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The adsorption and activation of CO and H, at different coverage over Cu(100) surface under the vacuum and liq-
uid paraffin conditions have been investigated using DFT calculations together with ab initio thermodynamics. It
is found that the stepwise adsorption energies of CO decrease with the increasing of coverage, and CO prefers to
desorption rather than its dissociation in vacuum and liquid paraffin, which are independent on the reaction en-
vironment. H, in vacuum is the dissociative adsorption at the coverage less than or equal to 3/12 ML, but until to
the coverage of 6/12 ML in liquid paraffin, indicating that solvent effect can make more H, molecules become the

gﬁ{‘;‘/ggﬁurme dissociative adsorption; moreover, solvent effect is in favor of stabilizing the adsorption configurations of disso-
co ciated H atoms. Further, the equilibrium phase diagrams illustrate the relationship between the stable CO(H,) ad-
H, sorption with the temperatures and CO(H,) partial pressure on Cu(100) surface in vacuum and liquid paraffin. It
Adsorption is concluded that H, exists in the form of H atoms, and CO is the molecular adsorption, which provide the reason-
:ulrface C(;;/efage able explanations for many studies related to CO and H, on Cu catalyst under the realistic condition.

olvent effect

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Due to the extensive sources of syngas and its low cost, the produc-
tion of alternative fuels from syngas (CO + H,) conversion has been
considered as a promising synthetic process [1-3], in which syngas
can be converted to diverse chemical products, such as dimethyl ether
[4-6], methanol [7,8], ethanol [9,10] and F-T synthesis products [11,
12], and so on. Considering the high cost of precious metals, Cu-based
catalysts, as economically viable of industrial catalysts, have been wide-
ly used because of their high activity for vapor-phase hydrogenation re-
actions [13,14], as well as the high activity and selectivity toward
methanol [15,16]; moreover, Cu/Zn0/Al,05 and CuO/Zn0/Al,0O5 cata-
lysts have been widely used, which present the promising results for
methanol, ethanol and DME formation from syngas [16-18].

There are two reactors to synthesize methanol [7,16], DME [18-20],
ethanol [9,21], etc. from syngas, one is fixed bed reactor with gas phase
method, and the other is slurry reactor with liquid phase method, which
can efficiently remove heat, keep the isothermal condition, and improve
the energy utility in the highly exothermic reactions; meanwhile, the
catalyst in the slurry reactor needs to be dispersed in liquid medium,
such as the inert liquid paraffin. However, the effect of liquid
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environment on the adsorption and activation of CO and H, is still un-
clear; in this study, the liquid paraffin is considered to mimic the effect
of solvent environment in the slurry reactor.

For syngas conversion, the adsorption and activation of CO and H,
are not only the initial step, but also the key steps. The interactions of
CO and H; molecules with Cu(111), (110) and (100) surfaces in vacuum
and liquid paraffin have been examined by experimental and theoreti-
cal researchers [19,22-30], however, these studies mainly focus on the
low coverage. On the other hand, it is well known that the temperature
and gas partial pressures have dramatic influence on CO/H, adsorption
and dissociation on metal surfaces. Lately, Jiao et al. [31-36] applied ab
initio thermodynamics method to consider the effects of temperature
and pressure on CO and H, adsorption and dissociation at different cov-
erage on Fe, Mo and Ru-based catalysts; and further plotted the phase
diagrams of stable CO and H, adsorption with the coverage on these sur-
faces, these results provide the useful thermodynamic information for
CO and H, adsorption states at high temperature and pressure, which
is of importance for industrial applications.

Up to now, to the best of our knowledge, a detailed understanding
about the effect of coverage on the adsorption and activation of CO
and H; over Cu catalyst, as well as the effect of temperature and CO/
H, partial pressure on CO/H, surface coverage is still lacking under the
vacuum and liquid paraffin conditions, respectively. Thus, we need to
understand the following new insights into CO and H, adsorption and
dissociation on Cu(100) surface: (1) When the coverage of CO and H,
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changes from the low coverage to the high coverage, whether the ad-
sorption site, adsorption geometry and adsorption energy begin to
change or not; (2) Since CO dissociation for syngas conversion on Cu
surface at low coverage has not been achieved, whether CO dissociation
at high coverage on Cu surface occur or not, in which the high CO cover-
age means the high CO pressure under the realistic condition. (3) Since
the characterization of CO and H, adsorption at very low coverage
(0.083 ML, 0.167 ML) is very complex in experiment, DFT calculations
become an optimal method for the studies about CO and H, adsorption
at different coverage on Cu surface. (4) What are the most stable ad-
sorption configurations of CO and H, on Cu(100) surface at different
coverage, whether the existence forms of CO and H, have changed or
not? (5) How does the solvent affect CO and H, adsorption at different
coverage on Cu surface? (6) How does the temperature and CO/H, par-
tial pressure affect the surface CO/H, coverage on Cu surface?

For Cu catalyst, under the reducing conditions, the transmission
electron microscopy (TEM) have shown that Cu particles expose pri-
marily Cu(111) and Cu(100) surfaces [37,38]; moreover, Cu(100) sur-
face may be more active, for example, the catalytic activity for H,O
and CO, follow the order of Cu(100) > Cu(111) in the water-gas shift
(WGS) reaction, which may be attributed to the more open surface
and more coordinative unsaturated sites of Cu(100) surface [13,22].
Thus, Cu(100) surface is chosen to model Cu catalyst in this study;
meanwhile, in order to probe into the effects of coverage and solvent ef-
fect, as well as the effect of temperature and CO/H, partial pressure on
CO/H; surface coverage, density functional theory (DFT) calculations to-
gether with atomistic thermodynamics have been employed to system-
atically investigate the adsorption and activation of CO and H, at
different coverage over Cu(100) surface under the vacuum and liquid
paraffin conditions, as well as the corresponding equilibrium phase dia-
grams under different temperatures and CO/H, partial pressures.

2. Computational details
2.1. Surface model

Cu(100) surface is cleaved from the experimental crystal structure
with the lattice parameter of 3.620 A [37], which may introduce unnec-
essary strain on the surface, and leads to the error in adsorption energies
and other parameters compared to Cu(100) surface cleaved from the
optimized primitive cell, as listed in Table S1, our results show that
the strain of the surface has the negligible difference for the adsorption
energies and surf.-Carbon distances of CO adsorption at different cover-
age compared to that on Cu(100) model cleaved from the optimized lat-
tice constant of 3.615 A (details in the Part 1 of Supplementary
material). On the other hand, the effects of vacuum layer, slab thickness

and surface size on CO adsorption energy have been tested in vacuum,
as listed in Table S2, where CO is adsorbed at the favorable bridge site.

On the basis of test results, taking calculation efficiency and the reli-
ability into consideration, a periodic p(3 x 4) supercell that containing
four-layers Cu atoms has been employed. In our calculations, the bot-
tom two layers of Cu(100) surface are fixed in their bulk positions,
and the top two layers together with adsorbed species are relaxed. In
order to avoid the interactions, 12 A vacuum layer is inserted between
the periodically repeated slabs. Three different adsorption sites on
Cu(100) surface are presented in Fig. 1: Top, Bridge and 4-Fold hollow.

2.2. Calculations methods

All DFT calculations have been performed using Dmol® program
package in Materials Studio 4.4 [39,40], since it is generally agreed
that DFT methods give relatively accurate results for solid-state systems
[41]. The calculations are carried out with the generalized gradient ap-
proximation with Perdew-Wang exchange-correlation functional
(GGA-PW91) [42,43]. As listed in Table S3, the results for CO adsorption
with different coverage at the different sites on Cu(100) surface obtain-
ed by PW91 functional qualitatively agree with the experimental stud-
ies by Pritchard [44] using low energy electron diffraction, which
observed the bridge-bonded CO at low coverage on Cu(100) surface.
Moreover, considering that PW91 functional overestimates CO adsorp-
tion energy on metal surface, CO adsorption at different coverage on
Cu(100) surface using RPBE functional show that RPBE functional re-
duces CO adsorption energy, however, the predicted favorable top site
is inconsistent with the experimental result [44]. Meanwhile, it is well
known that RPBE functional worsens the descriptions of bulk crystals
and surfaces [45-47], and gave a higher CO dissociation barrier than
PW91 functional [35]. Therefore, PW91 functional is feasible to be ap-
plied to qualitatively investigate the adsorption and activation of CO
and H; on Cu(100) surface in this study. C, O and H atoms are treated
with an all-electron basis set, and the inner electrons of metal atoms
are kept frozen and replaced by an effective core potential (ECP) [48,
49]. The double-numeric polarized (DNP) basis set is employed [50].
Brillouin-zone integrations have been performed using 3 x 2 x 1
Monkhorst-Pack grid and a Methfessel-Paxton smearing of 0.005 Ha.
In addition, since our previous studies [51-53] have shown that
DFT + D and DFT give the negligible differences for the adsorptions of
CO and H; on Ni, Co and Rh surfaces at different coverage, namely, the
vdw dispersion correction do not alter the results and conclusions,
therefore, the vdw dispersion correction have not been considered for
all energetics mentioned in this study.

The conductor-like screening model (COSMO) implemented into the
Dmol® has been used to simulate the solvent effect [50,54]. In this
model, the solute is put in the continuous medium where the dielectric

» Bridge

» 4-Fold hollow

Fig. 1. The surface morphology and possible adsorption sites of Cu(100) surface. (a) Side view, (b) Top view.



R. Zhang et al. / Fuel Processing Technology 156 (2017) 253-264 255

constant is &, and the liquid paraffin environment is replaced with the
permittivity € = 2.06. Complete LST/QST approach has been chosen to
search for transition states of the reactions in order to determine the ac-
curate barriers of the reactions [55]. In addition, transition state is con-
firmed by only one imaginary frequency.

The ab initio atomistic thermodynamics method can solve problems
referring to real reaction conditions, which is proposed by Reuter and
Scheffler [56,57]. Cu catalysts, as everyone knows, have been applied
widely in methanol synthesis from syngas due to its good activity and
high selectivity [58]. Methanol synthesis is usually carried out at the
temperature of around 550 K [58-60]. Therefore, the temperature of
500 and 550 K for the thermodynamic calculations has been considered.
The detailed descriptions about the calculations for the Gibbs free ener-
gy change of Cu surfaces after CO/H, adsorption under different temper-
atures and CO/H, partial pressure have been presented in the Part 2 of
Supplementary Material.

The adsorption energy is defined as E.qs = Egap + Eadsorbate —
Eadsorbate/siab» Where the Eadsorbate/siab 1S the total energy of Cu(100) sur-
face with the adsorbate; Ey 4, is the energy of the bare Cu(100) surface;
and E,gsorbate iS the energy of adsorbate in gas phase. This definition in-
dicates that the adsorption energy is more positive, the adsorption con-
figuration is more stable. The desorption energies are equal to the
negative values of the corresponding adsorption energies.

3. Results and discussion
3.1. CO and H; adsorption in vacuum

3.1.1. Adsorption of the single CO, C and O

Fig. S1 presents the most stable adsorption configurations of the sin-
gle CO molecule, C and O atoms on Cu(100) surface, it is found that CO
prefers to adsorb at the bridge site via C atom with the adsorption ener-
gy is 102.4 kJ-mol~!, which is very close to that at the top site
(99.8 k]-mol~!) and the 4-fold hollow site (99.7 kJ-mol~!). Our results
are similar to Hussain's results that the adsorption energies of CO at the
top (88.8 k]-mol~!) and hollow (85.9 kJ-mol~!) sites are slightly lower
than that (93.6 kJ-mol ™) at the bridge site, thus, CO can diffuse over
different adsorption sites easily on Cu(100) surface due to the narrow
gap of the adsorption energy [61]. Meanwhile, the C—O bonds of CO
at the top, bridge, 4-fold hollow sites are perpendicular to the surface
with its length elongated to 1.155, 1.171 and 1.195 A from 1.141 A in
gas phase, respectively, as shown in Fig. S1(a), which agrees well with
the previous studies [27].

C and O atoms are preferentially adsorbed at the 4-fold hollow site,
as shown in Fig. S1(b) and S1(c); the average lengths of C—Cu and
O—Cu bonds are 1.904 and 2.014 A, respectively. However, when C or
0 atoms are placed at the bridge and top sites, the optimized structures
are all converted into that at the 4-fold hollow site; In addition, previous
studies have also shown that atomic O prefers to adsorb at the highly co-
ordinated hollow site of Cu(100) surface [62].

3.1.2. Adsorption of CO at different coverage

In order to probe into CO adsorption at different coverage over
Cu(100) surface in vacuum, it is necessary to obtain the most stable ad-
sorption configurations at individual coverage. When CO molecules are
adsorbed one by one over Cu(100) surface, the stepwise adsorption en-
ergy is defined as AE,qs = Econsiab + Eco — Econ + 1/s1ab, in Which the
temperature and pressure effects have been included. A negative AEq4s
with n + 1 CO molecules adsorbed on the surface indicates the saturat-
ed adsorption with n CO molecules [63].

For the adsorption process of CO molecule, since the adsorption en-
ergy at the bridge site is close to that at the top site (99.8 k]-mol™ '), in
order to find the most stable adsorption configurations at different cov-
erage, the adsorption possibilities at the bridge and top site over
Cu(100) surface at different coverage have been examined, as presented
in Fig. S2. The most stable adsorption configurations of CO at different

coverage and the stepwise adsorption energies in vacuum are presented
in Fig. 2.

For nco = 1-4, the stepwise adsorption energies (102.4,101.7,100.2
and 100.4 kJ-mol™ 1) are very close, and all the adsorbed CO molecules
are vertically located at their most stable bridge sites with the C—O
bond perpendicularly to the surface, indicating that there are little later-
al repulsive interactions between the adsorbed CO molecules. Thus, a
high CO coverage is possible at the initial adsorption stage.

For nco = 5 and 6, AE.gs (92.0 and 87.1 kJ-mol~!) are smaller than
those of the first four CO molecules. In the most stable configurations,
although all CO molecules are still adsorbed at the bridge site, CO mole-
cules begin to incline slightly, which may be attributed to the lateral re-
pulsive interactions. The changes of AE,4s suggest that the lateral
repulsive interactions between the adsorbed CO molecules gradually
begin to affect CO adsorption when the coverage is greater than or
equal to 5/12 ML.

For nco = 7, compared to nco = 6, all CO molecules are located at the
top site in the most stable configuration with the stepwise adsorption
energy of 72.5 k]-mol ™! at the coverage of nco = 7, which indicates
the most stable adsorption site changes from the bridge to the top.

For nco = 8, the stepwise adsorption energy (73.3 kj-mol™") is
nearly equal to that (72.5 kJ-mol~!) at nco = 7; in the most stable con-
figuration five CO molecules are adsorbed at the top site and three CO
molecules are adsorbed at the bridge site, which indicates the top site
become the main adsorption site at high coverage.

For nco = 9, the negative AE,q4s (—24.3 k]-mol™!) could be found,
which means that when 8 CO molecules are adsorbed on Cu(100) sur-
face, it reaches the saturated adsorption.

In general, with the increasing of CO coverage, the stepwise adsorp-
tion energies of CO decrease, namely, the corresponding desorption en-
ergies also decrease gradually. Hence, CO desorption becomes easier
over Cu(100) surface with the increasing of CO coverage.

3.1.3. Dissociation and desorption of CO at different coverage

According to the stable adsorption configurations of CO molecules at
different coverage over Cu(100) surface, the dissociation and desorp-
tion of these adsorbed CO molecules have been discussed to understand
CO activation process. The stepwise adsorption energies equal to the re-
versed stepwise desorption energies, moreover, the desorption energies
of the left CO molecules are calculated on the basis of the presence of
others CO being dissociated for two or more CO molecules; Further,
the comparison between the dissociation barrier and desorption energy
of these absorbed CO molecules over Cu(100) surface have been
considered.

For CO direct dissociation on Cu(100) surface, the reaction energy
(AE) and activation barrier (E;) have been calculated on the basis of
the formulas AE = Egs — Ejs and E; = Ers — Ejs; Here Ejs is the total en-
ergy of Cu(100) surface together with CO molecules, Egs is the total en-
ergy of Cu(100) surface together with the co-adsorbed C and O atoms,
and Ers;cy(100) is the total energy of transition states for the direct disso-
ciation reaction.

On the basis of the most stable adsorption configurations in Fig. 2,
the dissociation barriers of all adsorbed CO molecules at the coverage
from 1/12 to 3/12 ML have been calculated, and the corresponding
structures are shown in Fig. 3; for the adsorption of CO at different cov-
erage over Cu(100) surface in vacuum phase, the dissociation barrier,
reaction energy and desorption energy obtained from DFT calculations
are listed in Table 1, and the dissociation free energy, reaction free bar-
rier and desorption free energy, as well as the dissociation and desorp-
tion rate constants at 500 and 550 K are listed in Table 2. In addition, the
potential energy profiles for the dissociation of CO, 2CO and 3CO mole-
cules on Cu(100) surface in vacuum is shown in Fig. S10.

For the single CO molecule dissociation, the adsorbed CO dissociates
into C and O atoms via the transition state TS1-1, and C and O atoms are
located at two adjacent 4-fold hollow sites in TS1-1; this elementary re-
action is highly endothermic by 183.9 kJ-mol~! with the dissociation
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Table 1

Reaction energy (AE/k]-mol~ 1), dissociation barrier (E,/k]-mol~"), desorption energy (Eges/k]-mol~1), the C—O bond length (dc_o/A), and the imaginary frequencies (v/cm~"') corre-
sponding to transition state for CO dissociation at different coverage over Cu(100) surface in vacuum phase and liquid paraffin.

nCO Dissociation route dc_o AE E, Eqdes v
Vacuum 1CO 1C0 - 1C+ 10 1.888 183.9 329.2 102.4 479.9i
2C0 2C0 - 1CO + 1C+ 10 1.936 195.9 319.0 101.7 434.3i
1CO0 + 1C+ 10 - 2C + 20 2.006 200.7 346.6 99.8 410.0i
3C0 3C0—-2C0 +1C+ 10 1.921 200.0 317.2 100.2 440.91
2CO + 1C+ 10 - 1CO + 2C + 20 1.963 2259 364.8 96.1 430.3i
1CO + 2C + 20 - 3C + 30 2.063 203.8 373.0 70.8 352.7i
Liquid paraffin 1Co 1C0 - 1C+ 10 1.903 180.9 328.2 150.0 498.0i
2C0 2C0 - 1CO0 + 1C+ 10 1.842 198.0 344.7 1154 513.5i
1CO + 1C + 10 - 2C + 20 1.912 192.4 3184 98.8 479.7i
3C0 3C0—-2C0 +1C+ 10 1.852 199.5 349.6 82.6 508.0i
2CO + 1C+ 10 - 1CO + 2C + 20 1.869 189.1 340.6 72.6 422.6i
1CO +2C+ 20 -3C + 30 1.943 2243 323.7 489 445.2i

desorption over Cu surface in vacuum is more favorable than its
dissociation.

For two CO molecules dissociation, one of the adsorbed two CO mol-
ecules firstly dissociates into CO + C + O via TS1-2,in TS1-2, Cand O are
adsorbed at two adjacent 4-fold hollow sites; subsequently, the second
CO molecule continues to dissociate via TS1-3 to the final state 2C + 20,
where two C atoms and two O atoms are all located at the 4-fold hollow
sites. The corresponding dissociation barriers of these two CO molecules
are 319.0 and 346.6 kJ-mol ™ !, respectively, which are much higher than
the corresponding desorption energies of 101.7 and 99.8 kJ-mol ™!, re-
spectively. On the other hand, the dissociation of these two CO mole-
cules is endothermic by 195.9 and 200.7 k]- mol ™!, respectively. These
results show that CO dissociation at 2/12 ML is also unfavorable than
its desorption.

For the dissociation of three co-adsorbed CO molecules, these CO
molecules stepwise dissociate into three C and three O atoms via the
transition states TS1-4 ~1-6, the dissociation barriers are 317.2, 364.8
and 373.0 k]-mol ™!, respectively, and these reactions are endothermic
by 200.0, 225.9 and 203.8 kJ-mol !, respectively. The corresponding
stepwise desorption energies are 100.2, 96.1 and 70.8 kJ-mol~",
which are all obviously lower than their dissociation barriers, indicating
that CO dissociation is still difficult at the coverage of 3/12 ML compared
to their corresponding desorption.

On the basis of above results, we can obtain that with the increasing
of CO coverage in vacuum, the dissociation barriers for the first CO mol-
ecule at different coverage have little change, however, the second CO
dissociation barrier increased with the increasing of the coverage due
to the presence of C and O on the surface; moreover, at a given coverage,
the desorption energies of CO molecules gradually decrease with the in-
creasing of C and O coverage. Further, the dissociation free barriers are
also larger than the desorption free energy at different coverage at the
temperature of 500 and 550 K, which also suggest that CO dissociation
is unfavorable than its desorption. Moreover, the desorption rate of CO

Table 2

is far faster than its dissociation ones, the dissociation rate constants
of the second CO dissociation decrease with the increasing of the cover-
age; Meanwhile, with the increasing of the temperature, the desorption
and dissociation rate constant increases, while the changes of the de-
sorption rate constant become small. Therefore, it is expected that CO
dissociation will be unfavorable with the increasing of coverage, we
can identify that CO dissociation is always difficult compared to its de-
sorption on Cu(100) surface.

On the other hand, experimental studies have shown that CO disso-
ciation over Cu surface in vacuum is less favorable than the desorption,
namely, molecular adsorption CO dominantly exists on Cu catalyst. For
example, Niemi et al. [67] have applied STM to study CO adsorption
on Cu catalyst, suggesting that CO monomer and dimers always
adsorbed over Cu(111) surface rather than its dissociation, which also
be observed on the stepped vicinal Cu(211) system [68]. Kato et al.
[69] have observed the tilted CO molecules to keep them away from
each other using high-resolution electron energy-loss spectroscopy.
These experimental results agree well with our calculated results
about CO adsorption over Cu(100) surface at high coverage.

3.1.4. Adsorption of the single H, and H species

On the basis of the symmetry of H, molecule, parallel and vertical
adsorption modes have been considered at the top, bridge and 4-fold
hollow sites, respectively, as shown in Fig. S3. H, adsorption with the
parallel mode at the 4-fold hollow site is the dissociative adsorption
with the dissociated H atoms adsorbed at the bridge sites, as shown in
Fig. S3(a); for H, adsorption with the parallel mode at the top and
bridge site has only very weak adsorption energies of 6.5 and
11.2 kJ-mol~'. Moreover, for H, adsorption with the vertical mode, H,
molecule is far away from the surface with the adsorption energies
about 13 kJ-mol~!, and the H—H bond length equals to 0.755 A com-
pared to 0.747 A in gas phase, as shown in Fig. S3(b).

Reaction free energy (AG/kJ-mol~"), dissociation free barrier (AG,/k]-mol~'), desorption free energy (Gges/kJ -mol ), and the rate constants of dissociation and desorption (kgis and Kges)
at 500 and 550 K for CO dissociation at different coverage over Cu(100) surface in vacuum phase and liquid paraffin.

Dissociation route 500 K 550 K
AG AGa Gdes kdis kdes AG AGa Gdes kdis kdes

Vacuum 1C0O-1C+ 10 1954 3282 1256 528x1072%2 0.78 1969 329.1 1286 624x107'°  7.03

2C0 - 1CO + 1C+ 10 2045 3439 1240 123x107% 115 205.7 348.1 1280 9.84x 102! 743

1C0 + 1C+ 10— 2C + 20 2218 3534 1250 124x107%* 090 22477 3555 129.3 1.98 x 10721 6.01

3C0-2C0+1C+ 10 2172 3356 1229 893x10°2% 1.64 2197 3388 1269 752x1072° 917

2004+ 1C+10-1C0+2C+20 2410 3555 1102 743x10"% 3357 2429 3555 1129  1.95x 102! 2.20 x 10?

1CO + 2C + 20 - 3C + 30 185.6 3221 90.9 233 %1072 3.50 x 10° 1838 3179 946 728 %107 1.20x 10*
Liquid paraffin ~ 1CO - 1C + 10 175.1 3185 1828 543 x 102! 829x1077 1740 3177 1900 7.65x107'® 103 x10°°

2C0-1CO+ 1C+ 10 189.9 3448 1192 991x107%* 366 182.1 346.2 121.7 1.50x 1072°  31.40

1CO0 + 1C+ 10 - 2C + 20 2135 3252 1049 1.09x 102 1.15 x 10? 2164 3273 1142 943 x107'°  1.64x10?

3C0—-2CO +1C+ 10 183.1 3289 979 446 x 1072 6.16 x 10? 1819 3293 1022 6.04x10°'° 226x10°

200+ 1C+10-1C0 +2C+20 1982 3766 962  468x107%  924x10? 2003 3829 938  489x107* 1.40x10*

1CO + 2C + 20 - 3C + 30 2265 3305 56.8 308 x 1072 1.22x 107 226.7 3322 589 324x1071° 289 x107
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Above results show that only H, adsorption with the parallel mode
at the 4-fold hollow site is the dissociative adsorption, whereas, in
other five adsorption structures, H, molecules are far away from the
surface, which accords with the experiments that H, molecule is weak
adsorption behavior [70]. Namely, only the parallel H, adsorption at
the 4-fold hollow site can dissociate into two H atoms, which agrees
with previous studies that the most favorable molecular orientation
for H, dissociation is to keep the H-H axis parallel to Cu(100) surface
[71].

For H atom, as shown in Fig. S3(c), the adsorption energies at the top,
bridge, 4-fold hollow sites are 196.7, 239.5 and 244.1 kJ-mol~!, respec-
tively, similar to the previous results (183.3,226.7 and 235.4 k]-mol 1)
|62]. Thus, H atom prefers to adsorb at the 4-fold hollow site, however,

the adsorption energies between the bridge site and 4-fold hollow site
differs by only 4.8 k]-mol ™!, which agree with previous findings that
H atom is expected to be mobile on Cu surface [62,72].

3.1.5. Adsorptions of H, at different coverage

Similar to CO, all H, molecule with the parallel mode at the 4-fold
hollow site in their initial configurations have been examined, the ad-
sorption possibilities at different coverage are presented in Fig. S4. The
most stable adsorption configurations of H, at different coverage and
the stepwise adsorption energies are presented in Fig. 4.

For ny» = 2 and 3, both are the dissociative adsorption after geom-
etry optimization, and the dissociated H atoms are located at the bridge
and 4-fold hollow sites, namely, the lateral repulsive interaction
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Fig. 4. The initial and optimized adsorption configurations for the most stable adsorbed H, molecules with the parallel mode at the 4-fold hollow site at the coverage from 2/12 to 5/12 ML

over Cu(100) surface in vacuum.
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between the dissociated H atoms gradually affects its adsorption site.
Thus, H; is the dissociative adsorption at the coverage less than or
equal to 3/12 ML over Cu(100) surface.

When four H, molecules are adsorbed on the surface, two H, mole-
cules and four H atoms are adsorbed on Cu(100) surface because of the
repulsive interaction. Further, molecular H; still exists at the coverage of
5/12 ML, in which four H, molecules and two H atoms are adsorbed on
Cu(100) surface. Therefore, the saturated dissociative adsorption of H,
over Cu(100) surface corresponds to the coverage of 3/12 ML. In addi-
tion, previous findings also showed that H, undergoes the dissociative
adsorption on Cu(111) surface [73]. Zuo et al. [29] have studied the ad-
sorption of the single H, on different p(2 x 2) Cu surfaces, while these
models fail to describe the low coverage and thus ignore the dissociative
adsorption of H, at low coverage in vacuum.

3.2. CO and H, adsorption under liquid paraffin condition

3.2.1. Adsorption of the single CO, C, and O

The most stable adsorption configurations of CO, C and O on Cu(100)
surface are calculated in liquid paraffin using COSMO models. As shown
in Fig. S5, CO prefers to adsorb at the bridge site via C atom with the ad-
sorption energy of 150.0 k]-mol ™!, which is slightly larger than that at
the top site (142.8 kJ-mol™!) and the 4-fold hollow site
(148.4 kJ-mol~!). Moreover, the C—O bonds at the top, bridge, 4-fold
hollow sites are oriented perpendicularly to the surface with its length
elongated to 1.168, 1.188 and 1.211 A from 1.141 A in gas phase, respec-
tively, which agree well with the previous studies [27].

Both C and O atoms are preferentially adsorbed at the 4-fold hollow
sites, as shown in Fig. S5 (b) and S5 (c). The corresponding adsorption
energies of C and O atoms are 629.1 and 540.2 kJ-mol ™!, respectively;
the average lengths of C—Cu and O—Cu bonds are 1.932 and 2.051 A,
respectively. The initial configurations of C and O atoms placed at the
bridge and top sites are converted into that at the 4-fold hollow adsorp-
tions after geometry optimization.

3.2.2. Adsorptions of CO at different coverage

For CO adsorption at different coverage in liquid paraffin, similar to
that in vacuum, all CO adsorption possibilities located at the bridge
and top site in their initial configurations with a given coverage have
been examined, as presented in Figs. S6 and S7. The most stable
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adsorption configurations and the stepwise adsorption energies
(AE,qs) are presented in Fig. 5.

For nco = 1 and 2, the stepwise adsorption energies (150.0 and
115.4 kJ-mol ™) decrease sharply, while CO are still adsorbed at the
bridge site with the C—O bond vertical to the surface. For nco = 3-4,
CO molecules are also adsorbed at the bridge site, however, the stepwise
adsorption energies (82.6 and 78.1 kJ-mol~!) are obviously smaller
than those of the first two CO.

For nco = 5 and 6, the stepwise adsorption energies AE.qs (69.9 and
69.5 kJ-mol~!) gradually decreases, but all CO migrate from the bridge
to the top site. For nco = 7, all CO are located at the top site with the
stepwise adsorption energy of 66.4 kJ-mol~'. For nco = 8, three CO
molecules are adsorbed at the bridge site, and five CO molecules are
adsorbed at the top site; the corresponding stepwise adsorption energy
is 71.4 kJ-mol~'. For nco = 9, AE,qs (—18.6 kj-mol~!) becomes nega-
tive, indicating that CO reaches the saturated adsorption at 8/12 ML.

Above results show that with the increasing of CO coverage, the
stepwise adsorption energies of CO decreases, namely, CO desorption
becomes easier over Cu(100) surface. Moreover, CO migrate from the
bridge to top site.

3.2.3. Dissociation and desorption of CO at different coverage

Similar to CO dissociation in vacuum, we calculate the dissociation
and desorption of CO at different coverage in liquid paraffin, as shown
in Fig. 6. For the adsorption of CO at different coverage over Cu(100)
surface in liquid paraffin, the dissociation barrier, reaction energy and
desorption energy obtained from DFT calculations are listed in Table 1,
and the dissociation free energy, reaction free barrier and desorption
free energy, as well as the desorption and dissociation rate constants
at 500 and 550 K are listed in Table 2. In addition, the potential energy
profiles for the dissociation of CO, 2CO and 3CO molecules on Cu(100)
surface in liquid paraffin have been presented in Fig. S10.

For one CO molecule dissociation on the surface, the adsorbed CO
dissociates via transition state TS2-1 into C and O atoms; this elementa-
ry reaction is highly endothermic by 180.9 kJ-mol !, and the dissocia-
tion barrier is higher than its desorption energy (328.2 vs.
150.0 kJ-mol ™), indicating that CO dissociation at 1/12 ML is obviously
unfavorable both kinetically and thermodynamically than its
desorption.
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Fig. 5. The most stable adsorption configurations and energies of the stepwise CO adsorption on Cu(100) surface in liquid paraffin (unit: kj-mol ).
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Fig. 6. Structures involved in the dissociations of 1-3 CO molecules on Cu(100) surface in liquid paraffin.

For two CO molecules dissociation, the adsorbed CO dissociates into
2C + 20 via transition states TS2-2 and TS2-3, respectively. The disso-
ciation barriers of these two CO molecules (344.7 and 318.4 k]-mol~1)
are much higher than the corresponding desorption energies (115.4
and 98.8 kJ-mol~!), and the dissociation of these two CO molecules
are endothermic by 198.0 and 192.4 kJ-mol~', respectively. Our results
show that CO dissociation is also obviously unfavorable than its desorp-
tion at 2/12 ML.

For nco = 3, these CO molecules stepwise dissociate successively
into three C and three O atoms via the transition states TS2-4 ~2-6
with the reaction energies of 199.5, 189.1 and 224.3 k]-mol ™!, respec-
tively; the dissociation barriers (349.6, 340.6 and 323.7 k]-mol ™) are
higher than the stepwise desorption energies (82.6, 72.6 and
48.9 kJ-mol ™), suggesting that CO dissociation is still difficult at the
coverage of 3/12 ML.

On the basis of above results, it can be found that the dissociation
barriers of CO at the coverage from 1/12 to 3/12 ML are much larger
than the desorption barriers in liquid paraffin, and at a given cover-
age, the desorption barriers decrease with the increasing of C and O
coverage. Similarly, the dissociation free barrier and desorption
free energy, as well as the corresponding rate constants at different
coverage also indicate the dissociation of CO is more difficult than
its desorption at different temperature of 500 and 550 K. Meanwhile,
the dissociation rate constants of the second CO dissociation de-
crease with the increasing of the coverage; moreover, with the in-
creasing of the temperature, the desorption and dissociation rate
constant increases, while the changes of the desorption rate constant
become small. Thus, we can predict that CO dissociation will become
difficult compared to its desorption when the coverage is greater
than 3/12 ML.

3.2.4. Adsorption of the single H, and H species

As shown in Fig. S8, three parallel and three vertical modes are
adsorbed at the top, bridge and 4-fold hollow in liquid paraffin, respec-
tively. For the parallel mode, as shown in Fig. S8(a), H, adsorption at the
top and bridge sites are converted to the corresponding vertical modes
after geometry optimization, while the parallel adsorption at the 4-fold
hollow site is the dissociative adsorption with two H atoms adsorbed at
bridge site. However, for the vertical mode, as shown in Fig. S8(b), the
adsorption configurations at the top, bridge and 4-fold hollow are still
vertical with the adsorption energies of 53.9, 55.3 and 53.0 k]-mol ™!,
respectively. Meanwhile, the H—H bond lengths are elongated to
0.752, 0.755 and 0.753 A compared to 0.747 A in gas phase.

Above results show that only the parallel mode of H, adsorption at
the 4-fold hollow site over Cu(100) surface in liquid paraffin is the dis-
sociative adsorption into two H atoms, while H; in other five structures
dominantly focus on the vertical mode with the adsorption energy
about 53.0 kJ-mol ™. Correspondingly, the dissociative adsorption
structures of Hj at different coverage are discussed in liquid paraffin
to compare with the results in vacuum.

For H atom adsorption, the adsorption energies are 419.6,431.3 and
439.5 kJ-mol ™! at the top, 4-fold hollow and bridge sites, respectively,
as shown in Fig. S8(c), indicating that H atom prefers to mobilize on
Cu surface in liquid paraffin due to the close adsorption energies.

3.2.5. Adsorption H, at different coverage

The adsorption possibilities of H; at different coverage are pre-
sented in Fig. S9. The most stable adsorption configurations of H at
different coverage and the stepwise adsorption energies are present-
ed in Fig. 7.
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Fig. 7. The initial and optimized adsorption configurations for the most stable adsorbed H,
molecules with the parallel mode at the 4-fold hollow site at the coverage from 2/12 to
8/12 ML over Cu(100) surface in liquid paraffin, respectively.

For the first three adsorbed H,, all H, molecules are the dissociative
adsorption with H atoms adsorbed at the bridge site, suggesting that the
lateral repulsive interactions between the dissociated H atoms are neg-
ligible at the coverage less than or equal to 3/12 ML in liquid paraffin.

For nyp = 4-6, as shown in Fig. 7, all H, molecules are still the disso-
ciative adsorption, the dissociated H atoms are not only located at the
bridge sites, but also adsorbed at the 4-fold hollow sites, suggesting
that the lateral repulsive interaction affects the adsorption sites of H
atoms over the surface.

When 7 H, molecules are adsorbed, H, molecular adsorption begins
to appear on the surface due to the stronger repulsive interaction,
where two H, molecules and ten H atoms are adsorbed at the bridge
site; H, molecular adsorption still exists for 8 H, molecules. Thus, the
saturated dissociative adsorption of H, over Cu(100) surface corre-
sponds to the coverage of 6/12 ML.

3.3. General discussion

3.3.1. The effect of coverage and solvent on CO adsorption

On the basis of above results, Fig. 8 reflects the effect of CO coverage
on the stepwise adsorption energy at different coverage in vacuum and
liquid paraffin, where the saturated coverage of CO adsorption is 8/12
ML.

The single CO molecule prefers to adsorb at the bridge site in both
vacuum and liquid paraffin conditions. Under two different conditions,
the Cu—C and C—O bond lengths of the most favorable CO adsorption
configuration are similar, however, there is significant difference of
the adsorption energies. The adsorption energy of the single CO mole-
cule in liquid paraffin (150.0 kj-mol~") is much larger than that in vac-
uum (102.4 kJ-mol 1), indicating that the stability of CO adsorption can
be improved by solvent effect, which agrees with the previous results
[19].

For two adsorbed CO molecules, the stepwise adsorption energy of
the second CO molecule (101.7 kJ-mol™"') is nearly equal to the first
CO molecule (102.4 kJ-mol~!) in vacuum; however, in liquid paraffin,
there is great gap between the second CO molecule (115.4 k]-mol~ 1)
and the first CO molecule (150.0 kJ-mol™!). Thus, although CO stability
rapidly reduces in liquid paraffin at the low coverage of 2/12 ML, CO sta-
bility in liquid paraffin is still stronger than that in vacuum.

When the coverage is greater than or equal to 3/12 ML, the adsorp-
tion energy in liquid paraffin is smaller than that in vacuum, suggesting
that compared to the vacuum conditions, solvent effect cannot continue
to facilitate CO adsorption. Namely, solvent effect only can improve the
stability of CO adsorption at lower coverage.

As shown in Fig. 8, with the increasing of CO coverage, the stepwise
adsorption energies decrease in vacuum and liquid paraffin due to the
strong CO lateral repulsive interactions. In vacuum, the stepwise ad-
sorption energies of CO decrease slowly at the coverage of less than or
equal to 4/12 ML, however, it began to obviously decrease at the cover-
age from 5/12 to the saturated adsorption 8/12 ML. Comparatively, in
liquid paraffin, the stepwise adsorption energies of CO rapidly decrease
at the coverage of less than 4/12 ML, however, it slowly decrease at the
coverage from 5/12 to the saturated adsorption 8/12 ML.

Further, improving the stability of CO adsorption means the increas-
ing of the desorption energies, which may lead to CO dissociation more
favorable than its desorption, namely, CO dissociation become easier.
Our result shows that the higher dissociation barriers of CO at different
coverage make CO dissociation difficult and unfavorable compared its
desorption both in vacuum and liquid paraffin on Cu(100) surface;
moreover, the desorption energies of CO molecules gradually decrease
with the increasing of CO coverage. Thus, by comparisons between the
dissociation and desorption, we can identify no matter what coverage
you choose CO adsorption on Cu(100) surface, CO dissociation is always
difficult and less favorable than its desorption under the vacuum and
liquid paraffin conditions.
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Fig. 8. The effect of CO coverage on its stepwise adsorption energy in vacuum and liquid paraffin.

Finally, based on the energies of CO adsorption at different coverage
from DFT calculations, the effects of temperature and CO partial pres-
sure have been considered, in which the adsorption Gibbs free energy
was chosen as the criteria. Fig. 9 illustrates the relationship between
the stable CO adsorption with the temperatures and CO partial pressure
on Cu(100) surface at the equilibrium under the vacuum and liquid
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Fig. 9. Equilibrium phase diagram of the stable CO coverage with the temperatures and CO
partial pressures on Cu(100) surface in (a) vacuum and (b) liquid paraffin.

paraffin conditions, which clearly revealed that only molecular CO de-
sorption is possible with the increasing of temperature at given pres-
sure. In vacuum, there are three molecular adsorption regions and one
CO free region; however, four molecular adsorption regions exist in lig-
uid paraffin. Under the ultrahigh vacuum (UHV) conditions (10~ 4 to
10~ atm; In(pco/p®) = —30.0 — —20.0), the molecular adsorption
CO starts to desorb in a narrow temperature range of 700-800 K in vac-
uum; however, in liquid paraffin, the molecular adsorption CO starts to
desorb in a broad temperature range of 680-1130 K. By a comparison
between Fig. 9(a) and (b), it can be found that CO molecules can still ad-
sorb on Cu(100) surface when the temperature surpass 800 K, suggest-
ing that the stability of CO adsorption on Cu(100) surface can be
significantly improved by solvent effect; moreover, owing to solvent ef-
fect, the desorption of CO molecules in liquid paraffin is slower than that
in vacuum with the increasing of temperature. At high pressure (1 atm),
CO molecules can't be desorbed from Cu(100) surface at any given tem-
perature range from O to 2000 K under the vacuum and liquid paraffin
conditions, respectively.

3.3.2. The effect of coverage and solvent on H, adsorption

For a single H, molecule, in liquid paraffin, H, adsorption with the
parallel mode at the top and bridge sites are converted to the corre-
sponding vertical modes after geometry optimization, whereas it didn't
occur in vacuum. However, in vacuum and liquid paraffin conditions, H,
adsorption with the parallel mode at the 4-fold hollow site is the disso-
ciative adsorption.

For more H, molecules at different coverage, all adsorbed H, is the
dissociative adsorption at the coverage less than or equal to 3/12 ML
in vacuum, whereas they are still the dissociative adsorption until to
6/12 ML in liquid paraffin, indicating that solvent effect make more H,
molecules become the dissociative adsorption into H atoms.

With the increasing of H, coverage, the dissociated H atom will hin-
der the dissociative adsorption of H, due to the lateral repulsive interac-
tion, thus, molecular adsorption H, begins to appear at high coverage.
Compared to vacuum condition, solvent effect weakens the lateral re-
pulsive interactions between the dissociated H atoms, more H, mole-
cules in liquid paraffin become the dissociative adsorption. Moreover,
all dissociated H atoms in liquid paraffin have few surface migrations
than that in vacuum, suggesting that solvent effect is also in favor of sta-
bilizing the adsorption configurations.

Fig. 10 illustrates the relationship between the stable H adsorption
with the temperatures and H, partial pressure on Cu(100) surface at
the equilibrium under the vacuum and liquid paraffin conditions, sug-
gesting that the stable H coverage decreases upon the increasing of tem-
perature at given pressures. On the basis of the equilibrium phase
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Fig. 10. Equilibrium phase diagram of the stable H coverage with the temperatures and H,
partial pressures on Cu(100) surface in (a) vacuum and (b) liquid paraffin.

diagram of H coverage, one can directly get the stable H coverage under
any given T andpy,. Similarly, we also compared the difference between
Fig. 10(a) and (b), indicating that under the ultrahigh vacuum (UHV)
conditions, the adsorbed H starts to desorb in a narrow temperature
range of 300-400 K in vacuum, namely, H, molecules can spontaneous-
ly dissociate into H atoms in a narrow temperature range of 300-400 K
in vacuum. However, in liquid paraffin, more dissociative adsorption re-
gions exist, and H, molecules start to dissociate into H atoms in a broad
temperature range of 200-500 K. Moreover, owing to solvent effect, the
desorption of H atoms in liquid paraffin is slower than that in vacuum
with the increasing of temperature.

In summary, our results show that for CO adsorption on Cu(100)
surface, no matter under what coverage and reaction conditions, CO dis-
sociation is always difficult and less favorable both kinetically and ther-
modynamically than its desorption. Whereas H, is the dissociative
adsorption into H atoms, namely, H, exist in the form of H atoms on
Cu catalyst under the realistic condition. Therefore, molecular adsorp-
tion CO and dissociative adsorption H, into H atoms exist on Cu catalyst
in vacuum or liquid paraffin. These results can illustrate the essential
roles of dissociative adsorption and molecular adsorption played in
the process of H, and CO activation, respectively, and provide reason-
able explanations for many studies related to CO and H, on Cu surface,
in which H, is based on the H atoms rather than H, molecule, and CO
is based on the molecular adsorption [37,65]. In addition, this study
can also provide the useful information for the studies about syngas
(CO + H,) conversion on other metal catalysts.

4. Conclusions

As a key initial step in many catalytic reactions, the effect of coverage
on the adsorption and activation of CO and H, over a p(3 x 4) Cu(100)
surface model using DFT method, and the effect of the temperature and
CO/H, partial pressure on CO/H, coverage have been investigated in
vacuum and liquid paraffin conditions within atomistic thermodynamics.

As CO coverage increase from the lowest coverage (1/12 ML) to the
saturated coverage (8/12 ML), the stepwise adsorption energies gradu-
ally decrease in vacuum and liquid paraffin and the adsorption site of CO
molecules changes from the bridge site to the top site. Solvent effect can
improve the stability of adsorbed CO at low coverage. Further, CO de-
sorption become more facile than dissociation under different environ-
mental conditions. On the other hand, H; is the dissociative adsorption
when the coverage is less than or equal to 3/12 ML in vacuum and 6/12
ML in liquid paraffin. Under different temperatures and CO/H, partial
pressures, the relationship of the stable CO/H, adsorption with the tem-
peratures and CO/H, partial pressure on Cu(100) surface has been iden-
tified in vacuum and liquid paraffin conditions, respectively.

Generally, molecular adsorption CO and the dissociative adsorption
H, into H atoms exist on Cu catalyst under the realistic condition in vac-
uum or liquid paraffin, namely, H, exists in the form of dissociated H
atoms, and CO dominantly presents molecular state. Finally, this study
can also provide the useful information for the studies about syngas
(CO + H,) conversion on other metal catalysts.
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Appendix A. Supplementary data

A detailed descriptions about the effect of surface strain and the
functional on CO adsorption at different coverage, the test results of
Cu(100) surface model, ab initio atomistic thermodynamics, thermody-
namic and rate constant calculations, as well as all possible initial con-
figurations, their corresponding optimized structures of adsorbed CO
and H, molecules at different coverage, and the potential energy pro-
files of 1-3 CO dissociation over Cu(100) surface in vacuum and liquid
paraffin have been presented. Supplementary data associated with
this article can be found in the online version, at http://dx.doi.org/10.
1016/j.fuproc.2016.09.005.
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