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Joule heating characteristics of functional nanoparticles decorated
nanocarbon aerogels are systemically investigated in terms of
electrical-thermal responses. Studies verify that nanocarbon
aerogels are exceptional supporting and electric-conducting
monolithic frameworks for nanoparticles, enabling stable and
accurate aerogel temperature control via direct electrical heating
of the nanocarbon support, thus will find important values in
electro-catalysis, energy storage, carbon capture and sorption
applications.

Graphene oxide (GO) and oxidized carbon nanotube (0CNT) are
superlative nanocarbon materials with large surface areas,
excellent mechanical properties, outstanding hydrophilicity,
promising water processabilities, tunable C/O ratios, and
ultralight weight.» 2 When assembled into three-dimensional
(3D) nanocarbon aerogels (e.g. GO aerogels and oCNT aerogels),
they possess additional promising features, such as hieratical
internal microstructures and microchannels, tailored porosities,
flexible mechanical compressibilities and stable support
frameworks. As such, these 3D nanocarbon aerogels have found
wide-ranging applications in catalysis, environmental
remediation, sensors, electronics, energy storage, etc.3> After
thermal reductive treatments, the graphiticity of the aerogels
can be restored by eliminating the oxygen-containing functional
groups in the nanocarbon structure, imparting them excellent
electrical and thermal conductivities, the prerequisite for
executing Joule heating experiments.® 7 Currently, most
published work related to Joule heating are focused on
nanocarbon fibres or films,® ° very few studies have applied
resistive electrical heating for nanocarbon aerogels.

Over recent years, inorganic nanoparticles have attracted
great attention in multiple application fields, such as catalysis,
adsorption, optoelectronic nanodevices, and carbon capture.
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Fig. 1 (a) Schematic representation of the preparation of the hybrid
NPs/rNanocarbon aerogels. (b-c) XPS full spectra, (d-e) XRD patterns of the
MgAI-MMO/rGO, MgAI-MMO/rCNT, BN/rGO and BN/rCNT aerogels. (f) IR
spectra of BN/rGO and BN/rCNT aerogels. (g) Raman spectra of the pristine
GO powder, MgAI-MMO/rGO aerogel and BN/rGO aerogel.

Nevertheless, their applications are substantially hindered by
the difficulty in regenerating exhausted nanoparticles, which
either wastes large amounts of organic solvents or consumes
considerable energy. These problems can be addressed by
embedding the nanoparticles within the 3D network of the
nanocarbon aerogel, with even better performances and
stability. Enabled by the nanocarbon support framework, the
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hybrid aerogel can be local resistive heated to desired
temperatures at very fast heating rates, with precise
temperature control and very little energy consumption. It is
well known that nanocarbon aerogels are electrically and
thermally stable during Joule heating,® ° but how these
properties will be affected by the decoration of different
functional nanoparticles (NPs) onto the nanocarbon aerogels,
especially at high loadings, are largely unknown. In this study,
mixed metal oxides (MMO) and boron nitride (BN), widely used
adsorbents and catalysts,'> 12 were decorated onto rGO and
rCNT aerogels at high loading fractions (up to 64 wt%, see TGA
results in ESI, Fig. S1), to investigate their impact on the Joule
heating characteristics of the nanocarbon aerogels, including
electrical-thermal responses, heating/cooling kinetics, and
thermal stabilities.

A wet-chemical approach to decorate MgAI-MMO and BN
NPs onto nanocarbon aerogels were adopted in this study, as
described in Fig. 1a.” Specifically, the mixture of nanocarbons,
inorganic NPs, and polymers are well dispersed in solution using
ultra-sonication, followed by freeze-drying and thermal
reduction to obtain different hybrid NPs/rNanocarbon aerogels
(e.s. MgAI-MMO/rGO aerogel, BN/rGO aerogel, MgAl-
MMO/rCNT aerogel and BN/rCNT aerogel). After thermal
treatments, the graphiticity of the cylindrically monolithic
nanocarbon aerogels is restored and can be directly connected
to electrodes for Joule-heating studies, due to its excellent
electrical conductivity (Fig. 1a, detailed Joule-heating
procedures see ESI Fig. S2-S4) and good mechanical properties
(ESI Fig. S5). XPS full spectra confirm that only C, O, Mg and Al
elements exist in the MgAI-MMO/rGO and MgAI-MMO/rCNT
aerogels (Fig. 1b), while the BN/rGO and BN/rCNT aerogels only
possess C, O, B and N elements (Fig. 1c, detailed element atomic
weight ratios see ESI Table S1). XRD patterns in Fig. 1d confirm
that MgAI-MMO NPs are in the form of MgO and MgAl,0, in
both the hybrid rGO and rCNT aerogels, which have great
potential to be used as adsorbents for carbon capture.’® The
prominent diffraction peaks (002) in the MgAI-MMO/rGO and
MgAI-MMO/rCNT aerogels are assigned to rGO aerogel* and
rCNT aerogel,’> respectively. For the BN/rGO aerogel and
BN/rCNT aerogel, three pronounced characteristic diffraction
peaks at 27°, 42° and 55°in Fig. 1e are attributed to the (002),
(100) and (004) planes of typical hexagonal BN materials.1® As
BN shares similar structure to graphene, their diffraction peaks
will overlap at the same position, especially the (002) plane.'’
However, re-assembly of the nanocarbon during thermal
reduction results in larger interlayer distance than the typical
graphite lattice structure, therefore, the asymmetric
characteristic peak (002) at 25.6° in Fig. 1d is accredited to the
nanocarbon.® Two characteristic absorption bands appear in
the IR spectra for both the BN/rGO aerogel and BN/rCNT
aerogel (Fig. 1f), corresponding to the in-plane -B-N stretching
vibration (~1360 cm™) and out-of-plane -B-N-B- bending
vibration (~781 cm) of BN materials,*® further confirming that
the BN powders are well-combined with the aerogel supports
(details of high-resolution XPS Cls, Mgls, Al2p, Bls and N1s
peaks see ESI Fig. S6). A significantly increased Ip/lg ratio in the
Raman spectra (Fig. 1g) for the rGO aerogels indicates the

2| J. Name., 2012, 00, 1-3

g ,»;’-- 1“'“

-Fig. 2. SEM micrograps of MgAI—MMO/GO aerogel (a), BN/rGO
aerogel (b), MgAI-MMO/rCNT aerogel (c), and BN/rCNT aerogel (d).

formation of a large number of small-sized sp? hybridized
domains within the structure.2® Almost identical Ip/Ig ratios are
observed for the MMO/rGO aerogel (lp/lg = 1.56) and BN/rGO
aerogel (Ip/lg = 1.54), suggesting that the decoration of NPs
have no impact on the rGO sheets after thermal reduction
(similar results for the rCNT aerogel, see Fig. S7).

SEM micrographs of the rGO and rCNT hybrid aerogels
present distinct morphologies with interconnected flat rGO
sheets and entangled rCNT fibres (Fig. 2 and Fig. S8). The MgAlI-
MMO and BN NPs are evenly anchored on the surface of the
rGO sheets (Fig. 2a and Fig. 2b), whereas the MgAI-MMO and
BN NPs are compactly attached within the rCNT strands,
forming hieratical microstructures (Fig. 2c and Fig. 2d). As
expected, the large surface area of the nanocarbon aerogels
facilitates uniform distribution of NPs across the entire surface
of the nanocarbon microstructures even at high loadings. EDX
mapping confirms that only C, O, Mg and Al elements exist in
the MgAI-MMO/rGO aerogels (in line with XPS results, Fig. 1b).
These elements are densely and uniformly distributed on the
aerogel surface (see ESI, Fig. S9), contributing to the key
functionalities. Importantly, the interconnected structure of the
conductive nanocarbon enables local resistive heating (Joule
heating) and seamlessly conduction of heat across the 3D
aerogel monolith, allowing the embedded insulating MgAl-
MMO and BN NPs to be heated simultaneously.

To validate the above-mentioned assumptions, Joule
heating experiments of MgAI-MMO/rGO, BN/rGO, MgAl-
MMO/rCNT and BN/rCNT aerogels were performed. The hybrid
aerogels exhibit excellent electrical conductivities despite the
presence of high loadings of electrically insulating MgAI-MMO
and BN nanoparticles (see ESI, Table S2), consistent with the
interconnected structure of the nanocarbon network observed
in the SEM micrographs. Due to the high porosity,?! all the
nanocarbon aerogels are ultralight in weight, as supported by
their low-density values. At a heating power of 2W, the MgAl-
MMO/rCNT aerogel shows a higher Joule heating capacity (core
temperature: 161 °C) than that of the MgAI-MMO/rGO aerogel
(core temperature: 134 °C). This is caused by the more than
100% lower thermal conductivity of the MgAI-MMO/rCNT
aerogel (0.095 W-m1-K1), coupled with its lower electrical
conductivity and slower heat convection to the ambient

This journal is © The Royal Society of Chemistry 20xx
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surroundings (condenser pore structure, see ESI). Compared
with the MgAI-MMO decorated nanocarbon aerogels, both the
BN/rGO aerogel and the BN/rCNT aerogel exhibit slightly lower
Joule heating temperatures, in line with their relatively low
electrical and high thermal conductivities.??
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Fig. 3. Joule-heating voltage versus power input (a) and temperature
(b) of the MgAI-MMO/rCNT aerogel. (c) Fit of 3D VRH model, that is
In(c-T¥2) versus T4, (d) Thermal images of Joule heating of MgAI-
MMO/rCNT aerogel at different electrical currents. (e) Digital photo of
the MgAI-MMO/rCNT aerogel and the corresponding thermal image at
1=0.30 A. (f) Temperature distribution profile of Joule heating of MgAl-
MMO/rCNT aerogel at | = 0.30 A. (g) Temperature-swing Joule heating
of the MgAI-MMO/rCNT aerogel.

Considering its excellent electrical-thermal performance,
the MgAI-MMO/rCNT aerogel was taken forward to investigate
the Joule heating induced temperature distributions across the
bulk of the material. The Joule-heating voltage and power of the
hybrid aerogel follows well with Ohm’s law (P = U2/R),
suggesting good stability of the conductive aerogel (Fig. 3a, I-P,
I-T, and I-U curves during Joule-heating see ESI Fig. S10). In
addition, a good fit of the Joule-heating temperature and
voltage using the quadratic function equation (T=a x U2 +Ty, a
= 13.2 °C/V?, Ty = 22 °C, Fig. 3b), indicates the complete
conversion of electrical energy to thermal energy, highlighting
the exceptional electrothermal efficiency of the nanocarbon
supports.?® 24 The established temperature and voltage
relationship enables the estimation of the Joule heating
temperature of the hybrid aerogels by simply tuning the voltage

This journal is © The Royal Society of Chemistry 20xx

ChemComm

or powder input (ESI Fig. S11). In order to better ungerstandthe
electrical conductivity of the hybrid aerdgellOthe¥esdEd Ha¢R
been fitted with the 3D variable range hopping (VRH) model:
o(T)=co T V2.exp(-(To/T)4), here G is the electrical conductivity
(S/m); op is the electrical conductivity prefactor; T, is the
temperature coefficient and T is the Joule heating temperature.
The fitting result exhibits a pronounced linear relationship with
RZ > 0.998 (Fig. 3c),?® suggesting the excellent electrical
conductivity throughout the entire 3D aerogel structure. Similar
electrical conduction behaviour has also been observed in the
other hybrid aerogels (see ESI Fig. S12). Fig. 3d shows the
infrared thermal images of the MgAlI-MMO/rCNT aerogel under
Joule heating. The temperature of the hybrid aerogel rises
proportionally with the increase of the electrical current. A
uniform temperature distribution profile is obtained across the
entire aerogel surface, corroborated by the 3D VRH model
fitting. Similar behaviour has been reported for the pure
nanocarbon aerogels® 10, which implies that the high loading of
the inorganic insulators has no detrimental effects on the
electrical-thermal properties of the aerogel. Besides in direct
contact with the air atmosphere, the hybrid aerogel exhibits
very uniform temperature distribution across the whole
cylindrical geometry, with only minor temperature variation
from the centre to the edge (Fig. 3e-3f). Further apart from the
edge of the aerogel (~2mm), the temperature drops
significantly to ambient temperature, due to thermal
convection with the surrounding air atmosphere.® Taking
advantage of the special electrical-thermal characteristic, the
temperature of the aerogel can be quickly and precisely tuned
from ambient temperature to 200 °C via conveniently changing
the power input, as demonstrated by the temperature-swing
Joule heating of the nanocarbon aerogel (Fig. 3g). Importantly,
all the prepared aerogels in this work, including MgAl-
MMO/rGO, BN/rGO, MgAI-MMO/rCNT and BN/rCNT, exhibit
similar temperature-swing behaviour, crucial for nanoparticles
regeneration via local resistive heating (ESI Fig. S13-S16).

To investigate the electrical-thermal stability of the hybrid
aerogels, Joule heating measurements are performed under
repeated heating and cooling cycles. Although the hybrid
aerogels display different heating capacities at the same Joule
heating power input, all their cycling abilities are exceedingly
stable even after 10 cycles (Figs. 4a-4d). Similarly, the Joule
heating temperature and voltage of the aerogel under repeated
thermal cycling are monitored. From both these results, there
is no obvious change for each aerogel after 10 thermal cycles,
which shows that the thermal cycling has no impact on the
electrical conductivity of the aerogel (Fig. 4e-4f). In terms of the
heating/cooling kinetics, all the hybrid aerogels exhibit
exceptional performances (Fig. 4g), with heating rates of up to
580 K/min (622 K/min for cooling, see thermal images of a
heating MgAlI-MMO/rGO aerogel in ESI Fig. S17 and Table S3),
outperforming most reported external heating/cooling
approaches.?® 27 When the rGO aerogel is used as the support
framework, no significant differences are observed for the
heating efficiency of the MgAI-MMO/rGO and the BN/rGO
aerogel (Fig. 4h). However, for the rCNT aerogel support
framework, the BN/rCNT aerogel shows 69% lower heating

J. Name., 2013, 00, 1-3 | 3
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efficiency than that of the MgAI-MMO/rCNT aerogel. This is
because the BN/rCNT aerogel has a relatively high thermal
conductivity, which leads to substantial convection heat
transfer with the surrounding air atmosphere (ESI Table S2). The
above results indicate that high loadings of various functional
inorganic incorporated into the
nanocarbon aerogels, with no significant impact on the
electrical-thermal properties, opening up new routes for
important applications, such as heterogeneous catalytic
reactions, piezoelectronics and energy storage.

In  summary, this universal and
straightforward wet-chemical synthetic approach to fabricate

nanoparticles can be

work provides a

highly porous, electrically-heatable hybrid nanocarbon aerogels
with high loadings of functional inorganic nanoparticles. The
electrical-thermal properties of the hybrid aerogels are not
significantly affected by the presence of the insulating inorganic
particles. Joule heating experiments show that the hybrid
aerogels are thermally stable, and heat can be conducted
seamlessly across the geometry through the
interconnected structure. The temperature of the conductive

entire

aerogels can be accurately controlled by changing the power
input. Electrical framework heating allows for regeneration of
exhausted inorganic nanoparticles at very short time scales and
low energy consumption. The facile synthetic approach and
performance advantage of the nanoparticle/nanocarbon
aerogel hybrids will be of great value in a wide range of
application fields, including heterogeneous catalysis, sensing,
electro-catalysis, and pre-combustion CO, capture.
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We report multifunctional nanoparticle/nanocarbon hybrid aerogels for effective and
energy-efficient regeneration of exhausted functional nanoparticles.
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