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Abstract

Three kinds of Pt-Cu bimetallic catalysts (Cu/Pt (111), Pt/Cu/Pt (111), and Pt4Cus/Pt (111)) have been researched employing
density functional theory (DFT) calculation, using dehydrogenation of cyclohexene to benzene as a probe reaction. The adsorp-
tion energies are basically in the sequence: Pt;Cus/Pt (111) > Cu/Pt (111) = Pt/Cu/Pt (111). The key step is C¢Hg — CgHg on Cu/
Pt (111) (0.85 eV) and Pt/Cu/Pt (111) (0.87 eV). On Pt,Cus/Pt (111), the key step is C¢H; — CgHg (1.17 €V). The selectivity for
gas phase benzene is in the order of Cu/Pt(111) > Pt/Cu/Pt(111) > Pt,Cus/Pt(111), according to the energy difference between the
barrier of benzene dehydrogenated to phenyl and benzene desorption. The co-adsorbed hydrogen atoms lead to improved
selectivity for gas phase benzene on Cu/Pt (111) and Pt/Cu/Pt (111), by making benzene desorption easy but dehydrogenation
difficult. However, the barrier of benzene dehydrogenation decreases with the increase of H coverage on the Pt;Cus/Pt (111) due
to obvious destabilized benzene, and thus the effect on Pty;Cus/Pt (111) is closely related to the concentration of surface H.
Attributed to thermodynamic stability, high activity, and selectivity for gas benzene, the Pt/Cu/Pt (111) structure is suggested as
reasonable dehydrogenation catalyst, and the dehydrogenation process on Pt/Cu/Pt(111) has been further studied by microkinetic
modeling. A volcano-like relationship is found between the adsorption of cyclohexene and the TOF (turnover frequency) of gas
phase benzene. Secondly, two apparent activation energies are obtained: 0.77 eV (250~350 K) and 0.45 eV (350~650 K),
implying the RDS (rate-determined step) changes with temperature.
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Introduction surface is a typical catalytic reforming process, which has
been investigated by various surface science methods [1-5].
Cyclohexene is a raw material in organic synthesis, and it A sequential dehydrogenation mechanism [1] was suggested.
could be used as solvent, extractant, and stabilizer. The dehy-  The m-allyl c-CgHo [1-3] and cyclohexadiene [1, 2] were
drogenation of cyclohexene to benzene on the single crystal Pt~ found as meta-stable intermediates. The Pt was so active that
the carbons were produced by 800 K [5], which deactivated
the Pt catalyst. Recently, an experiment found that TiO,-sup-
Electronic. supplementary material The online Ve.rsion of this article ported Pt could suppress carbon formation during
(https://doi.org/10.1007/s00894-020-04363-y) contains supplementary methylcyclohexane dehydrogenation to toluene [6].
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High price and the limited supply restrict the application of
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responsible for different activities. Besides, it is notable that
nickel-based bimetallic catalysts exhibit high sensitivity in
dehydrogenation of methylcyclohexane (MCH) to toluene
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[19-21], and the reason is the addition of Cu or Zn improves
the selectivity by occupying the unselective step sites [19, 20].

The Pt/Cu/Pt (111) sandwich structure has drawn our atten-
tion. A cyclohexene hydrogenation pathway appeared at
180 K on Pt/Cu/Pt (111) [18]. The corresponding hydrogena-
tion mechanism and the reason for the high hydrogenation
activity have been studied in previous work [14]. On the other
hand, the Pt/Cu/Pt (111) has also been reported active in cat-
alyzing cyclohexene dehydrogenation at low temperature
(179 K and 303 K) [18]. It should be pointed out that the
Ni-Zn catalyst has a high selectivity for cyclohexene to ben-
zene at 573.15 K, due to the covered corner and edge sites by
Zn [20].

We are curious about the high activity of the Pt/Cu/Pt (111)
in both dehydrogenation and hydrogenation at low tempera-
ture. In the present paper, the cyclohexene dehydrogenation
on the Cu/Pt (111), Pt/Cu/Pt (111), and Pt4,Cus/Pt (111) has
been investigated based on DFT and microkinetic model anal-
ysis. Cu/Pt (111) and Pt4Cus/Pt (111) are also included. At
first, both Cu/Pt (111) and Pt/Cu/Pt (111) structures were pre-
pared by depositing Cu on a Pt (111) substrate. At 300 K, Cu/
Pt (111) was the main form, but at 600 K, Pt/Cu/Pt (111) was
the main production, owing to the migration of surface Cu to
the subsurface layer at high temperature [18]. Secondly, the
Pt-Cu surface alloy exists in a meta-stable state [22, 23], al-
though it has been proved Pt-Cu surface alloy is thermody-
namically less stable than Pt/Cu/Pt(111) according to the sur-
face segregation energy [14]. The Pt concentration on the
topmost layer is reckoned as 0.5 in the Cu/Pt (111) structure
[22]. So, the model of Pt4Cus/Pt (111) has been built to present
the Pt-Cu surface alloy. Since Cu/Pt (111) and Pt,Cus/Pt(111)
may exist under the real condition, their catalytic activities are
worth of inquiring into.

The aim of this paper is to compare the dehydrogenation
pathways of cyclohexene on the Cu/Pt (111), Pt/Cu/Pt (111),
and Pt4Cus/Pt (111), and find the factors determining the ac-
tivity, supplying a possible way to adjust the dehydrogenation
activity of the Pt-based bimetallic catalysts. At first, the opti-
mized adsorption structures are present, because the adsorp-
tion is the fundamental process for catalytic reactions.
Secondly, the transitional states (TSs) is searched and the cal-
culated activation energies are compared with the results in the
literature. What is more, the microkinetic model are applied to
understand the effect of the desorption barrier, temperature,
and the elementary steps on the overall dehydrogenation rate.

Methods and models

The calculations were conducted by the Vienna Ab Initio
Simulation Package (VASP) [24, 25]. The exchange—
correlation energy and electronic interaction were depicted by
the generalized gradient approximation (Perdew—Wang, [26])
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and the projector-augment wave scheme [27, 28]. The energy
cut off of 400 eV and 3 x 3 x 1 Monkhorst—Pack grid [29] were
used for major calculations. A p (3 x 3) unit cell was applied to
model the bimetallic surfaces with a vacuum region about 15 A
(Fig. S 1). The spin polarization and dipole correction were
involved. A 15x15x 15 A® cubic unit cell and a 1 x1x 1
Monkhorst—Pack grid have been employed to model gas phase
molecules. The Gaussian smearing method with an extending
[30] of 0.1 eV was carried out for ionic relaxations calculation.
The atoms on the topmost layer of the Cu/Pt (111) and the Pt/
Cu/Pt (111) were Cu and Pt, respectively. The surface and sub-
surface layers as well as the adsorbed molecules were allowed
to relax until the forces were within 0.03 eV/A, and the other
layers were fixed. As a result of the shrink or dilation of lattice
of the bimetallic surface [31], the optimized Pt—Pt interval of
2.82 A was wielded on the Pt-based bimetallic surfaces.

The adsorption energy is defined as: Engsm = Ensurface —
Eguface — Env- Van der Waals (vdW) interaction could improve
the accuracy of the adsorption energy [32, 33]. A systematic
increase in the adsorption energies of laterally p-bound unsat-
urated hydrocarbons (cyclohexene, benzene) was found with
the inclusion of vdW interactions [34-37]. The adsorption
energy of benzene on Pt (111) corrected by optPBE-vdW
[38, 39] matches well with the experiments. The calculated
adsorption energy is — 1.62 eV using a six-layer slab model
and 7 x 7 x 1 Monkhorst—Pack grid, in good agreement with
—1.66 eV that is obtained by single crystal adsorption calo-
rimetry [40]. As a result, the optPBE-vdW functional is ap-
plied for weak mental-molecule interaction systems in our
paper, including the adsorption of cyclohexene, 1,3-
cyclohexadiene, and benzene.

The TSs were found by the nudged elastic band (NEB) [41]
with serial four images along certain elementary step. A quasi-
Newton algorithm was chosen to refine the probable TSs
though decreasing forces less than 0.05 e¢V/A. Finally, the
TSs were verified by the presence of the only one normal
mode integrated with a pure imaginary frequency. The activa-
tion energy (£,) is the energy dissimilitude between the initial
state (IS) and the TS: E, = E1s—Es. The reaction energy (AFE)
is the energy difference between the IS and the final state (FS):
AE = Epg—Ejs. The zero-point energy correction was also
included. The vdW correction was not considered, for its in-
fluence on the barriers was negligible as a striking contrast
with that on the adsorption energy [14, 36].

Results and discussion

The adsorption of cyclohexene and the dehydrogenation in-
termediates on the Cu/Pt (111), Pt/Cu/Pt (111), and Pt,Cus/Pt
(111) have been investigated at first. The configurations of the
most stable adsorption mode are demonstrated in Fig. S 2 and
the corresponding energetic data are shown in Table 1.
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Table1 Contributions of each term to the adsorption energies on the Pt/
Cu/Pt (111), Cu/Pt (111), and Pt,Cus/Pt (111) surfaces (unit: eV)

Metal surface Species  Eqgs Egisamoley  Edissuby  Eint
Cu/P(111) CeHio -091 040 0.16 -1.47
CeHo -143  0.88 0.48 =279
CeHg -1.04 095 0.22 221
CeH, -173  0.78 0.40 291
CeHg -0.89 0.04 0.08 -1.01
CeHs —281 045 033 -3.59
PYCWPt(111)  C¢Hy,  —091 031 0.06 —~1.28
CeHo —-1.25 0.85 0.45 —2.55
CeHg —-1.33 2.89 0.32 —4.54
CeH7 —1.60 0.82 0.38 -2.80
CeHg —1.08 0.01 0.05 —1.14
CeHs —2.66 0.14 0.40 —3.20
Pt4Cus/Pt(111) CeHio —-143 1.91 0.60 —3.94
CeHo -2.82 091 0.73 —4.46
CeHg —-2.25 1.01 0.95 —4.21
CeH7 -2.66 1.17 0.83 —4.66
CeHg -197 0.77 0.76 -3.50
CeHs -307 046 0.61 —4.14

Adsorption of cyclohexene, m-allyl c-C¢Ho,
1,3-cyclohexadiene, cyclohexadienyl, benzene,
and phenyl

The cyclohexene and benzene are physically adsorbed on the
Pt/Cu/Pt (111) and Cu/Pt (111) surfaces. The corresponding
adsorption energy is in the range of —0.89~—1.08 eV. The
adsorption height that is the average distance between the
olefinic carbons and the surface layer is 2.40~3.20 A, this is
too long to form C-Pt or C-Cu bond. However, on the Pt,Cus/
Pt (111), two and four C-Pt bonds are formed when the cyclo-
hexene and benzene are adsorbed (see Fig. S 2). And the
corresponding adsorption energies are larger than on the Pt/
Cu/Pt (111) or Cu/Pt (111) by at least 0.5 eV.

When two carbons bond with the same metal atom, it is
called 7t interaction. And when one carbon atom only bonds
with one metal atom, it is named o interaction. Three olefinic
carbons are in the molecule of 7t-allyl c-CsHy. The most fa-
vored configuration is 20 when the 7t-allyl c-C¢Hy is adsorbed
on the Pt/Cu/Pt (111), Cu/Pt (111), and Pt4Cus/Pt (111) sur-
faces (see Fig. S 2). The “chair-like” configuration is preferred
by the molecule of 1,3-cyclohexadiene. The o, 20, and 27t
adsorption modes are favored on the Cu/Pt (111), Pt/Cu/Pt
(111), and Pt4Cus/Pt (111) surfaces, respectively. And the cor-
responding adsorption energy is — 1.04, — 1.33, and —2.25 eV,
respectively.

The adsorption energy seems have little relationship with the
C-Pt or C-Cu bond numbers. Only one or two C-Pt or C-Cu
bonds are found in the favored phenyl adsorption mode,

whereas four C-Pt or C-Cu bonds are found in the stable
cyclohexadienyl adsorption mode. The adsorption energy of
phenyl is in the range of —2.66~—3.07 eV, larger than that of
cyclohexadienyl by 0.2~0.9 eV. Different from other species we
studied here, phenyl almost stands on the Pt/Cu/Pt (111) sur-
faces. On the Cu/Pt (111) and Pt,Cus/Pt (111) surfaces, the
dihedral angle between the Cg ring in the phenyl molecule and
the surface layer is about 30° (see Fig. S 2). For the same
adsorbate, the adsorption energy trend is Pt,Cus/Pt (111) > Cu/
Pt (111)=Pt/Cu/Pt (111). Similar adsorption energies of the
above species on the Cu/Pt (111) and the Pt/Cu/Pt (111) are
attributed to the analogy in the projected densities of states
(PDOS) on the d orbitals [14].

Decomposition of adsorption energies

By analyzing the terms of the adsorption energy decomposi-
tion, a deeper understanding of the adsorption could be
achieved. The deformation energy of the molecule (Egismole))
or the surface (Egis(sun)) 1s defined as the energy difference of the
molecule or clean surface in gas phase and in the adsorption
mode. The more positive the deformation energies are, the more
seriously the molecule or surface deforms during adsorption.
What is more, the Egismole) 18 closely related to the energy gap
between the highest occupied molecule orbit (HOMO) and the
lowest unoccupied molecule orbit (LUMO) [42]. Figure 1
shows the projected density of state of the p, orbit for each C
atom in the molecule of cyclohexene in the gas phase and in the
most stable adsorption mode on three surfaces. Two peaks of
density of state that are the most close to the Fermi level stand
for the HOMO and LUMO. The energy gap is 5.36 eV in the
gas phase and 5.23, 5.24, and 1.82 eVon the Cu/Pt (111), Pt/Cu/
Pt (111), and Pt,Cus/Pt (111) respectively. The corresponding
Egisamole) 18 0.40, 0.31, and 1.91 eV on the Cu/Pt (111), Pt/Cu/Pt
(111), and Pt,Cus/Pt (111) respectively, showing the larger
Eisamoley followed by smaller energy gap [14].

The interaction energy (E;,;) between the adsorbate and the
surface is calculated as follows: Ejy = Eaqs—Edismoley—Edis(sub)-
Generally speaking, a positive correlation is found between
the E,4 and the E;,. For example, the absolute value of Ej;
and E,4 are in the order of C¢Hs > CgH; > C¢Hg on both the
Cu/Pt (111) and Pt/Cu/Pt (111) surfaces. But there are also
exceptions, especially on the condition that the deformation
energy of the molecule takes the dominant role. For example,
large Egisamotey of 1,3-cyclohexadiene (2.89 V) leads to large
E (—4.54 eV) on Pt/Cu/Pt (111).

Dehydrogenation of cyclohexene to benzene
The possible dehydrogenation pathways of cyclohexene on
the Cu/Pt (111), Pt/Cu/Pt (111), and Pt,Cus/Pt (111) were

investigated on the assumption that hydrogen atoms once pro-
duced associate to hydrogen immediately. The structures of

@ Springer
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ISs, TSs, and the calculated activation energies are demon-
strated in Fig. 2. The second C-H scission (C¢Hg — C¢Hg) is
the pivotal dehydrogenation step on the Cu/Pt (111) and Pt/
Cu/Pt (111). But on the Pt;Cus/Pt (111), the forth C-H
(Cg¢H; — C4Hg) scission is key step. The activation energies
for the key steps are 0.85, 0.87, and 1.17 eV on the Cu/Pt
(111), Pt/Cu/Pt (111), and Pt4,Cus/Pt (111), respectively.
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The selectivity for gas phase benzene (AFE) could be esti-
mated as the difference between the barrier of CsHg—CgHjs
and the desorption barrier of benzene. The desorption barrier
is estimated as Eqesorption z| Eads| -TAS. The entropy contri-
butions should be taken into account when the adsorption
occurs. About 1/3 transitional entropy is lost after adsorption.
The entropy contributions can be calculated according to the

CeH1o CeHo CeHs CeH7 CGHG CeHs
m% ~Ea=085n % TN % ~Ea=0.40 AEa=14Tx a
AE=0.12 AE=0.32 AE=-0.31 AE=-0.25 AE=0.66
AE=0.28 AE=0.45 AE=-0.26 AE=-0.27 AE=0.38
% “Ea=028 “Ea=04T> ~Eaz043% m ~Fa=155
AE=-0.47 ” AE=-0.27 v AE=-0.17 AE=0.31 AE=0.70

Fig. 2 Possible pathways of cyclohexene dehydrogenation to phenyl on the Cu/Pt (111) (a), Pt/Cu/Pt (111) (b), Pt4Cus/Pt(111) (¢). (The unit of E,, and
AE is eV, the unit of the C-H distance in TS is A)
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Campbell—Sellers equation [43] that is usually used for weak-
ly bound molecular adsorbates:

8241y = 0.78° gu(1)=3.3R (1)

where Sogas and S°,4 refer to the standard entropy in gas
phase and in the adsorption state, respectively. SogaS can be
obtained from the thermochemical data [44]. Under the exper-
imental condition [18] (300 K and 10 Pa), the contributions
of the entropy to the benzene are 0.50 eV. The desorption
barriers of benzene are 0.39, 0.58, and 1.47 eV on the Cu/Pt
(111), Pt/Cu/Pt (111), and Pt,Cus/Pt (111), respectively. AE is
in the order of Cu/Pt (111) (1.02 e¢V)>Pt/Cu/Pt(111)
(0.71 eV) > Pt4Cus/Pt (111) (0.08 eV), indicating the selectiv-
ity for gas phase benzene on Cu/Pt (111) or Pt/Cu/Pt (111) is
much higher than Pt,Cus/Pt (111).

Considering the possible effect of co-adsorbed hydrogen
atoms, blocking active sites and moving reaction toward hy-
drogenation, we studied the influence of H on benzene desorp-
tion and dehydrogenation (see table S 1). At first, the adsorp-
tion strength of benzene decreases with the increase of H
coverage, especially on Pt4;Cus/Pt (111) where the adsorption
energy of benzene is reduced by 1.2 eV at 4/9 H coverage
compared with on clean surface. Secondly, on Cu/Pt (111)
and Pt/Cu/Pt (111), the barrier of step (C¢Hg — CcHs) be-
comes larger when the concentration of surface H is increased,
meaning it becomes difficult for benzene dehydrogenation on
H co-adsorbed surface. But a different trend is found on the
Pt4Cus/Pt (111): the barrier of step (C¢Hg — C¢Hs) decreases
with increasing H coverage. This is probably attributed to the
obvious destabilized benzene by neighboring H.

According to the above analysis, the co-adsorbed H im-
proves selectivity for gas phase benzene on Cu/Pt (111) and
Pt/Cu/Pt (111). However, on Pt,Cus/Pt (111) whether the se-
lectivity could be increased or not depends on H surface cov-
erage, because the nearby H reduces barriers of both benzene
desorption and dehydrogenation. For instance, AE is 0.07 eV
at 1/9 H coverage and 0.85 eV at 4/9 H coverage, suggesting
high H concentration prefers benzene desorption. What is
more, the co-adsorbed hydrogen obstructs cyclohexene con-
verted to benzene on Cu/Pt (111), Pt/Cu/Pt (111), and Pt4,Cus/
Pt (111), on the basis of the higher barrier of key step when
surface H exists (see Table S 1).

21t should be pointed out that there are several configurations
for Pt,Cus/Pt (111). An experiment has found that three adja-
cent Pt atoms (Pt;Sn/Pt (111)) are more reactive than two
adjacent Pt atoms (Pt,Sn/Pt (111)) in acetylene hydrogenation
[45]. According to the number of neighboring Pt atoms, we
build three models for Pt,Cus/Pt (111): two-Pt, three-Pt, and
four-Pt neighboring (see Table S 1). By calculating the barrier
of C¢H; — CcHg (probable the key step), the barrier of
CgHg — CgH;s and the adsorption energy of benzene, we find
the barrier on four-Pt neighboring is lower than others, but the
selectivity for benzene is poor. Moderate activity and

selectivity shown on three-Pt neighboring configuration make
it suitable for catalyzing cyclohexene to benzene, and thus this
configuration is chosen to represent Pt;Cus/Pt (111).

Microkinetic modeling based on the DFT energetic

To have a deep understanding on the mechanism of cyclohex-
ene dehydrogenation, the microkinetic simulation on the basis
of the transition state was carried out. The turnover frequency
(TOF (molecules's "site")) of the elementary step; the surface
concentration of the species; and the effect of the adsorption
strength, temperature, and pressure on the TOF could be in-
vestigated by the microkinetic modeling method [46—48]. The
Pt/Cu/Pt (111) is chosen for the microkinetic analysis due to
its stability at high temperature, reactivity, and high selectivity
for benzene in gas phase. The elementary reaction steps and
the corresponding kinetic parameters are listed in Table S 2.
The equations used for calculating the rate constant and pre-
exponential factor are also shown in Supporting Information.
It should be mentioned that the amount of surface hydrogen
produced by cyclohexene dehydrogenation could be
neglected in the light of low pressure of cyclohexene
(1073 Pa) in the experiments [18]. Consequently, the energetic
data (adsorption energies and barriers) without hydrogen as
spectator is applied in microkinetic simulation.

Desorption barrier of cyclohexene dependence

To understand the effect of the binding strength between cy-
clohexene and the surface on the individual pathway and over-
all TOF of C¢He(g) under the experimental condition (107 Pa
and 300 K) [18], we change the desorption barrier of cyclo-
hexene, meanwhile the other reaction energies and activation
barriers remain constant. Figure 3 a shows the volcano-like
relationship between the TOF of C¢Hg) and the desorption
barrier of cyclohexene. The up-limit of the TOF of C¢He g, is
10* molecules's "site ' on the Pt/Cu/Pt (111) surfaces. The
discrepancy between the highest and lowest TOFs is about 6
orders of magnitude. Besides, with the increasing of the de-
sorption barrier, the surface coverage of C¢H,o goes up rap-
idly and reaches monolayer eventually (see Fig. S 3 a). The
full monolayer of C¢H,," should be responsible for the low
TOF.

Since the desorption barrier of cyclohexene impacts the TOF
of CgHg(g) greatly, it is important to confirm a proper value of
desorption barrier. Based on the discussion about entropy ef-
fect, the contribution of the entropy to the cyclohexene is
0.20 eV, and thus the desorption barrier of cyclohexene is
0.71 eV on the Pt/Cu/Pt (111). And the corresponding TOF
of C¢He(g) is 6.4 % 107> molecules s ''site”', close to the up-
limit shown in Fig. S 3 a.
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Temperature dependence

The Arrhenius relationship between the TOF of CgHgy
and the temperature is shown in Fig. 3b. Between 350
and 650 K, the apparent activation is 0.45 eV, but it is
0.77 eV in the temperature range of 250~350 K. The
changes in the slop of the Arrhenius plots indicate the
rate-determining step may change with the temperature.
In fact, the RDS could be affected by the reverse pro-
cesses and temperature. The Campbell’s degree of rate
control [49] (X, is utilized to measure the effect of
each dehydrogenation step on the TOF of gas phase
benzene. X,.; is computed on the basis of the equation
below:

A; OR

Xyei =—
’ R 0A;

)

where R stands for formation rate of gas phase benzene
and A; is the pre-exponential. Ten percent of A; is al-
tered in both forward and reverse reactions.

As shown in Fig. 3¢, between 250 and 500 K
C¢Hy — C4Hg takes dominant role on the TOF of
C6H6(g)‘ At 300 K, the TOF of C¢Hyg — C¢Hg is 6 %
10 molecules's ''site”', and the TOFs of subsequent
reactions are almost the same except the TOF of
2H — Hy(gas) (10~* molecules's 'site ) (see Fig 3d), in-
dicating C4Hg — C4Hg is the RDS. From 500 to 650 K,
Xic,i of C¢Hy9— Ce¢Hy increases quickly with
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temperature, and CgH;o— CcHo eventually becomes
the RDS above 600 K. In fact, the coverage of free
sites is about 0.95 between 300 and 650 K (see Fig S
3 b). This is consistent with our speculation that no
surface hydrogen atoms accumulated during cyclohexene
dehydrogenation.

Conclusions

We have studied the adsorption of the species involved in
cyclohexene dehydrogenated to benzene and the dehydroge-
nation pathways on the Cu/Pt (111), Pt/Cu/Pt (111), and
Pt4Cus/Pt (111) using periodic DFT calculations. The adsorp-
tion energies are basically in the sequence: Pt;Cus/Pt (111) >
Cu/Pt (111) = Pt/Cu/Pt (111). The low benzene desorption bar-
rier and high barrier of benzene dehydrogenated to phenly on
the Pt/Cu/Pt (111) surfaces lead to high selectivity for gas
phase benzene. According to the microkinetic model analysis,
a volcano relationship between the desorption energy of cy-
clohexene and the TOF of gas benzene has been found, im-
plying the moderate adsorption strength is favorable for
dehydrogenation.
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