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Abstract

In chemical looping with oxygen uncoupling, oxygen carrier (OC) circulates between the fuel and air re-
actors to release and absorb O, repeatedly. In order to assess the re-oxidation characteristic of Cu-based OC
in the air reactor from the microscopic mechanism and macroscopic kinetics perspective, DFT calculations
and isothermal oxidation experiments were conducted. In DFT calculations, Cu,O(111) surface was chosen
as the objective surface to explore the oxygen uptake as well as the atomic transportation pathways, and to
determine the rate-limiting steps basing on the energy barrier analyses. It was found that the energy bar-
rier of the surface reaction step (0.96 eV) is smaller than that of the ions diffusion step (1.61 eV). Moreover,
the Cu cations outward diffusion occurs more easily than O anions inward diffusion, which confirmed the
epitaxial growth characteristic of Cu,O oxidation. The isothermal oxidation experiments were conducted
in a thermogravimetric analyzer (TGA), and about 3.5 mg CuO@Ti0,-Al,O; particles within the diameter
range of 75-110 pm were tested between 540 and 600 °C, where the internal and external gas diffusion effects
were eliminated. Mixtures of 5.2-21.0 vol.% O, in N, were adopted as the gas agent for oxidation. Based on
the understandings obtained from DFT calculations, a simple mathematical model with unknown param-
eters of the surface reaction process (mainly the activation energy, Ex) and ions diffusion process (mainly
the activation energy, Ep) was established to describe the overall oxidation process in TGA experiments.
Eventually, these unknown parameters were determined as Ey = 50.5 kJ/mol and E\, = 79.2 kJ/mol via global
optimization. With the attained parameters, simulations reproduced the experimental results very well, which
demonstrated that this simplification model, where grain is converted almost layer by layer but different from
the feature of the shrinking core model is able to accurately describe the overall oxidation process of Cu,O.
© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

- Chemical looping combustion (CLC) [1,2],
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Capture and Storage (CCS) technology. In CLC,
air is replaced by oxygen carrier (OC) to oxidize
fuels. Some metal oxides, such as CuO, Mn,0;3,
and Co;0,4, which are able to release gaseous O,
at high temperatures and oxygen-deficient condi-
tions, can be used as OC materials for chemi-
cal looping with oxygen uncoupling (CLOU) [3].
As a special kind of CLC process, CLOU mainly
uses gaseous O, released by the OC to oxidize
fuels. Among all the tested OC materials for
CLOU, Cu-based OCs exhibit high oxygen trans-
port rate and oxygen donating capacity within typ-
ical CLOU temperature window (800-1000 °C),
and therefore have been recognized as an excel-
lent OC candidate for CLOU. In CLOU, CuO de-
composes to Cu,O first and then regenerates itself
via the re-oxidation reaction (Cu,O + 1/20, —
2Cu0).

There have been many publications focusing on
either macrocosmic thermo-chemical performance
in batch-operated [4] and interconnected fluidized
bed reactors [5] or microcosmic kinetics [6-8] and
mechanism [9,10] of the reduction process of Cu-
based OC. Whereas, this work focused on the re-
generation of OC in CLOU, i.e., the oxidation pro-
cess of Cu,O, which is also of great importance to
the whole chemical looping system.

Up to now, the oxidation characteristics of
Cu,0 to CuO at medium and high temperature
have been experimentally investigated. It was found
that the product layer (CuO) is epitaxial growth at
the surface and dominated by the outward diffu-
sion of cations, where the driving force is depen-
dent on the oxygen potential gradient across the ox-
ide scale [11-13]. Nevertheless, the proposed kinetic
models are always discrepant. Zhu et al. [13] inves-
tigated the oxidation of Cu,0O to CuO at 600-1050
°C under ambient atmosphere, and their kinetic
model follows a logarithmic rate law. While Park
and Natesan [14] pointed out that the parabolic
rate law should be applied to describe the oxi-
dation of Cu,O to CuO. Quantitatively, Chuang
et al. [15] determined an intrinsic activation en-
ergy of 55kJ/mol for the oxidation of Cu,O to
CuO, by eliminating many influencing factors such
as the internal and external gas diffusion. While
Adanez-Rubio et al. [8] claimed that the same re-
action which was also controlled by chemical ki-
netics had an activation energy of 32 kJ/mol. These
discrepancies may be originated from different ex-
perimental factors, and a consensus dynamic de-
scription of the oxidation process is thus hard to
be established. In this sense, it is urgent to clarify
these ambiguous understanding of the Cu,O oxi-
dation process with more underlying and common
knowledge.

The reactivity of Cu,O oxidation is intrin-
sically dependent on the electron and crystal
structures. Hence, an atomic modeling within
the quantum chemistry method may effectively

demonstrate the detailed reaction pathway infor-
mation and energy profile of every constituent ele-
mentary steps in the Cu,O oxidation process, which
is very important for the development of reac-
tion kinetic model. However, DFT calculation has
limitations in its computational cost aspect (can-
not deal with large atomic system) and funda-
mental theory aspect (only the ground-state struc-
tures can be treated and cannot consider the effect
of oxygen partial pressure). Consequently, it is
almost impossible to establish a macroscopically
applicable reaction kinetic model directly. Con-
ventionally, the direct fitting to the experimental
results combining with the macroscopic level gas-
solid reaction model, e.g., apparent model, shrink-
ing core model, etc., can gives kinetic parameters
like the activation energy, pre-exponential factor,
reaction order and some specific parameters in the
gas-solid reaction models. One of the disadvan-
tages of the conventional approach is that many
influencing factors cannot be distinguished clearly,
which will hardly contribute to a clear understand-
ing on Cu,O oxidation mechanism and kinetics.
Constructing the mathematical model with un-
known parameters to describe the reaction process
and then conducting a global optimization calcu-
lation to fit these unknown parameters has been
proven to be a good approach for reaction kinetic
analysis [6,16,17]. In this approach, how to con-
struct a reasonable mathematical model and how
to define the interval of the unknown parameters
are the two key issues. Fortunately, DFT calcu-
lation can help to solve the aforementioned two
issues.

In this study, we tried to investigate the oxida-
tion mechanisms of Cu,O to CuO by DFT cal-
culations, aiming to reveal the oxygen uptake as
well as the atomic transportation pathways. More-
over, the rate-limiting steps were also determined,
basing on the energy barriers analyses. Isother-
mal oxidation experiments were then conducted
in a thermogravimetric analyzer (TGA). Mean-
while, based on the analysis of the internal and
external diffusion effect and the understandings at-
tained from DFT calculations, a simple mathemat-
ical model was established to describe the over-
all conversion process of the samples in TGA.
Through global optimization, parameters of the
surface reaction and atomic diffusion were deter-
mined. Some conclusions from DFT calculation
were also confirmed by the experimental analysis.
These fundamental insights are beneficial to the
comprehensive understanding of the intrinsic re-
oxidation characteristics of Cu-based OC in the air
reactor, and can also provide theoretical support
to the multi-scale research in CLOU. This study
“bridges” the microscopic mechanism and macro-
scopic kinetics, being ready for exploring oxidation/
reduction mechanism and kinetics of other oxygen
carriers.
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2. Methods
2.1. DFT calculation

All DFT calculations were conducted using
the CASTEP (Cambridge Serial Total Energy
Package) [18] program package. The generalized
gradient approximation (GGA) in the form of
Perdew-Wang (PW91) was chosen for the electron
exchange-correlation energy. The interactions of
electron and ion were modeled by the ultra-soft
pseudo-potential, and the Brillouin zone interac-
tions were described within the Monkhorst-Pack
type mesh of 4 x 4 x 1. Before formal calculations,
some convergence tests of the energy cutoff and k-
points separation were conducted (see Section S1in
Supplemental Material (SM)), accordingly, 400 eV
and 0.04 were selected for the above two param-
eters in the formal calculations. The well-known
GGA + U method was adopted to describe the
strong electron correlations of transition-metals.
7.5eV was chosen for U (corresponding to the Cu
3d orbital), which was also suggested by previous
study [19].

With the above introduced method and set-
tings, the Cu,O unit cells were optimized first and
the geometry structure is shown in Fig. S5a, SM.
Cu,O(111) surface was chosen as the objective sur-
face in this study, for which is the most stable
low-index Cu,O surface containing compact Cu-O
layers under ambient conditions [20]. Three-layers
CuO(111) (2 x 1) slab model was built through
cleaving its bulk phase. The vacuum gap was set to
be 20 A, and the bottom layer was fixed in calcu-
lations. Periodic boundary condition was adopted
for all boundaries. The optimized slab is shown in
Fig. S5b, SM. Before oxygen adsorption calcula-
tion, the O, molecule structure was optimized in a
20A x 20 A x 20 A cubic vacuum box to minimize
the periodicity effect.

In this study, the adsorption energy of O,
molecule on the surface, E,q, was defined as:

Eaq = E(Oy/slab) — [E(O,) + E(slab)] (M

here, E(O;) and E(slab) are the total energies of
the free O, molecule and bare slab, respectively;
E(Oy/slab) presents the total energy of the adsorp-
tion structure. When searching for the reaction
pathway, the complete LST/QST approach (lin-
ear/quadratic synchronous transit) was used to find
out the transition state (TS) as well as to calculate
the energy barrier, E},, which was defined as:

E, = E(TS) — E(IS) 2)
where, E(TS) and E(IS) are the energies of the tran-
sition state and the initial state, respectively.

2.2. Experimental approach

Experiments were conducted in a thermo-
gravimetric analyzer (SETARAM-S60). The

hierarchically-structured CuO@TiO,-Al,0; OC
proposed by our research group was used as the
testing sample. The detailed preparation method
of the OC was briefly described in Section S2 of
SM and can also refer to [21,22]. This kind of
OC allows us to use the active material as few as
possible, meanwhile the OC is still in granular state.
In this sense, the influence of internal diffusion can
be minimized. Before the formal experiment, over
20 redox cycles were conducted to ensure the pore
structure of the OC had fully developed. High
purity N, was used as the gas agent in the oxygen
releasing stage, while four kinds of gas agents,
21.0vol.%, 14.0vol.%, 10.5vol.% and 5.2vol.%
O, balanced by high purity N,, were adopted in
the re-oxidation stage. In order to minimize the
diffusion effect caused by the crucible, 3.5mg OC
particles within the diameter range of 75-110 um
were evenly dispersed on silica wool in each test,
and the top surface of which was paralleled with
the rim of the crucible. In the oxygen releasing
stage, the reaction temperature was 850 °C, while
in the re-oxidation stage, the reaction temperatures
were 540 °C, 560 °C, 580 °C or 600 °C. The gas
flow rate of 180 mL/min was chosen because the
oxidation rate of Cu,O do not change any more
at this point with the increase of gas flow rate in
preliminary experiments.

3. Results and analysis
3.1. DFT calculations and mechanism analysis

3.1.1. Surface reaction of Cu, O(111)

Firstly, the surface reaction of Cu,O(111) was
studied. The DFT calculation started with putting
a free O, molecule upon the Cu,O(111) surface (5 A
distance), and optimizing the composite structure.
It was found that the molecule keeps a free status
without O-O bond breaking, and this configura-
tion was set as the initial state (IS, Cu,0+0,(g))
of the reaction. In order to find the potential ad-
sorption sites, the free oxygen molecule was moved
toward the surface straightly. All possible sites were
tested (see Section S3 in SM), and the most sta-
ble site (i.e. with the biggest adsorption energy,
Cu,0+05(ad)) was determined at last. The calcu-
lated adsorption energy is 2.09 eV, which belongs
to the strong chemisorption. The following key
step of surface oxidation is the dissociation of O,
molecule. In order to determine the most favorable
dissociation pathway, the O—O bond was broken
first, and these two O atoms were moved along the
horizontal direction to make their distance longer
than 3 A. After optimization, the dissociation con-
figuration with the lowest overall energy was cho-
sen to be the final state (FS, Cu,0+20%") of sur-
face oxidation (see Section S3 in SM). Finally, a
TS search calculation was performed to identify
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Fig. 1. O, molecule adsorption and dissociation process
on CuyO(1 1 1) slab and the corresponding potential en-
ergy diagram. (blue ball: adsorbed O atoms). (For inter-
pretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

the transition state and the corresponding energy
barrier.

The potential energy diagram of the whole pro-
cess is given in Fig. 1. To conclude from both
the structure and energy analyses, the Cu,O(111)
surface oxidation process can be summarized as:
at the beginning, free O, molecule adsorbs on
the clean surface and 201.65kJ/mol (2.09eV) en-
ergy is released. O atoms bond with the adjacent
Cu atoms, the length of O—O bond changes from
1.253 A to 1.388 A. Then, two O atoms are moti-
vated to migrate and embed into a stable position
of Cu,O(111) surface, the energy barrier is 0.96 eV.
In the TS, the O-O bond is broken and the distance
between the two O atoms is stretched to 2.126 A.
It should be noted that in the final structure, one
separated O anion is threefold-coordinated (O-3f)
while another is fourfold-coordinated (O-4f), which
is similar to the atoms configuration of CuO(111)
surface [7]. The transformation from Cu,O crys-
tal configuration to CuO crystal configuration in-
dicates that the above surface oxidation pathway
in our calculation is reasonable. The whole pro-
cess is exothermic with a negative reaction energy
(—2.63¢eV), and it can proceed rapidly for a rela-
tively low energy barrier (0.96eV).

3.1.2. Ions diffusion in oxidized Cu, O region

After the surface reaction between O, and sub-
strate, an oxidized region with high oxygen po-
tential and relatively low copper concentration is
formed. Here, two diffusion processes were consid-
ered for subsequent reaction evolution, one is the
inward diffusion of the O anion and the other is
the outward diffusion of the Cu cation. For the cal-
culations in this part, the final state (Cu,0+420%")
of the previous step was treated as the initial state.
As shown in Fig. 2, there are two kinds of dis-
solved O anion, i.e., O-3f and O-4f. In this config-
uration, it can be found that the larger migration
space and fewer constraints of O-3f make it dif-
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Fig. 2. The structures for O inward diffusion and the
corresponding potential energy diagram. (blue ball: O-3f,
green ball: O-4f). (For interpretation of the references to
color in this figure legend, the reader is referred to the web
version of this article.)

fuse more easily than O-4f. Thus, the O-3f was cho-
sen as the studied anion and it was moved from the
surface to the second layer. The optimized struc-
ture via a vertically downward migration pathway,
which has the lowest overall energy, was set as the fi-
nal state (FS) of the O-3f inward diffusion process.
In FS, O-3f bonds with the nearest four Cu cations
tightly, thus creating a rhombic Cu-O structure as
in the IS. At the same time, a reconstructed exte-
rior surface partially recovers to the morphology of
Cu,O(111) surface. In TS, the O-3f migrates from
the initial site to a middle place between the surface
and subsurface. A positive value of reaction energy
(1.31eV) indicates the endothermic characteristic
of the process, and the calculated energy barrier is
up to 2.19eV (as shown in Fig. 2), which means the
growth of CuO crystal phase needs to overcome a
big resistance.

Similarly, the calculation of Cu cation outward
diffusion was also conducted. Two kinds of Cu
cation were considered, i.e., Cu-2f and Cu-3f. Af-
ter comparison, the outward diffusion of Cu-2f
was chosen as the more possible process. Fig. 3
shows the details of this process. In FS, some new
Cu-0 and Cu-Cu bonds are generated, making the
surface crowded. In DFT calculation, the reaction
energy of Cu diffusion is 0.88¢eV and the corre-
sponding energy barrier is 1.61eV as plotted in
Fig. 3, both of which are lower than those in O in-
ward diffusion. The calculation results indicate that
Cu cation outward diffusion is energetically more
favorable than O inward diffusion. Therefore, the
ions diffusion process is more likely to be domi-
nated by Cu cation outward diffusion. The conclu-
sion is also in accordance with the experience that
ions with lower ionic radius can diffuse more eas-
ily, as the ionic radius of Cu is smaller than that of
O, and the lower-coordinated ions (Cu or O) has a
smaller ionic radius.
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Fig. 3. The structures for Cu outward diffusion and the
corresponding potential energy diagram. (blue ball: Cu-
2f, green ball: Cu-3f). (For interpretation of the references
to color in this figure legend, the reader is referred to the
web version of this article.)

As the “Cu diffusion source”, Cu cation diffu-
sion in the unreacted bulk region was also calcu-
lated (see Section S4 in SM). The results show that
this step is not the rate-limiting step.

3.1.3. Cu,0 oxidation mechanism

Based on these DFT calculations, the micro-
scopic mechanism of Cu,O oxidation may be ex-
pressed briefly as: (1) at the initial stage (Fig. 4(P1)),
reaction between the clean substrate and O, takes
place at the gas-solid interface rapidly. A product
layer of CuO is produced at the external surface.
(2) In the next process (Fig. 4(P2)), as Cu cations
outward diffusion is dominant, Cu™ in sublayer mi-
grates to the exterior surface to balance the cop-
per concentration gradient, meanwhile Cu cations
in deep layer migrate upward to fill up the cop-
per vacancies in the sublayer (Fig. 4(P3)). (3) At
the same time, the slightly excessive copper cations
within the external Cu;, O layer continue to be
consumed by O, molecules quickly, which results
in the formation of a new product layer at the exte-
rior (Fig. 4(P4)). With the progress of diffusion, the
Cu/O ratio of “interior layer” approaches to 1:1 via
Cu,0 + Veu— CuO, which leads to CuO formation
in the bulk phase of the grain.

3.2. Experimental results and kinetics analysis

3.2.1. Experimental results

The measured conversion versus time of Cu,O
oxidation is shown in Fig. 5. There is a relative high
conversion rate at the initial stage for all experi-
mental runs, yet the conversion rate decreases af-
terwards. This is a common phenomenon for het-
erogeneous non-catalytic reactions. Note that, the
conversion rate increases as the temperature and O,
volume fraction increase.

In these experiments, the elimination of the in-
ternal and external diffusion effects has been con-

firmed by theoretical analysis (more details in Sec-
tion S5, SM). Thus, in the following work we focus
on the evolution of a small grain to investigate the
intrinsic oxidation characteristic of Cu-based OCs
at the scale of crystalline grain.

3.2.2. Cu,0 oxidation kinetics analysis

From above DFT calculations, it was concluded
that Cu cation moves outward to the exterior sur-
face while the O anion remains stationary when
Cu, 0O is oxidized by O,. However, the effect of sub-
sequent reconstitution of Cu,O to CuO when Cu
cation leaves away from its original position should
also be considered. As the molar volumes of Cu,O
and CuO are different, the reconstitution effect will
trigger the volume shrinkage, leading to the con-
vective motion of ions (as schematically shown in
Fig. S6, SM). Accordingly, the ions concentration
along with radius can be described by the following
equations:

0Cee 10, 9Ccu
= —=—|P(vCcy — Doy =2
ot r2 or |:’ (ch T ar )] L)
aCo 19
o0 = Tl el @

where, Cc, and Cq are the molar concentrations of
Cu and O ion, respectively; D¢, is the diffusivity of
Cu cation; v is the velocity of the convective mo-
tion caused by the reconstitution effect. It should
be noted that the above equation is used to illus-
trate the Cu diffusion-induced convective motion
of the bulk phase and is only applicable for the in-
ner layers. A reaction source term is required when
describing the external surface layer, which will nat-
urally include the effect of the oxygen concentra-
tion on the reaction rate.

The molar volume of Cu,O and CuO is
2.399 x 1073(=2 x 1.149 x 1073+ 0.101 x 1075)
m?/mol and 1.250 x 1073(=1.149 x 1075+ 0.101 x
10~) m?/mol, respectively. Therefore, the equiva-
lent molar volumes of Cu and O ions for analyzing
this mixed system are 1.149 x 10~> m?3/mol and
0.101 x 10~° m3/mol, respectively. In order to close
Egs. (3) and (4), v can be expressed as
1.149(vC¢y — D@%) = —0.101vCo (5)

This equation means that the volume fluxes of
Cu and O ions are equal at any positions. Unfor-
tunately, although the equations are closed, they
are still difficult to be solved. The main reason is
that the reaction will result in the grain expansion,
and the Eulerian grid is not suitable for this situa-
tion. Even if the expansion can be addressed deli-
cately, it is still hard to ensure its accuracy. When
substituting Eq. (5) to Eq. (3) or Eq. (4), the equa-
tion becomes 9Cc,/dt = —0.0879-0Co/dt. It can
be seen that in the same control volume, the change
rate of Cu cation is far less than that of O an-
ion. Apparently, the result equates to the O anion
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Fig. 5. Measured (symbol) and calculated (line) conver-
sion profile for Cu,O exposed to (a) different tempera-
tures and (b) different atmospheres.

inward “diffusion”, although the O inward move-
ment is not a real diffusion process microscopically.
Hence, the following simplifications were made to
solve this problem: neglecting the molar concentra-
tion change of Cu cation in the control volume and
allowing O anion to diffuse from the reaction sur-
face to the bulk phase of the grain. As the con-
centration of O anion increases, the local oxidation
conversion increases. Therefore, a phenomenologi-
cal diffusivity of O anion was introduced as vCo =
—DpdCo/dr. Taking account of Cc, is constant,
Eq. (4) was finally converted into the following
form:

X 10 X

E = rfza(rzDow)‘FQrSngm (6)
where, X represents the Cu,O conversion; Q =
kN,0[0,]S/ (CCUAV|,=,,WM) is the source term only
for the external grid introduced by the surface re-
action; = 1-X/|,—,,, is the area fraction of Cu,0
on the external reaction surface of the grain; k is
the reaction rate constant; Ny is the moles of Cu
per unit of grain external surface; [O;] is the mo-
lar concentration of O,; S represents the external
surface area of the grain; AV, is the volume
of the external grid. Note that, some parameters
have physical significance but their true values are
difficult to be determined. For calculation concern,

these parameters were assembled to the rate con-
stant, thus the source term can be expressed as
Q= KO[O]S/AV |,—r

Before simulations, X was set to be 0 for all
computational cells. Zero gradient condition was
adopted for both r =0 and r = rgpin = 300 nm.

Equation (6) and the above boundary and ini-
tial conditions form a complete description to the
oxidation process of the Cu,O, where k" and Do
are the only unknown parameters for each ex-
perimental run. When the Arrhenius equation is
used to express the two unknown parameters, only
four parameters, i.e., Ay, Ex, Ap and Ep are un-
known for all experimental runs. The simulated
solid conversion can be expressed asXpredicted =
[X-dv/[dV.

The partial differential equation in Eq. (6) was
discretized in the finite volume method form. The
global optimization process was under a Simu-
lated Annealing Algorithm control, and the self-
adaptive method proposed by Vanderbilt et al.
[23] was used to improve the computational ef-
ficiency. The unknown parameters were adjusted
to minimize the differences between the simulated
and measured conversions over all data points: f =

2 X

alltests 0<z<tx
cess is schematically shown in Fig. S7 of SM.

The ranges of the unknown parameters should
be determined before the fitting process. Accord-
ing to the results of above DFT calculation, the
ranges were set as A ~[1.0 x 1072, 5.0 x 1077],
E~[3.0x10*  8.0x10%,  Ap~[1.0x 10712
5.0 x 107" and Ep~[6.0 x 10%, 2.0 x 10°].

The fitting process resulted in Ay = 4.86 x 108,
E, =505 x 10, Ap = 2.41 x 1072 and Ep =
7.92 x 10*, and the simulated conversion versus
time profiles are also shown in Fig. 5. It can be
seen that the simulations predict the experimental
results very well.

The simulated conversion versus normalized ra-
dius at different time points under the condition
of 580 °C, 21.0vol.% O, are shown in Fig. 6. It
is obvious that the conversions are nonuniformly
distributed: initially, the conversion at the external
surface of the grain increases quickly, while the ox-
idation of Cu,O in the center of the grain does not
occur until 40s.

\/(Xpredicled - Xmeasured)z- The ﬁttil’lg pro-
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Fig. 7. Surface coverage of Cu,O at different conditions.

The area fraction of Cu,O on the external sur-
face of the grain, 6, versus time under different con-
ditions is shown in Fig. 7. It can be seen that 6 drops
rapidly and is close to 0 before 60 s in most cases.
However, for the reaction condition of 580 °C and
5.5vo0l.% O,, 6 is still not close to 0 after 100s. The
faster decline of 6 demonstrates the shorter time of
the surface reaction influencing the overall conver-
sion process. Thus, the influencing time of the sur-
face reaction decreases as the temperature and the
O, concentration increases.

In Adanez-Rubio’s previous work [§8], it was
found that the effect of the oxygen concentration
on the oxidation rate of Cu,O at low oxygen con-
centration was higher than that at high oxygen
concentration. The proposed model can also pre-
dict the different effect of the oxygen concentra-
tion. When the sample is exposed in a low oxy-
gen concentration atmosphere, the surface reaction
rate is comparable with the ions diffusion rate. As
the oxygen concentration increases, the surface re-
action rate increases, thus the oxidation degree of
the external surface layer of the grain is become
higher; Simultaneously, the ions diffusion rate will
also increase as the driving force of diffusion is
also increased obviously; eventually, the overall re-
action rate will increase obviously. However, when
the sample is exposed in a high oxygen concentra-

tion atmosphere, the surface reaction rate is high
enough (the external surface layer of the grain is
oxidized almost completely) and the overall reac-
tion rate is controlled by the ions diffusion process.
In this condition, as the oxygen concentration in-
creases, the oxidation degree of the external surface
layer does not obviously change. Thus the oxygen
concentration shows a relatively “smaller” effect on
the overall reaction rate.

4. Discussion

The following facts can be confirmed from the
above DFT calculations and TGA experiments. (1)
In the Cu,0 oxidation process, the surface reac-
tion process is faster than the ions diffusion pro-
cess. (2) Two stages can be distinguished in the over-
all oxidation process. At the first stage, the overall
process is influenced both by the surface reaction
process and the ions diffusion process. Meanwhile,
oxidation film is formed rapidly, leading to the in-
fluence of the surface reaction reduced. While at the
second stage, the overall oxidation process is only
dominated by the ions diffusion process.

The activation energy of the ions diffusion is
larger than that of the surface reaction, thus the
ions diffusion rate could increase faster than the
surface reaction rate with the increasing of tem-
perature. As a result, the diffusion resistance may
be relatively smaller than the surface reaction resis-
tance at higher temperature condition.

Obvious difference inactivation energies (or the
energy barriers) obtained by DFT simulations and
experimental kinetics analysis was observed. It
could be ascribed to the different scales of the two
methods investigated, as well as the limitation of
DFT calculation. In the kinetics analysis, a phe-
nomenological O diffusivity was introduced to sim-
plify the fitting procedure, yet there is no corre-
sponding process in DFT calculations. The exper-
imental approach focused on the statistical effects
of the migration of enormous ions, while the DFT
calculation focused on specific migration pathways
of a specified ion. Additionally, in actual processes,
ions may also migrate along with the interphase
routes once the product phase, CuO, was generated.
Limited by the fundamental theory and the com-
putational capability, DFT calculation can not re-
flect the reality of the physicochemical process in a
global sense, which will also introduce inaccuracy
to the simulation result. As an example, it is diffi-
cult for the DFT calculation in this work to con-
sider the reconstitution effect of Cu,0 to CuO af-
ter Cu cation leaves, because a low oxidation degree
slab model was adopted. Although a high oxidation
degree slab model can be used to investigate the re-
constitution effect, yet the information of the initial
oxidation stage will miss, additionally, the reconsti-
tution simulation, with huge computational cost, is
beyond our computational ability.
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In this work, the intrinsic kinetics was obtained
in relatively low temperature conditions in which
the diffusion effect can be eliminated. We take the
view that the intrinsic kinetics proposed can be used
to represent the intrinsic oxidation at relevant tem-
peratures for the CLOU process (900-950 °C). Fur-
ther work should be done to give a comprehensive
description to the Cu,O oxidation process in actual
CLOU conditions. Certainly, the internal and ex-
ternal diffusion effect should be considered.

5. Conclusions

The mechanism of the oxidation of Cu-based
OC with low-valence state in CLOU was studied
via DFT calculation in a microscopic perspective.
Meanwhile, isothermal experiments were subse-
quently conducted in a thermogravimetric analyzer
for validating the DFT simulation results and seek-
ing for an applicable reaction kinetic model. The
major conclusions are as follows: (1) the oxida-
tion process of the CuO@Ti0,-Al,0; OC is con-
trolled by chemical kinetics under the conditions of
T < 600 °C, X0, < 21 vol.%. (2) the oxidation prod-
uct is epitaxial growth at the surface and the over-
all process is dominated by the outward diffusion
of Cu cation. (3) the surface reaction step is faster
than the ions diffusion step, which result in that the
oxidation film forms rapidly at the external surface
of the grain in the initial stage. With the growth of
the oxidation film, the overall process was gradu-
ally dominated by ions diffusion step. (4) Cu cation
diffusion process together with Cu,O — CuO re-
constitution process result in the change rate of Cu
cation concentration far less than that of O an-
ion concentration locally. Thus, a model containing
phenomenological O anion inward diffusion step
and surface reaction step is able to approximate
the overall oxidation process, and the activation en-
ergies of such two processes are 79.2 kJ/mol and
50.5 kJ/mol, respectively.
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