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Deep eutectic solvents are a new class of ionic liquids obtained via the complexion of quaternary
ammonium salts with hydrogen-bond donors (such as acids, amines, and alcohols, among others). The
chargedelocalization that occurs throughhydrogenbondingbetween thehalide anionwith thehydrogen-
donor moiety is responsible for the decrease in the freezing point of the mixture, relative to the melting
points of the individual components. We have recently reported on the use of deep eutectic solvents as
suitable solvents, to carry out the polycondensation of resorcinol-formaldehyde. [Chem.Mater. 2010,
22, 2711-2719.] Herein, we describe the synthesis of deep eutectic solvents (DESs) based on resorcinol,
the use of which as both carbonaceous precursors and structure-directing agents allowed the prepara-
tion of hierarchical porous (bimodal, withmicropores andmesopores) carbonmonoliths via formalde-
hyde polycondensation and subsequent carbonization. The performance of resorcinol-based DESs
as carbonaceous precursors was remarkable, with carbon conversions of∼80%.Moreover, the use of
DESs as structure-directing agents resulted in the achievement of hierarchical porous carbonmonoliths
with pore surface areas up to 600 m2/g and narrow mesopore diameter distributions. The mechanism
governing the formation of mesopores was based on a spinodal-decomposition-like-process via resor-
cinol polycondensation and subsequent segregation of the resorcinol counterpart that is forming the
DESs. Thus, the use of resorcinol-based DESs that have different counterparts (e.g., either choline
chloride or amixture of choline chloride andurea) allowed the preparation of hierarchical carbonswith
tailored mesopore diameters of ca. 23 nm and ca. 10 nm.

Introduction

Carbon materials exhibiting three-dimensional (3D) hier-
archical porous textures (combining pores at different scales,
from macropores to mesopores, up to micropores) are
outstanding candidates for many applications, ranging
from water and air purification, adsorption, or catalysis,
to electrodes and energy storage, because of their high
surface area, large pore volume, chemical inertness, and
excellent mechanical stability.1,2

Both hard and soft template methods have been used
to reach such porous carbonaceous materials. The hard-
templatemethodology (first reported in the works of Ryoo3

and Hyeon4) makes use of preformatted, hard, porous

templates impregnated with a carbon source that is sub-
sequently carbonized under a nonoxidative atmosphere.5

After dissolution of the hard template, a negative, carbo-
naceous replica is finally obtained. More recently, highly
ordered andwell-orientedmesoporous carbons have been
obtained through the use of block copolymers (e.g., PS-
P4VP, F127, P123, etc.) as soft templates, typically using
resorcinol as carbon sources.6 The capability of some of
these latter approaches (either by themselves6e,6f,6g or in
combination with hard templates7) to process 3D hier-
archical porous carbons in form of monoliths (easy to
handle and capable of being directly assembled into a
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particular device) offer additional advantages for practi-
cal applications.
Recently, ionic liquids (ILs)8 and deep eutectic solvents

(DESs)9 have been the solvent of choice in several chemi-
cal reactions, because of their special features; e.g., they
are nonreactive with water, nonvolatile, and biodegrad-
able. DESs are a new class of IL; they are obtained via the
complexion of quaternary ammonium salts with hydro-
gen-bond donors (such as acids, amines, and alcohols,
among others).10 The charge delocalization that occurs
through hydrogen bonding between the halide anion with
the hydrogen-donormoiety is responsible for the decrease
of the freezing point of themixture, relative to themelting
points of the individual components. ILs and DESs have
been used as templates for the preparation of zeolites,11

metal-organic frameworks,12,13 and inorganic-organic
hybrids.14 The preparation of carbonaceous materials
has also been described using ILs and DESs as solvents15

and evenas carbonaceous precursors.16However, the capa-
bility of DESs to template the structure of the resulting
carbon has never been explored.
Herein, we describe the use ofDESs based on resorcinol

complexes as both carbonaceous precursors (via formal-
dehyde polycondensation and subsequent carbonization)
and structure-directing agents for preparation of car-
bon monoliths exhibiting a hierarchical porous structure.
TheDESs of choicewere based on two different complexes
of resorcinol: one binarywith choline chloride, calledRC1-
DESandRC2-DES (depending on resorcinol:choline chlo-
ride molar ratio used for preparation (4:1 and 3.75:1,
respectively)), and the other ternary with urea and choline
chloride, calledRUC1-DES andRUC2-DES (depending on
resorcinol:urea:choline chloridemolar ratioused forprepara-
tion (3.5:2:1 and 3:2:1, respectively)). The use of RC-DESs
was inspiredby those innovativeworkswhere thebreakdown

of one of the components of the DES itself (typically urea)
results in the controlled delivery of an organic template to the
reaction mixture.10 In our case, RC-DES rupture and cho-
line chloride deliverywill not result from thermal decomposi-
tion (i.e., via ionothermal synthesis) but from resorcinol-
formaldehyde (RF) polycondensation. Note that this sort
of process, which is based on DES segregation, resembles
spinodal decomposition processes that are widely used to
template the texture of carbonmaterials.17Meanwhile, the
use of ternary RUC-DESs was intended to imitate a recent
workwhere urea-type ternaryDESs generated porosities in
metal-organic frameworks via urea incorporation into the
structure and subsequent release.11 Thus, polycondensa-
tion ofRUC-DESwith formaldehydewill result not only in
choline chloride segregation but also in urea incorporation
in the resorcinol-formaldehyde (RF)network, the releaseof
which (by thermal treatment) could contribute to porosity
generation in the resulting carbons.

Experimental Section

Preparation of Deep Eutectic Solvents (DESs).DESs were ob-

tained by physical mixing of the individual components (resorcinol

and choline chloride forRC-DES, and resorcinol, urea, and choline

chloride for RUC-DES), which were thermally treated thereafter

at 90 �C overnight. The resorcinol:choline chloride molar ratios

were 4:1 and 3.75:1 for the preparation of RC1-DES and RC2-

DES, respectively, while the resorcinol:urea:choline chloride mo-

lar ratioswere 3.5:2:1 and 3:2:1 for the preparation ofRUC1-DES

and RUC2-DES, respectively.

Preparation of Carbons (CRC-DES and CRUC-DES). Aqueous

solutions composed of formaldehyde (3.1 mL, 37 wt%) and

Na2CO3 (0.26 mL, 160 mg/mL) were added to either RC-DES or

RUC-DES (2.90mg forRC1-DES, 2.94mg forRC2-DES, 3.68mg

for RUC1-DES, and 3.93 mg for RUC2-DES, for a 1:2 R:Fmolar

ratio) and stirred for 30min.Aliquots of the resultinghomogeneous

solution (1.5 mL) were thermally treated (first at 60 �C for 6 h and

thenat90 �Cfor4days) in closedcontainers (toavoid evaporation).

The resulting RF gels were washed before being thermally treated

4 h at 210 �C, followed by another 4 h at 800 �C (the heating ramp

was 1.0 �C/min) under a nitrogen atmosphere.

Sample Characterization. DESs were studied by 1H NMR

spectroscopy using a Bruker spectrometer DRX-500. DESs were

placed in capillary tubes, using deuterated chloroform (CDCl3) as

an external reference (the deuterium signal was used for locking

and shimming the sample). Fourier transform infrared (FTIR)

spectroscopyof theRFgelswasperformed inaFTIRspectrometer

(Bruker Model IFS60v). Differential scanning calorimetry (DSC)

was performed with a TA InstrumentsModel DSCQ-100 system,

under a nitrogen atmosphere. The samples were run in an alumi-

num pan in a sealed furnace, stabilized for 30 min at 50 �C, and
then cooled to-90 �C before heating at rates of 1 and 10 �C/min.

The melting point (Tm) of the RC-DES samples was obtained

when samples were stabilized overnight at 4 �C, rather than for

30 min at 50 �C. Raman spectra were recorded using a Renishaw

InVia apparatus upon irradiation at 514 nm (100% laser power,

16 mW power, 10 accumulations, and an exposure time of 10 s).

The viscosity of theDESswasmeasuredwith aBrookfieldDigital

Rheometer DV-IIIþ at 22 �C. Solid-state 13C-CPMAS-NMR

spectra of the RF gels were obtained using a Bruker Model AV-

400-WB spectrometer, by applying a standard cross-polarization
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pulse sequence. The morphology of the different samples was

studied via scanning electron microscopy (SEM), using a FE-

SEM Nova Model NanoSEM 230 system and via transmission

electron microscopy (TEM), using a JEOL-2000 system operat-

ing at 200 keV. Nitrogen adsorption/desorption isotherms were

conducted using an Omnisorp-100 (Coulter) system on samples

thermally treated overnight (RF gels at 90 �C and carbons at

250 �C) prior to nitrogen gas adsorption. Brunauer-Emmett-
Teller (BET) theory and the Barrett-Joyner-Halenda (BJH)

method (based on the desorption branches of the isotherms) were

used to calculate the specific surface areas (SBET) and pore size

distributions, respectively. The microporous specific surface area

(Smic) and external specific surface area (Sext) were calculated

using the t-plot (see Figure S1 and Table S1 in the Supporting

Information).18 Mesopore diameters were also calculated from

mercury porosimetry that was performed in a Micromeritics

Autopore II 9220 system.

Results and Discussion

The formation ofRC-DESs andRUC-DESs (following
the process described above) was easily visualized by the
liquidnature of themixtures at room temperature (Figure 1)
Themelting point (Tm) ofRC-DESs andRUC-DESs (from
DSC scans) ranged from 68 �C to 87 �C (see Figure 1 and
Table 1).19Note thatRC-DESs display amelting point only
under certain circumstances (RC-DESs are history-depen-
dent) and never display a devitrification temperature (Tc),
which reveals the difficulties of RC-DESs to crystallize upon
heating. The viscosity of RUC-DESs is higher than that of
RC-DESs,which correspondswithDESshavinghigher glass
transition temperatures (Tg).

20 Interestingly, the participa-
tionofurea in the ternary complex turned the resultingRUC-
DESs a blue color.21 The formation of resorcinol-choline
chloride complexes in RC-DESs and of resorcinol-urea-
choline chloride complexes in RUC-DESs was also con-
firmedby the upfield chemical shift of the signals ascribed to
both resorcinol and choline chloride in the 1HNMRspectra
of the mixtures (see Figure 1 and Tables S2 and S3).22

Carbon preparation from RC-DESs and RUC-DESs
was performed using a procedure similar to that typically
followed for bare resorcinol under aqueous conditions. 1H
NMRspectroscopy confirmed thatpartialDESdilutionwith
formaldehyde andNa2CO3 aqueous solutions (DES concen-
trations in the range of 56-63 wt%; see Experimental
Section) allowed several hydroxyl groups of resorcinol that
were forming theDESs tobeavailable forpolycondensation
reactions (see Figure 1, as well as Figure S2 and Tables S2
andS3 in the Supporting Information). This is an important
issue, because the presence of water influences the structure
of DESs. Thus, depending on water concentration, one can
have a situation where either water molecules are solvated

by DES or the opposite. In this latter case (that is, DES
molecules solvated by water), we would not have a DES
any longer, but rather a simple dissolution of the individual
molecules of DES in water. However, partial rupture of
DES (for instance, because of the presence of water at a

Figure 1. (Top panel) Molecules forming the DESs and picture of two of
them; RUC1-DES (left) and RC1-DES (right). (Middle panel) 1H NMR
spectra of (a) RC2-DES and (b) RUC2-DES. (Bottompanel) DSC traces
taken at a rate of 1 �C/min ofRC1 (blue line), RC2 (magenta line), RUC1
(red line), and RUC2 (dark yellow line). RC1 and RC2 only displayed a
glass-transition temperature (Tg), whereas RUC1 and RUC2 displayed a
melting point (Tm), a crystallization temperature (Tc), and a glass-transi-
tion temperature (Tg).
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determined weight percentage) was actually crucial to carry
out the polycondensation of one of the DES components
(that is, resorcinol). Otherwise, polycondensation was im-
pededbecauseof theunavailability of resorcinolwhen this is
forming the DES. Under these circumstances, we consid-
ered it necessary to determine the threshold water concen-
tration that retains a major fraction of the supramolecular
complexes which characterize DESs but allows some re-
sorcinol to be available for polycondensation. As described
in detail in some of our previous works, 1H NMR spec-
troscopy is an excellent tool to study whether supramolec-
ular complexes remains in partially diluted DESs.15,22 The
dilutions used for polycondensationwere 56wt% forRC1-
DES, 57wt%forRC1-DES, 62wt% forRUC1-DES, and
63 wt% for RUC1-DES, so we decided to study D2O
solutions of these samples (e.g., RC1-DES56,RC2-DES57,
RUC1-DES62, and RUC2-DES63). We also studied the
D2O solutionsRC-DESandRUC-DES that hadDES con-
tents of 100 wt% (e.g., nondiluted), 85 wt%, and 10wt%.
The spectra of nondiluted samples (see RC1-DES, RC2-
DES, RUC1-DES, and RUC2-DES in Figure 1, and
Tables S2 and S3 in the Supporting Information) revealed
that the characteristic signals of both choline chloride
(mostly those assigned to CH3 and CH2 in position 1)
and resorcinol (mostly those assigned to CH in positions 2,
4, and 6) protons were shifted upfield (up to 0.9 ppm for
chloline chloride), compared to those obtained for resor-
cinol or choline chloride in separate D2O solutions (see
samples R and C in Tables S2 and S3 in the Supporting
Information). Thus, upfield chemical shifts were indicative
of the formation of ion-hydrogen-bond-donor supramo-
lecular complexes, which characterize DESs. The spectra
of diluted samples exhibited a progressive downfield shift
of the signals as dilution increases. Actually, the chemical
shifts found inDES10 samples are similar to those obtained
for single resorcinol or choline chloride in separate D2O
solutions, which reveals the total ruptureof ion-hydrogen-
bond-donor supramolecular complexes that characterize
DESs for 10 wt% dilution. The chemical shifts found in
those dilutions used for polycondensation reactions sam-
ples (e.g., RC1-DES56, RC2-DES57, RUC1-DES62, and
RUC2-DES63 in Figure S2) were more similar to those
obtained for DES and DES85 than to those obtained
for DES10 (see data in Tables S2 and S3 in the Supporting

Information). Further corroborating this issue is the up-
field shift of the HDO signal (resulting from proton inter-
change with D2O) in the spectra of RC-DES and RUC-
DES samples that had DES contents of 85 wt% and ca.
60 wt%, as a consequence of the formation of weak
hydrogen-bonding structures in HDO (that is, HDO is
solvated by halide-ion-hydrogen-bond-donor supramo-
lecular complexes). Meanwhile, the downfield shift of the
HDOsignal in the spectra ofDES10 is similar to that found
in the spectra of both single choline chloride and resorcinol,
which indicates that HDO is solvating the individual
molecules of choline chloride and resorcinol that result
from DES rupture.
These features revealed that, for ca. 60 wt% dilutions

(that is, the dilution used for polycondensation), most of
the ion-hydrogen-bond-donor supramolecular complexes
that characterize DESs remain, while some of them are
broken, the rupture ofwhichprovided enough resorcinol to
start the polycondensation reaction. Further RF polycon-
densation resulted in the segregation of the second compo-
nent of DES (e.g., choline chloride) which, acting as temp-
late agent, promoted the formationof abicontinuousporous
network built of highly cross-linked clusters that aggre-
gated and assembled into a stiff, interconnected structure
(see SEM micrographs in Figure 2, top panel). Nitrogen
adsorption/desorption measurements provided surface
areas (SBET) of 266 m2/g for RFRC1-DES gels, 270 m2/g
for RFRC2-DES gels, 66 m2/g for RFRUC1-DES gels, and
60 m2/g for RFRUC2-DES gels (see Figure S3 in the Sup-
porting Information). However, the accuracy of these
data should be taken with caution, because of the low
temperature used to degasify the RF gels.
The occurrence of choline chloride segregation during

RF polycondensation was investigated by washing the
RF gels twice with an abundance of water (ca. 35 mL) for
clearance of noncondensed reagents. The 1H NMR spec-
tra of the residue obtained after washing RFRC-DES gels
corresponded to choline chloride (see Figure S4 in the
Supporting Information) and its weight revealed the
amount of full choline chloride recovered. Meanwhile,
the 1H NMR spectra of the residue obtained after wash-
ing RFRUC-DES gels corresponded to choline chloride and
urea (see Figure S4 in the Supporting Information); but,
while the recovery of choline chloride was also complete,
urea recovery was only partial and indicated the partici-
pation of urea in condensation reactions and its incor-
poration into the RF network.
FTIR and solid 13C NMR spectroscopy of RFRC-DES

and RFRUC-DES gels (after washing and freeze-drying)
corroborated these findings. Thus, the intensity of bands
assigned to methylene (CH2 groups at ca. 2938 and 1479
cm-1) and methylene ether groups (C-O benzyl ether
groups at 1230 and 1100 cm-1) in the FTIR spectra were
indicative of a significant number of linkages between
resorcinol rings (Figure 3).23 In solid 13C NMR spectra,
the integration of the signal at 152 ppm (assigned to

Table 1. Viscosities (η), Glass Transition Temperature (Tg), Devitri-

fication Temperature (Tc) and Melting Point (Tm) of RC-DESs and

RUC-DESsa

η (cP) Tg (�C) Tc (�C) Tm (�C)

RC1-DES 1883 -60.0b c 87.0d

RC2-DES 1813 -64.0b c 86.0d

RUC1-DES 2348 -48.5b 39b 70.5b

RUC2-DES 2440 -53.0b 28b 68.0b

a Tg values were determined from Figure 1 at the point where the
extrapolated lines from the baseline and the glass transition “cliff” inter-
sected.Tc andTm values were determined fromFigure 1 at the exothermic
peak and the endothermic peak, respectively. bTraces obtained at a rate of
1 �C/min. cRC1 and RC2 did not display Tc transitions under any of the
experimental conditions used in this work. dTraces taken at 10 �C/min.
RC1 andRC2were stored at 4 �Covernight (hence, in its solid form) prior
DSC analysis.

(23) Yangfei, C.; Zhiqin, C.; Shaoyi, X.; Hongbo, L. Thermochim. Acta
2008, 476, 39–43.
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aromatic phenolic carbon) versus the sum of the signals at
20-40 ppm plus that at 59 ppm (assigned to methylene
and methylene ether groups, respectively) also revealed
the efficient chemical make up of both RFRC-DES and
RFRUC-DES gels (see Figure 4).

24With regard to the even-
tual incorporation of urea into the RF gels, the appear-
ance of the signal at 161 ppm in the solid 13C NMR
spectrum, as well as the band at 1634 cm-1 in the FTIR
spectrum of RFRUC-DES gels (both ascribed to carbonyl

groups of substituted urea25), confirmed this issue. Actu-
ally, the relative intensity of the band at 1017 cm-1

(ascribed to 1,2- and 1,4-substituted aromatic rings)
versus that at 954 cm-1 (ascribed to C-O stretch of
resorcinol) in the FTIR spectrum of RFRC-DES gels was
higher than in that of RFRUC-DES gels, as a consequence
of the incorporation of urea into the linear backbone of
the RFRUC-DES gels. Thermogravimetry (TG) analysis of
RFRC-DES and RFRUC-DES gels allowed the estimation of
the urea incorporation into the RFRUC-DES network. The
thermal decomposition ofRC-DESs andRUC-DESswas
quite similar and occurred within the temperature range
of 150-300 �C (see Figure 5, top panel). However, the
TG curves of the RFRUC-DES and RFRC-DES differed by
ca. 8% (see Figure 5, bottom panel). Interestingly, dis-
crepancies in the weight loss pattern were localized within
the 200-300 �C range, which is the temperature at which
urea and condensed urea byproduct (e.g., biuret and
cyanuric acid) have been reported to decompose.26

Carbonization of washed RFRC-DES and RFRUC-DES

gels was accomplished at 800 �C in N2 atmosphere with
carbon conversions of ∼80%. The graphitic character
(see X-ray diffraction (XRD) and Raman spectra in Figure
S5 of the Supporting Information) and the oxygen contents

Figure 3. Fourier transform infrared (FTIR) spectra of (a) RFRC1-DES

and (b) RFRUC1-DES gels.

Figure 2. (Top panel) SEMmicrographs of RFRC1-DES (left, bar= 5 μm) andRFRUC1-DES (right, bar= 2 μm) gels; insets show images of the monolithic
RFgels. (Bottompanel) SEMmicrographs ofCRC1-DES (left, bar=1 μm) andCRUC1-DES (right, bar=1 μm)monoliths; insets showTEMmicrographs of
CRC1-DES (left, bar = 50 nm) and CRUC1-DES (right, bar = 150 nm) and a picture of the respective monolithic carbons.

(24) Mulik, S.; Sotiriou-Leventis, C.; Leventis, N. Chem. Mater. 2007,
19, 6138–6144.

(25) Mulik, S.; Sotiriou-Leventis, C.; Leventis, N. Chem. Mater. 2008,
20, 6985–6997.

(26) Schaber, P. M.; Colson, J.; Higgins, S.; Thielen, D.; Anspach, B.;
Brauer, J. Thermochim. Acta 2004, 424, 131–142.
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(ca. 5%, see EDX in Figure S6 of the Supporting In-
formation) of the resulting monolithic carbons were in the

ranges of those typically found in carbons obtained fromRF
gels synthesized under aqueous conditions. Both CRC-DES

and CRUC-DES were composed of sintered carbon colloids,
which is the typical morphology of carbons obtained via
sol-gel processes based on resorcinol-formaldehyde poly-
condensation (see Figure 2, bottom panel). TEM micro-
graphs revealed that the sizes of the carbon colloids strongly
differ fromCRC-DES to CRUC-DES (ca. 14 and 35 nm, respec-
tively). Nitrogen adsorption/desorption measurements
provided similar surface areas (SBET) for CRC-DES and
CRUC-DES (see Table 2, Figure 6, and Figure S7 in the
Supporting Information): 518m2/g forCRC1-DES, 612m

2/g

Figure 5. (Top panel) TG analysis of RC1-DES (red solid line), RC2-
DES (red dash line), RUC1-DES (blue solid line), and RUC2-DES (blue
dash line). (Bottompanel) Thermogravimtry (TG) analysis ofRFRC1-DES

(red solid line), RFRC2-DES (red dash line), RFRUC1-DES (blue solid line),
and RFRUC2-DES (blue dash line) gels.

Figure 4. Solid 13C NMR spectra of (from top to bottom) RFRC1-DES,
RFRC2-DES, RFRUC1-DES, and RFRUC2-DES gels.

Table 2. Summary of the Data Obtained from Nitrogen Adsorption/

Desorption Isotherms andMercury Porosimetry for CRC1-DES, CRC2-DES,

CRUC1-DES, and CRUC2-DES

CRC1-DES CRC2-DES CRUC1-DES CRUC2-DES

SBET (m2/g)a 518 612 576 455
Smic (m

2/g)b 254 296 333 267
Sext (m

2/g)b 264 316 243 188
Smic (%)b 49 48 58 59
Vtotal (cm

3/g)b 0.55 0.61 0.61 0.57
Vmic (cm

3/g)b 0.13 0.15 0.18 0.14
mean pore diameter (nm)

BJHc 10 10 23 23
Hg porosimetryd 9 8 21 21

bulk density (g/cm3)d 1.02 1.08 0.99 0.99
skeletal density (g/cm3)d 1.37 1.36 1.47 1.36
porosity (%)d 25.7 20.4 32.6 26.7

aObtained from nitrogen adsorption/desorption isotherms. bOb-
tained from t-plot. cObtained from BJH analysis of the data. dObtained
from mercury porosimetry.



6152 Chem. Mater., Vol. 22, No. 22, 2010 Carriazo et al.

for CRC2-DES, 576 m2/g for CRUC1-DES, and 455 m2/g
for CRUC2-DES. Interestingly, ca. 50% of surface area in
CRC-DES and 60% in CRUC-DES corresponded to micro-
pores (Smic in Table 2, calculated from the t-plot), whereas
the mesopore diameter (see BJH plots in the inset of
Figure 6 and Figure S7 in the Supporting Information)
differed, depending on the use of urea as a component of
the starting DES with pore diameters of ca. 23 nm for
CRUC-DES and ca. 10 nm for CRC-DES (also confirmed by
mercury porosimetry; see Table 2 and Figure 7). The
mesopore diameter enhancement found for CRUC-DES

must be related to the use of urea-based DESs, its incor-
poration into the RF gel, and its subsequent release
during carbonization. Actually, the nitrogen content of
RFRUC-DES gels (observedby

1HNMRandFTIR spectros-
copy) vanished in CRUC-DES (nitrogen was not observed
by SEM-EDX analysis, as observed in Figure S6 in the

Supporting Information), opposite to previous works
using nitrogen-containing precursors.27The lackof texture
observed in RF gels prepared in the absence of choline
chloride (see Figure S8 in the Supporting Information)
confirmed the capital role played by DESs in pores gen-
eration.

Conclusions

We have described the synthesis of deep eutectic sol-
vents (DESs) based on resorcinol, the use of which, both
as carbonaceous precursors and template agents, allowed
the preparation of hierarchical porous (bimodal, with
micropores andmesopores) carbonmonoliths via formalde-
hyde polycondensation and subsequent carbonization. The
performance of resorcinol-based DESs as carbonaceous
precursors was remarkable, with carbon conversions of
∼80%. Moreover, the template effect of DESs was re-
flected in the achievement of hierarchical porous carbon
monoliths with pore surface areas up to 600 m2/g and
narrow mesopore diameter distributions. The mechanism
governing mesopores formation is based on a spinodal-
decomposition-like process via resorcinol polyconden-
sation and subsequent segregation of the resorcinol coun-
terpart that is forming the DES (choline chloride in
RC-DESs, and choline chloride and urea in RUC-DESs).
Template delivery via DESs decomposition is actually one
of themost interesting structure-directing processes used to
obtain zeolites.11 Interestingly, the use of resorcinol-based
DESs that also contained urea resulted in the formation
of larger mesopores (ca. 23 nm for containing-urea DESs
versus ca. 10 nm for noncontaining-urea ones), as a con-
sequence of the incorporation of urea into theRF network,
the release of which, during carbonization, contributed to
pore diameter enhancement. This latter approach, where
the components of urea-type ternary DESs can generate
porosities via either segregation or incorporation into the
network, also resembles the recently reported synthesis of
metal-organic frameworks that are characterized by their
versatility in the creation of different pore morphologies.12

We consider that the different uses of DESs as structure-
directing agents described herein (e.g., template segregation
and template incorporation into the network) open the
path to new types of carbon chemistry that may not be
accessible in either ionic liquids (ILs) or molecular solvent
agents.
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Figure 7. Plot of cumulative volume versus pore diameter for CRC1-DES

(circles), CRC2-DES (squares), CRUC1-DES (stars), andCRUC2-DES (triangles)
obtained from mercury porosimetry measurements. Pore diameters (e.g.,
ca. 10 nm for CRC1-DES and CRC2-DES, and ca. 23 nm for CRUC1-DES and
CRUC2-DES) were consistent with those obtained from application of the
BJH method to nitrogen adsorption-desorption isotherms.

Figure 6. Adsorption (solid symbols) and desorption (open symbols)
nitrogen isothermsofCRC2-DES (circles) andCRUC1-DES (diamonds). Inset
shows pore size distributions of CRC2-DES (circles) and CRUC1-DES

(diamonds).

(27) Gorgulhoa, H. F.; Gonc-alves, F.; Pereira, M. F. R.; Figueiredo,
J. L. Carbon 2009, 47, 2032–2039.


