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ABSTRACT: Ceramic matrix composites (CMCs) reinforced with nanocarbon
have attracted significant interest due to their potential to enhance mechanical,
thermal, and electrical properties. Although the investigation of carbon-based
materials such as graphene and carbon nanotubes as additives for advanced
ceramics has been widespread, the utilization of metal—organic framework
(MOF)-derived nanocarbons in CMCs remains largely unexplored. We extended
our previous proof-of-concept investigations by demonstrating the effectiveness of
a different type of MOF-derived carbon as a reinforcing phase in an alternative
ceramic matrix. We employed spark plasma sintering (SPS) to consolidate yttria-
stabilized zirconia (YSZ) and zeolitic imidazolate framework (ZIF-67) powder
blends at 1300 °C and a uniaxial pressure of 50 MPa. YSZ serves as the ceramic
matrix, whereas ZIF-67 serves as the nanocarbon source. The composite exhibits
a highly significant improvement in fracture toughness with an increase of up to
13% compared to that of the YSZ monolith. The formation of ZIF-derived nanocarbon interlayers is responsible for the observed
enhancement in ductility, which can be attributed to their ability to facilitate energy dissipation during crack propagation and inhibit
grain growth. Furthermore, the room-temperature electrical conductivity of the sintered samples demonstrates a substantial
improvement, primarily due to the in situ formation of nanocarbon-based fillers, reaching an impressive 27 S/m with 10 wt % ZIF-67
content. Based on the results, it can be inferred that the incorporation of in situ MOF-derived nanocarbons into CMCs leads to a
substantial improvement in both the mechanical and electrical properties.
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1. INTRODUCTION

Ceramics are very important engineering materials due to their
exceptional properties, including high-temperature stability,
mechanical strength, and resistance to harsh environmental
conditions." However, to meet the ever-evolving demands of
modern technology and industry, there is a compelling need

The incorporation of nanocarbon materials, including
graI)hene,6_8 carbon nanotubes (CNTs),”'" and carbon
nanofibers (CNFs),""'* into ceramic matrices has displayed
immense potential, and overcoming persistent challenges
related to nanocarbon agglomeration, interfacial incompati-
bility, and various issues associated with ceramic fabrication
methods remains a significant obstacle. High surface area and

for the further development of ceramic-based materials. In this
field, nanocarbon-reinforced ceramic matrix composites
(CMCs) have emerged as the focus of research and
innovation, promising a paradigm shift in the field of advanced
materials.”’ These composites combine the intrinsic strengths
of ceramics, such as high-temperature stability and corrosion
resistance, with the remarkable properties of nanocarbon
materials, such as outstanding electrical conductivity, mechan-
ical strengthening, and multifunctionality.”” Therefore, due to
their superior properties, nanocarbon-reinforced CMCs have
gained widespread acceptance due to their potential to
revolutionize numerous applications ranging from aerospace
and automotive industries to electronics and energy conversion
systems.5
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energy, as well as van der Waals forces from intermolecular
electrical dipoles, lead to agglomeration of nanocarbons, which
in turn limits the dispersion of nanocarbons in a ceramic matrix
and diminishes the mechanical properties.'* In addition, owing
to the vastly different densities and surface tensions of
nanocarbons and ceramics, interfacial incompatibility further
limits the properties of carbon-enhanced ceramics.'* Another
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common challenge is fabrication difficulties, such as controlling
the temperature during the sintering process, which can
weaken the interfacial bond of the composite.”” These
difficulties can be overcome by uniformly blending the carbon
source with the ceramic in the solid phase and subsequently
subjecting it to carbonization during sintering.

Metal—organic frameworks (MOFs) are crystalline/amor-
phous porous frameworks that consist of metal ions or clusters
that bond with organic linkers that typically bear chelating
functionalities that favor the formation of polynuclear
secondary building units (SBUs).'°~"® Owing to their tunable
nature, which can be manipulated to achieve high surface areas,
MOFs have solidified their application potential for gas
storage,lmo separation,m’22 catalysis,m_26 and electrochemical
applications.”””® In addition to MOFs being promising
materials for many applications in their crystalline state,
researchers have shown the potential of MOFs for designing
metal-based and carbon-based nanocomposites by pyrolysis
and controlling the morphology and structure of the derived
carbon by manipulating the pyrolysis conditions and
components of the MOE.””*°

Previously, our research successfully showcased the value of
MOF as a source of nanocarbon reinforcement in CMCs
through the use of spark plasma sintering (SPS), a highly
effective powder consolidation method.”’ Our findings
indicated that when zeolitic imidazolate framework (ZIF-8)
nanopowder was uniformly dispersed within an Al,O; matrix
in solid form, it underwent an in situ transformation into
graphitic carbon during the sintering process. The resulting
composites exhibited notably enhanced fracture toughness and
electrical conductivity relative to pure sintered Al,O;.’*'
Building upon this innovative concept, this study extends its
application to other ceramic matrices and MOFs. In this
context, we used YSZ as the matrix material for the CMCs
investigated in this study. Zirconia (ZrO,) is an attractive
ceramic material for biomedical, structural, and high-temper-
ature applications, owing to its exceptional chemical stability.*”
While pure zirconia has drawbacks such as poor crack growth
resistance and low fracture toughness, the addition of just 3
mol % yttria (Y,0;) eliminates these weaknesses as a result of
the phase transformation toughening phenomenon.”® Never-
theless, multiple phase transformations might lead to excessive
volume expansion and consequently lead to the failure of
YSZ.** To overcome this, researchers have used reinforcement
materials with different morphologies, and it has been reported
that the homogeneous distribution of the reinforcing phase in
the ceramic matrix reduces the local stress fields and
suppresses crack growth and propagation, which in turn
subdues the aforementioned stress-induced phase trans-
formation.” ZIF-67, which is composed of cobalt ions
(Co*) and 2-methylimidazolate linkers, was used as the
nanocarbon source for the reinforcement phase. It possesses a
substantial surface area exceeding 1700 m” g~', which imparts
ZIF-67 with an abundance of active sites. Furthermore,
derivatives such as metal oxides and metal/carbon composites
obtained by pyrolysis of ZIF-67 have the potential to introduce
new properties not present in the pristine ZIF-67 structure and
have therefore been utilized in CO, capture and electro-
chemical applications.*®

2. MATERIALS AND METHODS

2.1. Preparation of YSZ and ZIF-67 Hybrid Powders.
Commercial chemicals were used without additional purification

unless otherwise specified. High-purity YSZ powder YSZ (ZrO,—3
mol % Y,0;) with a purity of 99.8% was purchased from Tosoh Co.,
Japan. Furthermore, 2-methylimidazole with a purity of 97% and
cobalt(Il) nitrate hexahydrate (Co(NO;),-6H,0) with a purity of
98% were purchased from Alfa Aesar. ZIF-67 nanoparticles were
synthesized following the room-temperature synthesis method
detailed in our previous study.37 After this, the ZIF-67 nanoparticles
were subjected to three rounds of washing via centrifugation and were
finally dispersed in ethanol using a sonicator. This ethanolic
suspension of nanoparticles was blended with a specific quantity of
YSZ. Subsequently, the mixture was ball-milled (Retsch MM400) at
25 Hz for 30 min. The resulting homogeneous blend was dried via
stirring and heating by using a magnetic stirrer. This process yielded
powder mixtures denoted as YSZ/ZIF67-x, where x (1, 4, 7, and 10)
represents the weight percentage of ZIF-67. The crystal structures of
the starting materials are shown in Figure S1.

2.2. Sintering Process. Consolidation of the pure YSZ and
hybrid powders (YSZ/ZIF67-x) was performed using SPS (FCT
Systeme GmbH (Germany)). A uniaxial pressure of SO MPa was
applied, and the powders were heated to 1300 °C with a S min dwell
time of the powders. To avoid any undesired reactions, graphite foils
were carefully positioned between the powders and the inner wall of a
20 mm graphite die. The entire process was performed under vacuum
(<1072 mbar) at a rapid heating rate of 100 °C/min. The temperature
increment was meticulously regulated during sintering using a pulsed
electrical current with 12 ms on and 2 ms off cycles. An optical
pyrometer is used to monitor the temperature inside the graphite
punch. After the sintering process was complete, the power was shut
off and the furnace was allowed to cool naturally.

2.3. Structural Characterization. The bulk densities of the
sintered specimens were determined by the Archimedes method using
distilled water after removal of the graphite layers adhered to the
surfaces of the specimens. The characterization of the phase analysis
pertaining to the sintered samples was accomplished through the
utilization of powder X-ray diffraction, covering the angular range
spanning from 20 to 80° (26). This characterization involved specific
instrumental settings, including 40 kV accelerating voltage, 15 mA
current, 2° min~' scanning speed, and a step size of 0.02. The
microstructures of the sintered samples were examined by scanning
electron microscopy from the fractured surfaces (SEM; Zeiss Ultra
Plus). Further elemental analyses were carried out using energy-
dispersive X-ray spectroscopy (EDS; Oxford Instruments, INCA
ENERGY). Raman spectrum (WITec alpha300 RA-Oxford Instru-
ment) of the sintered samples was performed on the fractured
surfaces by utilizing a laser with a wavelength of 532 nm for excitation
with a 100X objective lens.

2.4. Mechanical and Electrical Characterization. The Vickers
hardness (HV10) of the sintered samples was measured using a
Vickers hardness tester (EMCO Test, M1C, Germany) with a load of
10 kg by pressing a diamond indenter onto the surface of the samples
for 3 s. The indentation size was then measured, and the Vickers
hardness value was calculated using an empirical equation (see the
Supporting Information (SI)). The KIC value was determined using
the Evans and Charles method,® specifically by employing the
indentation fracture (IF) technique from five indentation tests. This
method involves measuring the lengths of the radial cracks that
propagate from the corners of a Vickers indenter. These measured
crack lengths were then used in an empirical equation based on the
radial crack length produced by Vickers indentation.

The electrical resistivity of the samples was assessed by using two
different approaches. The two-probe and four-probe van der Pauw
methods were applied to the prepared samples. To prepare the
samples, the external surfaces of sintered circular pieces measuring 20
mm in diameter and 3 mm in thickness were polished until they
achieved a mirror-like finish. The samples were then subjected to a 60
nm thick gold deposition process to prevent ohmic loss. One side
(lower) was completely coated, whereas four small contacts were
placed at the corners of the other side (upper). In the two-probe
method, the upper small contact and lower contact were used,
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Figure 1. (a) Schematic of SPS setup. (b) SPS punch movement (displacement), sample temperature, and uniaxial pressure as a function of
sintering time for YSZ/ZIF67—10. (c) Densities of the sintered samples. (d) Digital photographs of the sintered YSZ/ZIF67—10 composite.

whereas in the van der Pauw method, all four contacts on the upper
surface were used.

3. RESULTS AND DISCUSSION

3.1. Structural Characterization. Figure la shows the
main components of the SPS equipment. In the SPS process,
the powders are subjected to a higher heating rate to quickly
reach a high temperature. This accelerated sintering process
facilitates powder densification. Rapid heating of the samples
during SPS bypassed the low-temperature range where surface
diffusion, a mechanism that does not promote densification, is
active. Instead, it directly enters the elevated temperature
range, where densification mechanisms such as the grain
boundary and volume diffusion are predominant. Figure 1b
shows the temperature and displacement compaction of the
powders during consolidation in SPS. Thermal expansion was
observed between the temperature ranges of 600 and 1300 °C.
This behavior is mostly attributed to the decomposition of
ZIF-67 (350—600 °C) and the formation of ZIF-67-derived
nanocarbons and metallic Co.***° Between 1000 and 1200 °C,
a steady shrinkage displacement indicates ideal densification.
The YSZ/ZIF67 powder compacted during the heating stage
to a sintering temperature of 1300 °C, as is evident from the
absence of further displacement increases during the holding
period. The SPS process was concluded with a cooling stage.

58933

The density of the sintered YSZ in this study is in good
agreement with the reported density of pure zirconia of 6.05 g/
cm®*' The relative density of the YSZ/ZIF67 samples
obtained by SPS at 1300 °C showed that as the ZIF-67
content increased, the relative density of the composites
decreased (Figure 1c). This decrease could be attributed to the
carbonization of ZIF-67 during sintering, which affects the
packing efficiency of the composite material. When the amount
of MOF-derived carbon in the ceramic matrix increases,
achieving a uniform distribution of the carbon phase at the
grain boundaries becomes challenging. This uneven distribu-
tion results in the local clustering of carbon particles known as
agglomeration. Consequently, microdefects and permanent
pores are formed, leading to a reduction in density.”” The
relative densities of the sintered composites were between 99.8
and 92.5%, implying that the compaction of the powders was
good with low levels of porosity. Digital photographs of the
highly shiny and monolithically produced samples confirm the
carbonization of ZIF-67 (Figure 1d).

Prior to sintering, the as-received YSZ powder exhibits a
combination of monoclinic and tetragonal phases, as indicated
by the X-ray diffraction (XRD) peaks presented in Figure S2
and confirmed by formal analysis. The majority of XRD
diffraction patterns align with the tetragonal phase (XRD
PDF#82—1241), while diffraction peaks associated with the
monoclinic phase are also observed, in accordance with the
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Figure 2. PXRD patterns of (a, b) YSZ/ZIF-67 powder mixtures before sintering and (c) sintered samples. (d) Raman spectra of the sintered

samples.

XRD PDF card (XRD PDF#86—1449). The presence of this
mixed phase in the initial powder may be attributed to the
uneven distribution of Y within the YSZ nanopowders.*’ After
sintering at 1300 °C, the diffraction peaks previously associated
with the monoclinic phase no longer appear. This can be
attributed to the uniform distribution achieved through high-
temperature diffusion during the sintering process.”* Regard-
less of the ZIF-67 content, all of the sintered ceramic
composites are in the tetragonal phase. In the XRD patterns
of YSZ/ZIF-67 powder mixtures, although the peak intensities
are low due to the low amount of ZIF-67 in the precursors,
characteristic peaks of ZIF-67 are observed (Figure 2a,b). This
indicates that the ZIF-67 nanoparticles did not undergo
amorphization and retained their crystallinity during the
preparation of the samples, including the ball-milling process.
Furthermore, nitrogen adsorption isotherms (Figure S3) and
thermogravimetric analysis (Figure S4) of the powder mixtures
were analyzed before sintering to confirm the stability of the
added MOF. As anticipated, the surface area of the powder
mixture increased directly with the amount of ZIF-67 present,
reaching 142 m?/g at the highest MOF content. However, the
ZIF-67 peaks disappear in the XRD patterns after high-
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temperature sintering, as expected (Figure 2c). ZIF-67
undergoes thermolysis as a result of the high temperature
during sintering and is transformed into carbon and cobalt
nanoparticles. In particular, the peak at 28.2, which is clearly
observed in the XRD pattern of the YSZ/ZIF67—10 sample
with the highest ZIF-67 ratio, can be attributed to graphitic
carbon (Figure §5).* Unlike the amorphous carbon derived
from ZIFs at lower temperatures in the literature, this graphitic
carbon formed by sintering is a result of the Co nanoparticles
acting as a catalyst to graphitize the amorphous carbon and
also the high sintering temperature (1300 °C) assisting the
graphite formation process.”® On the other hand, no
characteristic peak directly attributable to Co nanoparticles
could be observed in the XRD patterns owing to the lower Co
content compared to the C content and also because the
characteristic peaks of metallic Co overlap with those of YSZ.
However, the formation of carbon allotropes and Co from the
in situ thermolysis of ZIF-67 during the sintering process was
evidenced by Raman spectroscopy and energy dispersive X-ray
(EDX), as shown below.

The characteristic structure of the in situ ZIF-67-derived
carbon in the YSZ composites was elucidated by Raman
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spectroscopy (Figure 2d). The Raman spectra of all YSZ/
ZIF67 composites distinctly exhibit a G-band at 1587 cm™,
which corresponds to the E,, vibration mode of first-order
scattering in sp>-carbon materials.”’ A notable D-band at 1352
cm™" (corresponding to the Ajg mode) was also observed,
indicating the presence of disorder in the sp*-carbon structure
and highlighting the heightened level of defects within the
graphitic carbon.*® Additionally, the appearance of prominent
two-dimensional (2D) bands at 2707 cm™ provides evidence
for the development of in situ graphitic structures in sintered
composites. The relationship between the intensities of the
well-separated G and D bands (Ip/I;) in the Raman spectra
also plays a crucial role in gauging the extent of graphitic
carbon crystallization. In our samples, the relative intensity
ratios of the G to D bands (Ig/Ip) became 1.15 as the amount
of in situ ZIF-67-derived carbon increases, implying that a large
number of defects were generated during the sintering (SPS)
process.”” Simultaneously, the intensity of the 2D band
increases, which further confirms that the graphite structures
are well developed. As a result, the existence of graphitic
carbon in the composites, owing to the very high sintering
temperature and the catalytic effect of the resulting Co
particles, was revealed by Raman spectroscopy.

3.2. Microstructure and Mechanical Properties. SEM
images of the fracture surfaces of YSZ and YSZ/ZIF-67
composites are shown in Figure 3. While the grain size of pure

Figure 3. SEM images of the fractured surfaces of the sintered
samples. (a) Pure YSZ, (b) YSZ/ZIF67—1, (c) YSZ/ZIF67—4, (d)
YSZ/ZIF67—7, and (e) YSZ/ZIF67—-10.

YSZ is approximately 300 nm, the grain size decreases
significantly with an increase in the amount of ZIF-67-derived
nanocarbon in the composites. For example, the grain size of
YSZ/ZIF-67—4 is 150 nm, while it is smaller than 100 nm for
YSZ/ZIF67—10. These observations are likely attributed to the
widely employed technique of fine-grain strengthening, which
is a common method used to enhance the strength and

resilience of ceramic composites by incorporating nanocarbon.
In this method, nanocarbons tend to aggregate along grain
boundaries, yielding a stabilizing influence that not only
facilitates the dispersion of nanocarbons within the composite
but also hinders the growth of grains.”” SEM micrographs
corroborate this argument by demonstrating the presence of
ZIF-67-derived nanocarbons situated at grain boundaries
(Figure 3b,e). Notably, it has been reported that the shape
of nanocarbons within the ceramic matrix composite exerts a
pronounced influence on grain growth and, consequently,
mechanical properties. In addition to the pinning effect, the
presence of nanocarbons with high aspect ratios, such as
graphene, entwined at grain boundaries, can effectively impede
grain grow‘ch.51 Therefore, the decrease in the grain size can
also be attributed to the layered graphitic nature of the ZIF-67-
derived nanocarbon formed during sintering. As depicted in
Figure 3, the morphology of the grains within the composite
underwent alterations in addition to changes in grain size with
increasing ZIF-67-derived nanocarbon content. Notably, pure
sintered YSZ exhibits grains with sharp faceted edges, which
are common characteristics of sintered ceramics. However, as
the nanocarbon concentration in the composites increases,
particularly in YSZ/ZIF67—10, which has the highest carbon
content, these sharp faceted edges often transform into blunter
profiles. Typically, this grain morphology is observed during
the initial stages of sintering. This phenomenon can be
attributed to the anisotropic surface energy of the ceramic,
where grains evolve to attain equilibrium, resulting in zero
boundary curvature for alumina.”” In fact, it is unusual for
ceramics to densify without boundary regions reaching
dynamic equilibrium. This observation suggests that the
grain edges enveloped by nanoporous carbon remained
rounded, inhibiting zirconia grain growth from filling the
triple point. Energy-dispersive X-ray spectroscopy (EDS)
analysis, as depicted in Figure S6, confirms the presence of
Co in the composite. Considering the higher evaporation
temperature of Co compared to the sintering temperature
employed, it is expected to remain within the matrix. The
existing literature supports the rationale behind Co retention in
the composite.>®

The room-temperature mechanical characteristics of the
sintered specimens were assessed by measuring their hardness
and fracture toughness (Table 1 and Figure 4a). The reported

Table 1. Hardness, Toughness, and Electrical Conductivity
of the Sintered Samples

conductivity (S/m)

hardness toughness
sample (GPa) (MPa:m'?)  two-probe  van der Pauw
YSZ 13.06 5.10 24 %1078
YSZ/ZIF67—1 12.78 5.14 52 x 1078
YSZ/ZIF67—4 10.99 5.19 0.02 3.09 X 1073
YSZ/ZIF67-7 10.40 5.73 1.61 3.01 x 107!
YSZ/ZIF67—-10 8.53 5.77 27 6.82 x 107!

values in Table 1 are the averages of the data from five
indentation tests for the hardness measurement. The Vickers
hardness (HV) value measured for sintered pure YSZ (13.06
GPa) is in very good agreement with the literature.”* The
results show that HV decreased with increasing ZIF-67
content, and the mechanical hardness of YSZ/ZIF67—10
decreased by 35% compared to that of pure YSZ. This is
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Figure 4. (a) Mechanical and (b) electrical properties of the sintered samples as a function of ZIF-67 content.

reasonable because the Vickers hardness is affected by the
relative density. The impact of pores on the hardness of a
ceramic is the most detrimental; therefore, much of the
decrease in HV is attributable to an increase in porosity.
However, the greater decrease in HV compared to the density
can be attributed to the presence of soft nanocarbon phases at
the grain boundaries and the self-lubricating properties of the
sheet-like carbons.™

The results clearly demonstrate a substantial enhancement
in the fracture toughness of the composite samples, notably
reaching an improvement of up to 13.2% for YSZ/ZIF67—10
compared to pure YSZ. This gradual improvement in the
fracture toughness is exhibited up to a certain ZIF-67 ratio.
Beyond this point, a sharp increase is observed with higher
ZIF-67 ratios, followed by a more gradual rate of increase as
the reinforcement phase volume increases. This observation is
consistent with previous reports of numerous CMCs. It has
been documented that an increased proportion of nanocarbon
reinforcement can lead to deterioration in toughness. This
phenomenon is primarily attributed to higher nanocarbon
reinforcement within an elevated ceramic matrix, which results
in agglomeration and the formation of pores in the ceramic
structure.>’ Moreover, greater reinforcement material can
intensify the contact between graphitic carbon plates, creating
pathways between weakly bonded planes and consequently
contributing to the rapid propagation of cracks.”> The
significant enhancement in fracture toughness can be
attributed to the presence of ZIF-67-derived graphitic carbon
within the composites, which serves as a pivotal agent for both
crack deflection and crack bridging. Crack deflection describes
the process by which a propagating crack tilts and twists,
deviating from its original path as it encounters the reinforcing
nanocarbon situated at the fragile interface formed with the
matrix. The crack-bridging mechanism functions by generating
closure forces as a result of the resistance encountered by
partially detached nanocarbon fillers, coupled with their
mechanical interlocking with the matrix.>> Indeed, SEM
images depicting radial cracks growing at the corners of the
Vickers indentation corroborate that the enhancement in
fracture toughness in YSZ/ZIF-67 composites can be
attributed to these dual mechanisms (Figure S7).

3.3. Electrical Properties. Various studies have inves-
tigated the electrical conductivity of sintered composite
materials based on zirconia, both partially and fully stabilized,
doped with different carbon additives.”® These composites
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demonstrated a consistent level of electronic conductivity over
time, even under challenging conditions involving high
temperatures and oxygen exposure.”” Despite this, the impact
of incorporating various types of carbon materials on the
electrical conductivity and the point at which percolation
becomes significant have not been clearly delineated. The
reported values differ notably from one study to another. One
apparent factor contributing to this variability is the distinct
concentration of Y,0; dopant present within the zirconia
matrix.”® It is worth noting that the zirconia matrix displays
varying capabilities for hole doping, in the order of 3YTZP
(partially stabilized with 3 mol % Y,0,) followed by 8YSZ
(fully stabilized with 8 mol % Y,05). This discrepancy arises
from the different levels of anion vacancies in these materials.
Numerous other considerations further shape the electrical
behavior of these composites. These include the type of carbon
derivative employed, characteristics of the zirconia precursor
(particle size distribution, specific surface area, etc.), and
techniques employed during the processing phase. In this
study, the electrical conductivities of the sintered composites
were examined by using two distinct methods.

The electrical conductivity results obtained at room
temperature are depicted in Figure 4b in relation to the ZIF-
67 content. The conductivities of pure YSZ and the composites
were scrutinized using the two-probe technique by increasing
the percentage of the second phase in the matrix. The
conductivity of the composites increases rather slowly with the
addition of 1 wt % ZIF-67, reaching a value of 5 X 1078 Sm!~.
A gradual increase in the amount of MOF-derived carbon
drastically enhances the electrical conductivities of the
composite samples. The YSZ/ZIF67—10 composite exhibits
a conductivity of 27 Sm'", which is one of the highest
comparable values reported in the literature for zirconia matrix
composites at room temperature, confirming that the MOF-
derived carbons created an interconnected conductive net-
work, resulting in an electron pathway throughout the bulk
material. Consequently, the multitude of mobile charge carriers
that permeate the interconnected system leads to an increased
conductivity. Pure YSZ, which has an extremely low electrical
conductivity in the range of 107® Sm'~, experiences an
insulator-to-conductor transition with a maximum conductivity
of 9 orders of magnitude. The high electrical conductivity
acquired by the low carbon ratio is attributed to the rich
nitrogen content of ZIF-67. In the Hall effect conductivity
measurement of the pure ceramic up to YSZ/ZIF67-1
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composites, no results could be achieved because the
conductivity was beyond certain limits of the instrument.
Although the conductivity values were not particularly
elevated, it was observed that as the content of MOF-derived
carbon in the matrix increased, correspondingly elevated
conductivity values were recorded. The variations in the
conductivity measurements are due to the anisotropic nature of
the samples, which is highly dependent on the measurement
technique performed. When the two-probe method is utilized,
voltage is applied perpendicular to the surface of the sample,
whereas in the measurement of the Hall effect conductivity, it
is applied parallel to the surface.

4. CONCLUSIONS

In conclusion, our study represents a pioneering step in
exploring MOF-derived nanocarbons as reinforcement phases
in CMCs. Our findings demonstrate that the integration of
zeolitic imidazolate framework (ZIF-67)-derived nanocarbons
into yttria-stabilized zirconia (YSZ) matrices leads to
substantial improvements in fracture toughness and electrical
conductivity. The formation of ZIF-derived nanocarbon
interlayers plays a critical role in enhancing fracture toughness
by facilitating energy dissipation during crack propagation and
restraining grain growth. Furthermore, the noteworthy room-
temperature electrical conductivity achieved in these compo-
sites not only allows for various applications but also
emphasizes the potential identified in this study. In particular,
in the field of solid-state electrochemical applications, such as
fuel cell electrode processes and oxygen sensors, the electrical
conductivity obtained in this study is promising. Future
investigations may concentrate on optimizing the sintering
parameters and composition of nanocarbon-reinforced CMCs
to enhance their overall performance. In addition, investigating
the scalability and industrial viability of this approach is crucial
for its successful integration into practical applications across
various industries. Overall, the incorporation of MOF-derived
nanocarbons holds tremendous promise in revolutionizing the
landscape of advanced materials with enhanced mechanical,
electrical, and thermal properties.
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