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ABSTRACT: Flash Joule heating of highly porous graphene oxide
(GO) aerogel monoliths to ultrahigh temperatures is exploited as a
low carbon footprint technology to engineer functional aerogel
materials. Aerogel Joule heating to up to 3000 K is demonstrated
for the first time, with fast heating kinetics (∼300 K·min−1),
enabling rapid and energy-efficient flash heating treatments. The
wide applicability of ultrahigh-temperature flash Joule heating is
exploited in a range of material fabrication challenges. Ultrahigh-
temperature Joule heating is used for rapid graphitic annealing of
hydrothermal GO aerogels at fast time scales (30−300 s) and
substantially reduced energy costs. Flash aerogel heating to
ultrahigh temperatures is exploited for the in situ synthesis of
ultrafine nanoparticles (Pt, Cu, and MoO2) embedded within the hybrid aerogel structure. The shockwave heating approach enables
high through-volume uniformity of the formed nanoparticles, while nanoparticle size can be readily tuned through controlling Joule-
heating durations between 1 and 10 s. As such, the ultrahigh-temperature Joule-heating approach introduced here has important
implications for a wide variety of applications for graphene-based aerogels, including 3D thermoelectric materials, extreme
temperature sensors, and aerogel catalysts in flow (electro)chemistry.

■ INTRODUCTION
Thermochemical transformations via the process of direct
electrical heating (Joule heating) has recently come into focus
as a powerful tool to control the physio-chemical properties of
conductive carbon-based functional materials.1 Joule heating
can, in principle, enable extremely fast heating kinetics (>100
K·s−1) and high target temperatures (>2000 K), while the
Joule-heating technique itself offers a large degree of flexibility
as it can be readily adapted to different material forms and
chemical environments.2−4 High-temperature Joule-heating
treatments have recently been explored in a range of carbon-
based functional material systems, including for the redis-
persion of nanoparticles on carbon nanofiber filaments,5

programmable heating of carbon papers for catalyst-free CH4
pyrolysis,6 formation of high-entropy mixed metal alloys on
carbon fiber filaments,7 phase-controlled synthesis of metal
carbide catalyst on carbon black,8 synthesis of single-atom
catalysts on electro-spun carbon nanofibers,9 and even the
mass production of graphene itself from waste material.10−12

However, high-temperature Joule heating is applied almost
exclusively to thin conducting carbon films13 or compacted
powders,14 while the composition and structure of the
conducting substrate are rarely considered in the development
of high-performance materials.

Alternatively, carbon-based aerogel and foam materials
provide an exciting opportunity to utilize Joule heating to
control chemical transformations within complex 3D archi-
tectures opening up an opportunity to explore unique
structure−function relationships within a broad range of
applications from energy storage and generation to (electro)-
chemical catalysis and environmental remediation.15−18 The
assembly of low-dimensional nanocarbon building blocks
(graphene derivatives, carbon nanotubes) into porous aerogels
has been successfully used to exploit the unique properties of
nanocarbons at macroscopic scales.19,20 In this work, we focus
on aerogels constructed from graphene oxide (GO) as a model
system where a diverse range of 3D internal architectures (e.g.,
lamellar, macrocellular, and hierarchical porosity) have been
successfully demonstrated in the literature.21−23 Such GO-
derived aerogel materials have found a growing range of
applications, e.g., as electrodes (energy storage, sensors),24,25

actuators,26 catalysts27 and adsorbents (water treatment),28
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based on their combination of high surface area, tailored
porosity, and excellent electro-thermal conductivity.29

Many practical applications of GO aerogels require
thermochemical GO modification to create fully functional
materials.30 Most typically, the GO parent material needs to be
converted into reduced GO (rGO) to restore key graphitic
material characteristics (especially electrical and thermal
conductivity), to remove synthetic impurities, and to promote
chemical cross-linking of the 3D GO network.31 GO can be
converted into rGO via chemical reduction agents at relatively
low temperatures;32 however, chemical reduction typically
results in defect-rich rGO with comparatively low conductiv-
ities and limited mechanical properties. To promote the
formation of high-quality rGO aerogels, high-temperature
treatments under inert or reducing atmospheres are required.
Thermochemical treatments are typically carried out through
external heating processes, e.g., via high-temperature furna-
ces.33 Such furnace treatments are also often used for aerogel
functionalization with functional nanoparticles, i.e., for the
thermochemical conversion of aerogel-embedded molecular
precursors into functional nanoparticles.34,35 The resulting
nanoparticle-decorated rGO aerogels have shown great
promise in a wide range of applications, such as batteries,
supercapacitors, and sensors.36−38 However, furnace-based
thermochemical treatments can be lengthy and inhomoge-
neous. Moreover, high-temperature furnaces (temperature
>2000 K) are not easily available and are extremely energy-
intensive.

In contrast, Joule heating has the potential to enable a
localized high-temperature aerogel heating approach at much
lower energy costs and through a straightforward and flexible
experimental design.39 High-temperature Joule heating of
aerogels should also benefit from substantially improved
control over the thermochemical conversion process due to
the much shorter heating and cooling time scales.1 Despite
these potential benefits, high-temperature Joule heating
(>1500 K) has not yet been explored for 3D nanocarbon
aerogels or foams, but has so far been limited to 1D and 2D
macroscopic materials, such as nanocarbon-based fibers and
films.40,41 In this study, high-temperature Joule heating is
investigated for 3D nanocarbon aerogels for the first time,
focusing on hydrothermal GO aerogels as a typical model
system. Specifically, we exploit Joule heating as a multifunc-
tional tool for the rapid thermochemical treatment of
hydrothermal GO aerogels followed by pulsed ultrahigh-
temperature, shockwave heating to synthesize embedded
catalyst nanoparticles (Scheme 1). To this end, the
fundamental characteristics of high-temperature aerogel Joule
heating are investigated in depth to establish important
structure−property relationships. Based on this understanding,
high-temperature aerogel Joule heating will then be explored
for a range of diverse purposes for the first time, including GO
aerogel graphitization and size-controlled synthesis of aerogel-
embedded functional metal and metal-oxide nanoparticles.

Scheme 1. Overview Schematic of Ultrahigh-Temperature Flash Joule Heating of GO-Derived Aerogels and Its Application to
GO Aerogel Modification in Terms of Rapid Joule Annealing and Shockwave Nanoparticle Synthesis
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■ RESULTS AND DISCUSSION
Electrothermally Driven Structural Evolution of the

GO Aerogels. As an initial proof of concept, the structural
evolution of a hydrothermally synthesized model GO aerogel
under high-current Joule-heating conditions was investigated.
Hydrothermal fabrication is one of the most widely utilized
wet-chemical approaches for nanocarbon aerogel synthesis
(Figure S1, Supporting Information).42,43 Hydrothermal
aerogel fabrication typically imparts low levels of electrical
conductivity [σ(GO) = 1.6 S·m−1, Table 1] due to chemical
reduction and GO deoxygenation, making direct electrical
heating methodologies feasible. However, restoration of
graphitic crystallinity in hydrothermal GO aerogels is usually
only partial, which leads to significant structural changes upon

high-temperature Joule heating. To probe this microstructural
evolution, a typical hydrothermal GO aerogel was Joule heated
at a high power input of 120 W under a nitrogen atmosphere
in a custom-made setup (Figure S2, Supporting Information)
for 30 s (rGO30s) and 300 s (rGO300s), respectively.
Under these high current heating conditions, pronounced

blackbody radiation is observed, with the temperature of the
aerogel estimated to reach extremely high values of up to 3000
K (see also next section)�extremely challenging to produce
via more conventional external heating methods. Despite the
high current and temperature conditions, the aerogels remain
structurally intact and exhibit no volume shrinkage. Achieving
structural stability is challenging for many nanocarbon aerogels
due to their extremely low solid volume fraction. This

Table 1. Structural and Chemical Characterization Data for an As-Synthesized GO Aerogel and GO Aerogels Joule Heated
(Heating Current 10.1 A) for 30 s and 300 s, Respectively: (002) XRD Peak Position (2θ), XRD Peak Width (FWHM(002)),
Corresponding d-Spacing (d(002)), Average Crystallite Domain Size (D(002)), and Average Number of Stacked Graphene Layers
(n); Average Raman I2D/IG Ratios (as Calculated from Raman Maps); Surface Oxygen Content (as Measured by XPS);
Through-Volume Electrical Aerogel Conductivity (σ). rGOFurnace Refers To a GO Aerogel Thermally Reduced via a
Conventional Tube Furnace Treatment (1000 °C, 2 h, H2/N2 Atmosphere)

aerogel 2θ(002) (deg) fwhm(002) (deg) d(002) (nm) D(002) (nm) n (layers) I2D/IG oxygen (at %) σ (S·m−1)

GO 24.80 8.287 0.359 1.0 4 0.22 22.8 1.6
rGO30s 25.90 3.167 0.344 2.7 9 0.3 0.7 81.5
rGO300s 26.20 1.505 0.340 5.7 18 0.77 0.6 93.2
rGOFurnace 26.11 2.752 0.341 3.1 10 0.32 2.0 13.5

Figure 1. Evolution of GO aerogel graphitic structure and surface chemistry with Joule-heating duration: (a) XRD patterns, (b) Raman spectra,
(d−f) TEM images, (g−i) Raman maps, and (j−l) C 1s XPS spectra of an as-synthesized GO aerogel and GO aerogels Joule heated at a heating
current of 10.1 A for 30 s (rGO30s) and for 300 s (rGO300s), respectively. (c) Structural and chemical parameters as a function of Joule-heating
duration: average number of stacked graphene layers (as determined by XRD); average I2D/IG ratios (as determined from Raman maps) and
surface oxygen content (as determined by XPS).
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structural stability is also surprising in the context of previously
observed destructive structural changes upon rapid heating of
GO papers and films.44−46 The origins of the structural
stability upon heating observed in our work likely originate in
the synthetic conditions of GO aerogel fabrication. Specifically,

chemical reduction of GO by ascorbic acid during aerogel
synthesis has potentially removed more reactive functional
group types from the GO structure, resulting in materials
considerably less prone to the violent exothermic release of
gaseous compounds upon fast heating. The extremely high

Figure 2. (a) Digital photograph of a Joule-heated GO aerogel at a power input of 120 W, emitting blackbody radiation. (b) Schematic core-to-
surface temperature gradient for the Joule heating of a cylindrical aerogel monolith, based on 1D heat transfer. (c) Thermal rGO aerogel
conductivity as a function of rGO aerogel core temperature. Insets: rGO aerogels at different Tcore, emitting blackbody radiation at different
intensities and wavelengths. (d) rGO aerogel core temperature and surface temperature as a function of electrical power input. (e) Estimated Joule-
heating temperature gradients across the cross-sectional aerogel diameter, at different electrical power inputs. (f) Control of high Joule-heating
temperatures through control of power input. (g) Estimated core temperature change as a function of time for ultrahigh Joule heating (power input
100 W, Tsurf ∼ 1317 K; Tcore ∼ 1932 K) and for subsequent natural cooling after heating current switch off. (h) Repeatable ultrahigh thermal
cycling of rGO aerogel at 120 W electrical power input (aerogel surface temperatures measured optically; aerogel core temperatures estimated). (i)
Comparison of ultrahigh rGO Joule heating with other nanocarbon-based Joule heaters reported in the literature.
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porosity of our GO aerogels potentially also helps with mass
transfer of suddenly released gaseous degradation products
upon high-temperature heating, further mitigating structural
disintegration during the Joule-heating process. Maintaining
macroscopic structural integrity and avoiding monolith
shrinkage highlights the efficacy of high-temperature Joule-
heating treatments for (chemically reduced) GO aerogel
materials, with Joule heating encouraging rGO intersheet
cross-linking while maintaining extensive open porosity
(Figures S3−S4, Table S1, Supporting Information).
Upon Joule heating, aerogel envelope density decreases by

half from 26 mg·cm−3 (GO) to around 13 mg·cm−3 (for both
rGO30s and rGO300s), indicating the removal of organic
impurities (i.e., residues from the aerogel synthesis process)
as well as GO deoxygenation. Despite the short heating
durations, substantial improvements in graphitic crystallinity
are observed, as indicated by a marked increase in electrical
conductivity from 1.6 S·m−1 (GO) to 81.5 S·m−1 (rGO30s) and
a substantial decrease in band gap from 0.09 eV (GO) to 0.01
eV (rGO30s, Figure S5, Supporting Information). Pronounced
aerogel graphitization is confirmed by powder X-ray diffraction
(XRD), Raman spectroscopy, and electron microscopy. XRD
indicates a significant increase in the average number of
stacked graphene layers from 4 layers (for the parent materials)
to 18 layers (for the sample annealed for 300 s), as indicated
by a significant width reduction of the graphitic XRD peak
(Figure 1a). On a more localized scale, TEM imaging also
shows a clear increase in rGO stack thickness for individual
stacks upon Joule heating for 30 and 300 s (Figure 1d−f). The
sharper contrast of the imaged graphitic lattice planes of the
Joule-heated samples further suggests substantial improvement
in graphitic crystallinity. TEM imaging also suggests that the
high temperatures involved could have led to occasional sheet
welding in the rGO300s aerogels (Figure 1d−f, see also Figures
S6−S10, Supporting Information); however, more detailed
TEM studies are required for confirmation.
I2D/IG Raman mapping of aerogel fragments, sampled from

the aerogel center post-Joule heating (Figure 1g−i), confirms a
marked reduction of rGO defectiveness on the mesoscale, as
indicated by the transition from an average I2D/IG ratio of
∼0.22 (GO) to a relatively high average I2D/IG of ∼0.77
(rGO300s).

47 This is further confirmed by the sharp and
symmetric G and 2D peaks in the Raman spectra (Figure 1b).
It is worth noting that the 30 and 300 s Joule-annealing
treatment not only reduces the average defect level but also
results in the formation of structurally more homogeneous
samples, as indicated by a more uniform color distribution in
the Raman maps (Figure 1h−i). In terms of chemical changes,
X-ray photoelectron spectroscopy (XPS) shows a substantial
loss of oxygen surface groups from around 20 at % oxygen to
<1 at % O for both 30 and 300 s Joule-annealing treatments
(Figure 1j−l, Table 1), also evidencing that carbon oxidation
can be successfully avoided despite the high temperatures
reached.
It is worth noting that GO deoxygenation can be achieved at

even shorter time scales, with XPS indicating a dramatic
reduction in oxygen concentrations to 1.5 at. % after only 10 s
high-temperature Joule heating (Figure S22, Table S3,
Supporting Information). Short, 10 s Joule heating, also
induces some improvements in graphitic crystallinity, as
indicated by Raman spectroscopy (Figure S23, Table S4,
Supporting Information), with further ongoing improvements
in graphitization at the 30 and 300 s time scales. These

observations indicate that high-temperature Joule heating
induces rapid GO deoxygenation, followed by slower and
gradually stabilizing annealing processes at longer heating
durations, in line with in situ TEM studies of GO reduction
under Joule-heating conditions.48

Even though the employed Joule-heating durations are
relatively short, the level of aerogel graphitization achieved is
comparable to a much longer, conventional graphitization
treatment carried out in a tube furnace (1000 °C, 2 h).49 The
furnace-graphitized aerogel sample shows similar structural and
chemical material characteristics as the aerogel sample treated
via high-current Joule annealing for 30 s (Table 1). However,
the energy consumption of a 30 s Joule-annealing treatment
(∼1 × 10−6 kW·h) is orders of magnitude lower than that of a
conventional furnace treatment (∼5 kW·h) due to the short
time scales and comparatively low applied voltages employed.
Joule annealing for 300 s achieves even higher graphitic

crystallinity than the conventional furnace treatment (Table 1),
while energy consumption still remains comparatively low (∼1
× 10−5 kW·h). These findings highlight that aerogel Joule
heating to ultrahigh temperatures (up to Tcore ∼ 3000 K)
provides a straightforward tool for aerogel graphitization and
annealing. Advantages of this Joule-annealing approach include
fast process speeds and much improved energy efficiency as
well as a comparatively straightforward and flexible exper-
imental setup. In addition, the degree of graphitization can be
easily controlled through the Joule-heating duration at
relatively short time scales (Figure 1b,c).

Ultrahigh-Temperature Electrothermal Heating Char-
acteristics of the rGO Aerogels. To gain a better
understanding of the ultrahigh-temperature aerogel heating
characteristics, Joule heating of a typical rGO aerogel was
studied across an extremely wide range of high electrical power
input conditions. Key heating parameters such as equilibrium
aerogel surface and core temperatures as a function of power
input as well as heating and cooling rates were determined. As
a model system, the rGO30s aerogel from the previous section
was selected as it shows structural properties, comparable to
rGO aerogels produced through conventional furnace heating
methods (Table 1). For the remainder of this paper, the
rGO30s aerogel will therefore be simply referred to as the rGO
aerogel.
At the highest high-current conditions (10 A, 11.8 V, and

118 W), the rGO aerogel showed a bright and striking orange-
white glow (Figure 2a), indicating heating to ultrahigh
temperatures, resulting in emission of blackbody radiation in
the visible spectrum.50 The equilibrium surface temperature of
the orange-glowing aerogel was measured to be around 1430
K, an extremely high temperature value that is very challenging
to reach via more conventional external heating method-
ologies. Joule-heating temperatures in the interior of the 3D
aerogel monoliths are likely to be even higher than the
measured surface temperature.
However, temperature measurements at the aerogel core are

extremely challenging as neither conventional thermocouples
nor optical methods can be used in the ultrahot aerogel
interior. Therefore, core temperatures were estimated via an
indirect methodology, specifically via extrapolation of the
aerogel core temperatures from measurements of the more
accessible aerogel surface temperatures (Figure 2b). Briefly, the
aerogel surface and core temperature are linked via the
aerogel’s thermal conductivity, κ (Figure 2b), assuming 1D
heat conduction.1 Knowledge of κ therefore allows us to
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estimate the aerogel’s radial thermal gradient, i.e., the aerogel’s
Joule-heating temperature, T, as a function of distance, r, from
the aerogels core at a given power input, q. As κ is itself
temperature-dependent, it needs to be estimated for different
temperatures.51 As is characteristic for graphitic carbon
materials, the thermal dependence of the aerogels’ κ values
displays a typical two-branched Umklapp scattering profile
across the extremely wide temperature window probed in this
study (Figure 2c). Using surface temperature measurements
and established fitting methodologies (Figures 2b, S11−S14,
Supporting Information),51 the dependence of the aerogel’s

thermal conductivity was quantitatively estimated (Figure 2c).
The resulting κ values were then used to estimate the core
temperature from the surface temperature and establish the
evolution of equilibrium core temperature as a function of
Joule-heating power input (Figure 2d).
Based on this approach, it is estimated that, at a power input

of 120 W, an ultrahigh temperature of around 3000 K is
reached in the center of the aerogel monolith, an extremely
high value close to the melting point of graphitic carbon
allotropes.52 This steady-state core temperature is almost an
order of magnitude higher than for many previously reported

Figure 3. (a) Fabrication of rGO-aerogel-supported nanoparticles via aerogel wet-impregnation and subsequent aerogel shockwave Joule heating.
Schematic, depicting control of nanoparticle type and size via loading of different coordination compound precursors and control of flash Joule-
heating duration, respectively. (b) SEM image of Cu NP@rGO aerogel sampled from the aerogel center. SEM image (c) and corresponding EDX
mapping (d) of the Cu NP@rGO aerogel sampled from the aerogel center. Higher-resolution SEM images of (e) Pt NP@rGO aerogel, (f) Cu
NP@rGO aerogel, and (g) MoO2 NP@rGO aerogel, synthesized via the flash Joule-heating method. TEM images and particle size distributions of
Pt NP@rGO aerogel produced via (h) 10 s flash Joule heating and (i) 1 s flash Joule heating, respectively. (j) High-resolution TEM image of rGO-
supported Pt NP produced via 1 s flash Joule heating.
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aerogel heating studies on GO-derived aerogels (Figure 2i,
Table S2, Supporting Information),1,2,4,29,51,53−69 mainly due
to the high power inputs employed here. It is also worth noting
that ultrahigh aerogel heating was achieved here at
comparatively low voltage inputs (10 V or lower, Figure 2i),
due to the relatively high graphitic quality and corresponding
high electrical conductivity of rGO aerogels (here, σrGOaeroel =
81 S m−1). More generally, the findings show that 3D
structured rGO aerogels can be Joule heated to similarly high
temperatures as previously demonstrated for 2D nanocarbon
films and filaments (Figure 2i).2,51 Specific ultrahigh aerogel
temperatures can be readily and repeatedly selected through
simple control of the electrical input power (Figure 2f). A
distinct difference from nanocarbon filament Joule heating is,
however, that the three-dimensionality of the rGO aerogel
monoliths can give rise to marked surface-to-core thermal
gradients. While differences between aerogel surface and core
temperature are relatively small for low and medium heating
regimes, they can be substantial at ultrahigh temperatures
(Figure 2e). For practical applications, insulation of the outer
aerogel surface provides a straightforward mitigation approach
against these temperature gradients.1

Crucially, Joule heating also enables extremely fast heating of
the aerogels (flash heating).10 For example, aerogel heating
from ambient to ultrahigh temperature (Tcore = 1940 K; ΔTcore
= 1670 K) occurs in less than 10 s (Figure 2g). Initial Joule-
heating rates reached at least 300 K·s−1. Estimation of the
heating rates is limited by the lag of the thermocouples and
might be even higher as even within 1 s high-current Joule-
heating blackbody radiation (i.e., temperatures >500 °C) is
observed. Cooling kinetics (i.e., natural cooling through heat
loss to the environment after switching off the electrical
heating current) are also fast, especially cooling from ultrahot
to moderate temperatures, which also occurs at rates of around
200 K·s−1. Cooling kinetics from moderate to ambient
temperatures is somewhat slower, potentially due to the slow
convection of heated gas out of the aerogel interior (Figure
2g). Nevertheless, cooling rates remain remarkably high
compared to more conventional furnace approaches. These
fast heating and cooling kinetics allow for very stable thermal
cycling, as demonstrated for Joule-heating cycling at 1473 K
surface temperature, corresponding to an estimated core
temperature of around 3035 K (Figure 2h).

Flash Joule Heating for Thermo-chemical Nano-
particle Synthesis. These remarkable aerogel heating
characteristics, achievable through high-current Joule heating,
can be exploited for chemical transformations beyond the GO
graphitization treatments, investigated in the first section. Flash
Joule heating to ultrahigh temperature was explored for the
controlled thermochemical transformation of molecular
precursors to functional nanoparticles, in effect utilizing the
porous rGO aerogels as fast and energy-efficient nanoscale
furnaces. Conventionally, thermal precursor conversion treat-
ments are carried out at moderate to high temperatures (450−
1150 K) via external heating treatments.34,70,71 However,
external heating can be energy-intensive and difficult to control
due to the relatively long heating time scales (>1 h) as well as
relatively slow cooling rates.40

To demonstrate the applicability of flash Joule heating for
aerogel functionalization, the synthesis of Pt nanoparticles
(important chemical and electrochemical catalysts) embedded
within the aerogel framework was studied. To this end,
preconditioned rGO aerogels were wet-chemically impreg-

nated with a Pt nanoparticle precursor solution [Pt(acac)2 in
chloroform], followed by aerogel drying to homogeneously
embed the precursor (Figure 3a)�a well-explored and
commonly utilized approach in the literature.35 The
precursor-decorated aerogels (nominal Pt loading 5 wt %)
were then shockwave Joule-heated in an inert atmosphere, i.e.,
Joule-heated to ultrahigh temperatures (Tcore ∼ 2200 K) for
very brief durations (<10 s) under high current conditions
(100 W), allowing for very fast precursor decomposition and
conversion into nanoparticles (Figure 3a). SEM and TEM
imaging show extremely fine Pt nanoparticles with a narrow
size distribution (dNP = 4.0 ± 0.1 nm, Figure 3h), uniformly
distributed across the aerogel network (Figure 3e). Successful
aerogel functionalization with Pt nanoparticles is further
confirmed by XPS (Figure S17 and Supporting Information).
To demonstrate the scope of Joule-heating-based aerogel
functionalization, aerogels were infused with alternative
molecular nanoparticle precursors [Cu(en)2(OH)2;
MoO2(acac)2, Figure 3a]. Precursor compounds were selected
on the basis of both their molecular structure (coordination
compounds containing flat subunits that promote interaction
with and adsorption by the graphitic rGO surfaces) and their
solubility (compounds exhibiting appreciable solubility in
solvents that are capable of rGO aerogel wetting and
impregnation). Following precursor impregnation, aerogels
were shockwave Joule-heated at a power input of 100 W for 1 s
(Tcore ∼ 2200 K) to induce thermochemical nanoparticle
formation. XRD, energy-dispersive X-ray spectroscopy (EDX),
and XPS evidence successful aerogel functionalization with
metallic Cu nanoparticles and MoO2 nanoparticles, respec-
tively. Electron microscopy (Figures 3f−g, S18−S21, Support-
ing Information) shows nanoparticles of small size and narrow
size distribution (dCu = 41.5 ± 0.9 nm; dMoOd2

= 16.4 ± 1.6 nm)
that are uniformly distributed throughout the whole aerogel
monolith. These results demonstrate the broad applicability of
the shockwave Joule-heating approach for effective and well-
controlled modification of aerogels with a wide range of
functional nanoparticles.
To further confirm 3D uniformity, Cu nanoparticle-

decorated rGO aerogels were imaged by SEM at different
locations within the monolith. Aerogel fragments sampled
from the aerogel core and aerogel surface, respectively, show
nanoparticles of very similar size and size distribution, with a
smaller than 10% difference in average particle size at the
different locations (Figures 3b−d, S18, Supporting Informa-
tion). Importantly, the similar nanoparticle sizes at the aerogel
core and surface highlight that the temperature gradients
mentioned in the previous section do not negatively impact the
nanoparticle formation process. This observation suggests that
the very short heating durations (as well as the fast cooling
rates) limit thermally activated migration of molecular metal
intermediates across the graphitic surface. This finding also
highlights that the combination of ultrahigh temperatures
(ensuring extremely rapid precursor decomposition and
particle formation) and short heating durations (<10 s,
limiting particle sintering) is key to ensure functionalization
homogeneity of the 3D aerogel systems.
Crucially, Joule-heating duration can also be exploited to

reduce nanoparticle size, an important factor, especially for
catalytic applications where control over nanoparticle size is
one of the key structural parameters to control functional
activity. Reducing the Joule-heating duration from 10 to 1 s
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substantially reduces the average Pt nanoparticle size to an
extremely fine 1.5 nm, as observed by TEM imaging (Figures
3i,j, S15−S16, Supporting Information). Despite this short
heating duration, the formed nanoparticles are highly
crystalline, as indicated by the characteristic Pt(111) lattice
spacings observed by HR-TEM (Figure 3j). The substantially
reduced particle size is likely due to minimized precursor
aggregation over the very short heating time while still
providing sufficient energy to initiate precursor transformation.
Further reduction of heating time into the microsecond regime
in combination with pulsed heating approaches might allow for
further size reduction or even formation of single atomic sites.

■ CONCLUSIONS
High-temperature Joule heating was investigated, for the first
time, for the thermo-chemical modification of 3D, highly
porous nanocarbon aerogels. Hydrothermally synthesized,
chemically reduced GO aerogels can be readily heated to
ultrahigh temperatures (up to Tcore ∼ 3000 K) at
comparatively low input voltages (<10 V), using a straightfor-
ward and flexible setup. High-temperature aerogel Joule
heating is shown to be very fast, with heating rates readily
exceeding 300 K·s−1. In contrast to the Joule heating of 2D
nanocarbon films, core-to-surface temperature gradients are
observed within the 3D aerogel monoliths, especially in the
ultrahigh heating temperature regime. These temperature
gradients are shown to have no significant impact on
applications, such as Joule-heating-based nanoparticle for-
mation, but should be considered when developing new high-
temperature Joule-heating methodologies for functional
aerogels, such as thermal polymer depolymerization or thermal
aerogel regeneration approaches. The practical utility of high-
temperature flash Joule heating of rGO aerogels is demon-
strated for high-quality graphitic annealing and for thermo-
chemical, in situ synthesis of aerogel-embedded functional
nanoparticles (Pt, Cu, and MoO2). Due to the fast heating
rates, these high-temperature treatments can be carried out at
very short time scales (<10 s), rendering this approach orders
of magnitude more energy efficient compared to more
conventional external high-temperature heating methods.
Importantly, the short heating durations in combination with
the excellent cooling efficiency of rGO aerogels allow them to
not only rapidly initiate but also rapidly arrest high-
temperature processes, crucial to avoiding unwanted thermal
effects, such as particle sintering or temperature-gradient-
induced structural inhomogeneities.
These findings lay a solid foundation to develop advanced

flash Joule-heating methodologies for high-temperature aerogel
modifications, e.g., for the synthesis of aerogel-embedded high-
entropy-alloy nanoparticles, the functionalization of nano-
carbons with highly functional single atomic sites, or the
fabrication of 3D thermoelectric materials. Joule heating also
offers unique opportunities for in situ thermochemical aerogel
treatment, i.e., for aerogel treatments directly at the location of
their application. In situ aerogel modification through direct
Joule heating (e.g., in situ graphitization, functional reac-
tivation, or nanocatalyst functionalization) would be especially
valuable in the context of emerging new continuous process
technologies such as aerogel-based (electro)catalytic flow-
based chemical synthesis or purification methodologies.

■ METHODS
Materials. GO (spray-dried GO flakes) was purchased from

William Blythe Limited (UK). L-Ascorbic acid, bis(ethylenediamine)-
copper(II) hydroxide [Cu(en)2OH2], platinum(II) acetylacetonate
[Pt(acac)2], and bis(acetylacetonato)dioxomolybdenum(VI)
[MoO2(acac)2] were obtained from Sigma-Aldrich (UK). HPLC
water was provided by Fisher Scientific (UK). Chloroform was
supplied by Fisher Scientific, UK. All chemicals were used as received.

Synthesis of Hydrothermal GO Aerogels. GO flakes (0.16 g)
and L-ascorbic acid (0.64 g) were added into HPLC water (40 mL) at
a weight ratio of 4:1, followed by ultrasonication (10 min per cycle, 9
cycles in total) to form a stable GO dispersion. 7.5 mL of the resulting
dispersion was transferred to a sample vial, sealed, and hydrothermally
treated at 50 °C for 24 h to form a GO hydrogel. The resultant
hydrogel was solvent exchanged in HPLC water to remove the
majority of the L-ascorbic acid reducing agent. Four solvent exchanges
were carried out, each soaking the GO hydrogel monolith in HPLC
water for 1 h (with the resulting hydrogel retaining around 10 wt %
ascorbic acid relative to the GO weight). The hydrogel was then
frozen in liquid nitrogen and freeze-dried to obtain the GO aerogel
(Figure S1, Supporting Information). The resulting aerogel monoliths
had a cylindrical shape (diameter ∼10 mm; height ∼10 mm).
For the rGOFurnace aerogel (mentioned in Table 1), the hydro-

thermal GO aerogel was thermally treated in a tube furnace
(Carbolite Gero Ltd., UK) at 1000 °C for 2 h under a reducing
H2/N2 atmosphere (5% H2).

High-Temperature Joule Heating. All aerogel Joule-heating
measurements were carried out under nitrogen within an airtight
Perspex container with gas inlets. Samples were electrically contacted
within the container through a custom-made sample holder consisting
of two steel plate electrodes attached to two movable, heat-resistant
alumina holder blocks (Figure S2, Supporting Information). Samples
were contacted directly with the steel electrodes without the need for
any conductive additive. Electrical current and voltage were controlled
using a portable power source (ES-PS, 3032-10 B). Prior to the Joule-
heating experiments, the container was flushed with pure nitrogen gas
for 30 min to eliminate any remaining air. The aerogel core and
surface temperatures were determined by two thermocouples (0.25
mm of diameter, K-type grounded tip, TJC 120 Series, Omega, UK),
with one thermocouple inserted into the aerogel center and one
thermocouple contacting the aerogel surface (Figure S2, Supporting
Information). To measure ultrahigh temperatures, beyond the
temperature limitations of the thermocouples (>1200 °C), an IR
thermometer was used to determine the aerogel surface temperatures
from the emitted blackbody radiation. Stepwise Joule-heating
experiments were carried out by increasing input current in
increments followed by equilibration of each step for 20 min, unless
otherwise stated. Process parameters, such as temperature, current,
and voltage, were continuously recorded through data loggers (EL-
USB-TC, Lascar Electronics).

Electrothermal Shockwave Synthesis of NP@rGO Aerogels.
For aerogel functionalization with metallic Pt nanoparticles, a rGO30s
aerogel monolith was soaked in 10 mL of platinum(II) bis-
(acetylacetonate) solution [0.05 mM Pt(acac)2 in chloroform] for
24 h under constant orbital shaker agitation. The aerogel was then
recovered from the solution and left to dry under ambient conditions
for 24 h. The dried aerogel was subsequently Joule heated at an
electrical current of I = 10.1 A for either 1 or 10 s to yield the Pt NP@
rGO1s aerogel and Pt NP@rGO10s aerogel, respectively. Similarly, the
MoO2 NP@rGO aerogel and Cu NP@rGO aerogel were fabricated
following the same experimental procedure as above, using a
bis(acetylacetonato)dioxomolybdenum(VI) solution [1 mM
MoO2(acac)2 in chloroform] and a bis(ethylenediamine)copper(II)
hydroxide solution [1 mM Cu(en)2(OH)2 in water], respectively.

Material Characterization. XRD patterns were measured on a
Bruker D2 Phaser diffractometer using Cu Kα radiation, with a
scanning angle range from 5° to 90°. Specifically, a cylindrical aerogel
monolith was horizontally cut into circular, 5 mm thick pieces. The
aerogel piece, closest to the aerogel monolith middle, was compressed

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c06349
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/suppl/10.1021/jacs.3c06349/suppl_file/ja3c06349_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c06349/suppl_file/ja3c06349_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c06349/suppl_file/ja3c06349_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c06349/suppl_file/ja3c06349_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c06349/suppl_file/ja3c06349_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c06349?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


into a flat, disc-like specimen and then clamped onto a flat silicon
XRD sample holder. Raman spectroscopic analysis was conducted on
a Renishaw InVia confocal Raman microscope with an excitation laser
wavelength of 532 nm between 400 and 4000 cm−1. Raman mapping
was performed on the same equipment at an excitation laser
wavelength of 697 nm, between 1300 and 3000 cm−1, scanning
continuously on a focused area of 50 μm × 50 μm. For the Raman
measurements, an aerogel was cut in half, and a flake (∼4 mm2) was
sampled from the aerogel center. The flake was compressed between
two glass slides to form a flat paper-like specimen which was then
placed onto the Raman sample holder for measurements. Scanning
electron microscopy (SEM) was carried out using a Nova NanoSEM
450 scanning electron microscope at an accelerating voltage of 3 keV.
For SEM sample preparation, an aerogel flake was again sampled from
the aerogel center and fixed onto aluminum stubs via conducting
carbon tape. Considerable care was taken to avoid flake compression
to minimize changes in the aerogel microstructure. EDX was carried
out on the same SEM instrument at an accelerating voltage of 18 keV.
Transmission electron microscopy (TEM) images were taken on an
FEI Tecnai F30 scanning transmission electron microscope at an
accelerating voltage of 300 keV. Several small flake specimens (∼1
mm2) were sampled from the aerogel core and aerogel surface
(midpoint of the aerogel cylinder sidewall), respectively. Two or three
flakes were bath-sonicated in ethanol (5 mL), drop-cast onto a copper
grid, and dried at room temperature. XPS was carried out on a
Thermo Scientific K-Alpha X-ray photoelectron spectrometer; high-
resolution scans were collected at a pass energy of 30 eV and a step
size of 0.1 eV. The binding energies were referenced to the C 1s peak
of adventitious carbon at 284.8 eV. For the XPS measurements, larger
flakes (∼4 mm2) were sampled from the aerogel center, dispersed in
ethanol (5 mL), then drop-cast onto a flat silicon substrate, followed
by drying within a desiccator at room temperature. Prior to
characterization, all aerogel samples were stored in a desiccator,
with samples being directly transferred after freeze-drying (last step of
aerogel synthesis) or heating treatments.
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reduction of graphene oxide-based materials: Mechanism and safety
implications. Carbon 2014, 72, 215−223.
(47) Yu, W.; Zhao, W.; Wang, S.; Chen, Q.; Liu, X. Direct
Conversion of Liquid Organic Precursor into 3D Laser-Induced
Graphene Materials. Adv. Mater. 2023, 35 (9), 2209545.
(48) Hettler, S.; Sebastian, D.; Pelaez-Fernandez, M.; Benito, A. M.;
Maser, W. K.; Arenal, R. In-situ reduction by Joule heating and
measurement of electrical conductivity of graphene oxide in a
transmission electron microscope. 2D Mater. 2021, 8 (3), 031001.
(49) Mannering, J.; Stones, R.; Xia, D.; Sykes, D.; Hondow, N.;
Flahaut, E.; Chamberlain, T. W.; Brydson, R.; Cairns, G. A.; Menzel,
R. Engineering of Microcage Carbon Nanotube Architectures with
Decoupled Multimodal Porosity and Amplified Catalytic Perform-
ance. Adv. Mater. 2021, 33 (27), 2008307.
(50) Chen, F.; Yao, Y.; Nie, A.; Xu, S.; Dai, J.; Hitz, E.; Li, Y.; Lu, A.;
Huang, Z.; Li, T.; Shahbazian-Yassar, R.; Hu, L. High-Temperature
Atomic Mixing toward Well-Dispersed Bimetallic Electrocatalysts.
Adv. Energy Mater. 2018, 8 (25), 1800466.
(51) Li, T.; Pickel, A. D.; Yao, Y.; Chen, Y.; Zeng, Y.; Lacey, S. D.;
Li, Y.; Wang, Y.; Dai, J.; Wang, Y.; Yang, B.; Fuhrer, M. S.;
Marconnet, A.; Dames, C.; Drew, D. H.; Hu, L. Thermoelectric
properties and performance of flexible reduced graphene oxide films
up to 3,000 K. Nat. Energy 2018, 3 (2), 148−156.
(52) Savvatimskiy, A. I. Measurements of the melting point of
graphite and the properties of liquid carbon (a review for 1963−
2003). Carbon 2005, 43 (6), 1115−1142.
(53) Li, Z.; Zhen, Z.; Chai, M.; Zhao, X.; Zhong, Y.; Zhu, H.
Transparent Electrothermal Film Defoggers and Antiicing Coatings
based on Wrinkled Graphene. Small 2020, 16 (4), 1905945.
(54) Chen, Y.; Egan, G. C.; Wan, J.; Zhu, S.; Jacob, R. J.; Zhou, W.;
Dai, J.; Wang, Y.; Danner, V. A.; Yao, Y.; Fu, K.; Wang, Y.; Bao, W.;
Li, T.; Zachariah, M. R.; Hu, L. Ultra-fast self-assembly and
stabilization of reactive nanoparticles in reduced graphene oxide
films. Nat. Commun. 2016, 7 (1), 12332.
(55) Tembei, S. A. N.; Fath El-Bab, A. M. R.; Hessein, A.; Abd El-
Moneim, A. Ultrasonic doping and photo-reduction of graphene oxide
films for flexible and high-performance electrothermal heaters.
FlatChem. 2020, 24, 100199.
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