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For thermophysical energy storage with phase change materials (PCMs), the power capacity is often limited by the low PCM thermal
conductivity (kpcyv). Though dispersing high-thermal conductivity nanotubes and graphene flakes increases kpcy;, the enhancement is
limited by interface thermal resistance between the nanofillers, among other factors such as detrimental surface scattering of phonons.
Here, we demonstrate that embedding continuous ultrathin-graphite foams (UGFs) with volume fractions as low as 0.8-1.2 vol.% in a
1s PCM can increase Kpcy by up to 18 times, with negligible change in the PCM melting temperature or mass specific heat of fusion. The
composites increase in Kpcy, thermal cycling stability, and applicability to a diverse range of PCMs suggests that UGF composites are a
promising route to achieving the high power capacity targets of a number of thermal storage applications, including building and vehicle
heating and cooling, solar thermal harvesting, and thermal management of electrochemical energy storage and electronics devices.

dictate the T, range. Novel PCMs with an appropriate 7T}, and

1 Introduction high AHjy, are needed to meet the energy density requirements for

20 Thermal energy storage technologies have received renewed a broad adoption of PCM-based thermophysical storage
emphasis because of their critical role in a sustainable energy technologies. Moreover, a large power capacity is needed to
infrastructure. Both thermophysical and thermochemical storage 35 ensure sufficiently fast charging and discharging processes.
methods are under active investigations.! Among the The heat transfer rate that governs the power capacity is
thermophysical storage approaches, phase change materials dominated by kpcy. PCMs, however, typically have low thermal

25 (PCMs) can been used to absorb and release thermal energy at a conductivity in the range between 0.1-1 W m" K, which is
constant temperature during a phase transition, such as melting or inadequate for meeting most power capacity targets unless bulky

solidification."™® The thermal performance of PCMs is 4 heat transfer devices are added with the consequence of reducing
characterized by the melting temperature (7},), the energy density the system energy density.* Although high-thermal conductivity
that is determined by the specific heat of fusion (AH,), and the fillers can enhance the PCM thermal conductivity, the amount of
30 thermal conductivity (Kpcym). System operating temperatures fillers needs to be minimized so as to preserve a high energy
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density. Continuous fillers such as copper-, aluminum-, nickel-,
and carbon-foams have been shown to increase ipcy. '’
However, the improvements are limited by the solid thermal
conductivity of the foam struts. Dispersed fillers with high
thermal conductivity,” such as carbon fibers,”>"® carbon
nanotubes (CNTs),"*!> graphite'®!” and graphene flakes,'®"’ have
also been used to increase Kpcy. Despite the record-high thermal
conductivity reported for suspended and clean CNTs and
graphene,zo_22 only modest increases in Kpcy have been observed
in composites employing these fillers unless a high volume
loading is used, which significantly reduces the energy density.
For example, increasing kpcy by 11 times requires filling wax
with over 4 vol.% graphite nanoplates,'® while filling wax with
10 vol.% CNTs yields only 6 times improvement in the effective
thermal conductivity."* Dispersed fillers can also be unstable
during phase change. A recent study on graphite flake-
hexadecane composites showed that the composite thermal
conductivity can be changed by up to 3.2 times and electrical
conductivity up to 2 orders of magnitude by varying the contact
resistance between the dispersed graphite flakes during solid-
liquid phase transition.® Although this effect can provide a
means to tune the conductivity of composites and open up novel
applications, the reduced thermal conductivity in the liquid state
can decrease the heat transfer rate in PCM nanocomposites for
the thermal storage application considered in this work.

Here we report an experimental investigation to show that
ultrathin-graphite foam (UGF) with a low density of 1.2 vol.%
can be used to increase Kpcy by up to 18 times. The UGF struts
retain the high basal-plane solid thermal conductivity of thin
graphite,® while overcoming the thermal interface resistance
issue found in van der Waals-bonded graphene and CNT
networks. Because the UGFs are continuous, a rule of mixtures
calculation is sufficient to explain the thermal conductivity
enhancement in the UGF-PCM composites. The thermal
conductivity enhancement is found to increase the rate of PCM
melting even in an experiment setup with considerable parasitic
loss. The electrical resistance of the UGF-PCM composites
changed less than 2% over 100 solid-liquid phase transition
cycles, indicating mechanical stability during thermal cycling.
The mass specific heat of fusion and 7}, of the PCM remain
essentially unchanged after UGF loading, which overcomes a
problem found in some PCM composites where the dispersed
nanofillers results in considerable reduction of the heat of
fusion, 12161819

2 Results

2.1 Synthesis of UGFs and UGF-PCM composites

The UGF is grown on a nickel foam template (Fig. 1a, 1b and
Video Sla) by chemical vapor deposition (CVD).>*?® The nickel
template is then removed by wet chemical etching, leaving only
ultrathin-graphite  struts connected in foam
architecture. The ultrathin-graphite struts are hollow, have an
approximately triangular cross section, and are made of high-
quality graphitic carbon with basal-plane parallel to the strut wall
surface (Fig. 1c and Fig. S1). Because the as-grown UGFs are
hydrophobic, they can be readily filled with hydrophobic paraffin
wax, a common PCM, by immersing the foam in hot liquid wax
(Fig. 1d, 1f, 1h and Video S1b). This process yields UGF-PCM

continuous

Hydrophobic PCM
Wax
w/o O,-plasma & filling)

Hydrophilic PCM
Erythritol
(w/ O,-plasma & filling)

i

Fig. 1 (a) Reconstructed three-dimensional micro-computed tomography

60 (CT) scan and (b) single micro-CT scan slice of the nickel foam template.

(c) Scanning electron micrograph (SEM) of UGF after growth and nickel
removal and before PCM filling. Differential interference contrast images
of (d) UGF-wax composite and (e) UGF-erythritol composite. Cross-
sectional SEMs of (f) UGF-wax composite and (g) UGF-erythritol

6s composite. Micro-CT scan slices of (h) UGF-wax composite and (i) UGF-

erythritol composite.

composites with high PCM filling fraction, @pcyy = 95.8 £ 0.4
vol.% or 97.3 + 0.1 wt.%. To obtain the PCM volume fraction
(ppcm), the weight of the bare UGF (wygp) and UGF-PCM

70 composite (Weomp) Was measured using a mass balance
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Fig. 2 (a) Photograph of the four-probe electrical measurement setup for a
UGF-composite sample placed on a hot plate. Scanning electron
micrographs of UGF-erythritol composite (b) after 100 heating and

s cooling cycles and (c) after subsequent removal of erythritol by washing
with de-ionized water. The UGF struts remained unchanged after 100
cycles of liquid-solid phase change of PCM. Electrical resistance
measured in the solid state (blue) and liquid state (red) normalized by the
resistance of the solid state measured during the first heating cycle of (d)

10 UGF-wax composite with [Jgum= 0.84+0.02% and @pcy = 98+0.4% and
(e) UGF-erythritol composite with [Jfum=0.8440.02% and @cv= 85+0.4%
during 100 heating/cooling cycles.

(XP105DR, Mettler Toledo). The difference gives the net weight
of the PCM. The volume of the UGF-PCM composite (Vcomp)
1s was then measured using a vernier caliper. The PCM volume
fraction is then calculated as (Wcomp-Wugre)/(Prem Veomp), Where
prcum is the density of the pure PCM. In comparison to the wax
composites, filling the UGFs with hydrophilic food-grade
erythritol PCM required that the UGF first be functionalized with
20 C-O groups via an oxygen plasma treatment’ to make the UGF
surface hydrophilic (Fig. S2a). The UGF electrical resistivity
remained unchanged after surface functionalization (Fig. S2b),
suggesting that the brief oxygen plasma exposure affected only
the surface without damaging the UGF structure. After surface
»s functionalization, the UGF was immersed in hot liquid erythritol
(Fig. le, 1g, 1i). The electrical resistivity of the UGF sample
remained unchanged after filling with erythritol (Fig. S2b). A
scanning electron micrograph (Fig. 1g) and micro-CT scan slices
(Fig. 1i and Video Slc) of the UGF-erythritol composites reveal
30 that even the hollow interior of the UGF struts is filled with PCM
using this process. Nevertheless, the filling fractions of the UGF-
erythritol composites, @pcyy = 85.9 £ 1.6 vol.% or 98.2 + 0.1
wt.%, were consistently less than those of the UGF-wax
composites. Micro-CT scan slices show that voids are distributed
35 throughout the entire UGF-erythritol composite (Fig. 1i), while
voids are intermittent in UGF-wax composites (Fig. 1h). It is
possible that voids in the UGF-erythritol composite form during
solidification because the UGF-struts impede the natural
formation of large erythritol crystallites, which based on our
40 experiments are on the order of several millimeters in pure
erythritol (see Fig. S3). This issue is not observed in the UGF-
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wax composites. In comparison, a 10% decrease in density was
reported in aligned CNT-array polymer composites with 0.4
vol.% filler due to the presence of voids in the composites."
Similarly, voids were responsible for 9—13% decrease in density
when high-density carbon foams ([Ugan= 19—46 vol.%)® as well
as low-density copper and nickel foams (Dgm= 3 vol.%)’ were
filled with wax.

2.2 Stability test of UGF-PCM composites

One requirement for a PCM composite is that it must be stable
after multiple melting and solidification cycles. We evaluated the
thermal cycling stability of the UGF-PCM composite by
measuring the sample electrical resistance during multiple
melting and  solidification cycles. For the electrical
measurements, copper electrodes were attached using silver
epoxy to the UGF before it was filled with PCM to ensure good
electrical contact over the melting and solidification cycles (Fig.
2a). These electrodes were used to measure the four-probe
electrical resistance of the sample. During melting of the PCM in
the composite samples, the liquid PCM remained in the UGF
scaffold because of surface tension, so that there was negligible
mass loss during electrical measurements over 100 melting and
solidification cycles. In thermal storage devices, PCM is usually
enclosed in a container to prevent leakage of liquid PCM. Figure
2d and Fig. 2e present the electrical resistance of the UGF-wax
composite and the UGF-erythritol composite, respectively, in the
solid state and liquid state over 100 melting and solidification
cycles. The difference in UGF-PCM composite electrical
resistance measured in the two states is attributed to the
temperature dependence of the UGF electrical resistivity
(Fig. S4). The change in the electrical resistance after 100 melting
and solidification cycles is less than 2% for both UGF-wax and
UGF-erythritol composites, indicating that the UGFs buried in
PCMs are mechanically stable during cycling. SEM images of the
UGF after removal of erythritol also indicate that the UGF
structure did not change after the 100 cycles (Figs. 2b and 2c¢). In
comparison, filler settling has been reported in composites with
dispersed fillers,'>'>'™'® which results in a composite thermal
conductivity reduction upon cycling. Because the UGF structure
is stable upon thermal cycling, this effect is expected to be absent
in the UGF-PCM composites investigated here.

2.3 Heat of fusion of UGF-PCM composites

The energy density of the UGF-PCM composites is dominated by
AHj,,, which was measured using a Netzsch DSC-404 F1 Pegasus
differential scanning calorimetry (DSC). The DSC measurement
results are presented in Fig. 3 and Table S1. Several studies have
shown that adding fillers to a PCM can change AHj,, because
there is less PCM per unit volume or per unit mass and the
dispersed fillers can interrupt the local bonding environment of
the PCM molecules.'>'*"? While some studies report decreased
AHy, after filler loading, other studies report negligible AHj
change. For instance, Fan et al." reported that dispersing carbon
nanotubes, carbon nanofibers, or graphene nanoplatelets in
paraffin wax systematically decreased the mass specific heat of
fusion for all filler types, by up to 10% with 1 wt% filler loading.
In comparison, Kim et al.'” report no significant change in heat of
fusion when up to 5 wt.% of exfoliated graphite nanoplatelets
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Fig. 3 (a) Differential scanning calorimeter (DSC) plot of melting of pure
erythritol and UGF-erythritol composite. The results shown in this plot
are representative of the DSC data obtained for all samples. The obtained
mass specific heat of fusion normalized by the first heating cycle of (c)
un-annealed UGF-wax composite and (d) un-annealed UGF-erythritol
composite after 30 heating/cooling cycles.

were dispersed in paraffin wax. In this study, negligible change in
the mass specific heat of fusion has been found for the UGF-
PCM composites compared to the pure PCMs values,
AHgy = 339 +£10 J g™ for erythritol and AHy,, = 189.3+5.7 J g
for wax. This finding is attributed to the relatively large, ~500 pm
diameter pore size of the UGF, and consequently a relatively
small filler-PCM interface area of about ~0.6 m” g”!, > compared
to the ~30 m’ g' value found for exfoliated graphite
nanoplatelets'” and ~300 m* g for CNT fillers.'"* As such, the
melting and solidification processes of the pure PCM inside the
large pores are not affected by the UGF. For this reason,
negligible change in the PCM melting temperature was also
found for the UGF-PCM composites compared to the pure PCM
values, T, = 120.2°C for erythritol and T}, = 58.9°C for wax, as
illustrated by the DSC plot in Fig. 3a for the UGF-erythritol
composite. In addition, only a less than 2% reduction in heat of
fusion was observed over the 30 solid-liquid phase transition
cycles for the UGF-PCM composites, as shown in Fig. 3b for the
UGF-wax composite and Fig. 3c for the UGF-erythritol
composite. The small reduction in the heat of fusion for the UGF-
erythritol sample is attributed to PCM evaporation and mass loss
during the 30-cycle DSC measurement. The evaporation occurs

30

o
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because the measurement was performed in an environment of
constant flow of dry helium gas. Such losses are not present in an
actual thermal storage device where the PCM is enclosed inside a
container.

2.4 Thermal conductivity of UGFs and UGF-PCM composites
Because of the open-cell structure and low density of the unfilled
UGFs, established thermal conductivity — measurement
techniques® such as the steady-state reference method and
transient laser flash technique cannot be applied to these
samples.”® To address this challenge, a self-electrical-heating
method has been demonstrated in a previous work to measure the
thermal conductivity of unfilled UGFs (Kgoam)-> During self-
electrical-heating of the UGF sample, the change in electrical
resistance of the UGF was measured and used to determine the
average temperature rise. The thermal conductivity of the UGF is
then obtained by using the applied Joule heating power and
corresponding average temperature rise as inputs to a combined
heat conduction and radiation loss model, as discussed in the
Supplementary Information.

In addition, although the laser flash method has been successfully
used in this work to measure the thermal conductivity of the pure
PCM, we found that the transient thermal response data obtained
by this technique on the UGF-PCM composites show poor
agreement with the several one-dimensional transient heat
conduction models commonly used to interpret the laser flash
measurement results. In the UGF-PCM composites, we expect
that the heat pulse travels more readily through the high thermal
conductivity continuous UGF struts than the low thermal
conductivity PCM, so that the established models for
homogenous materials cannot accurately describe transient
thermal transport in the UGF composites.

In this work, the steady state self-electrical-heating method has
been employed for thermal conductivity measurements of both
unfilled UGFs and filled UGF composites, whereas a steady state
reference method has also been used to measure the thermal
conductivity of a filled UGF composite sample and verify the
self-heating measurement result. Using the self-electrical-heating
method allowed us to compare the thermal conductivity of an
unfilled UGF and a filled UGF-PCM composite for the same
UGF sample, thus eliminating sample-to-sample variability.

In the steady-state measurement technique, an un-annealed UGF-
erythritol composite sample ([g,,=1.23+£0.02%, @pcy=
84+0.4%) was connected with a constantan bar reference (see
Fig. S6 in Supplementary Information for details). The assembly
was sandwiched between a resistance heater and a copper heat
sink to establish a linear temperature profile, which was measured
using two differential Type-T thermocouples. Like the self-
electrical-heating measurement, this measurement was performed
in high vacuum (<107 torr) to eliminate convective losses. With
radiation loss from the circumference of the sample and reference
accounted for, the steady-state reference method was found to
yield Keomp=2.8£0.3 Wm™ K™,

The self-electrical-heating measurement results for unfilled UGFs
are shown as open circles in Fig. 4a and Table S1. Although the
volume fractions of [g,, = 1.23, 0.88, and 0.83 vol.% for the
three UGFs evaluated here are similar to those of van der Waals-
bonded single-walled carbon nanotube aerogels reported
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recently,31 the obtained kg, are two orders of magnitude larger
than the 0.025 W m™' value reported for an aerogel with volume
fraction [Jyeroger = 0.61 vol.%. The UGF with (g, = 1.23 vol.%
was annealed at a temperature of 3000 °C for one hour in an
argon environment, while the other two foams were not annealed.
The solid strut thermal conductivity of the annealed UGF, k=
840 W m" K', which was calculated using the metal foam
theory32 Kegrut = (370 foam)Kfoams 18 @ factor of 1.6 larger than the
average value of the foams that were not annealed, ~520 W m’'
K, over two times larger than copper, Keopper ~ 400 W m! K,
and approaching values reported for high-quality graphite.>*
Based on the average thermal conductivity for the un-annealed
UGF struts found from the self-electrical-heating method, Ky
~520 W m™ K', and the solid volume fraction of the UGF sample
measured using the steady-state technique ([gan= 1.23+0.02%),
the UGF thermal conductivity is predicted by the metal foam
theory to be Kpum = 2.13 W m?' K. In addition, the thermal
conductivities of the paraffin wax and the food-grade erythritol
measured by the laser flash method are kpey = 0.20£0.02 W m’!
K and kpey = 0.8120.09 W m™ K!, respectively. The UGF-
erythritol composite thermal conductivity result obtained by the
steady-state method agrees well with a rule of mixtures
calculation, Keomp = Kfoam + @pcm Kpem, Without needing to account
for interface thermal conductance. There are two reasons for this
agreement. First, the foam and the PCM are each continuous in
the composite. Second, because the UGF strut wall thicknesses
are on the order of hundreds-of-nanometers to a few microns,
their thermal conductivity is insensitive to phonon scattering at
the graphite strut/PCM interface. In comparison, such interface
scattering has been found to considerably reduce the basal-plane
thermal conductivity of few-layer graphene and few-layer
hexagonal boron nitride.**¢

Upon completion of the self-electrical-heating measurements of
unfilled UGF samples, two of the measured foam samples were
filled with paraffin wax. The remaining foam sample was filled
with food-grade erythritol. Because the three foam samples were
suspended on the sample stage for thermal conductivity
measurements, they could not be filled using the immersion
process discussed above, and instead were filled by dropping hot
liquid PCM onto the suspended foam sample, resulting in lower
PCM filling fractions between 77-88 vol.% (Table S1). The
thermal conductivity results of the UGF-PCM composites, Kcomps
measured using the same self-electrical-heating method are
shown as filled circles in Fig. 4a and appear in Table S1. Because
the PCM is electrically insulating and has a relatively low thermal
conductivity, it is a concern whether an appreciable local
temperature difference is present between the electrically heated
UGF and the surrounding PCM, which would result in an
underestimation of the UGF-PCM composite thermal
conductivity in the self-heating measurement. To evaluate this
effect, compare the UGF-PCM composite thermal
conductivity measured from the rule of mixture calculation.
Similar to that found for the steady-state method, the « ., values
obtained from the self heating method is in good agreement with
the rule of mixture calculation based on the measured UGF
thermal conductivity from the self-heating method, PCM thermal
conductivity from the laser flash method, and the measured
volume fractions. This finding suggests that the steady state
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Fig. 4 (a) Measured thermal conductivity of unfilled UGFS, &foum, (Open
circles) and UGF-PCM composites, &omp, (filled circles) at near room
temperature. Shown for comparison are results from rule of mixtures
calculations. (b) Comparison of PCM thermal conductivity enhancement
per volume fraction of filler for the UGF-wax composites in this work
and different fillers reported in literature. All PCMs in (b) have thermal
conductivity in the range of xpcy=0.17-0.31 W m! K.

reference method and the self-heating technique yield consistent
UGF-PCM thermal conductivity values.

3 Discussion

Even at the very low loading fractions, the UGF-PCM composite
thermal conductivities represent an improvement over the base
PCMs by up to a factor of 18. To put these results into
perspective, in Fig. 4b we compare the PCM thermal conductivity
enhancement per volume fraction of filler for the UGF-wax
composites presented here and other continuous filler composites

(aluminium foam,” carbon foam,® copper foam,” and nickel
foam’) and discrete filler composites (carbon fiber'?, carbon
nanotube'®, nano-graphite'® and graphene'®) reported in literature.
This performance metric is useful for thermophysical energy
storage applications because it reflects the need to minimize the
filler loading used to enhance thermal conductivity so as to
preserve a high energy density. Because the UGF consists of
high-quality graphite struts, the strut solid thermal conductivity is
higher than that found in metal and other carbon foams, resulting
in greater performance. Because carbon has a low atomic weight
compared to aluminium and copper, the UGF is expected to out
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Fig. 5 (a) Photograph of three samples loaded in Teflon holders for transient melting study. The top sample is pure paraffin wax, while the bottom two
samples are un-annealed UGF-wax (@pam = 1.42 £ 0.04 vol.%) and annealed UGF-wax (@sam = 1.37 £ 0.03 vol.%) composites. (b) The temperature
profile evolutions in time of three samples shown in (a) were captured using a calibrated infrared camera and are presented at # = 0, 100, and 600 s. (c) A
temperature profile along the middle of each sample after 100 seconds of heating. (d) Temperature as a function of time at the position x = 4.3 mm. (e)
Measured temperature enhancement, AZompy/ATywax, as a function of position after 100 seconds of heating for both the annealed and un-annealed UGF-wax
composites. For comparison, theoretical predictions for the case where there is no parasitic heat loss by convection and radiation is also provide in (e). All

scale bars indicate 10 mm.

perform the metal foams to an even greater extent than in Fig. 4b
when compared on a weight basis. Conversely, the thermal
interface resistance present between discrete fillers results in a
much lower composite thermal conductivity than the continuous
UGF-PCM composites at the same loading. For example, around
1.5 times enhancement in thermal conductivity was reported for a
wax sample loaded with 1.3 vol% graphene nanoplatelets.'” This
value is much lower than the 18 times increase in Kpcy observed
in the annealed UGF-wax composites at a similar filler loading
fraction.

To demonstrate the effect on thermal performance of kpcy using
UGFs, results from a transient melting study are presented in Fig.
5. The temperature profile evolution in time of three samples was
captured using a calibrated infrared camera (see Figs. S7 and S8
in Supplementary Information for details) as the samples were
heated from one side (Fig. 5a and 5b). As shown in Figs. Sc and
5d, the temperature as a function of position and heating time
data indicate that heat penetrated further and temperature
increased quicker for the two UGF-wax composite samples than
the pure wax sample, resulting in a faster PCM melting rate. The
temperature enhancement, ATcom,/ATy.y, at ¢ = 100 seconds is
presented as a function of position in Fig. 5e. Because the
measurement was performed in ambient conditions, radiative and
convective losses from the sample become large compared to
heat conduction through the sample for regions more than 5 mm
away from the heat source. Such losses are not present in an
actual thermal storage device where the PCM is thermally
insulated inside a container. Using a 1D phase change model
based on Neumann’s solution for melting of a semi-infinite
region to model the transient melt process,’’ elimination of the
losses can result in even larger enhancement for regions away
from the heat source, as shown in Fig. Se.
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4 Conclusions

These experimental results demonstrate that loading a paraffin
wax PCM with annealed UGF can significantly increase kpcy by
as much as a factor of 18 with cycling stability and negligible
change in the PCM melting temperature or mass specific heat of
fusion. Even larger thermal performance enhancement may be
possible by optimizing the UGF geometry, such as reducing the
pore size of the foam. Such enhancement can result in an increase
of the power capacity of PCM-based thermophysical storage
devices to meet the requirements of a number of heating and
cooling applications. The thermal conductivity of the UGF-PCM
composites is well described by a rule of mixtures calculation,
which simplifies the design process of thermophysical storage
devices using the UGF-PCM composites. In addition, the
sacrificial nickel used to grow the UGF can be recycled,* and the
UGF sample size is readily scalable (Fig. S9). Moreover, recent
works have shown that it is possible to grow carbon nanotubes
that anchor to the foam struts and extend into the foam pore,”
which presents another exciting direction to further increase the
heat transfer rate when such hybrid foams are used in PCM
composites.
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