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Abstract: Polymer-derived carbon aerogels can be obtained by
direct polymerization of monomers under hypersaline con-
ditions using inorganic salts. This allows for significantly
increased mechanical robustness and avoiding special drying
processes. This concept was realized by conducting the
polymerization of phenol-formaldehyde (PF) in the presence
of ZnCl, salt. Afterwards, the simultaneous carbonization and
foaming process conveniently converts the PF monolith into
a foam-like carbon aerogel. ZnCl, plays a key role, serving as
dehydration agent, foaming agent, and porogen. The carbon
aerogels thus obtained are of very low density (25 mgem™),
high specific surface area (1340 m’g™"), and have a large
micro- and mesopore volume (0.75 cm’g™!). The carbon
aerogels show very promising potential in the separation/
extraction of organic pollutants and for energy storage.

P orous carbon aerogels (CAs) have become highly impor-
tant owing to their practical value in numerous applications,
for example, as adsorption media and catalyst supports and in
water treatment, chromatographic separation systems, and
energy storage and conversion.!! Because of their excellent
characteristics, such as large specific surface areas (SSAs),
controllable porosity, and extraordinary chemical, mechan-
ical, and thermal stability, porous CAs are one of the most
competitive materials in these applications when compared to
other conventional porous inorganic materials.”

However, in many aspects, there is still room for improve-
ment, and countless synthesis methods have been developed.
Most CAs are prepared by carbonization of organic precursor
aerogels with porous hierarchical structures, such as glucose,
fructose, bacterial cellulose (BC), resorcinol-formaldehyde
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resin (RFR), and phenol-formaldehyde resin (PFR).!
Organic groups generate micro- or mesopores during carbon-
ization, giving high SSAs. However, almost all of these
organic precursor aerogels cannot withstand the capillary
force related to the surface tension of the liquid during drying.
Thus, in order to avoid the collapse of the micropores, special
drying methods, such as supercritical CO, drying, are
inevitably required.*** The time-consuming drying process
and rigorous drying conditions (especially CO, drying) are
fatal drawbacks of these methods, which inhibit their wide
application. Furthermore, any organic group removed during
heat treatment automatically causes a decrease in mass yield
and thereby increases the overall price.

The key to success in practical applications strongly
depends on inexpensive and convenient large-scale prepara-
tion. To further reduce the production cycles and cost, robust
polymer aerogels that can withstand capillary pressures and
eventually be dried easily, are urgently required. RFR and
PFR are one of the most promising precursors owing to the
unique microstructures with their inherent, highly cross-
linked, rigid structure.? The rigid benzene rings and exocyclic
sp® carbon atoms endow the aerogels with mechanical and
thermal stability.”! However, CAs (RFCAs/PFCAs) derived
from normally dried RFR or PFR aerogels (also called
xerogel) have high densities (> 0.2 gcm™) and low SSAs (ca.
500 m*g")."" Recently, a feasible method was reported for
the preparation of porous carbonaceous materials by using
glucose in combination with binary salt mixtures during
hydrothermal carbonization (HTC).®! Salts act as porogens
and stabilizers, which can be easily washed out with water
afterwards, thereby opening up the micropores. The facile and
nontoxic hypersaline method represents an alternative green
strategy. However, to the best of our knowledge, the
preparation of porous CAs by combining the polymerization
of monomers and hypersaline conditions has not been
reported.

Herein, we have developed a facile, sustainable, and
inexpensive route for synthesizing robust PFCAs with a low
density of about 25 mgem — and a high SSA of 1340 m*g ™! by
applying hypersaline conditions during the polymerization.
Special drying methods were no longer required because
carbonization and foaming now take place simultaneously,
which allows for robustness throughout the whole synthesis
procedure. The obtained robust CA can even withstand the
surface tension of polar liquids, which allows for drying in
a conventional vacuum oven while the nanostructure is
retained.

Carbon monoliths were prepared by the polymerization of
phenol (P) and formaldehyde (F) under hypersaline con-
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ditions. Two salts, ZnCl, and NaCl,
were selected to examine the effect
of hypersaline conditions on the
polymerization of P and F as shown
in Figure 1. ZnCl, and NaCl, as two
salts with opposing properties, were
introduced into the precursor sol-
utions of phenol and formaldehyde.
Formalin also served as a dispersant
of the salts, and no extra water was
added. ZnCl, could be thoroughly
dispersed, forming a homogeneous
viscous white slurry (Figure 1a).
After the solvothermal polymeri-
zation (STP), a stiff homogeneous
black PF-ZnCl, (PZ) monolith was
obtained (Figure 1b). In compari-
son to the original yellow color of
pure PFR, this already reveals the
strong effect of ZnCl, on the PFR
(Figure Sla).

During the carbonization, the
PZ monolith expands to several
times its original volume because
ZnCl, serves as a dehydration and
foaming agent.’! Finally, ZnCl, is
transformed into ZnO, which was
also revealed by the white appear-
ance of the aerogel (Figure 1c; see
also the Supporting Information,
Figure S2a). After removal of the
ZnO by washing with diluted HCI
and direct drying in vacuum or in
air under ambient conditions,
a stable light-weight black CA was
obtained (Figure2a and Fig-
ure S2b). The CA is denoted as
PZ-x-y, where x indicates the mass
of ZnCl,, and y indicates the tem-
perature of carbonization. In the
case of NaCl, a salting out effect was observed, with phenol
floating on the surface and NaCl precipitating at the bottom
(Figure 1d). A very hard organic, and afterwards carbon,
monolith was obtained from the upper solution aside from
a brownish-yellow powder from the NaCl containing phase
(Figure 1e-h). It is known that Na* is strongly hydrated (a
kosmotrope), and therefore, NaCl is also called a “hard salt”,
thus salting out excess phenol.*'! In contrast, soft ZnCl, acts
as a chaotrope and promotes the miscibility of all compo-
nents. ZnCl, is thus more suitable than NaCl for generating
homogeneous CAs.

The mass of ZnCl, has a strong influence on the
morphology of the PZ monolith (Figure S3), and a homoge-
neous black PZ monolith can only be obtained in a suitable
mass range (3 g<ZnCl,<6¢g for the typical synthesis with
0.01 mol phenol). Too low amounts of ZnCl, will induce phase
separation because the conditions are no longer hypersaline,
which leads to inhomogeneities in the light-colored monolith
(Figure S3, entry 2). Thus it barely influences the monolith if

monolith shown in (f).
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Figure 1. Photographs showing the processing of PFCAs under different hypersaline conditions. a) A
mixture of phenol, formaldehyde, and ZnCl, before STP. b) A PZ monolith after STP. c) A CA after
carbonization. d) A mixture of phenol, formaldehyde, and NaCl before STP. e—g) A PS monolith after
STP, divided into two parts. h) The PS-derived carbon monolith obtained after carbonization of the
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Figure 2. a) Photograph of PZ-6-800 CA. b) SEM and c,d) TEM images showing the microstructure of
PZ-6-800. e, f) Nitrogen sorption isotherms and pore size distributions of PZ-3-800 and PZ-6-800.

the ZnCl, amount is further reduced (Entry 1). On the other
hand, when the ZnCl, content is too high, the mixed phase is
not liquid anymore, and water is needed to dissolve the excess
ZnCl, (Figure S3, entry 4).

After vacuum drying and thermal treatment in an inert-
gas oven, the as-obtained PZ-6-800 CA was purified simply by
washing with HCI followed by vacuum drying (Figure 2a). It
should be noted that the nanostructure of the CA is unusually
robust so that it is not necessary anymore to employ freeze
drying or supercritical CO, drying to circumvent the collapse
of the micropores that is triggered by capillary forces. The
nanostructure of PZ-6-800 CA was analyzed by scanning
electron microscopy (SEM) and transmission electron mi-
croscopy (TEM; Figure 2b-d), which revealed the carbon
material to be composed of fine interconnected carbon
frazzles of about 10 nm. In contrast, conventional syntheses
of PF-derived carbon materials without any salt only result in
dense structures (Figure S4). This underlines the role of the
ZnCl,, which acts as a surface stabilizer and dispersant.

Angew. Chem. 2016, 128, 1484314847
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For detailed porosity analysis, nitrogen sorption measure-
ments were carried out to determine the apparent surface
areas and pore size distributions by applying the Brunauer—
Emmett-Teller (BET) model and the nonlocal density func-
tional theory (NLDFT) equilibrium model for slit pores,
respectively (Figure 2e,f). The surface areas of PZ-3-800 and
PZ-6-800 are both close to 1300 m*g~!, and thus much higher
than those of conventional PFCAs (ca. 700 m’g~').!
Detailed analysis of the low-pressure region revealed a high
number of micropores with diameters from 0.77 to 1.6 nm
(Figure 2 f). Increasing the amount of ZnCl, did not increase
the SSA or lead to more micropores but introduced more
mesopores with diameters of 1.9 nm and 2.6 nm. This is
consistent with the hysteresis loop in the sorption isotherm of
PZ-6-800 (Figure 2e¢,f). The monolith made with NaCl was
labeled PS-x-y, in accordance with the above-mentioned
nomenclature. PS-6-800 is a very dense carbon monolith with
practically no SSA, which was also revealed by the smooth
surfaces, indicating the nonporous nature (Figure S5a,b).
This underlines the fact that the porosity of the CAs indeed
mainly depended on the nature of the salt. A pure PF
monolith of bright yellow color that was synthesized without
any salts served as an internal standard (Figure S1a). The
carbonized PF (PF-800) did not possess any substantial SSA
owing to the inherently dense nature of this conventional
system (Figure S1b,c). SEM and TEM images show the
smooth surface and dense structure of PF-800, which is similar
to that of PS-6-800 (Figure S4a,b).

To obtain further insight into the formation of the
hypersaline carbon monoliths, the material before carbon-
ization was analyzed. Being very different from the dense
pure PF monoliths, the black PZ-6 monolith obtained after
polymerization under hypersaline conditions could be per-
meated and washed with HCL. This already indicates that
a porous structure was formed during the STP process, which
was accompanied by a color change into khaki (Fig-
ure S6a,b). The washed PZ-6 (WPZ-6) has a less dense
microstructure than PZ-6, which is composed of bigger
granules (Figure S6¢,d). Keeping in mind that the monolith
was only dried in simple vacuum, WPZ-6 has an improved
SSA compared to the undetectable SSA of PZ-6 (Table S1).
Thus ZnCl, has a powerful influence on the microstructure of
the monolith. Fourier transform infrared spectroscopy
(FTIR) was used to illustrate the differences between PF
and WPZ-6 monoliths. As shown in Figure S7, PF gives rise to
strong bands at about 1474 and 1200 cm ', which are due to
the scissoring vibrations of —CH,— and C-OH,
respectively. (Characteristic signals include the
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the weakening of the aliphatic OH band (1200 cm ") and the
disappearance of the —=C=0 band (1648 cm ™), illustrating the
deoxygenation effect of ZnCl,. However, this process seems
to be reversible as the bands were recovered after washing.
BC NMR spectroscopy was performed to further reveal the
structure differences caused by ZnCl, (Figure S8). Two clear
resonances at about 180 and 20 ppm, corresponding to
carbonyl and methyl groups, respectively, are visible for PZ-
6 and are still observed even after washing; they were,
however, not found for the pure PE. The addition reaction of
phenol and formaldehyde to active hydroxymethyl and the
further dehydration condensation reaction constitute the
whole polymerization reaction of PF. Thus the carbonyl and
methyl groups are most likely formed during the deoxygena-
tion and dehydrogenation of hydroxymethyl in the presence
of ZnCl,. Eventually, ZnCl, can facilitate the dehydration and
carbonization of the phenolic resin during the STP process.

To reveal the origin of the high SSA and pore volume, the
same carbonization procedure was conducted with WPZ-6, as
shown in Figure S6¢e,f. The WPZ-6-derived CA (WPZ-6-800)
has a much higher SSA (660 m’g™") and pore volume
(0.24 cm*g ") than pure PF-800 (ca. 5 m*g"). Its micropores
with diameters of 0.5-0.6 nm display a narrow size distribu-
tion (Figure S6 f). The residual zinc content in WPZ-6-800 is
negligible (0.0054 wt % ) as measured by inductively coupled
plasma mass spectroscopy (ICP-MS), which means that the
salt is essentially washed away before carbonization. Thus
ZnCl, obviously plays a key role in the formation of the
porous microstructure already from the very beginning, that
is, during the polymerization. Here, the modified micro-
structure contributes about 51 % of the SSA of PZ-6-800 CA.
The rest is probably based on the dehydration effect of ZnCl,
and the derived ZnO nanocrystals, resulting in a pore size
distribution of 0.77-1.6 nm (Figure 2 f).

Elemental analysis was conducted to investigate the effect
of ZnCl, on the composition of the carbon materials. The
monolith WPZ-6, which was polymerized in the presence of
salt, has a much lower oxygen content (ca. 10.83 wt %) and
a higher C/O ratio than pure PF (ca. 16.55 wt % ), which also
supports the deoxygenation effect of ZnCl, (Table 1 and
Table S1). After carbonization, the O content of PZ-6-800
significantly decreased to only 5.54 wt% compared to
11.30 wt % in pure PF-800. ZnCl, efficiently causes deoxyge-
nation at high temperatures by removing oxygen in the form
of water, but also by carbothermal reduction. The deoxyge-
nation greatly depends on the amount of ZnCl, (8.18 wt % in

phenolic and aliphatic OH band at ca. 3438 cm™,  Table 1: Elemental compositions, surface areas, and pore volumes of the materials.
the methylene —~CH,~ peak at 2913 cm ™, the ~C=0 Sample SSA Pore volume Elemental analysis (wt %)
band at 1648 cm™!, the aromatic C=C band at [m’g™] [em’g™] C o)
1 —1y\[12
1605'cm , anFl the C—OH band at 1200 cm™')!1! ore PF 5 .00 136 B
The introduction of ZnCl, strongly weakens the — - ¢ 10 0.02 76.34 10.83
CH,— bands at approximately 1474 and 2913 cm™,  pf.goo 5 0.00 3748 11.30
but enhances the aromatic C=C band, indicating  \WpPZz-6-800 660 0.24 87.90 10.76
that ZnCl, can facilitate dehydrogenation and  PF/ZnCl,-800 730 0.65 93.00 5.43
aromatization. Furthermore, the OH band at  PZ-3-800 1300 0.56 91.30 8.18
about 3438 cm™! became narrow and was blue- ~ FZ6-800 1300 0.72 93.34 5.54
PS-3-800 0 0.00 88.24 10.90

shifted to about 3574 cm™'; this was accompanied by
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PZ-3-800). Contrary to the positive effect of ZnCl,, NaCl has
a negligible effect as PS-3-800 showed no differences to PF-
800 in terms of both the microstructure and the elemental
composition. To further reveal the effect of hypersaline
conditions on the polymerization, pure PFR was thoroughly
mixed with ZnCl, in the same mass ratio as PZ-6 and then
carbonized, similarly to the previous works on carbon
powders where ZnCl, was added to commercial resol.l”
Because of the stiff nature of the PF monoliths, ball milling
was necessary to ensure thorough mixing. The obtained
carbon powder is referred to as PF/ZnCl,-800 and exhibits
almost the same elemental composition as PZ-6-800, but
a much lower SSA (730 m’g™'; Figure S9). These results
reveal that the pore generation during the hypersaline
synthesis route is very different from mechanical post-treat-
ment, that is, the salt has a direct influence on the
polymerization (Table 1).

We found that ZnO can also be simply removed just by
heating to higher temperatures, here 900 °C. Indeed, the ZnO
content of PZ-6-900 was reduced even compared to that of
PZ-6-800. After heat treatment for two hours, almost no
residual ZnO was detected by XRD (Figure S10a). ICP
analysis also confirmed the zinc content of PZ-6-900 to be
almost negligible (< 0.01 wt % ) compared to that of PZ-6-800
(0.17 wt %), which is washed with HCIL. Eventually, high-
temperature evaporation is more efficient and time-saving
than HCI washing in removing ZnO. The obtained light-
weight PZ-6-900 CA has a low density of about 25 mgcm
(Figure S10b), which is much lower than those of previously
described PFCAs and RFCAs.™™ " Similar to PZ-6-800, PZ-
6-900 CA also displays a high SSA of approximately
1340 m*g™" and a large micropore volume of 0.75cm’g™
(Figure S11). Because of the carbothermal reduction and
subsequent evaporation of the Zn, no further washing is
needed, which renders the whole process even more conven-
ient.

The CA (PZ-6-900) can float on the surface of water
owing to its hydrophobicity and lightweight construction
(Figure 3a); however, it plunges into organic solvents such as
ethanol and n-hexane owing to the capillary uptake of
hydrophobic liquids. PFCA exhibits a very high absorption
capacity for common organic solvents and physically stores
the organic molecules (Figure 3b). The weight absorption
capacity increases nearly linearly with the density of the
organic solvent, which means that always the same volume is
stored (Figure S12). The lipophilicity and high porosity (ca.
98.6%) ensure that PFCAs are potential candidates for the
efficient separation and extraction of organic pollutants or
oils.

As for recycling, many carbon-based absorbents are often
recovered by burning off the organic solvent, which is a waste
of energy and organic solvent.’ Feasible routes to recycle
absorbates include the squeezing of highly compressible
absorbents such as expanded graphite and vacuum filtration;
however, both approaches can only retrieve 70% of the
adsorbates." Owing to its robust structure, PFCA is an ideal
absorbent for organic solvents, which can be retrieved by
distillation or mild heat treatment. Here, we chose ethanol
and n-hexane as examples for common polar and nonpolar

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Photographs showing the hydrophobicity of PZ-6-900 CAs.
b) Absorption efficiency of PZ-6-900 CAs towards commonly used
organic solvents. c,d) Recyclability of PZ-6-900 CAs for ethanol (c) and
n-hexane (d) absorption and release upon heat treatment (100°C) for
20 cycles. e, f) Photographs showing the differences in sample size
after 20 cycles. The PFCAs maintained their original size and showed
almost no shrinkage.

solvents, respectively. Vacuum drying at high temperature
(100°C) above the boiling point was conducted to simulate
the heat treatment process. The residual mass was then
determined until it was constant. The recyclability of the
PFCA and the recoverability of the adsorbates were exam-
ined by repeating the process 20 times. As shown in Figure 3¢
and d, after 20 cycles, there is no obvious fading of the
absorption capacity. 99.5 % of the ethanol and 99.7 % of the n-
hexane could be extracted in the first cycle (Figure 3c¢,d).
Furthermore, the PFCAs maintained their original macro-
scopic size and showed no shrinkage after 20 cycles (Fig-
ure 3e,f). This demonstrates that the microstructure is robust
enough to withstand the surface tension and treatment
process many times.

Owing to the high SSA (1300 m*g '), high micropore
volume (0.72cm’g™"), and high transport pore content,
PFCAs are also a promising electrode material for lithium
ion batteries (LIBs). As shown in Figure S13, PZ-6-800 was
selected as an example to examine the performance as
anegative electrode material in LIBs. At0.1 A g™, it provided
a reversible charging capacity of 798.2 mAhg™!, albeit with
a high initial discharge capacity of 1680.5mAhg™'. This
means that 50% of the initial charge is used to build up the
solid electrolyte interface layer. After 100 cycles, a high
capacity of 427mAhg™' still remained, confirming the
favorable cyclability. As the current density was gradually
increased from 0.1 to 2 Ag ™!, the anode delivered a stable
electrochemical performance, indicating excellent high-rate
stability (Figure S13b,c). To further examine the practicality
of this material as an anode for long-lifetime LIBs, extended
cycling tests at a current density of 1 Ag ' were performed.
Even at these high rates, the material displayed a high specific
capacity of 300 mAhg™" after 1000 cycles with a Coulomb
efficiency (CE) of nearly 100% (Figure S13d). The slight
increase in the specific capacity after 700 cycles may be
caused by electrochemical activation during the charge—
discharge process. The good performance demonstrates that

Angew. Chem. 2016, 128, 1484314847
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the PFCAs, after some chemical adaption to minimize the
primary capacity loss, can be turned into promising candidates
for metal anode applications.

In conclusion, a facile route to unusually robust CAs with
a low density of about 25mgcm™ and a high SSA of
approximately 1340 m*g~" was developed that is based on
simple polymerization of PF under hypersaline conditions.
ZnCl, was used as dehydrating agent, stabilizer, and porogen,
and crucial to directly obtain the stable PFCAs. Special drying
methods could be avoided during the whole synthesis process
as the usually very delicate organic aerogels were robust from
the beginning. The simultaneous carbonization and foaming
process of the dense PF monoliths kept the structure stable
even throughout carbon formation. The obtained robust CAs
can withstand even the capillary pressure of polar liquids,
allowing for drying under ambient or vacuum conditions. The
highly porous PFCAs could also be obtained without any
washing step by making use of an advantageous carbothermal
reduction/evaporation process. We believe that this facile,
low-cost, and scalable synthesis will promote further practical
use of PFCAs while their properties can be fine-tuned in
accordance with the desired application, for example, for the
separation or extraction of organic pollutants or oils and
energy storage.
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