrous acetalde-

hyde (CH3CHO) production from ethanol (CH3CH2OH) at around 200-300 ◦C,16–19 while
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the production of formaldehyde from methanol requires either the addition of a promoter

(pre-adsorption of oxygen or water) or extremely high reaction temperatures.2,10,12,20 Given

that methanol and ethanol, which differ by only one carbon atom in the carbon skeleton,

are the two simplest alcohols, it is important to explain the mechanisms responsible for their

very different dehydrogenation behavior over Cu. Insights into this important issue may lead

to more efficient formaldehyde production.

We focus here on the Cu(110) surface because of the lower coordination numbers of

the top-row atoms, which imply that this surface of Cu may be more reactive than the

(111) and (100) surfaces21–23 for methanol decomposition. Several theoretical studies have

been performed on the dehydrogenation of methanol13,15,24–29 and ethanol30–33 on Cu. For

example, Mei et al.25 mapped out the potential energy surface of methanol decomposition on

Cu(110). However, no studies have yet included van der Waals (vdW) interactions to explore

the reaction mechanisms on Cu(110). An increasing number of theoretical investigations34–44

have demonstrated that vdW corrections are critical in order to accurately characterize the

reactivity and selectivity in surface catalysis. Extending these investigations to longer chain

alcohols, such as 1-propanol and 1-butanol, can lead to a deeper understanding of how

dehydrogenation behavior scales with respect to the carbon chain length.

In this paper, we compare the thermodynamic and kinetic processes in the anhydrous

dehydrogenation of four different alcohols on Cu(110) using multiscale approaches, combining

first-principles calculations and microkinetic rate analysis. First, we calculate the adsorption

structures and energies of the reaction intermediates on the surface, with the inclusion of vdW

interactions. Next, we determine the kinetic barriers of alcohol decomposition on Cu. We

find that methanol exhibits different kinetic pathways from the other alcohols. We simulate

the production rates of aldehydes on Cu(110), and based on these results we propose possible

approaches to enhance the production of anhydrous formaldehyde using Cu-based catalysts.
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Methods

Our density functional theory (DFT) calculations were performed using the Vienna ab initio

simulation package (VASP),45 with the projector-augmented wave (PAW) potentials.46,47

The generalized gradient approximation parameterized by Perdew-Burke-Ernzerhof (GGA-

PBE)48 was employed for the exchange-correlation functional. GGA functionals generally

provide improved results over the local density approximation (LDA) functional because

the former depends not only on the local charge density, but also on the spatial variation

of the density. The energy cutoff was 400 eV for the plane-wave basis sets. The method

developed by Tkatchenko and Scheffler49 was used to account for the vdW interactions.

The lattice constant of Cu was obtained via structural optimization. The Cu(110) surfaces

were modeled by slabs of four-atomic-layer-thick 3 × 4 supercell. The vacuum region was

longer than 10 Å to ensure decoupling between neighboring images. During relaxation, the

bottom-layer Cu atoms were fixed in their respective bulk positions, and all the other atoms,

including the adsorbates, were fully relaxed until the force on each atom was smaller in

magnitude than 0.01 eV/Å. A Γ-centered 5×5×1 k -point mesh was utilized for the 3 × 4

supercell.50 The supercell size is large enough so that the inter-molecule vdW interactions are

ignored in the calculations. This corresponds to experiments with low coverages of surface

intermediates. The climbing image nudged elastic band (CI-NEB) method,51 with five to

eleven intermediate images constructed along each pathway, and the Dimer method,52 were

both used to determine the potential energy barriers of various reaction processes. We used

the NEB method to find the rough structure of the transition state, followed by the Dimer

method to find the accurate one. Then the NEB method was used again to confirm that the

reaction path is complete without including other higher-energy transition states. Although

the DFT calculation often includes absolute errors in the estimation of adsorption energies

and kinetic barriers, it performs much better for comparing the energetics across similar

systems because of cancellation of systematic errors.
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Results and Discussion

Thermodynamics: adsorption configurations and energies

First, we optimized the adsorption structures of various reaction intermediates during the

dehydrogenation of alcohols on Cu(110). After obtaining the most stable configurations,

we calculated the adsorption energies (Eads) of each adsorbate using DFT total energies

(Table 1): Eads=Eads/Cu−Egas−ECu, where Eads/Cu is the total energy of the Cu surface with

an adsorbed molecule, Egas is the energy of the gas-phase adsorbate, and ECu is the energy

of the bare Cu(110) surface. With this definition, Eads measures the energy required for each

adsorbate to desorb from the surface to the gas phase.

The Eads values without vdW corrections of different alcohols are roughly the same, as

are the values for different alkoxides. Among aldehydes, since CH2O is the most reactive,

its Eads, relating to its chemical bonding to the surface, is the strongest. The vdW inter-

actions contribute significantly to the overall Eads. Specifically, the vdW-enhanced Eads has

an approximately linear dependence on the carbon chain length of the adsorbate, with an

increase of about 0.1-0.2 eV per CH2 group.

The vdW corrections are indeed necessary for predicting the stability of adsorbates on the

Cu(110) surface (Table 1). The Eads of methanol on Cu(110) was estimated experimentally

to be −0.70 eV from temperature-programmed desorption (TPD) measurements.2 Without

including the vdW correction, our result is −0.39 eV and previous studies using different

functionals predicted −0.34 eV, −0.41 eV, and −0.55 eV.24,25,53 Here the DFT-TS method

reasonably reproduces the experimental Eads value, to within 0.04 eV, yielding a value of

−0.74 eV. We tested vdW-DF2,54–56 a different vdW correction, and found Eads = −0.45

eV for methanol. Thus, the DFT-TS correction yields a better description of the interaction

between methanol and Cu than the vdW-DF2 correction. Our displacement experiments57

indicate that ethoxy is more stably adsorbed on the Cu(110) surface than methoxy. This

trend is only reproduced when vdW interactions are included (Table 1). Calculations without
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vdW predict that methoxy and ethoxy have almost the same Eads, while the results with vdW

give stronger adsorption of ethoxy on Cu than that of methoxy by 0.14 eV. The following

results were calculated within the framework of the vdW interactions implemented by DFT-

TS.

The most stable adsorption configurations of all reaction intermediates investigated have

oxygen bonded with the top-row Cu atoms, except for formaldehyde that forms both Cu–O

and Cu–C bonds with the substrate (Fig. 1). All the alcohols adsorb at the Cu top sites, with

the Cu–O bond tilted by 21.8◦ (methanol), 21.7◦ (ethanol), 20.2◦ (1-propanol), and 20.5◦

(1-butanol) relative to the surface normal (n̂), respectively. All the alkoxides adsorb at the

short bridge sites, with a distance of ∼1.96 Å between O and the neighboring Cu atoms. At

the equilibrium structure the carbon chains assume an orientation that approximately aligns

with the Cu chains along the [110] direction (see top views in Figs. 4 and 5, discussed in the

next section). Among aldehydes, formaldehyde lies between two Cu rows in a long bridge site,

a configuration more stable than the others by more than 0.2 eV. Acetaldehyde adsorbs at the

short bridge site with the two Cu–O bonds being slightly different in length (Table 1). The

two larger aldehydes adsorb at the top sites. As compared to the gas phase, the O–C bond

length is elongated when aldehyde is adsorbed on the surface. The increase in bond length

differs for the aldehydes (formaldehyde: 0.17 Å, acetaldehyde: 0.03 Å, propionaldehyde and

butyraldehyde: 0.02 Å) because of their varying adsorption sites. The Cu–O bond lengths

of alkoxides adsorbed on Cu are smaller than those of alcohols and aldehydes (Table 1), a

result that correlates well with the fact that the binding energies of alkoxides are much larger

than the other adsorbates on Cu(110). The vdW interactions do not change the adsorption

site and only alter slightly the bond lengths of Cu–O (except for acetaldehyde), O–C, and

C–C (for adsorbates with at least two C atoms), based on a comparison of the structural

parameters obtained from the PBE and PBE+vdW calculations. However, the bond angles

change, due to the vdW forces that bring the adsorbate in closer contact with the substrate

(Table 1). For example, the angle between the C–O bond and n̂ increases from 48.0◦ to 52.2◦

6
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when the vdW correction is applied to methanol adsorption on Cu.

Kinetics: O–H and C–H bond breaking barriers

The differing energetics of equilibrium structures do not provide a resolution of the different

dehydrogenation behavior of methanol and ethanol on Cu. We therefore turn to the poten-

tial energy paths of the reaction steps involved in the anhydrous production of aldehydes.

Starting from the stable adsorption structures, we calculated the bond-breaking barriers of

O–H in the alcohols and of the β-C–H bond in the alkoxides. In Fig. 2 the gas-phase energy

of each alcohol is set at E = 0, and the energy levels of different reaction stages are displayed

accordingly. The energies of alkoxides(a) are calculated with the dissociated H atoms from

the respective alcohols in the form of adsorbed atomic H. The production of formaldehyde

(CH2O··H(a)) from the adsorbed state of methanol (CH3OH(a)) is endothermic by 1.00 eV

(0.74+0.26, Fig. 2a), larger than that of acetaldehyde formation from ethanol which is 0.65

eV (0.89−0.24, Fig. 2b). Therefore, consideration of only the reaction energies suggests that

methanol dehydrogenation should be more difficult than ethanol dehydrogenation.

Similar values are observed for the O–H bond breaking barriers of the four alcohols

(Fig. 2). Cleavage of the O–H bond in methanol leads to H and methoxy adsorbed in

two separated short bridge sites (Fig. 3a), with a barrier of 0.71 eV. During this process

CH3OH(a) (−0.74 eV) has to first rotate25 to become CH3OH′(a) (−0.68 eV), the latter

having the dissociating H closer to the short bridge position. Similarly, for ethanol decom-

position, the O–H bond breaking barrier is 0.72 eV, higher by only 0.01 eV, which is a

negligible difference considering the calculation accuracy. This barrier becomes 0.71 eV for

1-propanol and 0.68 eV for 1-butanol. By comparing the detailed structures, we find that the

important structural parameters in the transition states (see TS1 in Fig. 3), including O–H,

O–Cu, and Cu–H distances (see bar plots in Fig. 3), are essentially the same for the reactions

of different alcohols, consistent with the similarity of their O–H dissociation barriers.

The dehydrogenation step of methoxy has very different barrier than the other alkoxides.
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The methoxy-to-formaldehyde reaction exhibits an activation energy of 0.93 eV (see TS2 in

Fig. 2a, CH3O(a) to CH2O··H(a)), which matches with experimental measurement (0.91 ±

0.01 eV)58 very well. For ethoxy-to-acetaldehyde, the β-C–H bond scission barrier is 0.56 eV

(Fig. 2b). The analogous barrier is 0.55 eV for 1-propoxy (Fig. 2c) and 0.58 eV for 1-butoxy

(Fig. 2d). The fact that methoxy-to-formaldehyde has a higher barrier than the others is

mainly due to the substantially different diffusion paths of the dissociating H (see structures

of TS2 in Figs. 4 and 5). In particular, the dissociating H in methoxy moves toward the

neighboring short bridge site along the same Cu row, while in the other alkoxides H migrates

towards the short bridge site along the neighboring Cu row. There is not any stable final

state if H in methoxy is removed towards the nearest bridge site along the neighboring Cu

row. In the transition state of methoxy-to-formaldehyde (TS2 in Fig. 4a), oxygen binds

primarily with only one substrate Cu atom rather than forming two nearly identical Cu-O

bonds as seen for TS2 in the other alkoxide-to-aldehyde reactions. Further, the structural

configuration of formaldehyde in the transition state deviates from its most stable geometry,

resulting in a high-energy transition state and thus a higher barrier than the others.

The reverse reaction, namely the H-aldehyde recombination, has very low activation

energy - 0.08 eV for CH2O··H(a) and 0.04 eV for CH3CHO··H(a). We therefore calculate

the separation of H farther away from aldehyde and obtain energy barriers of 0.08 eV for

CH2O··H(a) to CH2O· · ·H(a) and 0.22-0.27 eV for the other aldehydes (see TS3 in Fig. 2).

It suggests that H and formaldehyde tend to repel each other when they are adsorbed in the

neighboring short bridge sites along the same Cu row.

A close comparison with a previous non-vdW study of methanol decomposition25 shows

that, although the vdW interactions enhance significantly the adsorption energies, the kinetic

barriers of methanol dehydrogenation are changed less significantly, in part due to the fact

that vdW interactions contribute not only to the initial and final state energies, but also to

the transition state energy, with roughly equal contributions.

Overall, the decreased production efficiency of formaldehyde2,10,12,20 compared to ac-
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etaldehyde16–19 on Cu can be qualitatively understood by their reaction kinetics. The criti-

cal differences in C–H bond breaking barriers between methoxy and the other alkoxides are

much larger than errors in the calculations which are typically < 0.05 eV. The reaction of

methoxy to formaldehyde is clearly the rate limiting process; it shows a substantially higher

barrier than the back reaction from methoxy to methanol, leaving methanol and methoxy

as the most abundant species on the surface and preventing the formation of formaldehyde.

For ethanol, after overcoming the first dehydrogenation barrier of 0.72 eV to form the ad-

sorbed ethoxy, the reaction can smoothly proceed towards the production of acetaldehyde.

The production of propionaldehyde and butyraldehyde should be less efficient than that of

acetaldehyde on Cu, because of the higher desorption energies of the produced aldehydes.

Microkinetic rate analysis

So far we have limited discussions to the energetics and kinetics from first-principles calcu-

lations. It is important to try to gain more insights on the delicate competitions between

the various rate processes, and potentially define the physical conditions for enhancing an-

hydrous production of formaldehyde on Cu. For example, it is notable that, although the

barrier for reforming ethanol from ethoxy is high and the dehydrogenation barrier from

ethoxy to acetaldehyde is relatively low, the β-C–H recombination rate seems high, which is

detrimental to the efficient production of acetaldehyde.

Accordingly, we performed a rate analysis59–61 based on microkinetic models to compute

the production rates of various aldehydes on Cu(110). In our simulations of continuous

flow reactions, we considered the elementary steps listed in Table 2. The surface fractional

coverages of the reaction intermediates at time t are denoted as θ1(t), θ2(t), θ3(t), and θH(t),

where the subscripts 1, 2, 3, and H stand for surface alcohol(a), alkoxide(a), aldehyde(a),

and H(a), respectively. θtot, the sum of the coverages of surface species, does not exceed

1 that refers to a full monolayer coverage. The cumulative amounts of desorbed alcohol(g)

and aldehyde(g) per surface site are denoted as θalc(g)(t) and θald(g)(t) (units: molecules/site).
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As shown in the following equations, we used the reaction rates (units: molecules/site/s) of

the elementary steps to keep updating the concentrations of surface intermediates and the

amounts of desorbed alcohol(g) and aldehyde(g).



dθalc(g)(t)

dt
= Adee

−E1r/(kBT )θ1,

dθ1(t)

dt
= −Adee

−E1r/(kBT )θ1 − Adie
−E2f/(kBT )θ1(1− θtot) + Aase

−E2r/(kBT )θ2θH,

dθ2(t)

dt
= 0,

dθ3(t)

dt
= Adie

−E3f/(kBT )θ2(1− θtot)− Aase
−E3r/(kBT )θ3θH − Adee

−E4f/(kBT )θ3,

dθH(t)

dt
= Adie

−E2f/(kBT )θ1(1− θtot)− Aase
−E2r/(kBT )θ2θH + Adie

−E3f/(kBT )θ2(1− θtot)

− Aase
−E3r/(kBT )θ3θH − 2 · Aase

−E5f/(kBT )(θH)2,

dθald(g)(t)

dt
= Adee

−E4f/(kBT )θ3.

Though the pre-exponential factors for the bond breaking processes may differ slightly,

we assume the entropies of activation are approximately the same and near zero and assume

1013 s−1 for the dissociation pre-factor (Adi). The association pre-factor Aas = 10−2 cm2/s

was used for hydrogen recombination62 and aldehyde hydrogenation reactions where all the

reactants are mobile on the surface. Aas = 10−3 cm2/s was used for alkoxide hydrogenation

where the alkoxide is rigidly bound to the surface. Estimating that the density of surface

active sites is about 1 site per 10 Å2 surface area, equivalent to 1015 sites/cm2, we converted

the units of Aas to sites/s. The desorption pre-factors (Ade) of alcohols and aldehydes

were estimated from the gas-phase entropies.63 The activation energies (Eif , i = 2, 3, 4

and Ejr, j = 1, 2, 3) were adopted from the DFT-calculated kinetic barriers and binding

energies (see values in Fig. 2 and Table 1). The barrier for hydrogen recombination to form

H2 (E5f = 0.60 eV) was estimated from previous experimental measurement.62 kB is the

Boltzmann constant, and T is the reaction temperature. To compare the dehydrogenation

rates across different alcohols, the concentrations were all initiated as θalc(g)(0) = θ1(0) =

10
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θ3(0) = θH(0) = θald(g)(0) = 0 and θ2(0) = 0.05. We fixed the surface concentration of

alkoxide θ2(t) at 0.05, in order to fairly compare the catalytic capability of Cu(110) surface

for the dehydrogenation of different alcohols by examining the varying production rates of

aldehydes. The 0.05 monolayer coverage was chosen so that the (1−θtot) function has little

effect on the model.

To solve the above ordinary differential equations, we used the Matlab ode23s solver

which is based on an explicit Runge-Kutta formula.64,65 We used a total simulation time t

that was long enough for the surface species to reach steady state at reaction temperatures

T of 500, 600, and 700 K. Fig. 6 shows the production rates of each aldehyde per surface area

of Cu(110) at different T . Table 3 lists the steady-state concentrations of surface species

and the production rates of alcohol(g) and aldehyde(g). The production of formaldehyde is

quite slow. A high temperature is needed for speeding it up. The production efficiency of

acetaldehyde is much larger than that of formaldehyde. The ratio of rates of production of

acetaldehyde to formaldehyde is about 300 at 500 K, decreasing to about 200 and 100 at

600 K and 700 K, respectively. Overall, the simulated results here are reasonably consistent

with the experimental observations of the lower production efficiency of formaldehyde2,10,12,20

compared to acetaldehyde16–19 on Cu. A high temperature is needed to produce anhydrous

formaldehyde on Cu; however, an upper bound of temperature should exist to avoid its

further decomposition into CO and H2. The production rate of propionaldehyde is slightly

higher than that of acetaldehyde. Due to its quite high desorption energy, the production

rate of butyraldehyde is slower than those of acetaldehyde and propionaldehyde.

Since the β-hydride elimination step shows the highest activation barrier, we also studied

the dependence of the production rate of formaldehyde on the kinetic pathway from CH3O(a)

to CH2O··H(a), which has an energy barrier of 0.93 eV (Fig. 2a). Among the initial, final,

and transition states, we study the tuning of the energy levels of the transition (TS2) and

final (CH2O··H(a)) states, because for the initial (CH3O(a)) state there is strong covalent

bonding between O and Cu and less room for adjusting its energy. We thus simulated the
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formaldehyde production dependence on the two variables at T = 500 K - the energies of the

transition state for C–H bond cleavage of the methoxy (TS2) and the energy of the dissociated

state (CH2O··H(a)) (Fig. 7). In order to maximize the production rate a lower energy state

is desired for both TS2 and the final state. Two main regions are found, separated at the

curved positions of the black lines: in the upper left part where E(TS2)−E(CH2O··H(a))

is smaller than about 0.35 eV, the rate depends strongly on the final-state energy and less

on the transition-state energy, while at the bottom right corner the opposite is true. The

original position of the production rate on Cu(110), marked as a star in the plot, is where

tuning the final-state energy is more effective.

There are feasible approaches to reduce the energy levels of TS2 and CH2O··H(a). For

example, at the step edge sites of the pure Cu surface, or on the terrace of a Cu-based near-

surface alloy,20,66,67 the adsorption structure of methoxy can potentially be tuned so that the

dissociating H becomes closer to its targeted adsorption site, and the hydrogen adsorption

energy can be enhanced. By these avenues, the energies of TS2 and CH2O··H(a) are generally

expected to change by roughly the same amount. A dashed white line on Fig. 7 is added,

along which the energy difference between the two states is fixed at 0.08 eV. Along this line,

as the two energies decreases simultaneously, the production rate increases exponentially.

Our studies are focused on clean Cu(110), while the actual systems contain abundant

defects and steps. These imperfect sites can potentially change the energetics and kinetics

substantially, and in many cases they enhance the reactivity of the surface.68 In future work,

we plan to investigate how the kinetic pathway changes at the step and kink sites of Cu, es-

pecially the sites where Cu atoms have lower coordination. Additionally, Cu surfaces alloyed

with other transition metals that have stronger bonding with H, e.g. Ni, Pd, and Pt,69,70

will be examined to study their performance towards anhydrous formaldehyde production.

Before closing, it is important to note that the present study considers low coverages of

surface intermediates. We ignore inter-molecule interactions by using a large supercell in the

DFT calculations. In surface catalysis with reasonably high coverages of intermediates, the
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stability of intermediates and reaction rates can depend on both the surface-molecule and

molecule-molecule interactions.41,71

Conclusions

In summary, a comparative study of equilibrium structures and kinetic processes in the

anhydrous dehydrogenation of methanol, ethanol, 1-propanol, and 1-butanol on the (110)

surface of Cu, using multiscale approaches that combine first-principles calculations with

vdW corrections and microkinetic rate analysis has been performed. Our studies clearly

show the significance of vdW contributions to the adsorption of the reaction intermediates

on the surface. We have detailed the kinetic pathways for anhydrous dehydrogenation for

these alcohols, finding significant difference for methanol compared to the other alcohols. We

simulated the production rates of aldehydes at a fixed alkoxide surface concentration, finding

reasonable agreement with experimentally observed trends for methanol and ethanol dehy-

drogenation. In addition, we showed that increasing the reaction temperature and properly

altering the rate-limiting process in methanol decomposition could provide more effective

means of enhancing the production rate of anhydrous formaldehyde. We suggest that step

or kink sites of pure Cu, and the terraces of Cu-based surface alloys are interesting structures

for further investigation of their potential for more efficient methanol dehydrogenation. The

present work not only provides insights into the different dehydrogenation behavior of linear-

chain alcohols on Cu, but also sheds light on the cost-effective production of formaldehyde

for industrial applications.
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Figure 1: The most stable adsorption structures of reaction intermediates during methanol
(1st row), ethanol (2nd row), 1-propanol (3rd row), and 1-butanol (4th row) dehydrogenation
on Cu(110), calculated with vdW interactions included. n̂ is the surface normal vector. See
their adsorption energies and structural parameters in Table 1.
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Figure 2: Potential energy paths of (a) methanol, (b) ethanol, (c) 1-propanol, and (d) 1-
butanol dehydrogenation on Cu(110). In the formulas, (g) and (a) denote gas phase and
adsorbed state, respectively. TS1, TS2, and TS3 are the transition states of O–H bond
breaking, C–H bond breaking, and separation of H farther away from aldehyde, respectively.
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Figure 3: Structural configurations and parameters of the initial, transition, and final states
in the O–H bond breaking of (a) methanol, (b) ethanol, (c) 1-propanol, and (d) 1-butanol,
respectively. The formulas and symbols are consistent with those used in Figure 2. The
dissociating H is used to measure the O–H and Cu–H distances. The shortest distances of
O–Cu and Cu–H are chosen to show in the bar graphs, respectively.
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C-H bond O-Cu bond Cu-H bond

TS2 TS3(a)

TS2 TS3(b)

Figure 4: Structural configurations and parameters of the initial, transition, and final states
in the C–H bond breaking (TS2) and the separation of H farther from the produced aldehyde
(TS3) of (a) methoxy and (b) ethoxy. The dissociating H is used to measure the β-C–H and
Cu–H distances. The shortest distances of O–Cu and Cu–H are chosen to show, respectively.
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C-H bond O-Cu bond Cu-H bond
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Figure 5: Structural configurations and parameters of the initial, transition, and final states
in the C–H bond breaking (TS2) and the separation of H farther from the produced aldehyde
(TS3) of (a) 1-propoxy and (b) 1-butoxy.

26

Page 26 of 32

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Temperature (K)

Pr
od

uc
tio

n 
ra

te
 (m

ol
ec

ul
es

/c
m

2 /s
)

Figure 6: The simulated production rates per Cu(110) surface area (units: molecules/cm2/s)
of formaldehyde, acetaldehyde, propionaldehyde, and butyraldehyde from methanol, ethanol,
1-propanol, and 1-butanol decomposition, respectively, at different reaction temperatures.

27

Page 27 of 32

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Log(P
roduction rate)

Transition-State Energy (eV)

Fi
na

l-S
ta

te
 E

ne
rg

y 
(e

V
)

Forbidden
 

Ran
ge

Figure 7: The dependence of production rate (unit: molecules/cm2/s) of formaldehyde (on
a log scale) on the energies of transition state (TS2, x-axis) and CH2O··H(a) (y-axis), sim-
ulated at 500 K. The black lines are the equipotential lines, and the white dashed line
shows the data with E(TS2)−E(CH2O··H(a)) = 0.08 eV. The magenta pentagram has x
and y values obtained from the kinetic pathway in Fig. 2a. The forbidden range is where
E(TS2)−E(CH2O··H(a)) 6 0.03 eV.
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Table 1: Adsorption energies (Eads) and structural parameters of reaction in-
termediates adsorbed on Cu(110) with and without vdW interactions. A more
negative Eads value means stronger adsorption.

Systems Eads (eV)
O-Cu bond length (Å)

∠(
−−→
OC1, n̂)O-Cu1 bond O-Cu2 bond

PBE +vdW PBE +vdW PBE +vdW PBE +vdW

A
lc
oh

ol
s CH3OH −0.39 −0.74 2.15 2.14 – – 48.0◦ 52.2◦

CH3CH2OH −0.39 −0.89 2.16 2.14 – – 49.8◦ 52.7◦
CH3(CH2)2OH −0.40 −1.02 2.16 2.16 – – 54.6◦ 59.3◦
CH3(CH2)3OH −0.40 −1.15 2.17 2.16 – – 55.6◦ 59.5◦

A
lk
ox

id
es CH3O −2.50 −2.75 1.96 1.95 1.96 1.96 45.9◦ 47.9◦

CH3CH2O −2.50 −2.89 1.96 1.96 1.96 1.96 44.4◦ 49.3◦
CH3(CH2)2O −2.50 −3.00 1.96 1.96 1.96 1.96 48.9◦ 50.4◦
CH3(CH2)3O −2.49 −3.12 1.97 1.96 1.97 1.98 51.6◦ 55.0◦

A
ld
eh
yd

es CH2O −0.47 −0.83 2.03 2.02 2.03 2.02 82.8◦ 84.0◦
CH3CHO −0.31 −0.79 2.42 2.23 2.15 2.15 41.1◦ 49.4◦
CH3CH2CHO −0.34 −0.85 2.07 2.06 – – 32.6◦ 38.8◦
CH3(CH2)2CHO −0.36 −1.06 2.06 2.04 – – 34.2◦ 38.2◦

29

Page 29 of 32

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Table 2: The elementary steps and their reaction rates used in the microkinetic
analysis. θ1, θ2, θ3, and θH are the surface fractional coverages of alcohol(a),
alkoxide(a), aldehyde(a), and H(a), respectively. The total surface coverage θtot
is equal to θ1 + θ2 + θ3 + θH. Adi, Aas, and Ade are the pre-exponential factors for
the dissociation, association, and desorption reactions, respectively. Eif (i=2-
5) and Ejr (j=1,2,3) are the activation energies. We did not take into account
the adsorption processes of gas-phase alcohol and aldehyde and the dissociative
adsorption process of H2.

# Elementary step Forward rate Reverse rate
1 alcohol(g) ↽ alcohol(a) – Adee

−E1r/(kBT )θ1
2 alcohol(a) 
 alkoxide(a)+H(a) Adie

−E2f/(kBT )θ1(1− θtot) Aase
−E2r/(kBT )θ2θH

3 alkoxide(a) 
 aldehyde(a)+H(a) Adie
−E3f/(kBT )θ2(1− θtot) Aase

−E3r/(kBT )θ3θH
4 aldehyde(a) ⇀ aldehyde(g) Adee

−E4f/(kBT )θ3 –
5 H(a)+H(a) ⇀ H2(g) Aase

−E5f/(kBT )(θH)2 –
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Table 3: The steady-state surface concentrations (units: monolayer coverage)
of alcohols (θ1), alkoxides (θ2, fixed at 0.05), aldehydes (θ3) and H (θH), and the
desorption rates (units: monolayer/second) of alcohols (dθalc(g)/dt) and aldehydes
(dθald(g)/dt) from the surface at different temperatures (units: K).

T θ1 θ2 θ3 θH dθalc(g)/dt dθald(g)/dt

Methanol
dehydrogenation

500 3.7E−8 0.05 7.2E−7 1.7E−4 3.1 3.6
600 1.4E−7 0.05 3.2E−6 1.0E−3 2.1E+2 4.0E+2
700 3.2E−7 0.05 1.0E−5 3.1E−3 3.8E+3 1.3E+4

Ethanol
dehydrogenation

500 5.1E−6 0.05 3.5E−5 7.7E−3 5.2E+1 1.1E+3
600 5.7E−6 0.05 1.0E−4 2.0E−2 1.9E+3 7.2E+4
700 6.0E−6 0.05 2.1E−4 3.8E−2 2.3E+4 1.4E+6

1-Propanol
dehydrogenation

500 2.1E−4 0.05 5.8E−5 1.1E−2 3.9E+2 2.9E+3
600 1.3E−4 0.05 1.4E−4 3.1E−2 1.3E+4 1.9E+5
700 8.3E−5 0.05 2.4E−4 6.0E−2 1.4E+5 3.5E+6

1-Butanol
dehydrogenation

500 2.7E−4 0.05 1.1E−4 2.0E−3 8.9E+1 1.6E+2
600 2.9E−4 0.05 2.1E−4 7.7E−3 8.4E+3 1.9E+4
700 1.9E−4 0.05 3.3E−4 2.1E−2 1.4E+5 5.7E+5

31

Page 31 of 32

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Graphical TOC Entry

Methanol
dehydrogenation

Ethanol
dehydrogenation

×
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