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Abstract: The absence of affordable and deployable large-scale energy storage poses a major barrier to
providing zero-emissions energy on demand for societal decarbonization. High temperature thermal energy
storage is one promising option with low cost and high scalability, but it is hindered by the inherent
complexity of simultaneously satisfying all material requirements. Here we design a class of ceramic-
carbon composites based on co-optimizing mechanical, electrical, and thermal properties. These composites
demonstrate stability in soak-and-hold tests and direct self-heating up to 1,936 <C and 750 thermal cycles
from 500 <C to 1,630 <C without degradation. This thermal performance derives from their composition and
microstructural design as verified by in-situ high-temperature transmission electron microscopy and x-ray
diffraction. They offer both higher energy density and lower cost than conventional storage technologies
with a projected system Levelized Cost of Storage below the U.S. Department of Energy’s 2030 target

5 @/kWh (electric).



We will need Terawatt-hours of energy storage to overcome the intermittency of solar and wind power
and fully transition to renewable energy’*. Most existing energy storage technologies such as
electrochemical batteries and pumped hydro are either too expensive for large scale deployment,
geographically constrained?, or have critical material availability concerns®#. Furthermore, a significant
amount of end-use energy is needed as high temperature (>1,000<C) thermal energy instead of electricity,
especially for industrial processes such as steel, cement, and glass production®®. We cannot achieve full

decarbonization without also decarbonizing this high temperature industrial process heat.

Recently, high-temperature thermal energy storage (HT-TES) has emerged as a promising solution to
these stated issues. These systems store renewable energy in the form of heat frequently above 1,500<C and
dispatch it either directly as heat or by converting it into electricity using a heat engine (also called Carnot
batteries’) as shown in Fig. 1a. HT-TES possesses several environmental and economic benefits that make
it particularly well suited to TWh-scale deployment needed for full decarbonization, including high energy
density (>800 kWh/m®)89, intrinsic safety (heat itself cannot explode), low capital cost (<US$10/kWh)&10,
geographic flexibility, and reliance only on Earth abundant materials®*. But the ideal HT-TES material
must satisfy a challenging set of simultaneous constraints: good thermal conductivity to reduce temperature
gradients and increase power delivery rates, good and temperature-independent electrical conductivity for
rapid and stable self-heating, robust mechanical properties that withstand thermal shock and mitigate
thermal cycling fatigue, high temperature stability, and non-corrosivity, all while being made from safe and

abundant materials.

Scientists have investigated high temperature liquids for HT-TES such as molten silicon and tin213,
as molten salts thermally degrade above 1,000<C. However, containment of such high temperature
corrosive liquids is difficult. Hexagonal boron nitride (h-BN), its composites?>!6, and graphite!? have been
explored as refractories for containment, among other materials. Each container material overcomes a key
challenge, but no single material yet eliminates mechanical weakness, degradation, chemical reactivity, and

wettability with the corrosive liquid all at once. While phase change or sensible heat liquids hold promise



for HT-TES, further advances in containment are still needed. Stand-alone solid ceramics and clays are
inexpensive but require external heaters, which add to system complexity and reduce overall reliability.
Recently, Stack et al. have addressed this issue by doping ceramics to make them electrically conductive,
allowing for direct electrical self-heating'”8. However, their conductivity varies widely with temperature,
making the material prone to thermal runaway during charging®’. Pure graphite experiences thermal cycling
fatigue as internal stresses accumulate from the anisotropic thermal expansion of separate grains, ultimately
resulting in creep deformation and material failure!®. Fig. 1b summarizes the state of the art!?1/.20.2L,
Currently, no stand-alone material in the literature satisfies all HT-TES requirements, leaving this critical
need open (Supplementary Fig. 1). To address this gap, we propose a class of ceramic-carbon composites
with co-optimized thermal, electrical, and mechanical properties by controlling composition and

microstructure using rapid sintering techniques.

Historically, the two most challenging HT-TES material properties to satisfy have been (i) rapid stable
self-heating, and (ii) cyclability. We therefore focus on creating these properties in simple ceramics as
starting base materials that have otherwise desirable properties. Rapid stable self-heating requires a
moderate level of electrical conductivity (~ 1,000 S/m) without a strong temperature dependence to avoid
thermal runaway that would lead to heating instabilities'’. We therefore choose graphite as a conductive
filler to add to the ceramic matrix due to its overall weak temperature dependence resulting from its
semimetal-like electronic band structure®?. Like ceramics, graphite is also abundant, safe, and remains solid
at very high temperatures. We add enough graphite to exceed the percolation threshold (~33 vol%) based
on the Bruggeman model (Supplementary Note 1). This ensures enough distributed graphite to reliably
form random continuous conductive pathways throughout the composite, giving it good electrical
conductivity. It also enhances the composite’s thermal conductivity, improving thermal stability and

maximum block thickness as discussed later.

The composite also needs to withstand exposure to extreme spatial and temporal temperature gradients

and survive repeated cycling of large temperature oscillations greater than 1,000 <C. While brittle materials



with low Young's Modulus and high tensile strength are resistant to thermal shock, they are highly
susceptible to damage accumulation if thermal fracture does occur, resulting in catastrophic failure. In
contrast, stiffer materials with lower tensile strength will fracture at smaller thermal strains but with less
stored elastic energy, resulting in smaller and less devastating cracks??2%, To create an HT-TES material
with both high thermal shock resistance and low damage accumulation, we manipulate the heterogeneous
microstructure. The added graphite flakes serve a dual purpose and act like micromechanical thermal stress
concentrators, nucleating a high density of uniformly distributed microcracks throughout the material when
only a small amount of elastic energy has been accumulated?*?>-?", These microcracks, along with the small
but finite porosity, then act to volumetrically distribute absorption of the released elastic energy during
fracture events so that no single crack grows large?*?>?8, If thermal cycling causes sintering that closes
cracks or pores, the graphite flakes ensure consistent reforming of distributed microcracks in future cycling
to limit maximum crack size. The small ceramic grain sizes (~1 um particle size) mean the comparatively
large graphite flakes (~10 um flake size) pin and deflect propagating cracks, further limiting damage
accumulation?*?®, The resulting composite can thus withstand exposure to extreme temperature gradients
and many repeated thermal cycles without accumulating enough damage to significantly reduce its

performance.

We individually evaluate TiO,, MgO, and SiC as candidate composite matrix materials owing to these
ceramics’ high melting temperatures (>1800 °C), low cost, and chemical inertness. Pure ceramic powders
are mixed with the graphite flakes, pressed into pellets, and sintered using an ultrafast high-temperature
sintering (UHS) technique developed by Yao et al. (Fig. 1c, details in Methods)?. During sintering the
100’s of nm sized ceramic powder particles coalesce into grains of several microns in diameter (Fig. 1d-f),
while the graphite flakes do not sinter and retain their original tens of microns size. The average volumetric
fill fraction increases from 4844% to 73+2%, leaving a porosity low enough to preserve good energy
density and thermal and electrical conductivities, but high enough to help mitigate thermal cycling fatigue

by acting as microcracks as discussed above. As indicated by X-ray photoelectron spectroscopy (XPS)



results, the densification is achieved due to the additional chemical driving force beyond the normal

capillary force using this UHS technique (Supplementary Fig. 6-9, Supplementary Table 1)%.

We quantified all HT-TES critical properties in the same samples and evaluated how these could
impact the design of a full-scale system. All three composites satisfy HT-TES requirements with SiC+Gr
exhibiting the best all-around performance, which we then subjected to more rigorous testing and
investigations. Vickers hardness tests (Fig. 2a, Methods) show that the composites all achieve a mechanical
hardness comparable to or higher than that of concrete (40-50 MPa)¥®, showing promise for structural TES
blocks that can support their own weight. Heat capacity measurements and theoretical extrapolation to high
temperatures confirms high energy densities in the range of 0.87-1.03 MWh/m® (AT = 1000°C,
Supplementary Note 2). The thermal conductivities of the composites, x, at room temperature are 2.9 W/m-
K (TiOz+Gr), 3.6 W/m-K (MgO+Gr), and 5.9 W/m-K (SiC+Gr) (Methods)®!, which are comparable to or
better than various types of rocks successfully used in lower temperature TES studies such as granite (2.8
W/m-K), basalt (3.2 W/m-K), and hornfels (1.5 W/m-K)*2. Using an asymmetric effective medium
Bruggeman’s model, we extrapolate our measured room temperature thermal conductivity to 1,500 <C based
on literature data for temperature dependencies of each component and considering the effects of interfacial
thermal resistance (Supplementary Note 3)®. Thermal conductivity also directly affects charging stability,

discussed below.

The electrical conductivities, o, of the composites at room temperature are 3,382 S/m (TiO»+Gr), 1,601
S/m (MgO+Gr), and 2,643 S/m (SiC+Gr), which are 10 to 100 times higher than the pure semiconductor
ceramic components of TiO, (17.1 S/m) and SiC (362 S/m), and nearly 10,000 times higher than related
doped Cr,0s!". These values confirm the percolation threshold is achieved in all composites** (Methods,
Supplementary Tablel). For a representative 800 MW direct-reduction iron plant®®, 9,600 MWh of stored
energy would be necessary to provide 12 hours of continuous power. For these composites’ electrical
conductivities, such a system could be fully charged in 6 hours using industrial charging voltages

(Supplementary Fig. 21), which could exploit the daily low-cost electricity window.



We also measure ¢ as a function of temperature up to operational HT-TES temperatures and confirm
that all composites have a relative Temperature Coefficient of Conductivity (TCC) magnitude less than
0.01 K%, meaning their electrical conductivity changes by less than 1% per degree change in temperature
(Fig. 2b). In contrast, HT-TES doped ceramics’ relative TCC is ~1,000 times larger within the same
temperature range!’. TCC magnitude is critical for stability and safety during charging. If random
fluctuations produce a hot spot during charging, a sufficiently large positive or negative TCC will cause
local heat generation to intensify in a positive feedback loop leading to thermal runaway and catastrophic
failure (Supplementary Note 4). The TCC’s sign determines whether such risk is associated with parallel
or series current flow, both of which exist in 3D self-heated blocks. Our composites have a slight positive
TCC, putting them at risk of failure in parallel configurations (Supplementary Fig. 22). However, a small
TCC can still be tolerated if heat passively conducts away from the hot spot faster than it is generated
(Supplementary Note 4). Based on our composites’ measured « and TCC, we calculate the maximum
allowable wall thickness between flow channels, Lsaremax, b€lOw which heat will always conduct away fast
enough to prevent thermal runaway for hot spots of any size (Fig. 2c). For these composites, Lsatemax Varies
from 11 cm (TiO2+Gr) to 17 cm (SiC+Gr) in the direction perpendicular to electrical current flow, enabling
practical block geometries'’. To evaluate the practicality of the idea and demonstrate the self-heating
capability, we developed a proof-of-concept device (Fig. 2d). We performed a thermal soak-and-hold test
by self-heating a SiC+Gr composite sample to 1,936<C and holding it there for over an hour (Fig. 2d,

Methods), during which the sample did not exhibit any temperature instabilities or degradation.

To evaluate the thermal cycling stability of the composites, we measured o and « before and after
thermally cycling each sample approximately 750 times (Fig. 3a-b). Each cycle constituted ramping the
sample up from 500<C to 1,630<C and back down again within 3 minutes (Supplementary Fig. 24-25,
details in Methods), creating spatial and temporal temperature gradients comparable to or greater than what
would be experienced in a full-scale HT-TES system. Additionally, intermediate values of o were measured

every few 10’s to 100’s of cycles to track degradation (Supplementary Fig. 26). Fig. 3a-b show that all



composites’ transport properties remained stable within <14% throughout thermal cycling (Fig. 3a-b). This
reduction primarily occurs during the first few cycles with little further degradation over the hundreds of
remaining cycles tested (Supplementary Fig. 26), indicating robust thermal cycling fatigue resistance and
the potential to survive decades-long service life. We note that we also evaluated an Al;O3+Gr composite,
but it experienced complete fracture failure during cycling, possibly due to a high temperature chemical
reaction between alumina and graphite that produced trapped carbon monoxide gas®, building up pressure

until failure.

To verify the microscopic mechanisms enabling this remarkable thermal stability, we perform high
temperature X-Ray Diffraction (XRD) from 25<C to 900 <C on the SiC+Gr and MgO+Gr samples (Fig. 3c-
e, Methods). Chemical phase transition of the titania phase in the TiO,+Gr sample complicated its XRD
data analysis (confirmed by XPS measurements, Supplementary Fig. 6). As discussed earlier, the graphite
flakes function as micromechanical thermal stress concentrators to encourage formation of a high density
of uniformly distributed benign microcracks rather than fewer catastrophically large cracks during thermal
fracture events. This stress concentration would necessitate thermal strain mismatches between the graphite
and ceramic phases and would produce stress gradients within the graphite during heating. Both of these
features are corroborated by the XRD data (Fig. 3c-e). XRD measures thermal expansion of each
component within each composite from the temperature-dependent shift in its diffraction peak. We find the
Volumetric Coefficient of Thermal Expansion (VCTE) of the graphite phase is indeed mismatched with
that of the corresponding ceramic phase by roughly a factor of two in both samples (Fig. 3¢, more details
in Supplementary Fig. 30). We also measured the relative increase of the graphite phase diffraction peak
widths with temperature to be of order 10* K™ (tens of percent increases over cycling temperatures) (Fig.
3d). Given the cm-sized X-Ray spot size used and the tens of microns-sized graphite flakes, this diffraction
peak broadening reveals increasingly heterogeneous strain in the graphite and hence thermal stress

concentration from heating®.



While all composites satisfy all HT-TES requirements (Supplementary Table 1), SiC+Gr enables the
largest and most stable storage blocks in a real system, making it the preferred composite for general HT-
TES. We therefore performed high temperature in-situ Transmission Electron Microscope (TEM)
Videography on SiC+Gr to investigate the dynamic microstructural changes during heating from 25<C to
1,000C (Fig. 3f-g, Methods). The TEM videos confirmed that the existing pores and microcracks are able
to accommodate significant thermal strain, preventing further crack propagation (Supplementary Videos 1-

3).

Finally, we performed a techno-economic analysis (TEA) to assess the practical performance of a full-
scale HT-TES system (enough storage to deliver 800 MW of heat or electricity to the end-user continuously
for 12 hours) based on the engineered composite materials in this work and the cost of balance of plant such

as heat exchangers, pipes, insulation, and heat engines. We have conducted the TEA for two scenarios:

Heat delivered at 1500 °C (Fig. 4a): This temperature is applicable for blast furnaces, glass furnaces, steam
methane reforming, and Carnot Batteries for electricity using existing gas turbines. This scenario was
chosen as components for balance of plant (BOP) already exist and are currently in use by the gas turbine
industry®$%, In the published literature as shown in Fig. 4b, no storage material exists even at 1500 °C.
Chemical based metal oxides come close to this temperature, but are significantly more expensive than our
proposed material and no reliable data on durability and thermal stability performance has been shown.
Thus, the composites in this work could overcome one of the current barriers preventing HT-TES
implementation. If the end use is heat, we refer to this as the H-base scenario, and if it is converted to
electricity as end use, we call this the E-base scenario. For our generalized system, we use the design of
conventional TES systems where temperature stratification is used to maintain high-temperature heat
delivery during discharge®. Heat is efficiently conducted locally across flow path walls to the heat transfer
fluid (HTF), while the system maintains a significant global temperature differential between HTF inlets

and exits.



Heat delivered at 2000 °C (Fig. 4a): We also speculatively evaluate the system’s potential to deliver heat
at 2000 <T (H-2 scenario) and convert that heat to electricity using thermophotovoltaics (TPVs) (E-2
scenario). TPVs are scalable solid-state heat engines capable of radiatively accepting > 2000 <T heat
without needing high temperature heat exchangers or heat transfer fluids. TPVs have been rapidly
advancing in recent years, and now possess heat-to-electricity conversion efficiencies of 40%*. These
scenarios are more ambitious and rely on future R&D of the coupling infrastructures, and their costs and

breakdowns are provided in Supplementary Fig. 31.

For all scenarios (H-base, E-base, H-2, E-2), the modeled cost components (e.g., layered insulation
material, heat transfer fluid), and economic parameters and assumptions are presented in Supplementary
Note 5 and Supplementary Tables S3 through S6. Fig. 4b and 4c plot our system’s projected upfront capital
cost per unit energy stored for direct comparison with other energy storage technologies®#-*® as a function
of output temperature (for heat output) and energy density (for electricity output). In addition to competitive
cost and energy density, our material’s ability to provide heat at such high temperatures can enable new
opportunities for decarbonizing high emissions industries such as blast furnaces, glass, cement, and
refractory metal (1500-2000 <T)**6, whose heat demands routinely exceed the operating temperature of

conventional HT-TES such as molten salts (Fig. 4b).

Fig. 4d and 4e show system levelized cost of storage (LCOS) and associated cost breakdown for the
1500 <C base cases of heat and electricity delivery. Based on the material performance experimentally
demonstrated in this work, a theoretical full-scale HT-TES system could provide heat (H-base) at an LCOS
of 1.1 @kWh (th) and electricity (E-base) at 3.3 ¢/kWh (e), satisfying the Department of Energy’s 2030
LCOS target of <5 @kWh (e). LCOS calculations include material replacement based on cycle lifetime
(included in annualized capital) and operation and maintenance (not including the charging cost),
normalized to the annual energy output. The capital cost of the additional coupled system components
(balance of plant) other than the HT-TES material collectively account for 49% of the LCOS for H-base

and 61% for E-base. This includes components such as pipes, high-temperature heat exchangers (HT-HE),
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and combined cycle gas turbines (CCGT) for the E-base scenario. The 2000 <TC scenarios could provide
heat (H-2) at an LCOS of 1.2 @&/kWh (th) and electricity (E-2) at 2.8 &kWh (e), outperforming E-base.
However, these scenarios still require further R&D on specific components (HT-HE for H-2 and TPV for
E-2), as discussed in Supplementary Note 5. We project that capital costs of non-TES components would
account for 55% of the total H-2 LCOS and 35% of E-2’s LCOS (Supplementary Fig. 31). Finally, our
sensitivity analysis (Supplementary Fig. 32) identifies the most important system parameters for
deployment as high material stability (i.e., up to 750 cycles in this study), economical HT infrastructure
(i.e., HT-HE for H-2 and CGGT for E-base), and high thermal-to-electrical heat engine conversion
efficiency (for E-base and E-2). We note that while our TEA assumes the experimentally demonstrated
number of cycles (~750), this number was limited by practical measurement constraints and not by sample
degradation. We expect the composites would survive significantly more cycles if tested, further reducing
LCOS by tens of percent for all scenarios. Lastly, although UHS provides important microstructural control
and rapid synthesis, its commercial maturity level is still relatively low. As noted in Supplementary Note
5, the manufacturing cost used in our TEA is analyzed primarily based on scale (i.e. energy consumption)
and assessments of commercially-available sintering methods, and not based on the UHS technique. Thus,
future studies are encouraged to investigate higher technology readiness level (TRL) developments of this

technique and its cost in greater details.

We have presented microstructured ceramic-graphite composites as a high temperature thermal energy
storage material that could help achieve full decarbonization by enabling societal electricity and heat
demands to be powered using intermittent sources of renewable energy. These composites have been
demonstrated to simultaneously satisfy all HT-TES material physical and economic requirements, with
SiC+Gr performing the best. Owing to their makeup and microstructure, these composites can survive
prolonged high temperature exposure and rapid self-heating without thermal runaway, and many hundreds

of rapid thermal cycles from 500 <C to over 1,500 <C without degradation. They are made from safe, Earth-
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abundant, and inexpensive materials, and could enable large scale energy storage at a price that makes 24/7

dispatchable renewable energy competitive with fossil fuels.
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Fig. 1. HT-TES system overview and storage material synthesis. (a) Overview schematic showing how
HT-TES converts renewable electrical energy to high temperature thermal energy (>1500 °C), and supplies
heat and electricity to the end-user. (b) Demonstrated cycle life of different thermal energy storage
technologies!>'”-2%2! plotted versus their maximum storage temperature. Filled symbols represent storage
materials that require separate indirect heaters and the empty symbols represent materials that can be
directly resistance heated. Note that higher storage temperatures allow for larger energy storage densities.
(c) Upper panel: modeled temperature profile using COMSOL® during sintering of ceramic-graphite pellets
with carbon paper as the heating element, and lower panel: a photograph of the sintering setup. (d and f)
SEM micrograph of the SiC+Gr pellet (d) before and (f) after sintering. (e) Recorded temperature evolution
of the carbon heater during the sintering process.
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Fig. 2. Rapid self-heating. (a) Measured Vickers hardness of all prepared pellets in this work, where the
dashed line represents the measured hardness value of concrete for comparison®. Error bars represent
measurement errors in average length of the diagonal left by the indenter. (b) Measured temperature-
dependent electrical conductivity of sintered composite pellets. (c) Maximum stable wall half thicknesses,
Lsafemax, @S a function of temperature for different storage materials. HTF flow channel walls thinner than
2L saremax Will always dissipate hot spots and avoid thermal runaway (Supplementary Note 4). (d) Proof-of-
concept demonstration. Direct resistance heating (DRH) of a SiC+Gr pellet to 1,936 °C for over an hour
without any observed temperature instabilities or material degradations. Temperature is recorded using a
pyrometer and the test is conducted in an argon filled custom-designed chamber with a water-cooled jacket.
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Fig. 3. Thermal cycling fatigue resistance. (a) Measured room temperature electrical conductivity of the
composite pellets before and after >753 thermal cycles (all with ~35% volume percentage of graphite).
Error bars represent the uncertainties in pellets thickness measurements. (b) Measured room temperature
thermal conductivity of the sintered pellets before and after >753 thermal cycles (all with ~35% volume
percentage of graphite). Error bars represent the standard deviation of three hot disk measurements. (c)
Measured average Volumetric Coefficient of Thermal Expansion (VCTE) for each phase within the
composite pellets from 25 to 900 °C based on XRD results. Errors bars are mainly from the uncertainties
in linear least square fitting. (d) Measured full width at half maximum (FWHM) for graphite (002) peak as a
function of temperature within two different composites. Note that the lines are guide for the eye. (e) Zoom-
in XRD profiles of SiC+Gr composites showing the phase evolution as temperature increases from 25 to
900 °C. (f-g) Annular dark-field (ADF) scanning transmission electron microscopy (STEM) images showing
cross-section cut of SiC+Gr sample at 25 and 1000 °C, respectively. EDS mapping result is overlaid onto
the STEM image to show each phase within the composite. Scale bar: 3 ym.

15



Fig. 4. System cost evaluation. (a) High-level illustrations for applications evaluated in this study; “H”
designates heat delivery under 1500 °C and 2000 °C for “H-base” and “H-2”, respectively. “E” designates
electricity delivery, where “E-base” uses heat exchangers coupled with CCGT, and “E-2” uses TPV to
convert the stored heat into electricity. “HTF” is heat transfer fluid, “HT-HE” is high temperature heat
exchanger. System sizes are 800 MW of heat or electricity delivery to the end-user, and the storage capacity
is sized to provide corresponding power outputs for a duration of 12 hours. (b) Comparison between this
work and other heat storage methods from literature based on storage temperature and installed capital
cost of the full system (filled in points) or of just the storage material (unfilled points). (c) Comparison
between this work and other general energy storage methods from the literature based on energy density
and system installed capital cost. Unfilled points designate technologies that depend on specific local
geological features. Data for other studies are extracted from 841743, Note for heat storage, we have included
both material and system level data for other materials (where available). If not specified with “material
only”, capital costs for this work include all the components listed in Supplementary Note 5, other than O&M
and others (i.e., installation and contingency). Energy density calculation in (c) for “this work” includes the
volume of TES material, insulation, and support. Value for “this work” in (c) represents E-base scenario. (d)
Levelized cost of storage (LCOS) for the H-base scenario and its breakdown. (e) LCOS for the E-base
scenario and its breakdown.
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Methods

Ultrafast high-temperature sintering (UHS) using carbon heaters. The raw materials of ceramic
powders (~100-300 nm particle size, Sigma-Aldrich) and graphite flakes (~5-10 um flake size, Sigma-
Aldrich) were first mixed with ball-milling and the precursor powders were then pressed into pellets with
a die using a hydraulic pressing tool (Carver, Inc. model 4120). The UHS was conducted in an argon filled
chamber, and the heating rate and temperature of the Joule-heating carbon strip (Fuel Cell Earth) were
precisely controlled by tuning the voltage of the power supply (Supplementary Fig. 2)%. The geometry of
the carbon strips is designed to match the heater resistance with the current and voltage limits of the power
supply to achieve the ideal heating power and sintering temperature. Shown in Fig. 1c, three pieces of
carbon strips with carefully designed geometries are used as the heater for the sintering process, with three
pressed pellets sandwiched between these heater strips, being rapidly heated via thermal radiation and
conduction. Using this method, a high heating rate of ~10° °C/min, cooling rate up to ~5>10° °C/min, and
a high sintering temperature ~2,200 °C are achieved (Fig. 1le). Similar to conventional spark plasma
sintering, the ultrahigh heating rates of the UHS technique enhances the densification rate. The ultra-fast
sintering also minimizes cross-diffusion between the components to maintain the structural integrity, and
the distinct phases forming the dense composite pellets are directly shown in the EDS elemental mapping
of the sintered composite pellets (Supplementary Fig. 10-12). The temperature of the heater is measured
using a two-color pyrometer (Advanced Energy, Impac ISR 6 Advanced) with uncertainty of £1°C. The
relative density of the sintered pellets is defined as 1-porosity, where the porosity is calculated based on the
measured weight, volume, and the component intrinsic material density.

X-ray photoelectron spectroscopy (XPS) characterization. The X-ray photoelectron spectroscopy (XPS)
measurements were performed using the Thermo-Fisher K-Alpha Plus XPS. The photon source was a
monochromatized Al K a line (v = 1486.6 V). The spectra were acquired using a spot size of 400 pm. A
flood gun with combined electrons and low energy Ar ions is used during the measurements. Based on the
measured XPS spectrum before and after sintering, chemical state change was observed in the TiO,+Gr
composite (Supplementary Fig. 6).

Energy dispersive spectroscopy (EDS) measurements. The shape and size of features, surface
topography, and chemistry of the composites were confirmed by a Field Emission Scanning Electron
Microscope (FESEM, Zeiss Gemini Ultra55) coupled to a Bruker X-Ray Energy Dispersive Spectrometer
(X-Ray EDS) used for identifying and mapping the distribution of chemical elements. EDS elemental
mapping results for sintered composites are shown in Supplementary Fig. 10-12.

Vickers hardness test. The mechanical hardness of the sintered pellets is measured using an Instron 5944
with a Vickers diamond tip. For this test, we first ramp up the indentation force to 10 N, hold for 10 s, and
then retract the loading force from the sample surface (Supplementary Fig. 13). The Vickers hardness is
calculated based on the loading force and the measured indentation size. We performed the test at three
different locations, and the calculated average value represent the sample hardness (Supplementary Fig.
14). During the measurements, we make sure that the size of hardness indentations (~40—-500 pum) are much
larger than the microstructural features of the composites (~200 nm—5 pum), and the measured results reflect
the hardness of the composites as a whole*’. Similar measurements have also been conducted on fine
grained TiC/TisAlC; particle composites with um sized phases*®.

Heat capacity measurements. The heat capacity was directly measured using differential scanning
calorimetry (TA Instruments, DSC 2500) in hermetically sealed non-reacting anodized aluminum pans. The
heat capacity measurements were calibrated using NIST reference data for sapphire. We measured the heat
capacity of all prepared pellets from 0 to 200 °C (Supplementary Fig. 15).

Electrical conductivity measurements. The electrical conductivities of the sintered pellets are measured
using the van der Pauw method. For the high temperature electrical conductivity measurements (up to
1,500 °C), high melting point tungsten wires (3,422 °C) are used as the electrical leads. In order to achieve
stable electrical contact between the sample and the electrical leads, a custom-designed alumina sample
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holder is used, which consists of two alumina clamps and alumina screws, and the sample is sandwiched
between the two clamps and tightened by four screws (Supplementary Fig. 16). This measurement is
performed in a high-temperature furnace in an argon environment with +/- 1 <€ temperature control
accuracy (MTI, GSL1700XS60). The van der Pauw method employs a four-point probe placed around the
perimeter of the sample, which enables the measurement of an average resistivity of the sample through
switching the current source and voltage probe leads. The average resistivity of a sample is given by p =
Rst, where the sheet resistance Rs is measured using van der Pauw method, and t is film thickness. Electrical
conductivity measurements are conducted on three samples of each type to obtain an average value.

Cross-plane thermal conductivity measurements. The widely used hot disk transient plane source
method (Hot Disk TPS 2200, Thermtest) is used to measure the room temperature thermal conductivity of
the sintered pellets (Supplementary Fig. 17). For this measurement, a thin metal foil disk (7577 sensor) with
a bifilar spiral pattern is used as both the temperature sensor and the electrical resistive heater. The metal
disk is sealed between two thin sheets of polyimide (Kapton), which act as a structural support and electrical
insulator. In the experiment, the hot disk sensor is placed between two identical sintered composite pellets.
A stepwise current is applied to the sensor, which generates a changing temperature in the sample and the
sensor. By using resistance thermometry, the increase in the resistance of the metal sensor is measured over
time to monitor the temperature increase in the sensor accurately (Supplementary Fig. 18). The temperature
response is analyzed to determine the thermal conductivity of the sample using a model developed for the
idealized sensor with a known geometry, which serves as a boundary condition for the heat conduction
problem in the sample®.

In-plane thermal conductivity measurements. The thermal conductivity was initially measured along the
cross-plane direction using the hot disk method®. To further confirm the absence of thermal anisotropy
within the as-prepared ceramic-graphite composites, we measured thermal conductivity of the same sample
along the in-plane direction using the recently developed Structured Illumination with Thermal Imaging
(SI-T1) platform in our group. In brief, the SI-TI system is an optical pump-probe microscope that tolerates
high surface roughness up to 3 pm and operates at low frequency (<10 Hz). This platform comprises an
MTIR120 Thermal Imaging System from Microsanj and a visible light camera with infinity corrected optics.
An Olympus LMPlanFL N 20x/0.40 objective lens is used to heat the sample and collect the
thermoreflectance image. A Thorlabs M530L3 LED at 530 nm driven in the CW mode is used as probe
light for thermoreflectance signal detection. The thermoreflectance signal is collected by a 1920 > 1200
pixel Si CMOS camera with 5.86 pm pitch size. A gold thin film with thickness ~70 nm is deposited on the
sample surface for thermoreflectance imaging by electron-beam physical vapor deposition method using
the CHA Solution E-beam Evaporator.

As shown in Supplementary Fig. 19, a simple rectangular heating pattern is used in the measurement and
the phase difference between different regions of interest is used to avoid the characterization of the optical
property of the Au layer and the absolute heating power?®. The measurements of the SiC+Gr sample at
multiple points provides a consistent in-plane thermal conductivity of 5.520.5 W/m-K, which is consistent
with the results from cross-plane thermal conductivity of 5.940.4 W/m-K measured by hot disk. As such,
we conclude that there is negligible anisotropy in the thermal conductivity for the sintered ceramic-carbon
composites in this work.

Thermal cycling stability test. For each thermal cycle, the pellet was placed into the carbon heater, heated
from ~500 to 1,630 °C, and then cooled down to 500 °C. The maximum temperature is intentionally chosen
to be higher than the normal operating temperature of 1,500 °C to resemble a harsher working condition.
For each cycle, the charging and discharging times are 92s and 88s, respectively. These times are
representative of full-scale system cycle times based on nondimensionalized scaling between lab sample
sizes and full-scale system sizes. The details of the voltage settings and corresponding current of the power
supply are shown in Supplementary Fig. 24. After varying numbers of thermal cycles, we measured the
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electrical conductivity using the van der Pauw method, and measured thermal conductivity using the hot
disk method, both described above.

Direct resistance heating test. High melting point tungsten wires are used as the electrical leads, and a
thin layer of high-temperature carbon paste is applied at the connection between the tungsten leads and
pellet to spread the current (Fig. 2d). We feed a ~20 A DC current through the tungsten leads to the pellets
producing high temperatures within the material via directly resistance heating. Pyrometer readings show
a self-heating temperature of 1,936 °C. We hold the sample at high temperature for over an hour and do not
observe any thermal instabilities or material degradation.

TEM materials and sample preparation. The sintered composite samples were cleaved into ~ 5mm x
5mm = 2mm pieces with exposed flat faces for more practical TEM sample preparation. TEM foils were
prepared using the lift-out process from the surface, where light to dark contrast indicated carbide/graphite
or oxide/graphite interface (Supplementary Fig. 27). Prior to FIB trenching and milling steps, a protective
Pt layer was first deposited on the bulk sample surface using the electron beam (lower energy) and then a
Pt layer was deposited using the Ga+ ion beam (Supplementary Fig. 27). These Pt layers have shown to be
effective at minimizing beam damage to the surface of the sample by incident Ga+ ions. Moreover, the lift-
out procedure used progressively lower beam current during each thinning step to ensure the sample was
not affected before, during and after lift-out and transfer to a Protochips Fusion Select™ MEMS device
(SiN window). The lamella was carefully positioned over a milled section in the holey grid section of the
observation window and welded in four corners without contacting the electrodes on either side. Final
thinning and cleaning steps were performed on each side of the sample to remove most ion damage and
contamination on the sample face produced by Ga+ and Pt exposure.

In-situ heating and nano-diffraction electron microscopy. In-situ experimentation was conducted on a
Thermofisher Scientific ThemlIS image corrected microscope at 300kV equipped with a Bruker SuperX
energy dispersive x-ray spectroscopy (EDS) detector. The Bruker windowless detector allows for high
count rates with minimal dead time and fast STEM-EDS mapping. The high speed Ceta2 camera can
acquire 4k x4k images at 40 frames per second for in situ movies. The Protochips biasing/heating holder
is equipped with four electrical feedthroughs and can be tilted with a range of +/- 15 degrees in alpha and
+/- 8 degrees in beta. The microscope is equipped with a support Fusion Select heating source and Axon
software package which allows for real-time heating and video for the duration of the in-situ experiment.
The electrothermal e-chip was tested via Fusion select software for a proper connection in the Protochips
double tilt heating and biasing holder prior to the in-situ experiment. The detected shift in peak temperature
positions enables measurement of relative temperatures. Furthermore, the electrothermal e-chip used in
these experiments has been calibrated by Protochips to maintain a 5% temperature accuracy and uniform
heating across the entire heating membrane. The accuracy of this temperature measurement has been
demonstrated to a statistical precision as low as 2.8 K on similar MEMS-based electrothermal e-chips is
well documented and the error (20 K) is not significantly affected by relative changes in temperature®.
Moreover, there is a known temperature gradient across these types of devices, however the probed sample
regions are suspended over a single aperture, and it is assumed that the sample is only constrained by Pt
welds fixing the lamella to the MEMS chip.

Supporting Information
The Supporting Information is available free of charge at

Details of SEM images of composites before and after sintering, XPS spectrum and EDS mapping of the
sintered composites, Vickers hardness measurements, measured volumetric heat capacity, electrical and
thermal conductivity measurements, charging stability considerations, thermal cycling stability tests, in-
situ high temperature TEM and XRD examinations, Techno-economical analysis (TEA).
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Data and materials availability

The data that support the plots within this article and other findings of this study are available from the
corresponding author upon request.
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