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Summary

This dissertation focused mainly on theoretical study of formic acid (HCOOH) decomposition
on the Ni(111), Pd(111), Ni(211), Pd(211), Pt(211) and -Mo,C(101) surfaces, since formic
acid has been considered as one of potential materials in hydrogen storage and generation.
The formate route (HCOOH — HCOO + H) plays the dominating role in formic acid
decomposition; and the rate-determining step is the dissociation of formate into surface CO,
and H (HCOO — CO, + H). In addition, the Ni(111) surface was also employed to investigate
the mechanism of full acrolein hydrogenation. It is found the C=C bonds can be more easily
hydrogenated both kinetically and thermodynamically than C=0 double bonds. Acrolein
hydrogenation follows the Langmuir-Hinshelwood mechanism, while the hydrogenation of allyl
alcohol and propanal obeys the Eley-Rideal mechanism.

Zusammenfassung

Diese Dissertation befasst sich hauptsachlich mit theoretischen Studien iber die Zersetzung
von Ameisensaure (HCOOH) auf Ni(111)-, Pd(111)-, Ni(211)-, Pt(211)- und
B-Mo>C(101)-Oberflachen, da Ameisensaure als potentielles Material fir die Lagerung und
Erzeugung von Wasserstoff in Frage kommt. Die Zersetzung Uber das Formiat (HCOOH —
HCOO + H) hat den entscheidenden Anteil am Ameisensaureabbau, und der
geschwindigkeitsbestimmende Schritt ist die Dissoziation des Formiats an der Oberflache zu
CO; und H (HCOO — CO, + H). Weiterhin wurden die Ni(111)-Oberflachen zur Untersuchung
des Mechanismus der vollstandigen Acrolein-Hydrierung genutzt. Es hat sich gezeigt, dass
C=C-Doppelbindungen im Vergleich zu C=0-Doppelbindungen sowohl kinetisch als auch
thermodynamisch leichter hydriert werden kénnen. Die Acrolein-Hydrierung verlauft nach
dem Langmuir-Hinshelwood-Mechanismus, wobei die Hydrierung von Allylalkohol und
Propanal dem Eley-Rideal-Mechanismus folgt.



Table of Contents

Table of Contents

1 Computational Hydrogen Generation from FOrmic ACid...........cccoooiiiiiiiniiciiecse e 1
PR 10T T3 1T o TSR 1
22 |V = = £ S SS 4

220 =Y (] 10 o PSSRSO 4
L2272 - |1 = o 111 o PSP 10
1.2.3 INICKEI ..ottt e et e s e et et e besteste st e e eneeneas 13
L2 3 0 oo o= OSSPSR 14
2 T € T o S STSSRPSUSPRSTSRTRS 15
RS IRV 1= =T I ) (o =3P 16
1.3.1 THANIUM OXIAE ..ot sne e 16
1.3.2 MagNESIUM OXIAE ......c.oiviiiiiiciicieiee e 18
LIRS TS 24 o T o ) d o 1= TSP 18
1.3.4 NICKEI OXIA@ ...ttt saeene e nne e 19
1.4 Conclusion and OULIINE ..ot 20
1.5 REFEIENCES ...ttt ettt se e te e s e steere e e saeeneentenneans 21

2 Formic Acid Dehydrogenation on Ni(111) and Pd(111) and Comparison with Pt(111)........... 26
20 B 11 o T [T 1o o SR 26
2.2 Computational details ...........coooiiiiii e 27
2.3 ReSUIS @Nd DiISCUSSION ......oiuiiiiiiiiieiesie ettt sttt n e seeene e e saeenee e e 29

2.3.1 Formic acid (HCO;H/DCO,H) adsorption.........c.cccovviieiiieei e 29
2.3.2 Formate (HCO,/DCO3) adSOrptioNn ........cccooieiiiieieiecie st 30
2.3.3 HCO, and H Co-adSOorplion ........ccccoiiiiiii e 31
PR 10 P- ool o Woto r=To E-o] 3 o] 110 o [ SR 32
2.3.5 HCO2H dehydrogenation ............ccooeiiiiiiiiiiiieeeee s 33
2.3.6 Comparison with other SUMfaces ..o 35
P o] g o3 [0 F- o] 1= SRR 37
P 2 U= =T (=Y Tt TSP 38

3 Formic Acid Dehydrogenation on Ni(211), Pd(211) and Pt(211) ....cccooiiiiiiiiiccneeeee, 42
1 20t I [ o140 Yo [ T 1T ) o 1SS 42
3.2 Computational models and detailS...........cocooiiiiiiii e 43
3.3 ReSUIS @Nd AiSCUSSION ......ocuiiiiiieiiee ettt ettt e st aneeseeereenes 45

SCTRC T I o (@0 24 o =T £ ] o] 1 o o 1SS 45
3.3. 2 HCOoH diSSOCIAtION ...ttt sbra e sbrae s 45
3.3.3 HCO, adsorption and dissoCiation............ccccceiiiiiiiiec s 46
3.3.4 H adsorption 0N M(211)...c.oiii e 48
3.3.5 CO, adsorption and desorption 0N M(211)......ccooiviiiiiiiiireeee e 49

3.3.6 Potential energy SUMaCE ..........ccooiiiiiiiiee e 51



Table of Contents

3.4 CONCIUSIONS ...tttk b bbbt b bbb bt e et b bbb 53
3.5 REFEIENCES ... bbb 53

4 Formic Acid Dehydrogenation on Molybdenum Carbide...........cccoccovvviiiiiiiiiciiicce, 57
4.1 INEFOAUCTION ...t b bbbt et b et sb e st nbesne s 57
4.2 Computational detailS ..........ccciiiiiiiiie s 58
42,1 MOGEI ..ottt bttt ene 58

4.2.2 METNOM ...ttt ettt ene 59

4.3 ReSUILS @nd DISCUSSION ......coiuiiiiiiiitiiie ittt sttt bbbttt st et sb e sbesbe e nbe s 59
4.3.1 Adsorption of the surface intermediates ............cccocvviiiiii i, 59

4.3.2 DissOCIation Path .......oiiiic s 63

4.3.3 Potential ENergy SUIMaCE .........ccccveiiiiecc ettt 66

4.3.4 Comparison with Pd(111), Pt(111) and Ir(100).........cccceviiiiiiiiciece e, 68

4.4 CONCIUSIONS ...ttt bbbttt h bbb bt et e bt e bbb na e 69
4.5 REFEIEBNCES ...ttt bbb ettt et 70

5 Full Acrolein Hydrogenation on Ni(111).......ccoiiiiiiiiceee et 74
B INTFOAUCTION ... bbbt bbb et eees 74
5.2 Computational detailS ..........cooviiiiiiii e 75
5.3 ReSUIts @nd DISCUSSION ........ccuiiiiiiiiiiiiiee bbb 76
5.3.1 Hydrogenation intermediates .........cccccvviiiiiii i 76

5.3.2 Hydrogenation transition states .........cccccoviiii i 80

5.3.3 Potential energy surface of selective hydrogenation.............ccooceevviviiiiiic e, 82

5.3.4 Comparison with other SUMaCES ..........cccoce v 84

5.4 CONCIUSIONS ..ottt bbb bbbt bt bbbttt b bbb 85
5.5 REFEIENCES ... bbbttt 86

F Y o] 1= o 13 QOO STPTP
Eidesstattliche ErKIArUNG ........coviiie e et renne e
CUITICUIUM VILAE ...ttt bbbttt ettt b

(=0T o] T07=] 1 o] o =3



1 Computational Hydrogen Generation from Formic Acid
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1.1 Introduction

Formic acid (HCO.H, FA) dehydrogenation into hydrogen (H,) and carbon dioxide (CO,) is
considered as one of the potential reactions to satisfy the increasing energy demand,
especially in fuel cells as well as green and clean technologies. FA, which has 4.4% wt of
hydrogen, is non-toxic, easy to be stored and transported as well as handled; all those make it
as a desirable hydrogen storage material. Scheme 1.1 shows the catalytic cycle of the
formation and decomposition of FA in hydrogen storage and generation.’

Catalytic H,
Release Usage

HCO2H CO,

(derivative)

H> from
Renewable

‘\ Catalytic
Resources

Scheme 1.1 Catalytic cycle for FA hydrogen storage and release

FA also can dehydrate into water (H>O) and carbon monoxide (CO), and CO is a poison for
fuel cell catalysts. Under standard reaction conditions, both dehydrogenation and dehydration
starting from liquid FA, are endothermic and exergonic. Since the differences in both Gibbs
free energy and enthalpy are rather small (Scheme 1.2), it is possible to dehydrogenate FA
selectively to H, by changing reaction conditions or/and using suitable catalysts for practical
applications.”

CO +H,O = HCOZH(D — COy+H,

dehydration dehydrogenation
AG =-0.13 eV AG =-0.34 eV
AH = +0.30 eV AH = +0.32 eV

Scheme 1.2 FA decomposition pathways

FA decomposition was first investigated in 1912 by Mailhe and Sabatier by using metals and
metal oxides as catalysts.? Since then this topic has attracted great interests and several
reviews about this chemistry have been published.>® Recent progress has been made in
both heterogeneous and homogeneous catalysis. Tedsree et al.,” reported that Ag nano-
particles coated with a thin layer of Pd atoms can significantly enhance H, production from FA
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at ambient temperature; and atom probe tomography confirmed that these nanoparticles have
a core-shell configuration with the shell containing 1-10 layers of Pd atoms; and the Pd shell
contains terrace sites and is electronically promoted by the Ag core, leading to significantly
enhanced catalytic properties. Tian et al.,® reported the synthesis of core-shell-cluster
trimetallic nanostructures (Au@Pd@Pt, gold core covered by a palladium shell, onto platinum
clusters are deposited) and the high activity for FA electrooxidation. Bi et al.,° reported mild
and selective decomposition of FA/amine mixtures by using ultradispersed subnanometric Au
as catalysts on acid-tolerant ZrO, without CO formation under ambient conditions in high

efficiency. Flaherty et al.,"

reported that FA decomposition on carbon modified Mo(110) is up
to 15 times more selective than on Mo(110). Solymosi et al., reported CO free H, production
from FA decomposition using Mo,C/carbon(Norit) catalysts'’ and supported Au catalysts.™
Kang et al.,”® reported the synthesis of Pt;Pb nanocrystals and core-shell Pt;Pb-Pt nano-
crystals in solution phase and found that such nanocatalysts are more efficient for FA

oxidation electro-catalysis than only Pt catalysts. Cuesta et al.,"

reported a detailed spectro-
kinetic study of FA electrocatalytic oxidation on Au and Pt electrodes and found that the
adsorbed formate (HCOO) is the intermediate for both dehydrogenation and dehydration on
metals. The reaction mechanisms of methanol synthesis from CO, and CO hydrogenation
over industrial Cu/ZnO/Al,O; catalysts have been investigated by Behrens et al.,” both
experimentally and computationally; and they found that the active site consists of Cu steps
decorated with Zn atoms, all stabilized by a series of well-defined bulk defects and surface

species that need to be present jointly for the system to work. Zhang et al.,"®

synthesized a
set of nanoparticles of silver and palladium alloy (Ag2sPd7s, Ag42Pdss, AgeoPd40, AgsoPdy) at
the size of about 2.2 nm and found that Ags,Pdss has the highest activity with an initial
turnover frequency of 382/h and an apparent activation energy of 0.23 eV, and it is the best
catalytic performance ever reported among all heterogeneous catalysts tested for FA de-

hydrogenation in aqueous solution. Wang et al.,"’

reported a stable and low-cost non-noble
Coo.30AUg 35Pdp 35 nano-catalyst (~ 20nm) supported on carbon to generate CO-free H, from
FA aqueous solution at 298 K.

Homogeneous catalysts have also been used to generate hydrogen from FA."® In particular,
Beller et al.,"® reported H, generation from FA/amine mixtures at high rates at room
temperature with the commercially available complex [RuCl,(PPhs);] as the catalyst for direct

/. 20

usage in fuel cell. Similar results were also reported by Laurenczy et a and Fukuzumi.?’

Beller et al.,?

reported H, generation from FA by using iron complexes under basic conditions
and light irradiation, and they further improved their protocol by using Fe(BF,4).-:6H.O/PP;
complexes under milder conditions in a green solvent without using amine and light.*

Due to the practical importance for H, generation from FA in fuel cell and green technology,
many computational studies have been carried out to understand FA decomposition

mechanisms on one hand, and to rationalize and design more effective catalysts in heteroge-



1 Computational Hydrogen Generation from Formic Acid

neous and homogeneous systems on the other hand. Nowadays computational chemistry
and catalysis have gained more and more attentions due to the rapid development in
theoretical methods and information technology. Computational chemistry and catalysis
become a powerful tool to provide fundamental insights into mechanisms as well as kinetic
and thermodynamic properties of elementary steps of catalytic reactions, especially of the
steps, which are hardly or even not accessible with experimental methods. Some examples

228 or books.?** Herein, we focus only on the recent computational

can be found in reviews
studies on FA decomposition (or CO, hydrogenation to FA) on metals and metal oxides, and
the results about the stationary adsorptions of related individual surface intermediates are not
discussed. Computational studies on homogeneous FA decomposition (or CO, hydrogenation
to FA) using defined molecular catalysts are also not discussed in this paper, but the

r.e\/ieW826,31,32 33-36

and recent papers are given for interests.

Scheme 1.3 shows the most discussed surface adsorption configurations of FA, formate
(HCOO) and carboxyl (COOH). For trans-FA, there are four possible adsorption con-
figurations, the first one (O/OH-down) has its oxygen atom of the C=0 group at the top of
surface atom and the hydrogen atom of the O-H group directing to the surface (either one or
two surface atoms); and the second one (HCO,H-flat) has a flat adsorption configuration with
the carbon atom and the two oxygen atoms interacting with the surface atoms, and the third
one (CH-down) has only the C-H bond directing to the surface, and the last one has the
oxygen atom of the C=0 group interacting with the surface atoms and the hydrogen atom of
the C-H group also pointing to the surface (O/CH-down) as well.

For formate (HCOO), there are four possible adsorption configurations, and the first one
(O/0-down) is the well-known bidentate adsorption configuration with its two oxygen atoms
interacting with two surface atoms (bridging) or one surface atom (chelating), and the second
one (O/H-down) has a bidentate adsorption configuration with one of the O atoms and the H
atom of the O-H group interacting with the surface atoms; and the third one (O-down) has a
monodentate adsorption configuration with one O atom interacting with the surface atoms
(and the hydrogen atom of the C-H group might or might not interact with surface atoms), and
it is also possible for formate to have a flat adsorption configuration with its carbon and
oxygen atoms interacting with the surface atoms (HCO,-flat). For carboxyl (COOH), there are
two possible adsorption configurations; the first one (C-down) has a monodentate carbon
atom and the hydrogen atom of the O-H group pointing away from the surface, and the
second one also has a monodentate carbon atom adsorption, but the hydrogen atom of the
C-H group pointing to the surface (C/H-down). In our discussion we referee all these possible
adsorption configurations, and those not shown in Scheme 1.3 are described accordingly.

There are three proposed potential routes for FA oxidation (Scheme 1.4).*" This first one is
the formate route; where FA dissociates into surface formate (HCO,H — H + HCOO), which

forms CO, (HCOO — H + COy); and the second one is the direct route with FA decomposition
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into CO,+2H (either HCO,H — 2H + CO, or HCO,H — H + COOH; COOH — CO, + H); and
the third one is the indirect route with FA dehydration into CO (HCO,H — CO + H,0), which is
further oxidized to CO, from the water-gas shift reaction (CO + H,O — H, + COy,).

| _H
H_ _O. 0s__O o

TN e Y L
o ' 1o H H o
HCOOH HCOOH HCOOH HCOOH
O/OH-down HCO,H-flat CH-down O/CH-down

O

H 0+__H

PR J Y Hc—0
T . o
HCOO HCOO HCOO HCOO
O/O-down O/H-down O-down HCO,flat

c N
trans-COOH cis-COOH
C-down C/H-down

Scheme 1.3 Possible adsorption configurations of FA, HCOO and COOH on surfaces

1.2 Metals

FA is one of the representative molecules used to study the catalytic properties of metals,
and many studies have been done both theoretically and experimentally. In addition to the
experimental results, theoretical results might give an understanding of FA adsorption and
decomposition on metal surfaces at the atomic level. The agreement between theory and
experiment can validate the used models and methods.

H
‘0\)\9
v o
M
HeooH —= 9~ O 0// o directroute .. - coz+ Hy

Scheme 1.4 Proposed FA oxidation routes [37]

1.2.1 Platinum

Platinum is one of the most used metals in FA decomposition to produce H,. Not only the
gas phase adsorption and dissociation but also electro-catalytic oxidations under the
consideration of water molecules or solvation have been investigated.

Baké and Palinkas® investigated FA adsorption on Pt(111) in gas phase using periodic
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density functional theory (DFT) method (GGA-PBE) in a 3x243 supercell and a 3-laye slab
(one relaxed top layer and two fixed bottom layers) with 15 A vacuum gap. For trans-FA they
found the O/OH-down adsorption configuration be to most stable (Scheme 1.3), and the
calculated adsorption energy is —0.42 eV. Due to their interaction with the surface Pt atoms,
both the O-H and C=0 bonds are elongated compared to the gas phase values and their
stretching frequencies are red shifted. The O-H bond becomes therefore weak. In addition,
the individual adsorptions of FA, HCOO and COOH on Pt(111) have been reported by
Salciccioli et al.,** and the most stable FA adsorption conformation is the same as found by
Baké and Palinkas,* but the computed adsorption is larger (-0.56 eV). The HCOO inter-
mediate has a bridging bidentate adsorption configuration (O/O-down) and the computed
adsorption energy is —2.45 eV; while the COOH intermediate has a C/H-down adsorption
configuration and the computed adsorption energy is —2.69 eV.

Hartnig et al.,*°

reported FA adsorption on the Pt(111) surface from gas phase and also in
the presence of one and two H,O molecules by using periodic DFT method (GGA-PBE) and a
4-layer (two relaxed top layers and two fixed bottom layers) slab in a 4x4 unit cell with 16.1 A
vacuum gap. On the neutral surface in gas phase, they found the same most stable
adsorption configuration (O/OH-down) as reported by Baké and Palinkas,® and the
calculated adsorption energy is —0.37 €V. On the neutral surface with one H,O molecule, the
most stable adsorption configuration has FA with its two oxygen atoms bonding to the surface
and the H atom of the O-H bond interacting with the oxygen atom of the neighbouring H,O
molecule; and the calculated adsorption energy is —0.70 eV. Adding one more H,O molecule
to the adsorbed FA/H,O complex on the neutral surface leads to hydrogen bonding interaction
between two H,O molecules; and no FA dissociation is observed.

On the charged surface with g=4e in gas phase by removing 4 electrons from the slab with
16 surface atoms, the most stable adsorption configuration has both oxygen atoms bonding to
the surface and the hydrogen atom of the O-H group pointing away from the surface; and the
calculated adsorption energy is —2.28 eV. By adding one H,O molecule to the adsorbed FA,
the intermediate structure has a bidentate adsorption configuration with two oxygen atoms
bonding to the surface and the O-H bond forming a strong hydrogen bonding with the H,O
molecule; and the calculated adsorption energy is —3.83 eV. However, the most stable ad-
sorption configuration has dissociated surface H atom, CO, and hydronium ion (OHs"), and
the calculated adsorption energy is —4.54 eV, indicating the driving force for FA decom-
position. Adding one more H,O molecule to the dissociated surface leads to the formation of a
complex with one H* bridging two H,O molecules (H,O-H*-OH,), and the surface CO, and H
atom.

Neurock et al.,*' studied FA electrocatalytic oxidation in the presence of solution and
applied electrochemical potential using periodic DFT method (GGA-RPBE) and a 3-layer (two
relaxed top layers and one fixed bottom layer) slab in a 3x3 unit cell with 10 A vacuum gap. In
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their calculation, the aqueous phase was modeled by using 24 explicit solvent molecules
chosen to fill up the vacuum region, and one H,O molecule on the surface was therefore
replaced with reactant, intermediate and product species.

All three FA oxidization routes were examined using DFT together with the double-referen-
ce method in order to determine their potential dependence reaction energies and activation
barriers. It shows that FA has two adsorbed structures in solution, i.e.; (a) FA bonds to surface
in the O/OH-down adsorption configuration; and (b) FA lays parallel to surface in the
H,COH-flat adsorption configuration. While the O/OH-down adsorption configuration is more
favourable in gas phase, both adsorption configurations in solution are energetically nearly
equivalent. FA readily reacts from the upright mode to form a surface HCOO intermediate and
proton. The HCOO intermediate has the bidentate O/O-down adsorption configuration, which
is quite rigid with the C—H bond oriented along the surface normal, thus making it very difficult
to activate the C—H bond. The C-H bond dissociation from this state requires bending the C-H
group out of the OCO plane (dynamic bending mode), which costs over 1 eV in energy.
Alternatively, the molecule can reorient itself to be bound through one of the oxygen atoms
and the hydrogen atom, and this also costs over 1 eV in energy at positive potentials as it
requires breaking the very highly polarized Pt-O bond.

Table 1.1 Computed activation energies (eV) and the reaction energies (eV, in the bracket)
[41]

0.0 V-NHE 0.5 V-NHE 1.0 V-NHE
formate route
HCO,H — HCOO + H ~0.05 (-0.78) (-1.00) ~0.00 (-1.21)
HCOO—CO+H 120(-0.09)  1.10(-0.86)  1.00(-159)
direct route
HCO,H — COOH + H 0.50 (-1.37) 0.47 (-1.60) 0.42 (-1.81)
COOH—CO+H 052(-050)  (-0.26) ~0.50(-0.99)
indirect route
HCO,H — CO + H,0 ~1.00 (-2.06) ~1.00 (-2.06) 0.50 (-2.16)
CO +H,O0 —» CO, + 2H 1.42 (1.19) 0.99 (0.20) 0.57 (-0.64)

In order to establish the potential dependence of all the three routes, and compare with the
experiment and clarify path ultimately controlling the chemistry as well as the energetic
changes caused by different potentials, three different potentials (0.0, 0.5 and 1.0 V NHE)
were considered in their calculation. The activation energies and the reaction energies are
shown in Table 1.1. Compared to the formate route which needs very high barrier for HCOO
dissociation, and the indirect route which also needs higher barrier for CO formation and sub-
sequent oxidation, the direct route proceeds via the initial activation of the C—H bond, and the
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corresponding barrier is 0.5 eV at 0 V and drops down to 0.4 eV at higher potentials. The
barrier to activate the O—H bond is very low over a range of potentials, and is thus readily
activated to form CO, directly. Based on the calculated activation barriers, this direct route
appears to be dominant to form CO, and requires the presence of step or defect sites

On the basis of the solvation model of Neurock et al.,*’ Zhong et al., studied FA oxidation on
Pt(111)* and bimetallic PtAu(111)** (one Pt atom of Pt(111) outmost layer was replaced by
one Au atom) using periodic DFT method (GGA-PBE) and a 3-layer (one relaxed top layer
and two fixed bottom layers) slab model in a 3x3 unit cell with 10 A vacuum gap. They found
that on Pt(111) the direct route (HCOOH — CO, + 2H) has energy barrier of 0.25 eV, the
indirect route (HCOOH — H + COOH — CO + H,0) has effective energy barrier of 1.43 eV.
They also proposed a dimer route which involves the simultaneous formation of CO, and CO
in an elementary step (2HCOOH — CO, + 2H + CO +H,0) and the computed energy barrier
is 0.66 eV, which is comparable with that of the direct route but much lower than that of the
indirect route. This proposed mechanism rationalizes the easy CO poisoning of Pt-based
catalysts and improves the understanding of FA catalytic oxidation. On PtAu(111), they found
that the direct route is much more favorable than the indirect route (0.67 vs. 4.31 eV).

Wang and Liu** investigated FA oxidation at Pt/H,O interface using periodic DFT method
(GGA-PBE). They used a continuum solvation model to simulate the reactions at the
metal/H,0 interface and a 4-layer (two relaxed top layers and two fixed bottom layers) slab in
a 4x2V3 unit cell with 15 A vacuum gap. They found that the O/CH-down adsorption
configuration is most stable in the presence of H,O environment, but it is very difficult for
dissociate C-H and the calculated barrier is around 1 eV. For the formate intermediate, it
prefers the bidentate adsorption configuration (O/O-down), and further C-H dissociation also
is not favorable in activation energy barrier (1.1 eV) in the presence of H,O environment. In
the presence of pre-adsorbed formate, however, FA can adsorb with the CH-down adsorption
configuration near the formate, and in this configuration the C-H dissociation of FA becomes
easily with low barrier (0.45 eV), and the dissociation of COOH into CO, is rapidly by the
transfer of proton to water. This finding reveals that the pre-adsorbed formate is a co-catalyst
for FA direct oxidation, instead of being an active intermediate for CO, production or a
site-blocking species.

Peng et al.,*

reported the mechanism of FA electro-oxidation on Sb-modified Pt (Sb/Pt)
electrode on the basis of in-situ electrochemical surface-enhanced infrared absorption
spectroscopy and periodic DFT calculations (GGA-PBE). They used their previous model
systems,* and for Sb modification they put all Sb atoms initially at the face-centered cubic
hollow sites of Pt(111), and indeed, the hollow site is also the most stable adsorption site.
Their calculations show that the presence of Sb on Pt(111) favours FA adsorption via the
CH-down adsorption configuration, while inhibits the previously mentioned O/CH-down

adsorption configuration. This CH-down adsorption configuration facilitates kinetically the
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complete FA oxidation into CO,. They also show that such Sb modification can weaken CO
adsorption energy on the Pt site, and consequently help to relieve CO poisoning on the Pt
electrode.

Gao et al.,*® studied FA oxidation on the Pt(111) surface in gas phase with and without
co-adsorbed water molecule by using periodic DFT method (GGA-PBE) and a 5-layer slab
(three relaxed top layers and two fixed bottom layers) in (3x3) and (2x2) unit cells (for 1/9 and
1/4 monolayer coverage (ML), respectively), with 13 A vacuum gap. Under the co-adsorption
of one water molecule, they found two stable adsorption configurations in close energy,
O/OH-down and cis-HCO,H-flat as also reported by Neurock.*' They found that formate is a
reactive intermediate for CO, in FA oxidation in gas phase, and the co-adsorbed water can
catalyze FA oxidation by reducing the O-H dissociation barrier, modify the surface structures
of FA and formate on Pt(111) and promote the C-H dissociation. They also found that
increasing the surface coverage from 1/9 to 1/4 ML reduces the key activation barriers (the
effective barrier from the bidentate formate to the C-H dissociation transition state) so that FA
oxidation becomes even more favourable. In addition, they also reported that FA dissociation
from the flat adsorption configuration via the formate route is not competitive to the
perpendicular one with one co-adsorbed water molecule at 1/4 ML. The indirect route via
COOH intermediate is also found not competitive to the formate route.

Using the same methodology Gao et al.,*’

also reported DFT study of FA electrochemical
oxidation on Pt(111) under the consideration of two solvation models, model A with two
explicit water molecules per surface unit cell to describe the interfacial waters; and model B
having a water bilayer consisting of a fully periodic ice-like network of water molecules was
used to describe the solid/liquid interface. In model A, they found that the most stable FA ad-
sorption configuration is the same as found in gas phase (O/OH-down); and the two co-ad-
sorbed water molecules do not affect the adsorption structure and energy. In model B, FA is
incorporated into this surface and can substitute two water molecules in the bilayer in two
different co-adsorption configurations in close energy, and both configurations can have
strong hydrogen bonding between FA and the surrounding water molecules. Such co-adsorp-
tion configurations are different from those proposed by Wang and Liu.** Their computed
minimum energy pathway suggests that the formate route is always preferred over the direct
route on clean surface, but at potential higher than 0.3V, both the formate and direct routes
are nearly identical in energy, therefore it is hardly to draw the decisive conclusions on the

predominant route under electrochemical conditions. Very recently, Gao et al.,*

reported the
role of the adsorbed CO and OH in FA electro-oxidation on Pt(111) under the consideration of
the direct and formate routes. Their results show that the adsorbed CO adversely affects FA
oxidation, while the adsorbed OH does not. As to the co-adsorbed CO and OH, a synergistic
co-effect was found in promoting FA oxidation.

l. 13

FA decomposition on Pt(111) in gas phase has also been computed by Kang et al.,”” and in
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their calculations they used periodic DFT method (GGA-PBE) and a 4-layer slab (two relaxed
top layers and two fixed bottom layers) in a (4x2) unit cell (1/8 ML) with 15 A vacuum gap.
Despite of their quite similar computational methodologies, Gao et al.,*® and Kang et al.,”
reported different results for FA decomposition on Pt(111) in gas phase (Table 1.2).

Table 1.2 Computed adsorption (E.gs, €V) and reaction energy (E;, eV) as well as activation
barrier (E,, eV) of different steps for FA dissociation

formate route Pt(111)

1/9 ML 1/4 ML* 1/8 ML™

E.ss (HCOOHy) ) -0.40 —0.34 -0.26

E. (HCO;H — HCOO + H) 0.94 0.88 0.72

E. (HCOO — CO, + H) 1.56 1.16 1.23
E/(HCOOHq > COxg+2H) . =032 =038 083
___________________________________________ formate route Pt,Po(111)
E.ss (HCOOH) -0.23

E. (HCO,H—HCOO + H) 0.36
Ea(HCOOCO) 090
___________________________________ formate route core-shell Pt.Pb-PY(111)
E.q¢s (HCOOH) -0.41

E, (HCO,H—HCOO + H) 0.55

Ea (HCOO—-COp*H) o Ae
______________________________________________ COOHroutePY(111)
E. (HCOOH —COOH + H) 1.83 1.58 0.72

E. (COOH —CO; + H) 1.15 0.90 0.71
E.(COOH+H—CO+HO) 183 139
____________________________________________ COOHroute PtPb(111)
E. (HCOOH —COOH + H) 0.57
Ea(COOH=CO+H) 061
__________________________________________ COOH route PLPo-PH(I1Y) .
E. (HCOOH —COOH + H) 0.58

E. (COOH —CO; + H) 0.56

For example, the adsorption energy of FA at 1/8 ML (-0.26 eV) is lower than those at 1/9
and 1/4 ML (-0.40 and —0.34 eV, respectively), the O-H dissociation barrier at 1/8 ML (0.72
eV) is lower than those at 1/9 and 1/4 ML (0.94 and 0.88 eV, respectively). Large differences
are found for effective barrier of formate dissociation, 1.23 eV at 1/8 ML, while 1.56 eV at 1/9
ML and 1.16 eV at 1/4ML. Even larger difference has been found for the C-H dissociation of
FA to form COOH intermediate, e.g.; the activation barrier is 0.73 eV at 1/8 ML, while 1.83 eV
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at 1/9 ML and 1.58 eV at 1/4 ML.

Since no structural parameters of the transition state were given in their respective articles,
it is really not easy to speculate the origins of these differences despite of their very similar
models and methods. It is noted that Gao et al., used CASTEP*® software, while Kang et al.,"
used VASP*® package. However it is hardly be believe that such huge differences come from
different software packages. Indeed, Cao et al.,®' used four different functional methods, i.e.:
PAW-PBE and USPP-PW91 with VASP, and USPP-PBE and USPP-PW91 with CASTEP to
calculate the hydrogenation and the respective C-C coupling reactions of carbon species on
the FesC,(001) surface and found that all four methods give very close structural as well as
kinetic and thermodynamic parameters.

Kang et al.™ reported FA oxidation on the pure metallic Pt, the bimetallic Pt;Pb nano-
crystals and the Pt;Pb-Pt core-shell nanocrystals (Table 1.2). On Pt(111), they found that the
direct route of FA decomposition is more favourable over the formate route, especially in the
second step of CO, formation from COOH (E; = 0.71 eV) and HCOO (E; = 1.23 eV) dis-
sociations, although they have the same activation barriers for the first step to form COOH
and HCOO (E, = 0.72 eV). On the Pt;Pb nanocrystals, the barrier of the first step of formate
route (E, = 0.36 eV) is lower than that of the first step of direct route (E; = 0.57 eV), the barrier
of the second step of formate route (E, = 0.90 eV) is higher than that of the second step of the
direct route (E; = 0.61 eV), indicating that formate “poisoning” could be worse on the
Pt;Pb(111) surface, and therefore, the direct route can be favourable. On the Pt;Pb-Pt
core-shell nanocrystals, nearly the same results as on Pt(111) have been found, and the
direct route is favourable, especially in the second step of CO, formation from COOH (E, =
0.56 eV) dissociation and HCOO (E, = 1.16 eV) dissociation. Their combined experimental
and theoretical studies suggested that the high activity of the Pt;Pb nanocrystals and the
Pt;Pb-Pt core-shell nanocrystals results from the elimination of CO poisoning and the de-
creased barriers for the dehydrogenation steps. However, they did not investigate the indirect
route for comparison. Although the results by Gao et al.,*® favour the formate route, the results
of Kang et al.," favour the direct route for FA decomposition on the pure Pt(111) surface.

Compared to Pt(111), they found that both types of nanocrystals can reduce the activation
for the O-H bond dissociation in FA and the C-H bond dissociation in formate. They also found
that both types of nanocrystals can reduce the C-H dissociation barrier in FA to form COOH
and the O-H dissociation in COOH to form CO,. On all the three surfaces the direct route for
FA decomposition is favourable, and the most active catalyst is the Pt;Pb-Pt core-shell

nanocrystals.
1.2.2 Palladium

As platinum is well established to be most active for FA decomposition in gas phase,®
palladium has been reported to be most active for FA electrocatalytic oxidation in aqueous
phase.®® Compared to Pt, much less theoretical studies about FA decomposition on Pd are

known.
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FA decomposition on Pd(111) was reported by Zhou et al.,** by using periodic DFT method
(GGA-PBE) and slab model. They used a 3-layer slab (top layer relaxed and two bottom
layers fixed) in a (3x3) unit cell (1/9 ML) with 10 A vacuum gap. In contrast to Pt(111), FA on
Pd(111) has a flat adsorption configuration (HCO,H-flat) with adsorption energy of —0.40 eV,
while the expected O/OH-down configuration is 0.14 eV less stable. The computed activation
barrier of the O-H bond dissociation into surface formate and H is 0.21 eV. However, these
results by Zhou et al., could not be reproduced by Luo et al..>® In their calculations, they used
the same model and method and found that the most stable adsorption configuration of FA is
the expected O/OH-down configuration with adsorption energy of —0.39 eV, and the
computed O-H bond dissociation barrier is 0.58 eV; and all these are roughly the same as on
the Pt(111) surface. In contrast, the reported flat adsorption configuration (HCO,H-flat) by
Zhou et al.,>* could not be located and reproduced despite of intensive searches by Luo et al..

For formate adsorption, Zhou et al.,**

calculated four adsorption configurations, and the
most stable one has one oxygen atom in n*-capping over the Pt face centred cubic surface
(n-O-down) (-0.67 eV), followed by the bidentate structure (O/O-down) (-0.60 eV) of two
oxygen atoms as well as the monodentate oxygen atom bridging (n>-O-down) (-0.54 eV) and
atop (—0.39 eV) structures (n'-O-down). However, these results by Zhou et al., disagree with
the results from the combined experimental and theoretical studies by Zheng et al..>® They
reported that the bidentate structure (O/O-down) is the only stable adsorption configuration,
and the experimentally determined geometrical parameters of the adsorbed formate on
Pd(111) from low-energy electron diffraction (LEED) are in very close agreement with the
results from the periodic DFT calculations using a 4-layer slab (two top layers relaxed and two
bottom layers fixed) in (3%3) a unit cell (1/9 ML) with 14 A vacuum gap. The same results for
the bidentate structure (O/O-down) formate as the most stable adsorption configuration has

also been reported by Luo et al.,*®

and the calculated adsorption energy is —2.37 eV, which is
more stable than the n*-capping face centred cubic structure (n*-O-down) (-1.67 eV), and
this is just the opposite to the results of Zhou et al..

For the C-H bond dissociation of the adsorbed formate into CO,, Zhou et al., calculated the
barriers for all four adsorption configurations and the highest barrier is found for the face cen-
tred cubic adsorption configuration (n>-O-down) (0.52 eV), and the lowest barrier is found for
the monodentate oxygen atom bridging configuration (n*>-O-down) (0.17 eV), and the trans-
formation barrier between these two adsorption configurations is 0.06 eV. Therefore, a
two-step C-H bond dissociation of formate is more favourable than the one step alternative. In
contrast to Zhou et al., Luo et al.,>® found a transition state for C-H dissociation with one
oxygen atom interacting with surface Pd and the C-H bond also pointing to the surface
(O/H-down) with adsorption energy of —1.66 eV; and the calculated effective barrier is 0.76
eV, starting from the most stable bridging bidentate adsorption configuration (O/O-down) of
formate.
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Recently, Hu et al.,>" systematically studied FA adsorption and dissociation on M(111), M =
Pt, Pd, Rh, Au, by using periodic DFT method (GGA-PBE-USPP) and a 4-layer slab model
(two top layers relaxed and two bottom layers fixed) in a (3x3) unit cell (1/9 ML) with 15 A
vacuum gap. They found the same favourable route as reported by Gao et al.*® on Pt(111),
i.e.; FA has the O/OH-down configuration and dissociates into surface formate in the
O/O-down configuration, and the adsorbed HCOO dissociates via a meta stable configuration
(O-down) into CO, and surface H. For FA adsorption, the computed adsorption energy is
-0.39, -0.40, -0.46 and -0.15 eV for Pt, Pd, Rh and Au, respectively, and the corresponding
dissociation barrier into surface formate and hydrogen (HCOOH — HCOO +H) is 0.69, 0.68,
0.08, 1.36 eV for Pt, Pd, Rh and Au, respectively. For the rate-determining step of formate
dissociation (HCOO — CO, + H), they found that Pt(111) and Rh(111) have close effective
barriers (1.88 and 1.92 eV, respectively), and they are higher than the effective barriers (1.59
and 1.56 eV, respectively) for Pd(111) and Au(111).

For describing the reaction in aqueous solution, they considered HCOO/HCQOO as reactant,
which can have spontaneously C-H dissociation on Pt, Pd and Rh. On Au, however, they did
not find C-H dissociation, and the reaction was expected to take place as in gas phase.
Therefore they concluded that the focus of FA dissociation in solution catalysed by Pt, Pd and
Rh is the formation of H, from surface H atoms.

Table 1.3 FA adsorption energy (E.qs, €V) and dissociation barrier (E,, €V) on Pd(111)
Pd(111)*°  Pd(111)"  Pd (111)*®*  Pd(111)*

E.qs (HCOOH) ~0.39 ~0.40 ~0.62 ~0.40
E, (HCOOH — HCOO + H) 0.58 0.68 1.00 0.49
E. (HCOO — COyg + H) 0.76 1.59 0.88 0.77

In addition, FA dissociation on Pd(111) was also systematically studied by Zhang et al.,*®

and Yuan et al..*® Zhang et al., used periodic DFT method (GGA-PW91) calculations and a
3-layer slab model (one top relaxed layer and two fixed bottom layers) in a (3%3) unit cell (1/9
ML) with 10 A vacuum gap. For the same reaction route, they reported that the rate-deter-
mining step is FA dissociation into surface formate and hydrogen (HCOOH — HCOO +H)
instead of formate dissociation into CO, and hydrogen (HCOO — CO, + H), and the comput-
ed barrier is 1.00 and 0.88 eV, respectively, and they differ strongly from the reported values
(0.68 and 1.59 eV, respectively) by Hu et al..*” In their calculations (GGA-PBE) on FA dis-
sociation on Pd(111) with a 4-layer (two relaxed top layers and two fixed bottom layers) slab
model in a 3x3 unit cell with 15 A vacuum gap, Yuan et al.>® reported the corresponding
barrier for FA dissociation into surface formate and hydrogen as well as formate dissociation
into CO, and hydrogen is 0.49 and 0.77 eV, respectively, and these data are close to those
(0.58 and 0.76 eV, respectively) reported by Luo et al..>® In addition, Yuan et al.*® also
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reported the competitive behaviour of FA dissociation on Pd(111) into COOH+H (0.56 eV)
and COOH dissociation into CO+OH (0.60 eV) or CO,+H (0.80 eV). Such controversial
results about FA dissociation on Pd(111) are summarized in Table 1.3, and it shows clearly
that it is not possible to have a general picture for FA dissociation on Pd(111).

Along with the Pd(111) surface, Yuan et al.,* also investigated FA adsorption and dissocia-
tion on Pd atom modified Au(111) surfaces, (i) all nine first layer Au atoms of Au(111) are fully
replaced by nine Pd atoms (Pd ML), (ii) six of the nine Au atoms on Au(111) are replaced by
six Pd atoms (PdeAus); (iii) three of the nine Au atoms on Au(111) are replaced by three Pd
atoms (Pds;Aug). Compared to the clean Pd(111), FA dissociation on Pd ML and PdgAu; into
either HCOO and COOH becomes more competitive, while COOH formation on Pd;Aus is
more favored kinetically than HCOO formation. For the selective dissociation of COOH into
either CO+0OH or CO,+H, Pd(111) and Pd ML favor CO+OH formation kinetically by 0.20 and
0. 25 eV, respectively; while PdsAu; and Pds;Aueg favor CO,+H formation by 0.15 and 0.11 eV,
respectively. These results indicate that a proper arrangement of Au and Pd sites can sig-
nificantly improve electrocatalytic activity of PdAu catalyst for FA oxidation attributed to the
reduction of CO poisoning.

Apart from bulky Pd as catalyst, Li et al.,*° computed FA dissociation on a Pd; cluster at the
B3LYP level of density functional theory under the consideration of solution effect of water by
means of the polarizable continuum model in the self-consistent reaction field method. FA
adsorption on Pd; in gas phase and solution has the O/OH-down configuration and the cal-
culated adsorption energy is —0.49 and —0.83 eV, respectively. In gas phase, FA prefers to
dissociate into formate (O/O-down) and H with activation energy of 0.41. The surface formate
(O/0-down) first goes through a meta-stable configuration (O/H-down) and dissociates into
CO, and H, the effective barrier is 0.91 eV. In solution, FA first also dissociates into formate
(O/0-down) and H with activation energy of 0.06 eV, and the direct dissociation of formate in
the O/O-down configuration into CO, and H is the dominating route with activation energy of
0.61 eV. In addition, they also computed the alternative COOH route for CO, formation and
the direct route for the formation of CO+H,0 in both gas phase and solution, and the formate
route is found to be most favourable.

1.2.3 Nickel

Not only Pt and Pd but also Ni has been used for FA decomposition. Recently Luo et al.,”®
computed FA decomposition on Ni(111) by using spin-polarized periodic DFT method
(GGA-PBE). They used a 3-layer slab (two top relaxed layers and one fixed bottom layer) in a
(3%3) unit cell (1/9 ML) with 15 A vacuum gap. They reported the (O/OH-down) adsorption
configuration of FA to be most stable, and the calculated adsorption energy is —0.36 eV. For
the O-H bond dissociation the calculated activation barrier is 0.41 eV. For formate decom-
position, they suggested a multi-step process, i.e. the most stable bidentate bridging adsorp-
tion configuration (O/O-down) transforms into the threefold capping structure (O-down) with
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barrier of 0.67 eV; and then subsequent transformation into the bridging bidentate structure
(O/H-down) with barrier of 0.36 eV. The last step is the decomposition of formate (O/H-down)
with energy barrier of 0.10 eV. Based on their calculations, the dissociation of the hydrogen
atom form formate to surface CO, and H is the rate determining step with effective energy
barrier of 1.03 eV. In addition, they found very well agreement between the calculated vib-
rational frequencies for the adsorbed FA, formate as well as deuterated FA and formate and
the experimentally observed IR data, and these agreements validate their model and method.
They also made general comparison for FA decomposition among Ni(111), Pd(111) and
Pt(111), and found very high similarity in adsorption configurations and energetic parameters.

As the back reaction of FA decomposition, the potential energy surface of CO, hydrogena-
tion into FA has been computed by Peng et al. on the Ni(111)°" and Ni(110) surfaces.®® In
their calculations, Peng et al. used spin-polarized periodic DFT method (GGA-PW91) and a
5-layer (three relaxed top layers and two fixed bottom layers) slab with a 3x3 surface unit cell
and the vacuum gap was set up to equivalent of 6 atomic layers for Ni(111), and a 7-layer
(four relaxed top layers and three fixed bottom layers) slab in a 2x3 surface unit cell and the
vacuum gap was set to 12 A for Ni(110). For CO, hydrogenation to FA on Ni(111), the ener-
getic parameters for the elementary steps are nearly the same as found for FA decomposition
by Luo et al..*®

Peng et al., found that CO, is only weakly physisorbed on Ni(111), whereas much more
strongly (-0.47 eV) on Ni(110), which is close the value (-0.42 eV) reported by Wang et al..®®
For formate formation, the computed activation barrier on Ni(111) is higher than on Ni(110)
(0.62 vs. 0.41 eV), as well as the activation barrier for formate hydrogenation to FA on Ni(111)
is lower than on Ni(110) (0.83 vs. 1.03 eV). For CO, hydrogen on Ni(110), Vesselli et al., re-
ported a combined experiment and computation study, and their calculations show that the
barrier for formate formation is 0.43 eV,** close to the reported value by Peng et al., and the
barrier for formate hydrogenation to FA is 0.80 eV,® lower than the reported value by Peng et
al..

Peng et al., also investigated CO, hydrogenation from subsurface H, and found that sub-
surface H has essentially no effect on the energetics of CO, hydrogenation. For both Ni(111)
and Ni(110), subsurface H is significantly less stable than surface H, and as a result, the
thermochemistry of the reaction between subsurface and adsorbed CO, to adsorbed FA be-
comes exothermic, whereas the reaction between surface H and adsorbed CO, to adsorbed
FA is endothermic. Therefore, on both surfaces the reaction with transient energetic bulk H
emerging to the surface might be more driven than the respective reaction with surface H.
1.2.4 Copper

FA decomposition on the clean and oxygen pre-covered Cu(111) surfaces was studied by

/. 66

Wang et a using a periodic DFT method (GGA-PBE). In their calculations they used a

3-layer slab separated by 10 A of vacuum gap with a 3x2 unit cell (1/6ML). On clean Cu(111),
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FA has the O/OH-down adsorption configuration, and formate has the O/O-down adsorption
configuration as well as the H atom locates at the nearest face centred cubic site. The cal-
culated O-H dissociation barrier from FA to formate is 0.62 eV. On oxygen pre-covered Cu(111)
surface, the O-H dissociation barrier (0.11 eV) decreases drastically compared to the clean
surface. On the Cu(111) and Cu(110) surfaces, Wang et al.,°” computed CO, hydrogenation
to formate and found that formate synthesis on these two surfaces are structure-insensitive
with close activation energies (0.69 and 0.64 eV, respectively), and this is because that the
gas phase CO, interacts directly with the surface atomic hydrogen to form the less stable
monodentate formate instead of the pre-required adsorption on the surface and the structural
similarity between the transition state and the adsorbed monodentate formate. In contrast,
formate decomposition barriers on Cu(111) and Cu(110), starting from the more stable
bidentate adsorption configuration, differ significantly (0.97 and 1.44 eV, respectively), in-
dicating their structure-sensitivity. In addition, the conversion of the bidentate formate to the
monodentate format is structure-sensitive because of their significantly different adsorption
energies on Cu(111) and Cu(110) of —0.69 and —1.20 eV, respectively. Using periodic DFT
method (GGA-PBE) and a 3-layer slab separated by 10 A of vacuum gap with a 3x3 unit cell
Mei et al.,® computed the decomposition of formate on Cu(111) into CO,(g) + H, CO(g)+OH,
CO+0OH and HCO+0O, and found that the formation of CO, has the lowest activation energy
among these four reactions (1.30, 2.80, 3.01 and 1.70 eV, respectively).

1.2.5 Gold

Beltramo et al.,®®

investigated FA oxidation on gold electrodes with a combination of
electrochemistry, in situ surface-enhanced Raman spectroscopy and differential electro-
chemical mass spectrometry as well as first-principles DFT calculations. In their calculations,
they used a 4-layer slab in a (2x2) unit cell and the vacuum gap was equivalent to 6 atomic
layers to model the Au(110) and Au(100) surfaces; and all slab atoms were fixed in the
calculations and only the adsorbates (FA and formate) were fully optimized. They found that
formate is the relevant surface-bonded intermediate during FA oxidation; and at low potential
formate can interact with a nearby water to produce CO, and hydronium ion, and at high
potential formate can interact with a surface-bonded hydroxyl to give CO, and water. There is
no evidence for CO formation on gold during FA oxidation.

The above discussion and comparison show the increasing theoretical importance in
catalytic FA dissociation from monometallic clean surfaces to bimetallic or even trimetallic
surfaces as well as to small-sized metal clusters in both gas phase and solution. Despite of
the interesting and plentiful results, it is still controversial about the favourable reaction
mechanisms for FA catalytic dissociation, in particular for the Pt and Pd systems. For example,
what is the most favourable reaction route with its intermediates and elementary steps, and
which step has the highest (effective) barrier?”®
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1.3 Metal oxides

FA adsorption and decomposition on metal oxides have been intensively studied as a pro-
totypical system of catalytic reactions at metal oxide surfaces. It has been well established
that FA decomposes to a formate anion and an acidic proton that forms a surface hydroxyl
group (OH). The selective dehydrogenation and dehydration depend strongly on the nature of
substrates and reaction conditions.
1.3.1 Titanium oxide

Surface chemistry of TiO, plays a key role in the development and optimization of solar
power, catalysis, gas sensing and medical implantation as well as corrosion protection. The
chemical reactivity of water, oxygen and carboxylic acids as well as alcohols on TiO,, mainly
on rutile TiO»(110), was reviewed by Pang et al..”

Using an ab initio Hartree-Fock (HF) crystalline orbital method as well as both polymer and

slab models Ahdjoudj and Minot"

reported FA adsorption and dissociation on the rutile
TiO2(110) surface. TiO, is an amphoteric oxide which contains metallic cations as acidic sites
and oxygen anions as basic sites at the surface. They found dissociative FA adsorption, and
the formate anion is bound to the surface titanium atoms forming the bridging bidentate ad-
sorption configuration (O/O-down) and the proton is bound to the bridging oxygen atom
forming the surface OH group. FA dissociative adsorption on TiO,(110) was also found by
Bates et al.,”® and by Kackell and Terakura.”*”® using a slab model at the DFT level
(GGA-USPP). FA dissociative adsorption on both stoichiometric and defective TiO»(110) sur-
faces with the formation of the bridging bidentate adsorption configuration (O/O-down) was
also found by Wang et al.”® from their combined experimental (X-ray photoelectron spectro-
scopy and ultraviolet photoemission spectroscopy) and theoretical (HF/3-21G* on a cluster
model) studies.

Vittadini et al.,”” carried out periodic DFT (GGA-USPP) calculation on FA adsorption on the
anatase TiO,(101) and TiO,(001) surfaces. On the dry TiO,(101) surface,”® FA has a mole-
cular monodentate adsorption configuration with the hydrogen of the O-H group bonded to a
surface bridging oxygen atom, while on the hydrate TiO,(101) surface, FA has dissociative
adsorption and the formed formate anion has a monodentate adsorption configuration due to
the interaction with a nearby water molecule. These results were also confirmed by Miller et
al.,”*® from their study on the effect of water on the adsorbed FA structures on the anatase
TiO2(101) surface. FA dissociative bidentate adsorption was also found on the step D-(112)

and step B-(100) edges by Gong et al.,*’

and on the clean and partially hydrated TiO,(001)
surfaces by Gong et al.,*? as well as on the brookite TiO,(210) surface by Li et al..?®

Nunzi and De Angelis® reported their DFT calculations on FA adsorption on the single-wall
TiO, nanotubes using cluster models, and studied the surface curvature effect under the
comparison with the results on the planar TiO,(101) anatase slab. On the slab model, they

found FA in both molecular monodentate adsorption configuration and bidentate bridging
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configuration for dissociative adsorption close in adsorption energy (—-1.16 vs. —1.13 eV),
suggesting a possible co-existence of molecular FA and dissociated formate on the surface.
While on the curvature of the nanotubes, the molecular monodentate adsorption is ener-
getically more favored than the dissociated bidentate adsorption configuration, e.g.; —1.19 vs.
—0.45 eV on the (12, 0) tube; and —1.35 vs. —1.08 eV on the (0, 4) tube.

FA selective decomposition on the rutile TiO,(110) surface depends on the reaction tem-
perature and gas phase pressure. For FA dehydration (HCOOH — CO + H,0) on rutile
TiO,(110), Iwasawa et al.,** used periodic DFT method (GGA-PBE). On the stoichiometric
surface FA dissociates to surface formate and hydroxyl spontaneously, but simple
unimolecular decomposition of formate into CO is energetically unfavorable and is quite
improbable. However, O vacancy can promote this decomposition process, and during the
catalytic process the first step includes FA dissociative adsorption, condensation of HOg at the
bridge oxygen to form H,O and to create an O vacancy, and the second step involves formate
decomposition at the O vacancy and healing of the vacancy by OH to complete the catalytic
cycle. Therefore two bridging OH groups from two dissociatively adsorbed FA are necessary
to form one H,O and one vacancy and one formate should always accompany one HOg. This
proposed reaction mechanism was supported by the subsequent in situ scanning tunnelling
microscopic study by Aizawa et al..®

For FA dehydrogenation (HCOOH — CO, + H,) on the rutile TiO,(110) Uemura et al.,*’
used periodic DFT method (GGA-PBE in combination doubled numerical basis set plus
polarization function and effective potentials). They found that that the activation energy for
the dehydrogenation process depends the charges of the reacting H atom of adsorbates (FA
and HCOQ") and the amount of the adsorption energy available at the transition state. The
most plausible reaction pathway is the one between a bridging formate adsorbed on two
5-fold coordinated Ti** ions and a FA molecule weakly adsorbed at the adjacent Ti** ion. The
dehydrogenation occurs by acid-base interaction between the two adsorbates, indicating that
this process does not require a special site such as an oxygen defect, which is the active site
for unimolecular FA dehydration. Thus, the different decomposition process, dehydrogenation
or the dehydration, is due to the two different active sites on the surface; i.e.; three adjacent
surface Ti** ions on the stoichiometric surface for the bimolecular dehydrogenation and on the
oxygen defect sites for the unimolecular dehydration.

The molecular mechanism of the selective dehydrogenation and dehydration of FA on
V,0s/TiO, has been computed by Avdeev et al., % using periodic DFT method
(GGA-PBE-USPP). For the dehydrogenation step, they found FA dissociative adsorption
through the oxygen atom of the O=C group to produce monodentate formate on the V°* center
and surface V-OH acid sites as the initial step of reaction pathway leading to CO, + H,, and
the rate-determining step corresponds to migration of the basic H atom of the C-H group to
the acidic H atom of V-OH acid site. For the dehydration pathway, FA is also adsorbed on the
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V°* centre, but via the oxygen atom of the O-H group, followed by the synchronous formation
of surface OH as rate-determining step and the evolution of CO molecules into the gas phase,
and this path is completed by recombination of two V-OH surface hydroxyl groups to form
adsorbed H,O. Initialization of both dehydrogenation and dehydration pathways of FA
decomposition on the VOx/TiO, surface occur on the same Lewis acids sites V°* but proceed
through different intermediates; and the dehydration process is more preferable than the
dehydrogenation process on the basis of the computed activation energies (1.26 vs. 1.38 eV)
of the corresponding rate-determination steps.

1.3.2 Magnesium oxide

Nakatsuiji et al.,*

reported FA molecular adsorption on the MgO(001) surface by using
ab-initio molecular orbital method (HF and MP2) and a MgsOs cluster model. The most stable
adsorption configuration has dissociated formate anion in bidentate form bridging the Mg
atoms and the proton sat on one oxygen atom (O/O-down), and the calculated dissociation
barrier is 1.24 eV for cis-FA and 0.56 eV for trans-FA at the MP2 level. Similar results have
been found by Szymanski and Gillan®® using periodic DFT method (GGA-PW) on the flat
non-defective MgO(100) surface for FA adsorption and dissociation.

Lintuluoto et al.,”' calculated FA decomposition on the perfect and defect Mg(100) surfaces
by using ab-initio molecular orbital method (HF and MP2) and a MgsOs cluster model, and
they found that FA decomposition does not occur on the perfect surface, but it is feasible on
surface 0% vacancy to form CO and H,O. At the UMP2 level, the energy barrier is 1.23 eV,
and the overall reaction is endothermic by 2.12 eV.

1.3.3 Zinc oxide

FA adsorption and decomposition on the ZnO(1010) surface were computed at different
levels and using different models. Nakatusji et al.,”> computed the chemisorption and surface
reaction of FA on ZnO(1010) using a Zn40,4 cluster embedded in an electrostatic field
represented by 464 point charges at the crystal ZnO lattic position at the HF and MP2 levels
of theory. They found a more stable bridging bidentate adsorption configuration for cis-FA,
which needs a small barrier (0.51 eV at HF) to dissociate into surface formate in the bridging
bidentate adsorption configuration (O/O-down) and OH, and this process is highly exothermic
(=3.70 eV at HF). In contrast, frans-FA dissociates spontaneously first into surface formate in
the unidentate configuration (O-down), which one oxygen atom of formate interacts with one
surface Zn atom and the other oxygen atom interacts with the hydrogen atom of the surface
OH group, and the energy barrier for the dissociative adsorption of trans-FA to form the
bridging bidentate formate and surface OH group is 0.64 eV at HF.

On the basis of the results of Nakatusji et al.,** Yoshimoto et al.,® further computed FA
decomposition on (1010) using a Zn,O, cluster embedded in an electrostatic field to simulate
the Madelung potential at the HF and MP2 levels of theory. Starting from the most stable
adsorbed formate on the surface (O/O-down), the first step of the minimum energy path is the
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C-H bond dissociation to form CO, and surface Zn-H and the computed barrier is 2.30 eV at
HF, and the second step is the molecular adsorption of a second cis-FA molecule, where the
oxygen atom of the O=C group interacts with one surface Zn atom and the oxygen atom of the
O-H group interacts with the Zn atom of the formed Zn-H group, directly followed by H,
formation and surface formate regeneration, and the calculated barrier is rather low (0.29 eV
at HF). From FA adsorption to CO, and H,, the rate-determining step is the C-H bond
dissociation from the adsorbed formate.

Apart from the above mentioned cluster model for FA adsorption and decomposition,
Persson and Ojam&e® computed FA adsorption by using periodic HF method. In their
calculations, they did not include the adsorption-induced surface relaxation effect. For
trans-FA, they found dissociative adsorption in two unidentate configurations; one is the same
as reported by Nakatusiji et al.,”* where the surface formate interacts with one surface Zn
atom and one oxygen atom interacts with the hydrogen atom of the surface OH group direct
bonded to the Zn atom and they form a 6-membered ring (or short-bridge form), and the
second configuration has the same surface interaction modes but the formate and surface Zn
and O form a 8-membered ring (or long bridge form); and the latter one is more stable than
the former one by about 0.3 eV. Later on, Persson et al.,*® refined their surface model by
relaxing the first surface layer and confirmed their previous results qualitatively and they also
found that surface relaxation can have a significant influence on the equilibrium geometries
and adsorption energies. The most stable bridging bidentate adsorption configuration
(O/O-down) of formate on ZnO was also confirmed by a combined experimental (X-ray
powder diffraction, transmission electron microscopy, Fourier transform infrared spectroscopy,
X-ray photoelectron spectroscopy, UV-vis, and photoluminescence spectroscopy) and
theoretical (a Zn1¢01 cluster model at B3LYP/6-31+G(d,p)) studies by Lenz et al..*

1.3.4 Nickel oxide

Miura et al.,*’

the B3LYP level of DFT. Since FA can dissociate easily into surface formate and surface

computed formate decomposition on NiO(111) using (NiO),4 cluster model at

hydroxyl, they focused only on formate decomposition into CO, and H. On the NiO(111)
surface, formate prefers the chelating bidentate adsorption configuration (O/O-down); and
this chelating bidentate adsorption configuration can easily go to the corresponding
monodentate adsorption configuration (O-down) with very low energy barrier (0.26 V), and
the former is more stable than the later latter by 0.22 eV. Rotation of the monodentate formate
group results in the monodentate adsorption configuration (O/H-down) without essential
barrier, where its C-H group pointing to the neighboring surface oxygen atom. The next step is
the C-H bond dissociation with the formation of the chemisorbed CO, and surface OH; and
the corresponding barrier is 0.76 eV, this step is also the rate-determining step. These
findings are in agreement with the experimental results.
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1.4 Conclusion and outline

We mainly outlined the recent computational investigations into FA adsorption and decom-
position on some metal (Pt, Pd, Ni, Cu, Rh and Au) and metal oxide (TiO,, MgO, ZnO and NiO)
surfaces, despite of the fact that there are plentiful literatures data for the adsorption of many
individual surface intermediates which are related to FA adsorption and decomposition; and
homogeneous catalytic decomposition of FA using defined molecular complexes are also not
discussed here. The goal is the understanding into the reaction mechanisms of selective
dehydrogenation and dehydration.

On metal surfaces, molecular FA adsorption configuration has been found, and such con-
figuration can go to the adsorbed surface formate and H easily via low barrier. The most
important surface intermediate is formate, which has a bridging bidentate adsorption con-
figuration with its two oxygen atoms interacting with two surface metal atoms. The subsequent
C-H bond dissociation in formate results in CO, formation. Apart from the well discussed
formate route, alternative routes like FA direct dissociation into CO+H,O and carboxylic
(COOH) route have been studied. Despite of these interesting and plentiful results, it is still
controversial about the favourable reaction mechanisms for FA catalytic dissociation, and this
is because that the computed results depend on many factors, e.g.; model size, coverage,
solvation, mono- and bimolecular systems, interaction of adsorbed species, and finally com-
putational methodologies.

FA electro-catalytic oxidation might have three different routes, the formate route, the direct
route and the indirect route under the consideration of water solvent molecules and the
applied potentials. Apart from the formate route, both the direct and indirect routes might be
accessible depending on the model systems, and it is also found the pre-adsorbed formate
might act as a catalyst for C-H bond activation and CO, formation. The co-adsorbed CO and
OH might also affect this reaction.

On metal oxide surfaces, FA adsorbs mostly dissociatively into surface formate and surface
OH group; and surface formate prefers the bridging bidentate adsorption configuration. In
addition, surface defects or surface oxygen vacancies also play an important role in the
subsequent dissociation steps. Since the first step of FA decomposition is more or less very
easy, the surface formate represents the most important intermediate for the subsequent
reactions, and the selective decomposition of formate either via the dynamic bending
structure or the transfer from the bridging bidentate to the monodentate structures remains
the intriguing and challenging task.

Despite of the rapid development in information technology and quantum chemical metho-
dology as well as their wide applications, all these reported calculations used very limited and
over idealized or simplified models, which are far away from the real systems; and many con-
troversial results have been found by using different model and methods. Since many relevant
structural parameters, especially those of the transition states, are not available in many
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studies, it is not possible or easy to understand the origins of the quite different or contro-
versial results and to identify the best catalysts for H, generation from FA decomposition.

One of the most important effects in heterogeneous catalysis, the quantum size effect of the
nanocatalysts, has not been studied adequately. Moreover, all these reported calculations are
carried out under idealized conditions; and the reaction parameters like temperature, pressure
have not been considered. Recent computational studies show that it is necessary to include
the contribution of temperature and pressure from ab initio atomistic thermodynamics.?®%°
This is because that all the reported studies used the most stable surfaces, which have the
lowest adsorption energies or the smallest desorption energies and at the working tem-
perature and pressure, desorption instead of adsorption might take place.'®'""

In future work, we need not only the development in nanotechnology and analytic methods
for providing more detailed information of surface properties and sophisticated computational
methodologies but also more reasonable (stepped, kinked or defect) model systems for a
better understanding into the catalytic mechanisms under the consideration of the reaction

conditions (temperature and pressure as well as solvent)

1.5 References

(1) Loges, B.; Boddien, A.; Gartner, F.; Junge, H.; Beller. M. Top. Catal. 2010, 53, 902-914.
(2) Mailhe, A.; Sabatier, P. Compt. Rend. 1912, 152, 1212-5.

(3) Mars, P.; Scholten, J. J. F.; Zwietering, P. Adv. Catal. 1963, 14, 35-113.

(4) Trillo, J. M.; Munuera, G,; Criado, J. M. Catal. Rev. 1972, 7, 51-86.

(5) Madix, R. J. Adv. Catal. 1980, 29, 1-53.

(6) Columbia, M. R.; Thiel, P. A. J. Elect. Chem. 1994, 369, 1-14.

(7) Tedsree, K.; li, T.; Jones, S.; Chan, C. W. A_; Yu, K. M. K,; Bagot, P. A. J.; Marquis, E. A;;
Smith, G. D. W.; Tsang, S. C. E. Nature Nanotech. 2011, 6, 302-307.

(8) Fang, P. P,; Duan, S.; Lin, X. D.; Anema, J. R; Li, J. F.; Buriez, O.; Ding, Y.; Fan, F. R.; Wu,
D. Y, Ren, B.; Wang, Z. L.; Amatore, C.; Tian, Z. Q.; Chem. Sci. 2011, 2, 531-539.

(9) Bi, Q. Y.; Du, X. L.; Liu, Y. M,; Cao, Y.; He, H. Y,; Fan, K. N.; J. Am. Chem. Soc. 2012, 134,
8926—-8933.

(10) Flaherty, D. W.; Berglund, S. P.; Mullins, C. B. J. Catal. 2010, 269, 33—-43.

(11) Kods, A.; Solymosi, F.; Catal. Lett. 2010, 138, 23-27.

(12) Gazsi, A.; Bansagi, T.; Solymosi, F. J. Phys. Chem. C 2011, 115, 15459-15466.

(13) Kang, Y.; Qi, L.; Li, M,; Diaz, R. E.; Su, D.; Adzic, R. R,; Stach, E.; Li, J.; Murray, C. B.
ACS Nano 2012, 6, 2818-2825.

(14) Cuesta, A.; Cabello, G.; Osawa, M.; Gutiérrez, C. ACS Catal. 2012, 2, 728-738.

(15) Behrens, M.; Studt, F.; Kasatkin, I.; Kuhl, S.; Havecker, M.; Abild-Pedersen, F.; Zander, S.;
Girgsdies, F.; Kurr, P.; Kniep, B. L.; Tovar, M.; Fischer, R. W.; Narskov, J. K.; Schlogl, R.
science 2012, 336, 893—-897.



22
1 Computational Hydrogen Generation from Formic Acid

(16) Zhang, S.; Metin, O.; Su, D.; Sun, S. Angew. Chem. Int. Ed. 2013, 52, 3681-3684.

(17) Wang, Z. L.; Yan, J. M.; Ping, Y.; Wang, H. L.; Zheng, W. T.; Jiang, Q Angew. Chem. Int.
Ed. 2013, 52, 4406—4409.

(18) Johnson, T. C.; Morris, D. J.; Wills, M. Chem. Soc. Rev. 2010, 39, 81-88.

(19) Loges, B.; Boddien, A.; Junge, H.; Beller, M. Angew. Chem. Int. Ed. 2008, 47,
3962-3965.

(20) Fellay, C.; Dyson, P. J.; Laurenczy, G. Angew. Chem. Int. Ed. 2008, 47, 3966—3968.
(21) Fukuzumi, S. Eur. J. Inorg. Chem. 2008, 1351-1362.

(22) Boddien, A.; Loges, B.; Gartner, F.; Torborg, C.; Fumino, K.; Junge, H.; Ludwig, R.; Beller,
M. J. Am. Chem. Soc. 2010, 132, 8924—-8934.

(23) Boddien, A.; Mellmann, D.; Gartner, F.; Jackstell, R.; Junge, H.; Dyson, P. J.; Laurenczy,
G.; Ludwig, R.; Beller, M. Science 2011, 333, 1733-1736.

(24) Hammer, B.; Narskov, J. K. Adv. Catal. 2000, 45, 71-129.

(25) Inderwildi, O. R.; Jenkins, S. J.; Chem. Soc. Rev. 2008, 37, 2274—-2309.

(26) Torrent, M.; Sola, M.; Frenking, G. Chem. Rev. 2000, 100, 439—493.

(27) Niu, S.; Hall, M. B. Chem. Rev. 2000, 100, 353-406.

(28) Lopez, N.; Almora-Barrios, N.; Carchini, G.; Btoiski, P.; Bellarosa, L.; Garci-Muelas, R.;
Novell-Leruth, G.; Garcia-Motac, M. Catal. Sci. Technol. 2012, 2, 2405-2417.

(29) Wiest, O.; Wu, Y. (Eds), Computational Organometallic Chemistry, Springer 2012.

(30) Santen, R. A. V.; Neurock, M. (Eds), Molecular Heterogeneous Catalysis: A Conceptual,
Computational Approach, Wiley-Vch, 2006.

(31) Leitner, W.; Dinjus, E.; Galner, F. J. Organomet. Chem. 1994, 475, 257—266.

(32) Maseras, F.; Lledds, A. (Eds), Computational Modeling of Homogeneous Catalysis, 2002
Kluwer Academic Publishers, p79-105.

(33) Ohnishi, Y. Y.; Nakao, Y.; Sato, H.; Sakaki, S. Organometallics 2006, 25, 3352—-3363.
(34) Ohnishi, Y. Y.; Matsunaga, T.; Nakao, Y.; Sato, H.; Sakaki, S. J. Am. Chem. Soc. 2005,
127, 4021-4032.

(35) Musashi, Y.; Sakaki, S. J. Am. Chem. Soc. 2000, 122, 3867-3877.

(36) Musashi, Y.; Sakaki, S. J. Am. Chem. Soc. 2002, 124, 7588-7603.

(37) Chen, Y. X.; Heinen, M.; Jusys, Z.; Behm, R. J. Angew. Chem. Int. Ed. 2006, 45,
981-985.

(38) Bako, I.; Palinkas, G. Surf. Sci. 2006, 600, 3809—-3814.

(39) Salciccioli, M.; Edie, S. M.; Vlachos, D. G. J. Phys. Chem. C 2012, 116, 1873-1886.
(40) Hartnig, C.; Grimminger, J.; Spohr, E. J. Elect. Chem. 2007, 607, 133—139.

(41) Neurock, M.; Janik, M.; Wieckowski, A. Faraday, Discuss 2008, 140, 363—378.

(42) Zhong, W.; Zhang, D. Catal. Commun. 2012, 29, 82—86.

(43) Zhong, W.; Wang, R.; Zhang, D.; Liu, C. J. Phys. Chem. C 2012, 116, 24143-24150.
(44) Wang, H. F; Liu, Z. P. J. Phys. Chem. C 2009, 113, 17502—-17508.



23
1 Computational Hydrogen Generation from Formic Acid

(45) Peng, B.; Wang, H. F.; Liu, Z. P.; Cai, W. B.; J. Phys. Chem. C 2010, 114, 3102-3107.
(46) Gao, W.; Keith, J. A.; Anton, J.; Jacob, T. Dalton Trans. 2010, 39, 8450-8456.

(47) Gao, W.; Keith, J. A.; Anton, J.; Jacob, T. J. Am. Chem. Soc. 2010, 132, 18377-18385.
(48) Gao, W.; Mueller, J. E.; Jiang, Q.; Jacob, T. Angew. Chem. Int. Ed. 2012, 51, 9448-9452.
(49) Segall, M. D.; Lindan, P. L. D.; Probert, M. J.; Pickard, C. J.; Hasnip, P. J.; Clark, S. J;
Payne, M. C. J. Phys.: Cond. Matt. 2002, 14, 2717—-2744.

(50) Kresse, G.; Hafner, J. Phys. Rev. B 1993, 47, 558-561.

(51) Cao, D.B.; Li, Y.W.; Wang, J.; Jiao, H. J. Phys. Chem. C 2008, 112, 14884—14890.
(52) Barteau, M. A. Catal. Lett. 1991, 8, 175-183.

(53) Larsen, R.; Ha, S.; Zakzeski, J.; Masel, R. I. J. Power Sources 2006, 157, 78—84.

(54) Zhou, S.; Qian, C.; Chen, X. Catal. Lett. 2011, 141,726-734.

(55) Luo, Q.; Feng, G; Beller, M.; Jiao, H. J. Phys. Chem. C 2012, 116, 4149-4156.

(56) Zheng, T.; Stacchiola, D.; Saldin, D. K.; James, J.; Sholl, D. S.; Tysoe, W. T. Surf. Sci.
2005, 574, 166-174.

(57) Hu, C.; Ting, S. W.; Chan, K. Y.; Huang, W. Int. J. Hydrogen Energy 2012, 37,
15956-15965.

(58) Zhang, R.; Liu, H.; Wang, B.; Ling, L.; J. Phys. Chem. C 2012, 116, 22266—22280.
(59) Yuan, D.W.; Liu, Z. R. J. Power Sources, 2013, 224, 241-249.

(60) Li, S. J.; Zhou, X.; Tian, W. Q.; J. Phys. Chem. A, 2012, 116, 11745-11752.

(61) Peng, G.; Sibener, S. J.; Schatz, G. C.; Ceyer, S. T.; Mavrikakis, M. J. Phys. Chem. C
2012, 116, 3001-3006.

(62) Peng, G.; Sibener, S. J.; Schatz, G. C.; Mavrikakis, M. Surf. Sci. 2012, 606, 1050—1055.
(63) Wang, S. G.; Cao, D. B.; Li, Y. W.; Wan, J.; Jiao, H. J. Phys. Chem. B 2005, 109,
18956-18963.

(64) Vesselli, E.; De Rogatis, L.; Ding, X.; Baraldi, A.; Savio, L.; Vattuone, L.; Rocca, M.;
Fornasiero, P.; Peressi, M.; Baldereschi, A.; Rosei, R.; Comelli, G. J. Am. Chem. Soc. 2008,
130, 11417-11422.

(65) Vesselli, E.; Rizzi, M.; De Rogatis, L.; Ding, X.; Baraldi, A.; Comelli, G.; Savio, L.;
Vattuone, L.; Rocca, M.; Fornasiero, P.; Baldereschi, A.; Peressi, M. J. Phys. Chem. Lett.
2010, 1, 402-406.

(66) Tao, S. X.; Wang, G. C.; Bu, X. H. J. Phys. Chem. B 2006, 110, 26045-26054.

(67) Wang, G. C.; Morikawa, Y.; Matsumoto, T.; Nakamura, J. J. Phys. Chem. B 2006, 110,
9-11.

(68) Mei, D.; Xu, L.; Henkelman, G. J. Catal. 2008, 258, 44-51.

(69) Beltramo, G. L.; Shubina, T. E.; Koper, M. T. M. ChemPhysChem 2005, 6, 2597-2606.
(70) Xu, J.; Yuan, D.; Yang, F.; Mei, D.; Zhang, Z.; Chen, Y. X.; Phys. Chem. Chem. Phys.
2013, 15, 4367-4376.

(71) Pang, C. L.; Lindsay, R.; Thornton, G.; Chem. Soc. Rev. 2008, 37, 2328-2353.



24
1 Computational Hydrogen Generation from Formic Acid

(72) Ahdjoudj, J.; Minot, C. Catal. Lett. 1997, 46, 83-91.

(73) Bates, S. P,; Kresse, G,; Gillan, M. J.Surf. Sci. 1998, 409, 336-349.

(74) Kackell, P.; Terakura, K. Appl. Surf. Sci. 2000, 166, 370-375.

(75) Kackell, P.; Terakura, K. Surf. Sci. 2000, 461, 191-198.

(76) Wang, L. Q.; Ferris, K. F.; Shultz, A. N.; Baer, D. R.; Engelhard, M. H. Surf. Sci. 1997, 380,
352-364.

(77) Vittadini, A.; Selloni, A.; Rotzinger, F. P.; Gratzel, M. J. Phys. Chem. B 2000, 104,
1300-1306.

(78) Gong, X. Q.; Selloni, A.; Batzill, M.; Diebold, U. Nat. Mater., 2006, 5, 665-670.

(79) Miller, K. L.; Falconer, J. L.; Medlin, J. W. J. Catal. 2011, 278, 321-328.

(80) Miller, K. L. Musgrave, C. B.; Falconer, J. L.; Medlin, J. W. J. Phys. Chem. C 2011, 115,
2738-2749.

(81) Gong, X. Q.; Selloni, A. J. Catal. 2007, 249, 134-139.

(82) Gong, X. Q.; Selloni, A.; Vittadini, A. J. Phys. Chem. B 2006, 110, 2804—2811.

(83) Li, W. K,; Gong, X. Q.; Lu, G; Selloni, A. J. Phys. Chem. C 2008, 112, 6594—-6596.

(84) Nunzi, F.; De Angelis, F. J. Phys. Chem. C 2011, 115, 2179-2186.

(85) Morikawa, Y. Takahashi, I.; Aizawa, M.; Namai, Y.; Sasaki, T.; Iwasawa, Y. J. Phys. Chem.
B 2004, 108, 14446-14451.

(86) Aizawa, M.; Morikawa, Y.; Namai, Y.; Morikawa, H.; Iwasawa, Y. J. Phys. Chem. B 2005,
109, 18831-18838.

(87) Uemura, Y.; Taniike, T.; Tada, M.; Morikawa, Y.; Iwasawa, Y. J. Phys. Chem. C 2007, 111,
16379-16386.

(88) Avdeeyv, V. I.; Parmon, V. N.J. Phys. Chem. C 2011, 115, 21755-21762.

(89) Nakatsuiji, H.; Yoshimoto, M.; Hada, M.; Domen, K.; Hirose, C. Surf. Sci. 1995, 336,
232-244.

(90) Szymanski, M. A.; Gillan, M. J. Surf. Sci. 1996, 367, 135-148.

(91) Lintuluoto, M.; Nakatsuiji, H.; Hada, M.; Kanai, H. Surf. Sci. 1999, 429, 133-142.

(92) Nakatsuiji, H.; Yoshimoto, M.; Umemura, Y.; Takagi, S.; Hada, M. J. Phys. Chem. 1996,
100, 694-700.

(93) Yoshimoto, M.; Takagi, S.; Umemura, Y.; Hada, M.; Nakatsuji, H. J. Catal. 1998, 173,
53-63.

(94) Persson, P.; Ojamae, L.; Chem. Phys. Lett. 2000, 321, 302—-308.

(95) Persson, P.; Lunell, S.; Ojamae, L.; Int. J. Quantum Chem. 2002, 89, 172-180.

(96) Lenz, A.; Selegard, L.; Soderlind, F.; Larsson, A.; Holtz, P. O.; Uvdal, K.; Ojamae, L.; Kall,
P. O. J. Phys. Chem. C 2009, 113, 17332-17341.

(97) Miura, T.; Kobayashi, H.; Domen, K.; J. Phys. Chem. B 2001, 705, 10001-10006.

(98) Reuter, K.; Scheffler, M. Phys. Rev. B 2001, 65, 035406—11.

(99) Reuter, K.; Scheffler, M. Phys. Rev. B 2003, 68, 045407-11.



25
1 Computational Hydrogen Generation from Formic Acid

(100) Wang, T.; Liu, X.; Wang, S.; Huo, H. C; Li, Y. W.; Wang, J.; Jiao, H. J. Phys. Chem. C
2011, 115, 22360-22368.

(101) Wang, T.; Wang, S.; Li, Y. W.; Wang, J.; Jiao, H. J. Phys. Chem. C 2012, 116,
6340-6348.



26
2 Formic Acid Dehydrogenation on Ni(111) and Pd(111) and Comparison with Pt(111)

2 Formic Acid Dehydrogenation on Ni(111) and Pd(111) and
Comparison with Pt(111)

2.1 Introduction

One of the biggest challenges of our human society in the 21st century is the rising global
energy demand and the depleted fossil fuel reserves, and a hydrogen economy has been
considered as one of the energy resources to solve this problem.” Nowadays, hydrogen is
mainly produced from fossil resources by means of steam reforming and coal gasification,
which require high-temperature and consume extra energy. Although molecular hydrogen has
very high energy density on its mass basis, but very low energy density by volume at ambient
condition. For being used as transport fuel, hydrogen must be pressurized or liquefied to
provide sufficient driving range for compact, light, safe and affordable containment. Since
hydrogen is an energy carrier instead of a primary energy, its generation or production from
suitable materials under mild condition, storage and conversion into electrical energy are very
challenging.

Compared with other hydrogen resources, formic acid is non-toxic, easy to be handled and
stored, and provides a viable method for safety hydrogen carrier.? There are previous
experimental studies on the adsorption and dehydrogenation of formic acid on transition metal
surface.® Recently, Beller and co-workers generated hydrogen successfully from formic acid
amine adduct at high rate and room temperature for direct usage in fuel cell.* Laurenczy®
and Fukuzumi® also showed that formic acid can be used as an efficient hydrogen storage
material. Jessop et al. showed that CO, can be hydrogenated to formic acid under
supercritical CO,.” Solymosi et al., reported the decomposition and reforming of formic acid
on supported Au catalysts to produce CO free hydrogen,® and they also reported that Mo,C
prepared by the reaction of Mo;O with a multiwalled carbon nanotube and carbon Norit is an
excellent and stable catalyst for hydrogen production from formic acid virtually free of CO.°
Promising results were also obtained from the decomposition of formic acid on various
supported metal catalysts.'® Very recently a new process for hydrogenating CO, to formic
acid using homogeneous ruthenium catalysts has been reported by Schaub and Paciello."

Theoretically Sakaki et al., investigated CO, hydrogenation to formic acid using ruthenium'?
and rhodium™ catalysts under homogeneous conditions. Under heterogeneous conditions,
the reaction mechanism of electrocatalytic oxidation of formic acid over Pt(111) in the
presence of water has been elucidated."' Jacob et al.,'® computed the mechanisms of
formic acid oxidation on the Pt(111) surface under electrochemical condition with
water-covered compared with the gas-phase reactions. On the basis of *C NMR
measurement and DFT calculation Tsang et al.,'” reported the size effect of various metal
colloid catalysts on the decomposition and electro-oxidation of formic acid, and found different
adsorption configurations (bridging, monodentate and multimonodentate) of formate in
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equilibrium upon the change of the catalyst sizes. Recently Zhou et al., studied formic acid
dehydrogenation on Pd(111) surface.' Formic acid dehydrogenation on other metal surfaces
(Pt(100) and Pd(100)'") and metal oxide surfaces (MgO(001),?° CeO,,?" TiO,(110),%
Zn0O(1010),* CuO? and a-Fe,0;,*° as well as pure and MgO doped y-Al,05%°) also were
reported.

As an excellent reforming catalyst, Ni has been extensively used for hydrogen generation
from steam reforming (CH4 + H,O = CO + 3H,), partial oxidation (CH4 + 1/20, = CO + 2H,)
and dry reforming (CH, + CO, = 2CO + 2H,).?’ Using Ni(111) as a model catalyst, the dry
reforming mechanism was investigated by Zhu et al.,® and Wang et al..*® In addition, CH,
dehydrogenation® and CO, chemisorption®’ on Ni(111) also have been computed. The
kinetic mechanism of methanol decomposition into CO and H atom (CH;OH = CO + 4H),*
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and the conversion process of formaldehyde and methanol from CO and H,™ were reported.

The CH, stability and reactivity of on the Ni(111) surface was studied by Narskov et al..**
HCN hydrogenation to methylamine (HCN + 2H, = CH3NH,) was studied by Olive et al..*®> As
a fundamental process for the refining industry benzene hydrogenation (CeHgs + 3H, = CeH12)
was explored by Mittendorfer and Hafner.*®

To the best of our knowledge, formic acid dehydrogenation on Ni surface has not been
reported. Since nickel is much cheaper than palladium and platinum, we investigated the
mechanism of formic acid dehydrogenation on Ni(111) by using density functional theory
methods and compared our data with the available experimental and theoretical results.
Detailed comparisons for formic adsorption and dehydrogenation have been made among
Ni(111), Pd(111) and Pt(111), and high similarities among these metals have been found.

2.2 Computational details

All calculations were performed using plane-wave periodic density functional method as
implemented in the Vienna ab initio simulation package (VASP).*” The exchange and
correlation energies were calculated using the Perdew, Burke and Ernzerhof (PBE)>®
functional within the generalized gradient approximation (GGA). The electron-ion interaction
was described by the projector augmented wave (PAW) method,* and the Kohn-Sham
one-electron states were expanded in a plane wave basis set up to 400 eV. Electron smearing
of o = 0.1 eV* was used following the Methfessel-Paxton scheme. Spin polarization was
included for the correct description of magnetic properties.

For optimizing the crystal lattices all atoms were fully relaxed with the forces converged to
be less than 0.02 eV/A and the total energy converged to be less than 10 eV. Brillouin zone
sampling was employed using a Monkhorst-Pack grid.*" The calculated crystal lattice and
magnetic moment is 3.517 A and 6.1 g, respectively, and they are in well agreement with the

experimental value of 3.52 A*? and 6.040 pg,*

respectively. For the Ni(111) surface, the first
Brillouin zone was sampled with 3x3x1 k-point grid. For calculating gas phase molecules a

7.46%7.46%19.06 A lattice was used.
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Ni(111) was modelled using a three-layer slab with a 15 A vacuum zone in the z direction to
separate the slabs, a p(3x3) super cell with nine atoms at each layer was used; and this
corresponds to a 1/9 monolayer (ML) coverage. This model was tested and benchmarked
previously by Wang et al..?**%*'In our calculation, we have fixed the bottom layer to their
bulky position, while relaxed the top two layers along with the adsorbates, and the calculated
adsorption energy of formic acid is -0.36 eV. We also tested a four-layer model with the top
one layer, top two layers and top three layers relaxed, and the calculated adsorption energy of
formic acid is -0.39, -0.39 and -0.41 eV, respectively. It shows that our three-layer model with
top two layers relaxed is reasonable. Figure 2.1 shows the top view of Ni(111) and the
adsorption modes, i.e.; the face-centered cubic (fcc) site; the hexagonal-close packed (hcp)
site, the top site and the bridge site; in which the blue and white atoms represent the first and
the second layers of Ni(111), respectively. Due to the structural and energetic similarities for
the adsorption at the fcc and hcp sites, we discussed mainly the results for the adsorption at
the fcc site, while those at the hcp site are given in Appendix Figures A1-A5 for comparison if
not mentioned otherwise. In addition, we tested a 4-layer slab with 5x5x1 k-point grid (top two
layers with adsorbates were relaxed and bottom two layers were fixed to the buck positions),
and the calculated adsorption energy of formic acid is -0.33 eV; and the calculated
dissociation barrier is 0.37 eV, these are close to the values (-0.36 vs. 0.41 eV) by using
3-layer model with 3x3x1 k-point grid.

hexagonal-close-
packed (hep) site

face-centered
cubic(fec) site

Figure 2.1 Top view of the Ni(111) surface and the adsorption sites (first layer Ni in blue and
second layer Ni atom in white)

The nudged elastic band (NEB) method was used to find a minimum energy path (MEP)
between an initial and a final state; both are local minima on the potential energy surface.* In
this approach, the reaction path is discretized with the discrete configurations or images
between minima connected by elastic springs to prevent the images from sliding to the
minima in optimization. The vibrational frequencies of the adsorbed species and the
transitional states were calculated by diagonalizing the mass-weighted force constant matrix,
obtained by numerically differentiation of analytically calculated forces as implemented in
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VASP. Since both hydrogen and deuterium atoms have the same electronic structure, and
differ only in mass, we used the mass of 1 for hydrogen and 2 for deuterium in the
corresponding frequency calculations.

The Hessian matrix was determined based on a finite difference approach with a step size
of 0.024 A for the displacements for individual atoms of the adsorbate along each Cartesian
coordinate. The computed vibrational frequencies were used to characterize a minimum state
without imaginary frequencies or an authentic transition state with only one imaginary
frequency.

The adsorption energy is defined as E.qs = Ensiab — [Esiab + Enl, Where Easap is the total
energy of the slab with adsorbate A, E 4, is the total energy of the bare slab, and E, is the total
energy of free adsorbate A. Thus, the more negative the E.qs, the stronger the adsorption. The
reaction energy (AE;) and barrier (E,) are calculated by AE, = Ers — Eis and E, = Ets — Ejs,
respectively, where E;s, Ers and Ers are the total energies of the initial state (IS), final state
(FS) and transition state (TS), respectively. For the dissociative reaction XY = X + Y, we
defined the lateral interaction between X and Y as Eint = Exsvisiab + Esiab — (Exssiab + Evisiab),
where Exsap and Eyigiap are the total energies of the adsorption of X and Y on the slab,
respectively, and Ev.ysiab is the total energy of the co-adsorbed X+Y on the slab.

2.3 Results and Discussion
2.3.1 Formic acid (HCO,H/DCO,H) adsorption

In order to get the optimal formic acid adsorption structures on Ni(111), different starting
configurations were considered at 1/9 ML coverage, and only the most stable adsorption
configuration la is located.

As shown in Figure 2.2, the adsorbed HCOOH in la stands over the fcc centre and the
carbonyl oxygen (C=0) binds to atop site and the hydroxyl group (O-H) points towards
asymmetrically to two neighbouring nickel atoms. The Ni-O distance is 2.046 A; and the Ni-H
distances are 2.422 and 2.353 A. The computed adsorption energy for 1la is -0.36 eV,
indicating an energetically favourable process.

In addition to the optimized structural parameters of adsorbed formic acid, it is also
interesting to compare the computed stretching frequencies with the available experimental
data. Experimentally deuterated formic acid with deuterium at the carbon atom (DCO,H) was
used and the stretching frequencies were recorded at 90 K.*° For direct comparison we have
computed the stretching frequencies of adsorbed DCO,H and HCO,H on Ni(111). As shown in
Table 2.1, the computed C=0 (1613 vs. 1600-1700 cm™), C-D (2240 vs. 2200 cm™), C-O
(1275 vs. 1200-1325 cm™) and O-H (2850 vs. 2730 cm™) stretching frequencies for the
adsorbed DCO;H are in well agreement with the experimental values, and these agreements
validate our model and method. In addition, the expected isotopic effect has been observed
between HCO,H and DCO,H. For example, the C=0 and C-O stretching frequencies of
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DCO,H have slightly lower wave numbers than those of HCO,H, and the O-H stretching
frequency of DCO,H has somewhat higher wave numbers than that of HCO,H. As expected
the strongest shift of the stretching frequency is found for C-D compared to C-H. These
experiments show that there is no corrosion of nickel surface by formic acid under this
condition. In view of acidic corrosion of formic acid, it was reported that no evidence of nickel
formate film formation was obtained in the temperature range (225-480°C) in which the nickel
surface shows active catalysis using electron microscopy and diffraction techniques. However,
experiments at lower temperatures (30-55°C) showed that an anhydrous nickel formate film is
produced when nickel is exposed to an atmosphere nearly saturated with formic acid. Under
these conditions, multilayer adsorption of formic acid becomes possible. Corrosion of the
metal surface may then be similar to the reaction with liquid formic acid.*®

Table 2.1 Vibrational frequencies (v, cm™) of adsorbed formic acid on Ni(111)

1a° DCO,H°
Vo 1626 (1613) (1600-1700)
ven (Ven) 3034 (2240) (2200)
V.o 1296 (1275) (1200-1325)
Vo 2829 (2850) (2730)

a) The vibrational frequencies for DCO,H are given in parenthesis.
b) The experimental values from Ref. [45]

2.3.2 Formate (HCO,/DCO,) adsorption

Formate (HCO,) is a very common surface intermediate in water-gas shift reaction and
methanol oxidation. As shown in Figure 2.2, three stable structures of formate adsorption on
Ni(111) are found, e.g.; the bidentate bridging structure 2a with its two oxygen atoms at atop
sites; the 3-fold capping structure 2b and the bidentate structure 2¢ with one oxygen and one
hydrogen atom at atop sites. The most stable adsorption structure is 2a with adsorption
energy of -2.83 eV, and 2b and 2c are less stable (-2.23 and -1.90 eV, respectively). In 2a, the
Ni-O (1.966 A) and O-C (1.271 A) distances are in good agreement with calculated values
(1.951 vs. 1.277 A) by Pang et al..*’ In 2b, the 3-fold capping oxygen to Ni (Ni-O) has
distances of 2.011, 2.036 and 2.094 A. In 2c, the Ni-O and Ni-H distances are 1.908 and
1.835 A, respectively.

For the adsorbed HCO in 2a, the computed C-H stretching frequency is 2989 cm™, and the
symmetrical and asymmetrical stretching frequencies of the bidentate O-C-O bridge are 1304
and 1510 cm™, respectively. For the adsorbed DCO,, the corresponding C-D stretching mode
is 2202 cm™, which is in agreement with the experimental value of 2196 cm™*® and the
symmetrical and asymmetrical modes of the bidentate O-C-O bridge are 1280 and 1509 cm™,
respectively. For 2b, the stretching modes of C-H, C=0 and C-O are 2951, 1717 and 1039
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cm’, respectively, and the C-H bending modes are 1314 and 963 cm™. For 2c, the stretching
modes of C-H, C=0 and C-O are 2047, 1751 and 1115 cm™, respectively, and the C-H
bending modes are 1324 and 859 cm™. It is to note that such bidentate adsorption
configurations (2a and 2c) in equilibrium have been observed experimentally on the
nano-sized Pd particles."’

2c (-1.90eV)

>

4b (0.27 &V) 5a (-241 eV) 5b (~2.40 eV)

Figure2.2 The stable structures and adsorption energies of HCO,H (1a), HCO, (2a-2c),
HCO, and H co- adsorption (3a) CO, adsorption (4a and 4b), as well as CO, and H
co-adsorption (5a and 5b) configuration on Ni(111) (bond distances in A energies in eV)

2.3.3 HCO, and H co-adsorption

For the first dehydrogenation step (HCO,H — HCO, + H), we have computed HCO, and H
co-adsorption. For formate and H co-adsorption, the stable configuration (3a) has been found
(Figure 2.2); and the computed co-adsorption energy is -5.34 eV. In 3a the H atom adsorbs at
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the 3-fold hcp site and the formate has bidentate coordination over the fcc and hcp centers,
and the structural parameters for formate are very close to those in 2a. The computed lateral
interaction energy of 3a is 0.23 eV. In addition, the computed co-adsorption energy of formate
and the subsurface fcc H is -4.96 eV, 0.38 eV less stable than 3a. The reaction energy of
HCO,H dehydrogenation to HCO, and H is exothermic by 0.35 eV.

It is to note that there are plentiful studies about hydrogen adsorption on Ni(111).274249%9 |t
is reported that molecular hydrogen adsorbs dissociatively on Ni(111), and H atom prefers the
3-fold fcc and hcp sites in close energy and surface H adsorption has the largest adsorption
energy than those in subsurface.”® On Ni(111) Ceyer et al. found that subsurface H can

t:°>" and subsurface H can

hydrogenate adsorbed methyl to methane, while surface H can no
hydrogenate adsorbed ethylene to ethane, while surface H does not have such activity under
these experimental conditions.* Hu et al. calculated the hydrogenation of methyl adsorbed on
Ni(111) by surface and subsurface H, and showed that the initial positions of subsurface H
relative to the adsorbed methyl play an important role to get a low activation energy.>

In our calculation, we considered both surface and subsurface H adsorption in the fcc site at
1/9 ML, and no stable H adsorptions in the hcp subsurface at 1/9 ML have been found. The
calculated adsorption of H on the fcc and hcp sites is —2.76 and —2.74 eV, respectively, in
agreement with the experimental values —2.73.*> The computed adsorption energy of
subsurface H in fcc site is —1.98 eV. The surface H-Ni distances are 1.710, 1.709 and 1.706 A,
and the subsurface H-Ni distances are 1.723 A, which are consistent with the reported values
of 1.71 and 1.74 A by Greeley and Mavrikakis.’® The computed H-Ni vibrational frequencies
on Ni(111) at 1/9 ML are 1151, 880 and 868 cm™': and in the subsurface are 886, 882 and 731
cm™. These values agree well with those at 1/4 ML.*°
2.3.4 CO, and H co-adsorption

For the second dehydrogenation step (HCO, — CO, + H), we have computed CO, and H
co-adsorption. Apart from H adsorption, CO, adsorption on Ni(111) also was systemically
studied.®’ Herein, only two most stable structures of CO, chemisorption (4a and 4b) were
taken into account (Figure 2.2). In 4a, the adsorbed CO; bridges the atop sites, while in 4b the
carbon atoms is at the atop site and the oxygen atom bridges two nickel atoms over the fcc
center. The computed adsorption energies of 4a (0.24 eV) and 4b (0.27 eV) are close to those
(0.26 eV at 1/6 ML and 0.31 eV 1/4 ML) found by Wang.*' The computed stretching modes of
C=0 and C-0O and the bending mode of O-C-O of 4a (4b) are 1741 (1724), 1100 (963) and
661 (676) cm™, respectively. The frequencies of isolated CO, also were calculated; i.e. the
C-O stretching mode and the two bending modes of O=C=0 are 2364, 1317, 633 and 631
cm’, respectively.

On the basis of CO, adsorption, two stable configurations (5a and 5b) for CO, and H
co-adsorption have been found (Figure 2.2); and the computed co-adsorption energy of 5a
and 5b is —2.41 and —2.40 eV, respectively. In 5a and 5b, the co-adsorbed CO, configurations
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are close to those in 4a and 4b, respectively, and the H atom is at the 3-fold fcc and hcp site,
respectively. The computed lateral interaction in 5a and 5b is 0.11 and 0.09 eV, respectively.
In addition the computed co-adsorption energy with H in the subsurface of —1.88 and —1.84 eV,
and is 0.53 and 0.56 eV, higher than 5a and 5b, respectively.
2.3.5 HCO,H dehydrogenation

For analyzing the minimum energy path of formic acid dehydrogenation on Ni(111), the
transition states for O-H bond breaking have been computed. Experimentally, monomer of
formic acid was found to decompose to formate intermediate.®® As shown in Figure 2.3, an
authentic transition state for the O-H bond breaking TS(1a/3a) is located and verified by
frequency calculation. In TS(1a/3a), the O-H breaking distance is 1.558 A, much longer than
that of 1.021 A in 1la. The computed dehydrogenation barrier is 0.41 eV, and the
dehydrogenation energy is -0.35 eV, indicating an exothermic process.

TS(2c/5a) TS({2b/5b) TS(4a/CO,)

Figure 2.3 Transition state of HCO,H — HCO, + H on Ni(111) the coordination change of
HCO, adsorption HCO, dehydrogenation (bond distances in A) . CO, desorption on Ni(111)
(bond distances in A)

Compared to formic acid dehydrogenation, formate dehydrogenation on Ni(111) is more
complicated because of the arrangement of the C-H bond from 2a via 2b to 2c depending on
the formate coordination (Figure 2.3). From 2a to 2b, the coordination changes from the
bidentate mode to the 3-fold capping mode via the corresponding transition state TS(2a/2b)
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and the barrier is 0.67 eV. The second step is the coordination change from the 3-fold capping
mode to the C-O and C-H bidentate mode via the corresponding transition state TS(2b/2c)
and the barrier is 0.36 eV for TS(2b/2c).

For formate dehydrogenation into CO, and H, two authentic transition states, TS(2c/5a) and
TS(2b/5b), are located and verified by frequency calculations. As shown in Figure 2.3, the
breaking C-H distance is 1.393 A in TS(2c/5a) and 1.394 A in TS(2b/5b); much longer than
that (1.193 A) in 2c, but shorter than that in 5a (2.340 A) and 5b (2.435 A). The computed
barrier is 0.10 eV for TS(2c/5a) and 0.41 eV for TS(2b/5b). The calculated effective barrier is
about 1.03 eV.

For CO, release we have also computed the transition state TS(4a/CO,). As shown in
Figure 2.3, the Ni-C distances are 2.204 and 2.411 A, and they are longer than those (1.961

and 1.961 A) in 4a. The C-O distances are 1.216 and 1.119 A. The computed desorption
barrier is 0.14 eV.
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Figure 2.4 Potential energy of formic acid dehydrogenation on Ni (111) (energies in eV)

On the basis of the computed energetic data we have mapped the potential energy surface
shown in Figure 2.4. The dehydrogenation of formic acid into formate and atomic hydrogen
has barrier of 0.41 eV. The dehydrogenation energy is —0.60 eV for the separated adsorption
(or —0.35 eV for co-adsorption) of formate and hydrogen, indicating an exothermic process.
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On the potential energy surface, it shows also that the adsorbed formate (2a) is the resting
state, and the transition state of formate dehydrogenation is the maximum point. Although
formate dehydrogenation takes several steps, it is possible to get the effective barrier of about
1.03 eV, and CO, desorption needs very low barrier of 0.14 eV. It is to note that the calculated
effective barrier for formic acid dehydrogenation of 1.03 €V is close to the reported apparent
value of 0.87+0.04 eV in the temperature range between 225-480°C.*°
2.3.6 Comparison with other surfaces

Since Ni, Pd and Pt are the 10th group elements; it is interesting to compare their geometric

t'® by Jacob et al., and Pd"® by Zhou et al. for formic acid

and energetic properties of Ni, P
adsorption and dehydrogenation. Table 2.2 lists the adsorption energy and the energy of the
O-H breaking process in formic acid dehydrogenation on metals and metal oxides.

(&) Formic acid adsorption and dissociation: On Ni(111), the O (O=C) atom and the H
(O-H) atom point towards two surface atoms, formic acid stands perpendicularly over the
surface. The computed adsorption energy is —0.36 eV, and the O-H dissociation has barrier of
0.41 eV and is exothermic by 0.6 eV for the separated adsorption or 0.35 eV for

co-adsorption.

Table 2.2 HCO,H adsorption energy (Eass, €V) and dehydrogenation barrier (E,, eV) on

different surfaces

Surface Eags E, Reference
Ni(111) -0.36 0.41

Pt(111)/1/9 ML -0.40 0.94 16
Pt(111)/1/4 ML -0.34 0.88 16
Pd(111) -0.39 0.58

Pd(111) -0.40 0.21 18
Zn0O(1010) -3.42 23
MgO(001) -0.89 0.73 20
TiO2(110) -1.059 22

On Pd(111), however, Zhou et al., showed that that formic acid lays flat on the Pd (111)
surface and bonds the surface with C and O atoms and the computed adsorption energy is
—0.40 eV; such flat adsorption structure was also found in our work on Ni(111), but 0.40 eV
less stable than the ground state (1a, see Appendix Figure A1). The O-H dissociation has
barrier of 0.21 eV, and is endothermic by 0.12 eV, and the back reaction barrier is only 0.09
eV.

On Pt(111), the O (O=C) atom bonds the atop site and the H (O-H) atom points towards only
one surface atom, and formic acid also stands perpendicularly on the surface, and this stable
structure was also reported previously.?"®* The computed adsorption energy is —0.34 eV at
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1/4 ML and —0.40 eV at 1/9 ML, and the O-H dissociation has barrier of 0.88 eV at 1/4 ML and
0.94 eV at 1/9 ML; and is endothermic by 0.22 eV at 1/4 ML and 0.02 eV at 1/9 ML.

(b) Formate adsorption and dissociation: On Ni(111), 2a is the most stable adsorption
configuration with adsorption energy of —2.83 eV. On Pt(111), the more stable adsorption
configuration is close to 2a, and the adsorption energy is —2.50 eV at 1/4 ML and —2.32 eV at
1/9 ML. For both Ni(111) and Pt(111), formate dehydrogenation needs several steps and the
effective dehydrogenation barrier is about 1.03 eV on Ni(111), and 1.16 eV at 1/4 ML and 1.56
eV at 1/9 ML on Pt(111). These indicate the similarity of Ni(111) and Pt(111) in formic acid
dehydrogenation.

On Pd(111), Zhou et al. also found our 2a-like, 2b-like and 2c-like structures for formate
adsorption, and they also found one bridge intermediate with an O atom to two surface Pd
atoms (1bridge structure), and the computed adsorption energies are —0.60, —0.67, —0.39 and
-0.54 eV, much lower than those on Ni(111) and Pt(111). Since the different adsorption states
of formic acid on those metals, HCO, dehydrogenation was suggested to proceed via 2c-like
to 1bridge structure; and needs to overcome the barriers of 0.01 and 0.17 eV.

The much lower energy barrier of formate dehydrogenation on Pd(111) and the much
smaller energy difference between the 2a- and 2b-like structures are remarkable compared
with those on Ni(111) and Pt(111). To clarify these differences, we performed formic acid and
formate adsorption and dehydrogenation on Pd(111) with spin polarization by using the same
slab model as used by Zhou et al. In our calculations, the most stable adsorption
configuration of formic acid on Pd(111) as energy minimum (1A, Appendix Figure AB) is close
to 1a on Ni(111) and la-like on Pt(111), and the computed adsorption energy of —0.39 eV, as
expected, is also close to that (—0.36 eV) on Ni(111) and those (—0.34 eV at 1/4 ML and —0.40
eV at 1/9 ML) on Pt(111). In contrast, the flat adsorption configuration for formic acid on
Pd(111) reported by Zhou et al. could not be located. In addition, our calculated O-H
dissociation barrier and dehydrogenation energy of formic acid on Pd(111) are 0.58 and —-0.17
eV for separated adsorption (0.09 eV for co-adsorption), respectively, and they are in contrast
to the reported results (0.21 vs. 0.12 V).

For formate adsorption on Pd(111), 2a- , 2b- and 2c-like structures (2A, 2B and 2C;
Appendix Figure A7) are located as energy minimums, and the corresponding adsorption
energy is —2.37, —1.67 and —1.66 eV, respectively, and the energy difference between 2A and
2B is 0.70 eV. Our calculated adsorption energies of formate on Pd(111) and their differences
are much larger than those given by Zhou et al. In addition, our recalculated effective barrier
of formate dehydrogenation on Pd(111) is 0.76 eV, which also is much higher than that given
by Zhou et al.. On the basis of their similarities in the adsorption and dehydrogenation of
formic acid and formate on Ni(111), Pd(111) and Pt(111), we believe that our calculated results
for Pd(111) are more confidential and reliable than those reported by Zhou et al..

Detailed information of HCO, and H co-adsorption and the transition state of formic acid
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dissociation into HCO, and H as well as the transition state of HCO, dissociation into CO, and
H on Pd(111) are shown in Appendix Figures A8-A10; and Appendix Table A1 shows the
adsorption energies (E.qs, €V) for all stationary points involved in HCO,H dissociation into CO,
and H on Ni(111) and Pd(111).

At 1/9 ML coverage, the adsorption energy of formic acid on Ni, Pd and Pt surface is —0.36,
—0.39 and —-0.40 eV, respectively. The barrier of formic acid dissociation into formate and
hydrogen is 0.41, 0.58 and 0.94 eV, respectively. These data show that formic acid has close
adsorption energies on three metal surfaces, but has the lowest dissociation barrier on Ni
surface and the highest barrier on Pt surface.

The adsorption energy of formate on Ni, Pd and Pt surface is —2.83, —2.37 and —2.32 eV,
respectively; and the effective barrier of formate dissociation into hydrogen and CO, is 1.03,
0.76 and 1.56 eV, respectively. These data show that Ni surface has the strongest formate
adsorption, while Pt has the highest barrier for formate dissociation. These computed data
indicate clearly that Pd catalyzed formic acid dehydrogenation has the lowest effective barrier
(0.76 eV), followed by Ni (1.03 eV) and Pt (1.56 eV).

(c) Formic acid adsorption and dissociation on metal oxides: Apart from metallic
catalysts, metal oxides were also considered as catalysts for formic acid dehydrogenation. For
example, formic acid adsorbs dissociatively on ZnO(1010)*® to form surface formate and
hydroxyl without energy barrier, and the dissociative adsorption energy is —3.45 eV. On TiO,*
formic acid dissociatively adsorbs to form formate and surface hydroxyl, and the calculated
dissociative adsorption energy is —1.39 eV (1/2 ML). On MgO(111),?° the most stable structure
of molecular formic acid adsorption is our 1a-like configuration with the O (O=C) and H (H-O)
atoms interacting with the surface Mg and O atoms, respectively, and the adsorption energy is
—0.89 eV; and the energy barrier of the O-H dehydrogenation is 0.75 eV and the dissociative
adsorption energy is —0.59 eV.

2.4 Conclusions

Under the consideration of hydrogen production or carbon dioxide utilization, the adsorption
and dehydrogenation of formic acid (HCO,H) on the Ni(111) surface have been computed at
the level of spin-polarized density functional theory. For the adsorption of formic on Ni(111),
the most stable adsorption configuration (1a) has formic acid nearly perpendicular over the
surface with the carbonyl oxygen atom (O=C) at atop and the hydroxyl hydrogen atom (O-H)
bridging two neighbouring nickel atoms. This stable configuration is supported by the
agreement between the computed and experimentally determined vibrational frequencies of
deuterated formic acid (DCO,H) on nickel surface. The expected isotope effect has been
observed from the computed vibrational frequencies of formic acid and deuterated formic
acid.

The most stable adsorption configuration of formate (HCO,) has the bidentate bridging
structure (2a) with its two oxygen atoms (C-O) at atop sites. This stable configuration (2a) is
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evidenced by the well agreement between the computed and experimentally determined
vibrational frequencies of deuterated formate (DCO,) on nickel surface. In addition, the 3-fold
capping structure with single oxygen atom (2b) and the bidentate structure with one oxygen
atom (C-O) and one hydrogen atom (C-H) at atop sites (2c) are less stable local minimums. It
is to note that such bidentate structures (2a and 2c) in equilibrium have been observed in a
very recent experiment on nano-sized Pd facet."”

On Ni(111) formic acid dehydrogenation into surface formate and hydrogen (HCO,H —
HCO, + H) has barrier of 0.41 eV and is thermodynamic by 0.35 eV at co-adsorption. Formate
dehydrogenation (HCO, —» CO, + H) goes via several steps from 2a to 2c, as well as has
effective barrier of about 1.0 eV and is the rate-determining step.

Our computed adsorption configuration and energetic data for formic acid dehydrogenation
on Ni(111) are very close and similar to the reported results for Pt(111), but in sharp contrast
to the previously reported results for Pd(111)."® Our recalculated adsorption configurations
and energetic data for formic acid dehydrogenation on Pd(111) show the high similarities on
Ni(111), Pd(111) and Pt(111). However, it is found that on three metal surfaces, formic acid
has close adsorption energies; and the calculated effective barrier for formic acid
dehydrogenation is the lowest on Pd surface (0.76 eV), and the highest on Pt surface (1.56
eV); and that on Ni surface has the intermediate value (1.03 eV).
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3 Formic Acid Dehydrogenation on Ni(211), Pd(211) and Pt(211)

3.1 Introduction

Hydrogen generation from formic acid (FA) has attracted increasing attention, and this is
because that FA has been considered as one of the energy resources in future energy society
and CO, emission."® Since FA can either dehydrogenate into H, and CO. or dehydrate into
H,O and CO, the selective dehydrogenation of FA into H, is of critical importance in the usage
of FA as H, resource; and the key points in this selective reaction are cheap and active
catalysts.

Beller et al..°has made a breakthrough in H, generation from FA using iron complexes
[Fe(BF,4)2.:6H,0O/PP3] under mild condition in a green solvent without using amine and light.
Alternatively, on heterogeneous catalysis, core-shell catalyst was considered to be effective in
FA dehydrogenation, e. g.; Tedsree et al.,” reported that the Ag-Pd core shell can enhance H,
production from FA at ambient temperature. Kang et al.,® reported that the Pt;Pb
nanocrystals and the core-shell PtzPb-Pt nanocrystals are more efficient for FA oxidation than
only Pt metal. Bimetallic Au-Pd nanoparticles immobilized in mesoporous metal organic
frameworks also are efficient catalysts in H, generation from FA.° In addition, Bi et al.,"®
reported the selective decomposition of FA/amine mixtures without CO formation using ultra
dispersed subnanometric Au catalysts on acid-tolerant ZrO, under ambient conditions in high
efficiency.

Along with the intensive experimental studies of FA dehydrogenation, many computational
investigations into the mechanisms of FA dissociation have been carried out,"" and nowadays
computational chemistry plays an increasingly important role in understanding chemical
reactions, especially in the fields of homogenous and heterogeneous catalysis.'? Recent
computational studies show that FA has similar trends in adsorption and dissociation on the
M(111) surfaces (M = Ni,” Pd,13"* and Pt'®), and the most favorable reaction path is the
formate route (HCOOH — H + HCOO; and HCOO — H + CO,). Such reaction route has been
confirmed by the very recent studies on FA dissociation on Pt(111)'® and on M(111) with M =
Pd, Pt, Rh, Au,"” as well as on a Pd; cluster.'

Compared with the numerical theoretical studies for FA adsorption and dissociation on the
M(111) surfaces, the M(211) surfaces were not considered (M = Ni, Pd, Pt). To further
understand the differences in FA dehydrogenation of these metals, we are interested in the
catalytic properties of the more open (211) surfaces. The different catalytic activities of M(211)
and M(111) have been reported for other reactions. Bengaard et al.,'® found that the Ni(211)
surface associated with certain stepped defect sites is more active for steam reforming
process (CH, + H,O — CO + 3H,) than the Ni(111) surface associated with the closed-packed
facets. Cao et al.,”° reported the direct and H-mediated CO, dissociation on the Ni(211)
surface and found that CO, prefers to adsorb at the stepped site and stepped edge sites, and
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the formation of HCO, is favored thermodynamically, and CO direct dissociation into CO+0O is
more favorable kinetically than that of HCO, into HCO+O. King et al.,?' reported that CO has
stronger adsorption on the Pt(211) surface than on the Ni(211) surface at every CO coverages.
Orita et al.,?* found that the most stable CO adsorption configuration is the atop site on the
step edge on the Pt(211) surface, while at the bridging site parallel to the step edge on the
Ni(211) and Pd(211) surfaces. Orita et al.,”® found that NO has the bridging adsorption
configuration parallel to the step edge on the Ni(211) and Pd(211) surfaces, and the Ni(211)
surface is more active for NO decomposition than the Pd(211) surface. Hammer®* studied NO
dissociation on the Pd(211) and Pd(111) surfaces, and found that NO prefers to dissociate on
the Pd(211) surface than on the Pd(111) surface because of the stronger adsorption of NO as
well as N and O on the Pd(211) surface than on the Pd(111) surface. NO reduction by CO
(2NO + 2CO = N, + 2CO,) has been computed by Hammer?® on the Pd(111), Pd(100),
stepped Pd(211), and edged missing-row reconstructed Pd(311) surfaces; and the energy
barriers for NO dissociation and N, association are much smaller at the Pd steps and edges
than at the flat Pd(111) and Pd(100) surfaces.

The adsorption and diffusion of H on the Pd(211) and Pd(111) surfaces were studied by
Hong et al.,”® and the hollow sites are most favorable for H adsorption on both surfaces, and
H can easier diffuse from the preferred surface site to the subsurface on the Pd(211) surface

/. 27

than on the Pd(111) surface. However, Hou et a reported the four-fold hollow site to be

most stable for H adsorption on the Pd(211) surface. Olsen et al.,?®

also reported a bridge H
on the step edge of the Pt(211) surface to be a deep global minimum on the potential energy
surface. Vehvildinen? reported the electronic properties of H atom adsorption on the Pt(111),
Pt(211) and Pt(311) surfaces, and found that the steps modify the potential energy surface
considerably.

We report our computational results about FA dehydrogenation into CO, and hydrogen on
the M(211) M = Ni, Pd and Pt surfaces. Our goal is the differences of these three metals in FA
dissociation and also the differences to the corresponding M(111) surface. All these results
have been listed and compared in Table 3.1.

3.2 Computational models and details

All calculations were performed using the plane-wave based periodic density functional
method as implemented in the Vienna Ab Initio Simulation Package (VASP).*** The
exchange and correlation energies were calculated using the Perdew, Burke and Ernzerhof
(PBE)* functional within the generalized gradient approximation (GGA). The electron-ion
interaction was described by the projector augmented wave (PAW) method,*® and the
Kohn-Sham one-electron states were expanded in a plane wave basis set up to 400 eV for Ni,
and 500 eV for Pd and Pt. Electron smearing of ¢ = 0.1 eV* was used following the
Methfessel-Paxton scheme. Spin polarization was included for the correct description of the
magnetic properties.
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[3{111} (100}

{111} terrace
(100} step 1311y surface f ,

Figure 3.1 Top and side views of M(211) in (1x3) and (1x4) cell size

For optimizing the crystal lattices all atoms were fully relaxed with the forces converged to
be less than 0.02 eV/A and the total energy converged to be less than 10™°eV. Brillouin zone
sampling was employed using a Monkhorst-Pack grid.>” The calculated crystal lattice for Ni,
Pd and Pt is 352, 396, 398 pm, respectively, and they are in close agreement with the
available experimental data (352 pm for Ni,*® as well as 389 pm for Pd and 391 pm for Pt*°).

The Ni(211) surface was modeled by a nine-layer periodic slab within a (1x3) super cell
(Figure 3.1); the three top layers were allowed to relax, and the bottom six layers were fixed in
their bulky positions. The vacuum slab was set up to 10 A. This model was well tested and
used by Cao et al.,° in CO, dissociation on the Ni(211) surface. For the Pd(211) and Pt(211)
surfaces, we used a six-layer slab within a (1x4) super cell; the top three layers were relaxed
and the bottom three layers were fixed in their bulky positions. The vacuum gap was set up to

12 A. This model was used and tested by Hu et al.,*

in selective acrolein hydrogenation.
The first Brillouin zone was sampled with 3x3x1 k-point grid for the Ni(211) surface, and
with 2x2x1 k-point grid for the Pd(211) and Pt(211) surfaces. The nudged elastic band (NEB)
method was used to locate the transition state (TS) between an initial state (IS) and a final
state (FS).41 The adsorption energy is defined as Eaqs = Exssiab — [Esiab + Ex], Where Exsiab is the
total energy of the slab with adsorbate X, Egp is the total energy of the bare slab, and Ex is
the total energy of free adsorbate X; a negative E,4s means an exothermic adsorption and a
positive Eg4;s indicates an endothermic adsorption; and the more negative the E.qs, the stronger
the adsorption. The dissociation barrier is defined as E, = Ers — E;s, and E1s and Es are the

total energies of the TS and IS. The dissociation energy is defined as Egs = Ers — Eis, and Ers
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and Es are the total energies of the FS and IS; and a negative Eys means an exothermic
reaction and a positive Eg4;s indicates an endothermic reaction.

3.3 Results and discussion

3.3.1 HCO,H adsorption

The configurations of FA adsorption and dissociation on the M(211) surfaces are shown in
Figure 3.2, and FA has the adsorption configuration of O/OH-down, in which the O (O=C)
atom adsorbs atop on a first-layer metal atom and the H(O-H) atom points towards to two
second layer neighboring surface metal atoms. The O—M distance is 198, 218, 213 pm for M =
Ni, Pd, Pt, respectively. The H-M distances are 247/246, 252/255, 253/258 pm, for M = Ni, Pd,
Pt, respectively. The computed E,y4s on M(211) is —0.69, —0.58, —0.61 eV for M = Ni, Pd, Pt,
respectively, indicating an exothermic and thermodynamically favorable process.

The same adsorption configuration is found on M(111)," but the E, is lower, e.g.; —-0.36"
and —0.43 eV* on the Ni(111) surface, —0.39," —0.40," —0.40 eV" on the Pd(111) surface,
and —0.40 eV on the Pt(111) surface."® Depending on the size of the unit cells, the computed
E.as on the Pt(111) surface varies in some extent, e.g.; —-0.26 eV (2x4),"® —0.40 eV (3x3) and
-0.34 eV (2x2),"° —0.39 eV (3x3)," —0.42 eV (3x2V3),** —0.37 eV (4x4).** However, Zhang
et al.,'® reported a stronger E.i (-0.62 eV) for FA on Pd(111) with the same adsorption
configuration and at the same coverage (1/9 ML), but by using the DMol® program.

3.3.2 HCO,H dissociation

On the basis of the most stable adsorption configuration (O/OH-down) of FA on the M(211)
surfaces, the expected dissociation reaction is the formate route (HCOOH — HCO, + H); and
this is also the same as found on the M(111) surfaces.'*"'® In the transition states (Figure 3.2),
the O—M distance is 192, 208, 205 pm for M = Ni, Pd, Pt, respectively, and they are shorter
than those in the initial states. The H-M distances are 174/174, 176/178, 181/187 pm, for M =
Ni, Pd, Pt, respectively, and they are much shorter than those in the initial states. The most
important change is the breaking O-H distance in the transition states, 159, 178, 172 pm, for
M = Ni, Pd, Pt, respectively, and they are much longer than those in the initial states (102 pm).
The computed E, on the M(211) surfaces is 0.42, 0.53, 0.51 eV for M = Ni, Pd, Pt, respectively,
and the Eg;s leading to surface formate and H atom is —0.95, —0.44, —-0.81 eV, for M = Ni, Pd,
Pt, respectively, indicating an exothermic and thermodynamically favorable process.

Compared with the M(211) surfaces, the computed FA E; is 0.41 eV on the Ni(111) surface
and 0.58 eV on the Pd(111) surface,’ and they are close to those on the Ni(211) and Pd(211)
surfaces. There are also some available E, data for Pd(111), 0.21, 1.00,®and 0.68 eV."” On
the Pt(111) surface, there are several data available depending on the size of the unit cells, e.
g.; 0.94 (3x3),"° 0.88 (2x2)," 0.72 (2x4)," and 0.69 eV (3x3),"” and they are higher than on
the Pt(211) surface. The computed FA Egs into formate and H is —0.60 eV on Ni(111),"
-0.17," 0.00" and —0.27 eV'’ on Pd(111), and 0.03 eV on Pt(111)."

These detailed comparisons show that the M(211) surfaces can adsorb FA more strongly
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than the M(111) surfaces, and Ni(211) and Ni(111) as well as Pd(211) and Pd(111) have close
E, according to our calculations; while Pt(211) has lower E, than Pt(111).

FA-Pd (—0.58 eV)

TS(FA-Ni ) (—0.27 eV] TS(FA-Pd] (~0.05 eV) TS{FA-Pt) (—0.10 eV)

Figure 3.2 Adsorption configurations of FA as well as the transition state of FA dissociation
into formate and H on M(211) M = Ni, Pd, Pt (H in white, C in gray, O in red, Ni in blue , Pd in
blue-green, and Pt in deep-green; bond distances in pm and energies in eV)

3.3.3 HCO, adsorption and dissociation

On the basis of FA dissociation, surface formate has been formed. The adsorbed formate
has the bidentate bridging configuration of O/O-down, in which its two oxygen atoms interact
directly with the surface M atoms; and this is also the same as found on M(111) surfaces.'>®
As shown in Figure 3.3, the O-M distances are 193, 210, 207 pm for M = Ni, Pd, Pt,
respectively, and the corresponding C—-H and C-O distances are 111 and 127 pm. The
computed E,4s of formate is —3.49, —2.82, —3.04 eV for M = Ni, Pd, Pt, respectively.

On the M(111) surfaces, the E,q of formate is —2.83"* and —3.03 eV** for Ni(111), —-2.37,"
-0.68," —2.71,"° and —2.52 eV" for Pd(111) as well as —2.32 (3x3) and —2.50 (2x2)"® as well

as —2.27"7 and —2.45 eV* for Pt(111). These show that M(211) can adsorb formate more



47
3 Formic Acid Dehydrogenation on Ni(211), Pd(211) and Pt(211)

strongly than M(111).
On the basis of the formate adsorption configuration of O/O-down, a direct C—H activation
and dissociation is not possible due to its orientation pointing away from the surface. However,

45-49 \which has been considered as

the flat adsorption configuration of formate on the surface,
a key intermediate for C—H bond activation, could not be located. It is to note that such flat
adsorption configuration also has been not found on Ni(111)" and Pd (111),"*"®"" and there

are no reports about such adsorption configurations on Pt(111), Rh(111) and Au(111)."”

193 193 210 210 207 207
Ni1 Nil Pd1 Pd1  Ptl Pl
HCO,-Ni-a ( 3.49 eV) HCO,-Pd-a( 2.82eV) HCO,-Pt-a  3.04 eV)

121
129 120
188 176 207 208
Nil Nil Pd1 Pd1 Ptl Pt1
HCO,-Ni-b (-2.26 eV) HCO,-Pd-b (~1.91 eV) HCO,-Pt-b (—2.18 eV)

153 222 164

Nil Pd1 Pd1
TS(HCO,~Ni) (~2.06 V) TS(HCO,-Rd) (—1.86 eV) TS(HCQ,-Pt) (~2.18 eV)

Ptl

Figure 3.3 Adsorption configurations of formate as well as the transition state of formate
dissociation into CO, and H on M(211) M = Ni, Pd, Pt (H in white, C in gray, O in red, Ni in blue,
Pd in blue-green, and Pt in deep-green; bond distances in pm and energies in eV)

Another key intermediate which can facilitate C—H activation and dissociation has the
13-17

bidentate bridging configuration of O/H-down, in which one oxygen atom and the
hydrogen atom interact with the surface M atoms (Figure 3.3). In the O/H-down adsorption

configuration, the O—M distance is 188, 207, 208 pm, respectively, for M = Ni, Pd, Pt; and the
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corresponding H-M distance is 176, 181, 173 pm and the C—H distance is 120, 122, 130 pm.
However, the computed E,4s is —2.26, —1.91, —2.18 eV, respectively, for M = Ni, Pd, Pt; and
they are much lower than those for the O/O-down adsorption configuration by 1.23, 0.91 and
0.86 eV, respectively.

For formate dissociation, the breaking C—H distance is 179, 155, 146 pm for M = Ni, Pd, Pt,
respectively, and the corresponding M—H distance is 153, 164, 168 pm. The computed E; is
0.20, 0.05, 0.00 eV, respectively, for M = Ni, Pd, Pt. These rather low barriers indicate that the
C—H bond has been highly activated on M(211) and the potential energy surface is very flat.
Indeed, additional calculations show negligible changes of the relative energy along with the
variation of the C—H and M—H distances.

On the basis of the most stable formate adsorption configuration of O/O-down on M(211),
the computed effective barrier for formate dissociation is 1.43, 0.96, 0.86 eV for M = Ni, Pd, Pt,
respectively. This shows that Ni(211) has the highest effective barrier in formate dissociation,
while Pt(211) has the lowest effective barrier.

On M(111), the computed effective barrier on Ni(111) and Pd(111) is 1.03 and 0.76 eV,
respectively, and they are lower than those on Ni(211) and Pd(211), while the effective barrier
[1.56 eV (3x3),"° 1.16 eV (2x2)" and 1.23 eV(2x4)" on Pt(111) is higher than that on Pt(211).
On the basis of the computed effective barriers for formate dissociation, Ni(111) and Pd(111)
are more effective than Ni(211) and Pd(211), while Pt(211) is more effective than Pt(111).
However, Hu et al.,"” reported the effective barrier on Pd(111) and Pt(111) is 1.59 and 1.88 eV,

respectively, and they are much higher than our data, and Zhang et al., "

reported an effective
barrier on Pd(111) of 0.88 eV, which is interestingly lower than the barrier of FA dissociation.
3.3.4 H adsorption on M(211)

As one of the surface intermediates, we calculated H adsorption on M(211). Hydrogen
adsorption on metal surfaces is of crucial importance for understanding hydrogen related
chemical processes, e.g.; hydrogenation, dehydrogenation and hydrogenolysis reactions.>
On M(211), there are several sites for H adsorption, and all have very close adsorption
energies.

On Ni(211), we found five adsorption sites for H atom, and the most stable site is the
three-fold site on the (111) terrace with E.qs of —2.74 eV, and the least stable site is the
four-fold site on the (100) step with E.ys of —2.59 eV. Our results are different from those
reported by Bengaard et al.,” they found the bridge site at the step on Ni(211) as the most
stable site and the five-fold site at the step and different three-fold sites at the (111) terrace are
higher in energy. It is to note that the E.qs of H on Ni(111) is —2.76 eV," which is close to that
value on Ni(211).

On Pd(211), we also found five adsorption sites for H atom, and the most stable site is the
three-fold site with E,4s 0f —2.79 eV; and the least stable adsorption site is the four-fold site on
the (100) step with E,gs Of —2.65 €V. Our results are in agreement with the data (-2.79 vs.
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—-2.63 eV) by Hong et al.,*® and by Andersin and Honkala,®' but differ from those by Hou et
al.,*” and they reported the four-fold hollow site at the step to be most stable (—3.02 eV).

On Pt(211), we found four adsorption sites for H atom, and the four-fold site on the (100)
step could not be found. The most stable site is the two-fold bridging site on two neighboring
Pt atoms with E,4s of —2.97 €V, and the least stable site is the three-fold site on the (111)
terrace with E,qs of —2.61 eV. Our result agrees well with previous work 2329253
3.3.5 CO; adsorption and desorption on M(211)

Apart from H, we calculated the adsorption and desorption of CO,, and the adsorption
configurations and structural parameters are shown in Figure 3.4. CO, activation is an
important field in utilizing CO, as a cheap C1 feedstock for useful chemicals fuels.** The
interaction mechanisms of CO, on transition metal surfaces have been studied,”® and the
d-band center of the metal surfaces and the charge transfer are the main factors in CO,
activation.

On Ni(211), the adsorbed CO, has a tridentate configuration, in which not only the carbon
atom but also the two oxygen atoms interact with the surface Ni atoms, and the Ni—C
distances are 197 and 216 pm, and the Ni-O distances are 204 and 208 pm, and the O-C-0O
angle is 140.42°. The computed E,qs of CO, is —0.32 eV, and this value is rather lower than
that (-0.93 eV) by Cao et al.,° using VASP-UUSP. The corresponding phyisorbed CO, on
Ni(211) also has been located and the Ni—O distances are rather long (320 and 327 pm), and
the adsorption is rather weak (—0.03 eV). In addition, we have calculated the transition state of
CO, desorption, in which the Ni—O distances are 300 and 305 pm, and the desorption barrier
is 0.29 eV. The desorption transition state is both energetically and structurally close to the
physisorbed state.

On Pd(211) and Pt(211), CO; has a bidentate adsorption configuration, in which one carbon
and one oxygen atom interact with the surface metal atoms, and the distance of Pd—-O and
Pd—C is 214 and 204 pm, respectively; and the distance of Pt—O and Pt—C is 206 and 204 pm,
respectively. The O—C-0O angle is 139.95° on Pd(211) and 129.65° on Pt(211). The computed
chemisorption energy is —0.13 and -0.27 eV on Pd(211) and Pt(211), respectively. The
corresponding CO, physisorption on Pd(211) and Pt(211) has also been calculated (Figure
3.4), the physisorption is very weak (0.00 and 0.00 eV). Compared to the chemisorbed states,
the transition state for CO, desorption has been located; in which the CO, still has a bent
structure (O—C—-O angle of 164.57° on Pd(211) and 160.94° on Pt(211)); and the Pd—-O and
Pd—C distances are 244 and 260 pm as well as the Pt—O and Pt—C distances are 239 and 267
pm. These distances are longer than those in the chemisorbed states. The desorption barrier
is 0.22 eV on Pd(211) and 0.54 €V on Pt(211).



50
3 Formic Acid Dehydrogenation on Ni(211), Pd(211) and Pt(211)

Pd1 Pt Pt
€O,-Ni (~0.32 eV) C0,-Pd (—0.13 eV} CO,-Pt (—0.27 &V)
e, 179.75°
P 118 118 : 118!
i i 118 :
320 | 327 ] | ! i
.= | 315 / 365 343, 379
N 210 g /
Ni1 .—. Nil ~ 281
Pd1 .—. Pd1 Ptl._.Pﬂ
CO,-Ni(ps) ( 0.03eV.
2 Ni(ps)]{ ) €0O,-Pd(ps} (0.00 eV} CO,-Pt(ps) (0.00 eV)
e 179.50°
.5 118 ‘ 118.;
300 | | 305
g 249 gb
Nil Nil Pd1 Pd1  P1l Ptl
TS[CO,~Ni} (—0.03 eV} TS(CO,-Pd) (0.09 eV) TS(CO,-PY) (0.27 eV)

Figure 3.4 Adsorption configurations of CO, as well as the transition state of CO, desorption
on M(211) M = Ni, Pd, Pt (C in gray, O in red, Ni in blue , Pd in blue-green, and Pt in
deep-green; bond distances in pm and energies in eV)

It is known that CO, has a very weak physisorption (—0.06 eV) on Ni(111),*? while prefers
chemisorption (—0.14 eV*®) on Ni(100) and (—0.42°° or —0.47°" eV) on Ni(110). In addition,
CO. has chemisorption on the M(211) surface, while CO, has positive chemisorption energies
on Ni(111), Pd(111) and Pt(111).*® Since the activation degree of CO, on metal surface is
determined by the d-band center of the metal and the transferred charge from surface to
metal,>® we have calculated the net Bader-type charge® of the adsorbed CO, on the M(211)
surfaces. Compared to the adsorbed CO, on M(111), M(211) can transfer more negative
change to the adsorbed CO,, e.g.; —0.64, -0.42, —0.47 e for M = Ni, Pd, Pt, respectively, and
the negative charge of the adsorbed CO, on M(111) is —0.58, —0.40, —0.42 e for M = Ni, Pd, Pt,
respectively (the calculated Mulliken charge on M(111)*° is —0.44, —0.36, —0.37 e for M = Ni,
Pd, Pt, respectively). The transferred charge on CO, on M(211) is in line with the
chemisorption energies. This difference can be ascribed to the surface metal atoms
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interacting with CO,, in particular the metal atoms on the (100) step, e.g.; the metal atoms on
the (100) step of M(211) are more open and less coordinated than those on the M(111)
surface. In addition, the adsorbed CO, structure is more compact on M(211) than on M(111).
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Figure 3.5 Potential energy of formic acid dehydrogenation on M(211) M = Ni, Pd, Pt

(energies in eV)

3.3.6 Potential energy surface

Figure 3.5 shows the potential energy surface of FA adsorption and dissociation on the

M(211) surfaces, and the reference is the total energy of formic acid in gas phase and the free

slab (0.00 eV). The E,ss of FA on M(211) is —0.69, —-0.58, —0.61 eV for M = Ni, Pd, Pt,
respectively, and they are more or less close to each other.

The activation barriers of formic acid dissociation into surface formate and hydrogen are

0.42, 0.53, 0.51 eV for M = Ni, Pd, Pt, respectively. The total energies of the transition states
are lower than the references in gas phase by -0.27, —0.05, —0.10 eV for M = Ni, Pd, Pt,
respectively. The dissociation energy is —0.95, —0.44, —0.81 eV for M = Ni, Pd, Pt, respectively.
This shows that FA dissociation into surface formate and H is both kinetically and

thermodynamically most favorable on Ni(211), but least favorable on Pd(211), and this is due
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to the much stronger adsorption energy of formate on Ni(211).

Table 3.1 Comparison of the energetic data of FA adsorption and dissociation on M(211) and

M(111) (energies in eV)

Ni(111)  Pd(111) Pt(111) Ni(211) Pd(211) Pt(211)
E.ss (HCO,H) -0.36" -0.39" -0.26" -069 -0.58 -0.61
-0.43*% -0.40" -0.40/-0.34"
-0.62"° -0.39"
-0.40" -0.42%
-0.56**
E.qs (HCO,) -2.83"° 237" _232/-250" -349 282 -3.04
-3.03** -0.68" —2.27"
-2.71"° —-2.45%
-2.52"
E.gs (CO,)? 0.24"® 0.23" 0.24 -0.32 -0.13 -0.27
0.30°°  0.30°° 1.01>°
0.19%
Eass (H) -2.76" —2.78" -2.78" 274 279 297
-2.83%2 292"
-2.89"
E,(HCO,H - HCO, +H) 0.41"™ 0.58™ 0.72" 0.42 0.53 0.51
0.21™  0.94/0.88"
1.00™ 0.69"
0.68"
Egs (HCOH — HCOx+ H) -0.60" —0.17" 0.03" -0.95 -0.44 -0.81
0.00"°
-0.27"
E, (HCO, — CO, + H)° 1.03"  0.76"™ 1.23" 1.43 0.96 0.86
0.88"°  1.56/1.16"
1.59" 1.88"
Eg4s (HCO, — CO, + H) 0.36" —0.43"™ -0.43" 044  -0.09 -0.19
-0.29"° -0.31/-0.63"
-0.45"
super cell (3x3)"?  (3x3)" (2x4)" (1x3)  (1x4)  (1x4)
(3x3)2  (3x3)"  (3x3/2x2)"
(2)(2)55 (3)(3)16 (3)(3)17
(3x3)"7  (3x2V3)*
(2x2)55 (2x2)55

(a) Chemisorption energy; (b) The effective barrier
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For the step of formate dissociation, Ni(211) has the highest effective barrier of 1.43 eV and
is endothermic by 0.44 eV. On Pd(211) and Pt(211), however, the effective barrier for formate
dissociation is 0.96 and 0.86 eV, respectively, and the dissociation is exothermic by 0.09 and
0.19 eV, respectively. This shows that formate dissociation into surface CO, and H is both
kinetically and thermodynamically less favorable on Ni(211), but more favorable on Pd(211)
and Pt(211). Since formate dissociation is the rate-determining step on the basis of the
effective barrier, Pd(211) and Pt(211) can dissociate FA more easily than Ni(211).

For CO, adsorption and desorption, Ni(211) has the strongest chemisorption (-0.32 eV),
followed by Pt(211) (-0.27 eV) and Pd(211) (-0.13 eV). The desorption barrier is 0.29 eV on
Ni(211), 0.22 eV on Pd(211) and 0.54 eV on Pt(211).

3.4 Conclusions

Spin-polarized plane-wave based periodic density functional theory calculations have been
performed to study formic acid adsorption and decomposition on M(211) into CO, and
hydrogen (HCOOH — CO, + 2H); and the computed results have been compared with those
on M(111) for M = Ni, Pd and Pt from our own and other available data.

On M(211) and M(111), formic acid has the same adsorption configuration, in which the O
(O=C) atom adsorbs atop on a first-layer metal atom and the H(O-H) atom points towards to
two second layer neighboring surface metal atoms, but stronger adsorption has been found
on M(211) than on M(111). For formic acid dissociation into surface formate and H, Ni(111)
and Ni(211) as well as Pd(111) and Pd(211) have close dissociation barriers of formic acid,
while Pt(211) has lower dissociation barrier than Pt(111).

On M(211) and M(111), formate has the same bidentate bridging adsorption configuration,
but the calculated adsorption energies are stronger on M(211) than on M(111); and the
rate-determining step is the dissociation of formate into surface CO, and H (HCOO — CO, +
H) on both surfaces. The highest effective barrier is found on Ni(211) and Pt(111), and the
lowest effective barrier is found on Pt(211) and Pd(111).

It is found that M(211) has thermodynamically favorable CO, chemisorption with negative
adsorption energies, while M(111) has thermodynamically unfavorable CO, adsorption with
positive adsorption energies. This difference is due to the nature of the metal atoms on the
more open (100) step of M(211) and on the flat M(111) surface, as well as the transferred
charge from surface to the adsorbed CO..
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4 Formic Acid Dehydrogenation on Molybdenum Carbide

4.1 Introduction

Selective and catalytic decomposition of formic acid (FA, HCO.H) into H, and CO, is
considered as one of the potential chemical processes to satisfy the increasing energy
demand, especially in fuel cell, green and clean technologies.” For FA selective decom-

position both heterogeneous®*’ 8-12

and homogeneous catalysts have been used. Recently,
Flaherty et al., studied FA decomposition on molybdenum carbide and found that C-modified
Mo(110) and C-Mo(110) are up to 15 times more selective than pure Mo(110) for H,
formation."® Kooés and Solymosi reported that the highly stable molybdenum carbide (Mo,C)
catalyst prepared from the reaction of MoO3; with a multiwall carbon nanotube and carbon
Norit can selectively decompose FA into CO-free H, at 373-473 K.'* Cui et al., reported that
Pd catalysts supported on Mo,C which is supported on multiwall carbon nanotube has much
higher electrocatalytic activity and stability for FA electroxidation than only Mo,C catalyst
supported on multiwall carbon nanotubes and only Pd catalysts supported on Mo,C, and they
concluded that Mo,C is not only a support but also a co-catalyst.’® In addition, Mo,C is active

for hydrogenation and dehydrogenation,®

as well as for low temperature water-gas shift
(WGS) reaction'”"® Transition metal carbides which have the added benefits of lower cost
with respect to the Pt group metals, like W,C and MoC,have been found to have Pt-like
reactivity.'®?

Theoretically, molybdenum carbides have been used to study various reactions. The

22,23

hydrogenolysis mechanisms of thiophene?' and indole on clean 3-Mo,C have been

24-29

studied systematically. The chemisorption and decomposition of small molecules such as

nitrogenous compounds, aromatic hydrocarbons and CO, were examined on both a-Mo,C

and B-Mo,C phases. Theoretical studies of the chemical properties of methanol,*

methyl
iodide,* CO and the promoting effect of potassium on B-Mo,C were reported systematically
by Pistonesi et al.,* based on their surface experiments; and they found that the
incorporation of potassium atoms enhances the dissociation ability of the C—I and C-O bonds
in CH;l and CH3;0H, while blocks the dissociation of CO. Tominaga and Nagai built a
schematic potential energy surface for WGS reaction and concluded that CO, formation from
CO oxidation by surface O is the rate-limiting step.*> The mechanism of CO hydrogenation
and the promoter effect of cobalt have also been systematically reported recently.* Liu et al.,
also calculated WGS mechanism and emphasized the importance of oxygen on the Mo,C
surface.® In order to study the intrinsic WGS activities of Mo,C, Schweitzer et al., loaded Pt
on Mo,C and found Mo,C to play the role of both support and catalyst.*® Shi et al.,*” and Han
et al.,*® calculated the surface energies of low miller index surfaces of hexagonal Mo,C to
compare their stabilities and concluded that the (011) facet was the most stable surface. The

elementary steps of syngas reaction have been systematically studied by using ab initio
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thermodynamics method by Andrew et al. and Mo,C was proved to have similar catalytic
properties with noble metals.** Recently, Zheng et al., reported H, production from ammonia
decomposition catalyzed by molybdenum carbide both experimentally and theoretically.*°

We carried out spin-polarized periodic density functional theory computations to study the
adsorption and dissociation of FA on the Mo,C(101) surface. Our goal is the understanding
into the adsorption configurations of FA and its dissociation intermediates on the Mo,C (101)
surface as well as the dissociation paths. These results are compared with those on the Pt
group metals, e.g.; Pd(111),*"* Pt(111),****¢ and Ir(100),*” from recent computational
studies.

Figure 4.1 Side and top views of the Mo,C(101) surface

4.2 Computational details
4.2.1 Model

Mo,C mainly has two crystalline structures, the orthorhombic a-Mo,C phase48 and the
hexagonal B-Mo,C phase.*** In our work, we used the B-hexagonal Mo,C phase with an
eclipsed configuration as unit cell.”"*? The calculated lattice parameter of the cell is 2a =
6.075 A, 2b =6.069 A and ¢ = 4.722 A, in good agreement with the experiment: a = b = 3.011
A and ¢ = 4.771 A.>® Among all the surfaces of B-Mo,C, the (101) surface was reported to be

most stable, %1%

and there are two types of C atoms and two types of Mo atoms on the
exposed surface (Figure 4.1). For describing this surface atoms easily, the 4-coordinated (two
surface Mo atoms and two bulky phase Mo atoms) C atom is marked as C,, the 5-coordinated
(four surface Mo atoms and one bulky phase Mo atom) C atom is denoted as Cg. The
10-coordinated (three surface Mo atoms, three surface C atoms and four bulky phase Mo
atoms) and 11-coordinated (three surface Mo atoms, three surface C atoms and five bulky

phase Mo atoms) Mo atoms are notated as Moa and Mog, respectively. The total supercell
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contains a Mo3,Cg, unit within a volume of 15.40x12.11x17.96 A, and the exposed surface
has 16 Mo atoms and 16 C atoms. In addition, a smaller surface model containing 4 exposed
Mo atoms and 4 exposed C atoms within the red region of the surface was also employed to
study coverage effect, which is defined as the exposed surface Mo atoms, e.g.; 1/16 ML for
the large model and 1/4 ML for the small model.

4.2.2 Method

All calculations were done using the plane-wave spin-polarized periodic density functional
method (DFT) in the Vienna ab initio simulation package (VASP).***® The electron ion
interaction was described with the projector augmented wave (PAW) method.?® The electron
exchange and correlation energy was treated within the generalized gradient approximation in
the Perdew-Burke-Ernzerhof formalism (GGA-PBE).® For Mo, the core 4p states were also
taken into valence region and totally 12 valence electrons were included. The Kohn-Sham
one-electron states were expanded in a plane wave with an energy cutoff 400 eV, and the
Methfessel-Paxton scheme was used under the electron smearing of o = 0.1 eV.%? The
vacuum zone was set up to 12 A in the z direction to separate the slabs.The geometry
optimization was done when force becomes smaller than 0.02 eV/A and the energy difference
was lower than 10 eV. For bulk optimization, the lattice parameters were obtained by
minimizing the total energy of the unit cell using a conjugated-gradient algorithm to relax the
ions and a 5x5x5 Monkhorst-Pack k-point grid was used for sampling the Brillouin zone.®
The first Brillouin zone was sampled with 3x3x1 k-point grid for investigating the surfaces
(1/16 and 1/4 ML). The nudged elastic band (NEB) method was used to locate the minimum
energy path.** The computed vibrational frequencies were used to characterize a minimum
state without imaginary frequencies or an authentic transition state with only one imaginary
frequency.

The adsorption energy is defined as in Equation, Eags = Easiab — [Esiab + Eal; Where Epsgap iS
the total energy of the slab with adsorbates A, E,p is the total energy of the bare slab, and Ex
is the total energy of free adsorbate A in gas phase; and the more negative the E,4s, the
stronger the adsorption. The activation energy is defined in Equation, E, = E7s — Ejs; and the
reaction energy is defined as in Equation, E, = Ers — Ejs; where Ejs, Ers and Ers represent the
total energy of initial, final and transition states.

4.3 Results and Discussion
4.3.1 Adsorption of the surface intermediates

For each adsorbate, only adsorption site and geometries with the largest adsorption energy
are included while many more have been evaluated. Table 4.1 lists the adsorption energies of
the most stable adsorption configurations on the Mo,C(101) surface at 1/16 ML and 1/4 ML.
The rather small differences in adsorption energies of these intermediates show that 1/16 ML
is quite larger enough for our analysis and the coverage effects can be ruled out. Figure 4.2
shows the most stable adsorption configurations of these intermediates (HCO,H, CO,, CO,
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H,O, HCO,, CO,H, CHO, OH, O and H) at 1/16 ML; and those at 1/4 ML are given in
Appendix Figure A11. Our discussion and comparison are mainly based on the data at 1/16
ML, if it is not noted otherwise.

Two FA adsorption configurations on the Mo,C(101) surface are located, the flat one
HCO,H-flat (1) and the perpendicular one HCO,H-O/OH-down (2). As shown in Figure 4.2,
HCO,H-flat (1) has its O=C-O group chelating with a surface Mo atom, and the O atom of the
OH group bonding to a neighbouring surface Mo, atom, and the adsorption energy is —1.12
eV, indicating a strong adsorption. In HCO,H-O/OH-down (2), FA stands over the surface by
the O atom of the O=C group interacting with one surface Mo, atom and the H atom of the OH
group pointing towards one surface C, atom; and the adsorption energy is —1.06 eV, which is
only 0.06 eV less stable than that of HCO,H-flat (1). This indicates that both adsorption
configurations are isoenergetic and might coexist at this coverage.

Table 4.1 The computed adsorption energies (E.qs, €V) for the most stable adsorption
configurations of the intermediates involved in FA dissociation at 1/16 and 1/4 ML

Species 1/16 ML 1/4 ML
HCO,H-flat (1) ~1.12 ~1.16
HCO,H-O/OH-down (2) ~1.06 ~1.06
CO,-OM/CC (3) ~0.92 0.87
CO,-OM/OM (4) ~0.81 ~0.81
CO-flat (5) ~1.61 ~1.32
CO-C-down (6) ~1.58 ~1.56
H,0 (7) ~0.66 ~0.63
HCO,-0/0-down (8) —4.04 —4.10
HCO,-flat (9) ~3.44 ~3.54
HCO,-O/H-down (10) ~2.88 ~2.76
CO,H-OM/CC (11) —2.92 ~2.91
CO,H-OM/CM (12) ~2.85 —2.94
CHO (13) _3.22 ~3.21
OH (14) —4.15 —4.16
O (15) —6.59 6.58
H (16) ~2.79 ~2.76

CO, has two energetically very close adsorption configurations, CO,-OM/CC (3) and
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CO,-OM/OM (4). In CO,-OM/CC (3), the O atoms bond to surface Mo, and Mog atoms, and
the C atom bonds to a surface C, atom, and the OCO angle is 128.04°; and the adsorption
energy is —0.92 eV. In CO,-OM/OM (4), the O atoms bond to surface Mo, atoms and the C
atom bridges two Mo, atoms, and the OCO angle is 134.96°; and the adsorption energy is

—0.81 eV. In addition, the physisorption is also located and the adsorption energy is only —-0.19
eV, much weaker than the chemisorption.

HCO,H-flat [1) HCO.H-OfCH-down (2]
{—L.12eV} {—L.06eV}

HO (7} HCO,-0/0-down {8}
-0.65eY) [—4.042¥)

COH-OM/CC {11) COMH-OM/CIM {12
{2826V} [-2858Y¥}

112

CHO {13} CH {14} G{15) H {16}
(-3.224V) (~£.15eV) {~6.532V) [-2.73eV)

Figure 4.2 The most stable adsorption configurations of intermediates involved in FA
decomposition (bond distances in pm and energies in eV)
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CO has two energetically almost equivalent configurations, CO-flat (5) and CO-C-down (6).
In CO-flat (5), the O atom bonds to two surface Mo, atoms, and the C atom bonds to two
surface Cn atoms; and the adsorption energy is —1.61 eV. In CO-C-down (6), the C atom
adsorbs vertically atop on one surface Mo, atom, and the adsorption energy is —1.58 eV.

H,O (7) prefers the O atom bonding to surface Mo, atom, and its H atoms pointing towards a
neighbouring Ca and a neighbouring Mo, atom, and the adsorption energy is —0.66 eV

The most stable adsorption configurations of formate are HCO,-O/O-down (8), HCO,-flat (9)
and HCO,-O/H-down (10). In HCO,-O/O-down (8), HCO, stands perpendicular to the surface
and the O atoms bridge two surface Mo, atoms with O-Mo, distances of 215 pm; and the
adsorption energy is —4.04 eV. In HCO,-flat (9), HCO, covers the surface and its two O atoms
bond directly to two Mo, atoms with the Mo-O distances of 203 pm; and the adsorption energy
is —3.44 eV. In HCO,-O/H-down (10), one of its O atoms bonds to a surface Mo, atom with the
O-Mo, distance of 207 pm and the H atom points towards the neighbouring Moa with the
H-Mo, distance of 222 pm; and the adsorption energy is —2.88 eV. These show that
HCO,-O/O-down (8) is the most stable adsorption configuration.

Table 4.2 The computed energy barriers (E,, eV) and reaction energies (E,, eV) for the
elementary steps of FA dissociation

E./E,
reaction 1/16 ML 1/4 ML
HCO,H-flat/H+HCO; (a) 0.93/-1.12 0.95/-1.11
HCO,H-flat/H+CO,H (b) 1.47/-0.23 1.49/-0.16
HCO,H-flat/CHO+CO (c) 0.48/-1.16 0.49/-1.12
HCO,H-O/OH-down/H+HCO, (d) 0.02/-1.18 0.01/-1.21
HCO,-O/0O-down/O+CHO (e) 2.27/-0.02 2.27/-0.04
HCO,-flat/H+CO;, (f) 1.01/-0.26 1.17/-0.07
HCO,-O/H-down/H+CO; (g) 0.54/-0.82 0.54/-0.85
CHO/H+CO (h) 1.46/-0.02 1.53/0.05
H+OH/H,0 (i) 1.36/0.94 1.31/0.95
CO+OH/CO,H-OM/CM (j) 1.40/1.02 1.27/0.89
CO,H-OM/CC/H+CO; (k) 0.23/-0.55 0.27/-0.47
CO./desorption (1) 0.92 0.87
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Carboxyl (CO,H) has two energetically very close adsorption configurations, CO,H-OM/CC
(11) and CO,H-OM/CM (12). In CO,H-OM/CC (11), the O atom of the O=C group interacts
with one surface Mo, atom and the C atom binds to one neighbouring surface C, atom as well
as the H atom points to one surface C, atom (the configuration with the H atom opposite to
the surface C, atom is 0.04 eV less stable, Appendix Figure A12); and the adsorption energy
is —2.92 eV. In CO,H-OM/CM (12), the O=C group bridges two surface Mo, atoms and the H
atom is opposite to the surface (the configuration with the H atom pointing to the surface is
0.04 eV less stable, Appendix Figure A12) and the adsorption energy is —2.85 eV. These
indicate their possible co-existence.

Formyl (CHO, 13) prefers the O atom bridging two neighbouring surface Mo, atoms and the
C atom bridging one Mo, and one surface C,; and the adsorption energy is —3.22 eV.
Hydroxyl (OH, 14) has its O atom bridging two neighbouring surface Mo, atoms, and the
adsorption energy is —4.15 eV. Atomic oxygen (O, 15) has atop adsorption on one surface
Mo, atom, and the adsorption energy is —6.59 eV; and atomic hydrogen (H, 16) has atop
adsorption on one surface C, atom and the adsorption energy is —2.79 eV.

4.3.2 Dissociation path

On the basis of the above discussed adsorption configurations and energies, we analyzed
FA dissociation on the surface starting from the two most stable HCO,H-flat (1) and
HCO,H-O/OH-down (2). The adsorption configuration of the transition states are shown in
Figure 4.3; and the energetic parameters are given in Table 4.2.

(&) FA Dissociation: Since FA has two adsorption configurations in close energy; we
studied both dissociation routes accordingly. Starting from HCO,H-flat (1), FA can dissociate
either to HCO,+H (formate) or alternatively to CO,H+H (carboxyl) or to CHO+OH
(formyl+hydroxyl). For HCO, formation, the transition state TS(HCO,H-flat/HCO.+H) (a) is
located, and the breaking O-H distance is 137 pm and the forming Cg-H distance is also 137
pm. The energy barrier is 0.93 eV and the reaction is exothermic by 1.12 eV. For CO;H
formation, the transition state TS(HCO,H-flat/H+CO.,H) (b) is locate; and the breaking C-H
distance is 149 pm and the forming Ca-H distance is 137 pm. The energy barrier is 1.47 eV,
which is 0.35 eV higher than the adsorption of FA (—1.12 eV); and the reaction is exothermic
by 0.23 eV. For FA dissociation into CHO+OH, the transition state TS(HCO,H-flat/CHO+OH)
(c) is located; and the breaking C-O distance is 210 pm (146 pm in HCO,H-flat (1)). The
energy barrier is 0.48 eV and the reaction is exothermic by 1.16. It is clearly to see that
starting from HCO,H-flat (1) FA prefers to dissociate into CHO+OH rather than into HCO,+H
or CO,H+H both thermodynamically and kinetically. Starting from HCO,H-O/OH-down (2), FA
can only dissociate into HCO,+H because of its perpendicular adsorption configuration. In the
transition state TS(HCO,H-O/OH-down/H+ HCO,) (d), the breaking O-H distance is elongated
to 122 pm and the forming H-C, bond is 140 pm (107 and 166 pm in HCO,H-O/OH-down (2),
respectively); and the energy barrier is only 0.02 eV and the reaction energy is exothermic by



64
4 Formic Acid Dehydrogenation on Molybdenum Carbide

1.18 eV. This shows that FA dissociates spontaneously into HCO,+H. Compared to the
adsorption energy and the dissociation barriers of HCO,H-flat (1), HCO,H-O/OH-down (2)
dissociation into HCO,+H is much more favourable kinetically.

To show this preference more clearly, we calculated the FA adsorption at very high
coverage (1/2 ML); and only HCO,H-O/OH-down (2) adsorption configuration is possible, and
the computed FA adsorption energy is —0.80 eV, which is lower than that of the first FA
adsorption at 1/4 ML, indicating a significant lateral repulsive interaction of 0.26 eV. At such
high coverage, HCO,H-O/OH-down (2) dissociation into HCO,+H is the only possible route.

TS{HCO,H-0/OH-down/H+HCO,} (d)
[-01sev] [0.358V) [-0BLeV) {~-L04ev)

TS{HCO,-0/0-down/0+CHQ} (e} TS{HOD, flat/H+C0,) [f) TSHCO,-O/H-dowsm/H+C0,) (g} TS{CHO/H+CO) (h)
L77eV) {-z43e¥) 2348V} -L76eV)

TS[H+OH{H.0) (I TS{CO+OH/COH-ORYCN) (I} TS{CO,H-OR/CC/H+CO) (k) TS[CO./desorption] (I}
-D.242¥) {(—2.47 V] {(-2.69ev] {0.00ev)

Figure 4.3 The transition state configurations involved in FA decomposition (bond distances in

pm and energies in eV)

(b) HCO, dissociation: As the most favourable surface intermediate, formate dissociation
into either O+CHO or H+CO, was studied. For the O+CHO route from HCO,-O/O-down (8),
the transition state TS(HCO,-O/O-down/O+CHO) (e) is located; the breaking C-O bond
distance is elongated from 127 pm to 143 pm and the energy barrier is 2.27 eV and the
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reaction is thermal neutral (—0.02 eV). For the CO,+H route from HCO,-O/O-down (8), it is not
possible for a direct C-H bond dissociation due to its perpendicular orientation, and the less
stable adsorption configurations, HCO.-flat (9) and HCO,-O/H-down (10) from the dynamic
bending were considered.®*®® Starting from HCO,-flat (9) into CO,+H, the transition state
TS(HCO,-flat/H+CO,) (f) is located; where the breaking C-H distance is 146 pm and the
forming Ca-H distance is 174 pm. The energy barrier is 1.01 eV. Starting from
HCO,-O/H-down (10) into CO,+H, the transition state TS(HCO,-O/H-down/H+COQO,) (g) is
located; where the breaking C-H distance is 147 pm and the forming Cs-H distance is 162 pm.
The energy barrier is 0.54 eV.

Starting from HCO,-O/O-down (8), the effective barrier via the transition state
TS(HCO,-flat/H+CO,) (f) is 1.61 eV; while the effective barrier via the transition state
TS(HCO,-O/H-down/H+CO,) (g) is 1.70 eV; and the reaction is endothermic by 0.34 eV.
Compared with the high barrier (2.27 eV) of O+CHO formation, the formation of H+CO, via
the dynamic bending HCO,-flat (9) configuration is more favourable kinetically.

(c) CHO dissociation as well as H,O and CO, formation: As the most favourable route
for CHO+OH formation from HCO,H-flat (1), we computed CHO (13) dissociation into CO+H,
and the subsequent CO,H formation from CO+OH as well as H,O formation from H+OH. For
CHO dissociation into CO+H, the transition state TS(CHO/H+CO) (h) is located, and the C-H
distance is 189 pm; and the energy barrier is 1.46 eV and the reaction is almost thermal
neutral (-0.02 eV).

Starting from the previously formed surface OH, the further reactions of CO+H into H,O and
CO.H were calculated. For H,O (7) formation from H+OH, the transition state TS(H+OH/H,0)
(i) is located, and the forming O-H distance is 132 pm and the breaking surface C-H distance
is 135 pm; and the energy barrier is 1.36 eV and the reaction is endothermic by 0.94 eV, while
the back reaction has lower energy barrier of 0.42 eV. Therefore, H,O dissociation is more
favourable than its formation.

For CO,H formation from CO+OH, the transition state TS(CO+OH/CO,H-OM/CM) (j) is
located, and the forming C-O distance is 163 pm, and the energy barrier is 1.40 eV; and the
reaction is endothermic by 1.02 eV; while the back reaction has lower energy barrier of 0.38
eV; these show that CO,H dissociation instead of formation is more favourable. Nevertheless,
we also calculated CO,H dissociation into CO.+H. It is to note that there are two adsorption
configurations for CO,H in very close energy, CO,H-OM/CC (11) and CO,H-OM/CM (12).
Starting from the more stable CO,H-OM/CC (11), we located the transition state
TS(CO,H-OM/CC/H+CO3) (k), in which the breaking H-O distance is 126 pm and the forming
H-Cx distance is 138 pm; and the energy barrier is 0.23 eV; and the reaction is exothermic by
0.55 eV. In addition, CO,H-OM/CM (12) (Appendix Figure A12) dissociates into CO,+H is less
favourable kinetically.
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On the basis of the computed energy barriers and the reaction energies for CO,H formation
and dissociation, CO,H dissociation into CO,+H is kinetically more favourable, while CO,H
dissociation back to CO+OH is kinetically less favourable, but thermodynamically more
favourable.

(d) CO, desorption: Since CO, has a strong adsorption on the surface, the corresponding
desorption was computed. Starting from the most stable adsorption configuration
(CO,-OM/CC (3)), the transition state TS(CO./desorption) (I) was located; in which the
distance of O-Moa and C-C, is 230 and 227 pm, respectively; and the OCO angle is 151.36°,
which is larger than that (128.04°) in CO,-OM/CC (3); and the desorption energy is
endothermic by 0.92 eV, and this is also the CO, adsorption energy.

The computed adsorption energies of the intermediates involved in FA dissociation in Table
4.1 show negligible differences between 16/ML and 1/4 ML apart from the flat adsorbed CO
(5), which has a difference of 0.29 eV. Detailed analysis into this difference shows the strong
reconstruction of the surface structure for CO (5) at 1/4 ML and no such significant surface
reconstructions can be found for other intermediates. Similar coverage effects have also been
found for the energy barriers and reaction energies for the elemental steps for FA dissociation
(Table 4.2). All these show that our surface models are large enough for computing FA
dissociation.

The transition states involved in FA dissociation at 1/4 ML are shown in Appendix Figure
A13.

4.3.3 Potential Energy Surface

On the basis of the computed energetic parameters for the elementary steps, we have
mapped the potential energy surface for FA adsorption and decomposition on the Mo,C(101)
at 1/16 ML (Figure 4.4). FA has two adsorption configurations close in energy, parallel to the
surface (HCO,H-flat (1, E.ss = -1.12 eV)) and perpendicular to the surface
(HCO,H-O/OH-down (2, E.gs = —1.06 eV)). However, they have very different dissociation
routes. Starting from the more stable configuration (1), a potential route follows its dissociation
(c) forming surface CHO and OH (CHO+OH). Other dissociation routes towards surface
formate (HCO,) (a) and carboxyl (CO.H) (b) have much higher barriers and thus kinetically
much less favored. Considering (2), which is a less stable configuration than (1), the formation
of surface formate (8) proceeds almost barrier-less following the dissociation route (d). We
shall revisit this result when discussing the selectivity.

Continuing the reaction pathway starting at (8), direct C-H bond cleavage is not possible.
Also the dissociation of (8) into surface CHO+O is not competitive, as its barrier is 2.27 eV.
Instead, dynamic bending involving the adsorption configurations HCOo-falt (9) and
HCO,-O/H-down (10) become likely. These processes need to overcome an effective barrier
of 1.70 eV, and the surface CO, formation is endothermic by 0.34 eV (or 1.26 eV to gaseous
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CO,). However, the overall reaction pathway remains below the potential energy of the initial

state (FA in gas phase (E = 0.00 eV)).
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Figure 4.4 The potential energy surface for FA dissociation at 1/16 ML starting from gaseous

FA (energies in eV)

A potential competitive reaction pathway may start at the surface CHO (13). The
dissociation of (13) into surface CO+H is associated with a barrier of 1.46 eV, and the reaction
is nearly thermal neutral. The subsequent elementary steps of CO and OH to form surface
carboxyl (12) as well as H+OH to form surface H,O (7) need high barriers (1.40 eV and 1.34
eV, respectively) and are endothermic by 1.02 and 0.94 eV, respectively. These show that
(12) and (7) are metal-stable intermediates and they prefer the dissociation into surface CO
(5) and OH. However, desorption of CO and H,0 is highly endothermic and would thus lead to
poisoning of the active sites. Since the elementary steps are equilibrated, this part of the
reaction may also proceed in the reverse direction.

With a view to the high selectivity the catalyst provides for the overall decomposition of FA
towards CO; and H,, we should keep in mind that the entire potential energy surface remains
below the potential energy of FA; all elementary steps are equilibrated. Additionally, we may
formulate the conservation of the number of active sites by the sum of all intermediates
sticking to the surface, which is constant. Due to the thermodynamic equilibrium, the equation
is cancelling down to 1 = Opcoy+H + Ocro+on, Where O is the coverage. Although the reaction
pathway via (13) also lead to CO, formation, the probability is very low. Reason for this
observation is the barrier of the elementary step (c), which is higher and requires a ~10° times
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longer lifetime of the transition state than that of (d). Finally, the overall reaction rate for FA
decomposition via the HCO, pathway was found to be 2300 times faster than that following
the HCO pathway (Appendix Text A1).

Figure 4.3 illustrates the potential energy surface and highlights the most favourable route
of the decomposition of FA via formate towards CO,+2H. This agrees with the experimental

findings of CO-free H,."
The corresponding potential energy surface for FA dissociation at 1/4 ML is shown in

Appendix Figure A14

Table 4.3 Comparison of the adsorption energies (E.gs, €V), dissociation barriers (E,, eV) and
dissociation energies (E;, eV) of FA on 3-M,C(101), Pd(111) and Pt(111) as well as on Ir(100)
surfaces

Mo,C(101) Pd(111) Pt(111) Ir(100)

Eags (HCO2H)

-1.12; -1.06 —-0.39*": —0.62*%; —0.40*; —0.40** —0.39**; —0.40/-0.34*%; —0.26*® —-0.63*

—2.37% —2.71%%, —2.52%: _2.49* _227%: _2.32/-2.50% -3.66%
Eads (Coz)a

-0.92 0.23*

________________________________________________________ Baas (B
-2.79 —2.78%; —2.92*; _2.89% —2.78% -3.01%
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Ea (HCOH —HCO+H)
0.02 0.58*"; 1.00%%; 0.68**; 0.49* 0.72¢; 0.94/0.88*; 0.69*
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, E (HCOH - HCO,+H)
-1.18 -0.17%"; 0.00*; —0.27%%; -0.09*  0.03*° 0.18%
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, E.(HCO,—»COp+H>
1.61 0.76*"; 0.88%% 1.59*; 0.77* 1.23%; 1.56/1.16*°; 1.88% 0.87%
_______________________________________________ E(HCO, > CO+H)
0.34 -0.43""; —0.29*%; —0.45%; —0.22** —0.43%; -0.31/-0.63" -0.06*
_______________________________________________________ supercell
(4x4) (3x3)""; (3x3)"; (3x3)*; (3xB)*  (2x4); (3x3/2x2)"; (3x3)* (3x3)"

(a) chemisorption state energy; (b) effective energy barrier

4.3.4 Comparison with Pd(111), Pt(111) and Ir(100)

Since molybdenum carbide has been proposed to have the catalytic activity of the Pt group
metals, we compared the energetic parameters of FA adsorption and dissociation on
Mo,C(101), Pt(111), Pd(111) and Ir(100). Since the formate route is the more preferable
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mechanism, it is much easy for the general comparison, and these data are summarized in
Table 4.3.

As shown in Table 4.3, FA has much stronger adsorption energy on Mo,C(101) than on
Pd(111), Pt(111) and Ir(100); all these surfaces have FA chemisorption. For CO, adsorption,
there are quite large differences among these surfaces. For example, CO, on Mo,C(101) has
much stronger chemisorption energy, while Pd(111) does not adsorb CO, (positive adsorption
energies). For hydrogen atom adsorption, all these surfaces have very close adsorption
energies in the range of —2.8 to —3.0 eV; and there are no differences among these surfaces
apart from the fact that H adsorption prefers the surface carbon atom instead of surface Mo
atom. For formate adsorption, Mo,C(101) has stronger chemisorption energy than Pd(111),
Pt(111) and Ir(100).

For FA dissociation into surface formate and hydrogen, Pd(111) and Pt(111) have very high
activation barriers, while Mo,C(101) is practically barrier-less. Along with the energy barriers,
FA dissociation into surface formate and hydrogen is strongly exothermic on Mo,C(101), and
almost thermal neutral on Pd(111) and Pt(111). It is endothermic on Ir(100). For formate
dissociation into surface CO, and hydrogen, Mo,C(101) has very high effective barrier, while
Pd(111), Pt(111) and Ir(100) have low effective barrier apart from the reported 1.59 and 1.88
eV for Pd(111) and Pt(111) by Hu et al.,*'® respectively. The corresponding dissociation
energy is endothermic on Mo,C(101), while strongly exothermic on Pd(111) and Pt(111).

4.4 Conclusions

For the catalytic and selective decomposition of formic acid into CO, and hydrogen on
B-Mo,C(101), the adsorption configurations and energies of the surface intermediates
(HCO,H, CO,, CO, H,O, HCO,, CO,H, CHO, OH, O and H) have been computed
systematically. On the basis of the most stable adsorption states the full potential energy
surface has been mapped and the minimum energy path has been identified.

Mo,C(101) represents the most stable termination, and the unit cell contains 16 exposed
Mo atoms and 16 exposed C atoms; and detailed calculations and comparisons show that this
surface model is large enough for studying formic acid dissociation without significant lateral
interactions.

On Mo,C(101) at 1/16 ML, formic acid has two very different adsorption configurations,
HCO,H-flat (1) and HCO,H-O/OH-down (2), but in very close adsorption energies. For
HCO,H-flat (1), the most preferred dissociation route is the formation of surface formyl and
hydroxyl (CHO+OH); while the formation of either formate and hydrogen (HCO,+H) or
carboxyl and hydrogen (CO,H+H) is kinetically much less favorable. For HCO,H-O/OH-down
(2), the only dissociation route is the formation of surface formate and hydrogen (HCO,+H),
and it is barrier less and highly exothermic. Therefore, formate from HCO,H-O/OH-down (2)
represents the most important surface intermediate and the most stable adsorption
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configuration HCO,-O/O-down (8) has its two oxygen atoms bridging two surface Mo, atoms.
The dissociation of surface formyl into CH and O has much high energy barrier.

Starting from HCO,-O/O-down (8), formate dissociation into CO, and hydrogen is kinetically
much more favored than into surface formyl and oxygen (CHO+QO). The formation of surface
carboxyl from surface CO and OH has high barrier and is highly exothermic, and the
dissociation of surface carboxyl into CO+OH is more favorable than into CO,+H. In addition,
H,O formation from surface OH+H is also kinetically and thermodynamically less favorable.
All these rule out the possible formation of CO and H,O. Therefore, Mo,C exhibits a unique
property to catalyze formic acid dissociation into CO-free hydrogen.

The potential energy surface shows clearly the formate dissociation into CO, and hydrogen
is the rate-determining step and HCO,-O/O-down (8) represents the resting state. In addition,
due to their strong chemisorption, desorption of CO, CO, and H,O is very difficult. The
analysis of the overall reaction rates shows the faster FA decomposition via the formate
(HCO,) route over the formyl route (CHO). Finally the Mo,C(101) catalyzed formic acid
dissociation produces CO-free hydrogen.

Because of the proposed Pt-like properties for transition metal carbides, the adsorption
properties of HCO,H, HCO,, CO, and H as well as their dissociation energetic on Mo,C(101)
have been compared with those on Pd(111), Pt(111) and Ir(100). Apart from the adsorption of
hydrogen atom, which has very close adsorption energies on all these surfaces, Mo,C(101)
can adsorb these intermediates much stronger than Pd(111) and Pt(111), in particularly the
much stronger CO, chemisorption.

For the first step of formic acid dissociation into surface formate and hydrogen on
Mo,C(101), it is barrier-less and highly exothermic, while it has higher barriers and is less
exothermic on Pd(111) and Pt(111). Due to the much stronger adsorption of surface formate,
the dissociation of formate into surface CO, and hydrogen has higher effective barrier, while
this dissociation step on Pd and Pt has lower barrier.
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5 Full Acrolein Hydrogenation on Ni(111)

5.1 Introduction

Selective hydrogenation of a,B-unsaturated aldehydes to the corresponding unsaturated
alcohols has attracted much interests, and this is because that such alcohols are very
important intermediates in fine chemicals and pharmaceuticals.” Since the C=C bond in
a,B-unsaturated aldehydes is generally easier to be hydrogenated than the C=0 bond both
thermodynamically and kinetically,” the biggest challenge remains the finding of suitable
catalysts for producing the desired unsaturated alcohols. Many catalysts, especially the
platinum group metals, have been used and the selectivity is mainly controlled by the nature
of catalysts, e.g.; Pt alloyed with an electropositive metal can significantly improve the
selectivity in the hydrogenation of a,B-unsaturated aldehydes toward unsaturated alcohols®
and addition of various promoters plays an important role on improving the production of
unsaturated alcohols.* For understanding the catalytic selectivity, it is necessary to know the
detailed reaction mechanisms, especially the competitive processes in the hydrogenation of
the C=C and C=0 bonds.

As the simplest a,B-unsaturated aldehyde, acrolein has been used to study the selective
hydrogenation. Figure 5.1 shows the hydrogenation network of acrolein into propanol. The
selective addition of one hydrogen atom can form four radical intermediates and the addition
of a second hydrogen atom to these intermediates can form three closed-shell intermediates,
e.g.; allyl alcohol (prop-2-en-1-ol), propanal and prop-1-en-1-ol. The addition of a third
hydrogen atom can form four radical intermediates from six possibilities and the last hydrogen
addition forms propanol as the final product.

R, ry 6 Ra1 R rio3 OH Rizza
J _/_OH 122 J_ -
R allyl alcohol r124 OH R4
2 1 R 0 —2 " [ Riga "™, 70—
4 3 ,—0 — ,—OH
J R1a J/_OH Ria
acrolein Ry r, —0 R R rss1 ,—OH Rggpp propanol
(AC) N e B
Ry3 fo Ras1
Rs r3 o Ru r3s2 LY
. — propanal Ry, 2 7 4

Figure 5.1 Hydrogenation network of acrolein to propanol

Due to their industrial importance, there are many experimental studies on the selective
hydrogenation of a,B-unsaturated aldehydes. Touroude investigated the catalytic behaviors of
the group VIII transition metals in the deuterium-acrolein reaction.® Coq et al.,° reported
acrolein hydrogenation on group VIII metal supported catalysts and found the selectivity
depending on the nature of the supports and the size of the catalysts. Claus et al.,” reported
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acrolein hydrogenation on Ag-based catalysts. Brandt et al.,® found that acrolein coverage on
the Ag(111) surface plays an important role in the selectivity toward the formation of allyl
alcohol. Gold catalyst shows unexpected activity for producing allyl alcohol.® Chen et al.,"
studied acrolein hydrogenation on bimetallic catalysts from experiment and theory, and found
the selectivity depending on the electronic nature of the catalysts.

Density functional theory (DFT) studies on the selective acrolein hydrogenation have been
carried out. Chen et al.,"" computed acrolein hydrogenation on pure gold clusters, In-doped
gold surfaces and ZnO supported gold clusters as well as gas phase hydrogenation. Liu et
al.," reported acrolein selective hydrogenation on ZrO,-supported single gold catalysts.

Résch et al., ™

reported selective acrolein hydrogenation on different silver surfaces. Hu et
al.,'* computed acrolein hydrogenation on the stepped Pt(211) and Au(211) surfaces. lllas et
al.,”® investigated acrolein hydrogenation on the clean Cu(111) and S-covered Cu(111)
surfaces. The hydrogenation of acrolein, crotonaaldehyde and prenal on Pt(111) also has
been computed.®

As an excellent hydrogenation catalyst widely used in industry and academic research, and
there are many theoretical studies on Ni hydrogenation. For example, Remediakis et al.,"’
reported CO hydrogenation to methanol (CO + 2H, —» CH3;OH), and Olive et al.,”® reported
HCN hydrogenation to methylamine (HCN + 2H, — CH3NH,). As a fundamental process in
the refining industry benzene hydrogenation (C¢Hs + 3H, — CgHio) was explored by
Mittendorfer and Hafner.'”® CO, hydrogenation into formic acid (CO, + H, —» HCO,H) was
reported by Peng et al..?* However, the mechanism of acrolein hydrogenation on nickel is still
unclear. This work reports a detailed theoretical study on acrolein hydrogenation on Ni(111)
for the understanding into the selective acrolein hydrogenation into either ally alcohol or
propanal or propanol.
5.2 Computational details

Spin polarized periodic DFT method implemented in Vienna ab initio simulation package
(VASP)*' was used. The electron exchange and correlation energy was treated within the
generalized gradient approximation (GGA) in the Perdew-Burke-Ernzerhof formalism (PBE).??
The core electron interactions were described with the projector augmented wave (PAW)
method.?® The cut-off energy was set up to 400 eV. The forces convergence was set to be
less than 0.02 eV/A, and the total energy convergence was set to be less than 10™ eV.
Electron smearing of o = 0.1 eV* was used following the Methfessel-Paxton scheme.
Brillouin zone sampling was employed using a Monkhorst-Pack grid.*®

For the Ni(111) surface, the first Brillouin zone was sampled with a 3x3x1 k-point grid. A
p(3%4) super cell with 12 atoms at each layer was used. Ni(111) was modelled with a
three-layer slab with a 12 A vacuum zone in the z direction to separate the slabs; the first two
layers with adsorbates are relaxed and the bottom layer is fixed to its bulk. This three-layer
model was well tested and used in our previous work.?®
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The nudged elastic band (NEB) method was used to locate the transition states of the
hydrogenation reactions.?” The computed vibrational frequencies were used to characterize a
minimum state without imaginary frequencies or an authentic transition state with only one
imaginary frequency. The adsorption energy is defined as Eags = Epsiab — [Esiab + Ea], Where
Ensiab is the total energy of the slab with adsorbate A, Eqpp is the total energy of the bare slab,
and E, is the total energy of free adsorbate A in gas phase. Thus, the more negative the E,gs,
the stronger the adsorption. The reaction energy (E;) and activation barrier (E,) are calculated
using E; = Egs — Eis and E; = Ers — Eis, respectively, where E;s, Ers and Ers are the total
energies of the initial state (I1S), final state (FS) and transition state (TS), respectively.

5.3 Results and Discussion

For convince and simplicity, acrolein (AC) is numbered from O, to C, and this is also the
sequence for the stepwise hydrogen addition (Figure 5.1). For example, first hydrogen
addition at O,, C,, C3 and C, atoms forms the four radical intermediates; i.e.; 1-hydroxyl allyl
radical (r1), prop-2-en-1-oxyl radical (r,), 3-oxopropyl radical (r3) and 1-formylethyl radical (r,);
respectively, and the corresponding routes are named as Ry, Ry, Rz and Ry4. For second
hydrogen addition to the four radical intermediates, six possible reaction routes exist and
three closed-shell products are produced, i.e.; allyl alcohol (AA), propanal (PA) and enol (EN).
For AA formation, the alternative routes are Ry, (H atom is added to C, of r;) and R»; (H atom
is added to O; of r,). For PA formation, the alternative routes are R34 (H atom is added to C, of
r3) and R,3 (H atom is added to C; of ry). For EN formation, the alternative routes are R4 (H
atom is added to C, of rq) and R4 (H atom is added to O of r,). For third hydrogen addition to
AA, PA and EN, each species has two reaction routes and all six reaction routes can form
four radical intermediates; i.e.; 3-hydroxyl propyl radical (ri23) from R423, 1-hydroxyl isopropyl
radical (rq24) from either Ryz4 or Rq42, 1-hydroxyl propyl radical (rs41) from either R34 or Rys3,
and propoxyl radical (rs42) from Rs42. For final hydrogen addition, PP can be formed from R34,
R1243, Ras12 Or Raszq. The detailed structural parameters and energetic data for the full
hydrogenation reaction are given in Appendix Table A2.

5.3.1 Hydrogenation intermediates

Figure 5.2 shows most stable adsorption configurations along with the selected bond
parameters for the hydrogenation intermediates from acrolein to propanol.

Acrolein (AC). Molecular AC exhibits trans and cis conformations. The computed structural

1.8 and the trans

parameters agree well with the available experimental data by Blom et a
configuration is the major isomer (98%), as also found experimentally (96% at room
temperature). Therefore we used only the trans isomer for our calculations on Ni(111). As
shown in Figure 5.2, the most stable AC adsorption configuration has the C=0 and C=C
bonds over two neighboring face centered cubic (fcc) sites; and the C=0 and C=C bonds are
elongated to 135 and 145 pm, compared to the gas phase values (123 and 134 pm). The

adsorption energy is —1.15 eV, indicating a strong interaction of AC with the surface Ni atoms.
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Figure 5.2 Adsorption configurations involved in acrolein hydrogenation into propanol on
Ni(111) (bond distances in pm).

First H addition: The most stable adsorption configurations for the intermediates of first H
addition, ry, rp, r3 and r4, are shown in Figure 5.2. In r4, the H atom is added to O, and the free
intermediate can be considered as a 1-hydroxyl allyl radical; C, and C, bridge two neighboring
surface nickel atoms and the adsorption energy is —1.56 eV. In r,, the H atom is added to C,
and the free intermediate can be considered as prop-2-en-1-oxyl radical; O bridges two
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surface Ni atoms and the C=C bond locates over the fcc site and the adsorption energy is
—2.54 eV. Such strong adsorption energy (—2.56 eV) is also found for methoxyl radical (Figure
5.2) on Ni(111), where the oxygen atom locates over the fcc site. However, at high coverage
(1/4 ML on a (2x2) supercell), the most stable adsorption configuration of methoxyl radical
has the oxygen atom atop on the Ni(111) surface and the adsorption energy is —1.86 eV."" it is
worthy to note that on the three-fold hollow site of the Pd(111) and Cu(111) surfaces,” the
adsorption energy of methoxyl radical is —1.68 and —2.45 eV, respectively, while that on the
atop site is —0.93 and —1.73 eV, respectively. In r3, the H atom is added to C; and the free
intermediate can be considered as 3-oxopropyl radical; the C=0 group adsorbs over the fcc
site and C, adsorbs atop on a surface Ni atom and the adsorption energy is —1.78 eV. In ry,
the H atom is added to C,, and the free intermediate can be considered as 1-formylethyl
radical; where the C=0 group locates over the fcc site as well as C, and C; chelate a surface
nickel atom, and the adsorption energy is —1.70 eV.

As shown above, the most stable surface intermediate for one H addition is r4, and the other
three surface intermediates are much less stable. However we computed further H addition to
all intermediates for analyzing the selective hydrogenation.

Second H addition: The most stable adsorption configurations for the intermediates of
second H addition, allyl alcohol (AA), propanal (PA) and prop-1-en-1-ol (EN), are shown in
Figure 5.2. For AA, the most stable adsorption configuration has the C=C bond capping the
fcc site and O, atop at one surface Ni atom; and the adsorption energy is —0.84 eV. For PA,
the most stable adsorption configuration has the C=0 bond capping the fcc site and the ethyl
group pointing away from the surface; and the adsorption energy is —0.45 eV. For EN, the
most stable adsorption configuration has the central C=C bond coordination with only one
surface Ni atom; and the adsorption energy is —0.31 eV. The most stable surface intermediate
is the adsorbed allyl alcohol (AA), and the adsorption of propanal (PA) and prop-1-en-1-ol (EN)
is weaker.

Third H addition: Starting from these closed-shell intermediates, third H addition can form
four possible radicals, 3-hydroxyl propyl radical (rs»3), 1-hydroxyl isopropyl radical (ri.4),
1-hydroxyl propyl radical (rs41) and propoxyl radical (rs342) and these configurations are shown
in Figure 5.2. In 3-hydroxyl propyl radical (r4»3) the OH group interacts with one surface Ni
atom and C, radical carbon bridges two surface Ni atoms, and the adsorption energy is —1.55
eV. In 1-hydroxyl isopropyl radical (r4»4) the OH group and C; radical carbon bridge two
neighboring surface Ni atoms; and the adsorption energy is —1.50 eV. In 1-hydroxyl propyl
radical (rz41), O1 and C, radical carbon bridge two neighboring surface Ni atoms and the
adsorption energy is —1.38 eV. The adsorption energies of these carbon radicals are close to
that (—1.44 eV) of ethyl radical on Ni(111) (Figure 5.2). In propoxyl radical (ras,), O is at the
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Figure 5.3 Transition state configurations involved in acrolein hydrogenation into propanol on
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three-fold fcc hollow site, and the adsorption energy is —2.56 eV, which is close to that of the
methoxyl adsorption (—2.54 eV). These results show that oxygen radical has stronger
adsorption energy than those of carbon radicals on Ni(111).

Fourth H addition: The final hydrogenation product is propanol (PP), and the most stable
adsorption configuration (Figure 5.2) has O, atop at one surface Ni atom with adsorption
energy of -0.31 eV. It is noted that the adsorption configuration at the three-fold hollow site is
not stable, and optimization leads to atop site.

5.3.2 Hydrogenation transition states

On the basis of the computed intermediates we have computed the corresponding transition
states for analyzing their kinetic and thermodynamic parameters in the hydrogenation reaction.
The optimized transition states along with the critical bond parameters are shown in Figure
5.3; and the activation barrier and reaction energy of each step is shown in Figure 5.4.

TSR, . TS/R, TSIR TS/R1234
________ O B TSIRi23 __ryps OH T2 23
089/058 2—/ = 092/-0.09 =/—0H 670037 2 ST 00
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Figure 5.4 Acrolein hydrogenation route with intermediates (activation barrier in plain and the
reaction energy in italics, in eV)

Prior to consider the transition states of H addition, we computed hydrogen adsorption. On

% and the adsorption energy of one H,

Ni(111), there is only dissociative hydrogen adsorption,®
gas molecule is —1.01 eV, which is close to that of one acrolein molecule (—-1.15 eV);
indicating the possibility for the co-adsorption of atomic hydrogen and molecular acrolein.
Since the migration of atomic hydrogen on the Ni(111) surface has negligible barrier (< 0.15
eV),*" we started our transitions state search by putting the hydrogen atom directly to the
attached oxygen or carbon atom. This approach has also been used in acrolein
hydrogenation on Pt(111) by Loffreda et al.."®

First H addition: Starting from the most stable adsorption configurations of acrolein (AC)
and the four intermediates (r4, rp, r3 and rs) from the first H addition, we located four
corresponding transition states (TS/R4, TS/R,, TS/R3 and TS/Ry). For rq formation, the H atom
is added to O;. In transition state TS/R4, the forming H-O distance is 139 pm; the activation

barrier is 1.00 eV and the reaction is endothermic by 0.42 eV. For r, formation, the H atom is
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added to C.,. In transition state TS/R,, the forming H-C distance is 134 pm; the activation
barrier is 0.89 eV, and the reaction is endothermic by 0.58 eV. For r; formation, the H atom is
added to Cs. In transition state TS/R3, the forming H-C distance is 143 pm; the activation
barrier is 0.96 eV and the reaction is endothermic by 0.67 eV. For r, formation, the H atom is
added to C4. In transition state TS/R,, the forming H-C distance is 153 pm; the activation
barrier is 0.62 eV; and the reaction is almost thermal neutral (0.06 eV).

Compared with the formation of other intermediates which have higher activation barriers
and are stronger endothermic, the formation of r, (1-formylethyl radical) is favorable both
kinetically and thermodynamically.

Second H addition: For allyl alcohol (AA) formation, there are two formation ways, i.e.; by
adding second H atom to rq at C, via transition state TS/R4, and to r, at O, via transition state
TS/R21. In TS/R4,, the forming C-H distance is 145 pm and in TS/R»;, the forming H-O
distance is 150 pm. For AA formation via TS/R;,, the activation barrier is 0.76 eV and the
reaction is nearly thermal neutral (0.07 eV), while for the reaction via TS/R,4, the activation
barrier is 0.92 eV and the reaction is exothermic by 0.09 eV. Starting from AC, the effective
barrier is 1.18 eV from R4z, and 1.50 eV from R4, and AA formation is endothermic by 0.49
eV.

The formation of propanal (PA) has two ways, i.e.; by adding the second H atom to r; at Cy4
via transition state TS/R34 and to r,4 at C; via transition state TS/R43. The forming C-H distance
is 160 pm in TS/R34 and 144 pm in TS/R43. For PA formation via TS/R34, the activation barrier
is 0.56 eV and the reaction is exothermic (-0.45 eV), while for the reaction via TS/Ry3, the
activation barrier is 0.66 eV and the reaction is endothermic (0.16 eV). Starting from AC, the
effective barrier is 1.23 eV from R4, and 0.72 eV from Ra43, and PA formation is endothermic
by 0.22 eV.

The formation of prop-1-en-1-ol (EN) also has two ways, i.e.; by adding the second H atom
ri at C, via transition state TS/Rq4 and to rsat O4 via transition state TS/R4¢. In TS/R14, the
forming C-H distance is 149 pm, and in TS/R44, the forming O-H distance is 139 pm. For EN
formation via TS/R44, the activation barrier is 0.58 eV and the reaction is endothermic by 0.21
eV, while for the reaction via TS/R4¢, the activation barrier is 1.07 eV and the reaction is
endothermic by 0.57 eV. Starting from AC, the effective barrier is 1.00 eV from Rq4, and 1.13
eV from R41, and EN formation is endothermic by 0.63 eV.

On the basis of the above results and starting from AC, the more preferred route for AA
formation has effective barrier of 1.18 eV and is endothermic by 0.49 eV; and the more
preferred route for EN formation has effective barrier of 1.00 eV and is endothermic by 0.63
eV, while PA formation has effective barrier of 0.72 eV and is endothermic by 0.22 eV. These
results show clearly that PA formation is most favorable both kinetically and
thermodynamically, while the formation of AA has the highest effective barrier. Since AA has
stronger adsorption energy than PA (—0.84 eV for AA and —0.45 eV for PA), AA desorption is
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more difficult than PA on Ni(111).

Third H addition: Despite of the fact that PA formation is more favored that that of AA and
EN, we computed further hydrogenation to all three intermediates towards to the formation of
propanol (pp) for general comparison.

Starting from AA, third H atom can be added either to C; via transition state TS/R4,3 to form
3-hydroxyl propyl radical intermediate (ri23) or to C4 via transition state TS/Ri, to form
1-hydroxyl isopropyl radical intermediate (ri24). The forming H-C distance in TS/Rq2; and
TS/R424 is 146 and 152 pm, respectively. For the formation of r4,3, the activation barrier is 0.70
eV and the reaction is endothermic by 0.37 eV, while for that of ry,4, the activation barrier is
1.03 eV and the reaction is endothermic by 0.27 eV. Therefore, rqi23 formation is kinetically
more preferred.

Starting from PA, third H atom can be added either to O, via transition state TS/R341 to
1-hydroxyl propyl radical intermediate (ras4) or to C, via transition state TS/R34; to form
propoxyl radical (rs42) intermediate. The forming H-O distance in TS/Ra41 is 141 pm, and the
forming C-H distance in TS/Ra4, is 161 pm. For the formation of r344 the activation barrier is
1.10 eV and the reaction is endothermic by 0.43 eV, while for that of rz4,, the activation barrier
is 0.59 eV and the reaction is exothermic by 0.29 eV. Therefore, ri34, formation is more
preferred both kinetically and thermodynamically.

Starting from EN, third H atom can be added either to C, via transition state TS/R44, to form
1-hydroxyl isopropyl radical intermediate (r4o4) or to C; via transition state TS/R43 to form to
1-hydroxyl propyl radical intermediate (rs41). The forming H-C distance in TS/R142 and TS/R143
is 135 and 147 pm, respectively. For the formation of rq»4, the activation barrier is 0.76 eV and
the reaction is endothermic by 0.13 eV, while for that of r34; the activation barrier is 0.55 eV
and the reaction is almost thermal neutral (0.02 eV). Therefore, ri;; formation is more
preferred kinetically and thermodynamically.

Fourth H addition: For propanol (PP) formation we used all four radical intermediates. The
activation barrier for PP formation is 0.77, 0.72, 0.90 and 1.35 eV for H addition to rqo3 at C4, to
ro4 at Cs, to 3y to C, and rag2 to Oy, respectively; and the corresponding reaction energy is
—0.50, —0.40, —0.29 and 0.43, respectively. In the corresponding transition states, the H-C
forming distance is 159 pm in TS/R4234, 154 pm in TS/R4243 and 157 pm in TS/Ra412; the H-O
distance is 158 pm in TS/Ra421.

For PP formation from AA, the more preferred route has effective barrier of 1.03 eV and the
reaction is exothermic by 0.13 eV. For PP formation from PA, the more preferred route has
effective barrier of 1.33 eV and the reaction is endothermic by 0.14 eV. For PP formation from
EN, the more preferred route effective barrier is 0.85 eV and the reaction is exothermic by
0.27 eV.

5.3.3 Potential energy surface of selective hydrogenation
On the basis of the discussed stepwise hydrogenation barriers and reaction energies, we
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mapped the potential energy surface for analyzing the selectivity of acrolein hydrogenation on
Ni(111). Since EN can tautomerize to PA and also has higher effective barrier, Figure 5.5
shows only the more preferred hydrogenation routes for the formation of AA and PA. For the
adsorption of molecular hydrogen and acrolein, the adsorption energy of acrolein is —=1.15 eV,
which is close to the dissociative adsorption of molecular hydrogen (-1.01 eV); and their

co-adsorption is possible. It is reasonable to discuss the hydrogenation steps from surface

hydrogen atoms following the proposed Langmuir-Hinshelwood mechanism on the surface.
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Figure 5.5 Potential energy surface of acrolein (AC) hydrogenation into allyl alcohol(AA),
propionaldehyde (PA) and propanol (PP) on Ni(111) (energies in eV)

For the competitive formation of AA and PA, it is found that PA formation has lower effective
barrier than AA formation (0.72 vs. 1.18 eV); and PA formation is less endothermic than AA
formation (0.22 vs. 0.49 eV). Therefore, PA formation on the Ni(111) surface is more preferred
kinetically and thermodynamically.

For further hydrogenation of AA and PA into PP, it is necessary to compare their adsorption
(or desorption) energies with their hydrogenation barriers. We found that AA has stronger
adsorption energy than PA (-0.84 vs. —0.45 eV), and PA can desorb easier than AA from the
Ni(111) surface. For AA hydrogenation, the effective barrier is 1.03 eV; and the reaction is

exothermic by 0.13 eV. For PA hydrogenation, the effective barrier is 1.33 eV; and the reaction
is endothermic by 0.14 eV. Since these effective barriers are much higher than their
adsorption energies; both AA and PA prefer to desorb from the surface instead of
hydrogenation on the Ni(111) surface. Thus it is easily to conclude that AC hydrogenation on
the Ni(111) surface mainly forms PA, and the formation of AA is less favored, and PA further
hydrogenation to PP is kinetically hindered. Since the adsorption of AA and PA are much
lower than that of molecular hydrogen on Ni(111), one might consider a hydrogenation
mechanism with atomic hydrogen on the Ni(111) surface and AA (or PA) coming from the gas
phase (the Eley-Rideal mechanism), which is different from the Langmuir-Hinshelwood
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mechanism.

That the hydrogenation of the C=C double bond in AC into PA is more favored kinetically
and thermodynamically than the hydrogenation of the C=0O double in AC into AA is in
agreement with the general trend;? and the same trend is also found for the C=C double bond
hydrogenation in AA and the C=0 double bond hydrogenation in PA.

Table 5.1 Adsorption energies (eV) of AC, AA and PA on different surfaces

Surface AC AA PA Ref
Ni(111) -1.15 -0.84 -0.45

Au(110) -0.42 -0.43 -0.12 11e
In/Au(110) -0.73 -0.40 -0.28 11e
Auyg -0.46 -0.56 -0.40 11d
Au(211) -0.22 -0.45 -0.07 14

Pt(211) -1.63 -1.45 -0.79 14

Pt(111) -1.06 -1.08 -0.23 16¢
Ag(110) -0.17 -0.19 -0.21 13a
Osu/Ag(111) -0.10 -0.21 -0.13 13a

5.3.4 Comparison with other surfaces

Now it is interesting to compare acrolein hydrogenation on different surfaces (Table 5.1). It
is found that AC has stronger adsorption on Ni(111) than on the Au and Ag surfaces as well as
on the Pt(111) surface, but weaker than on the Pt(211) surface. Recent DFT calculations show
that the adsorption energies and configurations depend on the coverage, e.g.; AC on the
Ag(111) surface has a parallel adsorption configuration at low coverage with adsorption
energy of -0.06 eV, while head-to-head and head-to-tail configurations at high coverage with
adsorption energy of -0.18 eV.** For AA, the adsorption energy on Ni(111) is stronger than on
the Au and Ag surfaces, but weaker than on the Pt(211) and Pt(111) surfaces. For PA, the
adsorption energy on Ni(111) is stronger than on the Au and Ag surfaces as well as on the
Pt(111) surface, but weaker than on the Pt(211) surface. Table 5.1 also shows that on Ni(111),
the adsorption energy is in the order of AC, AA and PA; and the same order is also found on
the Pt(211) surface, while disorders are found on other surfaces. Such differences in
adsorption energies on different surfaces indicate their adsorption (or desorption) strength,
which controls their hydrogenation mechanisms and determines the hydrogenation selectivity
as discussed below.

The selective hydrogenation of AC to AA and PA on the Au(110) surface and on the Auyg
cluster has been reported by Chen et al.. The effective barrier for the formation of AA and PA
is 0.45 and 0.92 eV on the Au(110) surface,"'® respectively, as well as 0.41 and 1.00 eV on
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one In atom decorated Au(110) surface, respectively, indicating the preference of AA
formation on these surfaces. On the Au,g cluster the effective barriers for AA and PA
formation are close (0.77 vs.0.83 eV),""? indicating their competition. On AuOH/ZrO,(212), Liu

et al.,"?

reported the preference of AA formation over PA formation on the basis of the com-
puted effective barriers (0.46 vs. 0.82 eV). Further hydrogenation of AA to PP needs effective
barrier of 0.74 eV, which is larger than the desorption energy of 0.25 eV.

On the Pt(111) surface Loffreda et al.,"™ found that the effective barrier of AA formation is
lower than that of PA formation (0.78 vs. 1.13 eV), indicating the kinetic preference of AA
formation, while the desorption energy of AA is much higher than that of PA (1.08 vs. 0.23 eV).
Hu et al.,' reported acrolein partial hydrogenation to AA, PA and EN on the Pt(211) and
Au(211) surfaces. On Pt(211), the most favored product is EN, which is favored both
kinetically and thermodynamically, while on Au(211), the formation of AA is more favored due
to its much lower energy barrier.

On the Ag(110) surface,’*® the effective barrier of AA and PA formation is 0.68 and 0.59 eV,
respectively, indicating a slight preference of PA formation over AA formation. While on the
subsurface oxygen decorated Ag(111) surface, the effective barrier of AA formation is lower
than that of PA formation (1.07 and 1.33 eV, respectively), indicating the change of the
selectivity upon subsurface oxygen decoration.

The stepwise reaction barriers of acrolein hydrogenation on different catalysts are shown in
Appendix Table A3.

5.4 Conclusions

The full hydrogenation of acrolein via allyl alcohol, propanal or enol to propanol on the
Ni(111) surface has been computed using spin-polarized periodic density functional theory
method; and all possible intermediates and products as well as their corresponding transition
states have were considered.

On Ni(111), acrolein has adsorption energy, which is close to that of molecular hydrogen,
and this indicates their possible co-adsorption and the reaction should obey the proposed
Langmuir-Hinshelwood mechanism on the surface. Following the minimum energy path,
acrolein hydrogenation on Ni(111) prefers the formation of propanal both kinetically and
thermodynamically, while the formation of allyl alcohol has higher barrier and is more
endothermic. The effective barrier is smaller in magnitude than the adsorption energy of
acrolein.

In addition, allyl alcohol has stronger adsorption than propanal, and therefore propanal
desorption is much easier than allyl alcohol desorption. Further calculations show that the
hydrogenation of allyl alcohol to propanol has lower effective barrier than that of propanal.
Since the adsorption energies of allyl alcohol and propanal are smaller in magnitudes than
their effective hydrogenation barriers, their hydrogenation reaction should be more difficult.
The main product of acrolein hydrogenation on Ni(111) should be propanal instead of the
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desired allyl alcohol. Since the adsorption energies of propanal and allyl alcohol are much
smaller than that of molecular hydrogen, the hydrogen of propanal or allyl alcohol might obeys
the Eley-Rideal mechanism with atomic hydrogen on the Ni(111) surface and propanal or allyl
alcohol coming from the gas phase.

On the Ni(111) surface, the general trend that C=C double bonds can be more easily
hydrogenated both kinetically and thermodynamically than C=0 double bonds is also found in
acrolein hydrogenation to propanal and allyl alcohol, as well as in the hydrogenation of
propanal and allyl alcohol into propanol.

Further comparisons with acrolein partial hydrogenation on other Au, Ag and Pt surfaces
show the different preference of the allyl alcohol and propionaldehyde.
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Table Al Adsorption energies (E.qs, €V) for all stationary points involved in HCO,H
dissociation into CO, and H on Ni(111) and Pd(111)

species E.ds species Eags
la -0.36 5a -2.41
1b -0.36 5b -2.40
1c 0.04 1A -0.39
1d 0.05 1B -0.39
2a -2.83 2A -2.37
2b -2.23 2B -1.67
2c -1.90 2C -1.66
2d -2.15 3A -5.25
3a -5.34 3B -5.28
3b -5.36

4a 0.24

4b 0.27
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Table A2 energetic and structural parameters of acrolein hydrogenation to propanol (energy
in eV and bond distance in pm)

speices Bond length (pm) E.4/Ea
0O1-C2 C2-C3 (C3-C4 O1-Ni C2-Ni C3-Ni C4-Ni 0O/C-H (eV)
AC 123 147 134

PP 144 152 153

O-CHs; 144 312 —2.56
CH,-CHj3 154 198 211 272 —1.44
AC 135 145 145 205 200 217 200 -1.15
ry 145 145 145 279 199 235 198 —1.56
Iy 144 153 145 197 255 216 200 —2.54
rs 137 152 153 202 197 279 198 -1.78
ry 135 142 151 202 205 213 303 -1.70
AA 146 150 145 215 294 198 213 —0.84
PA 138 151 152 200 199 302 352 —-0.45
EN 141 141 151 229 208 209 311 —0.31
I'341 147 152 152 213 198 305 329 -1.38
l342 145 152 153 198 310 354 496 —2.56
F123 146 152 155 217 322 282 202 —1.55
l124 146 151 153 210 293 200 298 -1.50
PP 145 152 153 218 324 373 472 —0.31
TS/R, 136 145 144 212 202 226 199 139 1.00
TSIR, 138 150 145 199 209 219 200 134 0.89
TS/R3 137 151 148 203 196 208 211 143 0.96
TS/R4 135 146 148 203 198 219 206 153 0.62
TS/R24 141 151 145 199 272 205 201 150 0.92
TS/R+2 142 148 145 257 209 222 197 145 0.76
TS/R43 135 145 152 201 206 220 326 144 0.66
TS/R34 137 152 152 202 197 288 211 160 0.56
TS/R41 136 142 151 209 210 211 306 139 1.07
TS/R14 141 145 147 255 196 219 206 149 0.58
TS/R123 145 152 149 223 300 207 212 146 0.70
TS/R124 146 151 149 213 300 202 211 152 1.03
TS/R341 138 152 152 201 204 305 335 141 1.10
TS/R342 138 152 152 199 214 324 407 161 0.59
TS/R142 142 146 152 236 217 204 309 135 0.76
TS/R143 142 146 152 224 205 212 321 147 0.55
TS/R3421 143 152 153 194 296 371 471 158 1.35
TS/Ra412 144 152 152 218 220 302 355 157 0.90
TS/R1243 145 152 153 210 290 222 322 154 0.72

TS/R1234 146 153 159 221 318 317 214 159 0.77
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Table A3 stepwise reaction barriers of acrolein hydrogenation on different catalysts (energy in
eV)

Ni(111)  Au(110) _ IWAu(110)  Auzp  AUOHIZIO,  Au(211)  Pt211)  Pw111)  Pi(111)  Ag(110)  Osw/Ag(111)

R4 1.00 0.45 0.84 0.83 0.31 0.74 0.51 0.42 0.19 0.81 0.94
R2 0.89 0.70 0.41 0.87 2.07 1.38 0.81 0.62 0.51 0.68 2.06
R3 0.96 0.54 0.52 0.86 0.82 1.32 0.73 0.95 0.85 0.77 2.08
Ry 0.62 0.97 0.92 0.77 0.97 0.94 0.67 0.93 0.83 0.37 1.33
R21 0.92 0.46 0.61 0.30 0.2 1.08 0.60 0.32 0.20 0.41 1.55
Ri2 0.76 0.37 0.34 0.33 0.22 1.20 0.75 0.78 0.69 0.34 1.07
Ras 0.66 0.70 0.97 0.51 0.52 0.95 0.82 1.00 0.84 0.59 0.94
Rsa 0.56 0.92 1.00 0.39 0.69 0.85 0.70 1.05 0.85 0.82 1.88
R+ 1.07 0.02

Ris 0.58 1.00 0.83 0.83

Raa1 1.10

Rz 0.59

Ri23 0.70 0.82

Ri124 1.03 0.74

R142 0.76

Rua3 0.55

Ra421 1.35

Ras12 0.90

Ri243 0.72 0.14

Ri234 0.77 0.34

Ref 1 1 2 3 4 4 5 6 7 7

(1) He, X.; Chen, Z. X.; Kang, G. J. J. Phys. Chem. C 2009, 113, 12325-12330.

(2) Li, Z.; Chen, Z. X.; He, X.; Kang, G. J. J. Chem. Phys. 2010, 132, 184702-5.

(3) Wang, C. M,; Fan, K. N.; Liu, Z. P. J. Catal. 2009, 266, 343—-350.

(4) Yang. B.; Wang, D.; Gong, X. Q.; Hu, P. Phys. Chem. Chem. Phys. 2011, 13,
21146-21152.

(5) Lofferda, D.; Delbecq, F.; Vigné, F.; Sautet, P. Angew. Chem. Int. Ed. 2005, 44,
5279-5282.

(6) Lofferda, D.; Delbecq, F.; Vigné, F.; Sautet, P. J. Am. Chem. Soc. 2006, 128, 1316-1323.
(7) Lim, K. H.; Mohammad, A. B.; Yudanoy, |. V.; Neyman, K. M.; Bron, M.; Claus, P.; Résch, N.
J. Phys. Chem. C 2009, 113, 13231-13240.
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Figure A3 HCO, and H co-adsorption on Ni(111) (bond distances in A)
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TS{1b/3b}

Figure A5 Transition state of the coordination change of HCO, adsorption on Ni(111) (bond

distances in A)

1A 1B

Figure A6 The stable HCO,H adsorption configurations on Pd(111) (bond distances in A)
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ZA b 2C

TS{TASA)
Figure A9 Transition state of HCO,H — HCO, + H on Pd(111) (bond distances in A)
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Figure A10 Transition state of HCO, —CO, + H on Pd(111) (bond distances in A)
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Figure A11 The most stable adsorption configurations of intermediates involved in FA

decomposition at 1/4 ML (bond distances in pm and energies in eV)
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CO,H-OM/CM CO,H-0M/CC TS(CO,H-OM/CM/H+CO,)
(-2.81eV) {-2.88eV) (~2.38eV)

Figure A12 Adsorption configuraions and transition state at 1/16 ML (bond distances in pm

and energies in eV)
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Figure A13 The transition configurations involved in FA decomposition at 1/4 ML (bond

distances in pm and energies in eV)
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Text Al

The formation of surface formate and H via perpendicular configuration
(HCO,H-O/OH-Down (2)) and the formation of surface CHO and OH via the flat one compete
on the surface at low coverage; therefore, a micro-kinetic modeling is virtually needed to
quantify the selectivity of the various products.

Micro-kinetic modeling has got increasing concerns in the study of heterogeneous catalysis
for understanding the mechanistic details (Lynggaard, H.; Andreasen, A.; Stegelmann, C,;
Stoltze, P. Prog. Surf. Sci. 2004, 77, 71-137). Based on the proposed scheme, we have tried
to investigate the quantity of the selective formic acid dehydrogenation and dehydration on
molybdenum carbide. Unfortunately, we could not get the partial pressure of CO and H,O; or
CO, and H, from the available experimental data. Without those parameters, the final TOF of
the formation of H, or CO could not be obtained. Indeed, experimental work also shows
CO-free H, formation from formic acid on molybdenum carbide. Nevertheless we have tried to
extract the question by considering the minimum energy path of formation CO, and H, versus
the minimum energy path of formation CO and H,0.

The reaction path contains many elementary steps, which determine the overall reaction
rate. Our potential energy surface reveals that the first three elementary steps play very
important roles in the selectivity of FA dissociation since the rate determining step was the
third step (HCO,— CO,+ H vs. CHO— CO + H). We supposed that these three elementary
steps consist of a consecutive reaction, and therefore we mainly considered the reaction rates
of these steps.

The first step is the adsorption of the FA. Two adsorption models with similar adsorption
energy were found and their difference in adsorption energy determines their coverage
differences. For the adsorption of FA, the adsorption equilibrium constant (K.qs), which
determines the stable coverage of FA on the surface, can be got from equation AGyys =
—RTInKags. Where, AGags = Gsav+ra — Gsiab — Gra, is @ function of temperature and pressure.
Here, we chose 373K as the sample temperature for discussion.

373K AG.gs/eV Kags/s™
HCO,H-flat (1) -1.19 1.06%x10"°
HCO,H-O/OH-Down (2) -1.13 1.64x10"

The second elementary step of those two different reaction paths starts from FA with flat
and perpendicular adsorption modes. The reaction rate of this step can be described by the
equation r, = K,0, where K, is the reaction rate constant of the second step and 0 is the
coverage of adsorbed FA (which is determined by K.4s). The value of K, is derived from

Arrhenius equation K = kgT/hxexp(-E,/RT), approximately; where, kg is Boltzmann's constant,
Xl



Appendix

and h is Planck's constant, E,.is the computed activation energy. Here, we supposed that
pre-exponential factors are approximately equal. For the two different reaction paths, the
reaction rate constants can be estimated.

373K E.leV Kyls™
HCO,H-flat/CHO+CO (c) 0.48 2.53 x 10°
HCO,H-O/OH-down/H+HCO, (d) 0.02 417 x 10"

For the rate-determined step, similar estimation was done as the case of step two, and the
reaction rate constant (K3) at 373K was given in the following table.

373K EaleV Ky/s™
HCO,-0/0— down/H+CO, 1.46 1.43 x 107
CHO/H+CO (h) 1.61 1.35 x 107

Since those three primary steps composed an overall consecutive reaction, the overall
reaction rate (Ki.ta)) Can be determined approximately by multiplying Kugs, K> and Ks.

373K Kioal/s™
HCO,H-flat — CO, + 2H 9.19 x 10"®
HCO,H-O/OH-Down — CO + H + OH 3.84 x 10"

Thus, the formation of CO, and 2H via HCO,H-O/OH-Down (2) is around 2300 time more
faster than the formation of CO, H and OH via HCO,H-flat (1) on the surface, even to say,
surface CO + H + OH can either form CO + H,O or H, and CO, and 2H under close activation
energy.Based on the above analyses, formic acid selective decomposition into CO-free H,
agrees with the experimental result. And our DFT results are reasonable.

X1
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