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ABSTRACT: The energies involved in the diffusion of Cu2+

and Cu+ over hydroxylated γ-alumina were modeled with
density functional theory using explorative molecular dynam-
ics. This is the first time that the mechanism for diffusion of
ions over hydroxylated surfaces is studied. It is found that the
crucial requirement for feasible activation energies for ion
diffusion is the prevention of charge separation. This can be
realized either by counterion codiffusion or proton contra-
diffusion. Furthermore, the effects of the cation valency,
hydroxylation level, and nature of the counterions were
studied and general trends for diffusing cations on
hydroxylated surfaces were postulated. At full hydroxylation, all charge compensation is performed by proton contradiffusion,
while at intermediate hydroxylation levels, a combination of proton contradiffusion and counterion codiffusion occurs. Finally,
energy barriers for codiffusion are related to the bonding strength of the counterions to the surface, which depends on the
counterion and the hydroxylation level.

■ INTRODUCTION

Diffusion of molecules and atoms is important in many
branches of chemistry. Obviously, for chemical reactions in
gaseous or liquid media, molecules need to diffuse to meet
each other.1 Also in solid-state chemistry, both for bulk and
nanomaterials, diffusion processes are often critical processes:
to form the desired structures, atoms need to arrive at the
correct locations.2 Concurrently, structural changes due to
long lifetimes or intense material usage can cause structural
attenuation or functional deactivation, for instance through
segregation or sintering.3,4 All this is driven by atomic diffusion
at the Ångstrom scale, with molecular modeling as an
invaluable tool for understanding these fundamental processes
to the utmost detail.
Focusing on the diffusion of metal atoms and ions over

surfaces, the literature starts with the study of metal adatoms
on metal surfaces.5−8 Experiments show that there are in fact
two possible mechanisms for adatom diffusion: straightforward
hopping across the surface and exchanging with surface atoms,
which yields a net diffusion. Molecular modeling gives the
same two mechanisms, with the added opportunity to study
what determines the preferred pathway.9−14

As a next step, the focus shifted to metal atoms and clusters
on oxide surfaces, both for modeling15−19 and experimental
studies.20,21 On pristine surfaces, several different diffusion
mechanisms were observed, where clusters would either slide,
roll, or walk over the oxide surface.15,16 Moreover, when
defects are present in the oxide surface, a concerted diffusion of

metal clusters and support defects is possible.17 However, for
several oxides, the surface usually is not pristine since hydroxyl
groups will be present at the surface, at least for any practical
application where the metal is deposited from an aqueous
phase. Examples are α-Al2O3,

22,23 γ-Al2O3,
24 and SiO2.

25

Obviously, the hydroxylation layer on these oxides strongly
influences the diffusion behavior of adsorbed metal atoms, in
most cases leading to an increase of the diffusion barriers.26−29

Experimentally, this was studied by investigating the sintering
behavior of originally isolated adatoms on such surfaces, also
showing that in most cases sintering is slower when a surface is
hydroxylated.26,30,31 For catalysis, such knowledge of determin-
ing factors for particle growth during application is very
important.
However, while model systems may be prepared by

deposition of atoms from the gas phase, practical catalysts
are usually prepared with wet preparation methods from
solutions of their salts.32 This means that in the former case
deposited clusters and nanoparticles may consist of neutral
atoms, but in applied catalysis, the catalyst precursor most
often consists of ions and counterions. Only in the final stage
of the preparation, catalyst precursors are reduced to neutral
atoms, and only when the metallic phase is the active phase. In
other cases, catalyst nanoparticles are ionic compounds
throughout their lifetime. Hence, for studying nanoparticle

Received: July 2, 2019
Published: July 22, 2019

Article

pubs.acs.org/JPCCCite This: J. Phys. Chem. C 2019, 123, 18502−18507

© 2019 American Chemical Society 18502 DOI: 10.1021/acs.jpcc.9b06291
J. Phys. Chem. C 2019, 123, 18502−18507

This is an open access article published under a Creative Commons Non-Commercial No
Derivative Works (CC-BY-NC-ND) Attribution License, which permits copying and
redistribution of the article, and creation of adaptations, all for non-commercial purposes.

D
ow

nl
oa

de
d 

vi
a 

U
T

R
E

C
H

T
 U

N
IV

 o
n 

Fe
br

ua
ry

 1
0,

 2
02

0 
at

 1
0:

54
:5

3 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/JPCC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.9b06291
http://dx.doi.org/10.1021/acs.jpcc.9b06291
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html


formation during the preparation of applied catalysts and for
studying sintering during application of unreduced catalysts,
the diffusion of metal ions over hydroxylated surfaces needs to
be studied and not that of neutral atoms.
Especially on “active” supports, such as γ-alumina, many ions

tend to bind in an isolated fashion over the surface, meaning
that they initially do not take part in nanoparticles but are
ligated by the surface hydroxylation layer, which isolates the
cations from each other.33 Often, such cations carry additional
hydration, even at chemical potentials of water at which the
surface starts to dehydrate.34 Understanding and controlling
the diffusion of ions on such surfaces may be the next step for
improving the accuracy of catalyst preparation. To the best of
our knowledge, the diffusion of ions on hydroxylated oxide
surfaces has not been modeled yet. With respect to the
experimental research, we did find one case study,35,36 but
experimentally, it is very difficult to recognize the mechanistic
intricacies of ion diffusion.
Here, we study the diffusion of copper ions over

hydroxylated γ-alumina, specifically over the (110) surface.
CuCl2 on γ-Al2O3 is used as a catalyst for oxychlorination of
ethylene into 1,2-dichloroethane, an intermediate in the
production of poly(vinyl chloride).37,38 For this catalyst, the
active phase is the ionic state, so understanding and controlling
the diffusion behavior of the copper ions are useful both for the
preparation and for the stability upon application. For this
catalyst, we studied previously the OH coordination and
hydration of Cu2+ at varying chemical potentials of water,
recognized as varying hydroxylation states of the surface.34 In
the current paper, we focus on the diffusion of the (hydrated)
copper ions in this system and how this is affected by changing
circumstances.
Our main goal is elucidation of potential diffusion

mechanisms and factors controlling them by comparing energy
barriers. Note that for translating these barriers to actual
diffusion coefficients, also kinetic prefactors would need to be
determined.39 We are especially interested in the effects of
valence state, counterions, and hydroxylation levels since these
may present handles to improve control. Hence, we study the
diffusion behavior of Cu2+ and Cu+, with and without Cl−

counterions, at varying hydroxylation levels of the γ-alumina
surface. We will show how the diffusion behavior of metal ions
is strongly dependent on how the moving charge is
compensated, either by codiffusion of counterions or contra-
diffusion of protons.

■ METHODS
All calculations were performed with the SIESTA code
(version 3.2),40,41 interfaced via the ASE suite,42 using the
revised Perdew−Burke−Enzerhof (rPBE) functional.43 Im-
proved Troullier−Martins pseudopotentials44 with relativistic
corrections were used using input parameters from the
Octopus project.45 For aluminum and copper, core corrections
were applied with pseudocore radii of 0.92 and 0.84 bohr,
respectively. Basis sets of three different qualities were used:
default SZ and DZP basis sets and a specially optimized TZP
(and TZ2P for aluminum) basis set, as optimized previously,46

combined with density mesh cutoffs of 70 Ry (for SZ and
DZP) and 100 Ry (for TZ(2)P). In all cases, a 2-fold grid-cell
sampling was added and the electronic structure was
converged to 10−3 eV. All calculations containing Cu2+ were
performed in the spin state S = 1/2. Since all systems are
overall neutral, no background charge was needed.

When charged species move over an hydroxylated surface, it
is important that the surface structure adjusts itself to the
moving charge. However, many types of adjustments, e.g.,
proton jumps, do not occur during simple minimization
procedures. Moreover, since many variations are possible, it is
infeasible to systematically study all possibilities, as infeasible
as performing full molecular dynamics (MD) simulations at
the high-quality density functional theory level for this type of
system. Hence, we pull the Cu ion in different directions with
steps of 0.2 Å, while at every step, we perform very short
explorative MD simulations47 at high temperature to allow the
OH groups to move and adjust. Then, from several points in
these MD simulations, the structure is optimized and the
energy is compared to the energy of the optimized structure
before the MD simulations. The structure with the lowest
energy is selected for the next step. Note that during the MD
simulations and all optimizations, one coordinate of the
diffusing Cu ion is constrained, while all other degrees of
freedom are kept free to move (except for one Al atom in the
bulk to anchor the system). At each point in the curve, three
MD simulations with random starting velocities were started of
1000 MD steps each and optimizations were performed after
500 and 1000 steps, resulting in six alternative structures.
All optimizations were performed at DZP level, with the

Broydon−Fletcher−Goldfarb−Shanno optimizer,48 and were
converged to 0.05 eV/Å. The explorative MD simulations were
performed at the SZ level since they are only needed for low-
quality sampling. In these simulations, the temperature was set
to 600 K and time steps of 0.3 fs were used. For increased
sampling efficiency, the weights of the atoms were lowered to 2
u for O and 4 u for Cu and Cl.
Figure 1 compares the energy barriers for Cu2+ diffusion in

one direction in a test system (the (110) surface with five H2O
per unit cell, but constructed slightly differently than the
structures used for the production runs), modeled with and
without the explorative MD simulations. Without additional
sampling, the barriers are seriously overestimated and the

Figure 1. Energy barriers for Cu2+ diffusion in a test system with five
H2O per unit cell, modeled with and without explorative MD. When
the Cu ion is pulled while only optimizing all other coordinates (red
curve), the second surface adjustment (codiffusion of OH−) is missed.
Using explorative MD at each step (light green curve) brings down
the barrier significantly. Adding a reverse series (dark green curve)
gives the likely true path when at the crossing point of the curves the
paths are connected via NEB calculations.
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critical surface adjustment (a long distance OH displacement)
is missed. Our sampling procedure does find correct structure
adjustments but still tends to overestimate the barriers since
adjustments often are not yet found until the energy gain is
large enough. Therefore, from each minimum in the curves,
reverse pulls are also performed (with only minimizations),
and from the crossing points of the curves, the actual diffusion
barriers are calculated with the nudged elastic band (NEB)
method.49,50 At selected points on the forward and backward
curves, unconstrained reoptimizations are performed and used
as start and end points for the NEB calculations.
The NEB calculations were performed at the DZP level with

10 images (including start and end points). The most efficient
convergence was obtained when using the FIRE optimizer and
a NEB string constant of 0.01 eV/Å2. First, a nonclimbing-
image, run was performed (using the “aseneb” option),
followed by climbing-image NEB (combined with the
“elastic-band” option) to find the true transition state, both
converged to 0.08 eV/Å. Typically, convergence was obtained
in 200−400 steps in total. Finally, for each system, the lowest
barrier was selected and all barriers within 50 kJ/mol were
recalculated with the TZ(2)P basis set, starting from the
converged DZP results. In some cases, convergence of the
high-quality NEB calculations was troublesome. These were
redone using 15 NEB images. Since the quantitative accuracy
of the resulting diffusion barriers turned out to be limited, we
refrained from further characterizing the transition states with
frequency calculations.
The γ-alumina surface model of Digne et al. was used.24,51,52

The structure of Cu2+ on the γ-alumina (110) surface at
maximum hydroxylation (6 H2O = 12 OH per unit cell plus
one additional H2O on the Cu2+ ion) was taken from our
previous work, in which it was constructed by replacing two
protons with one Cu2+ ion.34 In the x and y directions, one
additional unit cell with six water molecules but without
copper was added. The thickness of the slab was halved,
resulting in a layer thickness of 8 Å and a total of 234 atoms in
the periodic supercell. To prevent bias against deep-lying
diffusion paths, we did not freeze the bottom layers of the slab.
This led to a small relaxation, bringing some oxygen atoms in
the bottom layer more toward the bottom surface, with atomic
movements of up to 0.5 Å. For later quantitative studies,
freezing of the bottom layers may need to be reconsidered.
The total supercell dimension (including vacuum in the z
direction) was 16.18 × 17.38 × 25.0 Å3.
In ref 34, we compared lowest energy structures at each

hydroxylation state, assuming thermodynamic equilibration.
However, for the current work, systematic series are needed in
which the Cu is still at the original position. Hence, all starting
structures were constructed accordingly by sampling removal
of the most likely OH groups and protons, followed by six
explorative MD runs in each case. Similarly, structures with
Cu+ (readding one proton to the Cu2+ system and resampling
removal of water molecules) and additional Cl− (replacing 1
OH−) were constructed from the same starting point, followed
by explorative MD runs again. In some cases with Cu+, during
modeling of the diffusion barriers, sampling resulted in
structures with even lower energies. When the difference was
more than 20 kJ/mol, calculations were restarted with these
structures as new starting points.

■ RESULTS
The starting structure of Cu2+ on the fully hydroxylated γ-
Al2O3(110) surface is depicted in Figure 2. This structure was
used as a starting point for all other structures, which are
shown in Figures S1−S3. From these starting points, the Cu
ion was pulled in four different directions, the energy profiles
of which are shown in Figure S4a−k. The results for Cu2+ with
four H2O per unit cell are shown in Figure 3.

While all paths and energy profiles are rather different from
each other, it is clear that whenever the Cu ion is forced to
move the energy goes up significantly until the surface
structure adjusts itself and the energy decreases again.
Apparently, the copper ions cannot move smoothly in between
or over the surface hydroxyl groups, but their movement is
critically dependent on the behavior of these hydroxyl groups.
In retrospect, this is very logical since it is charged species that
are moving. Without surface adjustments, a charge separation
would occur between the cation and its counterions. However,
since the OH− ions are strongly bound to the surface and to
each other, the energy needed to let charge compensations
occur determines the diffusion barrier for the Cu cation.
Interestingly, in many cases, charge compensation does not
occur only by counterion codiffusion, but we also observe
many instances of proton contradiffusion, which is an

Figure 2. Top (a) and side (b) views of Cu2+ on the fully
hydroxylated γ-Al2O3(110) surface with six H2O (12 OH) per unit
cell and one Cu2+ per supercell. This structure was copied from ref 34
and adapted to a supercell of 2 × 2 × 0.5 unit cell.

Figure 3. Energy profiles for diffusion in four directions of Cu2+ over
the γ-Al2O3(110) surface with four H2O per unit cell. The path with
the lowest barriers is shown with a bright color; the colors of the other
curves remain pale. The Cu2+ ion was pulled in four alternative
directions: in positive (↑) or negative (↓) direction along the x-axis or
the y-axis. Reverse series (pulling the Cu2+ back toward its original x
or y coordinate) are shown with open symbols. In this system, two
mechanisms occur: proton contradiffusion and OH− codiffusion. For
both steps, the final barrier as calculated with the NEB method is
around 110 kJ/mol.
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alternative way to compensate cation movement. In principle,
codiffusion of two OH− ions is also possible, but this leads to
roughly twice as high barriers, so this was not observed in any
case.
By selecting the lowest pathway for each structure, the

resulting diffusion barriers from the NEB calculations are
shown in Figure 4. However, when rerunning a few points with

15 NEB images instead of 10, and recalculating most energies
with the TZ(2)P basis set, a very large spread in energies (up
to 60 kJ/mol) was found. Therefore, the quantitative value of
these results is rather limited and should be handled with care.
Nevertheless, qualitatively, some very interesting observations
can be made that make sense mechanistically: at 3, 4, and 5
H2O per unit cell, the diffusion barriers for Cu2+ are relatively
high since codiffusion of OH− is difficult. In these cases, a
combination of limited proton contradiffusion and OH−

codiffusion is observed. At full hydroxylation, however, the
hydrogen bond network is fully connected and proton
contradiffusion over longer distances occurs and no OH−

codiffusion is observed (Figure 5).
When a Cl− counterion is added (by exchanging it for an

OH−), the counterion can more easily follow the Cu2+ ion and
the Cu2+ diffusion barrier is lowered. Interestingly, the bonding
of the chloride varies for different hydroxylation states, which is
reflected in the diffusion barriers for Cu2+: at full
hydroxylation, the chloride sits on top of the copper and

follows very easily. At lower hydroxylation, however, the
chloride interacts directly with an aluminum atom and
diffusion barriers increase accordingly. When the hydroxylation
state becomes even lower, the Cu2+ ion starts to lack neighbors
and the Cl− binds stronger to Cu, thereby weakening its
interaction with Al. As a result, the CuCl+ pair can now diffuse
more easily again. The interactions of the Cl with Cu and Al
can be recognized from its distance to these atoms (Table 1).

Finally, Cu+ tends to behave differently than Cu2+: for Cu+,
hardly any charge compensation is observed, but the Cu+

diffuses as a lone ion, with only local adjustments of the surface
structure. In this case, increased hydroxylation levels tend to
hinder Cu+ diffusion slightly as protons tend to be in the way
of the copper ion and are sometime pushed deeper into the
surface while Cu+ passes by. It is worth mentioning also for
Cu2+ that when counting the number of codiffusing or
contradiffusing species, the charge is only compensated
partially in our periodic models. When diffusion over longer
distances is considered or of multiple cations moving in the
same direction, more charge compensation may need to occur,
but this cannot be studied with the current model.

■ DISCUSSION
Our methodology proved effective for finding qualitatively
unknown pathways, without causing any bias. However,
obtaining full sampling in this way is rather costly. Also, it
was found that automated quantitative analysis of the barrier
heights using NEB calculations is problematic for the complex
pathways that were obtained. Therefore, for further quantita-
tive analysis, we advise a systematic study of the elementary
steps of the obtained mechanisms using more directed
sampling strategies.
Although current quantitative accuracy is limited, we have

found some clear trends for the mechanisms with which the
Cu ions are diffusing. For Cu2+, charge compensation is critical
for allowing any diffusion, which can happen either via OH−

codiffusion or proton contradiffusion or both. When the
hydrogen bond network of the surface hydroxyl groups is fully
connected, full proton contradiffusion is possible and the
diffusion barriers for Cu2+ diffusion are low. However, when
the hydrogen bond network is not fully connected, the
possibilities for proton contradiffusion are limited to a short
range and the Cu2+ diffusion depends on counterion
codiffusion. In that case, the barriers for cation diffusion
depend mostly on the bonding strength of the counterions to
the surface, either due to hydrogen bonds from the other OH
groups or due to direct interaction with the Al atoms. Note
that any direct binding of Cu2+ to the surface is much weaker
than the binding of the counterions to the surface.
Based on this, we can postulate some trends that can be

expected for cation diffusion on hydroxylated surfaces in

Figure 4. Lowest diffusion barriers for Cu2+, CuCl+, and Cu+ over the
γ-Al2O3(110) surface at varying hydration states, as found using the
DZP basis set. The quantitative values should be handled with care,
though.

Figure 5. Proton contradiffusion during the diffusion of Cu2+ over the
γ-Al2O3(110) surface with maximum hydroxylation (six H2O per unit
cell). In this case, the Cu2+ moves underneath the H2O molecule.

Table 1. Cl−Cu and Cl−Al Distances, in Å, as a Function of
Hydroxylation Levela

# H2O per unit cell Cl−Cu distance Cl−Al distance
6 2.25 4.20
5 2.21 2.55
4 2.22 2.51
3 2.14 3.37

aAt the lowest hydroxylation level, the Cl−Al interaction weakens
because the Cu2+ claims the Cl−.
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general. First of all, since charge compensation is critical,
diffusion barriers for cations are likely related to their valence
state. However, when the hydrogen bond network of the
surface hydroxyl groups is fully connected, these barriers
decrease significantly because the needed charge compensation
can then be completely covered by proton contradiffusion. In
practice, though, out of all typical catalyst supports we expect
that this is only the case for γ-alumina at high humidity. For
any other support, surface hydroxylation is not of such level
that the hydrogen bond network is fully connected.
With respect to the counterion codiffusion, the rule that the

bonding strength of the counterion to the surface controls the
diffusion barriers for both cation and counterions will likely be
a general rule as well. Hence, one can expect that surfaces that
bind surface hydroxyl groups only weakly will allow cations to
diffuse easier. On the other hand, for γ-alumina, one may
expect that the addition of halogen counterions will improve
the diffusion of any cation. However, also for any cation,
complications will exist with respect to variations in the
hydroxylation state since the bonding of the halogens to the
surface also varies with the hydroxylation state.
Finally, for reducible oxide surfaces, we expect the trends in

cation diffusion to be different because on such surfaces charge
compensation can occur through the bulk material.

■ CONCLUSIONS
For the first time, the diffusion of charged species over a
hydroxylated surface has been modeled. It was found that the
key issue for diffusion of charged species is compensation of
the moving charge, which can occur either by proton
contradiffusion or by counterion codiffusion.
On the modeling side, it was found that explorative MD can

be used for this type of system, delivering efficient sampling.
However, for successful quantitative analysis of the barriers
using automated NEB calculations, the variations in the
possible pathways were too complicated. Now that we have
identified the main mechanistic tendencies, a more systematic
study of the elementary steps is desirable. Nevertheless, we did
identify interesting trends and mechanistic insights regarding
the effects of valency, hydroxylation level, and counterion
identity on the diffusion of cations on hydroxylated surfaces.
We expect this will open new leads for control in the
preparation of solid catalysts and similar materials.
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