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Geometrical Flexibility of Platinum Nanoclusters: Im-
pact on Catalytic Decomposition of Ethylene Glycol’

Mehdi Mahmoodinia,* Thuat T. Trinh,*%* Per-Olof Astrand,* and Khanh-Quang Tran¢

Catalytic decomposition of ethylene glycol on the Pty3 cluster was studied as a model system
for hydrogen production from lignocellulosic material. Ethylene glycol was chosen as a starting
material because of two reasons, it is the smallest oxygenate with a 1:1 carbon to oxygen ratio
and it contains the C—H, O-H, C-C, and C-O bonds also present in biomass. Density functional
theory calculations were employed for predictions of reaction pathways for C-H, O-H, C—C and
C-0O cleavages, and Brgnsted-Evans-Polanyi relationships were established between the final
state and transition state for all mechanisms. The results show that Pt;5 catalyzes the cleavage
reactions of ethylene glycol more favourably than a Pt surface. The flexibility of Pt;3 clusters during
the reactions is the key factor in reducing the activation barrier. Overall, the results demonstrate
that ethylene glycol and thus biomass can be efficiently converted into hydrogen using platinum

nanoclusters as catalyst.

1 Introduction

Considering the possibility to get biomass-based fuels adapted
to the existing infrastructure for energy production, of which
more than 80% in the world are based on fossil fuel, biomass
is one of the most promising renewable alternatives to fossil
fuell-3. Furthermore, renewable biomass can be converted to
value-added chemicals and advanced fuels such as hydrogen for
fuel-cell applications*. Traditionally, hydrogen can be produced
from biomass via thermal gasification coupled with the water-gas
shift reaction”-8. However, this process takes place at relatively
high temperatures and produces gaseous impurities at the same
time, which requires costly post-processing for fuel-cell applica-
tions. Alternatively, hydrogen can be produced from biomass via
aqueous phase reforming (APR) of biomass-derived oxygenated
compounds including carboxylic acids, aldehydes, ketones, alco-
hols, and phenols, which are commonly obtained from fast pyrol-
ysis or liquefaction of biomass 2. APR involves dehydrogenation,
C-C bond cleavage, and the water-gas shift reaction2. In general,
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to maximize the production of hydrogen, it is desirable to maxi-
mize dehydrogenation and C-C bond cleavage while minimizing
C-0 bond breaking by using a suitable catalyst?.

The catalytic decomposition of biomass-derived oxygenate has
been studied using density functional theory (DFT) 1012, For this
purpose, smaller oxygenates with a 1:1 carbon to oxygen ratio
are particularly attractive!3 since unlike less oxygenated com-
pounds derived from biomass, they do not require the addition of
steam or oxygen to remove carbon from the metal in reforming
processes 4. Indeed, higher oxygenated species have higher cat-
alytic reforming selectivity. It has been reported that the catalytic
reforming selectivity of ethanol (less oxygenated) on bimetallic
surface is lower than that of ethylene glycol (more oxygenated),
particularly as the surface d-band center moves closer to the Fermi
level 14, This is presumably due to the fact that the binding energy
of ethanol is too large, leading to total decomposition to atomic
carbon and oxygen 14, instead of a reaction scheme through initial
dehydrogenation and C-C bond scission to produce CO and H,.
This would require, at least in principle, the addition of steam
or oxygen to remove the atomic carbon from the metal surface
during the reforming process!3. Ethylene glycol is the smallest
oxygenate of this type, containing the C-H, O-H, C-C, and C-O
bonds present in biomass. Therefore, ethylene glycol has been
used extensively as model compound for studying the catalytic
decomposition of biomass-derived oxygenates >10:13,14,

Platinum-based catalysts have been identified as a promising
material for oxygenate conversion because of its combination
of high reforming activity, synthesis gas product selectivity, and
water-gas shift activity!>. For example, platinum is an effec-
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tive catalyst for APR of ethylene glycol because of its combined
high dehydrogenation activity and high selectivity for C-C bond
breaking !3. Indeed, an efficient catalyst for APR cannot allow
the subsequent methanation reactions, which consume hydrogen
and decrease the hydrogen selectivity!®. Pt- and Pd-based cat-
alysts exhibit low rates for alkane production!®. Furthermore,
alloying Pt with other transition metals might reduce the cost of
catalysts while maintaining or even increasing the catalytic ac-
tivity and selectivity of ethylene glycol catalytic decomposition.
For example, bimetallic PtNi, PtCo, and PtFe catalysts have higher
turnover rates for hydrogen production than monometallic Pt cat-
alysts, thereby more fraction of catalytic sites would be available
for the APR of ethylene glycol®. Interestingly, the activity of Pt
catalysts are structural sensitive, and the Pt(211) surface is more
active than the Pt(111) surface for ethylene glycol conversion®.

To the best of our knowledge, however, the catalytic activity
of Pt clusters has not been investigated for this reaction. Clus-
ter catalysts with very high ratio of the number of surface-to-
bulk atoms are of significant interest in catalysis because they
can act as individual active sites and small changes in their size
and composition can potentially affect the activity and selectivity
of a reaction”-18, For example, small ionic and neutral Pt clus-
ters have been found to be excellent catalysts for the processes
of (de)hydrogenation and cracking of alkanes 928, The key rea-
son for their high catalytic activity is the coordinative unsatura-
tion2!. A detailed understanding of the reaction mechanisms in
biomass-derived molecules is a key factor to design an effective
catalysts for biomass conversion. Hence, we examined the tran-
sition states of C-H, O-H, C-C, and C-O bond-cleaving reactions
for C,H,0, dehydrogenation intermediates of ethylene glycol on
Pty3. DFT calculations of reaction pathways were employed in
the gas phase assuming that the effect of solvation is negligible,
an approximation based on that decomposition pathways of ethy-
lene glycol in the gas phase were in excellent agreement with
the bond scission sequence of deuterated ethylene glycols in so-
lution using temperature-programmed desorption (TPD) experi-
ments 3. Our assumption is also in agreement with the recent
DFT studies where indicated that the general trends for decom-
position pathways of ethylene glycol is similar in both vapor and
aqueous phases2?.

2 Computational details

All geometry optimizations of the molecular systems were carried
out using DFT as implemented in the Amsterdam Density Func-
tional (ADF) package3%31. The exchange-correlation part of the
functional is described by the generalized gradient approxima-
tion (GGA) and the Perdew-Burke-Ernzerhof (PBE) functional 32.
A more recent dispersion correction proposed by Grimme with
Becke-Johnson damping (DFT:D3-BJ) 32 is added to the functional
to improve the description of weak interactions. Scalar relativistic
effects are taken into account at the all-electron level within the
zero-order-regular approximation approach34-36, where its accu-
racy in treating heavy elements and in particular platinum has
been assessed in several earlier publications3440, The molecular
orbitals were described by Slater-type basis functions of valence
triple-{ quality with one set of polarization function (TZP)*!,
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based on a basis set study (more information is available in the
Supporting Information).

The transition state (TS) search and energy barriers of the ele-
mentary steps are calculated by the transition state reaction coor-
dinate (TSRC) feature, as implemented in ADF, with convergence
criteria of 1.0 x 107* and 5.0 x 103 au on the energy and the
gradient, respectively. The TS search for a reaction on a cluster
is more tricky than on a surface, due to the geometrical changes
in the cluster structure during a reaction. Hence, for some of the
transition states, a gradient threshold of 5.0 x 1072 au has been
applied, however, the deviation in the energy barriers with this
criterion is less than 0.02 eV.

Vibrational frequency analysis is performed in order to confirm
the existence of only one imaginary frequency for the mode in
the direction of the reaction coordinate for each transition state.
The activation energy, E,, is the energy difference between tran-
sition state and adsorbed initial state. The reaction energy, AE,
is calculated as the energy difference between the final state and
the initial state.

3 Results and Discussions

3.0.0.1 Pty3 Clusters: Prior to studying the ethylene glycol
decomposition on Pt;3, we examined several different structures
of Pty3, including cuboctahedron (fcc), distorted cuboctahedron
(D4y), icosahedron (ico), truncated decahedron (Ds;), hexago-
nal building unit (hcp), and a structure with C,, symmetry (C,,),
which were optimized without constraints to find the most stable
configuration. It turns out that the deformed structure with Cy,
symmetry shows the largest stability followed by the Dy, struc-
ture. Local optimizations were done with different spin multiplic-
ities (2S+1, i.e. S =0, 1, 2, 3, and 4) for the C,, structure to
find the ground state. The triplet state is found to be the elec-
tronic ground state and the singlet state is slightly higher by 32
meV. The relative energies of all configurations with respect to
the energy of the C,, configuration, E,C;,Z;, are calculated as

luster Cyy
Eer = E;ot - Etozt 1)

where ES/#'er is electronic ground state energy, triplet, of a partic-
ular configuration. The results are shown in Figure 1. A positive

D4h, 1.58 eV fcc, 2.49 eV

ico, 2.30 eV D5h, 1.82 eV hcp, 1.99 eV

Fig. 1 Optimized geometries for different Pt;3 clusters and their relative
stability, E,;-
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Table 1 Energetics and Structural Information for C—H Bond-Cleaving Transition States of C,H,O, Intermediates of Ethylene Glycol on Pt;3.

Pt;3 deformation (eV)

elementary reactions E, [eV] AE[eV] C-H [A] TSlabels React. Trans. Prod.
CH,0OH-CH,OH* + * — CHOH-CH,OH*+H* 0.83 -0.74 1.40 TS1a 0.78 0.95 0.79
CHOH-CH,OH* + * — COH-CH,OH*+H* 0.67 -0.13 1.45 0.58 0.63 1.06
CHOH-CH,OH* + * — CHOH-CHOH* +H* 0.69 -0.50 1.44 0.58 1.48 1.00
CH,0OH-CH,O0* + * — CH,OH-CHO*+H* 0.08 -0.14 1.70 TS2b 0.89 0.81 0.54
CH,0H-CH,0* + * — CHOH-CH,O*+H* 0.71 -0.30 1.47 0.89 0.56 0.92
CHOH-CHOH* + * — CHOH-COH*+H* 0.74 -0.89 1.51 1.18 0.91 0.84
CHOH-CH,0* + * — CHOH-CHO*+H* 0.32 -0.89 1.37 TS3a 0.89 0.40 1.04
CHOH-CH,0* + * — COH-CH,O*+H* 0.62 -0.06 1.59 0.89 0.90 1.14
CH,0OH-CHO* + * — CH,OH-CO*+H* 0.62 -0.79 1.42 TS3b 0.81 0.81 0.40
CH,OH-CHO* + * — CHOH-CHO*+H* 0.99 -0.96 1.40 0.81 0.62 0.58
CH,0H-CO* + x* — CHOH-CO*+H* 0.60 -0.66 1.46 1.04 0.36 1.22
CHOH-COH* + * — COH-COH*+H* 0.38 -0.38 1.46 1.37 1.27 1.71
CHOH-CHO* + * — COH-CHO*+H* 0.86 0.07 1.47 1.04 0.94 0.66
CHOH-CHO* + * — CHOH-CO*+H* 0.23 -0.50 1.40 TS4a 1.04 0.50 0.67
CHOH-CO* + * — COH-CO*+ H* 0.65 -0.41 1.41 TS5a 1.15 1.24 1.30
CH,0-CO* + * — CHO-CO*+H* 0.13 -0.37 1.51 TS5c¢ 0.83 0.64 0.99
CHO-CO* + * — CO-CO*+ H* 0.66 -0.34 1.38 TS6b 1.10 0.72 0.86

@ E, is the activation barrier (change in electronic energy from initial state to transition state). AE is the change in electronic energy of reaction (all

reactants and products adsorbed on separate clusters). TS labels represent the labels of the transition states which are shown in the energy diagram in

Figure 2. The last three columns show the Pt;; deformation energy in the reactants, transitions states, and the products during each elementary step.

Table 2 Energetics and Structural Information for O—H Bond-Cleaving Transition States of C,H, O, Intermediates of Ethylene Glycol on Pt;3. The

column headings in this Table are the same as in Table 1.

Pt;3 deformation (eV)

elementary reactions E, [eV] AE [eV] O-H [A] TSlabels React. Trans. Prod.
CH,OH-CH,OH* + * — CH,OH-CH,O*+H* 0.10 -0.51 1.43 TS1b 0.78 0.91 0.96
CHOH-CH,0OH* + * — CHO-CH,OH*+H* 0.86 0.05 1.41 0.58 1.11 0.96
CHOH-CH,OH* + x* — CHOH-CH,O*+H* 0.52 -0.20 1.45 TS2a 0.58 0.97 1.00
CH,OH-CH,0* + * —3 CH,0-CH,O* +H* 0.51 0.01 1.68 089 095 097
CHOH-CHOH* + * — CHO-CHOH*+H* 0.56 -0.18 1.35 1.17 1.14 1.24
CHOH-CH,0* + * — CHO-CH,O*+H* 0.90 0.19 1.43 0.89 0.92 0.34
CH,OH-CHO* + * — CH,O-CHO*+H* 0.76 0.06 1.50 0.81 0.88 1.07
CH,OH-CO* + * — CH,O-CO*+H* 0.36 -0.73 1.58 TS4b 1.04 0.35 0.52
CHOH-COH* + * — CHOH-CO*+H* 0.00 -0.42 1.29 1.37 1.08 1.30
CHOH-COH* + x — CHO-COH*+H* 0.31 0.06 1.37 1.37 1.30 1.14
CHOH-CHO* + * — CHO-CHO*+H* 0.46 0.02 1.51 1.04 0.67 0.75
CHOH-CO* + * — CHO—-CO*+ H* 0.56 -0.17 1.35 TS5b 1.15 0.99 0.93
COH-CO* + * — CO-CO*+H* 0.65 -0.19 1.26 TS6a 1.38 1.19 1.18

value of E,,; indicates a less stable Pt|3 cluster compared to C,,
configuration. Hence, we selected the C,, structure for studying
the ethylene glycol decomposition on Pt;3.

3.1 Adsorbed C;H,0; Intermediates on Pt;3 Clusters

For the adsorbed intermediates, geometry optimization has been
carried out with different spin multiplicities to find the electronic
ground state. For intermediates with even (odd) number of hy-
drogens, the triplet (quartet) state is found to be the electronic
ground state. The optimized geometries for the most stable inter-
mediates of ethylene glycol at each level of dehydrogenation on
Pt;3 are shown in Figure S2. The adsorption energy of ethylene
glycol on Pty5 is calculated to —0.52 eV, which is more favorable

This journal is © The Royal Society of Chemistry [year]

than on the Pt(111) surface (—0.37 eV) 13. For this structure, ethy-
lene glycol binds to the atop sites of the Pt;5 cluster through both
oxygen atoms. Dehydrogenated intermediates of ethylene glycol
bind to the Pt;3 cluster via under-coordinated C and O atoms.
Further information on the energetic and structural properties of
these intermediates including the energy of adsorption (AE,;)
and bond lengths are given in Table S1.

3.2 Decomposition Reactions of C,H,0, Species on Pt;3
Clusters

The dehydrogenation of ethylene glycol on Pt;3 begins through
a rapid O-H bond scission with the activation barrier and re-
action energy of 0.10 and -0.51 €V, respectively. The energy
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Table 3 Energetics and Structural Information for C—C Bond-Cleaving Transition States of C,H,O, Intermediates of Ethylene Glycol on Pt;3. The

column headings in this Table are the same as in Table 1.

Pt;3 deformation (eV)

elementary reactions E, [eV] AE[eV] C-C [A] TSlabels React. Trans. Prod.
CH,OH-CH,OH* + * — 2CH,OH* 2.64° -0.89 1.90 0.78 1.31 0.70
CHOH-CH,OH* + * — CHOH*+CH,OH* 2.09 0.20 2.04 0.58 1.00 1.14
CH,OH-CH,0* + * — CH,OH*+CH,0* 1.77 -0.05 2.08 0.89 1.04 1.02
CHOH-CHOH* + * — 2CHOH* 1.07 -0.77 2.25 1.18 0.84 0.77
CHOH-CH,0* + * — CHOH*+CH,O* 1.25 -0.05 2.06 0.89 0.80 0.97
CH,OH-CHO* + * — CH,OH*+CHO* 1.11 -0.46 2.07 0.81 0.69 0.66
CH,0H-CO* + x — CH,OH*+CO* 0.76 -139 2.02 1.04 0.33 0.45
CHOH-COH* + * — CHOH*+COH* 0.81 -0.59 2.04 1.37 1.19 1.62
CHOH-CHO* + * — CHOH*+CHO* 0.94 -0.34 1.92 1.04 0.57 0.59
CHOH-CO* + * — CHOH*+CO* 0.38 -1.17 1.98 1.15 0.96 1.54
CH20-CO* + * —CH20*+CO* 0.70 -0.67 2.26 0.83 0.03 1.41
COH-CO* + * — COH*+CO* 0.55 -1.19 1.87 1.38 1.01 1.35
CHO-CO* + * — CHO*+CO* 0.45 -1.12 1.96 1.02 1.07 1.27
CO-CO* + x — 2CO* 0.09 -2.63 1.96 TS7 1.29 1.13 1.10

* After several attempts this TS is not completely converged.

Table 4 Energetics and Structural Information for C—O Bond-Cleaving Transition States of C,H, O, Intermediates on Pt;3. The column headings in this

Table are the same as in Table 1.

Pt;3 deformation (eV)

elementary reactions E, [eV] AE [eV] C-O [A] React. Trans. Prod.
CH,0H-CH,OH* + * — CH,OH-CH,*+OH* 1.10 -1.03 2.08 0.78 0.16 0.96
CHOH-CH,OH* + * — CH-CH,OH*+OH* 1.05 -0.36 2.23 0.58 0.82 0.69
CHOH-CH,OH* + * — CHOH—CH;+OH* 1.19 -0.54 2.16 0.58 0.92 0.73
CH,0OH-CH,O0* + * — CH,-CH,O*+OH* 1.27 -0.34 2.28 0.89 0.80 0.83
CHOH-CHOH* + %+ — CH-CHOH*+OH* 2.37* 0.16 2.64 1.18 1.73 1.02
CHOH-CH,0* + * — CH-CH,O*+OH* 0.68 -0.13 2.37 0.89 0.58 0.81
CH,0OH-CHO* + * — CH,-CHO*+OH* 1.25 0.11 2.13 0.81 0.45 1.10
CH,0H-CO* + * — CH,-CO*+OH* 1.28 -0.86 1.90 1.04 0.46 1.19
CHOH-COH* + * — CHOH-C*+OH* 1.07 0.32 2.25 1.37 1.12 2.07
CHOH-COH* + * — CH-COH*+OH* 0.62 -0.78 2.04 1.37 1.23 1.32
CHOH-CHO* + * — CH-CHO*+OH* 0.96 -0.20 2.41 1.04 0.60 1.38
CHOH-CO* + * — CH-CO*+ OH* 0.84 -0.52 2.53 1.15 0.83 1.11
COH-CO* + * — C-CO*+OH* 1.04 -0.42 2.07 1.38 1.06 1.29

* After several attempts this TS is not completely converged.

barrier of initial C-H bond breaking of ethylene glycol is cal-
culated to 0.83 eV, with a reaction energy of -0.74 €V. The
C-C and C-O bond breaking of ethylene glycol are both ener-
getically and thermodynamically not favorable compared to the
dehydrogenation reactions. Therefore, both the CHOH—CH,OH
and CH,OH—CH,0 are the most favorable intermediates result-
ing from initial decomposition of ethylene glycol on Pty3. The
energetic information and transition state bond distances for C-
H, O-H, C-C, and C-O bond-cleaving reactions of ethylene glycol
intermediates are reported in Tables 1-4, respectively.

For the C,Hs0, species, 12 elementary steps including C-H,
O-H, C-C, and C-O bond-breaking reactions, may be involved
in the decomposition of the CHOH—CH,OH and CH,OH—CH,0
intermediates. For decomposition of the CH,OH—CH,O interme-
diate, the C-H bond scission to form the CH,OH—CHO interme-
diate is found to be the most favorable reaction intermediate with
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a barrier of 0.08 €V and reaction energy of —0.14 €V, respectively.
The decomposition of CHOH—CH,OH proceeds through the O-H
bond scission to CHOH—CH,O with a barrier of 0.52 €V and reac-
tion energy of —0.20 eV, respectively, in competition with the C-H
bond scission reactions to form COH—CH,OH and CHOH—CHOH
with the activation barriers of 0.67 and 0.69 eV, respectively.
However, formation of CHOH—CHOH with reaction energy of —
0.50 €V is thermodynamically more favorable (Tables 1 and 2).
Hence, the CHOH—CH,0, CH,OH—CHO, and CHOH—CHOH in-
termediates are selected for further analysis in the next step of
the decomposition.

There are 14 elementary steps that may be involved in the
decomposition of the C,H40, species. The lowest transition
state is for C-H cleaving of CHOH—CH,O to form CHOH—CHO
with a barrier and reaction energies of 0.32 and -0.89 eV, re-
spectively. The barrier of 0.62 €V for C-H bond cleavage of

This journal is © The Royal Society of Chemistry [year]



Pathway |

CHOH-CH20H* CHOH-CH20*

CH20H-CH20* CH20H-CHO*

CHOH-CHO*

CH20H-CO*

Cco-co*

CH20-CO*

Cco-co*

Fig. 2 Stable intermediates for two ethylene glycol dehydrogenation pathways on Pty3 cluster. Pathways | and Il represent the intermediates
decomposed via initial C—H and O—H bond-cleaving reactions, respectively. Pt, C, O, and H atoms are represented by the yellow, brown, red, and
white circles, respectively. An energy diagram is presented in Figure 3, and the relative energies are given in Table 5.

CH,OH-CHO to form CH,OH—CO is comparable with that of
CHOH—-CH,0 to form COH-CH,O and of CHOH—CHOH to
form CHOH—-COH, respectively, however, the thermodynamics
for formation of CH,OH—CO and CHOH—COH are significantly
more favorable and are exothermic by 0.79 and 0.89 €V, respec-
tively (Tables 1 and 2).

Among 15 elementary reactions that have been considered for
decomposition of the C,H30, species, the lowest activation barri-
ers are for O-H bond cleavages of CHOH—COH and CH,OH—CO
to form CHOH—CO and CH,0—CO with the corresponding bar-
riers of 0.00 and 0.36 eV, respectively, together with a C-H bond
cleavage of CHOH—CHO to form CHOH—CO with an activation
barrier of 0.23 €V. The formation of CHO—COH from the O-H
bond cleavage of CHOH—COH intermediate has also a consider-
ably lower barrier (0.31 eV), however, in competition with the
formation of CHOH—CQO, it is both kinetically and thermodynam-
ically less favorable (Tables 1 and 2).

The decomposition of the C,H50, species have been consid-
ered using 6 elementary steps, and the lowest barriers for dehy-
drogentation of these intermediates are found for the C-H bond
scission of CH,O—CO to form CHO—CO, followed by formation of
this intermediate through the O-H bond cleavage of CHOH—CO
with the activation energies of 0.13 and 0.56 €V, respectively. The
thermodynamics of these two elementary reactions are exother-
mic by 0.37 and 0.17 eV, respectively. The C-C bond-breaking
of C,H,0, species are favorable enough to be competitive with
the dehydrogenation reactions (Tables 3). The activation barrier
for the C-C bond scission of CHOH—CO is calculated to 0.38 eV
and it is exothermic by 1.17 V. However, the activation barriers
for the C-O bond-breakings are still significantly higher than the
dehydrogenation and the C-C bond-breaking reactions.

For highly dehydrogenated intermediates, the C-C bond-
breaking reaction are both kinetically and thermodynamically
more facile than the dehydrogenation reactions. The activation
barriers for C-C bond scission of CHO—CO and COH—CO are cal-
culated to 0.45 and 0.55 €V, respectively, which are slightly lower
than those of the dehydrogenation reactions (0.66 and 0.65 €V,
respectively), indicating that these elementary steps have compa-
rable rates. However, the corresponding C-C bond scissions are

This journal is © The Royal Society of Chemistry [year]

highly exothermic by 1.12 and 1.19 eV, respectively. The C-O
bond-breaking barriers are still significantly higher than the de-
hydrogenation and the C-C bond scission reactions (Tables 3 and
4.

The CO-CO intermediate has very low activation barrier
(0.09 eV) for C-C bond-cleaving reaction and will quickly decom-
pose to two CO molecule on the surface of Pty5. This reaction is
highly exothermic with reaction energy of -2.63 €V (Table 3).

3.3 Geometrical Flexibility of Pt;3

Figure 2 briefly depicts the evolution of the CoH,O,/Pt;3 system
during two reaction pathways via C-H and O-H cleavages,
respectively. These are two main competitive pathways after the
initial O-H or C-H bond scission. The intermediates of ethylene
glycol following these pathways are similar for Pt;3 and the Pt
surface 13 in the sense that it is the same reactions taking place,
the main difference being that Pt;3 dynamically reshape during
the reaction. The average bond distances of Pt-Pt in the bare
Ptq3 cluster is 2.59 A. However, in some transition states, the
Pt-Pt bond is elongated by more than 0.6 A during the bond
scission reaction. For example, during the C-H bond-cleaving
reaction, a Pt—Pt bond distance for the outermost Pt shells in the
transition state is calculated to 3.21 A, where the deformation
energy of the Pt cluster is calculated to 0.95 eV. In addition, a
high geometry adoption is found for the TS4a transition state,
where a Pt-Pt bond is calculated to 3.39 A, while its energy
barrier is small (0.23 eV). The energy evolution of the Pt;5 cluster
along the C-H, O-H, C-C, and C-O bond-cleaving reactions
are presented in Tables 1, 2, 3, and 4, respectively. It is indeed
interesting to see that along the reaction, the energy of Pti3
alone can differ by as much as 0.86 €V, so the geometry of Pty3
adapt extensively to the reaction and hence lower the activation
barriers. The thermodynamic stability of the global and low-lying
minima for Pt;¢_3 clusters have recently been investigated using
DFT calculations*2. The results demonstrated a high degree of
fluxionality for the Pt;;_;3 clusters which provide insights into
the high catalytic activity of Pt;5 clusters.

Journal Name, [year], [vol], 1-9 |5
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Fig. 3 Energy diagram for two ethylene glycol decomposition pathways. The blue line shows the pathway through initial C—H bond scission. The red
line shows the pathway from initial O—H bond scission. All values shown are with respect to gas-phase ethylene glycol, an unperturbed Pt;3 cluster
and all excess hydrogen atoms adsorbed separately. Relative energies and transition state labels are provided in Table 5.

Table 5 Relative Energy Corresponding to Figure 3 for the
Intermediates (Int.) and Transition States (TS) Involved in the
Decomposition Pathways of Ethylene Glycol on Pt;3.¢

relative energy
intermediate or transition state Int. TS TS labels

CH,OH—CH,OH (g) + * 000 — —
CH,OH—CH,OH* ++ —CHOH—CH,OH*+H* -0.52 031 TSla

CH,OH—CH,OH* +# —CH,0H-CH,0*+H*  -0.52 -0.42 TSIb

CHOH~—CH,OH* + + —CHOH—CH,0* +H* -1.25 -0.73 TS2a
CH,OH—CH,0* +% —CH,OH—~CHO* +H* -1.02  -0.94 TS2b
CHOH~—CH,0* ++ —CHOH—CHO* + H* -1.46 -1.14 TS3a
CH,OH—CHO* + % —CH,0H—CO* +H* -1.17 -0.55 TS3b
CHOH~—CHO* ++ —CHOH—CO* +H* -2.35 -211 TS4a
CH,OH—CO* +# —CH,0—CO* +H* -1.96 -1.60 TS4b
CHOH—CO* +% —» COH—CO* +H* -2.84 -220 TS5a
CHOH~—CO* +% —» CHO—CO* +H* -2.84 -228 TS5b
CH,0—CO* ++ — CHO—CO* +H* -2.69 -257 TSsc
COH—CO* +# —s CO—CO*+H* -3.25 -2.61 TS6a
CHO—CO* +# —CO—CO* +H* -3.02 -236 TS6b
CO—CO*++% —» 2CO* -3.44 -336 TS7

¢ Electronic energies (eV) of intermediates and transition states are with respect to gas-phase
ethylene glycol, an unperturbed Pt3 cluster and all excess hydrogen atoms adsorbed sepa-
rately.

3.4 Energy Diagram

An energy diagram of the two possible decomposition pathways
including the most stable intermediates and the transition states
is presented in Figure 3. The electronic energies corresponding
to these intermediates and transition states are calculated with
respect to gas-phase ethylene glycol, an unperturbed Pt;3 clus-
ter (see Table 5). The optimized structures for all stable interme-
diates are depicted in Figure S2.

The reaction along both C-H and O-H bond scission are ther-
modynamically favorable with decreasing reaction enthalpy. The
decomposition of ethylene glycol begins with a rapid O-H bond
scission through TS1b (see Figure 3 and Table 2) and proceeds

6| Journal Name, [year], [vol.],1—9

via sequential hydrogen elimination to from alkoxide intermedi-
ates. This is consistent with the typical reaction sequence of alco-
hol decomposition on group VIII metals which proceeds through
an alkoxide formation®#344, The pathway through o-H elimi-
nation has higher activation barriers for the first (TS1a) and the
second (TS2a) elementary reaction steps (see Figure 3 and Ta-
ble 1), however, after that the pathway through initial C-H bond
scission (blue diagram in Figure 3) is preferred, which is in ac-
cordance with the reactions on the Pt surface!3. The TPD ex-
periments with deuterated ethylene glycol also confirmed these
bond scission sequences for ethylene glycol decomposition on the
Pt surface 13,

3.5 Energy Barriers

Comparing the energy barriers of transition states gives an under-
standing of the kinetics for ethylene glycol decomposition. Fig-
ure 4 shows the activation barriers of the competing C-H, O-H,
and C-C bond breaking reactions for ethylene glycol intermedi-
ates on Pty3 as a function of the number of hydrogen atoms. The
barriers for C-H and O-H bond scission are low in all elementary
steps of the dehydrogenation process. In contrast, the barriers
for C—C bond breaking are very high at the early steps of dehy-
drogenation (in the range of 1.5-2.6 €V), and as intermediates
become more dehydrogenated, the C-C bond scission becomes
both thermodynamically and kinetically more facile than dehy-
drogenation, which is reflected by the strong binding of the CO
molecule to Pty3. Our results therefore strengthen the preferred
mechanism which suggests that the decomposition pathway of
ethylene glycol over Pt proceeds first through dehydrogenation
to reach an intermediate with one terminal CO, followed by C-C
bond cleavage %13,

The activation barriers for C-O bond-cleaving reactions over Pt;3
cluster are relatively high compared with the dehydrogenation
and C-C bond-breaking reactions, indicating a low selectivity to-
ward products from C-O bond cleavage. This is in agreement

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 The C—H, O-H, and C—C activation barriers of CoH,O,
intermediates on Pt;3 as a function of hydrogen atoms in each species.
Average value of each level of dehydrogenation is denoted with a
horizontal dash.

with studies of ethylene glycol decomposition on Pt and Ni/Pt
surfaces®1345, The results imply that decomposition reactions
on Pt;5 has lower activation barriers and more favorable reaction
enthalpies compared to the Pt surface®.

3.6 BEP Relationships for Barrier Prediction

Brgnsted-Evans-Polanyi (BEP) relationships*©8 are powerful
to predict transition state energies and reaction barriers, and
have been applied to heterogeneous catalysis reactions exten-
sively*9->*. We derived BEP relationships based on the calcu-
lated transition state energies and reaction enthalpies of the el-
ementary steps involved in the decomposition of ethylene gly-
col on Pt;3 (see Tables 1-4). The elementary steps are defined
in the exothermic direction. The transition state (Erg) and fi-
nal state (Egg) energies are given relative to the energies of the
gas-phase reactants in each elementary step. Figure 5 shows that
there is a good linear relation for both C-H/O-H and C-C/C-O
bond scission reactions, respectively. The slope of the BEP inter-
polation line is a measure of the earliness or lateness of the tran-
sition state>1:>3 in the way that a near-zero value indicates an
early transition state, whereas a near-unity value indicates a late
transition state. The slope of the BEP relations for the C-H/O-H
and C-C/C-0 bond scission reactions are calculated to 0.98 and
1.08, respectively, indicating that the general trend for these tran-
sition states on Pt;3 are that they are late (written in the exother-
mic direction). However, the intercept of the BEP relations vary
from one reaction to another, for example, the intercept for the
C-H/O-H (0.44 €V) relation is much lower than that for the C-
C/C-0 (1.67 €eV) relation, which may represent the differences
in the transition state energies of these processes. The standard
error of the BEP relations for the C-H/O-H and C-C/C-O bond
scission reactions are calculated as 0.26 and 0.51 €V, respectively.

4 Conclusion

We have established mechanisms for C-H, O-H, C-C, and C-
O cleavage of ethylene glycol, as the simplest representative of
biomass-derived polyols, on Pt3 using DFT calculations. It is
found that the decomposition of ethylene glycol begins with a
rapid O-H bond scission to from an alkoxide intermediate and

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 (a) BEP relationships for the C—H/O—-H bond scission reactions.
Final state (Ers) and transition state (Erg) energies are relative to
initial-state gas-phase energies, where each corresponding surface
reaction is represented in the exothermic direction. The linear
regression equation is Eyg [eV] = 0.98 Exs [eV] + 0.44 [eV]. (b) BEP
relationships for the C—C/C—O bond scission reactions. The linear
regression equation is Eyg [eV] = 1.08 Eps [eV] + 1.67 [eV]. The
standard error of the BEP relations for the C-H/O-H and C-C/C-O
bond-breaking reactions are calculated to 0.26 and 0.51 eV,
respectively. Colored letters indicate the bonds to be broken.

then proceeds via sequential a—H elimination, which is consis-
tent with the typical reaction sequence of alcohol decomposition
on group VIII metals?*3. Cleavage of the C-C bond in ethy-
lene glycol has a very high barrier at the early stage of dehy-
drogenation but as intermediates become more dehydrogenated,
the C—-C bond-breaking becomes more facile than dehydrogena-
tion. Hence, our results strengthen the preferred mechanism for
bond-breaking sequence of ethylene glycol over Pt which suggests
that the decomposition proceeds first through dehydrogenation
to reach an intermediate with one terminal CO, followed by C-C
bond cleavage®-!3. A low selectivity toward products from C-O
bond cleavage is observed. The results imply that the Pt;3 clus-
ter is a more efficient catalyst for ethylene glycol conversion to
hydrogen with lower activation barriers and a more favorable re-
action enthalpy than the Pt surface. The geometrical flexibility of
a platinum cluster adapting to the reaction steps is the key point
in this difference. BEP relations to predict activation barriers for
the C-H/O-H and C-C/C-O scission reactions have also been es-
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tablished.
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