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Abstract. In this study, depositing with two copper atoms (2Cu) on ZnO(1010) surface, obtaining
2Cu/Zn0(1010) surface model, and its applications then for adsorbed CH3OH were investigated using the
density functional theory (DFT). In performances, 2Cu was adsorbed on ZnO(1010)surface to form the
model of 2Cu deposited over ZnO (2Cu/Zn0O). Further, on 2Cu/ZnO surface model, the resulted analysis
as density of state (DOS) and electron density difference (EDD) contour plot pointed out that two atomic
Cu were formed by the transferred electrons from Cu to ZnO, leading Cu oxidation to become Cu* ion,
while was modeled 2Cu/ZnO(1010)surface. To investigate CH3OH adsorption, many configurations of
adsorbed CH3OH on the surface found, in which the most stable configurations were also identified. This
result presented that methanol adsorption on 2Cu/Zn0O is more favorable than that on ZnO in our previous
works.
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1. INTRODUCTION

In recent year, alternative energy resource has become a hot issue because of energy crisis. If we can’t
develop new energy supply, the conventional fossil fuel source will be completely exhausted in fifty years.
Hydrogen energy, considered as one of the relative energies, receiving highly attention since it is
environmental-friendly, widely-available and it has high conversion efficiency[1, 2]. Hydrogen is never
found alone on earth, it is always combined with other elements such as oxygen and carbon. Hydrogen can
be extracted from virtually any hydrogen compound and is the clean energy carrier. In industry, hydrogen
source can be produced from any compounds such water and organic hydrocarbon compounds and used as
renewable energy resources in which it has fact that received increasing attention recently is undeniable
[3, 4]. Today, hydrogen is primarily used as a feedstock in the chemical industry, for instance, ammonia
manufacture, petroleum refinement and methanol synthesis[1, 5]. Therefore, considering hydrogen’s
potential contribution to the development of an alternative fuel, it has been known as a key energy solution
for the 21% century [1, 6, 7].

Methanol (CHsOH) product is mainly prepared by synthesis-gas conversion which it has an available in
abundant feedstock and already largely distributed. Methanol has been known also such as renewable
energy and to be a famous fuel for conversion to hydrogen [6, 8], because, it has an the advantages of being
high H/C ratio, low sulfur content, and storage/dispense requirements[9, 10]. Therefore, the adsorption and
dissociation to convert CH3;OH has mentioned great interests of researchers to what we performed in this
works.

It has been reported in previous investigations [11-14] that Cu-based catalysts have often used for many
chemical process such as water gas shift reaction, dehydration, methanol steam reforming, etc. In further,
it has proven that the metal oxide of ZnO is with high Cu atom dispersed to form Cu-ZnO catalyst surface
which given a higher conversion and selectivity [12, 15, 16]. As a result, the target study of two atomic Cu
deposited over ZnO(1010) (called as 2Cu/ZnO) are performed in this works. By doing this, it is confident
that 2Cu/Zn0O adsorbent can be used well for CHsOH adsorption process. In addition, to understand the
possible diffusion of two atomic Cu on the surface ZnO is stable or not, with the aim of improving
adsorption properties for chemical reaction in next research. Simultaneously, a comparison of CH3;OH
adsorption between Cu/ZnO and ZnO surfaces are performed also in this study.

It has been proved that DFT was theoretical techniques able to calculate the elementary reactions [15, 17,
18]. Consequently, we used here the DFT calculations to investigate CHsOH adsorption on the
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2Cu/ZnO(1010) surface. In particular this investigation, many configurations of 2Cu adsorbed on ZnO
surface, forming 2Cu/ZnO(1010) surface model are considered to find the result of the most stable one.
Hereafter, CH3OH adsorption on this surface are examined then. Many adsorption configurations among
the most stable one of CHs;OH adsorbed on 2Cu/ZnO(1010) surface based on adsorption energies are
determined and found. In addition, natural and characteristic bonds in interaction between 2Cu and ZnO
surface are explained by the calculations of DOS and EDD contour plots, respectively.

2. COMPUTATIONAL DETAILS

All calculations on the basic of plan-wave periodic density functional theory using Vienna ab initio
Simulation Package (VASP) code were performed. [19-21] The exchange correlation energy was treated
within the generalized gradient approximation (GGA) using the shape of functional described by Perdew-
Wang 1991(PW91) [22, 23]. The description of electron-ion interactions were used for the projector
augmented wave (PAW) method [24], and we performed spin-polarized calculations for all of the structural
optimizations. The calculations were carried out using the Brillouim zone sampled with (4x4x4) and
(4x4x1) Monkhorst-Pack [25] mesh k-points grid for ZnO bulk and all of ZnO(1010) surface calculations,
respectively.

The optimized (2 x 2) unit cells of the most stable ZnO(1010)surface with six layers were modeled as
periodically repeating slabs, which similar to our previous work [10]. The top three layers were free to relax
in the calculations of surface adsorption and interfacial reaction, and the bottom three layers were fixed at
the computed lattice constants to represent the semi-infinite bulk crystal. In order to minimize the
interaction between slabs in this infinitely periodic model system, a vacuum region of 15A was introduced
to prevent the interaction of slabs. The Kohn—Sham one-electron wave functions were expanded in a plane
wave basis with a cutoff energy of 380 eV. lonic relaxations were performed using the conjugate gradient
method until the forces on all unconstrained atom were less than 2 x 10-% eV/A [4, 10, 16, 26].

All of energy equations are resulted in various cases of 2Cu deposited on ZnO(1010)surface. The
difference of initial structures is optimized and obtained. Considering possible adsorption sites of 2Cu
adsorbed on ZnO surface, two kinds of adsorption energies are studied; the dispersion energy(E;spcy) and

surface energy(Ecy—zno) €quations were determined respectively, as follows,
Encu/stab—(Esiap—nCU) (1)

EdispCu =

n
_ EnCu/slab —(Estap—Encu)
ECu—ZnO - (2)

n
Where, Epcy/siabr Esiap and Epcy, represent the dispersion energies of Cu on ZnO(1010) surface, one
cleaned ZnO surface, and one Cu in gas phase are adsorbed, respectively; n is number of the adsorbed Cu.
A negative Eg;spcq value referred a gain of energy concludes the thermodynamically favorable adsorption.
To calculate the adsorption energies of methanol on 2Cu/ZnO surface, the adsorption energy (E,qs) of
adsorbate (methanol) and surface (2Cu/ZnO) system is defined generally equation as following.
Eads = Ladsorbate—surface — Esurface - Eadsorbate (3)

In which, Eqgsorbate-surfacer Esurfaces @ Eqgsorpate SOWN as interface energy calculation between the
adsorbate and surface, one clean surface, and one molecule in gas phase are adsorbed, respectively. In
addition, it is noted that all of adsorption energy values as minus sign to point out the energies are favorable
in thermal systems.

3. RESULTS AND DISCUSSION

3.1. Surface model of 2Cu/ZnO

Depositing of 2 atomic Cu on ZnO surface is systemically calculated. Five adsorption configurations
showing at figure 1, corresponding to the calculated adsorption energy of adsorbed 2Cu on the ZnO surface,
namely from site | to site V are found and listed in Table 1 as follows.
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Table 1: The dispersion adsorption energy per adsorbate (E g;spcy), and surface energy (E¢y—zno) Of 2Cu atoms
adsorbed on ZnO(1010)surface.

Sites Eaispcu (V) Ecu-zno (€V)
' 221 20.96
I 263 1110
I 247 115
v 248 -1.36
v 259 157

It is observed in Table 1 that the adsorption energy of site V is calculated with dispersion energy of -2.59
eV, and surface energy of -1.67 eV which it is larger than that from site | to site IVV. This indicated that site
V is the most stable one. Further, the adsorption configurations of all site from I to V are presented in Figure
1.

Site V

(1010)

Figure 1. The side view of 2Cu adsorbed on ZnO surface.

It is known to base on adsorption energy that the configuration of side view of site V is calculated as most
stable site. Thus, the study of methanol adsorption will be focused on examination in this works. It is an
observation at Figure 1 for site V, we find that one Cu atoms sits on top site of Zn toms with Cu-Zn distance
of 2.15 A. Whereas, another atomic Cu is bonded on both Zn and O atoms on the surface ZnO with Cu-O
distance of 1.62 A and Zn with Cu-Zn distance of 2.37 A. In addition, finding at configuration in Figure 1
are showing that between 2Cu atoms and ZnO surface, formed a chain of Zn-O-Cu-Cu-Zn-O ‘zigzag
connection” which is Zn-O bond length of 1.85 A shortened, and Cu-Cu bond length of 2.17 A elongated.

By this formation, 2Cu deposited on ZnO(1010) surface has many active sites to methanol adsorption is
more favorable to compare with ZnO only surface.

To understand the bond interaction between methanol molecule and 2Cu/ZnO(1010) surface, a density of
states (DOS) for site V are plotted in Figure 2.

It is an observation of DOS in Figure 2(a) that the states 2Cu atoms before (solid line) and after (short-dash
line) adsorption decreased the electrons density at interval energy from -5 eV to 0 eV (Fermi level) after
2Cu adsorption, this indicated that electron in orbital of 2Cu donated to surface ZnO after adsorption. The
electron donation formed a chemical bonding of methanol on the surface. Further, the observation of DOS
in Figure 2(b), the states of ZnO surface before (solid line) and after (short dash line) adsorption is clearly
that ZnO surface after adsorption decreased electron and shifted right at the Femi level, this shown
electronic 2Cu donation to surface after adsorption. Herein, our calculations of DOS analysis is in line with
previous investigation [27, 28], this follow us to make a confident data that 2Cu/ZnO surface model is
obtained to be suitable. In further, through explaining DOS, it can conclude that Cu is oxidized to form Cu+
ion on the 2Cu/Zn0O surface. This makes Cu to become thus more active after deposition on the surface
ZnO0.
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Figure. 2. DOS of 2Cu adsorbed on ZnO(1010) surface. In which, Figure 2(a) is denoted as DOS analysis of 2Cu
adsorption on the surface. Whereas, Figure 2(b) shown as DOS of ZnO after adsorption.

To understand more insight in adsorbed 2Cu on the surface, an electron density difference (EDD) was also
plotted also in Figure 3.

able

Figure 3. EDD contour plot of 2Cu adsorption on 2Cu/Zn0O surface. In which, the yellow-line is noted as electrons
loss, and green-line as electrons accumulation

Continuously, it is observed the EDD states in Figure 3 that increase and decrease of electron density area
(yellow-line) between Cu and Zn with Cu and O are appeared in each contour plot, which it given a
consistent with trend of the binding energy to form chemical bonds. In particularly, the electron loss of 2Cu
atoms (yellow line) to O and Zn on surface ZnO, are indicated that Cu donated electron to surface, these
causes have done a shorten of Zn-O bond length. The electron loss is in line with Cu oxidation to form Cu*
ion on the surface ZnO. Resulted analysis is of DOS and EDD given an agreement with previous work [29].

This help us one again to have a confident database in calculation of 2Cu deposited over ZnO surface model.
3.2. Methanol adsorption on 2Cu/ZnO

The performance of CH3;OH adsorption, many positions of methanol adsorption on 2Cu/ZnO (1010)

surface, in which there is 4 the positions of adsorption site are found and considered in this works. The

parameters and energy of CH3;OH adsorption in Table 2, the configurations in Figure 4 are obtained and
calculated, respectively, as follows,
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Table 2. The bond length (R, in A), bond distance (d, in A), bond angle (., in degree), and adsorption energies
(Eads, in eV) for CH30OH adsorption on 2Cu/ZnO (1010) surface with different adsorption sites

Sittsks. R(C-H) R(C-O) R(O-H) ~COH d(Zn...Ow) d(CuU...Ou) Eads
1 1.10 1.43 137 1321 1.98 - -1.26 (-1.14)°
2 1.10 1.46 098 109.9 - 2.02 - 0.64
3 1.10 1.45 1.00 107.7 2.15 - -0.55
4 1.11 1.41 099 1069  2.56 (Cu...H) -0.11

CH3OH gas phase

Ref.[30-32] 1.09 143 097 1095 - - -

2The CH3;OH adsorption energy on ZnO (1OI_LO) surface was calculated by Cong et al [10].

Site 2
Site 1

Site 3 Site 4

Figure 4. Configurations of CH30OH adsorbed on 2Cu/ZnO (1010) surface at six different adsorption sites.
It is an observation in Table 1 that calculations of the general parameter and energy such as bond length,
bond distance, and bond angle are changed after CH3;OH adsorption for comparison with CH3OH in gas

phase. This is to say that the interaction between CH3OH molecule and the surface 2Cu/ZnO reacted

together. We observe continuously the E.gs of site 1 (-1.26 ¢V) which this is the most stable one, whereas,
site 4 to be the most unstable one (-0.11 eV). Herein, because the difference in interaction between methanol
and the surface is that at site 1 (see in Figure 4) as O of methanol oriented to surface, whereas, site 4 to be
oriented by H of methanol. As a result, the elongation of C-O and O-H bond length on site 1 become
stronger interaction compare with that on site 4. Similar to that, site 1 is also more stable than from site 2
to site 4. Specially, we observed previous configuration of site 1 and site 2 in Figure 3 is that O of methanol
bonding on site 2 oriented to interact with Cu on 2Cu/ZnO surface, whereas the O of methanol in site 1 is
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to Zn. This is able to know that 2Cu/ZnO surface in which Zn active site adsorbed CH3OH is better than
Cu active site. Moreover, the Ea.gs value of site 1 on 2Cu/ZnO surface in this work is higher given than on
ZnO only surface in our previous works [10], this indicated that the dispersion effects of 2Cu atoms to ZnO
surface to which made atomic Zn of surface 2Cu/ZnO to be more active.

In addition, previous configuration of site 1 in Figure 3 is shown that CH3OH adsorbed vertically on
2Cu/ZnO surface, where O bonded to Zn though the electrons transfer from lone pair of O in methanol. The
bond distance of d (Zn...Os) is found to be 1.98 A (Table 2). The E,qs is calculated as -1.26 eV, C-O bond
length of 1.43 A and O-H bond length of 1.37 A elongated, this value is much longer than from site 2 to
site 5 to confirm that strong interactions between CH3OH and 2Cu/ZnO surface on site 1 is found to be
most stable adsorption configuration of methanol. Further, the geometrical parameters in this work are in
good agreement with the experimental [30-32], which gives us more confident on method employed in this
study.

4. CONCLUSIONS

The adsorption of CHsOH on the 2Cu/ZnO(1010) surface is investigated using the DFT method. The
results of this works can be summarized as follows,

(1) Many sites of 2Cu deposited on ZnO(1010) surface, formed 2Cu/ZnO(1010) surface model. Based on
dispersion and surface energies, site V is found to be the most stable one.
(2) DOS and EDD contour plot are analyzed on site V to provide the evidence of the high adsorption

energies of 2Cu deposited on ZnO(1010) surface, formed 2Cu/Zn0(1010) surface model which 2Cu
donated electrons to ZnO surface. This is to make 2Cu/ZnO surface to be more active than ZnO only
surface.

(3) The calculated adsorption energies of CH3;OH adsorbed on 2Cu/Zn0O, many site positions of adsorption
configurations considered, in which the configuration of site 1 were found to be the most stable site.

This study explores the ability of Cu dispersion on ZnO(1010) surface for the first time. Many calculations
will be performed to go on the investigations such as Cu cluster improved on the surface or methanol
decomposition reaction.
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HIEU SAU SU'HAP PHU METHANOL TREN BE MAT ZNO (1010) CO
LANG PONG 2 NGUYEN TU PONG: NGHIEN CUU MO PHONG DUA
TREN LY THUYET HAM MAT PQ

Tém tat. Trong nghién ciru nay, hai nguyén tir dong (2Cu) dugc ling dong trén bé mat ZnO (1010), thu
dugc kiéu bé mat kiéu 2Cu/ZnO va duge ing dung dé hap phu methanol (CH3OH) thyc hién dua trén 1y
thuyét ham mat d6 (DFT). Chi tiét trong nghién ciru, 2 nguyén tir ddng duoc ling dong trén bé mit ZnO dé
hinh thanh kidu bé mat 2Cw/ZnO. Trong do6, ban chat lién két trong su ling dong cuia nguyén tir trén bé mt
Zn0O duoc giai thich lan lugt thong qua tinh toan cuia ham mat d¢ trang thai (DOS) va ham mat d¢ sai biét
electron (EDD). Két quéa nay chi ra ring nguyén tir dong ‘nhuong electron t6i bé miat ZnO, dé nguyén tir Cu
bi oxy héa thanh ion Cu*. Trong nghién ciru kha nang hip phu ciia CH3OH trén bé mat, nhidu ciu tric cua
metanol hap phuy trén bé mat 2Cu/ZnO duoc thuc hién, trong d6 cau tric bén nhat duoc tim thay. Cac két
quéa nay thé hién rang, sy hap phu cia CH3OH trén bé mdt 2Cu/ZnO thi manh hon trén chi bé mat ZnO
trong nghién ctru cia chung toi trude do.

Tur khoa: DFT, DOS, EDD, 2 Cu/ZnO, CH3;OH adsorption
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