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a  b s t r  a  c t

The aim of present work was the examination of the role of the  high efficient attrition

milling on the structure and grain size of ZrO2 – 8 mol.% Y2O3 (YSZ) and on the distribution

of  multiwall carbon nanotubes (MWCNTs) in these powder mixtures. The microstructure of

YSZ/MWCNTs powder mixtures with 1, 5, 10  wt.% MWCNTs was investigated. Detailed study

confirmed the YSZ grain size decrease and simultaneously the non-destructive homoge-

nization of MWCNTs in the  ceramic powder mixtures. The best homogenization degree was

achieved in the  case of YSZ/1 wt.% MWCNT powder. Raman scattering measurements were

performed to investigate the atomic bonding and structural integrity of carbon nanotubes.

The  presence of the G and D bands in each samples at ∼1590 and ∼1355 cm−1 confirmed the

unaffected structural integrity of MWCNTs after the  milling process. In addition to  Raman

measurements the high resolution transmission electron microscopy (HRTEM) studies have

shown that the structure of MWCNTs remains intact after milling.

© 2018 SECV. Published by  Elsevier España, S.L.U. This is an open access article under the

CC  BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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de  nanotubos  de  carbono  en  los  polvos  YSZ
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r e  s u m e n

El propósito de este trabajo fue la evaluación del rol de la molienda por atrición en la

estructura y  tamaño de grano de  ZrO2 – 8 mol.% Y2O3 (YSZ) y  la distribución de tubos de car-

bono  multipared(MWCNTs) en las mencionadas mesclas mixtas pulverizadas. Se investigó

la  microestructura de  los polvos YSZ/MWCNT. El estudio detallado confirmó la disminu-

ción  del tamaño de grano YSZ y,  simultáneamente, la homogeneización no destructiva de
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MWCNT en las mezclas cerámicas pulverizadas. El mejor grado de homogenización fue

alcanzado en el caso de YSZ al 1%  en peso de MWCNT. Se realizaron mediciones de disper-

sión  Raman para investigar la unión atómica y la integridad estructural de los nanotubos

de  carbono. La presencia de  las bandas G y  D en cada muestra a ∼1590 cm-1 y ∼1355 cm-1,

confirmó que la integridad estructural de los MWCNT, no fue afectada después del  proceso

de  molienda. Además de las mediciones de Raman, los estudios de  microscopía electrónica

de  transmisión de alta resolución (HRTEM) demostraron que la estructura de los  MWCNT

permanece intacta después de la molienda.

© 2018 SECV. Publicado por Elsevier España, S.L.U. Este es un artı́culo Open Access bajo

la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Investigation of advanced ceramics, namely zirconia and their

composites became an important task for tremendous scien-

tific research dealing with energy production, conversion and

storage. The incorporation of an  additive phase into zirconia

matrix appears as  a  very promising approach, especially for

enhancing the thermo-mechanical and the electrical proper-

ties of the composites [1].  Therefore, advanced ceramics are

widely explored for energy applications and different ceramic

components are applied to  solid oxide fuel cells, super capac-

itors, hydrogen storage systems and photovoltaic solar cells

[2]. Fuel cells are classified according to two different cat-

egories. The first  one depends on the nature of the  fuels

used for power generation [3] such as hydrogen [4],  methanol

[5], fossil fuels [4] or  biomass-derived materials [6].  The sec-

ond category includes the composition of the catalysts to

speed up the electrochemical processes regarding the differ-

ent possible working temperature of the cell [7]. The solid

oxide fuel cells (SOFC) operating at high temperature from

800 ◦C to 1000 ◦C  are one of the best efficient power generation

devices devoted to produce clean energy without environ-

mental damages [8]. Yttria-stabilized zirconia (YSZ) is used

to be the most frequently electrolyte material for SOFC [9]

to convert the chemical energy of the reactants directly into

electricity and heat. The output of the reaction is water.

The high temperature can cause many  problems in terms

of anode-electrolyte–cathode degradation and lifetime of the

cells [10]. The main challenge is the decrease of the  high

working temperature of fuel cells. Liu et  al. identified and

analyzed the main issues responsible for cathode degradation

in SOFC [11].  The microstructural changes at the interface of

LSM ((LaxSr1−x)yMnO3)/YSZ cathode and YSZ electrolyte intro-

duced a reduction of the  LSM craters and the  formation of new

phases of the insulating zirconate. The lack of oxygen con-

tent in the air introduced to  the  cathode gas was attributed

as a major factor responsible of LSM craters reduction. Ni-

YSZ cermet anodes are the most common electrode for  SOFC

operating at high temperature. The metallic Ni  particles are

responsible of electron conduction produced from hydrogen

oxidation according to the following reaction [12]:

2H2 + 2O2−
→ 2H2O  + 4e− (1)

The high porosity density is recommended for Ni-YSZ cer-

met anodes to ensure the required performance of the cells.

Indeed, Triple Phase Boundary (TPB) is  the point where Ni,

YSZ,  and the pore meet and participate in electrochemical

reaction [13].  The produced water molecule is transferred out-

side of the anode through the pores. Ni-YSZ anodes work as

a  catalyst used to reform the methane. Therefore, impurities

such as carbon deposition named also “cooking” or “sulphur

deposition” remain the  major issues responsible for the fast

anode deterioration. The presence of sulphur and intensive

sulphur deposition contributed to  the delamination of anode

layer and block the  nickel grains. This fact caused the limi-

tation of the hydrogen atom’s movement and thus leads to a

significant decrease of the cell efficiency. Cheng et al. found

that the formation of sulphide (Ni3S2, NiS) can be  limited by  a

high cooling rate about 70 ◦C/min [14].  While the carbon depo-

sition on the porous anode can occur in different forms such

as fibres, whiskers or graphitic carbon causing micro mor-

phological changes of the  anode resulting in deactivation or

breakdown of the catalysts [15].  Many recent studies proved

that the temperature of sintering is an important parameter

in obtaining a  small grained structure for a  better performance

of SOFC electrolyte [16].

One of the advanced application of ceramics as  solar cells

resulted in low thermal emittance and increased corrosion

resistance at elevated temperatures by applying of the addi-

tional layers of zirconium thin film between substrate and

absorber [17].  Supercapacitors are  developed on the basis of

zirconia doped CNT or graphene characterized by enhanced

mechanical and electrochemical properties. Amirante et al.

concluded that the capacitance of supercapacitor materi-

als is depending strongly on the carbon nanotubes (CNTs)

orientation [18]. Alves et al. studied the new concept of a

ternary composite consisting of ZrO2 nanoparticles, reduced

graphene oxide (rGO) and in situ polymerized Pyrrole (PPy).

It was proved that the addition of zirconia influenced the

morphology and increased the porosity of the electrodes

resulting in  remarkable enhancement in the capacitance of

the supercapacitor [19].  On the other hand, a significant

improvement in both compressive and torsional resistance

has been reported. Different alloys of metal hydrides mate-

rials have been studied in the literature namely: cerium,

lanthanum and nickel (Ce-La-Ni) or magnesium hydride

combined with zirconium oxide and single-walled carbon

nanotubes. However, this modern method of storage has

some limitations as  high thermal stability, difficulty to decom-

pose the  hydride system into metal and hydrogen gas  or

a poor kinetics rate of hydrogenation and dehydrogenation.

El-Eskandaranyetal et al. studied the doping effect of MgH2
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nano-powders with 10 wt.% of nanocrystallite ZrNi5 on the

hydrogenation/dehydrogenation behaviour [20].  These results

showed improved properties with a short absorption time

of 1 and 10  min  to release 5.3 wt.% of H2.  This study con-

firmed that the zirconium tetrachloride (ZrCl4) as  a catalyst

into MgH2 exhibited a  notable reduction in the dehydrogena-

tion and rehydrogenation temperature. More  importantly,

ZrCl4 prevented the grain growth of the hydride for better

cyclic performance [21].

The aim of our study was the development of

YSZ/MWCNTs as  nickel free SOFC material. This work

presents the main results of first preparation step; milling

and homogenization. The detailed structural design of milled

YSZ/MWCNT powder mixtures with various addition of

MWCNTs from 1 to 10 wt.% was performed. The structural

and morphological properties of powder mixtures were inves-

tigated by scanning electron microscopy (SEM), transmission

electron microscopy (TEM), high resolution transmission

electron microscopy (HRTEM), X-ray diffraction (XRD) and

Raman spectroscopy.

Experimental

Preparation  of  powder  mixtures

ZrO2 – 8 mol.% Y2O3 (yttria-stabilized zirconia (YSZ), Sulzer

Metco AMDRY 6643) with an average grain size 40  �m was

used as base material for powder mixture preparation (Table 1,

Fig. 1a). Commercially available multiwall carbon nanotubes

(MWCNT, type NC3100TM, Nanocyl) with an average diameter

9.5 nm and an average length 1.5 �m were added to zirconia

Table 1 – Composition of reference sample
and YSZ/MWCNTs powders.

Sample YSZ (wt.%) MWCNT (wt.%)

YSZ-100 100 0

YSZ-99 99 1

YSZ-95 95 5

YSZ-90 90 10

powder at different concentrations (1, 5 and 10  wt.%) (Table 1,

Fig. 1b, c).  High efficiency attritor milling (Union Process, type

01-HD/HDDM) was  used (4000 rpm, 5 h) for powder mixture

preparation. Each batch with 80 g final product was mixed in

zirconia tank (750 cm3) by 130 g ethanol and 280 mL  zirconia

balls (each of 1 mm  diameter). The obtained powder mixtures

were dried at 172 ◦C for 25 minutes, then sieved by 100 �m

mesh (Fig. 1d).

Characterization  methods

The phase analysis was performed by X-ray diffractometry

(XRD) with Cu K� radiation using a  Bruker AXS D8 Discover

diffractometer equipped with Göbel-mirror and a scintillation

detector. Energy dispersive X-ray spectroscopy (EDS, Rontec

Si (Li) detector with ultrathin window) was used for elemen-

tal identification of the powder mixtures after 5 h of milling.

The morphology and the characterization of the powders

were studied by Scanning Electron Microscopy (SEM, LEO1540

XB) and Transmission Electron Microscopy (TEM, Philips CM-

20) and High Resolution Transmission Electron Microscopy

(HRTEM, JEOL 3010) operating at 200 and 300 kV, respec-

tively. Raman spectroscopy is  a  well-known, non-destructive

40 µm

2 µm20 nm

400 nm

a

c d

b

Fig. 1 – Morphology of the starting materials and powders. (a) SEM image of YSZ as received (SE, MAG  500× HV 5 kV),

(b) SEM image of MWCNT as received (SE, MAG  10000× HV 5  kV), (c) TEM image of MWCNT as received (at 200 kV)

and (d) SEM image milled YSZ after 5 h (SE, MAG  5000× HV 5 kV).
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Fig. 2 – XRD patterns of YSZ reference and YSZ/MWCNT powders.

method to investigate the atomic bonding properties and the

microstructure. Renishaw 1000 B micro-Raman spectrometer

attached to a  Leica DM/LM microscope was used to examine

Raman spectroscopy at room temperature in the wavenum-

ber range of 150–3500 cm−1 with 488 nm laser excitation. The

spectral resolution of the system is 2.5 cm−1 and the diameter

of the excitation spot is 1 �m.

Results  and discussion

The YSZ based powder mixtures with various MWCNT addi-

tives (1, 5 and 10 wt.%) were prepared by attritor milling (Fig. 1

and Table 1). The result of the phase examination of the ref-

erence YSZ and milled powder mixtures is shown in Fig. 2.

The milled powders were consisted mainly of cubic zirconia

(JCP2:00-049-1642) and minor monoclinic zirconia (JCP2:00-

037-1484) phases (Fig. 2). The cubic zirconia is indicated by

the main lines appeared at 2� of 30.24◦, 34.88◦, 50.17◦ and

59.69◦. While, the minor monoclinic phase was observed at

2� of 28.36◦ and 31.12◦.As for first observation, the milling

process did not resulted in phase transformation only grain

decrease occured. YSZ reference base material exhibited well

dispersed particles with sharp and irregular shape (Fig. 1). The

morphological study of MWCNT demonstrated their agglom-

erated bundle structure. On the other hand, the addition of

MWCNTs to zirconia matrix introduced a  significant change

in the surface topology and the  distribution of the zirconia

grains, leading to various forms and shapes compared to the

base material (Fig. 3).

The EDS elemental analysis illustrated the features of

MWCNTs distribution in zirconia matrix (Fig. 4).  This study

confirmed that the MWCNTs formed agglomerations with

increasing tendency with MWCNTs addition increase (YSZ-

99 → YSZ-95 → YSZ-90). The MWCNTs agglomerations (C-red,

Fig. 4) were  surrounded by ultrafine rounded zirconium

(Zr-blue). Structural investigations of zirconia powder before

and after milling process were carried out by TEM (Fig. 5). The

TEM investigation demonstrated the  decrease of YSZ particle

size in average 50 �m to 400 nm.

Structural observations of the mixed powders YSZ-99, YSZ-

95, YSZ-90 are shown in Fig. 6.  This result shows that the

small zirconia grains (<100 nm)  and particles (>200 nm)  are

embedded into MWCNTs agglomerations and networks. The

agglomeration, the damage or the defect of MWCNTs has been

reported as a  big issue responsible of a  significant lack in  the

reinforcement of ceramic composites with MWCNT. From the

point of MWCNTs structure the non-destructive milling pro-

cess was confirmed by HRTEM study. The MWCNTs appeared

as a fine fibres forming several agglomerations with an approx-

imate length of 2.5 �m. Each fibre consisted of an  average inner

diameter 3.8 nm,  an average outer diameter 9.13 nm and a

number of layers variated from 7 to 9 (Fig. 6b). These results are

in accordance with the study performed by Melka et  al. [22].

They confirmed the refinement of the grain sizes up to 2 wt.%

of MWCNT used for powder mixture processing [22]. Indeed,

when the agglomeration of MWCNT occurs, the  real amount

of MWCNTs located in the grain boundaries is decreasing.

Therefore, the agglomerated CNTs introduce heterogeneity

and decrease the efficiency of the composite [23–25].

Scanning Raman spectroscopy measurements were per-

formed to confirm the presence of MWCNT in the powder

mixtures and determine structural changes caused by the

milling process. Four typical Raman spectra are shown in  the

150–3500 cm−1 wavenumber region, which were measured on

powder mixtures with different MWCNT content (Fig. 7). In

case of pure YSZ (reference, YSZ-100, black line) scattering

peaks at 189, 268, 341, 380, 483, 633 cm−1 related to yttria sta-

bilized zirconia which are in accordance with literature works

[26,27].  Characteristic Raman peaks of YSZ are  less intensive

or completely absent in  case of YSZ/MWCNTs powders

(YSZ-99, YSZ-95, YSZ-90) in  the  100 to 700 cm−1 wavenumber
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Fig. 3 – SEM images of milled powders. (a) YSZ/1 wt.% MWCNT, (b) YSZ/5 wt.% MWCNT and c) YSZ/10 wt.% MWCNT

(SE, MAG 5000× HV 5 kV).

a

SE SE

SE

Zr Zr

Zr

C C
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c

2 µm

2 µm
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b

Fig. 4 – EDS mapping showing the dispersion of MWCNTs in YSZ. (a) YSZ/1 wt.% MWCNT, (b) YSZ/5 wt.% MWCNT

and (c) YSZ/10 wt.% MWCNT. Colours: C-red and Zr-blue.

region. Additional strong peaks have been observed around

1590 cm−1 (G band) and 1355 cm−1 (D  band), which are related

to the MWCNT [28]. The G band is related to the stretching

vibration of the sp2 C–C bonds, while the D  band is associated

with the presence of structural defects in  the MWCNT.  Raman

spectra also exhibited a  wide band at higher wavenumbers,

the so called 2D band, which appears at 2687, 2684 and

2690 cm−1 for 1, 5, 10 wt.% MCWNT content, respectively. The

2D band feature originates in  a  two-phonon, second-order

Raman scattering process in  carbon nanotubes [29]. The

intensity ratio of D  and G band (ID/IG) has been widely used

to investigate the structural purity (structural defects and
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Fig. 5 – TEM images of YSZ with SAED diffraction in insert. (a) Reference before milling and (b) reference after milling. The

SAED confirmed the cubic zirconia (111, 220, 200) in both cases.

MWCNTs

c

a b

Zirconia particles

Zirconia grains

200 nm

200 nm 50 nm

5 nm

Fig. 6 – TEM images of YSZ/MWCNTs. (a)  YSZ/1 wt.% MWCNT, (b) YSZ/5 wt.% MWCNT with detail of MWCNT in insert and

(c) YSZ/10 wt.% MWCNT.

disordering) of MWCNTs or the presence of agglomerations

[30,31], hence the intensity of D band is defect dependent.

In principle, the larger the  number of defects, the higher

the D band intensity. Peak positions and intensity of distinct

scattering bands were determined by Lorentzian fitting of

Raman spectra shown in Fig. 7. Although such procedure has

some uncertainty because of the number of free parameters,

it can provide additional information about the YSZ/MWCNTs

powders. We  found that the ID/IG ratio is 0.6 for YSZ-99, 0.8

for YSZ-95 and 0.7 for YSZ-90, which values are  in  good accor-

dance with previous morphological observations showing

the presence of structural defects and agglomerations in

the YSZ/MWCNTs powders as a  result of  intensive milling.

Among the  powder mixtures, YSZ-95 contains more  structural
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Fig. 7 – Raman spectra using a laser excitation wavelength at  488 nm for reference and YSZ/MWCNTs.

defects compared to the others according to its highest ID/IG
ratio (0.8).

Conclusion

The aim of our study was the development of YSZ/MWCNTs as

nickel free SOFC material. This work showed the main results

of first preparation step; milling and homogenization. The

influence of MWCNT addition and milling process on struc-

ture and design of composites were studied. ZrO2 – 8 mol.%

Y2O3 (YSZ) powders were mixed with 1, 5 and 10  wt.% MWC-

NTs and milled by high attrition milling at 4000 rpm in ethanol

for 5 h. The structural and morphological investigations of as-

received zirconia powder consisted of the particles with sharp

and irregular shape. In fact, the effect of milling on the as

received zirconia resulted in a  considerable decrease for par-

ticle size without phase transformation of YSZ particles. The

phase analysis proved the existence of two phases; cubic zirco-

nia as a main phase and a  small fraction of monoclinic zirconia

as a minor phase. The particle size  showed a refinement from

an average of 50 �m to 400 nm. However, no significant dam-

age or structural changes affected MWCNTs after milling were

observed. The MWCNTs were observed as  a  fine fibres forming

several agglomerations, networks with approximate length

2.5 �m,  each fibre consisted of an average diameter 3.8 nm,  an

average outer diameter 9.13 nm.  The number of carbon layers

varied from 7 to 9. Raman spectroscopy results showed the

presence of the G and D bands for all powder mixtures at peak

positions of ∼1590 and ∼1355 cm−1 respectively. These bands

confirmed the structural integrity of MWCNT after the milling

process.

The novel results are follows:

•  milling process did not result in phase transformation of

YSZ only grain decrease;

• the addition of MWCNTs to zirconia matrix introduced a  sig-

nificant change in the surface topology and the distribution

of the zirconia grains;

• from the  point of MWCNTs structure, non-destructive

milling process was  confirmed by HRTEM study;

• the structural integrity of MWCNTs after the milling process

was confirmed by Raman measurements too.
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