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b Jožef Stefan International Postgraduate School, Jamova 39, 1000 Ljubljana, Slovenia 
c Facultad de Ciencias Físicas, GFMC, Universidad Complutense de Madrid, 28040 Madrid, Spain 
d Laboratorio de Heteroestructuras con aplicación en spintrónica, Unidad asociadaUCM/CSIC, 28049 Madrid, Spain 
e Materials Science Institute of Madrid (ICMM), Consejo Superior de Investigaciones Científicas (CSIC), Sor Juana Inés de la Cruz 3, 28049 Madrid, Spain 
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A B S T R A C T

Ceramic matrix composites (CMC) of 8 mol.% yttria-stabilized zirconia (8YSZ) mixed with natural fiber nano-cellulose (0.75, 1, 
2 wt%) were prepared by spark plasma sintering (SPS). Nanocellulose markedly improved the densification of the 8YSZ ceramic 
matrix and induced significant grain size refinement. It was demonstrated that in situ graphitization of nanocellulose during the 
SPS processing resulted in 6 nm thin turbostratic graphite layers homogeneously covering the 8YSZ ceramic grains. The 
dielectric properties were analyzed by electrical impedance spectroscopy suggesting a low percolation threshold near or below 
≈ 1.6 vol% graphite, above which mixed ionic-electronic conduction dominates. The CMCs are stable under reducing 
conditions (5%H2/Ar at-mosphere) at least until 800 ◦C with a high conductivity of σdc = 0.17 Scm−  1 even at 900 ◦C (8YSZ-2%
CNF). These features make the 8YSZ-nanocellulose CMCs promising candidates for application in medium- to high- temperature 
electrochemical devices.   

1. Introduction

Yttria-stabilized zirconia (YSZ) ceramics are commonly used in in
dustrial applications such as thermal barrier coatings, fuel cells and 
catalysis technology [1–3]. The transport, thermal and mechanical 
properties of YSZ ceramics are strongly correlated with the attained 
density and microstructure, providing a powerful lever for tuning the 
properties of YSZ [4–6]. In fully dense 8 mol.% yttria-stabilized 
zirconia (8YSZ) ceramics, higher ionic conductivity [7], lower thermal 
conduc-tivity [8] and higher mechanical strength [9] can be achieved 
by decreasing the grain size to the nanoscale. 

An alternative strategy to conveniently adjust the properties of YSZ 
may be the fabrication of so-called ceramic matrix composites (CMC). In 
general, the fabrication of CMC allows the introduction of redox, cata
lytic and magnetic properties to a ceramic matrix by the addition of the 
appropriate transition metal oxide nanoparticles (e.g. NiO or Fe2O3), 
while thermal, electronic and mechanical properties may be best 
modified by adding nanocarbons (e.g. carbon nanotubes, carbon 

nanofibers or graphene) [10,11]. 
In both cases, successful consolidation and sintering are crucial. 

Microwave sintering and two-step sintering are well-known techniques 
to achieve submicron-sized dense 8YSZ ceramics [7,12,13]. More 
recently, Spark Plasma Sintering (SPS) (sometimes alternatively called 
Field Assisted Sintering Technology (FAST) or Pulsed Electric Current 
Sintering (PECS)) has emerged as an interesting sintering technique 
for the densification of pure 8YSZ [4,5,9,12,14], and 8YSZ-based 
CMCs containing carbon nanofillers [15–17]. In both cases, 
mechanical pres-sure and pulsed electrical currents are applied under 
vacuum. However, obtaining fully dense 8YSZ ceramics with low grain 
size using SPS processes is still challenging due to high grain boundary 
mobility and ionic conductivity [5,1218]. Therefore, the addition of 
carbon nano-fillers to ceramic 8YSZ matrices may offer a two-fold 
advantage: i) They may well contribute to the microstructural 
refinement and ii) enhance the functional and the (micro)structural 
properties of 8YSZ. 

Concerning the former, mechanical pressure applied during SPS 
contributes to the densification via local plastic deformation of grain 
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contact points allowing grain sliding [19], where nanocarbons may act 
as lubricant and further promote densification. In the final sintering 
stages nanocarbons will pin the grain boundaries and, in this way, 
limit the extensive grain growth process. Thus, achieving densities 
close to theoretical values of 8YSZ CMCs using SPS is possible [15]. 

However, several disadvantages with the use of such nanocarbons do 
exist, especially in graphene-based CMCs, which are prone to anisotropy 
of electrical versus mechanical properties due to the preferential 
orientation of graphene flakes normal to the SPS uniaxial pressure di-
rection. Moreover, carbonaceous materials are hydrophobic and are 
preferentially dispersed in non-polar organic solvents, whereas oxide 
ceramics are hydrophilic and are easily dispersed in water [20] to 
facilitate aqueous ceramic shaping processes. In general, these disad-
vantages mentioned hamper the applicability of CMCs based on nano-
carbons [11,17,21]. 

Addressing the processing difficulties of carbon nanofiller-based 
ceramics, it has recently been shown that cellulose nanofibers (CNF) 
can be used as an excellent carbon precursor in ceramic matrices such 
as zirconia and alumina [22]. The strong hydrophilicity of CNF 
ensures facile and homogenous dispersion of the nanofibers in aqueous 
ceramic slurries [23,24]. A freeze-dried CNF-ceramic nanocomposite 
powder had been consolidated and SPS sintered. During the sintering 
process CNF was transformed within the ceramic matrix into a 3-
dimensional (3D) network of few-layered graphene (FLG) sheets 
surrounding the grains and forming a highly homogeneous CMC 
framework structure. The ceramic was mechanically reinforced and 
percolation for electronic conduction was achieved with 0.5 wt% (2.1 
vol%) CNF [23]. 

While cellulose is usually considered a non-graphitizable carbon 
precursor [24], cellulose nanofibers of high purity and crystallinity 
may indeed show propensity for graphitization [22,25]. However, the 
precise mechanism of the in situ graphitization process within CMCs 
has not been investigated so far and requires a more detailed study. 
For instance, the influence of the sintering conditions in terms of 
temperature, pres-sure and heating rate and the initial CNF content in 
the nanocomposite powder on the graphitization of CNF and the 
resulting properties of the ceramic material are yet to be elucidated. In 
this context, the tailoring of the charge transport properties including 
ionic and electronic conduc-tion of 8YSZ-carbon nanocomposites are 
of particular interest for a va-riety of sensor and energy applications 
[26]. For instance, the addition of carbon nanofillers such as carbon 
nanotubes and graphene to the 8YSZ matrix results in CMCs with 
mixed ionic-electronic conduction (MIEC) [16,17,27] suitable for high 
temperature electrochemical ap-plications in solid oxide fuel cells 
(SOFC) or sensors [28]. In particular, such CMCs may be an 
interesting alternative to SOFC anodes based on Ni/8YSZ cermets, 
which suffer from nickel coarsening and poor redox stability that can 
hamper both the electrical and mechanical properties [2]. 

In the present work, the influence of the CNF concentration and the 
SPS sintering temperature on the in situ transformation of CNF to 
graphite are investigated in detail, as well as the microstructural evo
lution of the matrix and the transport behavior of the resultant 8YSZ- 
graphite CMC. The initial CNF concentrations investigated were 
0.75–2 wt% and the sintering temperatures ranged from 1200 ◦C to 
1600 ◦C. Microstructural analysis revealed significant grain refinement 
when sintering at 1600 ◦C with 2 wt% CNF, while CNF was converted 
into turbostratic graphite. Concomitant electrical impedance spectros
copy (EIS) allowed separating the bulk and GB contributions to the 
dielectric properties and the analysis of their dependence on grain size 
and CNF concentration. Finally, the oxidation stability of the 8YSZ- 
2CNF CMC was evaluated in 5%H2/Ar atmosphere up to 900 ◦C. It 
was found that the high electrical conductivity is maintained, which 
confirms suggests the possibility of this material to be used as an alter
native anode electrode material in medium- to high-temperature SOFCs 
electrochemical devices. 

2. Materials and methods

2.1. Materials and powder preparation 

CNF was prepared by the TEMPO (2,2,6,6-tetramethylpiperidine 1- 
oxyl)-mediated oxidation method [29]. Prior to the TEMPO-mediated 
oxidation, 10 g of commercially bleached Eucalyptus globulus kraft 
pulp (kindly provided by La Montañanesa, Grupo Torraspapel, Zar-
agoza, Spain) were washed in 0.01 M HCl for demineralization. Next, the 
pulp was repeatedly washed with deionized water and resuspended in 1 
L water. Subsequently, NaBr (0.1 g/g pulp), TEMPO (0.016 g/g pulp) 
and NaClO (6 mmol/g pulp) were added and the pH was kept at 10 by 
the addition of 1 M NaOH. The resulting suspension was constantly 
stirred for 4 h, and the pulp was filtered and washed. Cellulose nano-
fibers were eventually obtained by mechanical defibrillation of the 
TEMPO-oxidized pulp in a high-pressure microfluidizer M 110-P 
(Microfluidics Corp., USA) equipped with 100 µm and 200 µm interac-
tion chambers, where the cellulose slurry was transformed into a 
transparent and highly viscoelastic gel of 1.5 wt% CNF concentration. 
The carboxylic charge density of CNF as a result of the TEMPO oxidation 
process was 890 µmol/g. 

Commercial 8YSZ powder (TZ-8Y, Tosoh, Japan) was purchased in 
granulated form with a specific surface area of 16 m2 g−  1. The powder 
was dispersed in water to form aqueous suspensions with 30 vol% of 
solid loading. Citric acid was used as a dispersant, where the pH of the 
suspensions was set to 8 using NH4OH ammonium hydroxide. Aqueous 
CNF gel was admixed to attain nominal CNF concentrations of 0.75, 1 
and 2 wt%. The suspensions were homogenized in a planetary ball mill 
using 3 mm ZrO2 grinding balls at 300 rpm for 35 min. After a 1 min 
break the process was repeated in the opposite milling rotating direc-
tion. Then, the suspensions were quickly frozen in a liquid nitrogen bath 
and freeze-dried to obtain dry nanocomposite powder. The different 
compositions prepared were denoted as 8Y-xCNF with x = 0, 0.75, 1 and 
2, where x = 0 corresponds to plain 8YSZ. A typical microstructure of 
the precursor nanocomposite powder can be seen in the 
Supplementary Material Fig. S1. 

2.2. SPS sintering 

The 8Y-CNF nanocomposite precursors were sintered in a SPS 
furnace (Dr. SINTER`S SPS-615E (Syntex Inc., Japan) using a 16 mm 
cylindrical graphite die. The inner side of the die was covered with a 0.5 
mm graphite paper, whereas the outer side was covered with 5 mm thick 
graphite wool for insulation. Uniaxial contact pressure of 15 MPa (3 kN) 
was applied on the die containing the sample followed by evacuating the 
furnace chamber. A 100 ◦C/min heating ramp to reach the respective 
sintering temperatures of 1200, 1400 or 1600 ◦C was used, where the 
temperature of the die wall was measured using a pyrometer. After the 
set temperature was reached, the uniaxial pressure was increased to 80 
MPa in a period of one minute, followed by a 5 min dwell time. After the 
end of sintering dwell time, the furnace was set to cool down to 1000 ◦C 
in 2, 4 and 6 min from 1200, 1400 and 1600 ◦C (100 ◦C/min). respec
tively. During these periods the pressure was gradually released to the 
value of contact pressure. Below 1000 ◦C furnace cooling was employed. 
Sintered samples are abbreviated as 8Y–2CNF-1400, for the 1400 ◦C 
sintered 8Y–2CNF composition. 

2.3. Characterization of 8Y-CNF ceramic matrix composites 

The densification behavior (dilatometry) during SPS was determined 
by simultaneous recording of the sintering temperature and the 
displacement of die punches as functions of sintering time, which are 
directly, although only roughly, reflecting the green body shrinkage as a 
result of the pressure-assisted SPS sintering. The final densities of the 
sintered samples were determined by the Archimedes method using 
distilled water as the immersion medium. The theoretical density was 



determined by the rule of mixtures, considering the amount of inserted 
CNF. The phase compositions were evaluated by X-ray diffraction (XRD) 
using a PANalytical X′pert PRO MPD diffractometer (PANalytical, 
Almelo, Netherlands) equipped with a PIXcel detector and using a 
Cu–K1 radiation source. The ceramic microstructure was analyzed on 
polished and thermally etched surfaces using a scanning electron mi-
croscope (SEM; Helios NanoLab 600i, FEI Europe B.V., Netherlands). 
Thermal etching (15 min) was performed at 1100 ◦C for samples sin-
tered at 1200 ◦C, while samples sintered at 1400 ◦C and 1600 ◦C were 
thermally etched at 1300 ◦C. Average grain size and grain size distri-
bution were determined by the linear intercept (no geometrical 
correction factor was employed) [30] and planimetric method, respec-
tively, using ImageJ software. 

For transmission electron microscopy (TEM) investigations, the 
samples were cut into cylinder shapes of 3 mm diameter using an ul
trasonic cutter (Sonicut™ 380 Ultrasonic Cutter, SBT, USA). The TEM 
specimens were ground to a thickness of 100 µm and dimpled down to 
15 µm at the disc center (Dimple grinder, Gatan Inc., Warrendale PA, 
USA), followed by ion-milling (PIPS, Precision Ion Polishing System, 
Gatan Inc., USA) using 3 kV Ar+ ions at an incident angle of 8◦ until 
perforation. Detailed structural investigations of the sample were per
formed using a conventional 200 kV TEM (JEM-2100, Jeol Ltd., Tokyo, 
Japan) equipped with a LaB6 electron source. 

The carbon phase in the CMCs was characterized by Raman spec
troscopy using a mSense-LabC1X Enwave Optronics Raman confocal 
microscope (Olympus) with a 532 nm excitation laser. 

The mechanical properties were determined using a Vickers inden
tation testing device on polished surfaces. For each sample the hardness 
was evaluated from indents made with an applied load of 1 kgf with 10 s 
dwell time. 

The dielectric properties of the sintered CMCs were characterized by 
electrical impedance spectroscopy (EIS), carried out on pellets sintered 
at 1200 ºC, 1400 ºC and 1600 ºC. The pellet surfaces were contacted with 
dc sputtered Au electrodes, which were covered with quick drying Ag 
paint. EIS measurements were taken between 160 and 560 K using a 
Novocontrol Alpha-A High Performance Frequency Analyzer equipped 
with a liquid nitrogen cooled sample chamber. EIS data was recorded 
between 1 Hz and 10 MHz in terms of the real and imaginary parts of the 
impedance (Z’ – Z’’) under steady state conditions, where each tem
perature was allowed to settle for 10 min before taking data using an 
100 mV amplitude alternating voltage signal. The impedance Z’ – Z’’ 
data were converted into the notations of dielectric permittivity ε ‘- ε’’ 
and modulus function M’ – M’’ using the standard conversions. An 
appropriate equivalent circuit model was employed to obtain a good fit 
of the data in all notations, which allowed determination of the bulk and 
grain boundary (GB) resistivity and dielectric permittivity separately. 

Furthermore, the high-temperature stability against oxidation in 
reducing atmosphere was characterized by EIS analysis as well. In this 
case, Au paste electrodes were painted on the CMC pellets followed by 
annealing at 600 ◦C for 1 h in 5%H2/Ar atmosphere. EIS measurements 
were carried out between RT and 900 ºC under isothermal conditions in 
reducing 5%H2/Ar atmosphere, using a HP4284A precision LCR Meter 
in the frequency (f) range of 20 Hz – 2 MHz. All dielectric data were 
analyzed and fitted to the appropriate equivalent circuit models using 
commercial Zview® software. The data and fits were visualized by 
SSSS® custom built software. 

3. Results and discussion

3.1. Sintering of 8Y-xCNF 

Typical dilatometry curves for the SPS sintering process of 8Y-
xCNF at 1600 ◦C are shown in Fig. 1a. The onset of densification 
occurred after 10 min of the SPS sintering process at ≈ 1000 ◦C. At the 
given initial (contact) pressure of 15 MPa the densification reached 
the maximum value possible under such pressure at temperatures of ≈ 
1320 and 

1370 ◦C. Note that the higher the amount of CNF in the sample the 
higher the first maximum in densification. This was regarded a first 
indication for the higher sintering driving force occurring when CNF was 
present in the 8YSZ matrix. With the increase in mechanical pressure to 
80 MPa after 16 min of the SPS sintering process the densification 
further increased in all samples and complete densification was attained 
immediately or soon after the final sintering temperature was reached. 
Note that the addition of CNF again had a beneficial effect on promoting 
the densification completion as suggested by the sharper transition to 
the fully dense state, i.e., the flattening of the quasi-sigmoidal 
sintering curve that was also achieved earlier (inset in Fig. 1a). 

It can be stated that the addition of CNF had generally a marked 
benefit on the final density of the 8Y-xCNF CMCs. By applying 80 MPa 
(5 min dwell time), pure 8YSZ could not be SPS sintered to a denser 
state than 93 −  96% of the theoretical density (TD) (Fig. 1b) and the 
respective surface microstructure seemed to be at the threshold 
between closed and open porosity (see Section 3.2). However, when 
CNF was added the final density increased with the CNF concentration 
(Fig. 1b) and the necessary amount of CNF to attain full density (≈ 
99% TD) decreased with the sintering temperature, i.e., 2 wt% CNF at 
1200 ◦C, 1 wt% at 1400 ◦C and 0.75 wt% at 1600 ◦C. 

3.2. Phase composition, microstructure and mechanical properties 

XRD patterns of plain 8YSZ samples in Fig. 2a show that the cubic 
zirconia phase persisted for all three sintering temperatures. A clear 
broadening of the (111) reflection is observed for the 1200 ◦C sample 
indicative of a small crystallite size (Fig. 2b). As for sintered 8Y-xCNF 
samples, the cubic phase was again the only present phase (Fig. 2c), 
suggesting that the addition of CNF did not promote any obvious 
phase 

Fig. 1. Dilatometry curves for 8Y-xCNF showing the displacement and pressure 
of the graphite die as a function of SPS sintering time (a). The relative sintered 
densities of 8Y-xCNF as a function of the SPS sintering temperature and CNF 
content (b). 



partitioning in the ZrO2-Y2O3 system [1,31]. The addition of CNF, 
however, affected the peak broadening at the highest sintering tem-
perature of 1600 ◦C. The broadening was most pronounced with the 
addition of 2 wt% of CNF (Fig. 2d), which was again indicative of fine 
crystallinity and was regarded a sign of grain refinement within the 
8YSZ matrix. 

The microstructural evolution of the sintered samples is demon-
strated in the SEM images in Fig. 3. The cumulative grain size distri-
butions from the respective image analyses are displayed in Fig. 4 and 
the extracted d10, d50 and d90 values are shown in Table S1 (Supple-
mentary Material). The SEM images of the pure 8Y sintered samples 
show a clear tendency of grain growth with increasing sintering tem-
perature. The d50 values increased from 0.18 to 1.60 and 4.92 µm for 
1200, 1400 and 1600 ◦C, respectively. However, all pure 8Y samples 
contain substantial amount of remnant porosity (see also Fig. 1b), 
where the majority of the pores are located at the triple grain junctions 
(Fig. 3, first row). When CNF is introduced into the ceramic matrix a 
marked restriction in grain growth (Fig. 3) was observed, which was 
much more pronounced at higher sintering temperatures and CNF 
contents (Fig. 4, Table S1). According to the d50 values, the grain size 
was refined with the addition of 2 wt% CNF from an initial 0.18, 1.60 
and 4.92 µm to 0.13, 0.31 and 0.52 µm for 1200, 1400 and 1600 ◦C 
sintering, respec-tively. The 5-fold and 10-fold reductions in d50 
obtained at 1400 and 1600 ◦C, respectively, may be regarded as rather 
substantial. At the lowest sintering temperature of 1200 ◦C the 
refinement effect of added CNF is pronounced most likely due to the 
generally slower grain growth mechanism at low temperatures. It is 
known that 8YSZ has a high grain boundary mobility rate, especially 
when compared to 3 mol% yttria- stabilized tetragonal zirconia 
polycrystals (3Y-TZP), where the rate is in fact temperature dependent 
[12]. Therefore, specific strategies are required to limit grain growth 
while enabling complete densification. 

The SEM images also reveal how the marked porosity in the sintered 8Y 
samples, observable as black spots at the triple junctions, is reduced with 
increasing CNF content. This observation is in agreement with the 
increased sintering density mentioned above (Fig. 1b). 

The exact mechanism of the grain growth restriction by the CNF 
during the sintering process may in fact contain two factors. First, the 
pinning of grain boundaries to the CNF located along the GBs and, 
second, the blocking of atomic diffusion pathways across the GBs due 
to their full or almost full coverage by the CNF structure (see Fig. 8). 
The exact mechanism of improved densification sintering with the 
addition of CNF may be explained by the graphitization of CNF at 
higher sintering temperatures (see Section 3.3), where the resultant 
graphite may act as a lubricant and facilitate GB sliding, leading to 
enhanced densification and the observed higher final densities. This 
ability of graphene nano-structures to both hinder grain growth and 
ensure high densification of ceramic matrices has been demonstrated 
previously for SPS sintered ZrB2 and TaC systems [32,33]. Herein, it 
was shown that the graphene nanoplatelets (GNPs) wrap around the 
grains acting as diffusion barriers and hindering grain growth, while 
GB sliding reduces the porosity. 

The hardness (Hv) of the sintered 8Y-xCNF CMCs was analyzed by 
Vickers indentation (Fig. 5). It is known that in ceramics Hv correlates 
inversely with the grain size [34]. This is consistent with the hardness 
trend observed here in pure 8Y, where Hv decreases with increasing 
sintering temperature and the resultant increasing grain size (Table 
S1, Supplementary Material). Accordingly, Hv increases monotonously 
with CNF content in samples sintered at 1600 ◦C, to a lesser extent at 
1400 ◦C, and at 1200 ◦C the hardness remains largely unchanged, 
corroborating the trends of the grain size with CNF addition 
mentioned above. For example, the grain size in 8Y-xCNF sintered at 
1200 ◦C barely changes with the CNF content (Table S1), which 
correlates with the invariant hardness values. Contrarily, at 1600 ◦C 
the grain refinement is 

Fig. 2. XRD patterns of 8Y (a-b) and 8Y-xCNF (c-d) sintered at 1200, 1400 and 1600 ◦C, respectively.  



most pronounced, which corresponds with the marked increase in Hv. At 
1400 ◦C the grain refinement is less significant, which correlates with 
the more moderate hardness gain with CNF addition observed. 

3.3. CNF graphitization during SPS 

The transformation of CNF within the 8YSZ matrix into graphitized 
carbon during sintering was investigated in detail by Raman spectros-
copy. Fig. 6a shows the spectra of the samples sintered at 1200, 1400 
and 1600 ◦C. At all three temperatures it can be observed that the 
Raman bands related to carbon, i.e. D (≈ 1340 cm−  1), G (≈ 1590 cm−  1) 
and 2D (≈ 2695 cm−  1), emerge and increase in intensity as the CNF 
content increases from 0 to 2 wt%. At 0% CNF only the band originating 
from the cubic 8Y phase is detected (610 cm−  1), which is in agreement 

with the XRD results. Upon addition of CNF, the D, G and 2D bands 
appear in the sintered materials, which are associated with sp3 and sp2 

hybridized carbon and π-stacking interactions between graphene sheets, 
respectively. Therefore, these bands can be associated to defects in 
graphite (D), graphitic carbon (G) and the 3-dimensional ordering of 
graphite planes (2D), respectively [35]. Hence, the narrow and well-
defined bands in the spectra suggest that nanocellulose was trans-
formed into graphitic carbon during SPS sintering. Closer inspection of 
the data suggests that turbostratic graphite was formed, which will be 
discussed in more detail in the following:  

1) The presence of the 2D band indicates that a graphitic material is 
present rather than graphene oxide or amorphous carbon [36],

Fig. 3. SEM micrographs of sintered 8Y-xCNF samples (x = 0, 0.75, 1, 2) at 1200, 1400 and 1600 ◦C.  



which could both easily arise from the pyrolysis of an oxygen-rich 
carbohydrate [37–39].  

2) The intensity of the G band is slightly higher or on par with the 2D
band intensity (IG/I2D ≥ 1) (Fig. 6b). This is indicative of graphitic 
carbon in contrast to single- or few-layered graphene that show a 
ratio IG/I2D < 1 [36]. This notion is corroborated by the fact that 
the D band is usually small or absent in graphene.  

3) The 2D bands show a single peak profile, which is indicative of either
graphene or turbostratic graphite [33]. As the former can be ruled 
out, it is suggested that turbostratic graphite was formed during SPS 
with rotational disorder of the graphene sheets along the c-axis (in an 
AB Bernal stacking). 

Furthermore, the degree of graphitic organization, i.e. the lateral 
extent of sp2 hybridized carbon crystallites, is generally expressed as 
the intensity ratio ID/IG of the corresponding Raman bands [40]. Since 
the lowest ID/IG ratio corresponds to the best graphitic organization, a 
clear preference of 1400 ◦C sintering can be deducted from Fig. 6c, as 
well as a preference of low CNF concentrations. According to the 
Tuinstra-Koenig (TK) relation, the ID/IG ratio scales inversely with the 
graphite crystallite size above 2 nm [41,42]. In the present case, the 
lowest ID/IG ratios are between 0.68 and 0.91, which corresponds to 
20–28 nm crystallite size according to the generalized, energy-
dispersive TK equation: 

La =
560
E4

l

(
ID

IG

)− 1

(1)  

where La is the crystallite size and El is the laser energy (2.33 eV) 
[43,44].

These relatively large crystallite sizes also correspond well with the 
narrow G and 2D bands (FWHM of 43 and 77 cm−  1, respectively), 
which are indicative of crystalline graphite. Carbonaceous materials 
from biomass usually show higher FWHM values of 100–200 cm−  1 

and the 2D band often appears only as a “broad bump” [45]. 
Interestingly, the FWHM values of all three D, G and 2D bands slightly 
increase with increasing CNF concentration (see Table S2 in 
Supplementary Material). Hence, the formation of well-organized 
graphite planes possibly pro-ceeds more efficiently at lower cellulose 
concentrations, whereas higher concentrations lead to more defects. 
This observation is also supported by the IG/I2D ratio being slightly 
below 1 for 0.75% CNF, which indicates few-layered graphene rather 
than 3D graphite crystallites for this composition [46]. However, the 
optimum 0.75% CNF concentration is below the percolation threshold 
for electronic charge transport of ≈ 1.1–1.5% (see Section 3.4) and is, 
thus, less relevant for applications where MIEC is desired. 

On the other hand, a number of defect-activated bands are visible 
at 1605 cm−  1, 2460 cm−  1, 2935 cm−  1 and 3240 cm−  1 in 
deconvoluted spectra (Fig. S2, Supplementary Material), which are 
assigned to the Raman modes D′, G* , D+D′ and 2D’, respectively [36]. 
These bands can be attributed to crystallite edge and point defects 
(vacancies, hetero-atoms) in the graphitic sheets [47,48]. Thus, it can 
be assumed that the turbostractic graphite sheets display a certain 
amount of 0D and 1D defects in addition to c-axis disorder. On the 
other hand, the relatively narrow D band with a FWHM of 46 cm−  1 

suggests that the amount of sp3 carbon related to functional groups 
(carbon-heteroatom bonds) is rather small considering the 
carbohydrate origin of this graphitic material. 

The apparent graphitization of CNF during SPS may be explained 
as follows. Typically, the graphitization of biomass proceeds from a 
dehydration step (100–300 ◦C) over a carbonization step (300–900 ◦C) 
to a graphitization process at 2400–3000 ◦C in vacuum [50]. Although 
carbon derived from cellulose is widely regarded as non-graphitizable, 
there are several reports on specific conditions, where cellulose can be 
graphitized. It was observed that a combination of tensile stress and 
nanoscale dimensions of the cellulose source favors graphitization in 
conventional furnaces at 2200–3000 ◦C [25,49]. While the former 
stretches the carbonized fibers and aligns the growing graphite crys-
tallites, the latter ensures high specific surface area, high degree of 
nanofiber dispersion and high cellulose crystallinity in sources like 
bacterial cellulose, tunicate cellulose and electrospun regenerated cel-
lulose nanofibers [50–52]. The nanoscale dimensions may in fact be 
crucial, because the graphitization of the ex-cellulose carbon fibers 
proceeds from the surface into the bulk [25]. Hence, a nanofiber is 
readily graphitized in contrast to thicker and aggregated micron-sized 
fibers, even at relative low temperatures of 1500 ◦C [52]. The diam-
eter of the CNF used in this work is 2–3 nm as previously determined 
by AFM [22], which is 1–2 orders of magnitude smaller than the di-
mensions reported in the literature for graphitizable cellulose sources 
[50–52]. On the other hand, the necessary tensile stress is usually 

Fig. 4. Cumulative grain size distributions of 8Y-xCNF (x = 0, 0.75, 1, 2) sintered at 1200 ◦C (a), 1400 ◦C (b) and 1600 ◦C (c).  

Fig. 5. Vickers hardness Hv of sintered 8Y-xCNF (x = 0, 0.75, 1, 2) samples.  



applied to fibers in the process of carbon fiber production [49]. Here, 
uni-axial mechanical pressure of 80 MPa is applied to the samples dur-
ing SPS, resulting in multiple stress regimes among the ceramic 
particles that are wrapped with cellulose nanofibers. During such 
densification, tensile, compressive and shear stresses act on the 
densifying ceramic matrix originating from grain sliding and rotation. 
As a consequence, large stresses are exerted on the ex-CNF carbon 
fibers, leading to a reorganization into graphitic sheets (see Fig. 8). 
This proposed mecha-nism is supported by sintering experiments in a 
conventional, pres-sureless vacuum furnace, where no graphite bands 
were observed in the Raman spectra (Fig. S3, Supplementary 
Material). As shown above, lower IG/I2D and ID/IG ratios were observed 
for samples with low CNF concentration, which may be understood as 
follows. At low CNF con-centrations the nanofibers within the ceramic 
matrix may be more dispersed and the tensile stress between the 
sliding grains acts on fewer nanofibers, which may render the process 
more efficient. Hence, thin graphite is formed with large (15–30 nm) 
lateral crystallite dimensions. 

This is confirmed by TEM investigations showing 6 nm thick 

Fig. 6. Raman spectra of 8Y-xCNF (x = 0, 0.75, 1, 2) sintered at 1200, 1400 and 1600 ◦C, respectively (a). Intensity ratio of the G and 2D bands (b) and the 
intensity ratio of the D and G bands as well as the La crystallite size calculated from Eq. (1) (c) as function of the sintering temperature and CNF content. 

Fig. 7. TEM micrograph of ex-CNF graphite sheets between 8YSZ grains in 
8Y–2CNF-1600. 



graphitic layers consisting of approximately 10 graphene layers (Fig. 
7). On the left-hand side of the TEM micrograph, two thin strands are 
visible that merge into a single, thicker layer of ≈ 10 nm thickness that 
enters into a triple grain junction. It can be seen that at this triple 
grain junc-tion, the original CNF was piled, instead of being stretched 
and stressed as is the case in between two grains. As a consequence, 
the micro-structure of the formed carbonaceous phase lacks clear 
ordering and layering. 

The two-fold processes during SPS sintering of 8Y-CNF are 
illustrated in Fig. 8. The grain sliding and rotation results in 
microstructural refinement, where CNF blocked diffusion pathways 
along GBs. In addition, the SPS uniaxial pressure creates localized 
stresses that likely contribute to the graphitization of CNF leading to 
intergranular tur-bostratic graphite. 

3.4. Dielectric properties 

Impedance spectroscopy data from pellets sintered at the optimum 
graphitization temperature of 1400 ◦C with 0%, 0.75% and 1% CNF 
are shown in Figs. 9 and 10. Fig. 9a-c show the data plotted in the 
format of the complex impedance plots of imaginary part of the 
impedance Z’’ vs the real part Z’. The data show typical signs of two 
slightly overlapping semicircles that can be attributed to the dielectric 
response from the bulk and the GB areas. Furthermore, the typical low 
frequency pike structure indicates a blocking CMC/electrode interface 
(IF), which sig-nals macroscopic ionic type charge transport below the 
threshold for percolating electronic conduction. For higher initial CNF 
percentages (e.g. 
2 wt% CNF), macroscopic metallic type conduction was dominant

(data not shown here). In this case, the technique of impedance spec-
troscopy is no longer useful, because bulk, GB and IF contributions can 
no longer be separated and only the direct current (DC) resistivity is 
accessible. The CNF percolation threshold must be therefore higher than 
1 wt% but lower than 2 wt%. In a previous study, using a 3YSZ ceramic 
matrix, it was found that the percolation threshold was between 0.5 
and 1 wt% CNF concentration [22]. Therefore, it was hypothesized 
that the percolation threshold in the present study (using 8YSZ) 
should be ob-tained with the addition of 1 wt% CNF, but certainly not 
exceeding 1.5 wt% CNF. This was corroborated by the dielectric data 
discussed further below. It was shown that the actual ex-CNF graphite 
content in the ceramic matrix is about 50% lower than the initial CNF 
content, mainly due to thermal decomposition during SPS [22]. 
Hence, the graphite percolation threshold in the CMCs investigated 
here may be as low as ≈ 0.6–0.75 wt% (or ≈ 1.6–2.0 vol% graphite). 
This value is lower than those reported for GNP/8YSZ (7.1 vol%) [17] 
and FLG/3YSZ 

(2.5 vol%) [21]. 
The diameter of the bulk and GB semicircles shown in Fig. 9a-c 

correspond to the bulk and GB resistivities [54–56]. This notion allows 
a quick analysis of the trends of bulk and GB resistivity with CNF 
content. It can be seen that the overall resistivity (bulk + GB) at 560 K 
decreases with increasing CNF content, which is the equivalent trend 
observed at all other temperatures. This can be interpreted as a short-
circuiting of an increasing amount of 8YSZ grains with an increasing 
content of highly conducting ex-CNF graphite, which may act as an 
internal electrode within the ceramic. 

In addition, a change in the ratio between bulk and GB resistivity 
was observed (Fig. 9a-c). The GB resistivity seems to amount to a 
higher percentage of the overall response with increasing CNF doping 
(Fig. 10). This may be associated to two main factors: 

(i) The grain size refinement brought about by increasing CNF con
tent leads to a larger number of GBs present in the CMCs and, 
concomitantly, to a proportionally higher GB resistivity as compared to 
the bulk. 

(ii) The CNF may be accumulating at the GB areas and thus, blocking 
the pathways for ionic conduction across and/or along the grain 
boundaries, which was suggested previously for GNP/8YSZ [17]. 

It can be seen from Fig. 9b-c that the overall ionic resistivity (bulk 
+ GB) drops drastically for the 8Y–1CNF sample by almost an order of 
magnitude as compared to the 8Y-0.75CNF sample. This corroborates 
the notion that the 8Y–1CNF sample may in fact be very close to the 
percolation threshold, possibly in the range of ≈ 1.1 – 1.2 wt% initial 
CNF (or 4.6 – 5.0 vol% CNF). 

Each of the data sets had been fitted with an equivalent circuit model 
based on series RC elements, where the model is presented in the 
insets of Fig. 9a-c. Each RC element represents one dielectric 
contribution (bulk and GB contributions, whereas the contribution 
from the blocking IF was not reflected in the equivalent circuit 
models, since it has not the regular semicircular shape that can be 
modelled with RC elements. The ideal capacitor used in the RC 
elements had to be replaced by a non-ideal constant-phase element 
(CPE) to obtain good fits. On a microscopic basis, the CPE is 
commonly interpreted as a reflection of a broadening of the 
distribution of relaxation times τ (τ = R × C) across the ceramic. Good 
agreement between data and model was obtained. 

In addition to the standard and expected bulk, GB and IF contribu-
tions, the conducting graphite phase is reflected in the dielectric data 
plotted in the format of Z’ vs f (Fig. 9d-f) at 220 K in terms of a slight 
upturn or plateau. The graphite phase can be identified best for the 
sample containing 1 wt% CNF, whereas for lower CNF concentrations 
the plateau gradually vanishes as expected. In fact, the graphite phase 

Fig. 8. Illustration of microstructural refinement and in situ graphitization during SPS sintering of 8YSZ grains surrounded by CNF.  



had been detected previously in a 3YSZ/0.5%CNF sample as an addi-
tional dielectric contribution [21], but is much better visible here in 
the 8Y–1CNF-1400 sample. The visibility and spectral weight are in 
fact good enough here to allow fitting it with an additional RC or R-
CPE element in series (see Fig. 9c inset), which was not possible in the 
samples investigated in reference [22] and in the 8Y-0.75CNF-1400 
sample here in this study. This confirms again that the 1 wt% CNF 
sample in the present work may be very close to the percolation 
threshold. It is worth noting at this point that the YSZ doping level seems 
to affect the percolation threshold. In 3YSZ-1%CNF, percolation and 
metallic conduction had been detected, whereas the 8YSZ-1%CNF 
sample used here is very close but below the percolation threshold. 

Manifestations of the graphite phase can also be found by plotting 
the data in the format of the real part of the dielectric permittivity ε’ vs f 

(Figs. S4a-c, Supplementary Material). 

Figs. S4d,e (Supplementary Material) and Fig. 11 show the trends 
of the bulk, GB and CNF resistivity, which were obtained by fitting the 
dielectric data to the equivalent circuit models displayed in Fig. 9a-c. 

Fig. 11 shows the logarithmic resistance of the graphite phase 
plotted vs 1/T for the 1% CNF sample. It can be seen that a linear fit 
through the data yields an activation energy of 0.05 eV, in a similar 
range like pre-viously reported values [22]. 

3.5. High-temperature oxidation stability 

The stability against oxidation in a reducing atmosphere at medium 
to high temperatures (500–900 ◦C) was studied on the sintered sample 
8Y–2CNF-1400 to evaluate the viability of this material for its potential 

Fig. 9. Dielectric data from 8Y-xCNF with x = 0, 0.75, 1 sintered at 1400 ◦C. Z’’ vs Z’ plots at 560 K (a-c) and Z’ vs f plots at 220 K (d-f). Open symbols correspond to 
the data, solid squares and lines to the fits using the equivalent circuits in the (a-c) figure insets. 



use as anode in SOFCs. This sample showed percolation of the ex-CNF 
graphite phase and metallic-type conduction at low temperature. EIS 
measurements were conducted in reducing 5%H2/Ar atmosphere (pO2 ≈ 
10−  5 atm) at increasing temperatures to study the evolution over time 
of the total dc conductivity (σdc) under isothermal conditions (Fig. 12). 
It should be mentioned that under air atmosphere (pO2 ≈ 0.21 atm), σdc 
decreases by several orders of magnitude at 500 ◦C, due to the fast 
oxidation of the ex-CNF graphite phase [17]. 

Under 5%H2/Ar atmosphere, no significant changes over time in 
σdc or the complex impedance plots were observed up to 700 ◦C (Fig. 
12a), demonstrating good resistance of the ex-CNF graphite phase to 
degra-dation in reducing atmosphere up to this temperature. Similar 
obser-vations were also made for 8YSZ/reduced graphene oxide [57] 
and for 8YSZ/graphene [17]. At 750 ◦C, the impedance response 
started to evolve over time and more than one semicircle is visible in 
the complex impedance plots (Fig. 12b). Note that the ex-CNF graphite 
phase in this sample acts as an internal electrode at the GBs, short-
circuiting the grains. Hence, the main contribution to the impedance 
response comes from percolating electronic conduction pathways 
through the ex-CNF graphite phase at the GBs (high-frequency data), 
whose associated impedance value changes from 3.35 to 3.5 Ω cm (less 
than 5%) during 24 h at 750 ◦C. The low-frequency semicircles with 
increasing imped-ance from 0.25 to 1.0 Ω cm during 24 h are likely to 
be related with the degradation of the CMC/electrode interface. 

A similar evolution over time was observed at 800 ◦C (Fig. 12c), 
where more than two semicircles are clearly visible. In this case, 
impedance values associated to electronic conduction of the ex-CNF 
graphite phase at GBs increase from 3.0 to 4.0 Ω cm (about 25%) dur-
ing 24 h, while the rest might come from degradation of the ceramic/ 

electrode interface. In both cases, oxidation of the ex-CNF graphite 
phase might account for the observed decrease in conductivity over time 
above 750 ◦C, most probably by chemical reactions at the interfaces with 
residual oxygen in the atmosphere, though reaction with oxygen from 
the 8YSZ structure in the bulk cannot be ruled out [17]. Indeed, the 
ex-CNF graphite phase at the GBs might be blocking the oxygen-ion 
diffusion between 8YSZ grains (vide supra ). 

The 8Y–2CNF-1400 sample was finally annealed at 900 ◦C for 24 h in 
5%H2/Ar atmosphere and new electrodes were painted, and the effects 
of degradation of the ceramic/electrode interfaces can be ruled out in 
this way. Fig. 13a shows the temperature evolution of σdc from RT to 
900 

C, calculated from EIS plots using an equivalent circuit model based on

series R-CPE elements. Measurements before and after annealing (the 
latter with new electrodes) are given, and several points are worth to be 
highlighted. Firstly, the high conductivity above 0.1 S cm−  1 in the me-
dium to high temperature range (500–900 ◦C) suggests that these CMCs 
are suitable for intermediate- and high-temperature electrochemical 
devices. It should be noted that σdc by EIS analysis is lower than that 
expected by measuring in a 4-electrode geometry [22]. Note also the 
very low EA ≈ 0.02 eV at low temperature in both runs, which confirms 
that the prevailing conduction mechanism is of electronic origin in this 
temperature range. 

Secondly, Fig. 13a also reveals that some oxidation of the ex-CNF 
graphite phase takes place during high-temperature annealing, in 
addition to degradation of the ceramic/electrode interfaces, so σdc de-
creases to half the initial value in the second run. Nevertheless, σdc 
values are still very high (0.17 S cm−  1 at 900 ◦C), one order of 

Fig. 10. Bulk and GB resistivity at 560 K and their ratio as a function of the 
initial CNT content in sintered 8Y-xCNF-1400. 

Fig. 11. Resistivity values of 8Y–1CNF-1400 obtained from the bulk and GB 
resistors in the equivalent circuit models plotted on logarithmic axes vs 1/T. 
The respective charge transport activation energies are indicated. 

Fig. 12. Complex impedance plots of sintered sample 8Y–2CNF-1400 under 
isothermal conditions at 700 C (a), 750 ºC (b) and 800 ºC (c) in 5%H2/Ar at
mosphere. Dashed arrows indicate plots at increasing time (0, 1, 2, 3, 4, 5, 6, 8, 
10, 12, 15, 18, 21, 24 h). 



magnitude higher than, for instance, in GNP/8YSZ [17]. This un-
derscores the good performance of these CMCs in 5%H2/Ar atmosphere 
up to 900 ◦C. 

Finally, the slope of the curves is changing at high temperature, 
which is reversibly observed in the heating/cooling cycles. Thus, it 
cannot be related to any evolution over time caused by degradation. This 
increase of conductivity at high temperature seems to be related to the 
appearance of another conduction mechanism, most probably due to the 
ionic conduction of the 8YSZ structure that starts to contribute 
increasingly at increasing temperature [58]. This confirms that mixed 
ionic/electronic conduction may occur over a wide temperature range 
(500–900 ◦C) in sample 8Y–2CNF-1400, and intermediate- and high-
temperature electrochemical applications would be feasible [59,60].

Fig. 13b shows the σdc curves up to 800 ◦C for sample 8Y–
1CNF-1400 along with data for sample 8Y–2CNF-1400, for the sake of 
comparison. The former was shown to be below the percolation 
threshold, so that ionic conduction dominates the total impedance 
response, as is denoted by its EA value close to 1.1 eV. It can be 
observed that conductivity values for this sample approach those of 
sample 8Y–2CNF-1400 at higher temperature, suggesting that the 
increase in conductivity at high temperature in the latter (Fig. 13a) is 
indeed related to the increasing contribution of ionic conduction in 
the high temperature range. 

4. Conclusions

Nanocellulose was shown to have a dual function in the preparation
of dense and electro-conducting CMCs. Firstly, it ensured microstruc
tural grain refinement with d50 values between 130 and 520 nm 
depending on the SPS sintering temperature and CNF content. The 
refinement effect was most apparent at 1600 ◦C. The good miscibility of 
the CNF gel with the 8YSZ slurry together with the nanoscale di
mensions and flexibility of CNF ensures the formation of a uniform fiber- 
grain network, which allows for grain sliding and grain boundary 
pinning as primary densification and grain refinement mechanisms. 
Secondly, the graphitization of nanocellulose imparts electrical con
ductivity to the CMC by producing thin, turbostratic graphite layers 
within the 8YSZ matrix related to the original nanoscopic dimensions of 
CNF. Therefore, the percolation threshold around ≈ 1.6 vol% graphite 
for electrical conduction is rather low compared with other ceramic- 
graphite/graphene composites. Importantly, the CMCs showed MIEC 
behavior that is stable over a wide temperature range (500–900 ◦C) with 
high conductivity values. The latter is key in high-temperature electro
chemical applications like solid oxide fuel cells, where 8YSZ-CNF may 
might be an interesting alternative to Ni/YSZ cermets as an anode ma
terial after overcoming important roadblocks like oxidation stability 
under wet fuel conditions, possible reoxidation, generation of a porous 
microstructure and clarification of the catalytic activity and diffusion 
pathways. 
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