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Abstract

Potassium promoters are widely used in industrial catalysts of ethylene oxychlorination to achieve optimum
performance. However, the origin of the promoter effect is not fully understood. Herein, we investigated
the potassium promotion effect on CuCly/y-Al,Os catalyzed ethylene oxychlorination by kinetic
experiments and DFT calculations. Kinetic experiments observed the shift of rate-determining step via KClI,
and the evolution of the reaction mechanisms with CI/Cu ratios. Further exploration via DFT found that
KCl increases the formation energy of Cl vacancy(AE,) and thus inhibits the reduction activity, which is
attributed to the shift-down of Bader charge of Cl. AE,, boosts with the decline of CI/Cu ratios; thus,
ethylene can extract CI atoms from the surface with a Cl/Cu ratio of 2, while it anchors to metal atoms at
lower Cl/Cu ratios. The distinct adsorption modes reflect the evolution of reaction mechanisms with Cl/Cu
ratios. KCl facilitates the adsorption of oxygen owing to the shift-up of the Bader charge of Cu atom.
Potassium reduces the Gibbs free energy barrier of the oxidation step, which agrees with the experimental
observation. It is concluded that the potassium promoter effect on the catalytic performance mainly results

from the modification of the charge of surface atoms.
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1. Introduction

Polyvinyl chloride (PVC) is a critical synthesis plastic with a wide range of applications, and thus, its
corresponding monomer, vinyl chloride (VCM), is a target synthetic platform molecule[1, 2]. VCM is
produced either by hydrochlorination of acetylene or 1,2-dichloroethane (EDC) thermal cracking[3-5].
EDC is derived by direct chlorination of ethylene or by ethylene oxychlorination on a CuCl, based catalyst.
The latter process recycles the wasted HCI in the EDC cracking, which provides significant commercial
and environmental benefits to the industry. Substantial efforts have been devoted to the ethylene
oxychlorination processes[2, 6-9]. It is generally accepted that the process follows a Mars and van Krevelen
mechanism, where the catalyst itself partakes in the reaction. Cl vacancy on the catalyst surface is generated
in the reduction step, and then oxygen inserted into the catalyst in the oxidation step, followed by a
hydrochlorination step. The active sites or oxidation states of catalysts are entirely dynamic and depend on

the relative reduction and oxidation rates, which complicates the investigation of the reaction mechanism.

Cupric chloride supported on a porous support such as alumina is widely applied in the industrial process
owing to the high EDC selectivity. One of the main challenges is the loss of active phase via the
volatilization of cuprous copper. Numerous additives such as alkaline or alkaline earth chlorides are added
in the catalyst to improve the catalytic performance and stability. KCl is the most common promoter in
fixed bed technologies in combination with CsCl, NaCl, or LiCl. The promotion effect of potassium was
investigated by a large number of experimental work[6, 7, 10-16]. The formation of a copper-potassium
mixed salt was proved by monitoring the Cu** d-d transitions with UV-vis spectrometer and the CO
starching frequency with IR spectroscopy[15, 16]. The mixture modifies the chemical nature of the active
phase and inhibits the ethylene adsorption or Cl migration on the surface. Besides, it is reported that the
competition adsorption between Cu?" and K on the cationic vacancies at the alumina surface alters the
interaction between Cu®" and the support and thus increases the amount of the reducible Cu®*[7]. However,
the exact structure of the catalyst is still unknown. The other important observation is that the potassium

shifts the rate-determining step from CuCl oxidation to CuCl, reduction[6, 7, 15], which results in the



significant increase of Cu*" content. Although substantial effects from the characterization technologies and
kinetic experiments, there are still unsolved questions. For example, whether the structure modification or
the alteration of electronic properties induced by the potassium promoter results in the change of the rate-
determining step. Therefore, a fundamental and comprehensive understanding of the potassium promoter

on the nature of the active phase and the adsorption behavior of various reactants is highly desired.

In the study, reaction rates of reduction step and oxidation step for K-doped CuCl,/y-Al,Os catalysts were
measured by using UV-ViS-NIR spectrometer and MS. The evolution of the reaction rate with the number
of active sites was detected, and the rate-determining step (RDS) is identified. Then, van der Waals (vdW)-
corrected DFT calculations were employed to explore the potassium promotion effect. We exploited the
effect of KCI on the interface structure and the charge transfer between (CuCly); and y-Al,O3(110). The
structures of active sites with different C1/Cu ratios (i.e., various Cu coordination number) were constructed
by removing chlorine atoms. Moreover, the promoter effect on the formation energy of Cl vacancy was
explored. We also investigated the effect of KCI on the adsorption of ethylene, dioxygen, and oxygen, as
well as oxidation barriers on the surfaces with different Cl/Cu ratios. Bader charge analysis was performed
to rationalize the promoter effect of KCI on the adsorption of ethylene and oxygen. Besides, the Gibbs free

energy barriers were analyzed.

2. Methods

2.1 Experimental methods

The catalysts were prepared by co-impregnating CuCl,*2H,0 and KCI on y-Al,Os according to the incipient
wetness impregnation and were dried at 120 °C. The catalysts K1.2Cu5.9 contain 1.2 wt% K along with
Swt% Cu. The characterization method of catalysts has been reported in the previous paper|[7, 17], and the

physical properties are summarized below.



Table 1. Physical properties of the catalysts

Catalyst  Surface area [m%*/g] Pore volume [cm*/g] Pore size(nm)

v-AL O3 164 0.45 10.9

K1.2CuS.0 151 0.40 9.20

The experiments were performed in a fixed-bed quartz reactor, and the scheme has already illustrated in
the previous paper [7, 17]. Operando Avaspec-3648 UV-Vis-NIR spectroscopy (Avantes, Netherlands) was
recorded through a fiber optic probe directed towards the catalyst bed, and the effluent gases were analyzed
with a Mass spectrometry (MS) (Pfeiffer). All the experiments were carried out at differential conditions,
where the reaction temperature is 230 °C, and the total pressure is 1 atm. Ethylene, oxygen, and HCl,
balanced with argon, were introduced stepwise into the reactor for 20 minutes in the transient experiments.
The partial pressures of ethylene, oxygen, and HCI for individual cycles are 0.1, 0.1, and 0.05 atm,
respectively. The transient data was recorded after two complete transient cycles, where the relative Cu?*
concentration was estimated by the Normalized Kubelka-Munk function (NKMF). The Kubelka-Munk
units were evaluated at 793 nm, referring to the d-d transition of Cu*". Reaction rates of reduction and
oxidation were calculated according to the following equations, where X is the conversion, W is the weight
of total Cu in the catalysts, F is the molar flow rate, and 0 means the initial value.

___Xc2Ha
Treduction = W/Fcatao (1)

_  Xo2
Toxidation = W/Foqo0 (2)

The removable Cl and the CuCl concentration at time i are calculated based on the total Cu?** concentration.
1=[1,2,3,....N], where N is the maximum number of data points.

Ceri = 2Ccy2+ (3)

CCuCl,i = CCu,total,i - Ccu2+,i 4)

The calculation method of the Cu?* concentration has been reported by Kumar et.al[7].



2.2 Theoretical methods

We performed DFT calculations in the Vienna ab initio simulation program (VASP) 5.3 code[18-20]. The
exchange-correlation functional was described by using Bayesian error estimation functional with van der
Waals correlation (BEEF-vdW) functional[21]. The projected augmented wave (PAW) method[22],
combined with the plane-wave expansion at a kinetic energy cut-off of 400 eV, was adopted. A 4 x 4 x 1
k-point grid was used. All calculated energies and forces were converged to within 104 eV and 0.03 eV/ A,
respectively. In the XRD profiles, only alumina surface is detected. the lack of peaks ascribed to CuCl,,
KCl, or any form of the mixed salt phase suggests that they are well dispersed and are in contact with the
support[17]. It is also reported that the CuCl2 can disperse spontaneously onto the surface of the support
and form a monolayer type structure because the monolayer is a thermodynamically stable form by Xie
et.al.[23] The support y -Al,O3; was involved in the models since the strong interaction between CuCl, and
the support influent the catalytic performance, as demonstrated in the literature[24]. Thus, we built the vy -
Al Os surface firstly, then adsorb CuCl; to form a monolayer structure rather than simply employ a CuCl,
surface. A non-spinel bulk structure of alumina was used herein, which is proposed by Digne et al. [25,
26]. The optimized lattice parameters are a = 5.593 A , b= 8.419 A, c= 8.082 A and p=90.545°, which
agrees well with the literature[25, 27]. y-AlOs; (110) surface, the most exposed one, is employed to
represent the alumina support in this work. A (1x1) supercell with eight atomic layers was selected, and a
vacuum of 15 A is set between two periodic repeated slabs. The bottom four layers were kept frozen at their
corresponding bulk positions during the optimization. Numbers of initial adsorption configurations were
built based on the chemical intuition. Both vertical and parallel adsorption on different sites were explored
to get the optimum one. Dimer method[28] was used to locate the transition state, and the vibrational
frequencies were calculated to verify the transition states with one negative mode corresponds to the desired

reaction coordinates.

The adsorption energy and activation energy are calculated as

Eqas = Eqvsiap — Ea — Es1qp and E; = Ers — Ejg, respectively, where E, is the total energy of the gas



phase species, Equ is the total energy of the slab, E4.qa is the minimum total energy of molecule adsorbed
on the slab. Ers is the total energy of the transition state, and Ejs is the total energy of the initial state. Bader
charge analysis[29, 30] were performed to investigate the electron transfer of the model. The difference of
charge density is calculated by Ap = p(molecuele + slab) — p(slab) — p(molecule) , which is
visualized by using the VESTA software[31], where p(molecuele + slab) is the charge of the optimized
structure of molecule on the surface, p(slab) is the charge of the clear surface, and p(molecule) is the

charge of free molecules.

3. Results and Discussion

3.1 Kinetic evolution of reduction and oxidation steps

Cu is cycled by Cu (II) reduction and Cu (I) oxidation in a three-step reaction mechanism [8, 32-34]: (1)
reduction of CuCl, to CuCl, (2) oxidation of CuCl to form an oxy-chloride and (3) hydrochlorination of the
oxy-chloride to CuCl,. The hydrochlorination step is found to be significantly faster than the others and
could be assumed kinetically irrelevant. Thus, we focus on the investigation of reduction and oxidation
steps and estimate the reaction rate changes with the amount of active site for these two steps, as displayed
in Figure 1. It was reported that K-doped catalysts increased the oxidation reaction rate and reduced the
reduction rate compared to the neat copper catalyst in our previous study [7, 17]. Besides, it was
demonstrated that the rate-determining step for K-promoted catalysts is the reduction step by using a rate

diagram[8].

Figure 1 elucidates that the reaction rate of the reduction step declines with a decrease in the concentration
of removable CI. The curve is non-linear and can be deconvoluted into two separate curves by Gaussian
deconvolution. It indicates the structure of active sites and the reaction mechanism vary with the
concentration of removable Cl. Likewise, the oxidation rate can also separate into two curves correlated to
the CuCl concentration. It means that the reaction mechanisms for both the reduction and oxidation steps
evolve with the concentration of the active sites. The different concentrations of removable Cl and CuCl

could be represented by various Cl/Cu ratios of the surface. Thus, it can be deduced that the structure of the



active sites and the reaction mechanism change with the Cl/Cu ratios of the catalyst. In the following
sections, we investigate ethylene adsorption and oxygen dissociation on the surface with different Cl/Cu
ratios to rationalize the evolution of reaction mechanism and the potassium promotion effect on the

individual steps.

x10%4

@

o
© -
T T

r [mol/gCu]

r [mol/gCu]

o
S

o
o
T

o

im L "
T ©t

. )
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

Removable Cl[mol/gCu] Cqycmol/gCu] x103

Figure 1. (a) Reaction rate of reduction as a function of removable Cl and (b) reaction rate of oxidation as
a function of the concentration of CuCl. The partial pressure of ethylene and oxygen for individual steps
are 0.1 and 0.1 atm, respectively. The black points are the experimental results, the red and dark blue curve
are the simulated deconvoluted curves, and the light blue is the combination of the two deconvoluted curves.
We assumed the red curve solely contributes to reaction rate when the concentration of active sites is larger
than C**, and the dark blue curve alone contributes to the reaction rate when the concentration is smaller
than C*.

3.2 Investigation the promoter effect by DFT calculation

The theoretical calculations were performed to exploit the origin of the potassium promotion effect on the
reduction and oxidation steps compared to the neat catalyst and the evolution of the reaction mechanisms

with the change of the Cl/Cu ratios.

3.2.1 K-promoted CuCl; clusters on y -Al,O3 (110) surface
Firstly, the models were built to represent the neat catalyst and K-promoted catalyst. The most stable
configuration of (CuClL)s/y -Al:O3 (110), corresponding to a Cu loading of 6%, is shown in Figure 2. The

structure is built by placing one CuCl, molecule on the most stable (CuCly)s-1/y -AlO3 (110). In the model



of CuCly/y -ALOs (110), the average Cu-O length in our model is 1.96 A, which agrees well with
experimental results (1.94 £0.1A) detected by Lamberti et.al. [35] We exploited the various possibilities
with different adsorption sequence of KCl and CuCl, to find the most stable configuration of (3CuCly+ KCI)

cluster on y-Al,O3 (110). Both the vertical and parallel adsorption of KCI and CuCl; are considered.

KCl binds strongly with the surface by the bonds of Cl-Als, K-Os and K-O¢ with the adsorption energy of
-2.87 eV, where the strong adsorption is due to the high degree of coordinative unsaturation of the y -Al,O3
(110) surface. The K-ClI bond is elongated by 0.6 A. We tested two possibilities of KCIl and CuCl, co-
adsorption, which is adding another CuCl, on the surface with one pre-adsorbed KCl and contrariwise.
KCuCls salt is formed no matter the sequence of adding molecules. The most stable structure is formed by
placing KCI on the surface with a pre-adsorbed CuCl,. The adsorption energy of KCl is -2.39 eV on the
surface with a pre-adsorbed CuCl,, which is weaker than this on the clean surface. The newly added Cl
atom binds strongly with the copper atom and squeezes away the original CI bound to the copper atom. The
second layer is generated upon the adsorption of the third CuCl, molecules. The adsorption energy of the
second and third CuCl, molecule are -1.59 eV and -0.84 eV, respectively, which are smaller than these
without co-adsorbed KCI. It is deduced that the competition adsorption between CuCl, and KCI on the

alumina surface weakens the interaction between copper chlorides and the support.

Table 1. The adsorption energy of different molecules
Molecules CuCl, KCl CuCL+KCl  CuCL+KCHCuCl, 2CuChL+KCHCuCl,
Eaas(eV) -3.07 -2.87 -2.39 -1.59 -0.84

Note: the adsorption energy is for the last molecule on the surface.
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Figure 2. Top views (top) and side views (bottom) of the most stable configurations on the y-Al,O; (110)
surface. Red balls represent O in alumina, gray balls are Al, green balls are Cl, blue balls are Cu, the purple

ball is K. The same colors are employed in the whole paper.

Bader charge analysis was performed to study the electron transfer between the molecules and the surface.
The first layer CI atoms (i.e., Cl,, Cls, Cls, and Cls) accept electrons from aluminum and copper atoms,
while the second layer Cl atoms (i.e., Cl;, and Cls) can directly extract electrons only from the copper atoms.
The more negative Bader charge of first layer Cl atoms were observed, as shown in Table 2. The average
Bader charge of the first layer oxygen atoms in alumina surface increases to -1.56 e from -1.61 e upon the
adsorption of (CuCl)3, which is due to the competition between Cl and O to extract the electron of Al. Cl

accepts more electrons from the surface Al atoms since electronegativity of Cl is larger than O.

Table 2. A summary of the Bader charge of the surface atoms

Ch Cb Ch Ch Cs Ck ChL Cl Cu K 0 Al

average average average average
(3CuCL+KCl) 055 063 068 046 050 068 077 -0.61 0.90 087 -153 245
(C3IC“C12+KC')' 060 0.63 048 054 071 080  -0.63 082 088  -157 245
f(g“Ch*KC')' 061 0.64 054 068 082  -0.66 069 088  -1.58 245
?(:CI“CI”KC')' 0.65 058 071 081 0.69 056 088  -1.59 244
(CuCly); 044 061 052 043 057 0.76 055 0.90 -1.54 245
(CuCl2)5-Cl 058 059 047 062 0.79 061 0.85 -1.56 245
(CuCl)s-2C1 062 049 0.69 0381 -0.65 0.73 -1.56 245
(CuCl>);-3C1 0.52 071 081 0.68 0.58 157 245

Similar to (CuCl,)3/y-Al,O3 (110), the charge of the first layer CI atoms (i.e., Cla, Cls, Cls, and Cly) is more
negative than the second layer Cl atoms on the (3CuCl,+ KCl)/y -Al,O3 (110). The charge transfer between
CuCl; and the alumina surface is more substantial compared to that between KCI and the alumina surface,
as shown in Figure 3b. It is found that the potassium atom donates electrons mainly to the neighboring Cl
atoms rather than the surface oxygen atoms, as illustrated in Figure 3c, which indicates the interaction

between KCl and the alumina surface is weak. Thus, the average Bader charge of the first layer oxygen



atoms (i.e., -1.53 e) is similar to (CuCly)3;, while the average Cl charge decreases to -0.61 e via the addition

of KCI.
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Figure 3. Top views and side views of the charge differences in (CuCl,)s/ y-Al,O; (110) and (3CuCL+KCl)/
v-AlbO3 (110). The yellow and blue represent the charge accumulation and depletion isosurfaces,

respectively.

3.2.2 Formation energy of Cl vacancy

As mentioned previously, Cl vacancy is formed in the reduction step, and thus we firstly examined the
formation energy of CI vacancy for copper chloride catalysts. The formation energy of oxygen vacancy has
been widely used in the studies of oxides to describe the oxidizing ability, and smaller formation energy of
oxygen vacancy means the catalyst is a better oxidant[36-38]. Metal oxides and metal chlorides are in the
same class of catalysts, and thus the formation energy of Cl vacancy (AE,) may be an essential descriptor
for chlorides. The Cl vacancies or the various Cl/Cu ratios are modelled by removing Cl from the clusters.
(CuCly)3-nCl(n=0-3) and (3CuCl+KCI)-nCl(n=0-3) mean eliminating n number of chlorine atoms from the
surface of neat catalysts and K-promoted catalysts. The formation energy of chlorine vacancy AE), is

defined as the energy difference between (CuCl,);-nCl with %2 Cl, (g) and (CuCl,)3-(n-1)CI.

The formation energy for the first Cl vacancy is in the sequence of Cl;~Cl,~Cl; < Cls < Cl4 < Cls and the
lowest one is 0.19 eV for (CuCly)3/y-Al,03 (110). If CL, or Cl; is eliminated in the initial configuration, the
Cl, atom will move to the vacancy site after the optimization, which indicates that the surface Cl atom is
mobile and can migrate on the surface. The electrons are re-distributed after the elimination of one chlorine
atom. The charge of chlorine atoms becomes more negative, while the charge of copper atoms decreases

with the elimination of Cl as displayed in Table 2. The most stable configurations of (CuCl,); -2Cl and

10



(CuCly)3-3Cl are generated by eliminating Cl, and Cl,, with the formation energies are 0.76 eV and 1.18
eV, respectively. The formation energy of the fourth Cl vacancy becomes extremely high (i.e., 3.14 eV),
which indicates that removing the fourth Cl is arduous, and Cu* is stable. An isolated chlorine atom forms,

and the clusters become a dispersed linear shape from a polygon upon the elimination of chlorine atoms.

The first Cl vacancy is derived by removing Cls from (3CuCl+KCl) /y -Al,O3 (110), and the formation
energy of the first Cl vacancy is 0.22 eV, which is slightly enhanced compared to (CuCly); (i.e., 0.19 eV).
The formation energy of the first Cl vacancy is in the order of Cl; < Cls < Cls < Cly ~Cl, ~Cl;<Cly. The
electrons on the surface are re-assigned among various Cl atoms after the chlorine atom is eliminated, which
is similar to (CuCl,)s/y -Al,O3 (110). The formation energies of the second and third Cl vacancies are 0.81
eV and 1.57 eV by eliminating Cls and Cl,, respectively. The average charge of Cu decreases with the

eliminating of Cl atoms, while the charge of K keeps constant as displayed in Table 2.

The formation energy of Cl vacancy increases with the decline of Cl/Cu ratios for both the neat Cu catalyst
and the potassium promoted catalyst, as shown in Figure 5. Potassium increases the formation energy of Cl
vacancy for the surfaces with a lower C1/Cu ratio (i.e., 1.66 and 1.33). Both CI and O atoms accept more
electron from the metal atoms, and thus, their Bader charges decrease with the elimination of CI atoms. The
lower C1 charge reflects the stronger interaction between Cl and other atoms, and therefore, the reduction
of the Cl charge results in the increment of the formation energy of CI vacancy. The curves varied for neat
Cu and K-promoted clusters. Compared to the copper chloride surface, the Bader charge of Cu and oxygen
decreases more while the charge of Cl reduces less upon the elimination of three Cl atoms from the K-
promoted surface as elucidated in Table 2. It indicates that the copper atoms donate more electrons to O
rather than CI, while K transfers more electrons to the neighboring Cl, as we found via the analysis of the
charge density difference in Figure 3. The competition between K and Cu results in a more complicated

electron transfer among all the atoms.
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the formation energy of Cl vacancy and the charge of Cl(right). Note: the chlorine atom from KCI molecule

is not considered in the calculation of the CI/Cu ratio for the promoted catalyst surface.

3.2.3 Promoter effect on ethylene adsorption

Ethylene adsorption on the surfaces with different Cl/Cu ratios were investigated to understand the
potassium promoter effect on the reduction step. The most stable configurations are summarized in Figure
6. Ethylene can bind with Cu on the neat (CuCl,)s surface with a Cl/Cu ratio of 2, but in the most stable
configuration with the lowest energy, it extracts two chlorine atoms to form EDC automatically. The

automatic formation of EDC indicates that the reduction barrier is low, which is consistent with the
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experimental observation of the fast reduction rate [7, 17]. Ethylene could adsorb on Cu at lower Cl/Cu
ratios since the chlorine vacancy is constructed. The distinct adsorption modes of ethylene on the surfaces
with various Cu/Cl ratios are attributed to the C1/Cu ratio-dependent formation energy of Cl vacancy, as
shown in Figure 5. AE, is small on the cluster with a Cl/Cu ratio of 2, which means Cl atoms are easier to
be extracted. AE, increases with the decrease of the C1/Cu ratio, and thus, Cl atoms become difficult to be
eliminated. The adsorption energy of ethylene declines from -0.32 eV to -0.96 eV with the decrease of the
Cl/Cu ratio, which is attributed to the decline in the average charge of Cu on the surface, as shown in Figure
7. The smaller the Cu charge means that the copper atom holds a stronger capacity to donate the electron

to ethylene, which results in the stronger bonding between ethylene and the copper atom.

The carbon atoms in ethylene are bound to the chlorine atom upon the adsorption of ethylene on
(3CuCL+KCl)/y -AlLO3 (110). However, the chlorine atoms are still attached to the surface copper and
potassium atoms, which are different from (CuCly)s/y -Al,O3 (110). It is attributed to the stronger interaction
between the chlorine atoms and the other atoms on the surface with the presence of KCIl, which can be
reflected by the decrease of Cl charge on the surface with potassium as elucidated in Table 2. The barrier
of ethylene chlorination on 3CuClL+KCl/y -Al,03 (110) is assumed to equal the desorption energy of EDC,
which is 0.31 eV. Similar to (CuCl,)s/y -AL,Os3 (110), ethylene could bind with the metal atom when there
is an available Cl vacancy. Ethylene binding with the potassium atom (i.e., -0.38 eV) and the copper atom
(i.e., -0.31 eV) show similar adsorption energy on the potassium promoted surface with one Cl vacancy,
which results from the fact that the first eliminated chlorine atom binds with both the potassium and copper
atoms. Copper is the preferred adsorption site with an adsorption energy of -0.53 eV for ethylene adsorbed
on the surface with two Cl vacancies, which may arise from the fact that the second removed Cl binding
with only copper atoms. The favorite adsorption site strongly depends on the position of the in-situ
generated Cl vacancy. The increase of the adsorption strength with the decrease of Cl/Cu ratios is due to

the shift-down of Cu charge, which is the same as the undoped catalyst, as elucidated in Figure 7b. Besides,
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a linear relationship between the adsorption energy of ethylene and the formation energy of Cl vacancy is

observed in Figure 7c, which indicating AE, could be a descriptor for the oxidizing ability of the catalyst.

Cl/Cu=2.00 =1.00
Figure 6. Side views of ethylene adsorbed on the surfaces with various Cl/Cu ratios. The first line is for

(CuCly)s/vy-Al,O3 (110) surface, and the second is (3CuCL+KCl)/ y-Al,Os3 (110) surface.
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Figure 7. (a) The adsorption energies of C;H4 on the surfaces with different Cl/Cu ratios, and the

relationship between the adsorption energy of C,H4 and the charge of Cu (b)/ the formation energy of ClI

vacancy(c).

3.2.4 Promoter effect on oxygen dissociation
The adsorption of dioxygen and oxygen on the surfaces with different C1/Cu ratios were examined for both

undoped and K-doped catalysts. Dioxygen physically adsorbs on the (CuCl,)s/y -Al,Os3 (110) surface with
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a Cl/Cu ratio of 1.67, while it could bind to the surface copper atom at the C1/Cu ratio of 1.33 and 1, where
each oxygen binds with one copper atom. The adsorption energies are -0.14 eV and -0.51 eV, and the O-O
bond is elongated via 0.05 A and 0.12 A upon the adsorption on the (CuCly)s/y -Al,Os (110) surfaces with
Cl/Cu ratios of 1.33 and 1, respectively. O, physically adsorbs on the promoted catalyst surface with Cl/Cu
ratios of 1.67 and 1.33 since both the surfaces do not have two neighboring Cl vacancies. O, binds to copper
atoms on the surface with Cl/Cu ratios of 1, and the adsorption energy is -0.57 eV. The dioxygen adsorption

becomes stronger with the decline of the Cl/Cu ratio.
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Figure 8. The configurations of oxygen gas adsorbed on the surfaces with different C1/Cu ratios. The first

line is for (CuCl,)s/y-Al,O3 (110) surfaces, and the second is (3CuCL+KCl)/ y-Al,Os3 (110) surfaces.

Atomic oxygen adsorbs on the top of a copper atom on ((CuCl,); -Cl) /y -Al,O3 (110) with the adsorption
energy of -1.85 eV. The adsorption mode of oxygen atom is different from dioxygen on the surface with a
Cl/Cu ratio of 1.67 since one oxygen atom only needs one Cl vacancy. It sits on a bridge site of two copper
atoms on (CuCly); /y -ALLOs3 (110) surfaces with Cl/Cu ratios of 1.33 and 1, and the adsorption energies are
-2.97 eV and -3.20 eV, respectively. Oxygen atom binds with Cu or K atom for ((3CuCl,+KCI)-nCl)/y -
ALO;3 (110). The adsorption energies are -2.54 eV, -3.60 eV, and -3.20 eV, respectively, for the K-doped
surface with Cl/Cu ratios of 1.67, 1.33, and 1. The adsorption energy becomes stronger with the decrease
of the Cl/Cu ratio on both undoped and K-doped catalysts, which can be explained by the shift-down of the

charge of Cu, as elucidated in Figure 10. The deviation from the linear relationship between the adsorption

15



energy of O and the charge of Cu on the surfaces with K is due to the different adsorption structures, for
example, O binds with K and Cu on the surface with a Cl/Cu of 1.66, while O only attaches to Cu on other
surfaces. The lower Bader charge of Cu indicates that Cu holds a stronger ability to accept electrons and
thus could more firmly bind with oxygen. The adsorption of the oxygen atom on the K-doped surface is
stronger compared to the undoped surface with the same Cl/Cu ratio, which could attribute to the shift-

down of Cu charge via the addition of KCI.

Besides, the relationship between the adsorption energy of oxygen on ((CuCly);-nCl) clusters and the
formation energy of the n™ Cl vacancy features a linear line, as illustrated in Figure 10 (c). The stronger
oxygen adsorption can result in the lower barrier of dioxygen dissociation according to the BEP relationship.
The larger formation energy of the n™ vacancy owns stronger adsorption of oxygen, and thus, it is easy to
be re-oxidized, which indicates that the formation energy of Cl vacancy can also be a descriptor of the
reducing ability of the catalyst. A smaller AE, can get a catalyst with higher oxidizing ability, while a larger
AE, indicates a higher reducing ability of the catalyst. It suggests the catalyst to follow ‘a medium principle’

to complete the redox cycle, that is, modifying the surface to get a moderate AE,.**
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Figure 9. The configurations of oxygen adsorbed on the surfaces with different Cl/Cu ratios. The first line

is for (CuCl,)s/y-Al,O3 (110) surfaces, and the second is (3CuClL+KCl)/ y-AlLO3 (110) surfaces.
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Figure 10. (a) Adsorption energy of oxygen on the surfaces with various Cl/Cu ratios, and the relationship

between the adsorption energy of O and the Bader charge of Cu(b)/formation energy of Cl vacancy(c) .

Moreover, we exploited the transition state of oxygen dissociation on the unpromoted surfaces and the K-
promoted surfaces. Oxygen atoms sit on the CI vacancies and bind with two cobalt atoms in the transition
states on the unpromoted surfaces. The activation barriers are 1.70 eV and 0.87 eV for the (CuCl,)s/y-
Al0O3(110) with Cl/Cu ratios of 1.33 and 1, respectively. The structure of the transition states is close to
the product, which means they are late transition states. The stronger adsorption of oxygen at a low Cl/Cu
ratio results in a lower barrier. The barrier increases with the increment of C1/Cu, which is consistent with
the experimental observation of the decrease of oxidation rate at lower CuCl concentration. The addition
of KCI on the surface decreases the barriers to 1.68 ¢V and 0.51 eV for CI/Cu ratios of 1.33 and 1,
respectively. One oxygen is bound to two copper atoms, while the other one binds with two copper atoms
and one potassium atom, where the bond length of K-O is 3.59 A and 2.39 A on the K-doped catalyst with
Cl/Cu ratios of 1.33 and 1, respectively. It indicates that the structure of the transition state depends on the
number of Cl vacancies (i.e., Cl/Cu ratios). Oxygen is more tightly bound to K on the K-doped surface with

Cl/Cu ratios of 1, which results in a more significant decrease of the barrier via 0.36 eV.
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Figure 11. The configurations of transition states of oxygen dissociation on the surfaces. Yellow balls are

dissociated O.

3.3 Analysis of Gibbs free energy barrier

Gas-phase species ethylene and oxygen anchored to the solid surface in the reaction, which results in
tremendous entropy lose. Thus, it is essential to explore the effects of potassium on the kinetics by
comparing the Gibbs free energy barrier of the different steps. The Gibbs free energy barrier by using the
following equation. The Gibbs free energy barrier is the free energy difference between the transition
state(Grs) and the initial state(Gis).

Gqg = Grs — Gis 5)

The Gibbs free energy of each specie was calculated by using the following equation at a temperature of
500 K.

G= E+Ezpr+AH°(0->T)—-TS (6)

Where E refers to electric energy determined by DFT, Ezpg is zero-point energy. H, S, and T are enthalpy,
entropy, and temperature, respectively. The precise method for the calculation of zero-point energy, entropy,
and enthalpy has been reported in the literature [39, 40]. The Gibbs free energy of reduction step is
calculated based on the results on the surface with a Cl/Cu ratio of 2, while that of oxidation step is

calculated on the surface with a C1/Cu of 1 to obtain the initial reaction rates of reduction and oxidation.

The Gibbs free energy barrier of the reduction step is smaller than that of the oxidation on the unpromoted
catalyst, and thus the oxidation is the rate-determining step, which agrees well with experimental

observation. The potassium dopant increases the barrier of reduction via 0.34 eV and decreases the barrier
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of oxidation via 0.39 eV, which explains the experimental observation of the shift of the rate-determining

step to the oxidation step for the K-promoted catalyst.

1.39
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Undoped K-doped
Reduction barrier ©Oxidation barrier

Figure 12. The Gibbs free energy barrier of the initial reduction and oxidation steps on undoped catalysts
and K-doped catalysts, where the reduction step is calculated on the surfaces with a Cl/Cu ratio of 2, and

the oxidation step on the surfaces with a C1/Cu ratio of 1.

4. Conclusion

Kinetic experiments demonstrated that the evolution of the reaction mechanism with Cl/Cu ratios on the
catalyst surface. DFT calculations found that the addition of KCI distorted the original interface structure
and reduced the interaction between copper chloride and the support. A salt mixture of Cuz;KCl; forms.
Charge density difference analysis elucidates that the electron transfer between K and neighboring Cl atoms
results in substantial electron accumulation around the chlorine atom, and the decline of Bader charge of
Cl. Thus, it raised the formation energy of CI vacancy upon the addition of KCI . The formation energy of
ClI vacancies increases with the decrease of Cl/Cu ratios on both un-prompted and K-promoted catalyst

surfaces, which attributes to the decline in the CI charge at lower Cl/Cu ratios.

Two distinct adsorption modes of ethylene were detected for the K-promoted catalyst. Ethylene binds with
two chlorine atom on the surface with a Cl/Cu ratio of 2, while it is bound to copper or potassium atom on
the surface with lower Cl/Cu ratios. The adsorption site at lower Cl/Cu ratios depends on the position of Cl

vacancy. A linear relationship between the adsorption energy of ethylene on the surface with lower Cl/Cu
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ratios and the Bader charge of copper atoms are suggested. Moreover, it is found that the adsorption strength
of oxygen enhances with the decrease of Cl/Cu ratios, which could be explained by the decline of Cu charge.
Co-adsorbed KCl enhances the adsorption of oxygen and reduces the barrier of oxygen dissociation by 0.36

eV on the surface with Cl/Cu of 1 compared to the un-promoted surface.

The formation energy of Cl vacancy, resulting in the distinct adsorption modes of ethylene, could be a
descriptor for the oxidation ability of the catalyst. The increase of the formation energy of Cl via KCl is
attributed to the shift-down of CI charge. The changes of adsorption energy of ethylene and oxygen on the
surfaces with various Cl/Cu ratios are due to the modification of the Bader charge of Cu. Thus, the alteration
of the Bader charge of surface atoms via KClI is the primary origin of the effect of KCl on catalytic

performance. The findings may shed new light on the development of catalysts in ethylene oxychrlorination.
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