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Abstract

The adsorption and co-adsorption of CO and H, at different coverage on p(4x4) Ru(0001) have been computed using periodic
density functional theory (GGA-RPBE) and atomistic thermodynamics. Only molecular CO adsorption is possible and the saturation
coverage is 0.75 ML (n¢o = 12) with CO molecules co-adsorbed at different sites and has a hexagonal adsorption pattern as found by
low energy electron diffraction. Only dissociative H, adsorption is possible and the saturation coverage is 1 ML (ny = 16) with H
atoms at face-centered cubic sites. The computed CO and H, desorption patterns and temperatures agree reasonably with the
experiments at ultrahigh vacuum conditions. For CO and H, co-adsorption (1nCO+mH,; n=1-6 and m=7, 6, 5, 5, 3, 1), CO pre-cover-
age affects H adsorption strongly, and each pre-adsorbed CO molecule blocks 2H adsorption sites and H, does not adsorb on surface
with CO pre-coverage larger than 0.44 ML (nco = 7); all these are in full agreement with the experiments at ultrahigh vacuum con-

dition. Our results provide the basis for exploring the mechanisms of catalytic conversion of synthesis gas.
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1. Introduction

The adsorption of CO as well as the co-adsorption of CO and H, on heterogeneous catalysts are associated with many important
industrial processes, such as water-gas shift reaction for hydrogen production,:L alcohols synthesis from CO hydrogenation,z’3 and
Fischer-Tropsch synthesis (FTS)4 in converting synthesis gas (CO+H,) into value-added chemicals and fuels. Among all FTS active
catalysts, Ru-based catalysts are most active as well as tolerant to water or other oxygen-containing species;6 and this is of particul-
ar importance for the conversion of synthesis gas generated from biomass.’

In heterogeneous catalysis surface coverage is of paramount importance and coverage significantly influences not only binding
energies of adsorbed species but also reaction mechanisms. On Ru-based catalysts, density functional theory (DFT) studies reveal

° while H-assisted CO dissociation on low-index surfaces at high

direct CO dissociation on high-index surfaces at low coverage,&
coverage.:Lo Since catalysis on supported metal clusters often occurs at condition of adsorbates near saturation coverages, low-index
Ru surfaces, e.g.; Ru(0001), may be more reactive. This is consistent with the catalytic activity of Ru particle sizes in FTS, i.e.; for
particle size less than 10 nm, turnover frequency of CO consumption increases strongly as particle size increases, reaching a constant
value for particle size larger than 10 nm,11 indicating that low-index Ru surfaces, prevalent in large clusters,12 are more effective.

Under ultra-high vacuum (UHV) condition CO is molecularly adsorbed on Ru(0001), and the coverage is about 0.66 monolayer (ML)
at 300 K. At low coverage, CO adsorption energy estimated by CO thermal desorption on Ru(0001) is —1.66 eV."”> With the in-
crease of coverage, C-O stretching frequency measured by infrared (IR) spectroscopy shifts continuously from 1984 to 2080 emtat
100 K,16 or from 1984 to 2061 cm ™ at 200 K,17 suggesting that CO adsorbs exclusively on top sites on Ru(0001) up to high coverage.
At 0.22 ML initial coverage, temperature programmed desorption (TPD) shows a single desorption peak at 490 K.'* At 0.43 ML initial
coverage, TPD shows a second desorption peak at 416 K, while at higher coverage (0.54 ML), a new peak is observed at about 370
K.™ It is found that CO adsorption pattern depends on coverage, in turn, on temperature and pressure. At 8¢, < 1/3 ML, both low
energy electron diffraction (LEED)" and scanning tunneling microscopy (STM)*° study showed a (V3xV/3)R30° adsorption pattern on
Ru(0001). At B¢ > 1/3 ML, the adsorbed CO molecules at top sites tend to tilt to relieve the repulsive interactions.”®*" At Bco = 3/4
ML, which is almost the highest coverage reported in experiment, a hexagonal adsorption pattern has been observed by LEED.”

Besides the extensive experimental studies, there are computational investigations into CO adsorption on Ru(0001) for studying
the influence of coverage and co-adsorbates.” Ciobica et al.,24 calculated CO adsorption on Ru(0001) at 0.11, 0.25 and 0.33 ML
coverage, and found that hexagonal cubic packed (hcp) and top sites have the same CO adsorption energy at 0.11 ML (—1.93 eV) and
0.25 ML (—1.83 eV), while at 0.33 ML, top site adsorption becomes more stable (—1.96 eV) than those of hcp, face-centered cubic
(fcc) and bridge sites (—1.83, —=1.76 and —1.72 eV, respectively), and forms a (V3xV3)R30° adsorption pattern. McEwen et al.,”> com-
puted two CO adsorption models on Ru(0001); the first one with CO adsorbed upright on top and hollow sites and the second one
with CO adsorbed tilted on top sites; and found that the second model is more consistent with the experiment on the basis of the IR
results. Loveless et orl.,10 studied CO adsorption on Ru(0001) in a model just like the second one, and the calculated saturation cover-
age is about 0.9 ML, which is higher than the experimentally estimated saturation coverage (0.66 ML) under UHV condition at 300
K. In addition, crystal orbital overlap population (COOP) was used to elucidate changes in the C-O and C-Ru distances up on cover-
age variation.”®

In contrast to CO, H, adsorption is dissociative on Ru(0001) and the saturation fractional coverage is one adatom per Ru(0001)

. 24,27,28
unit cell.

It is found that the adsorbed H atoms prefer 3-fold fcc sites instead of top, bridge or 3-fold hcp sites; and a 1:1 H/Ru
ratio on the surface is favored. TPD shows a single H, desorption peak at around 390 K at low exposure; and a second H, desorption
peak at about 330 K at high exposure.29 According to the temperature dependent experiments at very low pressure,3°‘32 increasing

the temperature decreases H, coverage value, i.e.; 0.95 ML at 230 K, 0.78 ML at 250 K and 0.67 ML at 270 K. Ciobica et orl.,24 calculat-
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ed H adsorption on Ru(0001) at 25-300% coverage and found that at 25% coverage adsorption at fcc site is more favorable (—0.55 eV)
than at hcp, bridge and top sites (—0.52, —0.42 and —0.09 eV, respectively). At high coverage (1/2 < 8, < 1 ML), Rosal et al.,** found
that the most favorable configurations are those having all H atoms occupying fcc sites.

Considering the influence of adsorbates on the dynamics of adsorption and dissociation of other species from gas phase, the
co-adsorption of CO and H on Ru(0001) has also been studied. Ciobica et al.,** discussed the co-adsorption of H and CO on Ru(0001),
and found that the lateral H and CO interaction is repulsive, as well as H and CO adsorption prefer to form islands rather than mixed
structures. In addition, CO adsorption is slightly influenced by H co-adsorption, except at 1 ML pre-adsorbed H atoms, while H ad-
sorption is strongly affected by CO co-adsorption. Kleyn et al.,33 studied the influence of pre-adsorbed CO on D, dissociative adsorp-
tion on Ru(0001) by molecular-beam techniques and found that D, dissociation has CO-induced barrier in CO vicinity. At high CO
coverage, D, dissociation occurs via penetration of the CO-induced barrier. Groot et aI.,34 studied hydrogen dissociation on a 1/3 ML
CO-pre-covered Ru(0001) surface by means of six-dimensional quasi-classical and quantum dynamics. They found that both energy
and rovibrational distributions of the molecular beam influence the reactivity, with the largest effect being caused by energy dis-
tribution. Diemant et orl.,35 investigated the combined interaction of D, and CO on Ru(0001) by TPD and IR spectroscopy, and obtain-
ed the composition and coverage of the adlayer formed under pressure and temperature relevant for operating low temperature
fuel cells. They found that the amount of adsorbed D decreases steadily with increasing CO pre-coverage, and each CO molecule
blocks on average 2 D adsorption sites for small to intermediate CO pre-coverage (8¢ < 1/3 ML).

Most of the DFT studies about synthesis gas adsorption on Ru(0001) do not consider the influence of the reaction condition such
as pressure, temperature and CO/H, ratio, although pressure and temperature are found to affect the adsorption configuration and
coverage strongly.14 In this work, we systematically investigated the stable coverage of CO and synthesis gas on Ru(0001) by using
larger model and different methods under the consideration of temperature and pressure on the basis of ab initio atomistic

%37 our computed results represent a first step in the exploration of the catalytic conversion of synthesis gas, and

thermodynamics.
can be validated via direct comparison with the available experimental data.
2. Computational Details

2.1 Methods: All calculations were performed using the plane-wave based DFT method implemented in the Vienna Ab Initio

38,39 40,41

Simulation Package (VASP). The electron-ion interaction was described with the projector augmented wave (PAW) method.
Firstly, we used the generalized gradient approximation and the Perdew-Burke-Ernzerhof functional (GGA—PBE)42 to describe the ex-
change and correlation energies for all systems. At PBE/PAW, CO adsorption prefers at both top and hcp sites (—1.92 and —1.94 eV, re-
spectively); and this does not agree with the experimentally observed top site adsorption at low coverage. Then we used the revised

43,44

Perdew-Burke-Ernzerhof functional (GGA-RPBE™™"") to describe the exchange and correlation energies for CO adsorption at different
coverage; and it is found that RPBE/PAW not only predicts the more preferred top adsorption site but also perfectly reproduces the
estimated CO adsorption energy. As a result, we carried RPBE single-point energy calculation on the PBE optimized structure; and the
computed CO adsorption energy is practically the same as found from RPBE optimization. In our calculations, all adsorption structur-
es are obtained from PBE optimization, while all energies are obtained from RPBE single-point energy calculations on the PBE struc-
tures. Despite of the excellent agreement in CO adsorption energy between experiment and RPBE computation, we are interested in
the long-range dispersion corrections for van der Waals interaction. In our calculations we used the Grimme GGA-type functional
(PBE-D3).45 We found that PBE and PBE-D3 optimizations give practically the same adsorption configurations and geometries for
10CO and 14CO molecules (Figure S2 in ESI). However, it is found that such dispersion correction overestimates the CO adsorption
strongly, i.e.; -2.20 vs. -1.92 eV by using PBE and -2.41 vs. -1.64 eV by using RPBE. All these results are listed in Table 1 as discussed

46,47,48

below. We also found that dispersion correction overestimates the adsorption energy of H,0 on several iron surfaces. However,
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for the adsorption of H,O and H, on the Cu(111) surface, the computed adsorption energies are in excellent agreement with the
available experimental data.” In our computations, an energy cut-off of 400 eV and a second-order Methfessel-Paxton®® electron
smearing with ¢ = 0.2 eV were used to ensure accurate energies with errors due to smearing of less than 1 meV per unit cell. The
vacuum layer between periodically repeated slabs was set as 15 A to avoid interactions among slabs. To locate the transition sates of
CO and H, dissociation on Ru(0001), the nudged elastic band (NEB)** method was applied and the stretching frequencies were
analyzed to characterize transition state with only one imaginary frequency.

The adsorption energy [E(CO/ads)] of one CO molecule is defined as £(CO/ads) = E(CO/slab) — [E(slab] + E(CO)], where E(CO/slab) is
the total energy of the slab with one CO, E(slab) is the total energy of the bare slab and E(CO) is the total energy of a free CO mole-
cule in gas phase. The adsorption energy [E(H,/ads/nCO-slab)] of one H, molecule on nCO pre-covered Ru(0001) surface is defined as
E(H,/ads/nCO-slab) = E(H,/nCO-slab) — [E(nCO-slab) + E(H,)], where E(H,/nCO-slab) is the total energy of the slab with nCO and one
H,, E(nCO-slab) is the total energy of the slab with nCO, and E(H,) is the total energy of a free H, molecule in gas phase. The more
negative the E,q, the stronger the adsorption. The dissociation barrier (E,) and reaction energy (E,) are defined as E, = Es— E;s and E,
= Ers — Eis, where Es, E1s, and Egs are the energies of the corresponding initial state (IS), transition state (TS) and the final state (FS).

2.2 Models: Calculation of the Ru bulk crystal structure with a y-centered k-point mesh of 3x3x1 gives lattice parameters (a = b =
2.731 A and c = 4.310 A) in good agreement with the experiments (a = b = 2.751 A and ¢ = 4.282 A).>> For studying CO adsorption on
Ru(0001), we used the larger p(4x4) surface model with four atomic layers, where the top two layers including adsorbates were
allowed to relax, and the bottom two layers are fixed in their bulk position.

2.3 Thermodynamics: As an efficient tool to extend the result of DFT to a more relevant temperature and pressure range, ab initio

53-57

atomistic thermodynamics has been extensively and effectively applied in many systems. According to our previous studies for

58-61

CO adsorption; we took CO adsorption on Ru(0001) surface: Ru + CO(g) - CO/Ru as an example; and the change of Gibbs free

energy (AG) for this reaction can be described as Eq. 1.
AGY (T, p,ngy) =G| Ru(0001)/{nCO} |- G[ Ru(0001)]- G, (CO) ()

In this formula, G[Ru(0001)/{nCO}] is the Gibbs free energy of the Ru(0001) surface with n CO molecules, and G[Ru(0001)] is the
Gibbs free energy of the clean Ru(0001) surface. Because of the large mass differences, the contribution of vibration to the solid
surfaces is negligible. Therefore, we apply the DFT calculated total energy (E:) to substitute the Gibbs free energies of the solid
surfaces. The Gys(CO) term is equal to neopico(T,p), and the CO chemical potential can be expressed as

Hco (T,p) =By’ + fico (T,p0)+ kBTln(pco/Po)

At 0 K, the CO chemical potential can be regarded as the total energy of the isolated CO molecule (including zero point energy)
which can be calculated directly with VASP. The /[‘co (T,po) term is the chemical potential at different temperatures, which can
be found in thermodynamic tables. The last term of this formula is the contribution of temperature and CO partial pressure to the
CO chemical potential. Therefore, Eq. 1 can be rewritten as

AGY" (T, p.ncy) = E[ Ru(0001)/{nCO} |- E[ Ru(0001) |- nESy" —njico (T, p°)-nk,TIn(peo/p°) @)

In this respect, we can plot G[Ru(0001)/{nCO}] as a function of T and pco. Analogously, the change of Gibbs free energy (AG) for the

co-adsorption of CO and H, on Ru(0001) can be expressed as Eq. 3.
AGY™ (T, peos Py, -nCO.mH, ) = E[ Ru(0001)/ {nCO,mH,} |- E[ Ru(0001)]

—nEgy =nfieo (T.p")=nkyTn(peo/ p°)—mE; —mi, (T.p")—mk,TIn(p,. /p)

In this respect, we can plot G[Ru(0001)/{nCO+mH,}] as a function of T, pco and py..

(3)

3 Results and discussions
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(a) One CO adsorption: There are four adsorption sites on Ru(0001); top (t), bridge (b) as well as three-fold hcp hollow (h) and fcc
hollow (f) sites (Figure 1). For one CO on Ru(0001) (1/16 ML), CO adsorption energy is —1.65 eV for t site, —1.58 eV for h site, —1.47
eV for f and b sites by RPBE (Table 1). It is also clearly shown that the computed CO adsorption energies from RPBE optimization are
nearly the same as obtained from RPBE single-point calculation on the PBE structure. The same trend is also found at 1/4 and 1/2 ML.
In our following discussion comparison, we used the RPBE computed single-point energies. It is noted that CO adsorption energy on
Ru(0001) differs strongly from methods, at 1/4 ML for example, —1.49 eV by B?>LYP,26 —1.64 eV by RPBE/PAW, and —1.83 eV by
PW91/USSP.>* Our RPBE value (~1.65 eV) is consistent with the experimental value (—1.66 eV) estimated from CO thermal desorption
on Ru(0001) at low coverage.15 In addition, only RPBE can predict top adsorption site as most favorable at low coverage, which is
consistent with the result of IR study.17 However, dispersion correction for van der Waals interaction (RPBE-D3) overestimates the CO
adsorption by 0.77 eV, and therefore we used the pure RPBE energies for our comparison and discussion (Table 1).

(Figure 1 and Table 1)

In order to make sure that CO adsorbs non-dissociatively, we computed the more competitive CO dissociation pathway proved by
Ciobica et al.8 The energy of CO desorption at hcp site (1.58 eV, Table 1) is lower than CO dissociation barrier (2.25 eV); and CO dis-
sociation is endothermic by 0.38 eV. This indicates a preference for CO (6.0= 1/16 ML) desorption over dissociation. For CO dissocia-

8,62,63
and the

tion on hcp site (Table 2), it is noted that the barriers and the reaction energies are not dependent on the methods;
corrections from zero-point energies have negligible effects on CO dissociation barrier and reaction energy.
(Table 2)

(b) High Coverage CO adsorption: We calculated all possible CO adsorption configurations on Ru(0001) at different coverage to
find the most stable configuration at individual coverage. In order to get the saturation coverage, we used the stepwise adsorption
energy, AE,qs = Eicopnetssiab - [Eqcopnssiab + Ecol, Where a positive AE,4 for n+1 adsorbed CO molecules indicates the saturation adsorption
with nCO molecules. The structures and energies (AE,4) of the most stable adsorption sites for stepwise CO adsorption are given in
Figure 2. The PBE values are given in ESI for comparison. To judge top, bridge and three fold adsorption sites, we used the C-Ru
distances as the criterion, i.e.; top site has only one C-Ru distance; bridge site has two close C-Ru distances and three-fold site has
three close C-Ru distances.

(Figure 2)

The first four adsorbed CO molecules (n¢o = 1-4) are located on top sites and have very close stepwise adsorption energies (—1.64,
—1.63, -1.63 and —1.64 eV), indicating their negligible lateral repulsive interaction. At nco = 5-7, lateral repulsive interaction becomes
significant; and all adsorbed CO molecules are tilted on top sites and the stepwise adsorption energies are in a close range (-1.37,
—1.43 and —1.43 eV). At n¢o = 8, the adsorbed CO molecules are tilted on top sites, forming the (CO),-Linear configuration discovered
by LT-STM,20 but the stepwise adsorption energy is lower (—1.15 eV). At ncg = 9 and 10, all adsorbed CO molecules are tilted on the
top site. At n¢g = 11, there are three CO molecules tilted at top sites, six CO molecules at bridge sites as well as one CO molecule at
hcp and one CO molecule at fcc sites. At ncg = 12, there are four CO molecules at top sites, four CO molecules at hcp and four CO
molecules at fcc sites. Despite these different adsorption sites, the stepwise adsorption energies for n.g = 9-12 are close (—0.86,
—0.79, —0.91 and —0.84 eV). At ncp=13, there are seven CO molecules tilted at top sites, five CO molecules at bridge sites and one
molecule at hcp site; and the stepwise adsorption energy becomes slightly positive (0.03 eV); and the saturation coverage should
have twelve CO molecules (B¢ = 0.75 ML), and this is more close to the experimental one (0.68 and 0.66 ML) at 200 K*” and 300 K,**
than the computed 0.9 ML by Loveless et al.™® The adsorption configuration at saturation coverage is consistent with the
“hexagonal” pattern observed by LEED at same coverage (0.75ML),22 which is denser than the other “hexagonal” structure observed

by STM at lower coverage (0.58 ML).20 Such small stepwise adsorption energy at ncg= 13 shows the possibility of higher coverage at
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high pressure. At n¢o = 14-16, the stepwise adsorption energies are positive by 1.04, 1.14 and 0.18 eV. At n¢o = 14, there are six CO
molecules tilted at top sites, six CO molecules at bridge sites as well as one CO molecule at hcp and one CO molecule at fcc sites. At
neo = 15 and 16, only top CO adsorption has been found; and the 1 ML coverage has sixteen adsorbed CO molecules at top sites.

As shown in Table 3, the C-O stretching frequency (vco, cm"l) are systematically underestimated at all coverage of CO adsorbed on
top sites (n = 1-10) by using PBE compared with the experimental values." However, it is noted that the difference in average C-O
stretching frequency between one and ten CO molecules is the same as that observed from experiment (60 cm"l).

(Table 3)

(c) CO coverage on temperature and pressure: As referred to ab initio atomistic thermodynamics, we used AG as a criterion to
test the stability of nCO adsorbed system under different conditions, and the more negative the AG, the more stable the adsorbed
structure. On the basis of the calculated total energies of different stable structures and CO chemical potentials under different con-
ditions, we plotted the equilibrium phase diagram of stable CO coverage as functions of temperature and CO partial pressure (Figure
3); where there are six regions and each region shows the possibility for getting stable CO coverage within the range of temperature
or partial pressure. The first region shows the coverage of 0.81 ML (n¢o = 13), which is only stable at very low temperature (< 50 K).
The second region shows the coverage of 0.75 ML (n¢o = 12), which is quite stable at wide temperature. The third, fourth and fifth
regions show the coverage of 0.50, 0.43 and 0.25 ML (n¢o = 8, 7 and 4, respectively), respectively, and they have comparatively
narrow temperature ranges. The last region is the clean surface and free from CO molecules.

(Figure 3)
On the basis of this phase diagram, it is possible to compare our results with the available experimental data obtained within a

118 e plotted the change of Gibbs free

temperature range at fixed CO partial pressure (pco). Under UHV condition (5x10™"" mbar),
energy as function of temperature and found four cross points among those lines (Figure 4), and each point indicates the equilibrium
of coverage change at the corresponding temperature. The first CO desorption starts from ncg = 12 to 8 at 220-240 K (0.75 to 0.50
ML); the second CO desorption starts from n¢g = 8 to 7 at 270-280 K (0.50 to 0.43 ML); and the third CO desorption starts from neg =
7 to 4 at 340-360 K (0.43 to 0.25 ML); and the final CO desorption starts from 0.25 ML to become a clean surface at 390-410 K. Com-
pared with the experimental TPD results (heating rate 5 K/s) of 370 K at 0.54 ML, 416 K at 0.43 ML and 490 K at 0.22 ML,lS’18 our
computed desorption temperatures are about 90-70 K lower. One reason for this disagreement might be neglected entropy effect in
Gibbs free energy.64 However, it is noted that for CO desorption temperature and thermodynamics on iron surfaces well agree-
ments between theory and experiment have been found by using the same methodology.59 Since each experimental TPD desorption
peak represents a temperature range; our computed desorption temperatures fit into the down limit. These agreements provide the
information for predicting CO desorption properties on the catalyst surfaces.
(Figure 4)

%% we also found that the adsorbed H atom prefers fcc site (-0.46 eV),

(d) High coverage H, adsorption: As reported previously,“’
while adsorption on hcp (—0.42 eV) site is slightly higher in energy. It is noted that our H computed adsorption energy at fcc site is
lower than that (—0.55 eV) reported by Ciobica et aI,24 by using different model and method. For one H, adsorption, H, is molecularly
adsorbed at top site, while dissociatively adsorbed at bridge, hcp and fcc sites. For dissociation of molecularly adsorbed H, at top,
the dissociating H-H distance in the transition state is 1.153 A, and the computed dissociation barrier is 0.03 eV, and the dissociation
energy is —0.65 eV. The adsorption energy of 2H at the most favorable fcc sites is —0.91 eV. All these indicate the preferred dissocia-
tive adsorption of H, on Ru(0001). We therefore computed H, adsorption at high coverage (Figure 5).

(Figure 5)

There are four groups for H, adsorption on the basis of the computed stepwise dissociative adsorption energies. Each group has

6
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two dissociatively adsorbed H, molecules, and the stepwise dissociative adsorption energies are the same or nearly the same. With
the increase of H, coverage, the stepwise dissociative adsorption energies decrease from —0.91 eV for the first two H, molecules to
—0.88 and —0.86 eV for the second two H, molecules as well as to —0.67 eV for third two H, molecules and finally to —0.61 eV for the
last two H, molecules, indicating the increase of the lateral repulsive interaction. In all these adsorption configurations, the adsorbed
H atoms are located at fcc sites; and this is consistent with the results of 1/2 < 6,, <1 ML by Rosal et al.®

At 6, > 1 ML, molecular H, adsorption becomes possible. The ninth H, molecule is located at the top sites, and the stepwise ad-
sorption energy increases rapidly and becomes positive (0.72 eV), indicating very strong lateral repulsive interaction. Therefore, the
saturation coverage is 1 ML, which is consistent with the result of Lindroos et aI,28 while disagrees with the results of Ciobica et orl.,24
where they reported 25-300% H coverage on Ru(0001) on the basis of average adsorption energy.

On the basis of the computed Gibbs free energies as a function of temperature under UHV condition (2.6><1O_13 atm) we calculated
H, desorption temperatures on Ru(0001) and found four transition temperatures (Figure 6), i.e.; at 255K from 1 and 0.75 ML, at 270
K from 0.75 and 0.5 ML and at 320K from 0.5 and 0.25 ML as well as finally at 330K from 0.25 to 0 ML (at 2.6x10° " atm, the tran-
sition temperature is 255, 270, 320 and 330K, respectively). This is in agreement with the results (270, 285, 310, and 330K) predicted
by Rosal.*> Our results are also consistent with the temperature dependent experiments (0.95 ML at 230K and 0.78 ML at 250K) at

313232 Considering the small deviation (10-20K) between the first two as well as the last two transition temperatur-

very low pressure.
es, there are two desorption peaks (Figure 6). The first H, desorption starts from ny, = 8 to 4 (1.0 to 0.50 ML) at 240-265K; the se-
cond H, desorption starts from ny, = 4 to 0 (0.50 to 0 ML) at 320-330K (at 1x107"° mbar, the desorption temperature is in the range
of 230-250 and 310-320K, respectively). Although our predicted desorption temperatures are about 90-70 K lower than the experi-
mental TPD results® (330 and 390 K), the temperature difference between two peaks found around 70 K is in very good agreement
with experimental results.

(Figure 6)

(e) Co-adsorption of H, and CO: Apart from the individual adsorption of CO and H,, we computed their co-adsorption in different
surface ratios. Since CO adsorption energies are much stronger than those of H, in a wide range of coverage, we used the most
stable CO adsorption configurations (Figure 2) as CO pre-covered surfaces, and calculated all possible H, adsorption configurations
on nCO pre-covered Ru(0001) surface at different coverage for searching the most stable CO and H, co-adsorption configurations at
individual coverage. The adsorption sites and energies (AE,y) of the most stable adsorption configurations for stepwise H, adsorp-
tion are given in Table 4. The optimized geometries of these configurations are given in the ESI.

(Table 4)

For n¢o = 1-3, H, molecules prefer dissociative adsorption and all hydrogen atoms are located at fcc sites. On the basis of the com-
puted stepwise adsorption energies, CO pre-covered surfaces can adsorb fourteen (1CO+14H), twelve (2CO+12H), and ten H atoms
(3CO+10H); and the stepwise adsorption energy of the next H, is positive (0.18, 0.24, and 0.22 eV, respectively). These results are
consistent with the experimental results,35 i.e.; the amount of adsorbed D decreases steadily with increasing CO pre-coverage, and
each CO molecule blocks on average 2 D adsorption sites at low CO pre-coverages (8¢o < 1/3 ML). In addition, our results also are in
reasonable agreement with the UHV experiment. For example, the computed CO+H co-adsorption coverage is 0.06+0.88 ML for
1CO+14H; 0.1340.75 ML for 2CO+12H, and 0.19+0.63 ML for 3CO+10H; and the experimentally determined CO+D co-adsorption
coverage is 0.04+0.81, 0.11+0.74, and 0.21+0.57 ML, where the surface was exposed to a dose of 45 L D, after pre-adsorption of in-
creasing amounts of co.®

For nco = 4-6, the pre-adsorbed CO molecules affect obviously the adsorption energies and stable coverage of H atoms. On the

basis of the computed stepwise adsorption energies, the 4CO pre-covered surface can adsorb ten H atoms (4CO+10H), which are

7
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located at fcc and hcp sites. The stepwise adsorption energy of the first five H, is —0.64, —0.63, —0.45, —0.47 and —0.26 eV, respec-
tively; and the next H, adsorption has positive adsorption energy (0.31 eV). On the 5CO pre-covered surface, the first three H, mole-
cules prefer dissociative adsorption (5CO+6H), and the stepwise adsorption energy is —0.65, —0.60, and —0.51eV, respectively; and
the stepwise adsorption energy of the fourth and fifth H, molecules is 0.00 and 0.41 eV, respectively. On the 6CO pre-covered sur-
face, the first H, prefer dissociative adsorption (6CO+2H); and the stepwise adsorption energy of the second and third H, molecules
is 0.09 and 0.06 eV, respectively. On 7CO and 8CO pre-covered surfaces, only molecular H, adsorption is possible; and the adsorp-
tion energies are positive, and it is therefore not possible to adsorb H, molecules with CO pre-coverage larger than 0.44 ML (n¢o = 7).

With the increase of CO pre-coverage, the H coverage decreases steadily; and at 0.44 ML CO pre-coverage the surface is free from
H,. Our results are also in agreement with the experiment,33 which shows that the dissociative adsorption probability of D, on nCO
pre-covered Ru(0001) decreases linearly with increasing 8o, and down to almost zero when 8., = 0.44 ML.

On the basis of these results, it is possible to estimate H, desorption from CO pre-covered surfaces. On the clean surface, the com-
puted H, desorption temperature is about 250 and 320 K; while at about 330 K, the surface is covered by 7CO (0.44 ML, nco = 7) and
cannot adsorb H,. Since the first H, dissociative adsorption energies on 4CO, 5CO and 6CO pre-covered surfaces are close to the
stepwise dissociative adsorption energies of 5H, to 8 H, on the clean surface (Figure 5), the corresponding H, desorption tempera-
tures should be around 250 K on the CO pre-covered surfaces (nco = 4-6). Since the first H, dissociative adsorption energies on 1CO,
2CO and 3CO pre-covered surfaces are close to the stepwise dissociative adsorption energies of 1H, to 4 H, on the clean surface
(Figure 5), the corresponding H, desorption temperatures should be around 320 K on the CO pre-covered surfaces (n¢o = 1-3).

4. Conclusion

In combination of periodic density functional theory and atomistic thermodynamics, the adsorption and desorption as well as
co-adsorption of CO and H, on the Ru(0001) surface have been computed at different coverage.

On the basis of the observed IR spectroscopic information and the estimated CO adsorption energies from experiments it is found
that the revised-PBE method (RPBE) not only gives the preferred adsorption configuration at top site and but also reproduces the ad-
sorption energy, while the PBE method favors the wrong adsorption configuration at the hexagonal cubic packed site and overe-
stimates adsorption strength. These verify the RPBE method to be reasonable for CO adsorption on Ru surfaces. It is noted that
dispersion correction for van der Waals interaction (RPBE-D3) overestimates the CO adsorption strength strongly.

Within the framework of a p(4x4) surface size (16 surface Ru atoms), the computed CO dissociation barrier is much higher than CO
adsorption energy, and therefore only molecular CO adsorption is possible. The most stable CO adsorption configuration changes
from right up to tilted on top sites from the lowest up to 0.63 ML (nco = 10). At saturation coverage (0.75 ML, nco= 12), the most
stable adsorption configuration has the coexistence of top (4CO), hcp (4C0O), and fcc (4CO) adsorption sites and they form a high
symmetrical and periodic hexagonal pattern as found by low energy electron diffraction. It is noted that the PBE method under-
estimates CO stretching frequencies, but the shifts of the CO stretching frequencies upon the increase of CO agree very well bet-
ween theory and experiment. It is also noted that the computed CO adsorption pattern agrees with the experiments under ultrahigh
vacuum conditions, but CO desorption temperatures are underestimated quantitatively by 90-70K. Since the each experimental TPD
desorption peak represents a temperature range and our computed desorption temperatures fit into the down limit.

In contrast to CO, only dissociative H, adsorption is found and the adsorbed H atoms are located at the face-centered cubic sites.
The saturation is 1 ML (n, = 16). Although the computed H, adsorption pattern agrees with the experiments under ultrahigh vacuum
conditions, H, desorption temperatures are underestimated quantitatively by 90-70K and the temperature difference between two
desorption peaks of around 70 K is in very good agreement with experimental results.

For CO and H, co-adsorption (nCO+mH,), the most stable adsorption configuration has the formula of n =1-6 and m=7, 6,5, 5, 3,

8
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1. Due to the much stronger adsorption energy of CO over H,, CO pre-coverage is found to affect H adsorption strongly. With the
increase of CO pre-coverage, not only the number but also the strength of H, adsorption decrease. Each pre-adsorbed CO molecule
can block 2H adsorption sites and H, does not adsorb on surface with CO pre-coverage larger than 0.44 ML (nco = 7); all these are in
full agreement with the experiments about CO and D, co-adsorption at ultrahigh vacuum conditions. On the basis of the computed
stepwise H, dissociative adsorption energies, it is expected that at high CO pre-coverage (n¢o = 4-6), H, desorption shifts to lower
temperatures, while at low CO pre-coverage (n¢o = 1-3), H, desorption temperatures do not change.

The reasonable agreement between theory and experiment in the adsorption and co-adsorption of CO and H, on Ru(0001) surface
validates our models and methods in one hand; in the other hand, our systematic study and detailed results provide the basis for
understanding the initial stage of mutual influences of CO and H, co-adsorption and for exploring the mechanisms of catalytic con-

version of synthesis gas.
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energy (AG) and H, on temperature at p,,/p° = 1x10 “(Figure S4); and stepwise CO adsorption energies (E,q, €V) including D3

corrections at different coverage (Table S1).
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Figure 1: Schematic side (left) and top (right) views of the periodical model surface structures of Ru(0001) as well as possible

adsorption sites: on-top (t), bridge (b), hcp hollow (h) and fcc hollow (f)
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1 Figure 2: Stepwise CO adsorption structures and energies (AE.qg) on Ru(0001) (surface Ru/blue; C/black; O/red)
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Figure 3: Equilibrium phase diagrams of stable CO coverage as a function of temperature and CO partial pressure (In(pco/p°))
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1 Figure 4. Dependence of surface Gibbs free energy (AG) and CO on temperature at pco/p0 =5x10°"
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Figure 5: Stepwise H, adsorption structures and energies (AE,q4) on Ru(0001) (surface Ru/blue; H/yellow)
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1 Figure 6: Dependence of surface Gibbs free energy (AG) and H, on temperature at sz/p0 =2.6x10"
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Table 1: CO adsorption energies (E.qs, €V) on Ru(0001) at different coverage using different methods, surface sizes and slab

thicknesses (mLnR, m for total slab layers, and n for relaxed surface layers) at top (t), bridge (b), hcp (h) and fcc (f) sites

Method and Size (mLnR) Site Eaas
PBE/USPP [(4x4), 4L/2R]; 1/16 ML t -1.91
h -2.05
f -1.91
b -1.89
CPBE/PAW [(4x4), 4L/2R; JA6ML t 192 (220
h -1.94
f -1.83
b -1.81
RPBE/PAW [(4x4), 4L/2R] VA6 ML t -1.65 (-1.64°) (2.419
h -1.58 (-1.57°)
f -1.47 (-1.46°)
b -1.47 (-1.46%)
CPWOI/USPP [(3x3), 2L2RL; 1ML t - 193*
h 1.93*
CRPBE/USPP [(3x3), 4L2RL; JOML t - 164°
B3LYP/6-311+G** [(3x3), 4L/2R]; 1/9 ML t 1.56%°
RPBE/PAW [(4x4), 4L2RL, JAML t -1.64 (-1.64°) (2.299)
h -1.52 (-1.52%)
PWOYUSPP [(2x2), 2L2R;; AML t - 183
h 1.82*
B3LYP/-3114G** [(2x2), LR AML t - 149%
PBE/PAW [(4x4), 4L/2R]; 12 ML t -1.80 (2.12°)
RPBE/PAW [(4x4), 4L/2R]; 1/2 ML t -1.49 (-1.49%) (2.289)
B3LYP/6-311+G** [(2x2), 3L/2R]; 1/2 ML t -1.44°°

(a) Derived from RPBE single-point energy calculations on the PBE optimized structures in parenthesis. (b) Derived from D3

single-point energy calculations on the PBE optimized structures in parenthesis. (c) Derived from D3 single-point energy calculations

on the RPBE optimized structures in parenthesis.
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1 Table 2: CO dissociation barrier (E,, eV) and dissociation energy (E,, eV) on Ru(0001) using different methods, surface sizes and slab

2 thicknesses (mLnR, m for the total slab layers, and n for the relaxed surface layers) at top (t), hcp (h) and fcc (f) sites

pathway mLnR Method E, E,

co(h) > C(h)+O(h) 2x2 (2L2R)  PW91/USPP8  2.35 1.03

CO(t) > C(h) + O(h)  2x2 (2L2R) 341 1.04
CO(h) > C(h) + O(f)  2x2 (2L2R) 247 134
CO(f) > C(f) + O(h)  2x2 (2L2R) 330 1.57
CO(h) > C(h) + O(h) 3x3 (2L2R) 224 0.44

CO(h) > C(h) + O(h)  4x4 (4L2R) PBE/PAW 2.13 021
co(h) > C(h)+ O(h) 4x4 (4L2R)  RPBE/PAW  2.25 0.38
(

co(h) > C(h) + O(h) 4x4 (4L2R) RPBE(ZPE)/PAW 2.17 0.39

17
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Table 3: C-O stretching frequency (veo, cm™) from DFT and IR in the CO/Ru(0001) system as a function of coverage (ML)

Physical Chemistry Chemical Physics

ML Veo (PBE) ML Veo (200 K)Y
0.06 1898 0.05 1990
0.13 1891-1904 0.13 2009
0.19 1889-1909 0.18 2012
0.25 1891-1917 0.26 2015
0.31 1887-1978 0.33 2022
0.38 1940-1991 0.37 2025
0.44 1948-2018 0.43 2035

0.5 1934-2026 0.48 2038
0.56 1926-2022 0.56 2040
0.63 1922-2031 0.61 2050
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1 Table 4. Stepwise co-adsorption energies (eV) and adsorption sites (f, h and b for fcc, hcp, and bridge sites of dissociative adsorption,

2 respectively, and t for top site of molecular adsorption) of mH, on the nCO pre-covered Ru(0001) surface

1CO 2CO 3CO 4CO 5CO 6CO 7CO 8CO
1H, -0.91 [2f] -0.93 [2f] -0.87 [2f] -0.64 [1f+1h] -0.65 [2f] -0.51 [1f+1h] 0.08 [1t] 0.11 [1t]
2H; -0.91 [4f] -0.84 [4f] -0.83 [4f] -0.63 [3f+1h] -0.60 [4f] 0.09 [1f+1h+1t] 0.08 [2t] 0.20 [2t]
3H, -0.86 [6f] -0.81 [6f] -0.78 [6f] -0.45 [3f+3h] -0.51 [6f] 0.06 [1f+1h+2t] 0.15[3t] 0.31[3t]
4H, -0.75 [8f] -0.76 [8f] -0.55 [8f] -0.47 [4f+4h] 0.00 [6f+1t]
5H, -0.68 [10f] -0.70 [10f] -0.28 [10f] -0.26 [4f+6h] 0.41 [5f+5h]
6H, -0.68 [12f] -0.28 [12f] 0.22 [7f+5h]  0.31 [2f+5h+1b+2t]

7H, -0.44 [14f] 0.24 [13h+1b]
8H, 0.18 [15f+1b]
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