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ABSTRACT: The structure of uncalcined atomically dis-
persed copper(I) chloride on y-alumina is modeled with
Density Functional Theory (DFT). Calculations are per-
formed for the (110), (100), and (111) surfaces at several
levels of hydration. The importance of the hydration and the
uncertainties in the dehydration temperatures of the various y-
alumina surfaces are discussed. We find that both Cu** and CI~
do not adsorb on the (111) surface of y-alumina. Moreover, we
show that additional water molecules are present on the
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copper ions, which are not part of the alumina hydration layer. A correct modeling of adsorbed metal ions should therefore
include these additional water molecules. Regarding the chloride ions, we find that these prefer “sitting” on the copper ions, in
contrast with reported results for uncalcined copper chloride. We explain this difference in terms of kinetic accessibility and
predict the formation of CuCl" and CuCl, species during calcination. Validation laboratory experiments using temperature
programmed desorption (TPD) and reduction (TPR) confirm the predicted repositioning of chloride ions upon moderate
heating. Depending on the placement of the chlorides on the alumina surface or on the copper ions, the calculated structures
compare well with experimental results before and after heating, respectively. The copper location and coordination in the former
structure also applies to samples impregnated with copper(II) nitrate.
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B INTRODUCTION

Many heterogeneous catalysts consist of nanoparticles of active
material on a high surface area support. They are often
prepared by impregnating the support with an aqueous solution
of a catalyst precursor, followed by calcination and activation.
However, obtaining a good and active catalyst in this way is far
from trivial. Many small details in the preparation can strongly
influence the results, and finding the ri%ht preparation
procedure is often a matter of trial and error.' >

Thus, connecting the preparation procedure to the final
catalytic performance is a big challenge. To do so, we must
understand the relations both between the preparation method
and surface structure and between the surface structure and
catalytic performance. Numerous studies in catalysis focus on
the second part.°”® Here, we look at the first part, trying to
understand the connection between the preparation process
(the so-called “catalyst recipe”) and structure by modeling the
processes that occur during catalyst preparation.

In the case of impregnation, the catalyst preparation consists
of the following steps: (i) impregnation, (i) drying, (iii)
calcination, and (iv) activation, followed by potential structural
changes during the catalytic reaction itself (v). We will focus on
the calcination step, during which the nanoparticles are formed.
The key processes here are the diffusion of the metals and
conversion of the precursors. To model these processes
properly, one must have a good model of the structure before
calcination. However, modeling the impregnation and drying
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steps themselves is difficult.">'! Here, we investigate whether
the resulting structure can also be modeled directly by
searching the thermodynamic optimum.

Note that our work concerns systems with a relatively low
loading (ca. 1 atom/nm?). Experimentally, provided that
impregnation is performed carefully, the ions will spread over
the surface as isolated monomeric species up to a certain
loading."””">! Above this loading, precipitation of larger
particles occurs. Because, also at high loadings, isolated species
are always present on the surface, we choose to study those
first.

Our model catalyst is copper(I) chloride on y-alumina, an
oxychlorination catalyst used in the production of vinyl chloride
(C,H,Cl1).>>** This process begins with chlorinating ethylene
to 1,2-dichloroethane, followed by thermal cracking to the final
product:

C,H, + Cl, -» C,H/CI, (1)
C,H,Cl, - C,H,Cl + HCl (2)
To reduce the consumption of Cl, and the output of waste

HCl, a third step was developed: the oxychlorination of
ethylene to 1,2-dichloroethane, which is then fed back to step 2.
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Step 3 is where CuCl, on y-alumina is used as a catalyst, often
doped with KCI and LaCl; to improve activity and
stability.>>~>°

C,H, + 2HCI + %Oz - C,H,Cl, + H,0 )

Despite the large volume of empirical data on this catalyst,
we still do not know the precise structure of the copper
species."***3* That said, the catalyst structure clearly differs
for low and high loadings. Leofanti et al. performed a very
thorough study of both structures for the case of pure CuCl,,
studying the changes that occur during drying, aging, and
heating.'**' They found that for uncalcined samples up to a
copper content of 0.95 wt % Cu/100 m’g™" (0.90 Cu ions/
nm?), the copper and chloride ions sit isolated on the surface
(the saturation point is roughly three times lower than for
copper nitrate). The local surroundings of the ions were
measured using EPR and EXAFS, showing that the copper ions
had five oxygen neighbors at a distance of 1.94 + 0.01 A and
zero chloride neighbors (see Figure 1).1%%2

Figure 1. CuCl, on AL Oj; defective spinel (110) surface according to
ref 13. Dark and light gray spheres are aluminum and oxygen atoms,
black is copper, and white is chlorine. Reproduced with permission
from ref 13. Copyright 2000 Elsevier.

However, as the precise structure of y-alumina was unknown
at the time, Leofanti et al. used a model of a spinel-type
structure for summarizing their experimental results. Since
then, the y-alumina structure was modeled by several groups,
concluding independently that it is not spinel-like.*>** Instead,
the cations are highly disordered, with over 40% occupying
nonspinel positions.** Digne et al. modeled the main surfaces
for this structure, also taking into account different states of
hydration at various temperatures.’>*® As the AI** cations are
much more disordered than in Figure 1 and the alumina
surfaces are hydrated at room temperature (and, as we will
show, still partly hydrated even at calcination temperatures),
the actual positions of Cu** and Cl” ions on y-alumina surfaces
will differ from Figure 1.
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Here, we started from Digne’s y-alumina surface model and
modeled monomeric copper(Il) chloride at various levels of
hydration, comparing the results with Leofanti’s experiments.
We expect that the OH groups from the hydration layer will
influence the bonding of the Cu®* and Cl” ions consid-
erably.””?® Other examples of surface species influencing
adsorption are Pt reconstruction and redispersion by hydrogen
and chloride.*** As (part of) the hydrating water leaves during
calcination, the interactions of the copper and chloride ions
with the surface will change. This will affect the further
oxidation, diffusion, or desorption of these species. Establishing
a good model of the uncalcined system at various hydration
levels is thus essential for modeling the processes that occur
during calcination. Our models can tell, in essence, where on
the surface the different ions are situated, which can be
compared with experimental results.

After describing the methods, we discuss first the prediction
of dehydration temperatures and then the binding of copper
and chloride ions on y-alumina. For the copper ions, we find an
interesting hydration effect. For the chloride ions, we find that
the structure after drying with no copper—chloride contacts is a
metastable structure, and upon heating the chlorides should
move to the copper ions. Both the structures before and after
heating are well described by our models. Lastly, we provide an
experimental confirmation of this theoretical prediction.

B METHODS

Computational. All calculations were performed with the
SIESTA code,*"* employing Density Functional Theory
(DFT).** As we focus on surface adsorption, we used the
revised Perdew—Burke—Ernzerhof (rPBE) functional.* Im-
proved Troullier—Martins pseudopotentials*® were used with
input parameters taken from the Octopus project.*” Relativistic
corrections were applied for all atom types. For aluminum and
copper, core corrections were applied with pseudocore radii of
0.92 bohr and 0.84 bohr, respectively. Numerical atomic orbital
basis sets were optimized as described elsewhere.** The TZP
(and TZ2P for aluminum) basis sets of ref 48 were used with
Sankey-type cutoffs.*” The density mesh cutoff was 100 Ry
(plus 2-fold grid-cell sampling), unless otherwise stated.
Optimizations were done with the conjugate gradient method,
converged to 0.1 eV/A. All calculations containing Cu** were
performed in the spin state S = 1/2.

The main crystal facets in y-alumina are the (100), (110),
and (111) surfaces, accounting for respectively 16%, 74%, and
10% of the surface area.® We used coordinates for these
surfaces obtained from Digne et al.***>*° This is a periodic slab
model with 80—116 atoms (depending on the level of
hydration) per unit cell. The slab thickness was 18.5 A, 14.8
A, and 10.8 A for the fully hydrated (100), (110), and (111)
surfaces, respectively. Perpendicular to the slab there is a layer
of vacuum between the periodic repetitions of the structure.
The total thickness of the unit cell was set to 29 A, 25 A, and 21
A, respectively. An alternative “defect” structure with a more
reactive aluminum site as proposed by Wischert et al>**" was
not explicitly included, as Cu®* does not bind to aluminum ions
but to oxygen ions. For binding chloride, though, it was
included implicitly, as it could form via our sampling procedure.

Because we used a different software package, a different
DFT functional, and other different settings than Digne et al,,
we first reoptimized the alumina coordinates with our settings.
The unit cell dimensions were optimized for the fully hydrated
surfaces, using a density mesh cutoff of 200 Ry. Table 1 gives
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Table 1. Unit Cell Vectors after Reoptimization with the

rPBE Functional, Compared to the Original PW91
Optimized Unit Cells

surface unit cell vectors (in A) original unit cell vectors (in A)
(100) (591, —0.05, 0.00) (5.57, 0.00, 0.00)
(—0.07, 8.67, 0.00) (0.00, 838, 0.00)
(0.00, 0.00, 29.00) (0.00, 0.00, 29.00)
(110) (8.09, 0.00, 0.00) (8.05, 0.00, 0.00)

(111)

(0.00, 8.69, 0.00)

(0.00, 0.00, 25.00)
(9.93, —0.03, 0.00)
(—0.02, 8.62, 0.00)
(0.00, 0.00, 21.00)

(0.00, 8.39, 0.00)
(0.00, 0.00, 25.00)
(9.72, 0.01, 0.00)
(0.00, 8.38, 0.00)
(0.00, 0.00, 21.00)

the obtained unit cell vectors. For the partially hydrated and the
unhydrated surfaces, the same cell parameters were used.
Reoptimizing the alumina surface structures gave only minor
changes in the hydrogen bond network.

To ensure identical density meshes as in the surface
calculations, gas phase species (needed as zero for adsorption
energies) were calculated three times, using all three sets of unit
cell vectors given in Table 1. For the gas phase calculations with
the (100) vectors, the x vector was doubled, avoiding spurious
interactions with the periodic copies.

A good approach for finding the structure of adsorbed ions,
without fully modeling the impregnation and drying processes,
is ion exchange. Here, one begins with a hydrated support
surface, exchanging protons with metal cations and hydroxyls
with precursor anions.”>”>* In our case, this means that each
Cu”* ion replaces two protons, and each Cl~ replaces one OH™.
We defined the exchange energies according to the reactions in
eqs 4 and 5:

OH OH OH OH
+Cu(OH), (8) —> (4)

o4 oo oH
TTRTRT

OH OH Cl OH
+H,0(g) (5)

OH OH OH OH
+HCl (g) —>

Note that these equations are not meant to describe the
mechanism of ion exchange nor imply the involvement of
gaseous Cu(OH),. This definition of the exchange energies is
chosen because the energies of dissolved ions are not readily
computationally accessible, and relative differences are not
influenced by this definition. Here, we assume that the
adsorption strength of the rest of the hydration layer is not
influenced by the adsorption of copper or chloride. Our analysis
cannot distinguish the actual interactions of these ions from
potential indirect effects on the hydration layer.

We exchanged all eligible protons and hydroxyls one by one,
optimized the structures, and selected the structure with the
best energy as the likely structure of an ion on the hydrated
support surface. Chloride ions were simply placed on the
oxygen position of the exchanged OH™. Following the results of
Digne et al. for chloride on y-alumina,>® only primary hydroxyls
were exchanged, plus any hydroxyl within 2.5 A from the
copper ion.

For the Cu® cations, the situation is more complex: one
cannot predict a priori which pairs of protons are likely to be
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replaced, nor where the metal ion will go (on the position of
one of the exchanged protons, midway between the two, or
elsewhere). Computing all the possible combinations of two
hydrogen atoms and metal ion locations is impractical. Instead,
we calculated all the combinations (using a 20-fold grid as
possible Cu locations) only for one surface with a moderate
number of hydrogen atoms (the (110) surface with three
hydrating water molecules per unit cell) and then tested various
schemes for decreasing the number of calculations needed. The
best performing scheme was sampling only two possible
(starting) positions for the copper, namely the position of
either of the two replaced protons, while still sampling every
pair of protons. This way, for the test surface, the largest
deviation from the optimal structure was less than 0.15 eV.

Furthermore, we added additional water molecules on top of
the Cu®* ion. If a water molecule binds stronger to the copper
ion than to the alumina surface at a given level of hydration, this
water molecule will be on the copper even on partially
dehydrated surfaces at elevated temperatures or lowered
pressures. As far as we know, for modeling metal ions on a
support, we are the first to take into account the presence of
water molecules that are coordinated to the adsorbed metal ion
yet are not part of the hydration layer of the support. Note that
such an additional water molecule can also be split into a OH™
coordinated to the metal ion and a H" moving to one of the
alumina oxygens, forming another hydration OH group.

Additional copper-coordinated water molecules were added
by placing candidate O atoms on 56 positions around the
copper ion and optimizing them with a simple Lennard-Jones
force field (keeping all other atoms frozen). The resulting O
positions were grouped, and only positions within 2.5 A of the
Cu?*, with a negative binding energy, and more than 1.5 A apart
were selected. Hydrogen atoms were added opposite to the
copper ion, either to form H,O or OH7, in which case the
other hydrogen was placed on any surface oxygen with no
hydrogen, again giving several possibilities. All these structures
were then optimized by DFT calculations. The result is a valid
picture of the ions and atoms on the catalyst surface that can be
correlated and compared with experimental studies.

Our overall method is depicted in Scheme 1: For each
surface at each hydration level, all combinations of two
hydrogen atoms were exchanged for one copper ion, placing
the copper once on each H position. All the structures were
then fully optimized. Then, the energetically best unique
structures (copper locations more than 1.0 A apart) were
selected up to 1.0 eV above the best one. To these structures
was added a water molecule (both unsplitted and splitted), and
the structures were optimized again. To the best structures up
to 0.5 eV was added another water molecule (again unsplitted
and splitted), and then optimization took place. Then, for all
unique structures with one copper and zero, one, or two
additional water molecules, the best structures were selected
again up to 0.7 eV, and each primary or metal-coordinated OH
group was replaced with a chloride. Finally, to the best resulting
optimized structures up to 0.5 eV, a second CI~ was added by
replacing primary and metal-coordinated OH groups.

The thresholds of 1.0, 0.7, and 0.5 eV are needed because the
best structures for a bare adsorbed ion are not necessarily the
same as the best structure after adding water. The value of 0.7
eV is a rough estimate of the maximum relative energy change
upon the addition of water. We have assumed that for second
waters or chlorides there is more correlation with the best
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Scheme 1. Flowchart Showing the Step-by-Step
Construction of the Models”
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“To appreciate the lower threshold for second waters and chlorides,
we show two examples of the energy levels of the constructed and the
selected structures. These examples are given for the (110) surface
with four water molecules per unit cell (5.7 H,O/nm?).

structures with only one water or chloride, hence the lower
threshold of 0.5 eV.

Experimental Section. A copper chloride catalyst
supported on y-alumina with 1.5 wt % Cu (corresponding to
0.76 Cu ions/nm? ca. 15% below the saturation point of the
surface) was prepared by wet impregnation. The support (1.02
g of y-alumina; Ketjen CK300, 192 m®/g) was mixed with 7 mL
of aqueous solution of 40 mg of CuCl,2H,0 (Merck, 99%)
and stirred for 24 h at room temperature. The solid catalyst was
filtered and then dried in air at 105 °C for 48 h.

Temperature programmed desorption (TPD) and reduction
(TPR) were run on a Thermo TPDRO 1100 instrument using
a thermal conductivity detector (TCD). Before the detector,
water is trapped and filtered out, so only compounds other than
water were measured. Therefore, all measured desorbing
compounds are interpreted as HCl. All measurements were
done with samples of 60 mg, except for the TPR after TPD
sample (24 mg). Before measuring the TPD or TPR, each
sample was dried again for 1 h at 120 °C under a N, flow. TPD
was measured under a 40 mL/min N, flow, heating with 10 K/
min from 30 °C until 900 °C. TPR was measured under 5% H,
in a N, flow (40 mL/min), heating at 10 K/min from 30 °C
until 800 °C. All graphs were block-averaged over 50 points (50
s).

Pretreated samples were heated under a N, flow at 10 K/min
to 400 °C, then kept at 400 °C for 1 h, and cooled back at —20
K/min before starting the TPD or TPR measurement.
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B RESULTS AND DISCUSSION

Dehydration Temperatures. We modeled the copper and
chloride binding on y-alumina at several hydration levels,
corresponding to different temperatures/pressures. When the
temperature is raised, the hydration decreases. Therefore, it is
important to know the actual hydration level under the process
conditions. For this purpose, Digne et al. calculated surface free
energy versus temperature plots.’® Here, we reanalyze their
(PW91) data taking into account the temperature dependence
of the entropy and comparing with our data calculated with the
rPBE functional. As the PW91 functional is known to
overestimate adsorption,45 the values from the PW91%° and
rPBE results may be considered as upper and lower bounds for
the dehydration temperatures (rPBE may underestimate
adsorption for weak adsorbates such as water).

We calculated dehydration temperatures using AH = TAS,
comparing the water molecules adsorbed on the surface to gas
phase water molecules at 1 atm of pressure. For gas phase
molecules, the entropy is almost exclusively based on
translational and rotational freedom. According to statistical
mechanics, this leads to a temperature dependence (for
nonlinear molecules) of S = a + 4R In T, where R is the
ideal gas constant and a depends on the moments of inertia of
the molecule. For water vapor, the entropy at 298 K and 1 atm
is 188.7 J/mol K.*° Finding the entropy of the adsorbed water
molecules is more difficult. Recently, it was shown for smooth
surfaces and inactivated desorption processes that adsorbed
molecules at their desorption temperature behave like a 2D gas
and have almost 2/3 of their gas phase entropy.56 However, for
our surfaces with many different binding sites, we expect the
adsorbed molecules to be more restricted than that. In that
case, the main entropy contribution is the librational (ie.,
restricted rotational) freedom of the chemisorbed molecule. We
have assumed that the librational freedom, and thus the
entropy, of the water molecules at their desorption temperature
equals that of ice at its melting temperature, i.e., 38.1 J/mol K.>°
The resulting dehydration temperatures in Figure 2 show a
significant difference between the PW91 and rPBE results.

In the study of Leofanti et al., the samples were dried at room
temperature and measured at 1.3 X 107° bar."> This is

PWI1
10
1 ===-rpBE
t 8 == (111)
< [, Sy s ——— -———q
] 1
8 L !
“ 6 1 e, L -
= 1 1
2 ] Ce—mee
Q .
S 47 .
E 1
o, 1
r ;4 D322 -
(100) ]
0 . L . '
200 400 600 800 1000
T(K)

Figure 2. Hydration level of y-alumina surfaces at increasing
temperatures and 1 atm of pressure, calculated with the PW91
(solid lines, reanalyzed from the data of ref 36) and the rPBE
functionals (dashed lines). Dehydration temperatures calculated using
these two functionals may be considered as upper and lower bounds,
respectively. The uncertainty on the y axis reflects the differences in
the unit cell sizes.
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comparable to drying at 520 K at atmospheric pressure.
Assuming that the correct dehydration temperatures are the
means of the PW91 and the rPBE results, this suggests that
these samples contained ca. four water molecules/nm? on the
(100) and (110) surfaces and were still fully hydrated on the
(111) surfaces.

We also considered the stability of the y-alumina surface
during impregnation, as the surface may partially be turned into
Bayerite by the water. In practice, impregnation times range
from a few hours up to 24 h, and y-alumina is stable in water for
such times.”” Moreover, the presence of metal ions on the
surface tends to increase the stability.>®

Cu?* on y-Alumina. We modeled Cu®* ions on the (100),
(110), and (111) surfaces of y-alumina at various levels of
hydration. However, for none of the surfaces was the
experimentally observed octahedral copper coordination (with
five oxygen neighbors and one vacancy) obtained. In all cases,
we found structures with three or four oxygen neighbors, either
in a partial tetrahedral or a partial octahedral orientation. The
S-fold coordination was reached by adding water molecules at
the Cu®" ion (see Figure 3).

Figure 3. Modeling results showing that an additional water molecule
is needed on top of the Cu®* to reach the experimental coordination.
Shown are the best structures for the (110) surface at 7.1 H,O/nm?,
without (left) and with (right) the additional water molecule on the
copper. Note that, here and in consecutive figures, 2 X 2 unit cells are

depicted.

Figure 4 shows that these additional water molecules indeed
bind stronger than water molecules on the alumina surface
itself. Thus, during drying it is the latter ones that are removed,
not the ones on the copper. This is important, because it shows
that these additional water molecules are present throughout
the drying steps, until all hydration including the extra copper-
coordinating water is lost at very high temperatures.

Figure 5 shows the adsorption energies of the Cu®" ions
taking into account the additional water molecules. This is the
ion exchange energy for the Cu®* ion plus the differential
adsorption energy for the additional water molecules compared
to adsorption on the empty surface. Note that these energies
are relative to an arbitrary zero (gaseous Cu(OH),) and
therefore have no absolute meaning. Comparing the adsorption
energies for the different surfaces, we see that binding on the
(111) surface is much weaker than binding on the (100) or
(110) surface. Therefore, we conclude that Cu** only binds on
the (100) and the (110) surfaces. Looking at Figure 4, we
notice that for these two surfaces the experimental coordination
with five neighbors is reproduced nicely. When the surfaces are
dried further, and the hydration comes below ca. 5 water
molecules/nm? we find structures with only four oxygen
neighbors at the Cu*.*” Typical structures are shown in Figure

6.
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Figure 4. Adsorption energies of one, two, or three (respectively full,
dashed, and dotted lines) additional water molecules on the adsorbed
Cu® species on several y-alumina surfaces and at several levels of
surface hydration. The thin lines denote the adsorption energy on the
alumina surface itself (without the presence of Cu?*). When the
adsorption energies of the additional waters are in the gray area, the
additional waters bind stronger to the copper than to the alumina
surface itself, meaning that they are stable at the given level of
hydration. The boldface numbers are the numbers of oxygen
neighbors of the Cu®* ion. Note that the values on the abscissae are
based on the hydration states before ion exchange (and before adding
extra water molecules).

Addition of CI~ lons. We calculated the exchange energy
for the adsorption of CI~ to the (100), (110), and (111)
surfaces without Cu?* at all hydration levels. The structures and
energies are in good agreement with the results in ref 53. The

dx.doi.org/10.1021/cs400253w | ACS Catal. 2013, 3, 1545—1554
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Figure 5. Exchange energies for the adsorption of Cu®* (plus
additional water molecules) on various y-alumina surfaces as a function
of surface hydration. Energies are calculated according to eq 4 plus the
differential adsorption energy of the additional water molecules
compared to adsorption on the corresponding alumina surface.

Figure 6. Typical structures of Cu** ions on y-alumina surfaces. Shown
are the best structures for (a) the (110) surface at 8.5 H,0/nm?, (b)
the (110) surface at 4.3 H,O/nm? and (c) the (100) surface at 5.9
H,0/nm? Note that in b the extra water is split into two OH groups.
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Figure 7. Exchange energies for the adsorption of CI™ on various y-
alumina surfaces as a function of the number of water molecules on the
surface.
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Figure 8. Exchange energies for the adsorption of one or two
(respectively full and dashed lines) CI™ ions on top of Cu®* ions
adsorbed on various y-alumina surfaces as a function of surface
hydration. The thin lines denote the adsorption on pristine alumina

(no copper).

comparison with adsorption of chlorides on pristine alumina.
We see clearly that the first C1™ actually prefers to bind on top
of Cu?*, rather than somewhere else on the alumina surface.
For the second CI~ this depends on the surface: On the (110)
surface, the second chloride prefers to bind on the alumina.
Thus, thermodynamically, CuCl" will form and the other CI~
will adsorb separately, in practice reducing the number of
binding sites for Cu** by a factor of 2 (instead of 3).
Conversely, on the (100) surface both chlorides prefer binding
to the Cu®, forming isolated CuCl, species. Three typical
structures are shown in Figure 9.

exchange energies (following eq S) of the best structure on
each surface at each hydration level are shown in Figure 7.
Again, as for Cu®', there is a preference for the (110) surface,
but for CI~ the (100) and (111) surfaces are within reach and
are possibly also occupied. However, at full hydration the (111)
surface is well-packed and the chloride ions hardly bind.
Therefore, as the impregnation obviously takes place at (more
than) full hydration, we suggest that after impregnation and
drying, the (111) surface is chloride-free. This means that both
the Cu®" and Cl” ions are present only on the (110) and (100)
surfaces.

We also calculated the exchange energy for adsorption of
chlorides on top of the adsorbed Cu*" ions. Figure 8 shows the

1550

Figure 9. Typical structures for chloride bonded to adsorbed Cu**.
Shown are the best structures for (a) the (110) surface at 8.5 H,0O/
nm?, (b) the (110) surface at 7.1 H,O/nm? and (c) the (100) surface
at 59 H,0/nm” In a and b, the chlorines have been made
semitransparent to show the copper below.

dx.doi.org/10.1021/cs400253w | ACS Catal. 2013, 3, 1545—1554
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Note that these exchange energies are calculated in the
presence of one or two additional water molecules at the Cu®*.
Note that when a chloride replaces one of the waters, the
optimal number of additional waters may vary slightly: for the
(100) surface it is the same; for the (110) surface, for all
hydration levels except the fully hydrated one, now two
additional waters bind to the Cu®" (of which one is replaced by
cl7).

Similarly as above, we can estimate at what temperatures HCI
would desorb under heating. For gaseous HC], the standard
entropy is 186.8 J/mol K*° with a temperature dependence of S
= a + 3.5R In T. For the adsorbed state, we used—rather
arbitrarily—the same value as for water. For the dehydrated
(100) surface, the HCI desorption energy is 142 kJ/mol, thus
predicting desorption at 800 K. For the dehydrated (110)
surface, it is 224 kJ/mol and 1190 K, respectively. For HCI
desorption from CuCI'(OH™) on the dehydrated (110)
surface, we found 284 kJ/mol and 1460 K.

Analysis of the Best Structures. Analyzing the best
structures at different hydration levels with and without
chlorides, we see that the positions of the copper ions vary
(here we will discuss only the structures with the correct
number of additional water molecules as described above, but
even then the best positions are scattered all over the unit
cells). Moreover, the energy differences between the best and
second best copper positions can differ for different hydration
levels by up to 0.8 eV, and in many cases there are alternative
structures within 0.1 eV. This means there is no single preferred
binding site for Cu®* on the y-alumina, agreeing with the
experimental observation that there must be “at least two
slightly different structures.”'

This is especially true for the (100) surface, where the copper
positions are scattered. The (110) surface is slightly more
orderly: only two positions alternate having the best energy
when no Cl” is present. But still other alternatives are close in
energy as well (within 0.2 eV).

The same holds for the chloride positions on alumina
(without copper): There is no single preferred position for all
hydration levels, and alternatives differ little in energy (Figure
10). For roughly half of the (110) surfaces, the best positions

Figure 10. The best and the second best positions for chlorides on the
(110) surface of y-alumina at 8.5 H,O/nm> The energy difference
between these two structures is only 0.06 eV (6 kJ/mol).

for Cu** and for CI™ overlap, but in the other cases they do not.
This means that the theory that the copper and chloride ions
exclude each other because they prefer binding at or close to
the same sites'® cannot be confirmed from our calculations. It
may be, however, that in solution the preferred sites are more

well-defined and do overlap.
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Examining the local structures further, we see that all best
structures without chlorides do have a comparable copper
coordination: an octahedral symmetry with five oxygen
neighbors and one vacancy. All these structures also show a
clear Jahn—Teller effect, with distances in the following ranges:
the axial oxygen is at 2.17—2.65 A, short equatorial distances
usually are 1.95—2.02 A, and long equatorial distances usually
are 2.02-2.27 A.

On the (100) surface the copper is always bonded to one
alumina oxygen (with three aluminum neighbors), three surface
OH groups, and one additional water molecule. Most
aluminum neighbors have six neighbors themselves. On the
(110) surface, the copper typically sits slightly deeper, binding
to two alumina oxygens, two surface OH groups, and one
additional water. Here the alumina oxygens involved usually
have only two aluminum neighbors (), and these aluminum
ions often have less than six neighbors.

For the structures with one chloride ((110) surface) or two
chlorides ((100) surface) on the copper, we see that often
different positions are preferred, and that the copper is pulled
somewhat out of the surface. On the (110) surface, the copper
now has only one alumina oxygen neighbor, plus three surface
OH neighbors and one CI™ neighbor, not necessarily in
octahedral symmetry anymore. Here the chloride is perpen-
dicular to the surface. Conversely, on the (100) surface the
copper-bound chloride ions more readily accept hydrogen
bonds from the surface OH groups. This may explain why for
this surface both chloride ions prefer binding to the copper. In
such structures, the copper even sticks out, and its bond toward
the one alumina oxygen elongates to >2.6 A.

Comparison with Literature Results. Comparing our
results with those of Leofanti et al,'** we note several
differences: The experiments give one distance (1.94 + 0.01 A)
for all five Cu—O interactions, and a symmetric coordination is
claimed based on EPR measurements. We find clearly
asymmetric coordinations with somewhat longer distances.
Our average equatorial Cu—O distance is 2.03 A, about 5%
longer than the distance reported by Leofanti et al. This
suggests that the rPBE-optimized distances are somewhat too
long. For applications for which the average absolute Cu—O
distance is important, the experimental value is probably the
most accurate one. However, for future calculations on the fate
of the adsorbed ions, one should use the computationally
optimized structures, so that the calculations are self-consistent.

The claim of symmetry we do not understand. From
inorganic chemistry it is known that Cu*' prefers an
asymmetric coordination, so, especially on the strongly
disordered y-alumina surfaces, it is unlikely that it would have
symmetric surroundings. Probably the experimental measure-
ments are averaged over many slightly different binding sites.

More importantly, EXAFS measurements show no Cu—Cl
interactions, but we find that half of the chlorides should be on
the alumina and half should be coordinated at the copper. Our
interpretation of this difference is that in solution the Cu** and
CI” ions probably do prefer binding to the surface as separate
ions (supported by the fact that CuCl, dissociates when
dissolved in water), and on the dried (but still hydrated)
surfaces the thermodynamic optimum is formation of CuCl*
species (and CuCl, in case of the (100) surface). Probably the
formation of CuCl" species during the drying process is
kinetically hindered, and thus the thermodynamic optimum of
our calculations is not reached in practice. Hence, we predict
that the structure with dissociated copper and chloride ions, as
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found after drying, is metastable. Heating it will make the
chloride ions diffuse and bind to the copper ions. The
experimental structure after only drying is described well by our
structures before adding chlorides. Incidentally, concerning the
copper positions and coordination, this is also a proper model
for the structure formed when impregnating with copper
nitrate; the only difference is that with copper chloride 2/3 of
the binding sites are taken by chlorides.

Experimental Confirmation. We designed experiments to
test the conclusions of our calculations, namely that CuCl*
species (on the (110) surface) and CuCl, species (on the (100)
surface) will form when the ions are given the chance to diffuse
by applying heat. We prepared samples and compared
temperature programmed desorption (TPD) and reduction
(TPR) patterns before and after heating them. The results are
remarkable: When the samples are heated to high temperatures
using a fast heating rate (10 K/min), the ions do not get the
chance to diffuse over the surface, and the chloride is lost to the
gas phase as HCL But when the samples are kept at an
intermediate temperature long enough, the chloride ions move
to the copper ions. As they bind much stronger to the copper
ions than to the alumina surface, these chloride ions are not lost
anymore to the gas phase upon further heating.

Figures 11 and 12a show the TPD and TPR patterns of the
original only dried samples. The TPD pattern consists of two
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Figure 11. Temperature programmed desorption (TPD) plot for
CuCl, on y-alumina (1.5 wt % Cu). Desorbing HCI is plotted as a
negative signal.
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Figure 12. Temperature programmed reduction (TPR) plots for (a)
the original only dried sample, (b) after pretreating the sample at 400
°C, and (c) after measuring the TPD pattern (ie., after fast heating to
900 °C), scaled to sample mass. H, consumption is plotted as positive
signal.

main peaks of desorbing HCI, the temperatures of which fit
nicely with the binding energies of Cl~ on the (100) and (110)
surfaces (peaks I and II, respectively). The TPR pattern also
consists of two peaks (of opposite direction), showing H,

1552

consumption and therefore indicating copper reduction.
According to Rouco, the first peak denotes reduction of
Cu" to Cu!, and the second one denotes reduction of Cu' to
Cu’.

When the sample is heated to 400 °C for one hour, the
chloride ions diffuse to the copper ions, changing the copper
coordination and its reducibility. This is recognized in the clear
change of the TPR pattern (Figure 12b). For comparison, we
also performed TPR on a sample that was recovered after TPD
and thus had already been heated to 900 °C (Figure 12c). The
latter TPR pattern resembles that of the original only dried
sample. This proves that the change after heating to 400 °C is
not caused only by improved bonding of the copper ions with
the alumina surface because of heating but that the copper
coordination must have changed. In other words, the chloride
ions moved to the copper ions.

Finally, Figure 13 shows the TPD pattern after treatment at
400 °C. If the chloride ions have moved to the copper ions,

50 1
—_ [0 g N\
3
K3
@
a
o
0 T T T T
0 200 400 600 800
T(°C)

Figure 13. Temperature programmed desorption (TPD) plot for the
sample after pretreatment at 400 °C. This sample does not show any
HCI desorption.

they are now bonded much stronger than at the alumina
surface. As a result, their desorption temperatures should
increase. Indeed, Figure 13 shows no desorption of HCl up to
900 °C, confirming once again that the chloride ions have
moved to the copper ions.

Note that apparently all chlorides have moved to the copper
ions, suggesting that also on the (110) surface CuCl, species
have formed and not merely CuCl" species. To understand this,
we should realize that at 400 °C the (110) surface is partly
dehydrated and contains at most four H,O molecules per nm*
(see Figure 2 and the discussion above). In this hydration state,
the preference for CuCl" over CuCl, is not significant, and
apparently at this temperature CuCl, species are preferred after
all.

Discussion. The surface hydration is important for the
binding mode of adsorbing ions. Importantly, we found that
additional water molecules stay coordinated to the copper ion
at both high and low levels of hydration. This means that
finding the correct structures is impossible without explicitly
adding these water molecules. These additional water molecules
will also affect the calcination processes: Molecules on top of a
metal ion will influence the diffusion of the ion, changing the
size of particles formed during calcination. It is very likely that
this pertains to other metal ions as well, so in this type of
modeling it should always be tested whether additional water
molecules may be present and should be added.

In this work, we bypassed the impregnation process to
prevent modeling of complicated systems with explicit liquid
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water and ionic strength effects. These would need very long
MD simulations. Therefore, we assumed that the system will
find its thermodynamic optimum and the correct structure after
drying can be found by searching the most stable structure of
the ions on a dry/hydrated surface. Essentially, we assumed that
(i) in solution the thermodynamically best binding sites are
found by the ions and (ii) that during drying either the best
binding sites stay the same or moving to the best dry binding
sites is not kinetically hindered.

Considering our findings, the presence of the additional
water molecule on top of the copper ion can hardly be
kinetically limited as before drying there are water molecules
everywhere. On the other hand, the formation of CuCl* and
CuCl, species on the surface during drying probably has kinetic
barriers. Since both copper and chloride ions bind strongly to
the y-alumina surface, the diffusion of either should incur
relatively high barriers. Moreover, probably the formation of
CuCl* and CuCl, is only favored when almost all the liquid
water has been removed. At this stage, diffusion of ions to form
CuCl" species is a comparable process to the diffusion of ions
to form metal oxide nanoparticles. This process does not
happen during drying but during calcination at higher
temperatures. Our experiments show that, indeed, upon heating
the chloride ions move to the copper ions. Notably, this only
happens at moderate heating: when the samples are heated to a
high temperature at a high heating rate, the chlorides are lost to
the gas phase as HCl Thus, both our calculations and our
experiments show that during calcination, copper and chloride
ions will recombine and may diffuse not only separately but
also as CuCl* and CuCl,. The specific balance between these
processes depends on the heating rate.

Finally, we mention that the true binding structures of ions
on an alumina surface should not be considered as one best
local structure that will be formed all over the surface. Even
when ignoring the amorphic nature of y-alumina, a range of
best structures will be visited depending on the temperature,
according to a Boltzmann distribution.

Our method of searching for best structures gives a range of
best structures as well. However, some good structures are
missed. During the geometry optimizations, the hydrogen bond
network does not easily adapt to the presence of the ions, while
it is known (and also visible in our calculations) that the
optimal hydrogen bond network can vary.>* To be sure that all
possible best structures are found, it is necessary to use many
variations of the hydration structure as starting points for the
ion exchange and optimizations. Moreover, the thresholds of
1.0, 0.7, and 0.5 eV that we used for selecting structures may be
too strict and can cause good structures to be missed. However,
in order to keep the number of calculations feasible (ca. 10000
in the current project), we must accept the possibility of
missing structures.

An alternative method that may be more efficient is
explorative MD.***® This method does not explore combina-
tions of possibilities like we did, but explores the space of
possibilities by very rough molecular dynamics, restricting
unwanted degrees of freedom. An added advantage, apart from
efficiency, is that the exploration is not limited by the creativity
of the person constructing the possibilities, such as the addition
of extra water molecules in our case. However, in our case, the
hydration layer would evaporate under such high temperature
MD. As this is the layer we want to sample, its evaporation
cannot be prevented by fixating these atoms, and additional
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tricks would need to be invented. Therefore, in its current form,
explorative MD is not the optimal tool for us.

B CONCLUSION

Our calculations suggest that both Cu** and CI~ adsorb
exclusively on the (110) and (100) surfaces of y-alumina, and
not on the (111) surface. Moreover, there are additional water
molecules on the copper ions. As these water molecules are
very likely to affect the calcination process, investigating the
presence of such additional water molecules is crucial for
correct modeling of metal ions adsorbing on a support.
Furthermore, we find that chloride ions prefer to adsorb on
the copper ion rather than elsewhere on the surface. On the
(100) surface, both chloride ions bind to the copper. On the
(110) surface, only one chloride binds to the copper, and the
other does bind to the alumina surface. In experimental work in
the literature on only dried samples, the chlorides are not found
on the copper ions, so we conclude that the formation of the
thermodynamic optimum as found with our models is
kinetically hindered, and during drying the ions stay in the
dissociated state that was optimal during impregnation. When
the ions get the chance to diffuse during calcination, the
predicted CuCl" and CuCl, species will form, before they
diftuse further to form CuCl, nanoparticles. Importantly, we
confirmed this theoretical prediction in the laboratory.
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