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HIGHLIGHTS

e Decomposition of methanol on the CuG surface has offered low activation barriers.
e Cu embedding on the graphene boost the catalytic activity.

e CH;0H.— CH30 — CH,0 — CHO — CO path is the most likely pathway

e CuG would significantly reduce the catalyst cost.

e CuG can utilized as an alternative catalyst to reduce the CO poisoning problem.
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The methanol decomposition reaction has gained substantial attention due to the wide
range of applications that its intermediates offer. In this work, methanol (CH;OH)
decomposition on Copper-embedded graphene (CuG) surface has been investigated via
density functional theory with Grimme-D2 dispersion correction. The charge density of the
CuG surface has been analyzed and the redistribution of the electron density of the surface
has been represented via the electron density difference (EDD) map. Moreover, the
decomposition reaction mechanism of CH3;0H on the CuG surface through the cleavage of
C—H, O—H and C—0 bonds has been investigated in detail. In the initial state, the C—O and
O—H bonds of CH30H have similar activation barriers, thereby the adsorption and degra-
dation mechanism of the intermediate states arising through O—H bond cleavage on the
CuG surface has been investigated. In addition, the charge density calculations of the
transition state geometries have been conducted and examined with EDD maps. The
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results have revealed that the previously adsorbed oxygen molecule exhibited high cata-
lytic activity towards O—H decomposition compared to the bare surface. The CuG surface
has offered higher activity on the C—H bonds compared to the C—O bonds of the inter-

mediate states generated by CH3;0H decomposition. The results revealed that the proposed
CuG structure can be utilized as an alternative electrode catalyst that can prevent the CO
poisoning issue in direct methanol fuel cells.

© 2021 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

The development of alternative renewable technologies such
as fuel cells for ensuring the long-term energy sustainability
has garnered considerable attention as a way to cope with the
environmental concerns caused by the usage of fossil fuels
[1-3]. Hydrogen is now widely regarded as a clean and feasible
energy source for power production in both portable and
large-scale applications [4—6]. However, due to the obvious
constraints of hydrogen storage systems, the fabrication of
onboard hydrogen using liquid fuels such as methanol is
gaining popularity as a means of developing fuel cell-powered
devices [7]. Methanol decomposition is one of the crucial
processes in the state-of-art direct methanol fuel cell (DMFC)
technology, as well as research and development works in
chemical industry [8,9]. Moreover, it has been receiving sub-
stantial attention from the scientific community due to the
potential broad applications of its end products [10]. Methanol
is of great potential to be utilized as a reactant for various
chemical processes as well as an energy carrier for hydrogen
storage and transportation [11,12]. Besides, it has been regar-
ded as one of the most encouraging alternative energy sources
thanks to its abundance, cost-natural feature, and enhanced
safety [13]. Although the usability of methanol as an alterna-
tive energy source has been studied in detail since the first oil
crisis in 1973, much more research is needed before it can be
used in the current DMFC technology and conventional in-
ternal combustion engines [8]. Previous works in the literature
have reported that noble metals such as Pt, Pd, Ru, Ir, etc. are
the high-performance catalysts that can be utilized to facili-
tate the catalytic decomposition of methanol to hydrogen and
syngas [14—22]. In particular, for DMFC, even though the noble
metal-based nanocatalysts have been shown to have high
catalytic activity for the methanol decomposition reaction,
they are suffering from poor resistance to both sintering and
CO poisoning [23—25]. Therefore, the engineering of high-
performance catalysts to be utilized for methanol decompo-
sition reaction as an alternative to noble metal catalysts is of
great importance.

In the catalytic decomposition of methanol, the methoxy
radical (CH30O) is the first intermediate species in the hy-
pothesized mechanism (Eq. (1)) which has been studied
extensively and supported by experimental data [18,26—30].
Therefore, dehydrogenation of the alcoholic group of

methanol is expected to be the initial step in the methanol
decomposition process.

CH30Hgzs = CH30Hzg9s— CH304g9s = CH20 595 = CHO 595 = CO
ads (1)

Indeed, recent experimental evidence has verified that the
rate of this process is sufficiently high at ambient temperature
and the low-pressure range since complete dehydrogenation
of methanol to CO on noble metal catalyst surfaces is
observed at ca.200 K [18]. As a result, comprehending the en-
ergy of this process paves the way for understanding the
fundamental step of the methanol decomposition mecha-
nism. Therefore, it should be emphasized that a detailed study
of the catalyst surface chemistry along with the methanol
decomposition mechanism is of great importance in the
design of superior performance catalysts. From past to pre-
sent, energetically optimal reaction pathways have been
investigated to elucidate the reaction mechanism of the
methanol decomposition reaction [31—34]. Nevertheless, due
to its dependence on the catalyst surface characteristics, the
enlightenment of the reaction mechanism is still elusive,
thereby new approaches such as computational methods
should be evolved and refined.

Among the various type of carbon-based-catalysts, gra-
phene, a peculiar class of two-dimensional (2D) carbonaceous
materials with superior physicochemical properties, has been
considered to be a preferred alternative catalysts-support
since it offers excellent catalytic activity in fuel cells
[25,35—43]. Moreover, graphene and its derivatives own
outstanding properties including high surface areas with a
large amount of electrocatalytic active sites, controllable pore
structure, temperature resistivity, and specific metal-support
interaction [44—47] which have been extensively utilized as
supporting scaffold for heterogeneous catalysts in various
catalytic processes such as oxygen reduction reaction [48—51],
N,0 reduction [52—54], hydrogen evolution reaction [55—57],
methanol oxidation [58] CO oxidation [59,60], NH; decompo-
sition [61—63], etc. The charged zone created in the center of
the graphene surface by inserting transition metal atoms or
heteroatoms onto the structure can be employed as the elec-
trocatalytically active sites for catalytic processes [64—66].
Furthermore, the highly stable structures of metal-embedded
graphene networks, as well as the strengthen the interactions
between the metal and the nearest carbon atoms, make them
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Fig. 1 — (a) Side, and (b) Top view of the CuG surface; (c) EDD map (+0.006 au) of the CuG surface.

suitable candidate for catalytic processes [67]. The previously
reported similar researches have emphasized that the coor-
dinated metal clusters on graphene sheets have lower acti-
vation energies than the pristine clusters [68]. Among these
structures, the Cu-embedded graphene networks have
already been employed in numerous (electro)catalytic pro-
cesses with superior catalytic activity and relatively cheaper
cost [69—73].

Methanol decomposition on Cu(111), (110), and (100) sur-
faces has been studied before using theoretical calculations
[74,75]. All of the findings have been beneficial in the design
and optimization of Cu-based catalysts using computational
methods. Hence, it is possible to speculate that Cu-embedded
graphene networks might be a contender alternative catalyst
for the catalytic decomposition of methanol. However, to the
best of our knowledge, no mechanistic investigation of cata-
lytic decomposition of methanol on Cu-embedded graphene
surface has been demonstrated yet.

Bearing all aforementioned points in mind, herein, the
potential utilization of Cu-embedded graphene surface as an
alternative catalyst in catalytic decomposition of methanol
has been investigated by density functional theory with
Grimme-D2 dispersion correction, as well as the possible re-
action mechanism has been comprehensively enlightened. A
detailed explanation of the adsorption energies, reaction
mechanisms of the most likely pathways, and surface

catalytic activity. It can be speculated that the findings of this
work will fill the gap in this field and shed light on the engi-
neering of high-performance catalysts that can be a substitute
for noble metal-based catalysts to be utilized in the catalytic
methanol decomposition reaction.

Computational details

In this work, the Quantum Espresso software package was
used to compute all data by using density functional theory
[76,77]. PAW potential was preferred with non-linear core
correction and the scalar relativistic correction, to eliminate
core electrons and an unusually large number of plane waves
that serve oscillations close to atomic nuclei [78]. GGA-PBE

Table 1 — Some physical parameters were acquired for
the Cu-embedded graphene layer.

Parameters This Work (QE) Ref. [84]
Elevation-h (A) 1.72 1.78

Bond Lengths (A) (Ni-C) 1.87 1.88
Magnetic Mom. (pg) 0.93 1

Binding Energy (Eg) (€V) —3.92 —3.69

Cu, C1, C2, C3 charges, |e| +0.65, —0.25, —0.24, —0.20 Not reported
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functional was used to define the exchange correlation term
[79]. The kinetic energy cutoff value of 700 Ry was used for
charge density interactions and potential and the kinetic en-
ergy cutoff 70 Ry values were used for wave functions. Bril-
louin zone samples (samplings) were used 4 x 4 x 1
Monkhorst-Pack k-points. Grimme-D2 correction applied to
observe the weak interactions between surface and reactants
[80]. In all calculations, mixing beta and degauss values were
determined as 0.7 and 0.07 Ry, respectively. The lattice pa-
rameters of the selected graphene surface were determined as
a=9.8Aandc=20A. A three-dimensional (3D) box with a
lateral length of 15 A® was used for the optimization of the gas
phase structures. For all of the calculations, the force and
energy convergence criteria were determined as 1 x 107> Ry/
atom and 1 x 10~° Ry/atom, respectively. The spin polarized
effect was considered in all calculations. The partial charge
densities were calculated by Bader charge analysis [81]. The
VESTA program was run to display the EDD maps. The
adsorption energies of the reactants on the surface was
calculated by Eq. (2).

Eads = Eadsorbates/surface '(Esurface + Eadsorbates) (2)

where Eadsorbates/surface €presents the total energy of

adsorbate structures adsorbed on the surface, Eqyrface Stands
for the total energy of the bare/bare surface, and Eagsorbates iS
the total energy of adsorbate structures in the gas phase.

Climbing image-nudged elastic band (CI-NEB) [82] method
was implemented for the transition state calculations and
obtaining the transition state geometries.

The activation (E,) and reaction (Eg) energies of the inter-
mediate states that compose the reaction mechanism were
calculated using Eq. (3) and Eq. (4), respectively.

Ea = Ers-Eis ®3)
ER = EIS'EFS (4)
here E;s and Eps represent the initial and final state energies

of the intermediate states, respectively, whereas Erg is the
transition state energy.

HI _HI
in H2 ‘
) C
Y H3 H2 3
(a) CH,OH (b) CH;0

Results and discussion

The modelling of Cu-embedded graphene surface from
pristine graphene

It is critical to achieve the most stable geometric structure of
the catalyst surface in order to determine the catalytic activity
and selectivity of the catalysts on a chemical process.
Furthermore, because metal-doped graphene supercells con-
structed using periodic boundary conditions have high sur-
face areas, the detrimental effect of lateral interactions on
total energy and energy barriers estimates can be avoided.
Herein, firstly, a graphene sheet consisting of 32 carbon atoms
was obtained from the bulk cell of graphite, with the nearest
carbon atoms distance (C—C) 1.42 A [83]. Subsequently, by
removing the carbon atom in the center of the graphene and
introducing copper (Cu) atom instead, Cu-embedded gra-
phene (CuG) surface (Cul/C31) was obtained. The most stable
geometric structure of the CuG surface were represented in
Fig. la and b.

Some important parameters obtained for the CuG surface
were tabulated in Table 1 and compared with the results of
other similar studies in the literature. Fig. 1c also depicted the
EDD map derived from the Bader charge analysis results. The
yellow and blue regions on the EDD map represented the
gained and lost electron regions, respectively. Accordingly,
the regions highlighted in yellow implied the electron transfer
from the Cu atom and to the nearest carbon atoms, and
thereby, strong covalent bonding occurs between the Cu—C
atoms. On the other hand, the blue region represented the
region of positive charge accumulated around the Cu atom
after electron transfer. This charge transfer led the Cu atom to
have a value of +0.65|e|.

Adsorption of intermediate state molecules onto the CuG
surface

The most stable adsorption geometries obtained for all
possible intermediate states that might occur during the
decomposition of methanol on the CuG surface were

_HI
HL m
E ; E H3
H2
(c) CH,0 (d) CH,

(e) CHO (f) OH

(9H o

Fig. 2 — The adsorption geometries of (a)CH;O0H,(b) CH30, (c) CH,0, (d) CHs, (e) CHO, (f)OH, (g)H, and (h)= intermediate states

on Cu-G surface.
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Table 2 — Some important parameters obtained for
intermediate states adsorbed on to the CuG surface.

Species Eags Bond lengths
Cu-G  Gasphase (A) Adsorbed on Cu-G (A)
CH,0H -0.86 C-H1=1.10 C-H1=11
C—H2 = 1.09 C—H2 = 1.09
C—H3 =1.10 C-H3 =11
O—-H =0.97 O—H =0.98
C-0=143 C-0=1.46
CH30 —2.56 C—H1=1.10 C—H1 =110
C—H2 =1.10 C-H2 =111
C—H3 =1.10 C-H3 =111
C-0 =135 C-0=1.40
CH,0 -1.04 C—H1=1.12 C—H1=1.10
C-H2=12 C—H2 =1.10
C-0=121 C-0=1.26
CH; -2.07 C—H1=1.09 C—H1=1.10
C—H2 = 1.09 C—H2 =1.10
C—H3 = 1.09 C—H3 =1.10
CHO -1.92 C—H =1.13 C-H=114
C-0=121 C-0=1.19
OH -3.14 O—H =0.98 O-H =0.97
(0} -3.61 - H—Cu = 1.68
H -2.17 = O—Cu=154

displayed in Fig. 2. Moreover, some important parameters for
all possible geometries adsorbed on the CuG surface were
listed in Table 2.

As shown in Fig. 2a, CH3;0H was adsorbed horizontally to
the surface, and the it preferred to be bounded to the CuG
surface via the O atom. The adsorption energy of the CH;0H
molecule to the surface was calculated to be —0.86 eV.

For the CH;30, it preferred to be bound to the CuG surface
from the O side with an adsorption energy of —2.56 eV (Fig. 2b).
Furthermore, according to the parameters tabulated in Table
2, C—H1, C—H2, C—H3 and C—0 bonds were found to be more
activated compared to the gas phase.

Similarly, the formaldehyde (CH,0) was also bound to the
CuG surface by the O side with an adsorption energy of
—1.04 eV, and the most stable adsorption geometry of CH,0O
was shown in Fig. 2c. According to the obtained values in the
gas phase, while the C—H1 and C—H2 bonds of CH,0 adsorbed
on the surface were shortened, the bond between C—0O was
elongated.

On the other hand, the most stable adsorption geometry of
the methyl group (CHs) was the one configuration in which it
was bonded to the surface by the carbon atom. The adsorption
geometry of the CH; adsorbed to the surface was depicted in
Fig. 2d. It was found that the CH; was bound to the CuG sur-
face with an adsorption energy of —2.07 eV. In addition, ac-
cording to Table 2, it was determined that the C—H1, C—H2 and
1.10 C—H3 bonds elongated slightly compared to the gas
phase.

The CHO molecule preferred to be adsorbed on the CuG
surface by the carbon atom (Fig. 2e) and the adsorption energy
of the CHO molecule was found to be —1.92 eV. On the other
hand, as can be seen from Fig. 2f, OH radical preferred to be

bound to the CuG surface from the O side with an adsorption
energy of —3.14 eV. Moreover, O and H atoms were bound to
the CuG surface with adsorption energies of —3.61 eV and
—2.13 eV, respectively. The adsorption geometries of the both
atomic structures on the CuG surface were shown in Fig. 2g
and h. Additionally, the bond lengths between O—Cu and
H—Cu were found to be 1.68 A and 1.54 A, respectively.

The co-adsorption of intermediate species on Cu embedded
graphene

In this section, the co-adsorption nature of possible interme-
diate states that may occur during the CH;OH decomposition
reaction was investigated. All co-adsorption geometries were
obtained considering the individual adsorption geometries
that compose them (Fig. 3). Moreover, the calculated co-
adsorption energy values for all possible intermediate states
were listed in Table 3. The co-adsorption energies (Eco_ads)
were calculated by means of the Eq. (4),

Eco—ads = Egas (A) + Egas (B) + E(slab) - E((A/B) - Eslab) (4)

where, Egas (A) + Egas (B) represents the total energies of A
and B species obtained in the gas phase. Eqp, is the total en-
ergy of CuG surface whereas E ((A/B) — Eqqp) stands for the
total energy of the co-adsorption species on the CuG surface.

For CH3;0 + OH, it was observed that the CH3;0 and OH
radical preferred to be bound together around the central Cu
atom of the surface (Fig. 3a). According to the most stable co-
adsorption geometry, the distance between CH3;0—OH was
calculated as to be 2.67 A, while the surface binding energy of
CH30 + OH was —4.55 eV. Similarly, as can be seen from Fig. 3b
for CH;0H + O, CH30H and O preferentially bond around the Cu
atom with co adsorption energy of —3.93 eV. According to this
geometry, the stable distance between CH;OH—O was found to
be 2.81 A. On the other hand, in the case of CH;+OH, CH; and
OH radical CuG favored being bound to the surface by —4.44 eV
co-adsorption (Fig. 3¢). In this geometry, CH; was bound to the
surface by carbon, while the OH radical was attached to the
surface by oxygen. The most stable equilibrium distance of
CH,;—OH was found to be 2.76 A. Moreover, in the case of
CH30 + H, the stable equilibrium distance between CH3;0 and H
species was obtained as to be 2.45 A (Fig. 3d). According to this
co-adsorption geometry, CH;0 and H preferred to bind around
Cu atom with a co-adsorption energy of —3.98 eV.

In the co-adsorption geometry of the CH;+O species, the
CH; molecule favored being bound to the Cu atom, whereas
the O atom preferred to bind to the carbon atom closest to the
Cu atom (Fig. 3f). The stable equilibrium distance between
CH,—0 was obtained as to be 3.14 A. It was also bound to the
surface with a co-adsorption energy of —6.57 eV.

For CH,O + H, the stable equilibrium distance between
CH,0 and H was determined to be 2.66 A. The co-adsorption
geometry (Fig. 3e) revealed that CH,O was attached to the Cu
atom on the surface, while the H atom preferred to bind to the
carbon atom closest to Cu atom. In addition, CH,O and H were
bound to the surface with a co-adsorption energy of —3.31 eV.
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c

(d) CH,0+H

(2) CH,+O

vﬁ;/'r\

(j) CH+O

}(2‘.8] A
«

(b) CH,OH+O

(¢) CH,0+H

(h) CHO+H

(¢) CH,+OH

o
314 A

(H) CH;+O

(i) CO+H

Fig. 3 — The co-adsorption geometries of (a) CH;0+OH, (b) CH;0H+O, (c) CH;3+OH, (d) CH;0+H, (e) CH,0+H, (f) CH3+0, (g)
CH,+0, (h) CHO+H, (i) CO+H, and (j) CH+O intermediate states on Cu-graphene surface.

Table 3 — Co-adsorption energies for related
intermediates on Cu-G surface.

Species E.qs/€V
CH30H + O -3.93
CH30 + OH —4.55
CH3+OH —4.44
CH3;0 + H —3.98
CH3+0 —6.57
CH,0 + H -3.31
CHO + H —4.20
CH,+0 -7.29
CH+ O —7.24
CO +H -3.09

For CH,+O0 species, the stable equilibrium distance of both
molecules on the CuG surface was found to be 3.03 A. In this
geometry, while the CH, molecule was adsorbed on the sur-
face by the carbon, the O atom preferred to co-adsorb to both
Cu and the nearest carbon atom (Fig. 3g). The co-adsorption

energy of the CH,+O species to the surface was calculated
as —7.29 eV.

As can be seen from Fig. 3h, in the case for CHO + H
species, the CHO molecule was adsorbed by the carbon on
the surface, while the H atom preferred to be adsorbed to the
carbon atom closest to the Cu atom. The stable equilibrium
distance between CHO and H in the co-adsorption geometry
was found to be 3.15 A, and the co-adsorption energy was
—4.20 eV.

As shown in Fig. 3i, CO and H species tended to be adsorbed
together around the Cu atom on the CuG surface. While the
stable equilibrium distance between CO—H was found to be
2.24 A, the co-adsorption energy of CO + H to the surface was
determined as —3.09 eV.

For CH + O, CH molecule preferred to be adsorbed to the
CuG surface by the carbon atom, while the O atom was
adsorbed to the carbon atom closest to the Cu atom. The
most stable CH + O co-adsorption geometry on the CuG
surface was presented in Fig. 3j. The stable equilibrium dis-
tance between CH—O was 3.17 A. On the other hand, the co-
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adsorption energy of CH + O on the CuG surface was obtained
as —7.24 eV.

Possible reaction mechanism for CH;OH decomposition on
CuG

A number of consecutive steps can occur during the decom-
position of the CuG surface adsorbed CH30H to obtain various
intermediate species. The decomposition reaction involves
cleavage the C—H, C—O and O—H bonds of CH3;0H. The reac-
tion pathway initially starts with the cleavage of the C—O bond
to obtain CH3 and OH intermediates and continues through
the activation of the O—H bond. It should be noted that the
activation of the C—H bond was not investigated in this study
because of the formation of CH20H and H intermediates at the
end of the reaction.

Following the determining the adsorption and co-
adsorption sites on the surface for the intermediate states,
the transition state energies (E,) and reaction energies (E;) of the
intermediate states constituting the reaction mechanism were
calculated. Since the CINEB method allows the calculation of
the activation and reaction energy needed for all possible steps
on the reaction pathway, all calculations in this study were
investigated by the CINEB method. For all possible steps, initial
state (IS), final state (FS) and transition state (TS) structures

(a)

(c)

TS2

were depicted in Fig. 4, and the obtained results were given in
Table 4. For intermediate states on the reaction pathway, IS and
FS structures were considered as their geometry corresponding
to their most stable regions on the surface.

The cleavage of C—0 and O—H bonds of CH3;0H

The decomposition reaction begun with the cleavage of the
C—O bond of CH;0H. Afterward, two possible cases for
cleavage of the O—H bond were examined. O—H bond cleavage
was investigated both on the CuG surface and in the presence
of previously adsorbed oxygen on the surface.

For the cleavage of the C—O bond of CH3;0H, the most
stable adsorption geometry of CH;0H adsorbed on the CuG
surface was proposed as the initial state of the reaction
(Fig. 2a). The CH30H molecule was decomposed into CH; and
OH as a result of the cleavage of the C—O bond (Fig. 3c). The
results showed that the activation energy needed for the
CH;0H—TS1—CH3+O0OH reaction to occur is 0.82 eV. This
reaction step was carried out endothermically with a reac-
tion energy of 0.45 eV. In the presence of oxygen, the co-
adsorption geometry (Fig. 3b), in which CH;OH and O are
adsorbed to the CuG surface, was considered as the initial
state (IS). Moreover, the CH30 + OH co-adsorption geometry
(Fig. 3a) obtained by cleavage of the O—H bond was deter-
mined as the end state (FS).

TS3

Fig. 4 — Transition state geometries of (a) CH;OH + O —TS2 — CH30 + OH, (c) CH;0H —TS3 — CH30 + H, and EDD maps
both for (b) CH;0H + O —TS2 — CH30 + OH, (d) CH;0H —TS3 — CH30 + H reaction pathways on CuG surface(+0.016 au).


https://doi.org/10.1016/j.ijhydene.2021.09.028
https://doi.org/10.1016/j.ijhydene.2021.09.028

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 48 (2023) 6624—6637

6631

Table 4 — Activation and reaction energies of CH;0H decomposition reactions on CuG.

Reaction pathway for CH;0H decomposition

Activation energy Reaction energy

Ea/eV Er/eV
CH,0H CH;0H — TS1— CH;+OH 0.82 0.45
CH30H + O — CH30 + OH CH30H + O — TS2— CH30 + OH 0.008 —1.06
CH30H — CHs0 + H CH30H — TS3— CHs0 + H 1.19 1.09
CH,0—CH5+0 CH;0 — TS4— CH,+O 1.98 1.53
CH;0—CH,0 + H CH30— TS5— CH,0 + H 1.47 1.45
CH,0—CHO + H CH,0— TS6— CHO + H 0.78 0.71
CH,0 —CH,+0 CH,0— TS7— CH,+0 1.73 1.66
CHO—CH + O CHO— TS8— CH + O 2.17 1.53
CHO—CO + H CHO— TS9— CO + H 0.25 0.13

The transition state geometry (TS2) was represented in
Fig. 4a. According to TS2's Bader charge analysis, the electron
transfer from surface to the reactant at the transition state
was determined as to be 0.72 |e|. Fig. 4b represented the
redistribution of the electron density of the surface after
electron transfer. As a result, it could be realized that some of
the electrons transported from the surface accumulated on
the O—H bond. This charge transfer led the O—H bond to be
elongated from 0.97 A to 0.975 A relative to its initial state. The
findings revealed that the activation and reaction energies of
the reaction on the CuG surface were 0.008 eV and —1.06 eV,
respectively. The negative value of the reaction energy indi-
cated that this reaction step took place exothermically.

In the second reaction step, the catalytic activity of the CuG
surface towards the O—H bond was investigated. The most
stable adsorption geometry of CH;0H on the CuG surface was
considered to be the initial state of the reaction (Fig. 2a). The
co-adsorption geometry of CH;0 and H, which was obtained
by breaking the O—H bond, was determined as the final state
of the reaction (Fig. 3d). In the transition state (TS3), an elec-
tron transfer of 0.54 |e|] took place from the surface to the
reactant. The distance between O—H at the transition state
was calculated to be 2.43 A (Fig. 4c). The activation energy
required to break the O—H bond on the CuG surface was found
to be 1.19 eV. In addition, this reaction step was occurred
endothermically with a reaction energy of 1.09 eV.

As can be seen in Fig. 4b and d, the electron density
redistribution of TS2 was much larger than that of TS3. This
finding revealed that, in accordance with the values given in
Table 4, the interaction of the reactant in TS2 with the CuG
surface was much stronger than the reactant in TS3.

All these calculations proved that the CuG surface offered
satisfactory catalytic activity towards C—O and O—H bonds. As
a result, the methanol decomposition reaction mechanism on
the proposed CuG catalyst proceeded via CH;OH — CH50
—CH,0 — CHO — CO by cleavage of the O—H bond.

Decomposition of CH3s0
Two possible cases for CH30 decomposition were examined.
Case I: CH30 — CHz + O; In this reaction step, the CH30
molecule adsorbed on the CuG surface was accepted as the
initial state of the reaction. C—O bond cleavage led to the
formation of the CHs3+O intermediate state and they were
considered as the final state of this reaction step. The transi-
tion state geometry and the electron density difference map
were shown in Fig. 5.

In the transition state (TS4), the distance between the O
atom and the carbon was found to be 1.84 A (Fig. 5a). An
electron transfer of 0.48 |e| took place from the surface to the
reactants. According to Fig. 5b, this charge transfer caused the
O to have strong chemical interactions with both the carbon
and Cu atom, and the C—O bond was broken with a high
activation energy of 1.98 eV. In addition, this reaction was
determined to be endothermic with a reaction energy of
1.53 eV.

Case II: CH30 — CH,0 + H, By the cleavage of the C—H bond,
the CH3;0 molecule was decomposed into CH,O + H species
which were considered as the initial and final state geometries
of this reaction step, respectively. At the transition state (TS5),
the distance between the split hydrogen atom and O was
found to be 2.51 A (Fig. 5c). According to the Bader charge
analysis, an electron transfer of 0.72 |e| from the surface to the
reactants occurred. In Fig. 5d, it was seen that a significant
electron density was accumulated on the decomposed
hydrogen atom. Compared to the C—O bond, this charge
transfer led the C—H bond to be broken down with a lower
activation energy of 1.47 eV. Moreover, it was determined that
this reaction took place endothermically with a reaction en-
ergy of 1.45 eV.

Decomposition of CH,0

Two possible reaction pathways were considered, which were
the cleavage of the C—O or C—H bonds of the CH20 molecule
adsorbed on the CuG surface.

Case I: CH,O0 — CH, + O; The most stable adsorption ge-
ometry of the CH,0O molecule adsorbed on the CuG surface
was considered as the initial state of the reaction (Fig. 2c). As a
result of C—O bond cleavage, the CH,O molecule was broken
down into CH, and O species. The geometry of this co-
adsorption with minimum energy (Fig. 3g) was determined
as the final state of the reaction. In the transition state (TS6),
the decomposed oxygen atom was found to be 3 A away from
the carbon atom (Fig. 6a). The results showed that the acti-
vation barrier needed for the CH,0 — CH,+O reaction to occur
was to be 1.73 eV. In addition, this reaction took place endo-
thermically with a reaction energy of 1.66 eV.

Case II: CH,0 — CHO H; In this reaction step, the most
stable adsorption geometries of CH,O and CHO + H species
were considered as the initial and final states of the reaction,
respectively.

In the transition state (TS7), as a result of the cleavage of
the C—H bond, the CHO molecule was attached to the surface
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1.84

TS4

251

2 TS5

Fig. 5 — Transition state geometries of (a)CH30 — TS4— CH3+0, (c) CH;0 — TS5 — CH,0 + H, and EDD maps both for (b)
CH;0—TS4— CH; +0, (d) CH;0—TS5— CH,0 + H reaction pathways on CuG surface (+0.016 au).

(a) TS6 (b)

2.5

() TS7 (d)

Fig. 6 — Transition state geometries of (a) CH,O0 —TS6 — CH,+0, (c) CH,O —TS7 — CHO + H, and EDD maps both for (b)
CH,0 —TS6 — CH,+0, (d) CH,O0 —TS7 — GCHO + H reaction pathways on CuG surface (+0.002 au).
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1.68

1.41

(c)

TS9

Fig. 7 — Transition state geometries of (a) CHO —TS8 — CH + O, (c) CHO —TS9 — CO + H, and EDD maps both for (b) CHO
—TS8 — CH + O, (d) CHO —TS9 — CO + H reaction pathways on CuG surface(+0.002 au).

by the Cu atom, whereas the H atom preferred to be attached
to one of the carbon atoms closest to the Cu atom (Fig. 6c). The
activation energy required for CH,0 — CHO + H reaction was
calculated to be 0.78 eV. Moreover, it was determined that this
reaction step was endothermic with a reaction energy of
0.66 eV. When the EDD maps of both reaction steps shown in
Fig. 6b and d were compared, it was determined that the
electron distribution redistribution pattern of TS7 was larger
than that of TS6. This result revealed that the reactants in TS7
interacted more strongly with the surface than the reactants
in TS6. The obtained results were in good agreement with the
values listed in Table 4.

Decomposition of CHO

CHO decomposition on the CuG surface was considered in two
possible steps via cleavage of C—H and C—O bonds. Both of the
transition state geometries were shown in Fig. 7a and Fig. 7c.

As a result of the cleavage of the C—O bond, the CHO
molecule was decomposed into CH + O species. In the tran-
sition state (TS8), it was found that the split O atom was 1.68 A
away from the carbon atom. According to the results of Bader
analysis of the transition state on the CuG surface, an electron
transfer of 0.31 |e| from the surface to the molecule was
observed. The electron redistribution of the surface after
charge transfer was shown in Fig. 7b.

It was realized that the electrons transferred from the
surface were acummulated on the Cu—CH and Cu—O bonds.
Accordingly, it could be concluded that oxygen was in a strong
bonding state with both carbon and Cu atoms in the transition
state. The activation energy needed for the CHO — CH + O
reaction to take place was calculated as 2.17 eV. In addition, it

was observed that this reaction occurred endothermically
with a reaction energy of 1.53 eV.

As a result of the cleavage of the C—H bond, the CHO
molecule could be broken down into CO + H species, and these
were considered to be the initial and the final state of the re-
action step, respectively. In the transition state (TS9), the
hydrogen atom detached from the CHO molecule preferred to
adsorb to the Cu atom on the CuG surface. The distance be-
tween CO—H in the transition state was determined as to be
1.41 A. According to the Bader charge analysis, an electron
transfer of 0.52 |e| occurred from the surface to the molecule.
According to this charge transfer, it was seen that a significant
part of the electrons transferred from the surface was intense
on the C—H bond, as shown in Fig. 7d. Moreover, it should be
emphasized that this charge transfer might have weakened
the C—H bond, thereby causing the hydrogen to break down
from the structure more easily. The energy barrier required for
the CHO —CO + H reaction to occur was calculated to be
0.25 eV. In addition, this reaction step was determined to
occur endothermically with a reaction energy of 0.13 eV.

Brief summary

Decomposition of CH30H entails breaking the C—H, O—H,
and C—O bonds in its structure. The findings revealed that
the C—O bond cleavage (with an activation energy of 0.82 eV)
occurred more easily compared to other bonds. In the initial
state, the O—H bond of the CH30H molecule on the CuG
surface decomposed with an energy of 1.19 eV. Moreover, it
was determined that the activation barrier values of C—0 and
O—H were close to each other. Therefore, the CHs;OH
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Fig. 8 — Relative energy profiles for CH;0H decomposition on CuG graphene surfaces.

decomposition reaction mechanism on the proposed CuG
catalyst surface was established on the basis of the cleavage
of the O—H bond. The as-calculated activation energies for all
possible states on the reaction pathway were presented in
Fig. 8. Accordingly, although C—O bond cleavage was seemed
to be the favorite, when different conditions were examined,
for example, in the case of O—H bond cleavage, in the pres-
ence of oxygen previously adsorbed to the surface, it was
observed that the O—H bond was broken with a very small
energy barrier of 0.008 eV.

When the decomposition of CH30 was examined, it was
found that the C—O and C—H bonds were cleaved with acti-
vation energies of 1.98 eV and 1.47 eV, respectively (Fig. 8). For
the transition states of CHsO — CH3+O and CH3;0 —
CH,0 + H, the electron transfers of 0.45 |e| and 0.72 |e| from the
surface to the reactants occurred, respectively. After this
charge transfer, the C—H bond became more activated, and
the C—H bond on the CuG surface was more easily cleaved
compared to the C—O bond.

On the other hand, when CH,0 decomposition was inves-
tigated, it was determined that the C—O and C—H bonds were
broken with the activation barriers of 1.73 eV and 0.78 eV,
respectively. Moreover, the EDD maps presented in Fig. 6b and
d showed that the TS7 configuration interacted more strongly

with the surface than TS6. As a result, these interactions led
further weakening of the C—H bond, thereby the C—H bond
was more easily cleaved than the C—O bond.

For CHO decomposition, C—O and C—H bond cleavages
have an energy barrier of 2.17 eV and 0.25 eV, respectively. It
could be said that this significant difference in activation en-
ergies caused the strong interactions between C—Cu and
Cu—O after an electron transfer of 0.31 |e|] from the surface as
shown in Fig. 7b. Therefore, the C—O bond was cleaved with
relatively higher activation energy. During the C—H bond
cleavage of the CHO molecule, electron transfer of 0.52 |e|
occurred from the surface. On the EDD map shown in Fig. 7d, it
was seen that a significant part of this charge was intense on
the C—H bond. It could be clearly stated that this charge
transfer weakened the C—H bond considerably.

Conclusion

In this study, the decomposition of CH;OH on the CuG catalyst
surface was investigated in detail through density functional
theory. The electron density difference map of the CuG sur-
face revealed that a positive charge density of 0.65 |e| occurred
around the Cu atom. Therefore, intermediate state molecules
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including CH;0H and CH30, CH,O and CHO tended to be
adsorbed around the Cu sites of the catalyst surface. In the
initial state, the C—O and C—H bonds of CH3;0H offered the
lowest activation barriers. However, it was determined that
the adsorbing of oxygen to the surface caused the CuG surface
to show very high catalytic activity on the O—H bonds of
CH3OH. Therefore, it was concluded that the CH;OH decom-
position reaction on the proposed CuG catalyst proceeded
through CH;0H — CH30 — CH,0 — CHO — CO path as the
most likely case. In brief, the results obtained for the decom-
position of CH;0H on the CuG surface demonstrated that the
CuG surface may be an ideal catalyst candidate and can be
utilized as an alternative catalyst to reduce the CO poisoning
problem of direct methanol fuel cells.
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