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Graphical Abstract:

Periodic density functional theory and microkinetic modeling were performed to
elucidate the effect of Sn content on the CO tolerance of Pt3Sn(111) catalyst in ethanol
decomposition. Beneficial from the easy-oxidated CH3;CO, hard-forming but
readily-desorbed CH,CO, and the less competitive C—C bond scission, the formation
of CO is not facile on Pt3Sn(111). The Sn content plays “bifunctional” and “ligand
effect” roles to effectively strengthen the O-end species adsorptions, adjust the alloy
electronic structures, weaken the Pt—CO bonds, and thus facilitating CO elimination
from Pt3Sn(111).
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theory (DFT) and microkinetic modelling. It is found that the most competitive route to CO
proceeds via CH;CH,OH — CH;CH,0 — CH;CHO — CH;CO — CH,CO — CH, + CO.
Beneficial from the easily-oxidated CH3;CO, hard-forming but readily-desorbed CH,CO, and
the less competitive C—C bond scission occurs before the C*-H, CP-H, and O—H bond scission,

the formation of CO is not facile on Pt;Sn(111). The alloying element Sn plays “bifunctional”
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and “ligand effect” roles to effectively strengthen the O-end species adsorptions, adjusts the
alloy electronic structures, weakens the Pt—CO bonds, and thus facilitating CO elimination
from Pt;Sn(111). Microkinetic modelling confirms the substantially high CO tolerance of
Pt;Sn, and easy desorption for the most abundant species of CH,CO and CH, from surface
above the room temperature. This theoretical work sheds new light on the CO tolerance of
Pt;Sn(111) in ethanol decomposition, and provides a fresh perspective in understanding the
effect of alloying elements.

1. Introduction enhance the rate constant of dehydrogenation by the a-hydrogen path
on the Pt site of Pt;Sn. Alcala e al.>® found that the Sn atoms on
PtSn-based catalysts could facilitate the dehydrogenation of ethanol
to acetaldehyde and inhibit the decomposition of ethanol to CO, CH,
and C,Hg using reaction kinetics studies; these experimental
observations were further interpreted using DFT calculations on
Pt(111) and Pt;Sn(111), and it was found that the inhibitions was
due to the suppression effect on C—C and C-O bond scissions.
However, an in-depth theoretical analysis of ethanol decomposition
on Pt;Sn alloy surface has not been reported yet. In particular,
questions surrounding the selectivity of adsorption, the sequence of
bond activation of different type bonds, the competitive reaction
mechanisms, especially for the intrinsic essence of CO tolerance, the
crucial effect of alloying element Sn on each elementary process,
etc., have not been convincingly elucidated.

To fully solve the puzzles, we present a systematic

Ethanol has attracted wide attention as promising fuel material due
to the high energy density, low toxicity, and facile storage and
renewability,' especially in the applications of direct ethanol fuel
cells (DEFCs)” and biofuel cells.” Decomposition and oxidation of
ethanol usually occurs on an efficient catalyst surface,* but it also
causes CO poisoning, thus affecting the consumption efficiency of
fuels.>” So, one of the key issues to improve catalytic performance
is to explore efficient catalysts with outstanding CO tolerance for
ethanol conversion. Pt-based alloys have been proposed to alleviate
the CO poisoning problem via the addition of alloying elements, '
such as W, Mo,""™ Fe," Co,'S Ni,' Sn,'"72 Rh 2 Ru''"? and
Pd®. Previous experimental work showed that the enhancement in
the activity of bimetallic alloys was mainly through the
“bifunctional” and “ligand effects” mechanisms.**** It has been

proposed that the bifunctional mechanism is due to the existence of
the second atom at the bimetallic alloy surface that affects the
adsorption of the O-containing species, and promotes the oxidative
removal of CO.>*?” As for the ligand effect, the added atom changes
the electronic structure of Pt and weakens the Pt—CO bond, thereby
the surfaces become more active for CO elimination.'>**?° Pt;Sn
accounts for the large proportion of PtSn alloy phases and exhibits
high catalytic activity in fuel cell.**** Xu et al.*® carried out DFT
calculations to study the adsorption and initial dehydrogenation of
ethanol on Pt;M (M = Pt, Ru, Sn, Re, Rh and Pd) clusters, and found
that Pt;Sn was the most active catalyst among all of the alloy metals
for the initial oxidation of ethanol, because the Sn atom could

This journal is © The Royal Society of Chemistry 2013

investigation on ethanol decomposition on Pt;Sn(111), by
elucidating the electronic structure alteration of catalyst,
selectivity of adsorption, sequence of bond scission,
competition of elementary reaction process, thermodynamic
and kinetic properties, coverage of residue, efc., to highlight the
intrinsic essence of CO tolerance of Pt;Sn(111) and the effect
of Sn alloying. The adsorption configurations, energies,
potential energy surfaces, energy barrier analysis, and
intermediate coverage were performed by combining the
periodic density functional theory (DFT) and microkinetic
modelling, which has been successfully applied to similar
systems in our previous studies.*®
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2. Computational details

Periodic DFT calculations were performed with the DMol® program
package in Materials Studio of Accelrys Inc.”* The exchange-
correlation functional of GGA-PW91 approximation was used.*"*
To take the relativity effect into account, the density functional
semicore pseudopotential (DSPP)* method was employed for the Pt
and Sn atoms, whereas the C, H and O atoms were treated with an
all-electron basis set. The valence electron functions were expanded
into a set of numerical atomic orbital by a double-numerical basis
with polarization functions (DNP). A Fermi smearing of 0.005
Hartree and a real-space cut-off of 4.5 A were used to improve the
computational performance. The Pt;Sn(111) surfaces were modelled
as a p(2 x 2) surface unit cell and four layers slab, with the
uppermost two layers relaxed together with the adsorbate, while the
remaining two substrate layers were fixed in their bulk positions. A
vacuum region of 12 A was used. The reciprocal space was sampled
with a (5§ x 5 x 1) k-points grid generated automatically using the
Monkhorst-Pack method.** A single adsorbate was allowed to adsorb
on one side of the slab, which corresponds to a molecular coverage
of 0.25 ML. The calculated lattice constants for Pt;Sn is 4.01 A,
which in good agreement with the experimental value of 4.00 A.%
We also performed calculations on a four-layer p(4 X 4) unit cell,
and the adsorption energy of frans-ethanol at T™ site (top site of Pt)
were found to deviate from the value determined on p(4 x 4) cell by
less than 0.02 eV, indicating that the coverage effect is not
significant for the adsorption.

The adsorption energies (E,;) were calculated using the
following equation:

Eads = Egax + Emh - Egax(mh (1)
where Eg,, Eup and Eg., are the total energies of the free
adsorbate, clean Pt;Sn(111) slab, and adsorbate on Pt;Sn(111),
respectively. With this definition, a positive E,; implies a stable

adsorption.

Transition state (TS) searches were performed at the same
theoretical level with the complete Linear Synchronous
Transit/Quadratic ~ Synchronous Transit (LST/QST) method

implemented in DMol®.*® We applied the TS theory formalism to
predict rate constants for all the elementary steps involved. The rate
constant & and pre-exponential A° were estimated using conventional
TS theory:*"*

_ _E° 2
k=Kol O oo By oo B @
h O RT RT
3N efhu, 2kyT (3)
Q - H I_E—hu,/kur

i=l
where kp is the Boltzmann constant, R is the gas constant, / is the
Planck’s constant, 7 is the temperature following experimental
conditions for Pt-based catalysts (300 K),*° £,° and E, are energy
barriers with and without zero point energy (ZPE) corrections. Qg
and Qrg are the partition functions respective at the IS and TS, and v;
are the frequencies of the vibration modes.

3. Results

In this section, the adsorptions of ethanol and surface species
involved are first described. Then, the most facile elementary
reaction steps are analysed to gather a general view on the reaction
process.

3.1 Adsorption

The possible adsorption sites of Pt;Sn(111) are labeled by local
coordination: (1) two top sites (T™" and T®"), (2) two bridge sites
(B*" and B™™), and (3) four hollow sites (H*"'5", H3™, F2P51 and
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Fig. 1. The high symmetric adsorption site on Pt;Sn(111) ; 1: T™; 2:
TS 3: B, 4: BPS, 5. B3 6: HPP; 7: F2PS0; 8 H?PS™, For clarity, a
large (4 x 4) unit cell is adopted.

F°™), as shown in Fig. 1. The most stable configuration of each
surface intermediate is determined by comparing with all other
configurations identified in the searching processes. Table 1 lists the
adsorption energies and geometrical parameters of the involved
reaction intermediates. The selected configurations of each reaction
intermediate along the possible reaction pathways are shown in Fig.
2, and other metastable configurations are provided in Electronic
supplementary information (EST) Fig. S1.

Ethanol (CH;CH,0H). For the gas-phase CH3;CH,OH, two
stable iso-energetic isomers of trans- and cis-conformer are
confirmed.! For trans-ethanol, the bond lengths are calculated to be
0.97 (0.95 A) for the O-H bond, 1.43 (1.42 A) for the C-O bond,
1.52 (1.50 A) for the C—C bond; the C—C-O angle is 108° (108°),
and is in good agreement with experimental values (in
parentheses).* On Pt;Sn(111), ethanol is found to adsorb weakly at
the top site via the O atom, giving two kinds of configurations
(#'(O)-trans and 5'(0)-cis). At the T" site, the #'(O)-trans and
#'(0)-cis modes account for the very close binding energy (0.51 and
0.49 eV). Structurally, for adsorbed trans-ethanol (see Fig. 2), the
C-0 axis is tilted 60° from the surface normal; the O—Sn and C-O
distances are 2.66 and 1.46 A. For the cis-ethanol adsorption (see
Fig. 2), the C-O axis is tilted 65°. The large O—-Sn distance (2.71 A)
is in consistent with the weak adsorption of ethanol, which similar to
the ethanol adsorbed on Rh(111)", Pd(111)* and Pt(111)."" At the
T site, the 5'(O)-trans and #'(O)-cis modes have the weak
adsorptions of 0.40 and 0.31 eV, respectively. As shown in Fig. 2,
for the adsorbed frans-cthanol at the T site, the C—O axis is tilted
49°; the O-Pt and C-O distances are 2.58 and 1.45 A, respectively.
The cis-ethanol involves a larger O-Pt distance of 2.70 A, which
corresponds to the weakest adsorption.

Ethoxide (CH;CH,0). T is the most favorable site for
CH;CH,O0 adsorption. The adsorption energy is calculated to be 1.81
eV, which is 0.2 eV larger than the adsorption at the T™ site. Also,
the B2™, BPS" and F*"" adsorption configurations are stable with the
adsorption energies of 1.76, 1.73 and 1.71 eV, respectively. As
shown in Fig. 2, the C-O bond is tilted 63° in the most stable
configuration of the T5" adsorption; the C—O and O—Sn bond lengths
are 1.42 and 2.06 A, respectively. For the B* adsorption
configuration in Fig. 2, the C—O bond is tilted by 34°, and the two
O-Pd bond lengths are around 2.24 A (see Fig. 2). The B™"
adsorption configuration involves the C—O bond to be tilted by 44°
from the surface normal, and the O—Pt and O—Sn bond lengths are
2.23 and 2.31 A, respectively (see Fig. S1). For both bridge
adsorptions, the C—O bonds are slightly elongated to 1.44 A. In the
case of F?PS" adsorption, the C—O axis is only tilted by 19°; two O—
Pt and one O-Sn bond lengths are 2.27, 2.30 and 2.51 A,
respectively (see Fig. S1).

This journal is © The Royal Society of Chemistry 2012
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Table 1 Adsorption sites, adsorption energies (in eV) and structural parameters (in angstrom and degree) for intermediates involved in

ethanol decomposition to CO on Pt;Sn(111).

Species Site Mode E s dyipe dc.c dc.o Angles®
CH,CH,OH ™ 7' (O)-trans 0.40 2.58 1.51 1.45 49
Sn ' (O)-trans 0.51 2.66 1.51 1.46 60
™ 7'(0)-cis 0.31 2.70 1.52 1.45 39
TSn 7'(0)-cis 0.49 2.71 1.52 1.46 65
CH,;CH,0 ™ 7'(0) 1.61 2.06 1.52 1.42 61
TS" 7'(0) 1.81 2.06 1.52 1.42 63
B 7(0) 1.73 2.23,2.31 1.51 1.44 44
B 7*(0) 1.76 2.24,2.24 1.52 1.44 34
F2Pisn 7°(0) 1.71 2.27,2.30,2.51 1.51 1.44 19
CH;CHOH ™ 7'(C% 1.82 2.14 1.51 1.45
TS" 7'(C% 1.05 2.39 1.50 1.43
CH,CH,OH ™ n'(CP) 1.92 2.21 1.51 1.42
TSn 7'(CP) 1.45 2.25 1.52 1.39
BFsn n'(CPY-n'(0) 1.67 2.12,2.62 1.51 1.45 75
CH;CHO TSn 7'(0)-V° 0.45 2.46 1.49 1.22 80
TSn 7'(0)-P° 0.35 2.86 1.49 1.23 47
CH,CH,0 B 7'(CH-1'(0) 0.74 2.07,2.11 1.52 1.40 65
BPsn n'(CPY-n'(0) 1.10 2.08,2.14 1.51 1.41 70
2Pisn 7' (C*-n*(0) 0.96 2.13,2.28,2.28 1.52 1.43 36
g2Psn 7' (CPH-1*(0) 0.82 2.12,2.26,2.32 1.53 1.44 37
CH,;CO ™ 7i(C% 2.26 2.05 1.51 1.21 61
TS" n'(C%) 1.08 2.39 1.50 1.20 63
CH,CHO B ' (CP)-n'(0) 1.83 2.19,2.35 1.45 1.27 79
BPS 7'(CPH-n'(0) 1.95 2.17,2.49 1.45 1.26 69
CH,CO B 7 (CH-n'(CP 0.73 2.07,2.11 1.49 1.21
CHCO B* n(CPy 2.20 2.17,2.19 1.34 1.17
F2Psn 1 (CH-7A(CP) 1.77 2.10,2.12,2.28 1.44 1.21
P 7' (CH)-n*(CP) 1.77 2.10,2.12,2.14 1.45 1.20
35l 7' (CH)-n*(CP) 2.53 2.10,2.12,2.12 1.45 1.20
CH,OH ™ 7'(C) 1.94 2.14 0.98
TSn 7'(C) 0.82 2.26 0.97
CH,0 ™ 7'(C) 0.16 3.45 1.22
TSn 7'(0) 0.36 2.78 1.22
B 17'(C)-n'(0) 0.37 2.16,2.16 1.35
Pisn 7'(C)-'(0) 0.37 2.18,2.26 1.32
p2Pisn 7'(C)-7*(0) 0.38 2.13,2.28,2.43 1.38
35l 7'(C)-7*(0) 0.24 2.13,2.29,2.34 1.38
CHO ™ 7'(C) 2.28 2.01 1.21
TSn 7'(C) 0.78 2.36 1.20
35l 7(C)-'(0) 2.09 2.16,2.17,2.20 1.29
CH, ™ 7'(C) 1.98 2.11
TS" 7'(C) 1.33 2.22
CH, B 7(C) 3.96 2.10,2.10
BPS 7(C) 3.04 2.09,2.22
Cco ™ 7'(C) 1.45 1.89
TS" 7'(C) 0.13 3.21
B 7(C) 1.09 2.06,2.07
P 7(C) 0.77 2.13,2.13,2.15
35l 7°(C) 1.27 2.13,2.17,2.17
H ™ 7' (H) 2.77 1.58
TSn 7'(H) 1.50 1.76
P 7 (H) 2.70 1.83,1.83,1.86
)3 Sl 7 (H) 2.95 1.90, 1.90, 1.92

 Values are angles between the surface normal and the C—O axis in the corresponding species. ° V and P represent the C—C axis almost

vertical and parallel to the surface.

Acetaldehyde (CH;CHO). CH;CHO has been proposed as a
crucial intermediate in ethanol decomposition and synthesis.’*™
CH;CHO has two stable adsorption configurations at T5" site with
different C—C slant angles. As seen from Fig. 2, the C—C axis is
almost vertical to the surface in the most stable #'(0)-V mode.
CH;CHO binds to the surface via the O atom with the O—Sn distance
of 2.46 A; the C—O and C—C bond lengths are 1.22 and 1.49 A,

This journal is © The Royal Society of Chemistry 2013

respectively. The corresponding energy is 0.45 eV, which is
relatively low due to the closed-shell electronic configuration of the
adsorbate. For the T5" adsorption via the 5'(0)-P mode (see Fig. S1),
the C—C axis is almost vertical to the surface with the C—C bond
length of 1.49 A. The O-Sn distance and C-O bond length are 2.86
and 1.23 A, respectively, and the corresponding adsorption energy is
only 0.35 eV.

J. Name., 2013, 00, 1-3 | 3
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Fig. 2. Configurations of reaction intermediates used to search for
reaction pathway of ethanol decomposition to CO on Pt;Sn(111).

Acetyl (CH;CO). As shown in Fig. 2, CH;CO adsorbs stably at
the T™ site via the 5'(C*) mode with a binding energy of 2.26 eV. In
this configuration, the C—Pt bond is almost perpendicular to the
surface; the C—Pt, C—-O and C—C bond lengths are 2.05, 1.21 and
1.51 A, respectively. These results are similar to our previous studies
of CH;CO adsorbed at the top site on Pd(111).° Analogously,
CH;CO can adsorb at the T5" site with the C—Sn distance of 2.39 A,
and the corresponding adsorption energy is 1.08 eV (see Table 1 and
Fig. S1).

Ketene (CH,CO). CH,CO is an important intermediate relevant
to catalytic C; chemistry."™* As shown in Fig. 2, the B* site is the
most suitable adsorption site for CH,CO on Pt;Sn(111) via the
7'(C%-7"(CP) mode, as mirrored by the adsorption energy of 0.73
eV. It is similar to the CH,CO adsorptions on Pd(111)*° and
Pt(111)°". The B*-4'(C%)-#"(C?) configuration is featured by the
C*-Pt and CP—Pt bond lengths of 2.07 and 2.11 A, respectively. This
adsorption results in the C—C bond elongations from 1.32 to 1.49 A.

Ketenyl (CHCO). CHCO appears in diversity of reactions as a
crucial intermediate, but the spectroscopic information of CHCO is
scarce.” Our results show that the gas-phase CHCO is a linear
radical, in which both C atoms are sp hybridized; the C-O, C—C and
C-H bond lengths are calculated to be 1.19, 1.29 and 1.08 A,
respectively, in good agreement with the previous results of 1.17,
129 and 1.07 A*® Analogous to the Pd(111)*° and Pt(111)"'
surfaces, CHCO interacts with the Pt;Sn(111) surface via the 5'(C%)-
72(CP) mode at the H*™ site (see Fig. 2), in which the C* atom
locates at the T™ site through the sp” hybridization (dcp, = 2.10 A)
and CP at the B* site (dep = 2.12 and 2.12 A) through the sp®
hybridization. The adsorption energy is 2.53 eV. Other three
adsorption configurations for CHCO on Pt;Sn(111) are B*-5*(C),
F2PS0_51(C*)-(CP) and F*™-5'(C*)-#*(CP) with the energy of 2.20,
1.77 and 1.77 eV, respectively (see Fig. S1).

Carbon Monoxide (CO). CO prefers the T site via the 5'(C)
mode on the Pt;Sn(111) surface, in which the C-O axis is almost

4| J. Name., 2012, 00, 1-3
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perpendicular to the surface. The adsorption energy is 1.45 eV,
lower than the previous DFT result of 1.82 ¢V and experimental
result of 1.80 eV°"® on Pt(111); the C—O bond length is 1.16 A and
the C—Pt bond length is 1.89 A (see Fig. 2). Comparatively, it is a
weak physical absorption for CO at the T*" site, as reflected by the
small adsorption energy of 0.13 eV (see Fig. 2). This indicates that
the Sn can weaken the CO adsorption on the Pt slab, and facilitate
the elimination of the decomposition product of CO.%® Besides, CO
can adsorb at the B*®, BP®" F and H™ sites with the C-Pt
distances around 2.10 A (see Fig. S1). The adsorption energies are
1.09 (B*™), 1.10 (B, 0.77 (F*™") and 1.27 eV (H°™).

H and CH,. The atomic H can adsorb at the T™, F°*™ and H*™
sites with very close binding energies of 2.70 ~ 2.95 eV, but it is
only 1.50 eV at the T>" site. CH, can be stably adsorbed at the B*"
and B™" sites on Pt;Sn(111) with binding energies of 3.96 and 3.04
eV, respectively. At the B site, CH, forms a tetrahedral adsorption
configuration (see Fig. 2), similar to our previous DFT findings on
Pd(111);*° the H-C—H angle is 110° and both C—Pt bond lengths are
2.10 A. At the B™" site (see Fig. S1), the H-C—H angle is 113°, and
the C—Pt and C—Sn bond lengths are 2.09 and 2.22 A, respectively.

3.2 Reaction pathways

In this section, the elementary steps of ethanol decomposition to CO
on Pt;Sn(111) are discussed. To explore the whole reaction network,
however, is a tremendous task because ethanol and its decomposition
derivatives contain several types of chemical bonds (C-C, C-O, C*—
H, CP-H and O-H bond). To map it out, we take a recursive “trial-
and-error” approach as used in previous work about ethanol
decomposition on Rh(111)," Pd(111)*® and Pd(110).> Besides, our
previous studies found that the initial C—O bond was hardly broken,
and it would become more and more difficult along the
decomposition route.>*? So, in this work, we focus on other types of
bond scission. The associated thermodynamic and kinetic parameters
are listed in Table 2, and Fig. 3 presents a sketch of the
decomposition network. The structures for the IS, TS and FS
involved in the elementary steps are shown in Fig. 4.

Decomposition of Ethanol. Four adsorbed ethanol
configurations, as the starting point, are considered as ISs due to the
close adsorption energy. The initial reaction may involve in ethanol
decomposition to CO on the C-C, C*-H, CP-H, and O-H bond
activation, as shown in Table 2. The O-H bond scission is most
favorable for these four ISs as the initial reaction due to the lower
energy Dbarriers involved, especially for the T -4'(O)-trans
configuration (0.90 eV). Considering the larger ratio of Pt in the
alloy, we first check the reaction starting with the T"'-5'(O)-trans
configuration (see Fig. 4a). In this step, approaching of the H atom
towards the alloy surface facilitates the O—H activation, as mirrored
by the elongated O-H distance to 1.46 A in the TS1; CH;CH,O
locates at the same Pt atom as that in the IS (do.p = 2.23 A), while
the dissociated H moves to the adjacent Pt atom (dyp, = 1.74 A).
After the TS, both dissociated entities diffuse to exact top sites as the
FS. This process is endothermic by 0.77 eV and the energy barrier is
0.90 eV. Considering the T"-;'(O)-trans configuration is most
stable, the initial reaction is also described in detail. In this step, the
O-H activation is also beneficial from the approaching of trans-
ethanol towards the surface (see Fig. S2 (all)). In the TS, CH3CH,O
still locates atop the same Sn atom (dps, = 2.22 A) while the
dissociated H moves to the adjacent off-top site (dy.s, = 1.71 A); the
O-H bond is broken as mirrored by its distance of 1.60 A. After the
TS, diffusion of the H entity to the adjacent hcp site accounts for the
FS. This process has an energy barrier of 1.12 eV and is endothermic
by 0.43 eV. The O-H bond scission of cis-ethanol and other bond
scission are obviously unfavorable, as reflected by the high energy
barriers and low rate constants in Table 2 and Fig. S2 (al-al$5).

This journal is © The Royal Society of Chemistry 2012
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Table 2 Thermodynamic and kinetic parameters (in eV and s') for the elementary step involved in ethanol decomposition to CO on

Pt;Sn(111).2

Reaction C—C scission C®~H scission CP_H scission O-H scission
Species AE E, k AE E, k AE E, k AE E, k
C,H;OH-T -trans  1.08 3.46 8.61x10* 025 1.53 2.02x10" 061 2.06 4.75<10"° 077 090 1.65
C,H;OH-T-cis 096 3.76 1.58x10® 024 162 2.02x10"?  0.18 1.59 4.64x10?  0.72 098 7.53x107
CH;OH-T>-trans  1.12 351 1.58x10% 045 124 3.49x10° 047 2.14 253x10%° 043 1.12 2.97x10*
C,H;OH-T>-¢is 1.17  3.77 3.77x10" 026 124 1.53x10° 038 226 8.58x10% 057 098 4.20x107
CH;CH,O-TS" 095 225 827x10%®  -0.56 040 4.61x10° 032 1.03 8.64x10™
CH,CH,O-T™ 0.57 3.02 7.51x10%  -0.17 0.73 4.13x10° 041 1.10 2.64x103
CH,CH,0-B* 0.73 3.10 1.43x10* 013 098 1.11 0.57 128 1.93x10°
CH;CHO-TS" 0.52  2.09 4.83x10%2 -024 0.76 6.78x10! 0.18 1.01 2.86x107
CH,CO 026 2.09 1.95x10°% 045 1.64 8.83x10™"2
CH,CO 134 157 1.41x10"2 136 2.50 3.46x107%°

 Reaction energies of the reactions are calculated as AE = Egs — Eg, where Egg and Ejg are the energies of the FS and IS, respectively. AE and
E, are energies without ZPE corrections, but k is calculated according to eq.2, in which E. is calculated with ZPE corrections.
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Decomposition of Ethoxy. Decomposition of CH;CH,O may
involve the C—C, C*~H, and CP~H bond activation. As shown in
Table 2, the C—C and CP-H bond activation processes can be
neglected because both have energy barriers larger than 1.03 eV and
their rate constants are less than 2.64 x 107 s'. The lower energy
barrier and the larger rate constant indicate that the C*~H bond
scission along the CH;CH,0O — CH3;CHO + H reaction is more
favorable. This process can start with CH;CH,O at the T*" site as the
IS, ends with CH;CHO at the T site, and with H at the adjacent
H*™ site as the FS (see Fig. 4b). In the TS2, the activated C°~H bond
stretches to 1.64 A. This step is exothermic by 0.56 eV with the
energy barrier of 0.4 eV. As shown in Table 2 and Fig. S2, the C*-H
bond scission can also start with the CH;CH,O at the T site as the
IS. This elementary step is exothermic by 0.17 eV with the energy
barrier of 0.73 eV. For CH;CH,O at B* site, the C*~H bond
scission is slightly endothermic by 0.13 eV with the energy barrier of
0.98 eV. In brief, the reaction CH;CH,O — CH;CHO + H is

This journal is © The Royal Society of Chemistry 2013

{a) CH;CH,OH —
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cod o o ®
= = I g o SR

< <A

TS4 (¥ =198% ey |CILEO « ]

ClL,C0 TSI (v —i 155 cmrh CH,+CO

Fig. 4. Calculated structures of the initial state, transition state, and
final state involved in the most competitive route of ethanol
decomposition to CO on Pt;Sn(111).

favorable from the viewpoint of thermodynamics and kinetics,
especially for the reaction starting with CH;CH,O at the T" site.
Therefore, once CH3;CH,0 is formed, it can quickly decompose to
CH;CHO via C*H bond scission, thus correlates with the
experimental results perfectly that no CH;CH,O intermediate is
detected for the initial ethanol dehydrogenation on the PtSn
alloy.”®* Other possible bond scissions of CH;CH,O at T, TS" and
B sites, involving CH;CH,0 — CH,CH,O + H and CH;CH,0 —
CH,O + CHs;, have high energy barriers and low rate constants as
shown in Table 2 and Fig. S2 (b1-b8).
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atom on the first layer of the Pt;Sn(111) surface; (d) DOS of adsorbed CO at top site and the involved Pt atom on Pt(111); (e) DOS of
adsorbed CO at T™ site and the involved Pt atom on Pt;Sn(111); (f) DOS of adsorbed CO at T5" site and the involved Sn atom on Pt;Sn(111).

Vertical dotted line denotes the Fermi level.

Decomposition of Acetaldehyde. The C—C, C*~H and C*-H bond
activation can also be envisaged for further CH;CHO
decomposition. The C*-H bond scission yielding coadsorbed
CH;CO and H is indeed as a favorable process with a low energy
barrier of 0.76 eV and a large rate constant of 6.78 x 10" s™' (see
Table 2). This may benefit from the adsorption configuration of
CH;CHO via the 5'(0) mode, and facilitates the C°~H activation.
Along the CH;CHO — CH;CO + H pathway, the stretching
vibration of the C*~H bond helps the shift of H from the C* atom of
CH;CHO to the surface Pt atoms. In the TS3 (see Fig. 4c), CH;CO
still locates at the T site as CH;CHO in the IS, and the dissociated
H atom locates at the adjacent B*™" site with the C*~H distance of
1.43 A. After the TS3, diffusion of the atomic H to F°™' site and
CH,CO to T™ site accounts for the FS. This process is exothermic by
0.24 eV. The CP-H and C—C bond scissions of CH;CHO, that is,
CH3;CHO — CH,CHO + H and CH;CHO — CHO + CHj, have
energy barriers of 1.01 and 2.09 eV, and the rate constants of 2.86 x
107 s and 4.83 x 10?2 5!, as shown in Table 2 and Fig. S2 (c1-c2).

Decomposition of Acetyl. Two possible bond scissions of the C—
C and C*—H bond for the adsorbed CH;CO are considered. The CP—
H bond scission has an energy barrier of 1.64 eV, and its rate
constant is about 8 orders larger than that of the C—C bond scission,
so the CP—H bond scission to the coadsorbed CH,CO at the B*™ site
and H at the T™ site is the favorable decomposition pathway. The
CP-H bond scission benefits from the inclined CH; in CH;CO
towards the surface so that a methyl H could easily migrate to an
adjacent top site. In the TS4, the dissociated H locates at the T™ site,
and CH,CO still locates at the T site (see Fig. 4d). After the TS, the
C-C bond is further inclined to the B*™ site and the atomic H
diffuses to the adjacent T™ site, forming the FS. The reaction energy
of this process is 0.45 eV. Besides, the C—C bond scission of CH;CO
has a high energy barrier of 2.09 eV with the reaction energy of 0.26
¢V, and the rate constant of 1.95 x 102 5!, as shown in Table 2 and
Fig. S2 (d1).

Decomposition of Ketene. For the adsorbed CH,CO, as
shown in Fig. 4e and Table 2, the favorable decomposition
pathway occurs via the C—C bond scission to the coadsorbed
CH, at the B*™ site and CO at the T™' site. This process has the
lowest energy barrier of 1.57 eV and the corresponding largest

This journal is © The Royal Society of Chemistry 2013

rate constant of 1.41 x 10"? s among all possible C—C bond

scissions. In the TS5, both CO and CH, locate at the adjacent
B2™ site; the C—C distance is 2.85 A. After TS5, CO locates at
the T™ site and CH, at the adjacent B site, the C—C distance is
elongated to 3.83 A. This step is highly endothermic by 1.34
eV. The C*~H bond scission of CH,CO has the largest energy
barrier of 2.50 eV and the lowest rate constant of 1.41 x 1072 s~
! among all CP~H bond scissions, as shown in Table 2 and Fig.
S2 (el). To evaluate the effect of surface coverage, we have
investigated the CH,CO decomposition on Pt;Sn(111) with a
large (4 x 4) cell. The relevant structures of each elementary
step are shown in Fig. S3. The CH,CO — CH, + CO reaction
has energy barrier of 1.68 eV and is endothermic by 0.87 eV;
For CH,CO — CHCO + H, it is endothermic by 1.33 eV with
an energy barrier of 2.36 eV. Compared with the results on the
(2 x 2) cell, the C—C bond scission of CH,CO is also favorable
than that of C—H bond from both thermodynamic and kinetic
viewpoints, and the difference value of energy barrier is 0.11
eV for C—C bond scission and 0.14 eV for C—H bond scission,
which is less than 7% in energy barrier and thus indicates the
coverage effect is slight on the reaction processes.

4. Discussion

In this section, the intrinsic essence of CO tolerance and the effect of
Sn in Pt;Sn(111) are discussed through adsorption feature and
electronic state, reaction mechanism, energy barrier analysis on bond
scission, and microkinetic modelling on intermediate coverage.

4.1. Adsorption feature and electronic state

The adsorption configurations of the relevant intermediate, the
surface properties of Pt(111) and Pt;Sn(111), and the electronic
states of adsorbed CO on Pt(111) and Pt;Sn(111) are analyzed in
turns. For intermediate adsorption configurations, the most stable
configurations are highlighted, i.e., #'(C) (top) for CH;CHOH,
CH;CO and CHj; #%(C) (bridge) for CH,; #'(C)-'(0) and #'(C)-
#'(C) (bridge) for CH,CH,0O and CH,CO; #'(C)-#*(C) (hollow) for
CHCO. These adsorptions are very similar to the species on the
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Fig. 6. PES of ethanol decomposition to CO on Pt;Sn(111). All energies (¢V) are relative to the energy of the gas-phase ethanol plus clean

Pt;Sn(111) slab. [A+B]* denotes the coadsorbed A and B, and A*+B*

group VIII metal surfaces, such as Pd(111), reflecting the
similarity of the alloy as pure metals to form bonds with the
adsorbates. More importantly, these association are strengthened due
to the effect of Sn, especially for that via the 4#'(O) mode. As seen
from Table 1, CH;CH,OH, CH;CH,O, CH;CHO and CH,O at the
TS" site are more stable than those at the T™ site. That is, Sn plays
the “bifunctional” role to strengthen the adsorptions, giving a good
support to the experimental result about the Sn effect,***! and similar
to the ethylene oxide®™ and cyclohexanone® adsorption on PtSn
alloys.

To demonstrate the CO tolerance of Pt;Sn(111), the electronic
states of Pt and Sn are investigated by examining the density of
states (DOS) of Pt(111) and Pt;Sn(111). As shown in Fig. 5a, four
distinct electron-rich regions appear along the energy scale of the
gas-phase CO: 40, 17, 5o orbitals, and 2 anti-bonding orbitals; the
total DOS is mainly composed of the p orbitals, and minor
hybridization of p and s orbitals nearby Ef. Fig. 5b presents the local
DOS (LDOS) of the Pt atom on the first layer of clean Pt(111)
surface, in which the total DOS is mainly composed of the Pt 5d
orbitals and minor hybridization of Pt 6s and 5d states nearby -5.60
eV. Fig. Sc shows the LDOS of the Pt and Sn atoms on the first layer
of Pt;Sn(111) surface. For the Pt atom, the total DOS shows similar
constituent component to that of the clean Pt(111) except for a more
uniform distribution of d states. The LDOS region for the Pt atom
nearby Er decreases sharply, which originates from the hybridization
of Pt 5d orbitals with Sn 5p orbitals. This hybridization of Pt 5d
orbitals with the electron orbitals of the companion atom nearby Ef
is a common bonding mechanism on previous studies of PtSn® and
similar systems,®*® and accounts for the better selectivity of bond
scissions on the Pt;Sn surface.®* It thus confirms that the Sn atom
could effectively adjust the electronic structure of Pt, that is, the
“ligand effect” mechanism.

Furthermore, the effect of Sn weakening the Pt—CO bond is
evaluated by comparing the DOS of CO on Pt;Sn(111) with that on
clean Pt(111). The LDOS of CO and Pt on Pt(111) is shown in Fig.
5d. Comparing with Figs. 5a and Sb, the adsorption has significant
effect on the DOS of CO. All peaks are shifted downward, especially
for the peaks of the 5o and 2n" orbitals which decrease to regions at
about -4.20 and 2.72 eV. The overlap at -4.20 eV promotes the
bonding between CO and Pt atom, originated mainly from the
electron donation of the fully occupied CO 5o orbitals into the Pt 5d

This journal is © The Royal Society of Chemistry 2013

represents respective adsorptions of A and B on two separated slabs.

orbitals, as well as back-donation of electrons from the Pt 5d orbitals
into the unoccupied 27* anti-bonding orbitals at 2.72 eV.*’ This
result is close to the adsorption of CO on NiO(100).°*%° Similar
donation and back-donation situation appears for the LDOS of CO at
T™ site and Pt on Pt;Sn(111), as shown in Fig. 5e. The obvious
difference of the adsorbed CO on Pt(111) and Pt;Sn(111) is the
downward-shift value of 2z* orbitals, which contributes to the
intramolecular bond weakening of CO.* The intramolecular bond
strength of CO accords well with the geometrical alteration from the
gas-phase CO to the adsorbed CO on Pt(111) and Pt;Sn(111), as
reflected by the alteration value of the C—O bond length (0.012 vs.
0.015 A). In addition, the 5c orbitals (nearby -4.10 eV) of the
adsorbed CO on Pt(111) and Pt;Sn(111) are close, forming a similar
Pt—CO bond® but with rather weaker adsorption energy of CO on
Pt;Sn(111) (1.82 vs5.1.45 ¢V).>® The LDOS of the adsorbed CO at the
T®" site and Sn on Pt;Sn(111) is shown in Fig. 5f. Comparing with
Fig. 5a, all peaks of CO are shifted downward without any obvious
broadening, thus explaining the weakest adsorption mode at the T"
site. with the adsorption energy of 0.13 eV. It means that the
adsorption of CO would be weakened, whether it is located at Pt or
Sn on Pt;Sn. That is, the existence of Sn atoms at the Pt;Sn(111)
surface has a positive effect on the CO elimination from the catalyst
surface due to the “ligand effect” mechanism.

4.2. Reaction mechanism

The PES for ethanol decomposition to CO along the lowest energy
barrier pathway on Pt;Sn(111) is illustrated in Fig. 6. The energy
reference used here corresponds to the total energy of one gas-phase
ethanol molecule plus one clean Pt;Sn(111) slab. In order to
elucidate the reaction mechanism clearly, the rate constant is
calculated for each elementary step at 300 K, as shown in Table 2.
The overall reactions can be described as follows: ethanol adsorbs
initially at the T™ site and then the O-H bond activation to
CH;CH,O occurs with an energy barrier of 0.90 eV and a rate
constant of 1.65 s™!. The following C*~H bond scission of CH;CH,O
results in CH;CHO with the lowest barrier of 0.40 eV and the largest
rate constant of 4.61 x 10% 5. The adsorbed CH;CHO would further
dehydrogenate via the C*-H bond activation to CH;CO with an
energy barrier of 0.76 eV and a rate constant of 6.78 x 10" s™. Next,
the CP—H bond activation of CH;CO accounts for CH,CO with an
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Fig. 7. Energy barrier curves for the C-C, C*~H, C*~H and O-H
bond scission in intermediates along the favorable ethanol
decomposition pathways on Pt;Sn(111).

energy barrier of 1.64 ¢V and a rate constant of 8.83 x 107 s, The
C-C bond activation of CH,CO leads to CO with a reasonable
barrier of 1.57 eV; comparatively, the C*~H bond activation of
CH,CO to CHCO is hindered by a high barrier of 2.50 eV. As for
the rate constant, the decomposition of CH,CO to CO is about 13
orders of magnitude larger than that of CH,CO to CHCO (see Table
2). On the whole, the most competitive decomposition route to CO is
CH;CH,0H — CH;CH,0 — CH;CHO — CH;CO — CH,CO —
CH, + CO. This pathway agrees well with previous experimental
proposal of ethanol decomposition on Pd(111)’" and Pt;Sn(111).*°
Extended group VIII metals, e.g., Pt, Pd, and Rh, have been
considered as model systems to understand the mechanism of
ethanol decomposition, and found that the activity and selectivity
vary depending on the metals and the surface orientation.”’ To better
understand the effect of Sn element in Pt;Sn(111) for ethanol
decomposition, we herein compare our work with the previous
studies of ethanol decomposition on Pd(111),° Rh(111)" and
Pt(111)" in following several points. First, the initial ethanol
decomposition on different metal surface is quite different. The
initial C*~H bond scission is favorable on Pd(111),> while the initial
O-H bond scission is easy to take place on Rh(111)" and Pt;Sn(111).
This is due to the different adsorption strengths of CH;CH,O and
CH;CHOH in the TS on different metal surface': besides, compared
with the initial C*~H and O-H bond scissions, the direct two-H
decomposition pathway CH;CH,OH — CH;CHO + 2H is favorable
for ethanol on Pt(111).”* However, similar coordination of two-H
decomposition pathway cannot be found on Pt;Sn(111). This may
result from the weak adsorption of H on Sn at the T*" site relative to
that on Pt at the T"' site. That is, the Sn in the Pt;Sn alloy could not
play active roles in the initial double C—H bond scissions at the same
time. Secondly, as an important intermediate on Pd(111), Pt(111)”
and Pt;Sn(111), CH;CHO is easy to take place by further
decomposition to CH;CO via the C*~H bond scission. This reaction
step has the lowest energy barrier of the overall decomposition
network on Pd(111)*® and Pt(111)’* and the second-lowest one on
Pt;Sn(111), which may originate from the very weak interaction
between CH;CHO and those surfaces. Thirdly, as desired in fuel
cells, ethanol and relevant intermediates act as donors to provide
electrons consecutively on the catalyst surface, mainly via
dehydrogenation and/or oxidation to acid. On Pt(111), the
intermediate CH;3CO would rather react with a surface OH group to
CH;COOH than further dehydrogenation to CH,CO™. The same
reaction, CH;CO + OH — CH3;COOH, is also considered on
Pt;Sn(111), and the results show that it is easy to proceed with the
energy barrier as low as 0.38 eV and an exothermic reaction energy
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as high as 1.09 eV (see Fig. S2 (f1)). From both kinetics and
thermodynamics viewpoints, the further CH;CO reaction via the
oxidation of OH is easy to take place, and is in good agreement with
electrochemical experiments that CH;COOH is one of the
intermediates for ethanol oxidation on PtSn (:atalysts.zg‘”’73 Even so,
CO poisoning is still a serious problem for most catalysts, especially
for the pure metals.”>*"’* Comparatively, on Pt;Sn(111), the
dehydrogenation process CH;CO — CH,CO is quite difficult since it
is high energy barrier of 1.64 eV; moreover, even formed, CH,CO as
the precursor source of CO would rather readily desorb than
decompose, as mirrored by the adsorption energy of 0.73 eV relative
to the high energy barrier of 1.57 eV. In a word, beneficial from the
easy-oxidated CH;CO, hard-forming but readily-desorbed CH,CO,
the formation of CO is not facile on Pt;Sn alloy surface.

4.3. Energy barrier analysis on bond activation

Fig. 7 shows the energy barriers of different bond scission processes
as a function of intermediate involved in the favourable ethanol
decomposition route on Pt;Sn(111). The general trends are, with the
stepwise strip of H atom, the energy barrier for the C—C bond
scission decreases gradually, similar to ethanol decomposition on
Rh(111)." As for the C*~H and CP—H bond scission, they decrease at
first and then climb up. Comparatively, the energy barriers for the
“~H bond scission are relatively lower than the corresponding C-C
and CP-H bond scission values, especially for the CH;CH,O
intermediate with the lowest C*~H bond scission barrier.

To provide further insight into the physical origin and uncover
the main factors governing the energy barrier of ethanol
decomposition to CO, we decompose E, using the following
formula:>7®

E,=AE

sub

+AEY +E% +EF -E" - EP® “4)

int

where AE - E”™ - g measures the influence of the structural

change of substrate from IS to TS on the activation barrier; AEZZ is

named as the deformation energy reflecting the effect of the
structural deformation of AB on the barrier, and A represents the O-
containing species; Eﬁ? is the binding energy of AB in the IS;

E™ (E,) is the binding energy of A(B) at the TS geometry without
B(A); Eﬁ is a quantitative measurement of interaction between A

and B in the TS. Obviously, the first four terms contribute positively
to E, while they have a reverse effect for the last two factors. These
terms are calculated for the elementary steps as shown in Table 3.
For the C—C bond scission, the energy barrier for CH;CH,OH,
CH;3CH,0, CH;CHO and CH;CO decomposition is relatively higher
than that for CH,CO. This is due to the relatively weak adsorption of

CHj; at the TS geometry (E;’) caused by the steric effect, which

elevates E, significantly. On the other hand, the strong adsorption of
CH, EJ°(4.33 €V) counteracts the large deformation energy AE®

(4.27 V) along CH,CO — CO + CH, reaction step, making it the
lowest energy barrier for the C—C bond scission. Even formed, CO
tends to escape from the surface due to the low adsorption energy

75

E; of 046 eV. Therefore, combining the above mechanism

analysis, CO is not facile to form and remain on Pt;Sn alloy surface
along this pathway. For the other possible reaction step to CO,
CH;3CO — CO + CHs, the relatively high E, of 2.09 eV results from

the high E° of 2.26 eV and low E; of 0.51 eV. The high g*

indicates that the precursor of CO tends to decompose rather than
desorb due to the relatively low E, However, as the above
mechanism analysis shown,

This journal is © The Royal Society of Chemistry 2012
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Table 3 Energy barriers and contribution factors (in eV) of the elementary reactions considered for ethanol decomposition to CO on

Pt;Sn(111).

Reactions AEg,; AE" E) E" E" E; E,
CH;CH,0H — CH,OH + CHj 0.13 3.40 0.40 0.43 0.55 0.35 3.46
CH;CH,0 — CH,0 + CH; 0.05 1.38 1.81 -0.20 025 0.54 2.25
CH;CHO — CHO + CHj 023 2.78 0.45 1.16 171 0.82 2.09
CH;CO — CO + CH; 025 1.29 226 0.08 1.28 0.51 2.09
CH,CO — CO + CH, 0.32 427 0.73 1.04 0.46 433 1.57
CH;CH,OH — CH;CHOH + H 0.17 3.52 0.40 0.84 0.55 2.85 1.53
CH;CH,0 — CH;CHO + H 0.08 1.02 1.81 0.44 0.35 2.60 0.40
CH;CHO — CH,CO +H 0.36 112 0.45 3.39 2.12 2.44 0.76
CH;CH,0H — CH,CH,0H + H 0.13 3.24 0.40 1.16 0.40 2.47 2.06
CH;CH,0 — CH,CH,0 + H 0.12 1.96 1.81 0.44 0.82 248 1.03
CH;CHO — CH,CHO +H 0.12 4.00 0.45 0.43 1.16 2.83 1.01
CH;CO — CH,CO + H 027 223 226 2.34 2.67 2.79 1.64
CH,CO — CHCO +H 023 551 0.74 0.91 2.50 239 2.50
CH;CH,0H — CH;CH,0 + H 021 236 0.40 2.19 1.48 278 0.90

CH;CO — CO + CHj; is the most unfavorable pathway relative to
the oxidation CH3;CO + OH — CH3COOH and the dehydrogenation
CH;CO — CH,CO + H reaction pathways. In short, reactions via the
C—C bond scission to CO are not facile on Pt;Sn alloy surface.

For the C*~H bond scission, the adsorption energy of H in the TS
(E]") is in the range of 2.44 ~ 2.85 ¢V and thus has little effect on
the change of the energy barrier. This results from the tiny
alterations of adsorption energy for H at different sites (T™ and B>™).
The high E, for CH;CH,OH decomposition is mainly caused by the
large deformation energy of CH;CH,OH ( AE, 3.52 eV). For
CH;CH,O0, the weak interaction between CH;CHO and H in the TS
(EZ, 0.44 eV) and the lowest deformation energy (A£?, 1.02 eV)
render the energy barrier £, to be the minimum (0.40 eV) among the
C“-H bond scission processes. In the case of CH;CHO, E, is
decreased mainly by the large binding energy of CH;CO in the TS
( Ef , 2.12 eV), but elevated by the largest interaction between

CH;CO and H (E;f, 3.39 eV). For the CP_H bond scission, as
shown in Table 3, the adsorption energy of atomic H in the TS E°
and AE,,, has relatively slight fluctuation from 2.39 to 2.83 eV and
0.12 to 0.27 eV, respectively, indicating both £}° and AE,,, have
little effects on the fluctuation of energy barrier. Comparatively,
three positive terms, AE%/+ E" + E™, have greater influences on £,
for CH3CO and CH,CO decompositions than those for CH;CH,OH,
CH;CH,0 and CH3CHO decompositions via the CP-H bond
scission.

For the O—H bond scission, the value of AEj}/ + E;f is 4.36 eV,
and is similar to the values of the C*~H and CP—H bond scission of
4.40 and 4.55 eV, respectively. These small differences (< 0.20 eV)
indicate that the intra-ethanol interaction has slight effect on the

energy barrier of the initial dehydrogenation. The value of
EP +E;® decreases in the order of O-H (4.26 eV) > C*-H (3.40

eV) > CP—H (2.87 eV), corresponding to the order of energy barrier
O-H < C®H < CP-H. That is, the binding energy of the cracked

This journal is © The Royal Society of Chemistry 2013

Table 4 Elementary reactions involved in the microkinetic model for
decomposition of ethanol on Pt;Sn(111).?

Step Surface reactions E, A°
1 CH;CH,0H(g) + * «> CH;CH,OH*  0.39 -
2 CH;CH,OH* + * & CH;CH,O* +H* 0.90 2.17x10"
3 CH,CH,O* + * « CH;CHO* + H*  0.40 2.42x10%
4 CH;CHO* + * <> CH,CO* + H* 0.76 3.97x10"
5 CH;CO* + * <> CH,CO* + H* 1.64 3.14x10'
6 CH,CO* + * «» CHy* + CO * 1.57 3.35x10™
7 CH,* + H* <> CH3* + * 1.39  1.91x10%
8 CH;* + H* & CH,* + * 0.99 4.26x10"
9 H* + H* > Hy* + * 0.75 1.63x10"°
10 CO*— CO(g) + * 1.45 1.00x10"
11 CH4* > CHy(g) + * 0.09 1.00x10"
12 Hy* & Hy(g) + * 0.10  1.00x10"

? The * stands for a surface site and X* is an adsorbed specie, and E,
is energy barrier and 4° is pre-exponential.

fragment in the TS plays a determinant role in the energy barrier of
the initial ethanol dehydrogenation on Pt;Sn(111).

4.4. Microkinetic modelling on intermediate coverage

To evaluate the residue information of the reaction intermediate,
especially for CO, the microkinetic modelling on the crucial 12
elementary reactions is carried out at different reaction temperature,
as shown in Table 4. In the microkinetic model, the adsorption and
desorption steps are assumed to be in equilibrium. For the other
steps, we apply the pseudo-steady-state approximation, that is, the
production and consumption rates of the relevant reactant species are
assumed to be identical. This microkinetic modelling approach has
been successfully applied to similar systems on previous
investigations.’*”® The detailed description of the microkinetic
model and the test results with the different partial pressure on the
residue information are given in section 2 of the ESI.
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The coverage of intermediate (including vacant site) with the
value larger than 10 ML is presented in Fig. 8. The result shows
that the CH, and CH,CO intermediates are abundantly detained on
the surface, while the CH;CO and CO intermediates have the largest
coverage less than 1.4 x 10~ ML. This small coverage of CO gives a
good support to the experimental result that the Pt;Sn alloy has the
substantially high CO tolerance on ethanol decomposition.'® For
CH,CO, the largest potential energy of 0.88 ¢V along CH;CH,OH
— CH;CH,0 — CH3CHO — CH;3;CO — CH,CO route is far less
than 1.63 eV in the following CH,CO decomposition, as shown in
Fig. 6. Therefore, CH,CO would be abundantly detained on the
surface, as mirrored by the initial value at relatively low temperature
in Fig. 8. When temperature increases, the coverage of CH,CO
decreases monotonically. From the microkinetic viewpoint, the
elevated temperature would facilitate the decomposition and
desorption of CH,CO. On the other hand, the relatively low coverage
of CH, at first also reflects the difficult decomposition of CH,CO at
low temperature. Then, with the increase of temperature, the
coverage of CH, increases and reaches to the top value of almost 0.4
ML at around 180 K, due to the elevated temperature facilitates
CH,CO to CH, and the CH, adsorb stably on Pt;Sn(111) (3.96 eV in
Table 1). Finally, this value decreases after the top point since the
elevated temperature would facilitate the CH, hydrogenation (CH,
— CH; — CHy) and the CH, (x = 3 ~ 4) desorption from the alloy
surface. The number of vacant sites is negligible at low temperatures
(< 125 K) and increases monotonically with the temperature rising,
and finally reaches almost to 1.0 ML. This means that the vast
majority of intermediates and products of ethanol decomposition
would escape from the Pt;Sn(111) surface above the room
temperature.

5. Conclusions

Our theoretical investigation sheds new light on the CO tolerance of
Pt;Sn(111) and the effect of alloying element Sn along the ethanol
decomposition processes, by means of periodic DFT and
microkinetic modelling. A number of main points are summarized:

(1) The most competitive reaction route to CO proceeds via
CH,;CH,0H — CH;CH,0 — CH;CHO — CH;CO — CH,CO —
CH, + CO. Beneficial from the easily-oxidated CH;CO, hard-
forming but readily-desorbed CH,CO, the formation of CO is not
facile on the Pt;Sn(111) alloy surface.

(2) Sn plays the “bifunctional” role in the adsorption of the O-end
bound species, and takes the “ligand effect” mechanism to
effectively adjust the electronic structure of Pt and weakens the Pt—
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CO bond, and thus facilitating the CO elimination from the
Pt;Sn(111) alloy surface.

(3) Along the favorable route, energy barrier for the C—C bond
scission is gradually decreased but still less competitive with respect
to that in the C*-H, Cﬁ—H, and O-H bond scissions, confirming that
the reactions via the C—C bond scission to CO are not facile on
Pt;Sn(111). For the initial ethanol dehydrogenation process, the
binding energy of the cracked fragments in the TS plays a
determinant role in the energy barrier.

(4) Microkinetic modelling analysis shows that CO residue is
rare, and thus confirming the substantially high CO tolerance of the
Pt;Sn alloy surface. For the most abundant surface species of
CH,CO and CH,, as well as the possible products of ethanol
decomposition, they tend to escape from the Pt;Sn surface above the
room temperature.

This theoretical work provides a perspective to understand the
effect of alloying elements, by analysing the electronic structure
alteration of catalyst, selectivity of adsorption, sequence of bond
scission, competition of elementary reaction, thermodynamic and
kinetic property, coverage of residue, and thus elucidating the
intrinsic essence of tolerance of certain species on alloy catalyst.
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