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Microwave-Assisted Surface Synthesis of a Boron—Carbon—
Nitrogen Foam and its Desorption Enthalpy

Rajib Paul, Andrey A. Voevodin, Dimitry Zemlyanov, Ajit K. Roy, and Timothy S. Fisher*

The modification of microporous carbon foam with boron and nitrogen
through a facile microwave chemical treatment are reported. The resulting
surfaces of the foam exhibit distinct B-N and carbon domains based on
chemical and microscopic analysis, in keeping with theoretical predictions.
The resultant materials are shown to exhibit exceptionally high methanol
desorption enthalpy and thermal stability in comparison to untreated carbon
foam and consequently are suggested as candidate materials for sorption
cooling and thermal storage applications using methanol as the adsorbate.

1. Introduction

A microwave-assisted thermo-chemical surface treatment
of highly porous carbon foam has been developed to synthe-
size boron-carbon-nitrogen (B-C-N) foam for thermal energy
storage and release by adsorption/desorption with lightweight
hydrocarbons. Carbon foams provide the combined advantage
of large surface area and high thermal conductivity critical for
thermal energy storage, but they are prone to oxidation and
have low adsorption enthalpy for lightweight hydrocarbons. The
non-plasma microwave heating of the carbon foams exposed to
boric acid and urea solutions described herein converts carbon
foam to B-C-N foam. Microwave treatment helps to activate
surface chemical reactions, and X-ray photoelectron spectros-
copy reveals the formation of boron nitride and carbon nitride
interatomic bonds with evidence of boron carbide bonds. This
complex surface chemical structure is proposed to increase
methanol desorption enthalpy, which in turn is expected to offer
improved performance in adsorptive thermal applications.
B-C-N is a hexagonal solid material that can provide the
benefits of intrinsically layered solids such as graphite and
graphene, '3 with an additional advantage of higher thermal
stability and wider band gap typical for hexagonal BN and BN
nanosheets.! Many prior studies have considered the hybrid
phases of B-C-N.P712l The synthesis procedures to produce
B-C-N materials include rf. plasma-enhanced pulsed laser
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deposition,®! magnetron sputtering,!
ion beam sputtered deposition,””! arc dis-
charge,!1% and chemical vapor deposi-
tion.'112] These studies have shown that
B-C-N materials are not single crystalline
but rather nanocrystalline.'3! Han et al.
adopted chemical substitution reactions to
replace C atoms in carbon nanotubes by
B and N atoms to produce (BN),C, nano-
tubes.l This technique demonstrates
a cost effective way to produce B-C-N
material for which stability and electronic
properties were theoretically predicted by
density functional theory to depend primarily on chemical com-
position instead of the geometric structure.l'”) However, B-C-N
sheets have been shown to prefer conformations consisting of
distributed BN and graphene domains, as opposed to spatially
uniform stoichiometry, and the overall properties can depend
on the details of the domain structure and distribution.[!%]

Adsorption of light weight hydrocarbon has crucial impor-
tance for thermal storage and cooling applications, which utilize
waste heat and can reduce adverse impact on global warming
caused by the CFC refrigerants.l'’] In adsorption cooling the
choice of the adsorbate-adsorbent material pair determines
the amount of thermal enthalpy per unit mass or volume.'81%
Researchers have used activated carbon, activated alumina,
zeolite, silica gel,?% and calcium chloridel?!! as adsorbents with
water, ammonia, carbon dioxide, methanol, ethanol, andeth-
ylene as adsorbates for efficient sorption thermal processes.
While these adsorbent/adsorbate pairs provide high values of
enthalpy, their performance is often hindered by limitations of
heat and mass transfer rates. From this perspective open porous
structures with high thermal conductivity such as carbon
foams and B-C-N foams may offer an advantage. Recently, Rai-
dongia et al. measured adsorption of CO, (100%) by a 2-3 layer
graphene-like B-C-N sheet synthesized by chemical substitution
reactions.l??l Based on the general theory of adsorption in high-
porosity adsorbents!?*l, B-C-N foam would appear to be a prom-
ising adsorbent with superior practical behavior in conjunction
with chemically hazardless methanol adsorbate. "]

Here we report microwave-assisted chemical substitution
reactions to replace carbon atoms with boron and nitrogen to
form an oxygen-resistant layer of B-C-N on the surface of pitch-
derived graphitic carbon foam, which offers high porosity and
stability.?+%’] A 400 W microwave treatment for 5-30 minutes
was used to accelerate foam surface modification by 12-15
times in comparison to thermal treatments, due to activation
of reagents through phase change and high thermal gradients
during microwave irradiation.?®! The microwave treatment was
followed by high-temperature annealing in an inert atmosphere
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to complete carbon foam surface conversion to B-C-N and to
reduce excess oxygen content. The resultant material chemistry,
morphology and structure are characterized in detail and corre-
lated with methanol adsorption and thermal stability.

2. Results and Discussion

The surface morphology of as-received graphitic carbon foam
is smooth and featureless as shown in Figure la. Figure 1b
shows the surface of the foam after microwave-assisted chem-
ical treatment for 5 min before annealing. Figure 1c,d contain
SEM images of the B-C-N foams after 5 min microwave treat-
ment and annealing at 500 °C and 1100 °C respectively. The
images for the B-C-N foams after 30 min microwave treatment
and annealing at 500 °C and 1100 °C are shown in Figure le
and f respectively. The surfaces of B-C-N foams annealed at
higher temperature (1100 °C) clearly exhibit increased rough-
ness. A pronounced change in material morphology between
B-C-N foams with 5 min and 30 min microwave treatment is
also evident from SEM images (Figure 1d,f). From comparison
of the surface morphology it is clear that both increased micro-
wave treatment time and increased annealing temperature lead

Carbon Foam § (b)

500nm

30 min MW
500°C Z

Figure 1. FESEM images of a) carbon foam, b) 5 min microwave treated carbon foam before
annealing, ¢) 5 min microwave treated B-C-N foam annealed at 500 °C, d) 5 min microwave
treated B-C-N foam annealed at 1100 °C, e) 30 min microwave treated B-C-N foam annealed at
500 °C, and f) 30 min microwave treated B-C-N foam annealed at 1100 °C.
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to topographic roughening, which would ostensibly enhance
surface adsorption.

XPS analysis was used to investigate the conversion of carbon
foam to B-C-N caused by microwave-assisted thermo-chemical
treatment. The chemical reactions during the process can be
expressed as follows/?%

2]3(()[‘1)3 = B,0;+ 3H,0
CO(NH,), = NH; + HNCO
B,0; + 2NH; + 2xC = 2BC,N + 3H,0, [x = 1, 2.4] (1)

Boron oxide is an intermediate constituent in the conversion
process and was specifically targeted for the process optimiza-
tion. The values of x (1, 2, 4), in Equation 1, can be used to
determine the B-C-N structure. For example, x = 2 for BC,N
configuration. Figure 2a compares XPS survey spectra obtained
from carbon foam before chemical treatment and foam sub-
jected to the chemical treatment for 30 min and annealed
at 1100 °C. Boron, nitrogen and oxygen appeared addition-
ally in the treated foams. The atomic percentage of B, N and
O additions varied with both microwave treatment time and
annealing temperature as shown in Figure 2b—d. It is clear that
an optimum temperature for maximizing boron and nitrogen
content occurs within the 900-1100 °C range
for both microwave treatment times. This
temperature was found sufficient to induce
the formation of B-N and C-N bonding (dis-
cussed below).

Several chemically treated (at room tem-
perature and atmospheric pressure) foam
samples without microwave assistance
were subjected to similar temperature and
annealing profiles, but the B and N content
of those foam samples were found to be
negligible. Portechault et al.’”} used higher
temperature (1400 °C or above) annealing in
order to incorporate increased B and N mole-
cules into mesoporous B-C-N. For the same
purpose we annealed our chemically treated
samples (treated at room temperature and
atmospheric pressure) to 1500 and 1800 °C
without preliminary microwave treatment.
However, such process resulted in a very
little B and N incorporation, indicating the
critical role of the microwave treatment for
the chemical reaction activation.

Figure 3 provides comparison of the C Is
high-resolution XPS spectra obtained from
the foams subjected to different annealing
temperatures after 30 min microwave treat-
ment. From this comparison, it is evident
that the annealing temperatures of 500 and
700 °C were not sufficient to dissociate and
remove HNCO, NCO, and other interme-
diate products of the chemical treatment
reactions listed in Equation 1, and the carbon
foam ligaments (inset of Figure 3) remained
crystalline even after chemical treatment and
annealing. At temperatures of 900 °C and

5 min MW
1100°C

B-C-N Foam
30 min MW
1100°C
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Figure 2. a) XPS spectra of carbon foam before treatment and B-C-N foam annealed at 1100 °C after 30 min microwave treatment. b—d) variations of
B, N and O content (at%) within B-C-N foam with annealing temperature respectively for 5 min and 30 min microwave treatment.

C1s region

CPS (a.u.)

%-B C-N 1100°C
B-C-N 900°C

&:B-C-N 700°C
\ B-C-N-500°C
Carbon foam

296 292 288 284 280 276
Binding Energy (eV)

Figure 3. C Ts spectra of carbon foam and B-C-N foams annealed at dif-
ferent temperatures after 30 min microwave treatment. Inset: ligament
of carbon foam.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

above, the C Is peak was composed mostly of C-C and C-N
components with additional broadening due to disorder and a
possible C-O contribution. Interestingly, for 900 °C annealing,
a shoulder at the lower binding energy was apparent. This indi-
cated possible boron carbide formation, as carbides typically
have C Is peak at lower bonding energy relative to graphitic
carbon.?® This lower binding shoulder was weak and decreased
at higher annealing temperatures.

Evaluation of the B 1s and N Is high-resolution spectra had
helped to reveal the critical role of annealing temperature in
developing boron nitride bonds in the foams. Figure 4a shows
the evolution of the B 1s XPS spectra with increased annealing
temperature for samples microwave treated for 30 minutes.
The spectra were fitted with three components centered at
193.0 eV, 191.6 eV, and 189.9 eV which correspond to boron
oxide, boron nitride, and boron carbide, respectively.2*31
The figure shows a gradual replacement of boron oxide with
boron nitride and boron carbide as the annealed temperature
increases from 500 to 1100 °C. The observed consumption of
B,0; in favor of B-C-N conforms to the proposed chemical
reaction mechanisms in Equation 1. Interestingly, this change
was also accompanied by the N Is spectra evolution from that
of predominantly C-N bonding to B-N bonding as temperature
increased. This evolution is shown in Figure 4b, where fitting
components were located at 400.7 eV, 398.5 eV, and 397.4 eV
corresponding to nitrogen-carbon bonding in a pyridine-
like configuration, in a graphite-like (or carbon substitution)

Adv. Funct. Mater. 2012, 22, 3682-3690
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Figure 4. a) Deconvoluted B 1s spectra for B-C-N foams treated for 30 min with microwave heating and annealed at different temperatures. b) Decon-
voluted N Ts spectra for B-C-N foams treated for 30 min with microwave heating and annealed at different temperatures.

configuration, and a nitrogen bond with boron, respec-
tively.[?3132l We conclude based on these results that the prev-
alence of B-N bonded domains in the B-C-N foams increases
with annealing temperature.

Table 1 presents the atomic percentage of boron in B-O, B-C,
and B-N as a function of annealing temperature. From this
table, the percentage of boron from boron nitride domains, as
opposed to boron oxide, peaks at 10-11 at% for annealing tem-
peratures of 900-1100 °C. Significantly, the 30 minute micro-
wave treatment correlates to formation of boron carbide bonds
at higher annealing temperatures, while for the 5 min treatment

boron carbide bonds were absent for all annealing tempera-
tures. Similarly, the percentage of nitrogen in B-N (Table 1)
closely matches to that of boron with a nearly one-to-one ratio.
This finding supports the conclusion that formation of B-N
domains has occurred, as opposite to a random substitution of
carbon with boron and nitrogen atoms upon the conversion of
carbon foams to B-C-N foams.

The table also indicates that the fraction of nitrogen in
the C-N pyridine-like position decreases with B-N domain
growth, and 4-9 at% nitrogen remains bonded with carbon in
a graphite-like configuration. Thus, the resulting B-C-N foams

Table 1. Boron and nitrogen content distribution of boron engaged in B-O, B-N, and B-C bonds, and nitrogen engaged in C-N pyridine-like, N-C
graphite-like, and B-N bonding for the foams microwave processed for 5 min and 30 min and annealed to different temperatures.

Treatment time Annealing Temp B in B-O Bin B-N Bin B-C N in C-N pyridine Nin C-N N in B-N Foam stoichiometric
[min] [°q [at%] [at%] [at%] [at%] graphite [at%] [at%] formula

5 500 15 1 0 3 13 2 Bo.71C231N,

5 900 12 10 0 2 5 10 By13Co4Ny

5 1100 8 10 0 1 5 8 B118Cs12Ny

30 500 17 0 0 10 7 0 Bo.gsCa.66N1

30 900 4 10 12 1 9 10 By ,C 85Ny

30 1100 4 1 4 1 4 1 By 22C36N4

Adv. Funct. Mater. 2012, 22, 3682-3690
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Figure 5. a) XRD spectra and b) (002) diffraction peak of B-C-N foams annealed at different temperatures treated with 30 min microwave heating.

consist of predominantly B-N and carbon domains, with the
latter containing some substitution with nitrogen. The last
column in Table 1 compares foam stoichiometric formulas,
which vary between BC,N and BC,N for annealing temperature
of 900 °C and above. It was observed that the percentage ratio
of B-N and N-B are as obtained respectively from the BIs and
N1s regions in XPS study are either 1 or 0.96 depending on
the temperature. The stoichiometric formulas of the obtained
foams were best approximated to BC,N for 900 °C annealing
and BC,N for 1100 °C annealing, which reflect the observed 1:1
ratio of boron and nitrogen bonding in the BN domains. Other
bonding arrangements observed in Figure 4, like C-N pyridine,
C-N graphitic, and boron oxide,are likely defects in the B-C-N
structures. The incorporation of these defects provides devia-
tion of the BC,N and BC,N formulas as indicated with the frac-
tioned stoichiometric coefficients in Table 1. XPS studies were
also done on the powder samples made by milling B-C-N foam
(post treatment) samples for 15 min in a pestle and mortar.
The boron and nitrogen contents were found to be 3—4 at% B
and 2-3 at% N, which were much less than those in the foam
samples.This result suggests that the chemical modification is
largely confined to the surfaces of the foam, and that pulveriza-
tion exposes interior regions of the foam ligaments that are pre-
dominantly carbon. Consequently, a complete descriptor for the
entire material would be carbon@B-C-N composite foam.
Above 900 °C the carbon content was found to increase in
contrast to the studies by Han et al.'" and Portehault et al.l”]
who observed a decrease in carbon content with increased tem-
perature. At higher temperatures, B and N atoms likely diffuse
deeper into the carbon core to substitute for carbon atoms.
Therefore, B and N are diluted into the C core, and the C con-
tent near the foam surface (probed by XPS to less than 10 nm
depth) increases. The presence of B-C bonds for annealing tem-
peratures of 900 °C and 1100 °C is attributed to the microwave-
assisted heat treatment, because boron carbide bonds were
only observed for samples with the longest duration (30 min)
of microwave treatment. The shorter treatment time (5 min)
and annealing alone did not produce boron carbide bonds.
XPS could not detect any trace of B-C bonds near the surface
of samples without microwave treatment even after these were
annealed at temperatures as high as 1500 °C and 2000 °C.
On the other hand, the B-C bond fraction in the B Is spectra

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(Figure 4) decreased for the sample annealed at 1100 °C after
a maximum value at 900 °C for 30 min microwave treatment.
This finding could be caused by rearrangement of B-N domains
towards a more stable and segregated state between BN and C
domains, where the fraction of B-C bonds is reduced because
such developed BN domains are predominantly connected to
surrounding hexagonal carbon through N-C bonds.

XRD patterns (Figure 5a) reveal that the characteristic hexag-
onal carbon peaks broaden and shift towards lower diffraction
angles upon boron and nitrogen incorporation. Figure 5a shows
diffraction patterns for B-C-N foams with 30 min microwave
treatment whereas Figure 5b shows the diffraction peaks for
(002) planes for carbon and B-C-N foams. The (002) diffraction
peak of B-C-N indicates several new shoulders at lower angles
along with a graphitic peak (interplanar distance = 3.36 A). The
peaks at lower diffraction angles might have arisen from the
different species, e.g., B-C, C-N, B-N and B,03, present within
the foam lattice due to chemical treatment (interplanar distance
d = 3.44 A).% This result corroborates the incorporation of B
and N into graphitic planes of carbon foam because B and N
atoms are larger and smaller than C atoms respectively, and
changes in inter-planar separations for B-C-N foam as observed
here would be expected.?¥

Representative Raman spectra of B-C-N foams together
with that of carbon foam are shown in Figure 6a for 30 min
microwave-treated B-C-N foams annealed at different tem-
peratures. The three dominant peaks are D, G and 2D bands
located at ~1332, 1582, 2678 cm™' respectively. The D and
2D band represent lattice defects. These two bands originate
from phonons near the Brillouin zone boundary due to double
resonance processes.>” The G band is generally observed in
single crystal graphite and represents the in-plane vibrations
of nearest neighbors in a graphene layer.’®) A clear shoulder
(called D’ band) at 1620 cm™' is apparent, particularly for
B-C-N foam annealed at 1100 °C that is also associated with
the lattice defects. This band is the double resonance of pho-
nons near the Brillouin zone center.’®! The Raman spectra of
5 min microwave-treated B-C-N foams annealed at different
temperatures (not shown) are similar to Figure 6a. For both
5 and 30 min treatments, the Raman spectra with the mate-
rial annealed at lower temperatures (500 °C and 700 °C) show
fluorescence effects that vanish for samples annealed at higher

Adv. Funct. Mater. 2012, 22, 3682-3690
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Figure 6. a) Raman spectra of B-C-N foams annealed at different temperatures treated with microwave for 30 min. Variations of Ip/lg (b) and l,p/lg
(c) with different annealing temperatures of B-C-N foam for 5 min and 30 min microwave treatment.

temperatures (900 °C and 1100 °C). This fluorescence might be
due to the presence of unreacted chemicals within the foams
annealed at lower temperatures.

The intensity ratio of D and G peaks (Ip/Ig) is a measure of
the defect sites in graphitic materials.?”] The variation of Ip/
I and I,p/Ig ratios of B-C-N foams with annealing tempera-
ture for 5 min and 30 min microwave treatment are shown in
Figure 6b and Figure 7c respectively. The Ip/Ig ratio slightly
increases with temperature below 900 °C. For 30 min micro-
wave treatment, the foam also exhibits a significant increa-
sein Ip/I¢ at 1100 °C, suggesting that the B-C-N surface layers
became more defective with annealing at higher temperatures.
This result may be caused by the breaking of unreacted boric
acid or boron oxides and the subsequent reaction with the
carbon foam surface to form domains of B-N. A similar corre-
lation between Ip/I; ratio and B-N content in B-C-N nanotubes
has been recently reported by Arutyunyan et al.’® The I,p/I¢
value is relatively stable across annealing temperatures for the
30 min microwave treated B-C-N foams. The horizontal lines in
Figure 6b,c represent the corresponding values of Ip/I; and I,p/I¢
for carbon foam. Only at 1100 °C the Ip/I¢ and I,p/I; ratios are
found to be greater than that of carbon foam. The B-C-N foams
annealed at lower temperatures may tend to retain unreacted
chemical reagents and boron oxides at surface defect states of the
carbon foams substrate. With increased annealing temperatures
those chemical reagents and boron oxides are reacted, distorting
the carbon domains in order to create BN domains. Conse-
quently, the high temperature annealed B-C-N foams are much
more defective than the original carbon foam. This suggestion
is supported by the FESEM images (Figure 1d, f) as well as XPS
analysis.

The adsorption enthalpies of the carbon and B-C-N foams
were evaluated with differential scanning calorimetry.?% An
empty aluminum edge-sealed pan was used as the reference,
and another edge-sealed aluminum pan with a top pinhole
(diameter = 1 mm) was filled with foam material and meth-
anol. Figure 7a shows the endothermic differential enthalpy of
carbon and B-C-N foams with 30 min microwave treatment and

Adv. Funct. Mater. 2012, 22, 3682-3690
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annealed at 500 °C and 1100 °C temperatures. There are clear
shoulders for desorption of methanol (Figure 7a) molecules for
B-C-N foams at higher temperatures, and the overall tempera-
ture range of phase change and desorption increases for B-C-N
foams.

Desorption enthalpy was calculated by subtracting the
enthalpy of only methanol evaporation obtained from sepa-
rate experiment without any foam material with it. The vari-
ations of desorption enthalpies for B-C-N foams annealed
at different temperatures with 5 min and 30 min microwave
treatments are shown in Figure 7b. The horizontal line in this
figure represents the adsorption enthalpy of methanol with
as-received pure carbon foam. The desorption enthalpies for
B-C-N foams with 5 min microwave treatment are higher than
that for carbon foam for all annealing temperatures considered,
and the relative increase in enthalpy is relatively insensitive to
annealing temperature. The desorption enthalpy of B-C-N foam
annealed at 500 °C with 30 min microwave treatment is slightly
less than that of the carbon foam. This may be due to the pres-
ence of unreacted chemical reagents and boron oxides within
that B-C-N foam as indicated by the XPS study. The desorption
enthalpy can be influenced by the surface oxidation state.[?”4041]
For annealing temperatures below 900 °C both oxygen content
(Figure 2d) and B-O bond presence (Figure 4a) were signifi-
cant in this regard. However, with higher annealing tempera-
tures the unreacted chemicals were removed and oxides were
significantly reduced to form a highly surface defective solid
composite of hexagonal BN and carbon domains. B-C-N foam
with 30 min microwave treatment and annealed at 1100 °C
was found to have the highest desorption enthalpy nearly twice
that of methanol on carbon foam. This foam also possesses
the highest defective site density on its surface as indicated by
FESEM images and Raman studies as well as high B-N content
measured by XPS analysis. The interface regions between B-N
and graphene (C-C) in B-C-N foams, i.e., B-C and C-N bond
regions are the most probable sites for enhanced adsorption
due to presence of charged states and charge sharing among B,
C and N atoms.
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Figure 7. a) Comparison of DSC scans for B-C-N foams annealed at
500 °C and 1100 °C after 30 min microwave treatment with that of carbon
foam. b) Variation of methanol adsorption enthalpy of B-C-N foams with
annealing temperature. c) Thermogravimetric analysis of B-C-N foam of
30 min microwave treatment and annealed at 1100 °C (Inset: ligaments
of same B-C-N foam).

In order to estimate the relative hybrid interatomic bonding
(B-C or C-N) between B-N and graphene domains, we have
estimated the atomic percentage of B-C and C-N bonds within

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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B-C-N foams from the XPS analysis. These estimations were
done by calculating the relative areas under the B-C and C-N
peaks in Bls and Nls spectrum respectively, and then the
total hybrid bonding percentage was obtained by adding these
two (B-C and C-N) contributions. The B-C-N foams treated in
microwave for 30 min and annealed at 1100 °C result in BC,N
structures with 8.4 at% hybrid bonding, while this value is 6.1
at% in B-C-N foam obtained through 5 min microwave treat-
ment and annealed at 1100 °C. Hence the observed increment
in desorption enthalpy between two similar BC,N structured
B-C-N foams appears to be correlated to this metric. We note
that the reported specific surface area for this type of graphitic
carbon foam is 20000 m? m~ with a density of 0.25-0.6 g cc”!
and 75% porosity.*

Boron and nitrogen incorporation have considerably
increased the active adsorption sites in carbon foam, and an
enhancement of desorption enthalpy was observed for B-C-N
foam, providing a new adsorbent-adsorbate pair for thermal
sorption applications. For thermal storage applications, the
thermal stability of the B-C-N foams is an important prac-
tical attribute. Results of thermogravimetric analysis (TGA)
for B-C-N foam (Figure 7c) treated 30 min in microwave and
annealed at 1100 °C reveals no measurable weight loss of the
sample in heating up to 1000 °C, thus confirming prior results
on powder samples.[*3] The intact foam ligaments even after
chemical treatment (inset of Figure 7c) with modified surface
activation by B and N doping have been achieved. We have also
measured the thermal stability of the foams in air atmosphere
(not shown here). The pure carbon foam started degrading at
570-580 °C while the B-C-N foam with 30 min microwave treat-
ment and annealed at 1100 °C exhibited thermal stability up
to 780 °C. Raidongia et al.?? reported a degradation of B-C-N
layers near 600 °C. This may open other applications for B-C-N
foams in addition to the thermal energy storage explored here.
Activated carbon with methanol is a well known adsorbate-
adsorbent material pair for adsorption cooling applications.*4l
In this context the high adsorption enthalpy of the synthesized
B-C-N foam compared to pure carbon foam with methanol and
its excellent thermal stability suggest that the reported mate-
rial is a promising candidate for adsorption-assisted thermal
cooling,*] heat regeneration,!*l waste heat recovery,?#’] and
energy storage applications.?®!

3. Conclusion

Boron carbon nitride (B-C-N) foam was has been synthesized by
converting the surface of highly porous graphitic carbon foam
in a combined microwave-activated chemical-thermal treatment.
Microwave treatment had helped to activate surface chemical
reactions, and the annealing temperature of 900 °C was found
to be sufficient to provide foams with stoichiometries between
BC,N and BCyN. XPS and XRD results suggest that the treat-
ment produces B-C-N foams that consist predominantly of
domains of hexagonal B-N and carbon with some nitrogen sub-
stitution in carbon domains. The XPS results also indicate that
unreacted chemicals as well as the oxygen content within the
B-C-N foam was dependent on the post annealing tempera-
ture, with an optimum temperature in the 900-1100 °C range.
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B-C-N surface treated foam showed increased
adsorption enthalpy with methanol as calcu-
lated through DSC experiments. This behavior
was correlated to increased surface roughness,
hexagonal lattice intercalation and straining,
surface defects, and disorder at the boundaries
between BN and carbon domains as evidenced
by SEM, XRD, Raman, and XPS. The B-C-N
foams were demonstrated to have an excel-
lent thermal stability and are suggested as
candidate materials for sorption cooling and
thermal storage applications using methanol
as the adsorbate.

carbon foam

B-C-N foam

4. Experimental Section

Graphitic carbon foam, KFOAM (Manufacturer:

Koppers Inc., Pittsburgh), of approximately 75 percent open porosity
was used as the starting material. The foam ligaments possess high
graphitic microstructure of graphitic planes oriented along the axial
direction of the foam ligaments was used as the starting material. Foam
samples of 8 mm x 8 mm x 10 mm size were chemically treated to
synthesize B-C-N foam through steps indicated by schematics shown
in Scheme 1. Homogeneous solution of boric acid [B(OH);] and urea
[CO(NH,),] in 1:24 molar proportion (0.5 g and 12 g respectively)
in de-ionized (15 mL) water was prepared. The carbon foam in the
foregoing solution was placed into a quartz vial (10-20 mL) inside a
microwave synthesizer (Biotage Initiator, NC, USA) for treating with
microwave irradiation at 20 bar pressure and 120 °C temperature
using 400 W power (2.45 GHz) for 5 min and 30 min. The synthesis
parameters were controlled automatically by the instrument to maintain
the pressure and temperature inside the vial. After chemical treatment,
samples were vacuum dried for 12 hours using a vacuum desiccator.
The dried samples were heat treated at four different temperatures:
500 °C, 700 °C, 900 °C and 1100 °C for 6 to 18 h in continuous N,
gas (30 psi) flow to assess the effects of annealing temperature on the
B-C-N stoichiometry, residual oxygen content, as well as the removal of
unreacted chemicals originating from boric acid and urea.

The surface morphology of B-C-N foam samples was investigated
by a field emission scanning electron microscope (FESEM; Hitachi
S4800). Chemical composition was investigated by X-ray photoelectron
spectroscopy (XPS) using a Kratos Axis Ultra DLD spectrometer with
monochromatic Al Ko radiation (hv = 1486.58 eV). Survey and high-
resolution spectra were collected from a 700 x 400 um? spot size at
normal direction with respect to the sample surface. Fixed analyzer pass
energies of 160 and 20 eV were used for the survey and high-resolution
spectra, respectively. XPS data were analyzed with commercially available
CasaXPS software (www.casaxps.com), and individual peaks were fitted
to a Gaussian-Lorentzian (GL) function. A charge neutralizer was
used for B-C-N foams due to their low electrical conductivity, and the
resulting spectra were then corrected on the binding energy scale using
the position of the main C 1s component at 284.5 eV as a reference for
graphitic carbon [28].

The crystalline nature of the graphitic carbon and B-C-N foams were
evaluated using a Bruker D8 Focus X-Ray Diffractometer equipped with
Cu K(alpha) x-ray source, 3 circle goniometer and lynseye 1D detector
with and without rotation (15 rpm) of the substrate holder.

Raman spectra were collected using a SENTERRA confocal Raman
system (Bruker Optics Inc., Billerica, MA) with a 50x air objective at
633 nm laser excitation. The laser power and accumulation time were
20 mW and 10s.

A differential scanning calorimeter (TA, Q100, V9.8) was used to
evaluate the adsorption/desorption enthalpies of the carbon and B-C-N
foams for methanol adsorption in a edge-sealed aluminum pan with a
top pinhole through a ramped temperature process (-20 °C to 150 °C)
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Scheme 1. Schematic synthesis procedure of B-C-N foam from carbon foam.

at a rate of 20 °C min~". The pinhole helped to minimize boiling point
drift caused by increased pressure inside the pan during the temperature
ramp. The nitrogen flow during the experiment was 50 mL min™.
The heat of evaporation of methanol without foam was also recorded
under identical settings for comparison by adding only methanol to the
pan. The carbon or B-C-N foam was placed in the pan (with pinhole)
together with methanol. The stability of the B-C-N foam against thermal
degradation was assessed by thermal gravimetric analysis (TA, Q500,
V6.7) using an alumina pan by ramping the temperature from 20 °C to
1000 °C at a rate of 20 °C min~" in N, atmosphere.
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