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Abstract. The paper reviews the available data on the electrical and mechanical properties of zirconia-
graphene composites. The effects of the graphene additive type, synthesis approach, and graphene additive
contents are analyzed in terms of these composites application in solid oxide fuel cells.

1. INTRODUCTION

Due to their unique mechanical, thermal and electrical
properties, materials based on zirconiaand its solid so-
Iutions are widely used in modern technology as con-
struction ceramics, refractory materials, and solid elec-
trolytes. Fluorite-like cubic solid solutions stabilized by
yttrium oxide Y O, (Y SZ) are considered as very per-
spective materials due to following attractive proper-
ties: dectricd conductivity of 0.1 S/cmand oxygentrans-
fer number ~1 at 1000 °C; these electrical propertiesare
coupled with chemical and thermal stability of the mate-
rial at such ahigh temperature giving the opportunity to
usethe material asasolid electrolytein Solid Oxide Fuel
Cells (SOFC), in-situ sensors for monitoring the com-
pleteness of the oxygen burning (Lambda probes), in-
situ high temperature sensorsfor the oxygen partial pres-
sure control in metallurgy and glass industry, etc.
However, the above advantages of Y SZ are coupled
with a number of drawbacks: insufficient conductivity
at low temperatures, material degradation at high tem-
peratures due to continuing grain growth,
recrystallization, and interaction with cathode and an-

ode materials. These drawbacks are the basic factors
limiting the development of a new generation of
electrochemical deviceswithincreased efficiency. Thus,
the problem of Y SZ modificationisquite actual .

The possible pathway of such modification can be
the development of Y SZ-based composites with
graphene — the material that is characterized by well-
known unique mechanical and electrical characteristics:
Young modulus of ~ 1000 GPa[1], charge carriersmobil -
ity of ~ 15000 cm?/V [2], and azero bandgap [3].

At the moment, studies on graphene introductionin
the zirconia-based systems are incomplete and the re-
ported results are contradictory. The task of the work
was to analyze the available data on zircona-graphene
composites focusing on the following points: interpre-
tation of the joint mechanisms the composites conduc-
tivity, the perspective application of such materials as
oxygen pumpsand galvanic el ements resulting fromthe
oxygen ions transition through the ceramic membrane
providing the required oxygen partia pressure[4], and
the effect of 2D materia graphene on the mechanical
properties of the materials.
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1.1. Abbreviations used

Y SZ - yttriastabilized zirconia, cubic ZrO,-based solid
solution stabilized by 8-9 mol.% Y ,0O,; SOFC — Solid
OxideFuel Cell; EMF — ElectroMotive Force; t-ZrO, -
tetragonal ZrO, modification; c-Zr O,— cubic ZrO, modi-
fication; 3YTZP — 3 mol. % yttria tetragonal zirconia
polycrystal, tetragonal ZrO-based solid solution sta-
bilized by 3mol.%Y ,O,; SPS—Spark Plasma Sintering;
FL G - few layer graphene, graphene with the number of
layersof 3-10; GNP - Graphene Nanoplatel ets, another
abbreviation for FLG; GNR — Graphene Nanoribbons,
graphene sheets with a typical width of ~ 50 nm and
length of ~ micrometers; CNF — carbon nanofibers; GO
— graphene oxide; r GO —reduced graphene oxide; ANFC
— graphene coated alumina nanofibers.

2. ZIRCONIA-BASED SOLID
SOLUTIONS

Zirconia-based solid solutionswith Y O, are character-
ized by acomplex formation mechanism. Following the
well-known phase-diagram (see, e.g. [5]) and the analy-
ses reported in [6], zirconium ion dimension (ionic ra-
diusof 0.83 A) isnot sufficient for cubic cell formation;
however, theaddition of relatively largeyttriumion (ionic
radiusof 0.96 A) makesit possible; asaresult, cubic cell
is stabilized. The maximal region of fluorite-like cubic
solid solution existence is available at 8-9 Y 0, mol.%
addition. Such areplacement of Zr* by Y3* ischaracter-
ized by the formation of oxygen vacancy in the nodes of
the crystal lattice following Reaction (1); as seen from
the reaction, two replacing yttrium ions form one oxy-
gen vacancy.

Y,0, —=—>2Y, +30;+V.. (1)

The addition of 3-4 mol.% of Y O, resultsin thete-
tragonal zirconia polycrystal formation; in contrast to
YSZ it is usualy called 3 mol.% tetragonal zirconia
polycrystall (3YTZP). Thisformislessstablethan Y SZ
due to narrow concentration region of the tetragonal
solid solution existence and due to possible phase tran-
sitioninto the monoclinic form (t-ZrO, — m-ZrO,) even
at low heating or mechanical impact. The comparison of
the mechanical propertiesof YSZ and 3Y TZPisgivenin
Tablel.

As seen from the Table, the PSZ fracture toughness
isfairly high. However, the above-mentioned transition
into the monoclinic phase does not alow the full use of
this property. To prove this fact, we can mention paper
[10] reporting the possibility of spontaneous transition
at low temperature <120 °C without any external impacts,
under the water vapor ambience only.

Let us briefly discuss the mechanisms of the Y SZ
conductivity. The electronic conductivity inthefluorite-
like cubic solid solutions is realized via the so called
“hopping mechanism” of the oxygen vacancies which
is athermoactivated process. To realize such a mecha
nism, electrolyte should possess a relatively high free
internal cell space along with a low defect migration
enthalpy <leV [11].

In turn, the ionic conductivity in YSZ depends on
many factors. temperature, defects dissociation, oxy-
gen partial pressure, Yttria contents, and even on the
synthesis approach. The temperature dependence of
the ionic conductivity s can be described by Arrhenius
equation:

E
ol Aexp( kT), (2)
where Aisapre-exponential factor and E, isthe activa-
tion energy of the ionic conductivity. In turn, theionic
conductivity can be described in terms of charge carri-
ersconcentration C, their mobility p,, and charge . For
the pure oxygen conductors C, is a function of the O*
ions concentration and can be written as:

o, =Cuaq, (3)

For the pure ionic conductors C, is characterized by a
number of oxygenionsintheunit of acrystal volumeN,
and apart of oxygen vacanciesin thelattice [V,]:

C =(1-[V.N.. (4)

The mobility of the charge carriers depends on the dif-
fusonraeD;:

Ho=—. 5
KT )
Inturn, the diffusion rate can be written as afunction of
migration enthalpy (AH,) and entropy (AS,), ion hop
distance (), respective lattice vibration frequency (v,),

Table 1. The comparison of the mechanical propertiesof Y SZ and PSZ.

YZ 3YTZP
Vickershardness (HV) 14.3-154[7] 13.02+1.05[8]
Fracture toughness (M PamY?) 361[7] upto15]9]
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Fig. 1. YSZ conductivity at high temperatures — com-
parison of the datareportedin[12-14].

and vacation concentration in the cell unit volume

([V;IN):

2 AS AH
D =a’v,[V,IN, exp( km)exp(— m). (6)

KT

Substituting (3)-(6) into (2), one can obtain the com-
plete expression for the Arrhenius equation of theionic
conductivity:

T=AV]Q-[V.]) ex ( AHmj
oT = - - ,
i o o p T (7)

where the pre-exponential factor A can be written as:

A 4 a’v.N exp( AS, )
= — |a'v .
k 0 o k (8)

For arelatively low defect concentrations [ V], the lat-
ter equation takes aform of:

T=AV ] ( m)
(o = — .
' 0l &P kT ©)

Thus, the ionic conductivity linearly depends on
the oxygen vacancies concentration and exponentially
depends on the migration enthal py. Asit was mentioned
above, two Y atoms incorporated into zircona produce
one vacancy, so, the conductivity should be a linear
function of Y O, contentswith atilt angle~ 1/2. Fig. 1
demonstrates the comparison of the experimental data
on YSZ conductivity according the data reported in
[12,1314].

Ascan be seen fromthe figure, the high temperature
Y SZ conductivity islinearly increasing with theincrease
in'Y O, contents up to 8-10 mol.%; the decrease in the
conductivity values is observed at higher yttria con-
tents. The presented data agree with above statement

on the maximal conductivity of the fluorite-like cubic
solid solution (completely stabilized zirconia). The Y3*
ions concentration increases at higher Y,O, contents
(over 8-10 mol.%), asaresult, their migration becomes
difficult. Inturn, thetotal conductivity decreases[15,16].

On the other hand, conductivity is not determined
by Y ,O, contents only. Asit was mentioned above, itis
also affected by the oxygen partial pressure, synthesis
approach (in fact, thermal and mechanical history), and
material microstructure. Let us briefly consider these
factors.

Generally, the oxygenionsdiffusionisdirectly con-
nected with the oxygen partial pressure (p,,,), inthe case
of SOFC, the p,,, difference between anode and cathode
isadriving force of SOFC work. On the other hand, the
oxygen ions of the ZrO, crystal lattice could leaveit at
low oxygen partial pressures (see Reaction (10) below)
providing the formation of two free electronswhich are
localized near the cations. These electrons can move
forming the electron conductivity.

1
O & V. + EOZ+ 2¢. (10)

The effect of microstructure and grain boundaries
size follows from the fact that the complete ionic con-
ductivity is a sum of two inputs: the grain’s conductiv-
ity (the conductivity of the grain bulk) and the grain
boundary one; usually, the grain boundary conductiv-
ity is two orders of magnitude lower than the grain’s
conductivity. The estimates of the above inputs can be
carried out by the electrochemical impedance
spectroscopy method based on the study of the com-
plete electrical resistance of the material asafunction of
the applied AC freguency.

The conductivity activation energies for the grain
and grain boundary conductivities also differ. Accord-
ingto[17,18], E, calculated for grain and grain bound-
ary conductivity are 0.81-0.84 and 1.0-1.04 eV, respec-
tively (data calculated for zirconiawith 1.7-2.9 mol.%
Y,0,). As for grain boundary oxygen conductivity, it
depends on the dopant contents, lattice mismatch, sur-
face charge, presence of microcracks, etc. [19].

A lot of works are reporting the material synthesis
modification aiming the increase in the complete Y SZ
conductivity. Authors of [20,21] reported the improve-
ment of the baking regimes; the decrease in the com-
plete conductive activation energy from0.83t0 0.69 eV
at hightemperaturesand from 1.03t0 0.8 eV at low tem-
peratures was stated. The conclusion on the effect of
the grain growth is done in these works. submicron
grains were obtained at the decrease of the baking tem-
perature down to 1200 °C. As aresult, the total grain
surface was significantly increased. Another approach
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Table 2. Comparison of the results obtained for different GO (RGO) reduction approaches.

Reduction approach Cl/Oratio Conductivity, Slcm  Reference
Chemical reduction by

Hydrazine hydrate 103 2 [29]
Hydrazine vapor 88 - [30]
VitaminC 125 7 [31]
150 mmole NaBH, solutionfor 2 hours 86 005 [32
Zn, 4 M H,SO, for 2 hours 212 34.16 [33
Multistep:

(1) NaBH, solution 48 082 [34]
(2) Concentrated H,SO,, 120 °C, 12 hours 86 166
(3)AnnedinginAr/H,at 1100 °C >246 02

Hydrothermal methods

Hydrothermal reduction at 160 °C for 4 hours - 8.310* [39]
Thermal approaches

Annealing at 900 °Cinvacuum - 141 [30
Annealing at 1100 °Cinvacuum - 10° [36]
Annealing at 1100 °CinAr/H, - 727 [37]
Microwave reduction <114 <1210 [39]

reported in [22-24] isthe addition of some special agents
that can be concentrated on the grain boundaries
giving riseto their modification. Authorsof [25] demon-
strated the effects of multi-step baking that included
the step of intermediate annealing at 1200 °C for 10-40
hours; however, further increase in the annealing tem-
perature as well as the increase in the annealing dura-
tion did not show additional effect.

3. PECULIARITIES OF THE
GRAPHENE INTRODUCTION INTO
THE COMPOSITES

The unique properties of graphene mentioned in the
Introduction section are well-known due to numerous
studies, so, their discussion here looks redundant. In
this Section, we would like to focus on the peculiarities
of the graphene introduction into the composites con-
sidered asindustrial materials.

First, it should be mentioned that the practical use
of monolayered graphene is usually quite difficult or
impractical duetoanumber of reasons. At first, the pro-
duction of pure defect-free monolayered graphene is
expensive and labor intensive. Second, the excess sur-
face energy of the pure graphene separated from the
wafer makesit unstableto torsion. So, itisreasonableto
use some graphene derivatives or graphene-containing
materials for industrial applications. Surely, the use of
such substituting materials is reasonable when their

production cost is much lower than that of pure
monolayered graphene and the difference between their
properties and graphene propertiesisminimal. Thefol-
lowing material sthat meet these criteria should be men-
tioned: few layer graphene (FLG) — graphene fragments
with the number of layersof 3-10, also known asgraphene
nanoplatelets (GNP), graphene nanoribbons (GNR) —
narrow graphene ribbons with the width lower than 50
nm at the length of micrometers, they can be produced
from carbon nanotubes. A group of materials character-
ized by relatively simple synthesis approach should be
mentioned — single layer graphene sheets with some
defects: functional groups, dot defects, structure dis-
tortions, etc. Among these materials, the graphene ox-
ide (GO) and the reduced graphene oxide (rGO) should
be mentioned due to their production simplicity. In ad-
dition, GO and RGO are hydrophilic and form suspen-
sions in water, this makes their use in the composites
production technology rather easy. On the other hand,
graphene oxidation results in the increase in the
interlayer distancefrom 3.35 A to~7 A [26]. At present,
more than five models of GO (RGO) structures are sug-
gested, none of them became generally accepted. The
carbon-to-oxygen (C/O) ratio isusually used to charac-
terize the oxidation completeness, it varies from 10 or
even morefor low oxidized materialsto 2.1 for the case
of maximal oxidation [27]. Modified Hummersmethod is
usually applied to oxidize graphite, see. e.g. [28]; it can
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be simply exfoliated to graphene oxide by heating or
mechanical impact.

A number of approaches were suggested for further
GO (RGO) reduction; it should be noted that none of
them provides the complete reduction: usually, some
residual carboxyl groups as well as defects resulting
fromtheir reduction are present in thefinal product. The
best results obtained are C/O ratio of 12-14 and relative
conductivity up to 10* S/cm, see Table 2.

Asseen fromthetable, the obtained results are con-
tradictory. However, we can conclude that most of the
approaches applied provide C/O ratio higher than 8;
high temperature annealing in the reduction atmosphere
(argon-hydrogen) seems to be the most effective here.
In contract, the spread of the conductivity values is
quite impressive; its analysis should be a point of a
separate review.

It should be noted that practical implementation of
the different reduction approaches faces individual ad-
vantages and drawbackstypical for each method. Chemi-
cal reductionsare smpleinredlization, in addition, there
iSno necessity in high temperatures. However, some of
these methodsare toxic and explosive, in addition, high
rGO coagulationistypical here. Hydrothermal and ther-
mal methods give the opportunity to obtain better C/O
ratio (up to 15-18), but the production of graphene sheets
with a large surface is quite difficult here, in addition,
thereduction of thinfilmsispractically impossible. Gen-
erdly, the higher isthe reduction temperature, the higher
is the obtained conductivity, see Fig. 2. Obvioudly, the
type of the atmosphere is important here, since reduc-
tion process releases oxygen, vacuum or reduction at-
mosphere should be used.

Summarizing the above consideration, one can con-
clude that the type of the graphene derivative and the
approach used for its production will significantly af-
fect the graphene-containing composites properties. The
balance between the process simplicity and low cost
and the final composite properties should be chosen for
industry applications.

4. ZIRCONIA-GRAPHENE
COMPOSITES

The addition of the graphene to oxide and non-oxide
ceramics could significantly improve the material prop-
erties [39,40], hence, the development of “ceramics-
graphene” composites is the important task of modern
science.

4.1. Synthesis

The first step of the “zirconia-graphene” synthesis is
theinitial powder mixing. It could berealized in anumber
of modifications.
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Fig. 2. rGO conductivity vs reduction temperature, re-
calculated datafrom[37].

(1) Dry milling. Dry milling is carried out in planetary
ball mills, thisapproachin case of ZrO, islimited by the
fact that zirconia possesses high hardness; so, the con-
ventiona steel vessels with steel balls can not be used
here. In additions, dry milling is usually accompanied
by the significant temperature increase leading to par-
tial GO reduction; to prevent it, neutral gas atmosphere
isrecommended.

(2) Liquid mixing. Thisapproachin conventionally re-
dizedinafollowingway. Ceramic precursor powder and
graphene derivative are dispersed separately inthe same
solvent. Mixing conditions here are selected account-
ing for particle size distribution, solvent type,
surfactants presence, etc.; mixing is carried out by me-
chanical or magnetic stirrers, or by ultrasound mixing
[41,42,44]. In some cases, the ceramic-containing sol-
vent is added to the graphene derivative suspension
[44,45]. Sometimes, wet precursor and graphenederiva-
tive powders are mixed viaball milling in the planetary
mills[46,47]. Water can be used as a solvent in case of
GO usage, the use of organic solvents is rarely men-
tioned, see, e.g. [48]. Onthecontrary, theuse of graphene,
GNP, and GNR requires organic solvents application,
the use of water with surfactants is also possible, but
not optimal [49]. The important step of this method is
drying: spray drying, freeze-drying, and rotary evapo-
ration are used to decrease agglomeration and separa-
tion of the powder mixture. It should be noted that the
use of liquid mixing is rather limited in case of ZrO,-
based composites due to specific problems with sus-
pension formation.

(3) Sol-gel methods. Generally, sol-gel approach could
result in the excellent components mixing up to molecu-
lar level, water GO suspensions could be used as car-
bon-containing additives here. Theidea of such method
istheformation of hydroxidesin the carbon-containing
suspension which are acting asthe crystallization centers
[50]. Another possibility isthe addition of GO to freshly
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Fig. 3. Ceramics conductivity vs graphene contents at
room temperature, where: 3YTZP — 3 mol.% Y,O,
tetragonal ZrO,; YSZ -8 mol.% Y, 0, cubic ZrO,; ANFC
-AlO, nanofibers covered by graphene, datafrom [53-
55,57,58,60,67].

precipitated hydroxide sol [51]. It should be mentioned
that in spite of the fact that the described method is
quite promising, the number of investigations in this
fiddislimited.

The prepared powder mixtureisthen baked; the most
effective approach hereis Spark PlasmaSintering (SPS)
since the limited process duration prevents the reac-
tions between zirconia and carbon-containing phase,
carbon burning, and thermal degradation of the mate-
rial. Inaddition, SPS of zirconia-GO powdersresultsin
GO reduction to rGO giving the opportunity to omit the
reduction step in the production process[52]. Hot pres-
sure / hot isostatic pressure are used less often, while
the conventional baking without pressingisquitearare
approach.

4.2. Electrical characteristics of
ZrO,-graphene composites

Graphene, possessing the extra-high values of the
charge carriersmobility (15000 cm?/V [2-6]), isan excel-
lent electronic conductor. It isevident that the graphene
addition to a ceramic matrix should decreaseits el ectri-
cal resistance. However, this effect isnot significant till
the graphene contents in the material is reaching some
specific value, seeFig. 3. Thisvalue- percolation thresh-
old — is the minimal contents that is necessary for the
formation of the connected and extended 3D net of the
graphene subphase; this subphase provides the mate-
rial conductivity. For the zirconia-based systems such
anincreasein the material conductivity is4-8 orders of
magnitude.

The further graphene contents increase over the
percolation threshold value does not produce any sig-
nificant increaseinthe material conductivity and itsvaue
reaches a plateau. We should note that such a tendency

isobserved for al ceramic materials; the conductivity of
puredielectrics (Si,N,, AlLO,, AIN) at that increases up
to 8 orders of magnitude, while for the ceramics pos-
sessing their own conductivity such anincreaseisshown
to be 3-4 orders of magnitude[39].

The experimental dependencies could be approxi-

mated by asimple percolation model as:

G, = Ge(graphene) (Vh _Vh,c)t' (11)
wherec ando, coherey € theconductivities of the com-
posite and the conducting phase (graphene), respec-
tively, V, is a volume fraction of the conductive addi-
tive, V,  isthecritical volume (the volume necessary for
percolation onset), and t — the empirical parameter de-
scribing the connectedness of the conductive phase. It
should be noted that the application of the above model
is limited — is can be used only for the systems with
V,>V, . and near theV, - point. Another approximation
models can be devel oped basing on the effective medi-
ums[43] or smplemixing rule[56].

Another typical feature of the zirconia-graphene
compositesisthe anisotropy of the conductivity result-
ing from the preferable orientation of the graphene
sheetsin the composite. Thisfeatureis quite evident in
case of SPS use since the method is directed and it has
acompression axis. Theparalle o, and ¢ perpendicular
inputsinto the conductivity are usually considered, their
directions are treated relatively to the direction of the
compression axis. The ratio of these conductivities is
usually characterized by so-called anisotropy factor
Gl/c |, for zirconia-graphene systems it can vary in a
widerange, see Table 3.

The difference in the percolation threshold value
could be due to the different characteristics of the pre-
cursor powders used for composites synthesis; but the
form of the graphene sheet used seems to be the domi-
nant factor here. As follows from the data reported in
[59], the optimal percolation threshold value of 0.34
vol.% GO and the conductivity of 10° SYmat 2.35vol.%
GO contents could be obtained for Al,O,-GO system
due to the use of the colloidal synthesis providing the
high uniformity of GO distribution at the grain bounda-
ries. The authorsof the paper stated that the optimal GO
sheet shapethat could result in the minimal percolation
threshold value of 0.13 vol.% GO is a fiber with the
length-to-width ratio of ~ 1000. Such an additive in a
formof Al,O,/GO nanofibers (ANFC) was used for the
3YTZP ceramics modification in [60]. Asaresult, con-
ductivity of 0.72 S/m at such a low graphene additive
contentsas5 vol. % ANFC (0.34 wt.% GO). The percola-
tion threshold here was also significantly lower than
the values reported in the most of works on zirconia-
graphene systems. Graphene nanoribbons obtained as



Electrical and mechanical properties of zrconia-graphene composites 33

Table 3. Conductivities and anisotropy factor in the zirconia-graphene systems.

Ceramic Graphene-containing c,(Sm) c (Sm) ofc, Reference
meatrix additive/ Temperature
3YTZP 5vol.% GNP/ 298K 1349+0.09 453403 3.36+0.05 [57]
5vol.% GNP/ 750K 182 555 34
10vol.% GNP/298K 16.57+0.11 113.3+1.1 6.84+0.11
10vol.% GNP/ 750K 246 14 422
20vol.% GNP/ 298K 234+7 275.9+1.9 1.18+0.05
20vol.% GNP/ 750K 21 29 132
YZ 10vol.% GNP/ 393K 229 255 1113 [58]
10vol.% GNP/ 740K 302 283 10.87

aresult of carbon nanotubes breaking can be also used
here since the geometry of the obtained GO ribbonsis
similar to that in the case of ANF [61].

Note that the above considerations deals with the
electrical characteristics of zirconia-graphene compos-
ites at room temperature where theionic conductivity of
stabilized zirconiaisnegligibleand it can betreated asa
dielectric. However, thisionic conductivity at hightem-
peraturesincreases: it can reach 0.1 S‘cmfor cubic Y SZ
and this value is quite comparable with the electronic
conductivity that appearsin the ceramic composites due
to the graphene additives. So, zirconia-graphene com-
posites at high temperatures should possess the Mixed
Electronic-lonic Conductivity (MIEC). Such a mixed
conductivity iswell known for ABO, perovskiteswhere
B isatransition meta. Such materialsare usedin SOFCs
[62], oxygen transport membranes[63], additional cata-
lyst layers [64] and some other applications. Since the
exploitation conditions here are 600-900 °C and oxygen
amosphere, thelifetime of the devicesusing perovcskite
materia sisrather low dueto their relatively low chemi-
cal resistance.

Y SZ-graphene composites possessing high chemi-
cal and phase stability in the above temperature range
in the reactive atmosphere are considered as the excel-
lent MIEC materials with the potential to substitute
perovskite materials in most of the applications dis-
cussed.

Let usbriefly consider the minimal requirementsfor
the SOFC cathode material. They are: (i) the presence of
the electronic conductivity; (ii) ionic conductivity is
desirable; (iii) chemical and phase stability at high tem-
peratures in the oxygen ambience; (iv) thermal expan-
sion coefficient closeto that of solid electrolyte (Y SZ);
(v) the absence of chemical interaction between the cath-
ode material and the electrolyte. With respect to the
above requirements, Y SZ-graphene composites seem
to be ideal candidates here. Thus, the study of Y Sz-
graphene composites synthesis, their electrical proper-

ties, conductivity mechanisms at high temperatures,
phase and chemical stability ininert, oxidation, and re-
duction atmospheres are the point of essential interest.
However, the number of the worksin thisfield isfairly
limited till now [57,58,65]; summary of theavailablere-
sults on the conductivity of the zirconia-graphene sys-
tems is shown in Fig. 4. As seen from the figure, the
composites conductivity at temperature increase can
both be increased or decreased; however, this effect is
low (less than 5%). Such a change is due to the proc-
esses taking place in the graphene-containing phase.
Similarly to graphite [66], graphene can demonstrate
metallic or semiconductor properties depending on the
number of the structure defects. The temperature in-
crease in the case of the high structure defects number
will favor the increase in the probability of the electron
overcoming apotential barrier of the movement through
the defect. The graphene behavior hereiswell described
by the Motts conductivity model in the variable range
hopping (VRH) regime[57].
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Fig. 4. Temperature dependence of zirconia-graphene
composites conductivity in comparison with the AL,O.-
GNP composite, summary of [57,58,65] .
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The conductivity values here are dependent not on
the ceramic matrix type and its own conductivity, but,
similarly to the case of conductivity at room tempera-
ture, they depend on the type and shape of the graphene
additive. However, authors of [65] have demonstrated
that the ceramic matrix can affect the composite con-
ductivity viatheinteraction of the matrix oxygen vacan-
cies (even in the case these vacancies are not mobile)
with charge carries of the graphene — electrons. The
vacancy can accept the electron from graphene, as a
result, two initial states for electron and vacancy are
replaced by a single state of the hole conductivity with
the Fermi level lower that conductivity zone; inturn, the
total composite conductivity is decreased.

To prove the above suggestions, the authors of [65]
investigated the temperature dependencies and thermal
Electro-Motive Force (EMF) for a number of ceramic
matrix componentswith 5vol.% of FLG, seeFig. 5. The
initial particle sizesinthe precursor powders aswell as
thefinal grain sizesin the compositeswere equal, hence,
the structure effect was excluded. The amount of the
oxygen vacationswasasfollows: Al,O,<3Y TZP<8Y SZ.
As seen from Fig. 5a, Al,O,-5FL G possesses the high-
est conductivity in spite of arather high ionic conduc-
tivity of 8Y SZ-5FLG composite. The values obtained
for thermoEMF (the Seebeck effect) were of different
signsfor pure GO baked by SPSand Al O,-5FL G com-
posite (negative) and for zirconia-graphene components
(positive) , see Fig. 5b; the authors consider thisfact as
being due to the difference in the conductivity types.
Thehigher 8Y SZ-5FL G values of conductivity and ther-
mal EMF than those registered for 3Y TZP-5FLG were
not discussed; we assume them as a result of the YSZ
ionic conductivity. It should be noted that the conduc-
tivity anisotropy maintained in all thetemperature range,
seetheresultsreported in [57] for 3Y TZP matrix com-
posites with 5, 10, and 20 vol.% GNP; the anisotropy
factor remainsconstant for all compositesat 298-750 K.

4.3. M echanical properties of zirconia-
graphene composites

Generally, the factors limiting the ceramic composites
application as a construction material are their fracture
toughness characterized by K, . parameter and hard-
ness, the addition of graphene is assumed as a promis-
ing pathway to improve these characteristics. However,
the experimental datareportedin, e.g. [67,68], seeFig. 6
and Table 4 are contradictory.

These discrepancies could be due to the following
reasons. First, the conventional approach to determine
the Vickers hardness is the indentation by the diamond
prism with 136° angle and further measurements of ra-
dia cracks. Zirconia-graphene composites are aniso-
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Fig. 5. Temperature dependencies of (a) conductivity
and (b) thermal EMF for Al,O,-5FL G, 8Y SZ-5FLG, and
3Y TZP-5FL G composites, according to datareported in

[65].

tropic materialswhere theradial cracks could be rather
small or, sometimes, absent, see, e.g. [69]. The nature of
the graphene additive (rGO, CNP, FLG, etc.) could also
affect the mechanical characteristics. Thegrainsizedis-
tribution, composite microstructure, and the uniformity
of the graphene additive distribution in the zirconia-
graphene composites (these characteristics depend on
the synthesis approach and, mainly, on the thermal his-
tory of the material) also affect the hardness and frac-
ture toughness of the materials.

Authors of [67,68,70] reported the improvement of
the fracture toughness even at low amounts of the
graphene-containing additives. SPSsintered 3% Y TZP-
rGO compositeswere studied in[67]. Asseen from Fig.
6, the fracture toughness in these composites increases
withthe RGO contentsincrease, whilethe Vickershard-
ness shows some decrease. Conventionally, the decrease
changesare explained intermsof thegrain size changes:
thelessisthe average grain size, the higher isthe mate-
rial hardness. However, the average grain size of the
composite matrix in [67] was decreasing with the RGO
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contents increase. The authors of the paper considers
the hardness decrease here as being due to the density
decrease coupled with the residual porosity increase.
However, this statement contradicts the reported den-
sity measurements. for all composites studied it was
estimated as 98% of the theoretical one. The fracture
toughness parameter reported for pure Y SZin [67] was
4.4 MPam2, 4.1% rGO addition increasesthisvalue up
t0 5.9 MPam¥2, thisimprovement ismore than in case of
zirconia — carbon nanotubes composites. The authors
assumes this effect as a result of grains “wrapping” by
2D graphene sheets with the formation of so-called “core-
shell” composites.

Similar systembased on 3Y TZP with CNP additions
[68] showed higher crack-resistancevalues: 8.9-9.5 MPa
mY2 for the pure zirconia ceramics and up to 15.3 MPa
mY2 for the zirconia-graphene composites. Theincrease
in the fracture toughness due to the graphene-contain-
ing additionsin the ceramic matrix is ~60% here. Note,
that the values of fracture toughness obtained for the
composites zirconia-graphene composites in [68] are
much higher (2-2.5 times) than thosereported for similar
zirconiamatrix modified by rGOiIn[67], seeFig. 6. This
increase can be explained by the different type of

graphene-containing addition as well as by the use of
another synthesis approach. Indeed, the authors of [68]
applied plasmaassisted sintering (PAS) instead of SPS,
there are some data stating that PAS favors the impuri-
ties evaporation from the composites. The hardness of
the samplesis slightly increased.

Summarizing the discussion of the work, we should
mention that the excellent results obtained in fracture
toughness increase should be treated with regard to the
fact that, in contrast to other works, the values of the
fracture toughness here were determined using single-
edge notched beam approach (SENB); hence, the com-
parison of these results with another data should ac-
count this difference. The fact that GNP addition evi-
dently affects the fracture toughness, while the com-
posite hardness seems to remain constant within 3-5%,
also requires additional discussion.

Paper [ 70] reportsthe study of 5Y SZ matrix compos-
ite with GNP addition. The increase in the graphene-
containing additive contentsin the compositeup to 2.88
vol.% (0.5 wt.%) resulted in the increase in fracture
toughness, hardness, and elasticity by ~36%, ~13%,
and ~18%, respectively. However, the further increase
in GNP contents led to the mechanical properties de-
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Table 4. Comparison of the data on mechanical properties and relative densities obtained for zirconia-graphene

composites.
System Grapheneadditive Temperature, Relativedensity, Hardness, Fracture Refe-
amount, vol.% °C % of the GPa toughness, rence
theoretical value MPam2
YZ+GO 0 1350 >08 1250 44 [67]
06 120 45
18 11.19 47
3 11.19 53
41 1090 59
Y SZ-GNP 0 1200 >08 11.36 89 [68]
1300 1246 95
1400 1095 90
001 1200 1356 12
1300 1233 153
1400 1269 93
003 1300 1258 135
005 1300 1302 105
5YSZ-GNS 0 1400 >9%6 11.0+0.57 4.140.22 [70]
288 12.440.12 5.6+0.06
431 12.1+0.34 5.3+0.08
5.75 11.7+0.31 4.740.05
3YTZP 0 1300 ~9 15.740.2 4.6+0.1 [71]
3YTZP-GO 2 15.040.2 5.0+0.3
3YTZP-CNFs 2 14.740.2 53403
100 1 5.6 l l ; l b
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crease, primarily, dueto the decreasein the material den-
sity. The data reported in [70] agree with the results of
[67].

The authors of [72] argue with the previous state-
ments considering that the graphene-containing addi-
tion does not significantly affect the mechanical prop-
ertiesand crack formation mechanism, but manifestsit-
self asalubricant only. Zirconia-based compositeshere
were produced by SPS synthesis, GO and GNF were
used as the graphene-containing additives, the results
arepresented in Fig. 7.

Asfollowsfromthe presented data, the crack length
incaseof pure3Y TZPisquite similar to that determined
for the compositeswith up to 1 wt.% GO addition, frac-
ture toughness here is constant for all samples studied
within the experimental error. Fig. 7 demonstrates the
data on GO additions, the use of GNF gives the same
effect.

Authors of [72] studied the dependencies of com-
posite fracture toughness, hardness, and relative den-
sity on the synthesis temperature and the relative den-
sity of the final composites; it was assumed that me-
chanical characteristics of the samples equally depends
on the graphene-amount in the composite and on its
density. It should be mentioned that the important pe-
culiarity of the discussed work was the synthesis ap-
proach: baking wascarried out in air, S0, one can expect
the significant carbon-phase burning during the proc-
ess[73]. In spite of this fact, the high composites den-
sity (>98% of the theoretical one) was obtained at the
synthesistemperature of 1400 °C. Some dlight increase
in the fracture toughness was also observed, while the
hardness values remained constant.

6. CONCLUSIONS

The presented analysis prove that zirconia-graphene
composites could be considered as promising materials
for modern technologies; primarily, their applicationin
Solid Oxide Fuel Cells seems quite attractive. It should
be noted that the available data did not demonstrate
any significant effect of graphene-containing additives
onthe mechanical propertiesof the zirconia-based com-
posites. In particular, this effect on the fracture tough-
ness and hardness is comparabl e with the effects of the
synthesisapproach and final ceramics density. Graphene
addition in zirconia-based composites provides the on-
set of electronic conductivity in them, as a result, the
produced materials are characterized by Mixed Elec-
tronic-1onic Conductivity. Coupled with high chemical
and phase stability, this characteristic makes zirconia-
graphene compositesthe unique material for SOFCsand
high-temperature sensors. However, the analysis of the
available literature demonstrates that the data on the

most promising composite based on cubic ZrO,-based
solid solution stabilized by 8-9 mol.% of Y O, are quite
poor. Thus, the further investigation in thisfield is nec-
essary, the effect of the synthesis approach as well as
the graphene-additive type and contents should be
clarified.
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