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Abstract

Results from self-consistent periodic DFT calculations were used to study the relative stabilities and reactivities of surface species on
Pt(111) derived by subsequent removal of hydrogen atoms from ethanol. Within ga@th @Gomeric set, the lowest energy surface species
(with respect to gaseous ethanol and clean Pt(111) slabs) are ethanol, 1-hydroxyettyH@H]), 1-hydroxyethylidene (C4COH), acetyl
(CH3CO), ketene (CHCO), ketenyl (CHCO), and CCO species. The energies of these specieare 28, —55, —84, —82, —88, and
—53 kJmol, respectively, where the corresponding H atoms removed from ethanol are adsorbed on separate Pt(111) slabs. Transition stat
for C-C and C-O bond cleavage reactions were calculated for the most stable intermediates and for intermediates leading to exothermi
bond cleavage reactions. A linear correlation between the energies of transition state and the energies of corresponding surface species w
used to estimate transition-state energies of remaining reaction intermediates. The 1-hydroxyethylid@@HLspecies has the lowest
energy transition state (42 iol) for C—O bond cleavage, and the adsorbed ethylidyne $}@Hd hydroxyl product species lead to a
favorable energy change for this C—O bond cleavage reacti@8 kJymol). The ketenyl (CHCO) species has the lowest energy transition
state (4 kJmol) for C—C bond cleavage, and the adsorbed CO and methylidyne (CH) product species lead to a very exothermic energy
change for this reaction-(144 kJmol). Results from DFT calculations, combined with transition state theory, predict that the rate constant
for C—C bond cleavage in ethanol is faster than for C—O bond cleavage on Pt(111) at temperatures higher than about 550 K. In addition
the calculated value of the rate constant for C—C bond cleavage in ethanol is predicted to be much higher than for C—C bond cleavage i
ethane on Pt(111). Similarly, the rate of C—O bond cleavage in ethanol is predicted to be much higher than for C—O bond cleavage in carboi
monoxide on Pt(111).
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction sources, this C®would be fixed and stored by plant bio-
mass grown subsequently for further hydrogen production.
Hydrogen fuel cells are promising devices for genera- In addition, oxygenated hydrocarbons derived from renew-
tion of power, since they operate at relatively low tem- able resources are relatively nontoxic and easy to store and
peratures (e.g., 350 K) and produce only water as a by-handle. In this respect, it has recently been reported that hy-
product. While current methods for producing hydrogen re- drogen can be produced at relatively low temperatures (e.g.,
quire high-temperature steam reforming of nonrenewable 500 K) over supported Pt catalysts by aqueous-phase re-
hydrocarbon feed stocks, greater environmental benefits offorming of biomass-derived oxygenated hydrocarbons (such
operating hydrogen fuel cells would be realized if the hy- as methanol, ethylene glycol, glycerol, sorbitol, and glu-
drogen fuel could be produced from renewable resources,cose) [1].
such as biomass. In particular, even though,®®@uld be The generation of Hland CQ by reforming at low tem-
produced as a by-product from reforming of biomass re- peratures is controlled by selectivity considerations, since
the subsequent reaction ofHand CO or CQ to form
msponding author: Department of Chemical Engineering, 1415 alkanes (GHan12) and water is highly fqyorgble at these
Engineering Drive, Madison, Wi 53715, USA. low temperatures. For example, the equilibrium constant at
E-mail address: dumesic@engr.wisc.edu (J.A. Dumesic). 500 K for the conversion of CQand H to give methane
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by the following reaction is of the order of ¥per mole of catalysts at temperatures above 490 K resulted in higher se-

CO: lectivity for C—C bond cleavage products (methane and CO)
compared to C-O bond cleavage product (ethane) selectiv-
COz + 4H> <» CHs + 2H20. ity.

In addition, an oxygenated hydrocarbon can form undesir-

able alkanes via cleavage of the C-O bond, followed by hy- 5 \1thods

drogenation. Thus, the production of hydrogen by reforming

of oxygenated hydrocarbons at low temperatures requires se- Self-consistent periodic calculations [11] based on gra-

lective cleavage of C~C bonds compared to C-O bonds.  gian_corrected density functional theory were conducted
In the present paper, we report results from periodic den- for two-layer Pt(111) slabs. The 2 2 two-layer unit cell,

sity functional theory (DFT) calculations to probe the nature containing a total of 8 metal atoms, was repeated peri-

of surface intermediates that may be formed on PY(111) by ggically, with four equivalent layers of vacuum between

the decomposition of ethanol. In addition, we probe tran- 5y o successive metal slabs. Total energy calculations

;ition sta_tes for cleavage of C-C and_C—O. bonds in theseWere performed using DACAPO [12]. lonic cores are de-
intermediates adsorbed on Pt(111) to identify and comparegqyined by ultrasoft pseudopotentials [13] and the Kohn—

the most favorable pathways for cleavage of C—C and C-O gpam one-electron valence states are expanded in a basis
bonds during ethanol decomposition on Pt-based catalysts of pjane waves with kinetic energies below 25 Ry. The sur-
The DFT calculations of the present work are an extension gce Brillouin zone is sampled at 18 spectapoints. The

of work reported previously for ethanol decomposition on eychange-correlation energy and potential are described by
Pt [2]. We choose ethanol for study since this molecule is a e Perdew-Wang 1991 (PW91) generalized gradient ap-
simple oxygenated hydrocarbon containing a C~C bond. In proximation (GGA) [14,15]. The self-consistent density is
addition, ethanol can be produced by fermentation from re- getermined by iterative diagonalization of the Kohn—Sham
newable resources. Furthermore, from a fundamental pointyamiitonian, Fermi population of the Kohn—Sham states
of view, alcohols are among the most extensively studied (o7 — 0.1 eV) and Pulay mixing of the resulting electronic
oxygenated hydrocarbons on transition metals. density [16]. All reported binding energies are calculated

Various surface science studies have addressed the reysjng the PW91 functional, and these energies have been ex-
activities of alcohols on Pt(111) surfaces under ultrahigh trapolated tog7 = 0 eV.

vacuum conditions at different temperatures. Methanol and  aAdsorption occurs on one side of the slab. The metal

ethanol desorption was reported at low temperatures (1945toms were fixed in their bulk-terminated positions and all
and 213 K, respectively) [3]. Vannice et al. reported iso- adsorbate atoms were allowed to relax. The lattice constant
propanol dehydrogenation and acetone desorption at temysed in the calculations was 4.00 A [17,18], compared to the
peratures between 190 and 230 K [4], and Sexton et al. experimental bulk lattice constant of 3.93 A [19]. The en-
reported 10% decomposition of1€C4 alcohol monolay-  ergy change for dissociative adsorption of i calculated
ers near 200 K and formation of CO,2Hand surface  to be—86 kJmol. This value is in agreement with reported
C [5]. Alcohol decomposition reactions were shown to oc- experimental results on supported platinum catalysts and
cur on surface defect sites [6]. Ethanol dehydrogenation platinum powder {90 kJymol) [20,21]. Different sites were
forming acetaldehyde was reported at higher temperaturesexplored (e.g., top, bridge, and threefold) to find the lowest
(295 K) followed by decomposition and formation of i€, energy-binding mode for each species. Most species follow
species [7]. gas-phase bond order rules, wherein C is tetravalentand O is
The results from the aforementioned studies suggest thatdivalent, except for a few exceptions (that will be addressed
C-C and C-0 bond cleavage reactions do not occur at lowin the discussion section).
temperatures<£ 200 K) on Pt(111). However, cleavage of Convergence with respect to lateral unit cell dimensions
the C-C bond in ethanol at low temperatures (200-300 K) was confirmed on X 3 two-layer unit cells, where the sur-
has been reported on Pt(331) [8]. In addition, C—C and face Brillouin zone is sampled at six spediapoints. Con-
C-O bond cleavage reactions were reported for acetalde-vergence with respect to number of metal layers and surface
hyde decomposition on Pt(S)«[BL1) x (100)] at 290 and  relaxation was confirmed onx22 three-layer unit cells with
above 300 K, respectively [9]. Furthermore, Schauermann relaxation of top layer metal atoms. Binding energies of de-
et al. report that catalytic activity for C-O bond cleavage hydrogenated ethanol species (and transition states) on two-
in methanol is significantly enhanced on defect sites com- layer 2x 2 slabs were 0-20 kinollarger compared to bind-
pared to the reactivity of Pd(111) surfaces [10]. These ex- ing energies on two-layer 8 3 and three-layer & 2 slabs
perimental results point to the structure sensitivity of alcohol with relaxation of the top metal layer. Gas-phase calculations
reactions on noble metal catalysts, particularly Pt. However, were carried out in a 180 x 15.00 x 15.75 A unit cell and
DFT calculations on Pt(111) provide a starting point to probe the Brillouin zone is sampled at ortepoint. The magnetic
ethanol C—C and C-O bond cleavage reactions on supportednoments of gas-phase radical species were optimized during
Pt catalysts [2]. Ethanol conversion on these supported Ptthe geometry optimizations. Transition states are estimated
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using constrained optimizations, where the bond length rep-theoretical calculations (1.33, 1.37 A and 122espec-
resenting the reaction coordinate is constrained and all othertively) [28]. Ketene (CHCO; species 5) has€C and G=0
degrees of freedom are optimized. The transition states aredouble bonds, and the lengths of these bonds (1.31 and
characterized by the configuration with the highest energy 1.18 A, respectively) are in agreement with reported bond
along the reaction coordinate and a transition from repulsive lengths (1.32 and 1.16 A, respectively) [27]. The experimen-
to attractive forces along the constrained bond [17,22,23]. tal ketene CCO bond angle was not reported.
This procedure for determining the transition state of rela-  Values of electronic energies (with respect to gas-phase
tively large adsorbates has proven to yield energy barriers of ethanol) of gas-phase intermediates derived from ethanol are
reasonable accuracy, compared to more rigorous methodsshown in Table 1. These values correspond to the lowest en-
such as the nudged elastic band method [18,24—26]. ergies from spin-polarized calculations, leading to values of
magnetic moments usually equal to 0 or 1. The following
species have magnetic moments equal to 2: O, G, C&,
3. Results CH3CH, CCO, CCHOH, CHCHO, and CHG®H.

3.1. Gas-phaseintermediates 3.2. Surface dehydrogenation reactions

Gas-phase species are shown in Fig. 1 (species 1-6) in- Adsorption geometries of surface intermediates derived
cluding geometric parameters, i.e., bond lengths and anglesby dehydrogenation of ethanol on Pt(114) 1/4 ML) are
The C—C and C-O bond lengths in ethanol (species 1) areshown in Fig. 2 (species 1-24). Values of electronic ener-
1.52 and 1.43 A, respectively, and the CCO bond angle is gies (with respect to gas-phase ethanol and clean Pt slabs)
113 from DFT calculations. The bond lengths and CCO of surface intermediates and products of C-O and C-C bond
angle are in agreement with experimental values (1.51 andcleavage reactions are shown in Table 2. The binding modes
1.43 A, and 108, respectively) [27]. The geometric para- of these species are listed in Table 3, where we have used
meters of acetaldehyde and ethylene oxide (species 2 and 3)he nomenclatureg; . ; to designate that atoms of the ad-
are in agreement with experimental resutis0(02 A and sorbate are bonded tp-metal atoms on the surface. Bond
£0.2°) [27]. For the hydroxyethylene species (8@EHOH; lengths of these species are also listed in Table 3.
species 4), the calculated lengths of C—C and C—O bonds The calculated binding energy of ethanol on Pt(111)
(1.34 and 1.37 A, respectively) and the CCO bond angle is 27 k¥mol. Similar values have been reported for the
(127) are in agreement with reported values from other adsorption of methanolz-propanol, and isopropanol on

4) (5) (6)

Fig. 1. Gas-phase species: (1) ethanol, (2) acetaldehyde, (3) ethylene oxigeH&B), (4) hydroxyethylene (CHCHOH), (5) ketene (CHCO), and (6) hy-
droxyacetylene (CHCOH). Bong lengths are given in A and angles in degrees. The gray medium circles represent C atoms, white medium circles represent
atoms, and the small white circles represent H atoms.
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Table 1

Electronic energies (kinol) from DFT calculations for gas-phase reactions

relative to gas-phase ethafol

Intermediate (stoichiometry) Gas-phase reacfions
Intermediate Cc-0 c-C
cleavage cleavage
Ethanol (CHCH,0H) 0 420 357
Ethoxy (CH;CH,0) 174 604 260
1-Hydroxyethyl (CHHCHOH) 131 617 481
2-Hydroxyethyl (CHCH,OH) 172 340 570
Acetaldehyde (CHCHO) 13 801 378
Ethylene oxide (CHICH,O) 111 524 472
1-Hydroxyethylidene (CHCOH) 234 761 547
Hydroxyethylene (CHCHOH) 47 544 693
2-Hydroxyethylidene (CHChHIOH) 366 544 789
Acetyl (CHzCO) 130 945 243
Formylmethyl (CHCHO) 148 728 590
(CHCH,0) 283 728 692
1-Hydroxyvinyl (CH,COH) 252 663 759
2-Hydroxyvinyl (CHCHOH) 266 474 913
2-Hydroxyethylidyne (CCHOH) 496 663 862
Ketene (CHCO) 64 847 455
Formylmethylene (CHCHO) 349 659 810
(CCH0) 331 847 764
Hydroxyacetylene (CHCOH) 217 781 979
Hydroxyvinylidene (CCHOH) 504 781 985
Ketenyl (CHCO) 246 965 675
Formylmethylidyne (CCHO) 471 965 882
Hydroxyethynyl (CCOH) 485 1029 1051
(Cco) 424 1213 748

The DFT H heat of adsorption on Pt(111) is 86/kdol.

Pt(111) [18,29]. The ethanol molecule, shown in Fig. 2
(species 1), binds to the metallic surface through the lone
pair electrons on oxygen, and the O—Pt distance is 2.56 A.

Removal of an H atom from ethanol leads to the for-
mation of three possible surface intermediate species. The
most stable of these surface species is 1-hydroxyethyl
(CH3CHOH), and it is shown in Fig. 2 (species 3). The re-
action energy change for the formation of 1-hydroxyethyl
(CH3CHOH plus surface H) is—28 kJmol relative to
gas-phase ethanol. The 1-hydroxyethyl @CHiOH) and
2-hydroxyethyl (CHCH,OH) species bind on atop sites
through C atoms. The least stable surface species in this iso-
mer set is the ethoxy (G€H,0) species, which binds on
atop sites through the O atom. The O—Pt distance (2.05 A)
for this species indicates the formation of an O—Pt bond,
compared to the longer O-Pt distance in adsorbed ethanol
(2.56 A). The O-Pt bond length in the ethoxy species is in
agreement with the reported O—Pt bond length in adsorbed
methoxy species (2.03 A) [18].

The most stable surface species containing four H atoms
is 1-hydroxyethylidene (CECOH). This species adsorbs on
atop sites as shown in Fig. 2 (species 7). The reaction energy
change for the formation of 1-hydroxyethylidene (§3OH
plus two surface H atoms) is55 kJ/mol relative to gas-
phase ethanol. The C—Pt bond length (1.97 A) is shorter than
C-Pt bonds in other adsorbed molecules. In addition, the
C-0 bond length (1.31 A) is between that of a single bond
and a double bond. Acetaldehyde adsorbs across a bridge
site. The C—-O bond in acetaldehyde lengthens upon adsorp-

@ Excess H adsorbed on a separate slab; bond cleavage products are cakjgn (from1.22t0 1.35 A)' in agreement with findings for ad-

culated separately (i.e., at infinite separation).

()

(3)

sorption of formaldehyde (1.34 A) on Pt(111) [18], and the

(6)

Fig. 2. Side and top views for surface intermediates: (1) ethanol, (2) alkoxyGQELO), (3) 1-hydroxyethyl (CHCHOH), (4) 2-hydroxyethyl (CHCH,OH),

(5) acetaldehyde, (6) ethylene oxide (8EH,O), (7) 1-hydroxyethylidene (C{COH), (8) hydroxyethylene (CFCHOH), (9) 2-hydroxyethylidene
(CHCH,OH), (10) acetyl (CHCO), (11) formylmethyl (CHCHO), (12) CHCHO, (13) 1-hydroxyvinyl (CHCOH), (14) 2-hydroxyvinyl (CHCHOH),

(15) hydroxyethylidyne (CChHIOH), (16) ketene (CHCO), (17) formylmethylene (CHCHO), (18) CGB, (19) hydroxyacetylene (CHCOH), (20) hy-
droxyvinilydene (CCHOH), (21) ketenyl (CHCO), (22) formylmethylidyne (CCHO), (23) hydroxyethynyl (CCOH), and (24) CCO. The large white circles
represent Pt atoms, gray medium circles represent C atoms, white medium circles represent O atoms, and the small white circles represent H atoms.
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(10) (1) (12)

(22) (23) (24)

Fig. 2. Continued.

C and O atoms bind on neighboring atop sites. Ethylene ox-and C atoms, forming an oxametallacycle intermediate [30]
ide (CHCH20) is the most unstable species in this isomeric as shown in Fig. 2 (species 6).

set. Upon adsorption, the gas-phase ring structure opens and The most stable adsorbed species containing three H
the molecule binds on neighboring atop sites through the O atoms is the acetyl (C4#€O) species, which adsorbs on atop
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Table 2
Electronic energies (Kinol) from DFT calculations for surface reactions on Pt(®I#)ative to gas-phase ethanol and clean slab(s)
Intermediate (stoichiometry) Figs. 2,4,and 5 Surface rea®ions

species Intermediate C-0TS C-0 cleavage C-CTS C-C cleavage
Ethanol (CH,CH,OH) 1 —27 (126 35 17
Ethoxy (CH;CH,0) 2 38 60 32
1-Hydroxyethyl (CHsCHOH) 3 —-28 50 127 -12
2-Hydroxyethyl (CHCH,OH) 4 -1 192 16 37
Acetaldehyde (CHCHO) 5 —4 75 115 -31
Ethylene oxide (CHCH,0) 6 14 (168 41 157 52
1-Hydroxyethylidene (CHCOH) 7 —55 42 —38 7D —78
Hydroxyethylene (CHCHOH) 8 —44 113 22 8
2-Hydroxyethylidene (CHChHIOH) 9 1 (157 22 (128 -23
Acetyl (CHzCO) 10 -84 135 —14 45 —104
Formylmethyl (CHCHO) 11 -30 47 97 —-11
(CHCH,0) 12 30 47 -9
1-Hydroxyvinyl (CH,COH) 13 —70 65 18 (93 —58
2-Hydroxyvinyl (CHCHOH) 14 —48 107 35 (96) —-53
2-Hydroxyethylidyne (CCHOH) 15 —67 121 18 47
Ketene (CHCO) 16 -82 (85) 42 51 -84
Formylmethylene (CHCHO) 17 —-34 60 (80 —72
(CCH,0) 18 83 42 62
Hydroxyacetylene (CHCOH) 19 —63 141 78 —119
Hydroxyvinylidene (CCHOH) 20 —-61 141 118 18
Ketenyl (CHCO) 21 —88 166 4 —144
Formylmethylidyne (CCHO) 22 —42 166 (124 -1
Hydroxyethynyl (CCOH) 23 37 273 —48
(Cco) 24 —53 298 84 —74

The DFT H heat of adsorption on Pt(111) is 86/kdol. Values in bold correspond to the lowest value within each isomeric set. Values in parentheses are
estimated from the linear correlation plot in Fig. 6.
@ Excess H adsorbs on a separate slab; bond cleavage products adsorb on separate slabs.

sites. The reaction energy change for the formation of ad- 3.3. Surface reactionsinvolving cleavage of C-O and C—C
sorbed acetyl (CECO) species (plus three surface H atoms) bonds
is —84 kJmol relative to gas-phase ethanol. The C-O bond

length is 1.22 A and is characteristic of a=O double To identify favorable surface intermediates for cleavage
bond. _ . of C-O or C—C bonds, the energies of adsorption for all pos-
~ The most stable surface species containing two H atomsgijple products of bond cleavage reactions were investigated
is ketene (CHCO), which adsorbs on a bridge site. The re- o, the pt(111) surface. Changes in electronic energies cor-
action energy change for the formation of adsorbed kete”eresponding to the formation of these C—O and C—C bond
(CH2CO) species (plus four surface H atoms)i82 kJ/mol cleavage products relative to gas-phase ethanol and the clean
relative to gas-phase ethanol. Ketene adsorbs through both Got syrface are listed in Table 2. The results from these cal-
atoms on neighboring atop sites, as shown in Fig. 2 (speciescylations for adsorbed reaction products were used to guide
16). The gas-phase ketene=C double bond is lengthened  the search for low-energy transition states for cleavage of
from 1.31 to 1.49 A upon adsorption. C-0 and C—-C bonds. Accordingly, 6 routes for cleavage
The most stable surface species containing one hydrogersf the C-O bond were investigated, corresponding to ad-
atom is the ketenyl (CHCO) species, and the reaction en-sorbed intermediates leading to low energy adsorbed prod-
ergy change for the formation of surface ketenyl (CHCO) ucts. Similarly, 9 routes for cleavage of the C—C bond were
species (plus five surface H atoms) from gas-phase ethanoinvestigated, corresponding to adsorbed intermediates lead-
is —88 kJmol. This reaction energy change of formation ing to low-energy adsorbed products, plus selected interme-
from ethanol is the most favorable of all surface interme- diates with less favorable reaction energetics. The geome-
diates studied. The ketenyl (CHCO) species adsorbs on atries of transition states for these 15 bond cleavage routes are
threefold Pt atom ensemble, as shown in Fig. 2 (species 21).shown in Fig. 3 (species 1-15). Electronic energies and bond
The carbonyl C atom binds to atop sites and the other C atomlengths corresponding to these transition states are listed in
binds to a bridge site. Tables 2 and 4, respectively.
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Table 3 species adsorb on threefold sites, and they are the most stable
Bond lengths (A) and binding modes from DFT calculations for intermedi- C—C cleavage products-44 kJmol). Preferential adsorp-
ate surface species on P(111) tion of CO on threefold sites is in agreement with reported

Intermediate ~ Fig. 2 Binding ~ O-Pt C-Pt C-0 C-C DFT studies, although experimental results indicate CO ad-
species _mode sorption occurs on bridge and atop sites [31].
CHCHOH 1 2.56 - 144 152 In general, it is possible that transition state species for
CH3CH,0 2 mui(0) 205 - 142 152 cleavage of C-C and C-O bonds may be sensitive to unit
CH3CHOH 3 mu1(C) - 2.18 140 151 cell dimensions, due to lengthening of these chemical bonds
CHyCHOH 4 naug(C) - 213 144 150 iy pond cleavage reactions. In addition, larger molecules
CHaCHO 5 npuz(C,0) 213 2.21 1.35 1.51  (such asthe more highly hydrogenated species in the present
ggzggiio f; 212 EESO) 2.05 12-9170 11;19 11-4581 study) may be sensitive to unit cell dimensions. Therefore,
CHECHOH 8 Z;Z; co - 214216 140 14s convergence of the energetics for selected species was tested

CHCH,OH 9 nu(C) _ 210 208 144 151 using a 3x 3 unit cell. Generally, no significant effects
were found of increasing the unit cell size fromx22 to

CC:EECC:SO 1(1) Zii i 58 - 2(1)2 igg 1:?2 3 x 3, except for C-O bond cleavage of 2-hydroxyethyl
CHCH,O 12 nous3 (C,0) 2.04 2.08, 2.09 1.39 1.50 (CHZCHZOH) species. The transition state on & 2 unit
CH,COH 13 nou3z(CC) - 209,213 135 147  cell is shown in Fig. 3 (species 1) and the transition state
CHCHOH 14 nou3(CC) - 208,212 138 148  energy is 192 kdmol. This bond cleavage reaction requires
CCHOH 15 mus© - 2.02 142149 an ensemble of four Pt atoms. We have found an alterna-
CH,CO 16 o2 (C,C) - 209,206 121 1.49 tive reaction path that requires only two adjacent Pt atoms
CHCHO 17 mp2(C) - 2.11 127 143 gn a 3x 3 slab, and the transition state is approximately
gﬁgzo?_' 112 Zizz Egg)) 2f5 213, ;'.%‘é’ Loa 11'1,23 11"?1 99 kJmol lower in energy. This reaction path has been pre-
CCHOH 20 nuz(C) - 199,209 134 141 Viouslyreported [2].

Figs. 4 and 5 show schematic potential energy diagrams
ggﬁg g; Ziﬁ 2 ESSC) : 2'02%5'06 111'2231 11_;:;5 for cleavage of C—O and C—C bonds in various species ad-

CCOH 23 nu3(C,C) - 201,196 131 139 Sorbed on Pt(111). The energies of all species in this dia-
gram are relative to gas-phase ethanol and the clean slab(s).
The solid curves in these figures correspond to cleavage of
Note: C-H bond lengths are1D+0.02 A and O-H bond lengths ared8+ C-0 and C—-C bonds by the 15 transition states listed in
002 A. Table 2 and shown in Fig. 3. Various other pathways for
C-0 and C-C bond cleavage can be identified as being
uncompetitive with cleavage of the C-O bond through the
1-hydroxyethylidene (CECOH) intermediate or with cleav-
age of the C—C bond through the ketenyl (CHCO) interme-
diate. Specifically, the reactants and/or products of these un-
3pompetitive pathways have energies that are already higher
than the energies of the transition states for the more favor-
able pathways. These uncompetitive pathways are depicted

cco 24 n1u3(C) - 2.03 1.18 1.34

The transition state for C-O bond cleavage having
the lowest energy corresponds to reaction of adsorbed
1-hydroxyethylidene (CECOH) species. The geometry for
this transition state is shown in Fig. 3 (species 2) and the
transition state energy is 42 kdol with respect to gas-
phase ethanol. The C-0O, C-Pt, and O-Pt distances are 2.1
1.98, and 2.11 A, respectively. The 1-hydroxyethylidene
(CH3COH) reactant species is initially adsorbed on a bridge i o -
site (p1u2), which is 51 kJmol less stable than atop ad- by vertlcql ,SOl'd lines in Figs. 4@1nd > , )
sorption {1,01). The bridge bonded 1-hydroxyethylidene In addition to th.e. 15 transition states listed in Table 2
(m1112) species is an intermediate between the atop bondeg@nd the uncompetitive pathways noted above, cleavage of
1-hydroxyethylidene if111) species and its C-O bond the C-O and the Q—C bond; may also 'tak.e place through
cleavage transition state. Products of the C—O bond cleav-the other adsorbed intermediates shown in Fig. 2. To address
age reaction are ethylidyne (GB) and hydroxyl species. Whether C-O or C-C bond cleavage through these other ad-
These species adsorb on threefold hollow and atop sites, reSorbed species may be competitive with the most favorable
spective'y’ and they are the most stable C-O bond C|eavagd)athways identified in FIgS 4 and 5, we estimate the energies
products (38 kymol). of the transition states for these additional possible pathways

The transition state with the lowest energy for C|ea\/age from the energies of the known transition states of Table 2.
of the C—C bond corresponds to reaction of the adsorbedIn this respect, we use a Brgnsted—Evans—Polanyi type cor-
ketenyl (CHCO) species. The transition state is shown in relation to relate the energy of the transition state to the
Fig. 3 (species 14) and the energy is 4kl with respect  energy of the products for an exothermic reaction. Accord-
to gas-phase ethanol. The C—C bond length in this transitioningly, Fig. 6 is a plot of transition state energies versus the
state is 2.01 A. The C—Pt bond distances at the transitioncorresponding final state energies for 14 of the 15 transition
state are 1.99 and 1.96 A for the methylidyne (CH) and states of Table 2, where each surface reaction is defined in
CO fragments, respectively. The methylidyne (CH) and CO the exothermic direction. The 2-hydroxyethyl (EH,OH)
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(10) (n (12)

(14) (15)

Fig. 3. Side and top views for transition states: (1) 2-hydroxyethylCH,OH), (2) 1-hydroxyethylidene (C5COH), (3) hydroxyethylene (CFCHOH),

(4) acetyl (CHCO), (5) 1-hydroxyvinyl (CHCOH), (6) hydroxyethylidyne (CCHOH), (7) acetaldehyde (GHCHO), (8) ethylene oxide (CyCH2O),

(9) acetyl (CHCO), (10) formylmethyl (CHHCHO), (11) ketene (ChICO), (12) hydroxyacetylene (CHCOH), (13) hydroxyvinylidene (CCHOH), (14) ketenyl
(CHCO), and (15) CCO. The large white circles represent Pt atoms, gray medium circles represent C atoms, white medium circles represent O atoms, and th
small white circles represent H atoms.

C-0 bond cleavage transition state is not plotted because ofthat we have already identified from detailed DFT calcula-
the aforementioned coverage effects. tions. Transition states with energies that are predicted to be
We note here that we search for a correlation such ascomparable or lower than those values for the lowest energy
that given in Fig. 6 for practical rather than for fundamen- transition states we have already identified (within the er-
tal purposes. In particular, the purpose of such a correlationror estimate for the transition state energy correlation) would
is to determine whether other transition states for cleavagewarrant further detailed studies by DFT calculations.
of C—C and C-0O bonds (that we have not yet studied in de-  The energies of the transition states (TS) and final states
tail) are likely to exist that have energies lower than those (FS) are relative to the energies of the corresponding ini-
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Table 4
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Bond lengths (A) from DFT calculations for transition states species on Pt(111)

Intermediate

Stoichiometry

Fig. 3 species O-Pt C-Pt Cc-0 c-C
C-O cleavage
2-Hydroxyethyl CHCH,O0H 1 2.14 2.19 2.12 1.44
1-Hydroxyethylidene CHCOH 2 2.11 1.98 2.13 1.49
Hydroxyethylene CHCHOH 3 2.21 2.11,2.21 1.91 1.46
Acetyl CH3CO 4 2.14,2.09 2.04,1.94 1.93 1.48
1-Hydroxyvinyl CH,COH 5 2.35 2.21,1.97 2.01 1.43
Hydroxyethylidyne CCHOH 6 2.24 1.99, 2.03 2.39 1.38
C-C cleavage
Acetaldehyde CHCHO 7 2.16 2.04,2.30 1.29 2.01
Ethylene oxide CHCH,0 8 2.22 2.04,2.71 1.29 2.13
Acetyl CH3CO 9 - 2.62,1.97 1.20 1.98
Formylmethyl CHCHO 10 - 2.06,2.21 1.22 191
Ketene CHCO 11 - 2.01,1.91 1.18 2.05
Hydroxyacetylene CHCOH 12 - 2.03,1.90 1.34 2.13
Hydroxyvinylidene CCHOH 13 - 1.92,2.00 1.31 2.50
Ketenyl CHCO 14 - 1.99, 1.96 1.19 2.01
CCO 15 - 1.97,2.04 1.20 1.75
Note: C—H bond lengths are1D+ 0.02 A and O-H bond lengths are98+ 0.02 A.
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200 CH;+CHO

correlation suggests that the transition states for these C-C
and C-O reactions resemble the final states (written in the
exothermic direction).

CH+COH CH,+CO

CH,+CO

CH+CO
C+CO

CH,CH+OH \_‘\-k
~

CCH,+OH

-200

4. Discussion

-400
The results from the DFT calculations of the present

study indicate that hydroxyethyl species are more stable
than ethoxy species on Pt(111). A similar stability trend
has been found for hydroxymethyl and methoxy species
on Pt(111) [18]. Hydroxyalkyl species bind through C
atoms and alkoxy species bind through the O atom on atop
sites. For example, the 1-hydroxyethyl (gEHOH) and
2-hydroxyethyl (CHCH,OH) species are more stable than
ethoxy (CHCH,0) surface species by 66 and 39/ kbl,
respectively. Thus, cleavage of C—H bonds in species de-
rived from ethanol leads to more strongly adsorbed species
on Pt(111), compared to cleavage of O—H bonds.

Most species follow gas-phase bond order rules, wherein
C is tetravalent and O is divalent, except for the 1-hydroxy-
ethylidene (CHCOH; n1u1), CCHO, hydroxyacetylene
(CHCOH), hydroxyvinylidene (CCHOH), hydroxyethynyl
(CCOH), and CCO species. According to these rules, the 1-
tial state gas-phase species (shown in Table 1). For ex-hydroxyethylidene (CHCOH) species would be expected
ample, the surface reaction for cleavage of the C-O bondto adsorb preferentially in a bridge site. However, the
in 1-hydroxyethylidene (CECOH) is endothermic (Ta-  1-hydroxyethylidenexfi.1) species adsorbed on atop sites
ble 2). Therefore, the initial state is ethylidyne (&) is more stable by 15 kinol. The lengths of the C—Pt and
and hydroxyl (OH) species and the final state is the 1-hy- c—O bonds (1.97 and 1.31 A, respectively) are shorter in
droxyethylidene (CHCOH) surface species. The final state atop adsorption compared to bridge adsorption (2.17 and
energy relative to the gas-phase initial state energy, showniny 36 A respectively). Thus, the C—Pt and the C-O bonds
reaction (1), is calculated from data in Tables 1 and 2: appear to develop some double-bond character impe
1) adsorption mode.

The transition state for C—O bond cleavage having the

Exs [kJ/mol]

CH,+CHO
-600 E

CH,C+OH
L 2
-800 CH;C+OH

C+CHOH

-1000

-800

-600
Ers [kJ/mol]

1

-400
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-1200

-200

Fig. 6. Correlation plot for C-O and C-C bond cleavage reactions cal-
culated from DFT. Final stateFs) and transition stateHyg) energies

are relative to initial state gas-phase energies. Reaction direction is de-
fined in the exothermic direction. The linear regression equatiafiTis
(kd/mol) = 0.97EFg (kJ/mol) + 140 kI¥mol and the standard error is

31 kImol. The 2-hydroxyethyl (CHICH,OH) C-O bond cleavage tran-
sition state is not included because of coverage effects.

CH3C(g)+ OH(g)+ 2H* 4+ * — CHzCOH" + 2H",

Eps= —55—761(kJ/mol),
Eps=—816 k¥ymol.

The transition state energy (relative to the gas-phase initial
state) is calculated from the calculated final state energy and
activation energies (Table 2):

Ets=—816+ (42— (—55)) (kJ/moal),

E1s=—719 kJymol.

lowest energy, as shown in Fig. 4, involves cleavage of this
bond in adsorbed 1-hydroxyethylidene (§E0DH) species.
The bridge-bonded 1-hydroxyethylidene (§EOH) species

is a reactive precursor for C—O bond cleavage because the O
and C atoms are close to the surface. In addition, the low
energy for this transition state may be related to the low en-
ergy of the ethylidyne (CgC) and hydroxyl species formed

in this C—O bond cleavage step. In contrast to the high reac-
tivity of adsorbed 1-hydroxyethylidene (GBOH) species,

Similar correlations have been reported by Ngrskov [32]. cleavage of the C-O bond in adsorbed CO on Pt(111) is
The linear regression equation for Fig. 6 is reported in the unlikely, since Morikawa et al. have reported large transi-
figure caption, and this correlation is used to estimate transi-tion state barriers for C-O bond cleavage (approximately
tion state energies of remaining C—O and C—C bond cleavage420 kY mol relative to adsorbed CO) [33]. Accordingly, CO
pathways. The standard error of the fitted data is Jirial. desorption is more likely than decomposition, since the CO-
The estimated transition state energies for these additionalbinding energy is approximately 180 Aol [18,34].
possible C-O and C-C bond cleavage pathways are repre- The adsorbed ketenyl (CHCO) species is the most stable
sented by dashed curves in Figs. 4 and 5, respectively. Asspecies derived from ethanol, and it leads to the lowest en-
indicated above, the correlation of Fig. 6 is used only for ergy transition state for cleavage of the C—C bond, as shown
empirical purposes in the present paper to estimate whetheiin Fig. 5. The low energy for this transition state may again
additional transition state states should be investigated in de-be related to the high stability of the adsorbed methylidyne
tail. It is interesting to note, however, that the slope of this (CH) and CO species formed in this C—C bond cleavage step.
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Fig. 7. Reaction energy diagram for ethanol reactions on Pt(111). The reference state is gas-phase ethanol and clean slab(s). Removed H atoms and bc
cleavage products are each adsorbed on separate slabs. Solid curves represent bond cleavage reactions. Insets show views of stable ateddpecsitson st

The large white circles represent Pt atoms, gray medium circles represent C atoms, white medium circles represent O atoms, and the small white circle
represent H atoms.

Fig. 7 shows a simplified potential energy diagram of state theory by
the stabilities and reactivities of dehydrogenated species de-

rived from ethanol on Pt(111). Only the most stable species ksT AG‘ZJ;é PCH,CH,0H

within each isomeric set and the most stable transition "0 = Tex <_ RT ) pl O

states for C—O and C-C bond cleavage are consolidated in Ha

this schematic potential energy diagram. Views of adsorbed ksT AGg;é PcH;CH,0H

species and transition states are shown in the insets. The rel!¢€ = 7~ <_ RT ) P|-5|/2 O,
2

ative rates of C—O versus C—C bond cleavage are controlled

by the energetics of the transitiorj states that control these,;yere AG?& represents the standard Gibbs free energy
processes. It can be seen from Fig. 7 that C—O bond cIeav—Ch‘,nge of reactioh, kg is the Boltzmann constang is the

age occurs on more highly hydrogenated species compared;as constant; is the Planck constant, ami are partial pres-

to C-C bond cleavage. Thus, low hydrogen partial pressuresg e (in units of atm). The enthalpy change for each reaction

appear to favor C—C bond cleavage reactions. Ifitis assumedg astimated to be equal to the value of the energy change
that hydrogenatiofdehydrogenation steps are quasiequili- yetermined from DFT calculations, since thermal and zero-
brated compared to C-O and C~C bond cleavage steps, them,,int energy corrections are small compared to the accuracy
the rates of C-O and C-C bond cleavage are controlled ac-o¢ the pFT calculations. To estimate the standard entropy
cording to transition state theory by lumped steps (2) and (3) ¢hange for each lumped reaction, we assume that reaction
below, respectively: leads (i) to the loss of gas-phase translational entropy for
co ethanol (calculated using the standard translational entropy
CHsCH20H(g) + * = [CH3COH*|” + Ha(g). ) of a gaseous molecule with 3 degrees of freedom), (ii) to the
» € 5 gain of entropy for the corresponding amount of gas-phase
CH3CH,OH(g) + * = [CHCO"|* + 3H2(g). ®) hydrogen (from the tabulated gas phase entropy at 298 K,
According to the DFT results listed in Table 2, and using and thermal corrections calculated using the tabulated heat
the DFT value of 86 kdmol for the energy change corre- capacity), and (iii) to an adsorbed transition state that has
sponding to the desorption of;Hrom Pt(111), the energy  the local entropy (i.e., rotation and vibration) of the cor-
changes for lumped steps (2) and (3) are equal to 128 andresponding gH, O species. Local entropies of species are
219 k¥mol, respectively. Therefore, C—C bond cleavage has calculated from the difference between total entropies and
a higher activation energy and is thus favored at higher tem- three-dimensional translational entropies of gaseous species:
peratures compared to C—O bond cleavage. The rates of C-O
and C-C bond cleavage on Pt(111) are given from transition Sioc = Stot — Strans 3D-
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These values are calculated directly for tabulated gas-phasevith the formation of this transition state (and adsorbed H
species (i.e., CECH,0OH, CHCHO, CHCO, and CO), and  atoms) from ethane is equal to 125/kibl (compared to
averages of these values are used to estimate local entropiethe value of 4 kJmol for C-C cleavage in adsorbed ketenyl
of other species that are not listed in standard tabulations(CHCO) species). Using the DFT value of 8¢ kibl for the
(i.e., CHsCH20, CH;CO, and CHCO). energy change corresponding to the desorption ofrbim

The values of the standard Gibbs free energy changesPt(111), the energy change for lumped step (4) is equal to
for reactions (2) and (3) become equal (i.e., 150kdl) at 211 kymol:
about 500 K. At the higher temperature of 550 K, the values cc
of the standard Gibbs free energy changes for' reactions (Z)CzHe(g) 4 * = [CHCH%]?Q + Ha(g). (4)
and (3) are equal to 153 and 145/kibl, respectively. Ac-
cordingly, the values of the rate constants at this temperatureThe rate of C-C bond cleavage from ethane on Pt(111) is
for cleavage of C-O and C—C bonds are calculated to begiven from transition state theory by
equal to 3x 1072 and 2x 101 s71, respectively. There- o
fore, the results from the DFT calculations of the present  _ _ _ kgT X <_ AGy )Pcle“e

RT ) P},

study suggest that the rate constant for C—C bond cleavage cc h

in ethanol on Pt(111) should be higher than the rate constant . . )
for C—O bond cleavage at temperatures higher than aboutYsing the same assumptions described above to estimate the

500 K. These predictions are in agreement with experimen- Standard entropy change for lumped reaction (4), we calcu-
tal data for ethanol conversion on supported Pt catalysts atlat€ that value of the standard Gibbs free energy change for
temperatures above 490 K, where turnover frequencies for"®action (4) is equal to 228 kol at about 550 K. Accord-
C—C bond cleavage @Hand CO) are higher than for C-O ingly, the value of the ra_lte constar_lt at this temperature for
bond cleavage (ethane) [2]. The results from our DFT calcu- Cleavage gf Cl‘C bond in ethane is calculated to be equal
lations are also in general agreement with the recent reportl© 3 10~ s~ Therefore, it is apparent that thelratel con-
that Pt-based catalysts are effective for the selective cleavagétant for C—C bond cleavage in ethanol (i.ex 207" s™)
of C—C bonds compared to C—O bonds in oxygenated hydro_should be. much fastgr than thg ratle constant for C—C bond
carbons at temperatures near 500 K, i.e., Pt-based catalyst§!€avage in ethane (i.e.,x310™ s on PY(111) at tem-
lead to selective production ofHin contrast to production  Peratures near 550 K. In agreement with this conclusion,
of alkanes) during reforming of oxygenated hydrocarbons at it is known from the homogeneous cataly5|s literature that
temperatures near 500 K [1]. metal-cata!yzed cleavage of C—C bond in aldehydes takes
In the present study we have not investigated transition Place readily at temperatures lower than 500 K [35,36].
states for cleavage of C—H and O-H bonds in species de-
rived from ethanol on Pt(111). Theoretical calculations have
been conducted for C—H and O—H bond cleavage reactions ind- Conclusions
methanol [18]. The rate-limiting step for methanol dehydro-
genation appears to be O—H bond cleavage, but the transition Results from periodic, self-consistent DFT calculations
state energies are similar for O—H versus C—H bond cleav-were used to determine the relative stabilities of various
age. The transition state energies for C—H and O-H bondspecies derived from ethanol on Pt(111). Transition states for
cleavage are approximately 50-60/ kbl relative to gas-  C-C and C-O bond cleavage pathways were investigated for
phase methanol. Therefore, if the energies of transition statesselected intermediates, i.e., for the most stable intermediates
for C-H and O-H bond cleavage in ethanol are similar to and for intermediates leading to exothermic bond cleavage
the values for methanol, then these steps may not be quateactions. The 1-hydroxyethylidene and ketenyl species have
siequilibrated with respect to C-C and C-O bond cleavage the lowest energy transition states for C-O and C-C bond
reactions for ethanol reforming on Pt(111) at low tempera- cleavage, respectively. In addition, products of these species
tures. At temperatures near 500 K, however, experimental (ethylidyne, hydroxyl, methylidyne, and CO) have the most
studies of gas-phase ethanol decomposition over Pt-basedtable energies. From the DFT results of this study, it can
catalysts show that acetaldehyde is equilibrated with ethanol,be estimated using transition state theory that the rate con-
compared to the slower rates of formation of CO and, G stant for C—C bond cleavage in ethanol is faster than for C-O
C-C bond cleavage [2]. bond cleavage on Pt(111) at temperatures higher than about
We now use transition state theory with the DFT results 550 K. This prediction is in agreement with experimental
of the present study to estimate and compare the rate ofresults for ethanol decomposition and ethanol reforming on
C-C bond cleavage in ethanol with the rate of C-C bond Pt catalysts at these temperatures. In addition, the calculated
cleavage in ethane on Pt(111). In particular, the adsorbedvalue of the rate constant for C—C bond cleavage in ethanol
CoH, species derived from ethane on Pt(111) with the low- at temperatures near 550 K is much higher than for C-C
est activation energy barrier for cleavage of the C—C bond bond cleavage in ethane. Similarly, the rate of C-O bond
is adsorbed ethylidene (GEH), and this activation energy cleavage in ethanol is expected to be much higher than for
barrier is 106 kJmol [17]. The electronic energy associated C—O bond cleavage in carbon monoxide on Pt(111).

ke
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