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Statistical Thermodynamics of Non-Stoichiometric Ce-
ria and Ceria Zirconia Solid Solutions.

B. Bulfin,** L. Hoffmann?, L. de Oliveira?, N. Knoblauch?, F. Call?, M. Roeb?, C. Sattler?,
and M. Schmiicker?

The thermodynamic redox properties of ceria and ceria zirconia solid solutions are analysed
with a new methodology for modelling such systems based on the statistical mechanics of lat-
tice configurations. Experimental thermogravimetric equilibrium data obtained for small non-
stoichiometry measurements are combined with literature data to cover a large range of non-
stoichiometry (CeO,_s, 6 = 0.001 — 0.32), temperature (1073 - 1773 K) and oxygen partial pres-
sure (1 - 10713 bar). A dilute species model of defect clusters (Cef, Vi Cel,)*, obeying the law
of mass action, was sufficient to describe the system over the whole range of conditions, leading
to a simple analytical equation of state for the system. This offers new physical insight into the
redox properties of ceria based materials, and the theoretical methods developed should also be
of great interest for other materials which exhibit continuous oxygen non-stoichiometry similar to

ceria, such as perovskite oxides.

Introduction

Cerium is the most abundant of the the rare earth elements, with
a large annual production of approximately 24,000 mt.! Elemen-
tal cerium has the orbital structure [Xel4 f'54'652, making it the
first element in the periodic table with an f orbital valence elec-
tron.2 In metallic cerium, changes to this f orbital are responsible
for the remarkable y— « transition, where at a critical pressure
the volume collapses by approximately 15 %, while preserving
the fcc structure.® The ease at which the 4f state changes occu-
pancy also plays an important role in the redox chemistry of ce-
ria (Ce0,),* where oxygen vacancies are easily formed and can
propagate through the planes of oxygen ions in the ceria fluo-
rite phase. The net result is that ceria based oxides exhibit non-
stoichiometry, the extent of which depends on the temperature

and oxygen partial pressure -,

(Tpo,)

5 0
Ce0y 5 Ce0y 5+ 5 02, (1)

These remarkable redox properties combined with the relative
abundance of ceria have lead to many applications as a redox cat-
alyst including in auto-mobile catalytic converters and as a coat-
ing in self cleaning ovens.” It is also being investigated as a cata-
lyst for the water gas shift,® steam reforming of hydrocarbons,?,
and as a co-catalyst in the Fischer-Tropsch process.'® The high
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ionic conductivity of ceria based materials has lead to them being
investigated as oxygen ion electrolytes for use in solid oxide fuel
cells and electrolysis. 112 A solar powered thermochemical H,O
and CO, splitting cycle based on the ceria redox system has also
been demonstrated, 1314 which could offer a very attractive path-
way to producing sustainable and environmentally benign liquid
hydrocarbon fuels. 1°

In all of the above applications, a high concentration of oxy-
gen vacancies is beneficial. The reducibility of ceria can be im-
proved by substituting some of the cerium ions with zirconium
ions.® The ionic radius of Ce3* (1.14 A) is much greater than
that of Ce** (0.97 A), resulting in a lattice expansion upon re-
duction. 1 The smaller ionic radius of Zr** (0.84 A) compensates
this expansion reducing the amount of strain induced in the lat-
tice upon reduction, and thus improving the reducibility, 7 which
also has been shown from first principle DFT studies. 18

A full thermodynamic description requires both the enthalpy
and entropy changes for the formation of oxygen vacancies to be
determined. The latter can be very difficult due to the presence of
both vibrational entropy changes in the lattice and the configura-
tion entropy of introducing vacancies. The vibrational change in
entropy can be well determined using DFT,'® and Gopal et al. re-
markably used a combination of ab initio DFT and cluster expan-
sion Monte-Carlo simulations to model the overall trends of the
configuration entropy.2° On the other hand, experimentalists typ-
ically fit non-stoicheometry data by assuming that the defects in
the ceria flourite structure have a dilute species behaviour. >21-25
In the case of pure ceria, this simple approach has not yet been
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enough to describe the data over a large range, with some authors
suggesting that the type of defects and defect clusters change with
composition. >21,22

In this work the problem of fitting equilibrium data with an
analytical thermodynamic model is revisited. Experimental equi-
librium data for oxygen vacancy concentration as a function of
temperature and partial pressure is presented for both CeO, and
Ce.85Z1r9.150,. A simple thermodynamic model is developed, us-
ing a dilute species statistical model for the entropy, and allowing
the enthalpy to have a composition dependence. This model is
then fit using the experimental data obtained here and additional
equilibrium data from the literature. The model does not require
any change in the type of defects or defect clusters. It has a sim-
ple analytical form making it an attractive tool for simulations as
well as offering researches a simple method of modelling non-
stoicheometry in ceria based materials.

Thermodynamic Model

It is assumed that there is a maximum reduction state that the
reaction is proceeding towards, giving the complete reaction as

LCeOg — LCeO2,5 + l02, 2)
Om Sm m2

where §,, is the maximum possible non-stoichiometry. In the lit-
erature it is common to fix this value to §, = 0.5 in the case of
Ce0,, %2> which corresponds to all of the cerium atoms switching
from Ce** to Ce3t. Here we assume that it could be less than this
value and instead leave it as a free parameter that is fit using the
experimental data.

Using Kroger-Vink notation for the defects, the unit-less va-
cancy concentration 6 is defined as
OmNve

Ny

6= ; €))]
where the number of oxygen vacancies Ny is normalised with
respect to the constant number of cerium atoms in equation 2,
Nce = SimNA. Similarly the unit-less concentration of oxygen which
can be removed from the lattice is given by

_ oy

On—08= Ny 4

where Noy; only corresponds to the removable oxygen.

The equilibrium equations for the reduction reaction are,

Ags = Agg + %RTln (’;22 ) -0, (5)

Ag§ = Ahg — TAsj. (6)

where the 6 subscript indicates they are partial molar quantities
Ags = %, and the circular superscript indicates the value is at

standard pressure. If the partial molar enthalpy change Ah$, and
entropy Asg are determined, then equations 5 and 6 give an equa-
tion of state.

2| Journal Name, [year], [vol.],1-8

Entropy

For the reaction given in equation 2, the change in entropy to
produce 8 oxygen vacancies starting from CeO, is given by

Asyae = 8Asg, + Ascon. @2

The thermal entropy change Asy, is the entropy of oxygen gas plus
the change in the lattice vibrational entropy caused by introduc-
ing vacancies

1
Asg, = =50, TAsy. (8)

2
The entropy of oxygen gas depends on the temperature and in
the range considered (1073-1773 K), %s‘(’)z has a small variance
of 128 £4.5JK ' mol~!,2° but for simplicity it is assumed to be
constant in the model.

The configuration entropy is determined by considering the
statistical mechanics of lattice configurations, and in its most gen-
eral form is given by

Qcon
Ascon =kp Y PuIn(P,), 9
n=1
where Q. is the number of configurations, with each configura-
tion having a probability P,. This is the number of distinct ways
the oxygen ions Ogj, oxygen vacancies V, cerium ions Ceg, and
charged cerium ions Ce(,, can be arranged within the constraints
of the lattice. In the work of Gopal et al. they simulate many con-
figurations of vacancies and cluster formations using DFT, and
then using the ground state energies of these configurations to-
gether with a partition function the probabilities can be calcu-
lated.2® Here we would like a simple analytical expression that
can be fit to experimental data, so we make the dilute species
assumption that all configurations have an equal probability re-
ducing equation 9 to

Ascon = kpIn(Qcon ). (10)

For 6 > 0.01 there is agreement in the literature that the de-
fects are primarily doubly ionized oxygen vacancies. 2122 The
reduction reaction can then be written in Kroger-Vink notation as

1
0§ +2Ce(, = V5 +2Cec. + 502, an

where the products can also form defect clusters of the form
(Cege VECege) <

A formulae for the number of configurations is then given by

(Nv(')- + NOS )!
Nyes !Nocx) !

(Neer, +Neeg,)!

con
!
NCeEe .Nceéc '

+N(cer, Vi cer,) Oce Vg cer,)r (12)

where the first two terms are the standard configurations for the
binary oxygen and cerium sub lattices respectively, and the last
term accounts for the degrees of freedom of the defect clusters.
T.his latter term. assumes tbat each cluster has w(gegcvgj'Ceg ) pos-
sible configurations (or micro-states). A useful simplification at
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this point is to first count the configurations of the oxygen sub-
lattice as a fully dilute species system, which for equation 2 gives
the constraint

Nvg +N0é =Ny. 13

The effect of defect clusters can then be accounted for when

counting the configurations of the cerium sub-lattice. For the
cerium sub-lattice we have the general constraint

Neeg, +Neep, +2N(cep vipcep,) = 2Na a4

Let’s consider the two extreme cases of equation 12; all defects
are randomly distributed with no defect clusters, and all defects
form clusters of the form (Ceg, VECer,)*. This results in addi-
tional constraints for the two cases respectively

NCeée = 2NOS’ NCB/Ce = ZN\/(-). and N(Cercevgcerce) = ()’ (15)
Ncep vipcer,) = Nvg and Neez, = Neel, = 0. (16)

Combining these constraints with equations 3, 4, 10 and 12, and
applying Stirling’s approximation leads to the configuration en-
tropies

Ascon = 3R(xIn(x) + (1 —x)In(1 —x)), a7
Ascon = R(xIn(x) + (1 —x)In(1 —x)) + xRIn(®(cer, vercer, ),  (18)

again for the two cases mentioned respectively, where the mole
fraction x = %, and the first term in both equations is the stan-
dard entropy of mixing formulae.

A very good fit of the experimental data could be obtained
using the second case given in equation 18 (see results section),
which implies that most defects form (Ce, V§5Ce,)* defect clus-
ters. This is elaborated upon in the discussion section.

It should be noted here that the last term in equation 18 is a
very simplified approach to accounting for the configurations of
the defect clusters, but from the results it appears to be sufficient
and physically meaningful.

Now, combining equation 7 and 18 gives

Asyac = 8Asy, + R(xIn(x) + (1 —x)In(1 —x)), (19)
with | |
Asy, = Esgz +As, + gRln(w(chenge&e))' (20)

Here the term %Rln(w(Ce/Cevgc%J) from equation 18, has been
combined into the thermal entropy as it is also linear in §. This
highlights the fact that the thermal and configuration entropy are
often ambiguous, and this method is simply a means of interpre-
tation.

From this interpretation, adding Zr** into the ceria lattice will
block cerium lattice sites, thus reducing the degrees of freedom
for the clusters. This term %Rln(w(Ce’QV;{Ce’CC)), was included
in the thermal entropy, and so the addition of Zr** is therefore
expected to reduce the thermal entropy. This is discussed in more
detail in the results section.

Finally in order to obtain the partial molar entropy we must
take the derivative of equation 19 with respect to the vacancy

Physical Chemistry Chemical Physics

concentration J, giving

As§(8) = Isac _ Asg, + LR(ln(ém —8) —In(5)). 1)

90 )

Simple model
Combining equation 21 for the partial molar entropy with equa-
tions 5 and 6 gives the equation

%m(’?):%ﬁ+%+$ln(5’"§5) (22)

which can be re-arranged to give an equation of state

0 T (PO, -1 Asp —Ah
(5,75) =(72) "o (Ft)ew(Z7") @
where n = 1 if the law of mass action is obeyed. Mathematically

Om
this is similar to a previous equilibrium model developed from

kinetic considerations. 27

Corrected model
One issue with this model is that it requires a constant enthalpy
of reaction. Experimental findings however show that the par-
tial molar enthalpy varies with 6§ for both pure and Zr added ce-
ria, 5:6:21,28

In order to correct the simple model, the entropy dependence
is assumed to be unchanged and the enthalpy dependence is added
iteratively. The simple model (equation 23) is used to obtain a
first approximation of vacancy concentration denoted &', which
is then used in the corrected model to determine Ahg,

(5.55)" = (52) Ten(F)en () e

The partial molar enthalpy is now Ahg(8”). The dependence of the
enthalpy on § can be determined from experimental equilibrium
data.

Experimental

Thermogravimetric analysis (TGA) was performed on samples of
Ce0, and Ce g5Zry.150;, in order to determine equilibrium va-
cancy concentrations 8(po,,T). This experimental data can then
be used, along with other literature sources to check the model.
To prepare the samples CeO, and Ce( g5Zr( 150, powder were
synthesized by Pechini method.2? These powders were then kneaded
with starch glue, dried and subsequently sintered at 1923K for
2h, forming porous granules (4-5mm diameter) for the TGA.
The samples were subject to XRD analysis to confirm that they
were in the fluorite phase. The Ce(g5Zry 150, sample showed
peak shifting which was consistent with Zr doped ceria.3%31 In
addition, EDX scans were also analysed to confirm the stoichiom-
etry of the Zr doped sample. Sample characterization data and
more details on the synthesis method are available in the ESI.
The thermogravimetric analyser (TGA) used in these experi-
ments is a standard instrument offered by Netzsch (Model STA
449 F3 Jupiter). The concentration of oxygen in the TGA was
controlled and measured using a combined pump and oxygen de-
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tector produced by Nernst Setnag. The oxygen pump was used
to set the partial pressure of oxygen in an argon stream before it
entered the TGA and the sensor was used to measure the partial
pressure of oxygen in the gas leaving the TGA. A schematic of the
system is shown in the ESI.

The value of § can be calculated from the mass changes mea-
sured in the TGA using the formula

- Am M, sample

25
m Mo (25)

where m is the sample mass, Mg is the molar mass of molecular
oxygen and Mg,mpl is the molar mass of the sample.

Figure 1 shows typical data from a TGA experiment. The sam-
ple is first oxidised in synthetic air at 1173 K followed by heating
to the desired reduction temperature under a low oxygen partial
pressure argon stream. The partial pressure is then increased in
steps and when the recorded mass values become constant, as in-
dicated by the black arrow in fig. 1, the system is assumed to have
reached equilibrium.

0.04- ~T =1705 K
“w
s
S 0.03-
S =
= -2.53
g — =
§ 0.02- 1173K_ 0%
> 38
& 15
8 0.01- /
> 6
-1.0
JEN— _\(P — -
0.00 —="— . , =05
0 50 100 150 200
Time [min]

Fig. 1 Vacancy concentration §, the oxygen partial pressure po, and
the temperature profile for a typical TGA experiment.

Results and Discussion

In order to fix the parameters of the corrected model we must
first determine the dependence of the enthalpy on the vacancy
concentration Akz(8). To do this we use a combination of our
experimental data and data from the literature.

For cerium dioxide there is a lot of thermodynamic data avail-
able in the literature. >21,23:32:33 In this work, the experimental
data obtained here for small é is presented as well as extracted
data from the work of Panlener et al. and Takacs et al. .>2! For
Cep.gs5Z1p.150,, the experimental data obtained is presented along
with the data of Hao et al. .

4| Journal Name, [year], [vol.],1-8
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Fig. 2 Change in enthalpy for the reduction reaction vs. vacancy
concentration §. Also plotted are fits of the form a +blog(6) that are
given in table 2.

0.1 Enthalpy
In order to determine the partial molar enthalpy for a given &
value one should note that equation 5 and 6 give the condition

1 po *Ah% AS%
21 ( 2) — 8.3 26
2\ e RT R (26)

S=const

Therefore, plots of %ln( Po,) Vs. I;_Tl for a given value of § should
give Akj as the slope.

To obtain the data at constant & required for these plots, the
experimental data and the literature data was interpolated be-
tween data points. None of the points were obtained by extrap-
olating, and each individual data set was interpolated separately.
Figures illustrating this method are shown in the ESI.

Figure 2, shows the extracted enthalpy values for both CeO,
and Cep gsZrg 1504, as well as fits of the data which are used in
the corrected model for Ah§(6).

Model Fitting

The experimental equilibrium vacancy concentration values § ob-
tained in this work can be seen in figure 3. Note that the values
of & measured for CeO, were quite small, resulting in low mass
changes and inevitably noisy data.

When fitting the data with the simple model (equation 23)
the change in enthalpy is a constant, which was fixed by taking
an average of literature values. %21 This model produces a better
fit if the system is allowed to deviate from the law of mass action,

n# 6i (see table 1).

Table 1 Fit parameters of the simple model given in equation 23.

Al O n Asg,
[(kJmol™']  [-] [-] [JK~" mol ']
CeO, 430 0.35 2.314+0.02 165+5
Ce(.95Z210.0502 395 0.41 2.4440.02 14446
Ceg g5Z219.1502 370 0.425 2.814+0.01 13145

This journal is © The Royal Society of Chemistry [year]
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O Takacs et al.
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*|=—— Corrected model
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CeO,_, Literature
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O Experimental data
i *[==- Simple model
10~ =|[— cCorrected model
107 107 102 10™ 10°
Po,
Sy hES ‘s\
A *s CeygsZry 150, Literature
~

N

O Haoetal
*[= == Simple model
.| Corrected model

10°10110210310"10°10°%10710%10%10 01 012
Po,

Fig. 3 Experimental equilibrium & values vs. po,, recorded isothermally with in graph labels showing the temperature in Kelvin, for CeO; (left) and
Ceq 552101502 (right) plotted with the best fit for both the simple model (equation 23) and the corrected model (equation 24). Above: Data from this

work. Below: Data from the literature. 36:21

However, the corrected model (equation 24), which includes
the enthalpy changing with composition, provides a better fit and

1
also obeys the law of mass action, n = —. This shows that the

é
system is well modelled as a dilute mixture of (Cer, V5Celk, )™
defect clusters with an enthalpy of reaction that depends on the
composition.

For very low vacancy concentrations in CeO,_g (6 — 0), the
formation of defect clusters is less likely, and thus the model will
underestimate the configuration entropy change and thus also §.
This can be seen in figure 3 for values of § close to 0.001.

Figure 3 also shows the experimental data for Cey 5219150,
as well as data from Hao et al. .° Again it can be seen that the
corrected model offers a better fit of the data, and obeyed the law
of mass action. The parameters of both the simple and corrected
model can be seen in tables 1 and 2 respectively.

Cep.95Z19050, was also fit with the simple model (see ESI)
using data from Takacs et al. and Hao et al. .521 Interestingly,
the simple model in this case obeyed the law of mass action and
offered a reasonably good fit. This makes sense as the partial

This journal is © The Royal Society of Chemistry [year]

Table 2 Fit parameters of the corrected model given in equation 24.
The fit values of Ax§ are plotted in figure 2.

=

Al n= 5 Asy,
[kJmol~!] [—] [JK~ 'mol!]
CeOy 395731.410g(5) 2.90+£0.01 1604+5
Cegg5219.1502 392+18.2210g(5) 2.3534+0.01 137.54+2

molar enthalpy for this material is approximately constant and
thus the simple model should adequately describe the system.
One of the main differences in the fits of the materials is the
value of Asg,
This makes good physical sense, as the thermal entropy here in-

which decreases with increasing Zr concentration.

1 .
cludes the term aRln(w(Ce«C _vescer,)), which corresponds to the
degrees of freedom of the defect clusters. For the Zr added sam-
ples, the fit values of &, increased, and @c.,, vecer,) should de-
crease, as Zr*t ions will reduce the number of lattice cites that
Ce,, defects can occupy.
From the values given in table 2, a simple estimate for the

Journal Name, [year], [vol.], 1-8 |5
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difference expected in Asy between CeO, and CeggsZry 50, is
R(2.91n(10)—2.344In(8.5)) =~ 14JK~ mol~!. This is relatively close
to that obtained from the model fits of ~ 22JK ! mol~!, espe-
cially considering the crude estimate used for the effect Zr** would
have on O(Cef, Ve Cel ) -

Discussion

The major differences between the model used here and those
used in previous studies are; the inclusion of the enthalpy’s com-
position dependence, and the maximum stoicheometry change
5, was not fixed and instead was fit using the data. It is more
usual to assume that all of the cerium ions can be in the Ce®*
state, which gives the values §,, = 0.5, 0.475 and 0.425 for CeO,,
Cep.g5Z15.050, and Ceg g5Zry 150, respectively.

Taking these fixed values of §,,, an interesting alternative model
can be obtained by assuming that there could be some mixture
of free defects and defect clusters giving a weighted average of
equations 17 and 18,

Asyae = 8Asg + aR(xIn(x) + (1 —x)In(1 —x)), 27)
where
(e] 1 (e] [e] 1
Asy = 550, +As, + _Rln(wclusters)7 (28)
2 Om
1<a<3. (29)

The value of a is then a measure of the extent of cluster forma-
tions, where a = 3 implies no defect clusters are present and a =1
corresponds to all defects forming (Cep, ViCep,)* clusters. In-
tuitively, one would also expect this model to offer information
about more complicated arrangements. For example if there are
interactions between defect clusters leading to energetically pref-
erential arrangements or some semi ordered phases, then one
would expect the value of a to be less than 1.
Differentiating equation 27 gives

_ aAS\?ac

As3(8) = (30)

Sy = syt éze(m(am —8)—1n(8)).
This model was also used to fit the data with the parameter a left
free and §,, fixed at the maximum values given above. Again the
enthalpy dependence was also included.

Figure 4 shows the entropy data and the two different models
proposed. In the case of CepgsZry 150, both models are essen-
tially identical as the fit §, was already very close to the max-
imum value of 0.425, and a ~ 1 for the alternative model. For
pure CeO, the differences are more pronounced. For the alter-
native model (equation 30) the value of a from this fit was 1.83
suggesting that there is some mixture of free defects and defect
clusters, which has been suggested by other authors in the liter-
ature.>?! For small & the alternative model deviates more from
the experimental As§ values from this work and the literature.
The models predicted & values are very sensitive to the entropy
dependence and so the alternative model does not offer a good fit
to the experimental § values, especially for § < 0.2 (plots in ESI).

In the literature other authors have approached this by as-

6| Journal Name, [year], [vol.],1-8
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Fig. 4 The partial molar entropy As§ vs. §, exiracted from the same
data as Ang, plotied along with literature data, the &, fit model (equation
21) and the alternative a fit model (equation 30).

suming that the dominant defect behaviour changes with &,22:34

which would correspond to giving a a dependence on §. The
physical reasoning behind this could be due to the change in unit-
cell volume changing the interactions between defects. Introduc-
ing an additional dependence a(d), can indeed lead to a good fit
over the data range, but it greatly increases the complexity of the
model and the fitting process.

Experimental data for CeO, indirectly supports the initial model
given in equation 24 with 8, = 0.345, in that no value greater than
this has been experimentally measured. For pure ceria in the flu-
orite phase, the largest value of § in the literature is 0.33, which
was measured by Ban and Nowick for a single crystal of CeO,.3°
Their attempts to reach a higher reduction state resulted in de-
composition to Ce;03. In addition, the change in Asy, as a result
of substituting in Zr*t was predictable. This was not the case in
the alternative « model (equation 30), in which Asy was found
to be independent of Zr** concentration. The maximum vacancy
concentration &, = 0.345 could mean that there is something lim-
iting the number of possible oxygen vacancies other than all Ce*+
being converted to Ge*T. For example the reduction could be pro-
ceeding towards some defect ordered structure at § ~ 0.345, with
further reduction requiring a full phase change to Ce;05.

Conclusions

Overall, this work offers a new physical understanding of ceria
based redox materials. The redox thermodynamics of all three
materials investigated (CeO,, Cepo5Zrp 050, and Ceg g5Zrp 1505)
can be appropriately described by a statistical dilute species model
of defect clusters (Cep, VgCep, )™, where in the case of ceria the
maximum non-stoicheometry was limited to 8, = 0.345. The model
was improved by giving the partial molar enthalpy of reaction a
compositional dependence, which was determined using experi-
mental equilibrium data from this work and the literature. Addi-
tion of Zr** into the ceria lattice decreases both the change in en-

This journal is © The Royal Society of Chemistry [year]
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thalpy and entropy of the reduction reaction. The decrease in the
change in entropy can now be understood as Zr** ions blocking
lattice sites in the cerium sub-lattice and thus reducing it’s asso-
ciated configuration entropy. The methodology used here should
also apply to many perovskites, which show very similar redox

behaviour to the ceria system 3.

Nomenclature
1) Oxygen non-stoichiometry
Om Maximum oxygen non-stoichiometry

Ag Molar change in Gibbs free energy

Ah Molar change in enthalpy

As Molar change in entropy

Ags Indicates partial derivative w.r.t. 8, %

g° ° indicates the value is at standard pressure
Po, Oxygen partial pressure

R Gas constant

kg Boltzmann constant

Ny Avogadro’s number

Asy,.  Change in entropy for CeO, — CeO,_5 + %02
Asg, Thermal entropy change

Ascon  Configuration entropy change

50, Entropy of oxygen gas
As;) Change in lattice vibrational entropy
Nm Number of species M

Ceg,  Cerium ion, Ce**

Cer, Ionized cerium ion, Ce**

04 Oxygen ion 0%~

Vs Doubly ionized oxygen vacancy

(Ceg. VECeg, ) Defect cluster
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