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a b s t r a c t

This work reports a green and fast approach to the synthesis of nanoporous carbon materials based on
the UV-assisted condensation of organic compounds as precursors. This new approach offers several
improvements over the classical soft template and sol-gel routes for the synthesis of materials: versatility
of organic precursors, shorter synthesis time, and ambient conditions. Owing to the specificity of the UV-
assisted reactions mechanisms, organic compounds of varied chemical composition can be used as
precursors in the preparation of nanoporous carbons with tuned porous features. The method consisted
in the exposure of an aqueous solution of the organic precursors to UV light for 60 min at room tem-
perature in the absence of a catalyst, allowing an outstanding shortening of the synthesis time compared
to sol-gel routes. Furthermore, UV irradiation promoted the cross-linking of the polymer chains of
precursors at room temperature, as opposed to classical methods that require an additional step at mild/
high temperatures. By changing the chemistry of the organic compound used as precursor, it was
possible to modulate the surface area (from 10 to 720 m2 g�1) and the porosity of the synthesized
carbons within the micro-/mesopore range. The obtained carbons also presented varied morphology
depending on the precursor, from dense aggregates to ordered hexagonal arrangements of nanometric
dimensions.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Photochemical reactions are those caused by absorption of UV,
visible of infrared radiation [1] and many of them occur in nature,
such as photosynthesis in plants, human skin production of vitamin
D, ozone formation and dissociation in the atmosphere, or photo-
chemical smog (air pollution due to reaction of nitrogen oxides and
some volatile organic compounds with sunlight). Most of them
proceed through the formation of thermodynamically instable
compounds (excited state species usually more reactive than the
corresponding ground ones), allowing reactivity otherwise inac-
cessible by conventional methods [2e4].

In materials' chemistry, photochemical reactions are useful
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since many molecules and atoms are capable of undergoing
chemical changes upon light absorption. Indeed, light-induced
transformation of materials is a common phenomenon and
the study of light-matter interactions has led to advances in
several fields (heterogeneous catalysts, therapeutic applications,
patterning of materials for semiconductor applications), and many
ground-state reactions have also been studied (e.g. photo-
cycloadditions, photodecarbonylations, photoenolizations, photo-
isomerizations, photoreductions) [2e6].

Recently, considerable efforts are being devoted to the fabrica-
tion of highly featured nanoporous carbon materials with a precise
control of their physicochemical, textural and structural properties
(uniformity in pore architectures, composition, particle size and
shapes), due to their versatility and potential applications in
multidisciplinary science and engineering fields (adsorption and
separation, catalysis, sensing, energy storage [7,8]. The combination
of large specific surface areas (microporosity) and pore volumes
along with an adequate network of transport pores (mesopores) is
most desirable to favor diffusion and/or adsorption of bulky
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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molecules of strategic interest in multidisciplinary fields covering
environmental remediation (e.g., hormones, pharmaceuticals,
dyes), energy storage and conversion (e.g. electrocatalysis, super-
capacitors) and sensing applications (e.g., immobilization of en-
zymes) [9,10]. In this context, the preparation of nanoporous
carbons with well-defined pore architectures in the full micro-/
mesopore range has become a subject of great interest. Porous
carbon materials typically have relatively broad pore-size distri-
butions, being the porosity mainly dominated by the micropore
structure with classical methods showing almost no control over
the porous features of the resulting carbons [11,12]. The control
over the porous features of the carbons can be achieved to a certain
extent by means of nanocasting procedures (soft and hard tem-
plating), self-assembling and sol-gel polycondensation reactions,
among most representatives [13e16]. However, these are usually
time consuming and complex reactions, therefore with quite scarce
impact in the large-scale production and commercialization
perspectives.

Recently, the use of light-induced reactions has become an
interesting tool for the preparation and modification of carbon
materials. For instance, Cao et al. showed a localized photothermal
growth of carbon nanotubes and silicon nanowires on metal
nanoparticles exposed to a focused light beam [17] due to the heat
generated at the metallic surface plasmons exposed to irradiation.
The same principle based on the light absorption properties of a
metallic component has been used to induce the phase trans-
formation of amorphous carbon deposited on nanoparticulated
metal films, thereby obtaining carbon materials with enhanced
electrical properties (graphitization) [18]. Vinu et al. reported the
photofunctionalization of a carbon matrix with carboxylic moieties
by exposing the sample to UV light and oxygen at room tempera-
ture [19]. The preparation of ordered porous carbons using phlor-
oglucinol as precursor based on photoinduced evaporation
reactions has also been reported [20] using a triblock copolymer as
sacrificial template. The main advantage of the photoinduced
synthesis, compared to the conventional endotemplating route
(using the same precursors) is the time scale, since the aging step
needed to induce the cross-linking of the polymeric precursor is
significantly reduced due to the energy provided by the UV irra-
diation. Here, we demonstrate a fast and highly localized phase
transformation of polyhydroxylated aromatic precursors on liquid
phase by irradiation through condensation and spinodal decom-
position of the precursor mixtures, to render aromatic resins and
ultimately nanoporous carbons after a thermal treatment at 600 �C.
We highlight the critical role of the polymeric precursors used in
the homogenous liquid phase in bringing about a well connected
network, sufficiently cross-linked to render a nanoporous carbon
solid after densification of the resin. The difference in yields and
porosity of the phenolic resins upon the pyrolytic treatment clearly
demonstrates the role of the precursor on the photoassisted phase
transformation and cross-linking of the polymers. Changes in
composition, nanotexture and microstructure of the materials ob-
tained after irradiation of the precursors were evaluated using
Raman spectroscopy, solid state NMR and gas adsorption of several
probes at various temperatures.

2. Experimental

2.1. Chemicals

Gallacetophenone (GA), 2,3-dihydroxynaphtalene (DN), pyro-
gallol (PG) and bisphenol A (BP), Pluronic F127 (poly(ethylene
oxide)-block-poly(propylene oxide)-block-poly-(ethylene oxide,
PEO106PPO70PEO106, Mw ¼ 12 600 Da), glyoxal aqueous solution
(40%, C2H2O2), absolute ethanol (C2H6O), and HCl (37%) were
purchased from Sigma-Aldrich. The chemicals were used as
received without any further purification.

2.2. Synthesis

GA, DN, PG and BP were selected as polymeric precursors for the
photoassisted synthesis of nanoporous carbons. In a typical syn-
thesis, the precursors (1.6 g) and the surfactant (3.2 g) were dis-
solved in ethanol containing HCl (37%). After complete dissolution
at room temperature, a certain amount of glyoxal (1.6 mL) aqueous
solution was added. Afterwards, the solutions were transferred to
glass dishes and exposed to UV light for various periods (i.e., up to
70 min). The light source was a lightning cure device fitted with a
365 nm elliptical reflector. An anticaloric filter was used to avoid
heating and evaporation during irradiation (monitored tempera-
ture was constant). The progress of the photoassisted reaction was
monitored via UVevisible absorption spectroscopy using a Thermo
Fisher Scientific Evolution 200 spectrophotometer.

The brownish viscous solids obtained after the irradiation were
recovered from the dishes and further pyrolyzed at 600 �C under
inert atmosphere (i.e., 120 ml/min Ar, heating rate 2�C/min,
dwelling time 2 h) to allow the decomposition of the organic resins
in carbon materials, and the generation of porosity. The nomen-
clature assigned for the resins after UV exposure is MM, where MM
stands for the organic precursor (GA, PG, BP, DN); when the resins
are carbonized, the nomenclature is MM-c600. To evaluate the
eventual cross-linking of the organic precursors in the absence of
UV light, blank reactions in were carried out for all the studied
precursors (allowing the reaction to occur under darkness for
several days).

2.3. Characterization techniques

The porosity of all the samples was determined by means of N2
adsorption/desorption isotherms at �196 �C in a volumetric
analyzer (Micromeritics). Before the experiments, the samples
were outgassed at 120 �C for 17 h under vacuum (10�4 Torr). The
specific surface area, SBET and total pore volume, Vtotal, were
calculated from the N2 adsorption data. The pore size distribution
in the full micro-/mesopore range was calculated from the N2
adsorption isotherms using the 2D-NLDFT-HS (www.NLDFT.com)
model assuming surface heterogeneity of carbon pores [21]. This
model has been validated for the characterization of nanoporous
carbons with similar porous features [21e23], and was chosen
following IUPAC recommendations to use advanced methods based
on NLDFT for the determination of pore size distributions of
nanoporous carbons, rather than BJH method that underestimates
the pore size for narrowmesopores [24]. The narrowmicroporosity
was further assessed by CO2 adsorption isotherms at 0 �C using the
Dubinin-Radushkevich (DR) equation. All the gases were supplied
by Air Products with ultrahigh purity (i.e., 99.995%).

Raman spectroscopy was performed by excitation with green
laser light (532 nm) in the range between 1000 and 2000 cm�1

(InVia Raman Microscope, equipped with a Leica microscope). The
samples were scanned between 10� and 90� (2q) at a 0.02�/12 s
scan rate.

Samples were chemically characterized by elemental analysis.
The determination of carbon, hydrogen and nitrogen was carried
out by a LECO CHNS-932 and oxygen was measured in a LECO VTF-
900 CHNS-932 microanalayzer.

The surface pH of the carbon samples was measured in an
aqueous suspension containing 0.4 g of carbon sample powder
added to 20 mL of distilled water. After equilibration under stirring
overnight, the pH value was measured using a glass electrode.

Thermogravimetric (TG) curves of all the samples were obtained
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using a Setaram instrument thermal analyzer (Labsys), under a
constant argon flow (100 mL/min). From the TG curves, differential
TG (DTG) curves were derived.

The materials were also analyzed by transmission electron mi-
croscopy (TEM) with a Philips CM200 instrument working at
200 kV.

X-ray photoelectron spectroscopy (XPS) analysis was performed
on a VG Scienta (Uppsala, Sweden) SES 200-2 X-ray photoelectron
spectrometer under ultra-high vacuum (P < 10�9 mbar). The
spectrometer resolution at the Fermi level is about 0.4 eV. The
depth analyzed extends up to about 8 nm. The monochromatized
AlKa source (1486.6 eV) was operated at a power of 420 W (30 mA
and 14 kV) and the spectra of dried powdered samples were ac-
quired at a take-off angle of 90� (angle between the sample surface
and photoemission direction). During acquisition, the pass energy
was set to 100 eV for high-resolution and 500 eV for wide scan
spectra. During the processing of the XPS spectra, energy values
were referenced to the C 1s peak of adventitious carbon located at
284.6 eV. CASAXPS software (Casa Software Ltd, Teignmouth, UK,
www.casaxps.com) was used for acquisition and data analysis. A
Shirley-type backgroundwas subtracted from the signals. Recorded
spectra were always fitted using GausseLorentz curves, in order to
determine the binding energy of the different element core levels
more accurately. The error in binding energy was estimated to be
ca. 0.1 eV.

Solid-state 13C CP/MAS NMR spectra of the carbonized resins
were recorded at room temperature on a Bruker UltraShield Avance
400 spectrometer at 100 MHz. The CPMAS 13C NMR experiments
were run using a Bruker 4 mm double-resonance probe head at a
spinning speed of 12 kHz. The cross-polarization contact timewas 1
ms with a relaxation time of 5 s. The number of transients per
spectrum was set to 2000, the acquisition time to 0.034 s, and the
spectral width to 18500 Hz. The chemical shift of this signal was
also employed to calibrate the shift of the aromatic signal, being
132.1 ppm from tetramethylsilane, and the p/2 pulse width (8.4
ms).

3. Results and discussion

3.1. Photo-assisted synthesis

The photoassisted approach described herein involves the UV
irradiation of the precursors' mixture in liquid phase. Fig. 1 shows
the UV-VIS spectra of the pristine organic precursor solutions
before and after UV exposure at different times (see also Electronic
Supplementary Information, Figs. S1 and S2). All the initial solu-
tions of the reactants mixture present absorption between 300 and
400 nm, hence display absorption at the wavelength of the irradi-
ation source used for the photopolymerization reaction (i.e.,
365 nm). As the mixtures were exposed to UV light, the solutions
progressively darkened, indicating that photoassisted reactions
have started (likely polymerization and/or photooxidation of the
precursor). Furthermore, the absorbance gradually increased with
the irradiation time, indicating that the light favors the self-
assembling of the eOH moieties of the hydroxylated precursors
and glyoxal. Also, the polymerization rate increased with light (and
hence the self-assembly rate). In all the cases the solutions gradu-
ally darkened with the illumination time, being this effect less
pronounced in the case of gallacetophenone (Fig. 1). Furthermore,
for all the organic compounds used as precursors, the solutions
underwent spinodal decomposition forming a brownish solid
(resin) after 60 min. Since an anticaloric filter was used to avoid the
overheating and evaporation of the solutions during UV irradiation,
the solid formed after 60 min irradiation is due to the UV-assisted
cross-linking of the reactants. Longer exposures (i.e., 70 min) did
not modify the mass yield or spectroscopic properties of the solu-
tions (in terms of absorbance), thus 60 min was chosen as opti-
mized light exposure time. The obtained solids were recovered
(scratched-out) from the glass dishes and analyzed (no need for
solvent evaporation or further thermopolymeration). The eventual
cross-linking of the organic precursors in the absence of UV light
was evaluated by allowing the reaction of the precursors mixtures
in the dark for several days at room temperature. The lack of color
changes in the solutions -only a slight darkening for pyrogallol due
to its oxygen sensitivity and propensity for self-oxidation [25]-, and
of evidences for the formation of a solid phase (Fig. S3) confirmed
that the cross-linking of the precursors does not occur in the dark.

Fig. 2 shows the thermogravimetric profiles (DTG curves) under
inert atmosphere of the resins retrieved after UV irradiation of the
precursors, to evaluate their thermal stability. The corresponding
data of the as-received precursors (before UV exposure) is shown in
Fig. S4 for comparison purposes. All the samples with the exception
of gallacetophenone displayed one peak in the DTG profiles; for all
of them, the peak corresponding main mass loss appears at higher
temperature (ca. between 300 and 400 �C) than those of their
corresponding organic precursors (ca. 200e300 �C), confirming the
higher stability of the resins after the photopolymerization reac-
tion. It is important to point out that the thermal profiles of all the
precursors (Fig. S4) also displayed a single weight loss (similarly to
the resins), despite their different composition. This indicates that
the different structural motifs (i.e., hydroxyl and ketone moieties)
of the organic precursors do not give rise to multi-stepped profiles,
with differences only observed in the overall decomposition tem-
perature (i.e., thermal stability).

In the case of the resin prepared using gallacetophenone, the
DTG curve shows a hump at around 250 �C; the temperature of this
peak is still higher than that of the as-received organic compound
(ca. below 230 �C, see Fig. S4). Interestingly, the profile of the
thermal decomposition of gallacetophenone showed only one
broad peak (Fig. S4), despite the two structural motifs (i.e., hydroxyl
and ketone moieties) of this compound. Thus, data suggests a
different polymerization mechanism in this precursor, with the
matrix of the resin displaying two moieties with different thermal
stability, sufficiently separated to avoid an overlapping of the signal
in the thermal profile.

For all the samples the decomposition of the volatile matter is
almost complete above 500 �C as the mass loss remained almost
unchanged at higher temperatures, thus 600 �C was the selected
temperature for the synthesis of the carbons (via densification or
pyrolysis).

3.2. Carbon materials

Table 1 shows the yields of carbonization of the photo-
polymerized resins after the carbonization at 600 �C to obtain the
carbonaceous solids. The values differ depending on the precursor,
ranging from 9 wt.% in the case of the resin prepared from galla-
cetophenone, to 24 wt% for pyrogallol. In any case, the yields of
carbonization are of the same order of magnitude of the carbon-
ization of polysaccharides, biomass, and other similar precursors
with low carbon yields [26]. If the carbon content in the solids after
carbonization measured by elemental analysis is recalculated
versus the amount of carbon used in the synthesis (Table 1), a clear
densification is obtained for all the samples, particularly in the case
of gallacetophenone and pyrogallol (suggesting a higher cross-
linking degree of the organic precursors). Interestingly, gallaceto-
phenone solution showed a less notorious darkening upon UV
irradiation (Fig. 1 and Fig. S2), pointing out to differences in the
cross-linking rate of the precursors. This is also in agreement with
the two peaks in the DTG profile (Fig. 2A) observed for this sample,
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Fig. 1. Evolution of the UV-VIS spectra of the reactants mixtures with UV irradiation time for the different organic precursors: A) Gallacetophenone (GA); B) pyrogallol (PG); C)
bisphenol A (BP), and D) 2,3-dihydroxynaphtalene (DN). (A colour version of this figure can be viewed online.)
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suggesting that the lower cross-linking of this reactant would also
affect the thermal stability of the obtained resin, in terms of lower
carbonization yield. On the other hand, there is no clear correlation
between the carbonization yields and other parameters such as the
molecular weight of the precursors, their thermal stability (Fig. S4)
or their functionalization.

The DTG curves of the solids after carbonization at 600 �C
Fig. 2. Thermogravimetric profiles (DTG curves) under inter atmosphere of the photopoly
series MM-c600). Insets show the corresponding mass losses. (A colour version of this figu
(Fig. 2B) were quite similar for all the precursors, but significantly
different from those of the photopolymerized resins. The main
mass loss occurred above 600 �C and is attributed to the decom-
position of volatile matter still remaining on the solids after the
carbonization (since the materials were stabilized at this temper-
ature) and/or to the decomposition of the O-surface functionalities
anchored in the carbon matrix.
merized resins before (left, series MM-resin) and after carbonization at 600 �C (right,
re can be viewed online.)
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The chemical composition of the samples was analyzed by
elemental analysis. The obtained materials exhibited moderate
oxygen contents (Table 1), indicating the incorporation of O-groups
in the carbonaceous matrix during the UV exposure and/or
carbonization steps. Despite the oxygen content, the surface pH of
the samples was rather basic, characteristic of hydrophobic carbon
materials [27], suggesting that the oxygen is predominantly
incorporated in the form of quinone, ether and/or O-bridge (groups
of basic nature). Further information about the composition of the
carbonized samples was obtained by XPS. The atomic concentra-
tions of the surface elements are also provided in Table 1, and the
relative distributions of the different species obtained by decon-
volution of the C1s and O1s core level peaks of XPS spectra are
shown in Fig. 3 (raw data and fitting of all the samples can be found
in Fig. S5 and Table S1).

The amount of surface oxygen follows the trend:
GA < DN < BP < PG, and the trend is similar to that obtained from
elemental analysis (accounting for the oxygen content in the bulk).
The results indicate a higher retention of oxygen in the samples
prepared from the carbonization of GA and PG, which seems
reasonable considering that both organic precursors present higher
oxygen groups that are expected to be incorporated to the carbon
matrix during the cross-linking reactions and/or carbonization. The
C 1s core level spectrumwas deconvoluted to various contributions
(Fig. S5). The intense peak at 284.5 eV was assigned to carbon in sp2

configurations, and the contributions at 286.3, 287.3 and 288.5 eV
were assigned to phenolic and/or ether (CeOH and CeOeC),
carbonyl (C]O) and carboxylic groups (O]CeO), respectively.

As seen in Fig. 3, for all the samples the majority of carbon is in
CeC configurations and ca. 3e6% in oxidized forms in various ox-
ygen environments. In addition, the O 1s core level broad peaks
were decomposed in three contributions at 530.6e531.9 eV,
532.2e533.9 and 533.7e535 eV, assigned to carbonyl, phenol/
epoxy, ether and carboxyl, water or chemisorbed oxygen species,
respectively [28] (Fig. 3). The oxygen is predominantly in hydroxyl,
epoxy and/or ether-like configurations, with equal distributions for
all the samples. To further look into the influence of the precursor
on the structure of the obtained carbons, the porositywas analyzed.
The nitrogen adsorption isotherms, pore size distributions and the
summary of the parameters of the pore structure are presented in
Fig. 4 and Table 2, respectively.

With the exception sample BP-c600, all the samples can be
considered as nanoporous materials, indicating the formation of
porosity during the thermal treatment at 600 �C as a result of the
decomposition of the volatile matter of the resins. It must be
emphasized that no polymerization occurred when the solutions
were kept in the dark at room temperature for at least 40 days.
Likewise, the thermal heating of the solutions at 50 �C in the dark
Table 1
Carbonization yields, elemental analysis (wt.%), surface pH and surface concentra-
tion (at.%) of carbon and oxygen species obtained by XPS of the photopolymerized
resins after carbonization at 600 �C.

Sample GA-c600 PG-c600 DN-c600 BP-c600

Yield after carbonizationa (wt.%) 9 24 18 11
Initial carbon contentb (wt.%) 51.6 57.1 74.7 78.9
Carbonc (wt. %) 91.6 90.3 92.1 92.5
Oxygenc (wt.%) 6.1 7.4 5.0 4.7
Hydrogenc (wt. %) 2.3 2.4 2.9 2.8
Surface pH 9.1 8.3 7.3 8.3
Carbond (at. %) 96.1 94.3 95.6 94.5
Oxygend (at.%) 3.9 5.7 4.4 5.5

a Yield after the carbonization at 600 �C.
b Carbon content used in the synthesis (considering the precursor's formula).
c Evaluated from elemental analysis.
d Evaluated by fitting the C 1s and O 1s core level peaks of XPS spectra.
for 60 min provoked the evaporation of the solvent, without evi-
dence for the cross-linking of the precursors (Fig. S3). This obser-
vation excludes the intervention of any important effect in the dark
and at room temperature. In the case of BP-c600, the N2 uptake
at �196 �C was negligible; this feature could be due to either poor
textural development of this sample, or the presence of narrow
micropores through which the diffusion of the gas at cryogenic
temperatures is restricted. The latter was confirmed by CO2
adsorption isotherms at 0 �C [29] (Fig. S6), using the DR method
and Stoeckli-Ballerini equation to calculate the narrow micropore
volume (Wo,CO2) and the average micropore size (L), respectively
(Table 2).

We observed that, as a general trend, all the samples displayed
similar volumes of narrowmicroporeswith average pore sizes of ca.
0.6 nm. Thus, the porous structure of BP-c600 was composed of
micropores of small dimensions not accessible to nitrogen. The rest
of the samples of the series displayed high N2 uptakes at -196 �C
with important differences between them. For instance, sample
DN-c600 has a type I(a) nitrogen adsorption isotherms according to
the IUPAC classification [24], characteristic of microporous mate-
rials; the marked knee of the isotherm at relative pressures below
0.1 and the reversibility of the isotherm over the entire pressure
range, indicates that the porosity is composed of micropores of
small sizes with an almost negligible contribution of mesopores. In
contrast, samples GA-c600 and PG-600 displayed type IV(b) ni-
trogen adsorption isotherms, and capillary condensation is
accompanied in both cases by marked hysteresis loops indicating
the occurrence of mesopores wider than 4 nm [30].

In the case of GA-c600, the hysteresis loop (type H2) expands
over the range 0.64e0.98, with smooth almost parallel adsorption/
desorption branches over the gas uptake, typically found in com-
plex pore structures in which the desorption path is dependent on
network effects (pore-blocking or cavitation induced evaporation)
and thus the desorption mechanism is dictated by the pore neck
size. The almost parallel adsorption/desorption branches over the
gas uptake indicate a narrow range of uniform mesopores and the
p/p0 of the end of the desorption branch suggests pore blocking
effects (i.e., cylindrical mesopores with uniform bodies connected
by narrower cylindrical necks of uniform widths). The hysteresis
loop of sample PG-c600 displays a different shape expanding from
ca. 0.5e0.85 (hence, the average mesopore size is smaller than for
GA-c600), and the loop belongs to type H2(a) of IUPAC classifica-
tion. The steep desorption branch closing the loop at relative
pressures of about 0.5-the percolation threshold of N2 at �196 �C-
suggests that the mechanism of desorption from the larger meso-
pores is controlled by cavitation effects (i.e., the spontaneous
nucleation and growth of gas bubbles in the metastable condensed
fluid), where large ink-bottle mesopores have access to the external
surface through narrow necks smaller than 5e6 nm) [31e33].

In such complex pore systems, the analysis of the PSD is not
straightforward due to the complex pore-blocking or cavitation
induced evaporation effects. In both cases, the analysis of the
adsorption branch of the isotherm can be considered as a good
approximation to get a realist distribution of the size of the mes-
opore bodies. However, in situations of pore blocking/percolation
controlled evaporation (sample GA-c600), information about the
size of the pore necks can be obtained from the desorption branch.
On the contrary, no quantitative information about the neck size
can be obtained in the case of cavitation from the analysis of the
desorption branch of the N2 isotherm, as the width of the pore size
distribution would be still artificially narrow because the liquid
evaporates from both the constrictions and the larger pores
simultaneously [31].

Fig. 4 shows the corresponding PSD obtained from the adsorp-
tion branch of the isotherms of the samples, where the



Fig. 3. Relative abundance (%) of carbon (left) and oxygen (right) species in various environments obtained by fitting the C1s and O1s and core level peaks, respectively, of the XPS
spectra of the photopolymerized resins after carbonization at 600 �C. (A colour version of this figure can be viewed online.)

Fig. 4. (A) High resolution N2 adsorption isotherms at �196 �C of the photo-
polymerized resins after carbonization (full symbol: adsorption; empty symbol:
desorption). (B) Distribution of pore sizes evaluated using the 2D-NLDFT-HS method
applied to the adsorption branch of the nitrogen data (inset shows the cumulative pore
volume). (A colour version of this figure can be viewed online.)
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mesoporosity is cantered at about 10 and 6 nm for GA-c600 and PG-
c600, respectively. The narrower distribution of mesopores of PG-
c600 vs. GA-c600 and the smaller size of the pores (in average) is
in excellent agreement with the analysis obtained from the
observation of the gas adsorption isotherms (validating the appli-
cation of the method for the assessment of the PSD). On the other
hand, the analysis of the desorption branch (Fig. S7) showed the
narrow distribution of PG-c600 cantered at about 5 nm, due to the
cavitation effects, as opposed to the 9 nm for GA-c600 where pore
blocking effects apply.

The TEM images revealed marked differences among the sam-
ples (Fig. 5). Sample BP-c600 displayed a dense structure composed
of rectangular particles of nanometric dimensions, which is in
agreement with the low porosity measured for this material by gas
adsorption. Samples GA-c600 and DN-c600 show the typical
structure of amorphous carbon materials with ill-defined aggre-
gates in disorganized arrangement. In contrast, TEM images of
sample PG-c600 showed a rather ordered pattern of well-aligned
parallel channels, similar to the ordered hexagonal array of meso-
pores. TEM images confirmed the pore diameter of ca. 4e5 nm (and
a lattice parameter of ca. 10 nm), which is in agreement with the
data from N2 adsorption. Similar textures are typically obtained for
solids with long range ordering structures (such as SBA-15, CMK-3
carbons) with hexagonal symmetry [34].

The structural order of the carbons was also investigated by
Raman spectroscopy (Fig. 6, Table S2) and X-ray diffraction (Fig. S8).
For all the samples the Raman profiles are dominated by the
characteristic D-bands and G-bands related to the sp2 and sp3
Table 2
Main textural parameters of the carbonized resins (series MM-c600) obtained from
gas adsorption data.

Sample SBET
(m2/g)

VPORES
a

(cm3/g)
VMICROPORES

b

(cm3/g)
VMESOPORES

b

(cm3/g)
W0, CO2

c

(cm3/g)
Ld

(nm)

GA-c600 620 0.89 0.20 0.57 0.19 0.62
PG-c600 720 0.69 0.22 0.46 0.21 0.63
DN-c600 10 0.006 e e 0.20 0.66
BP-c600 486 0.28 0.19 0.09 0.18 0.64

a Evaluated at p/p0 ~ 0.99.
b Evaluated from the 2D-NLDFT-HS method applied to N2 adsorption data.
c Narrow micropores volume, evaluated from DR equation applied to CO2

adsorption data.
d Evaluated using the Stoeckli-Ballerini equation applied to CO2 adsorption data.



Fig. 5. TEM images of the photopolymerized resins after carbonization at 600 �C.
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Fig. 6. Raman profiles of the photopolymerized resins after carbonization at 600 �C. (A colour version of this figure can be viewed online.)
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content of carbon materials (Fig. 6). The large contribution of the D
band in the spectra, indicates that the obtained materials do not
present a long-range structural order, but rather features charac-
teristic of disordered carbons [12]. The deconvolution of the first-
order spectra allowed a precise evaluation of the IG/ID ratio as a
measurement of the degree of structural ordering (Fig. 6, Table S2).
The Raman spectra were deconvoluted using G, D, D0, A and TPA
bands as suggested in the literature for carbon materials [35e37].
The G band observed at 1585-1595 cm�1 is assigned to a Raman-
allowed E2g resulting from ‘in plane’ displacement of the carbons
strongly coupled in the hexagonal sheets. The position is slightly
up-shifted relative to graphite (1580 cm�1), as also seen for other
sp2-dominated carbons.

The D band appearing at ca. 1348 cm�1 is due to the lack of long
range translation symmetry in disordered carbons. A careful
decomposition of the spectra reveals two other additional Gaussian
components. A band located at about 1500 cm�1 (A band) associ-
ated to sp2-base point-like defects (single and double vacancies in
non-hexagonal ring structures) in disordered carbons, and is The
TPA band at 1230-50 cm�1 attributed to CeC and C]C stretching
vibrations of polyene-like and transpolyacetylene-like structures.
The variation of the ID/IG ratio is a measure of changes in the
structural ordering of the carbon network, non-detectable by
classical powder X-ray diffraction. Samples showed ID/IG values
following the trend (Table S2): GA-c600 (0.91) < PG-c600
(0.75) < BP-C600 (0.61) < DN-c600 (0.63), indicating the slightly
higher structural order of the later. Nevertheless, all the samples
showed the typical fingerprint of carbons with a rather disorga-
nized (turbostratic) structure. This contrasts with the TEM images
obtained from PG-c600 showing particles with an ordered pattern
with aligned channels; this suggests that the ordered arrangement
would correspond to morphological aspects of the particles (as also
reported for solids with hexagonal symmetry [34]), rather than to
structural order of the carbon matrix.

Useful information concerning the positions of linkage between
the aromatic rings of the precursors that gave rise to the formation
of the porosity of the carbons was obtained by 13C NMR spectra of
the samples. Data representative for PG-c600 and BP-c600 are
shown in Fig. 7 (samples were selected given their differences in
porosity and similarities in composition and structural order evi-
denced by XPS and Raman). The spectra of both samples is quite
similar, showing a broad intense signal between 100 and 140 ppm
corresponding to sp2 (aromatic and olefinic) carbon and a shoulder
at around 151 p.m. typical for C]CeO in an aromatic structures
(furan rings or aromatic carbons bearing a hydroxyl group). The
main signal between 100 and 140 ppm can be divided into different



Fig. 7. 13C solid-state NMR spectra of PG-c600 and BP-c600. (A colour version of this figure can be viewed online.)
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peaks accounting for carbon atoms in various configurations: i)
between 145 and 125 ppm accounting for ortho, para and meta
substituted and aromatic carbons, and ii) between 120 and 113 for
ortho, para and meta unsubstituted aromatic carbons (assignments
are made based on the extensive data in the literature on related
materials) [38,39]. No other peaks at higher fields (i.e., chemical
shift below 90 ppm) were observed, indicating the negligible
contributions of sp3 þCeH moieties (e.g., aliphatic carbon).

This is in agreement with the high fraction of carbon in sp2

configuration detected by XPS. The absence of signals around
91 ppm (assigned to unreacted glyoxal) and around 195e200 ppm
(assigned to carbon in carbonyl groups, either free or directly
attached to the phenol ring) also confirmed that the dialdehyde is
fully consumed during the photopolymerization. The contribution
of the shoulder at 150 ppm is smaller for BP-c600 (Fig. S9), indi-
cating a higher aromaticity of this sample (lower phenol-ring
substitution). Also, the intensity corresponding to unsubstituted
carbons compared to that of substituted ring carbons is relatively
small for both samples, which is consistent with the highly
substituted character of the resins (oxo-aromatic compounds,
mainly phenol groups). The peak assigned to the resonances of
unsubstituted aromatic carbons has a higher contribution for PG-
c600, indicating the higher cross-linking of this sample.

Summarizing, 13C solid-state NMR and gas adsorption data have
revealed that the UV exposure of polyhydroxylated benzenes and
glyoxal mixtures provokes the cross-linking of the reactants,
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obtaining carbon materials with varied micro/mesoporosity
depending on the aromatic precursor used. The reaction is sensi-
tized by a colored product likely resulting from the condensation of
the precursors, similar to that reported for phenolic resins [40,41].
When the precursors are mixed and exposed to UV light, inter-
mediate species are photogenerated that are able to trigger the
phenolic condensation between the precursors and glyoxal at room
temperature, likely following a nucleophilic substitution between
the hydroxylated compound and the dialdehdyde. The initial sub-
stitution reaction between aldehydes and hydroxylated benzenes is
usually faster (in a catalyzed medium) than the subsequent
condensation reaction between substituted phenol rings. The
formed methylolphenols can further condense with other methylol
groups to form ether linkages or with the reactive positions on the
aromatic ring (unsubstituted positions ortho or para to the hydroxyl
group) to form methylenebridges. Provided that there are enough
reactive positions, they become cross-linked in the presence of the
dialdehyde and harden to form phenol-like resins. In the case of BP,
the photopolymerization occurs, but the resulting material did not
show porosity (as in the case of the rest of the aromatic precursor).
This could be attributed to the fact that bisphenol A displays a
relatively long linear chain, that would allow a less efficient spatial
packing of the colloidal aggregates, that would form dense form
small clusters of branched polymeric species that would become
more unstable in the nucleation regime easily undergoing spinodal
decomposition. Consequently, the particles of BP-c600 show a
dense structure and close porosity formed of narrow pores. In
contrast, GA, PG and DN can assemble together in larger and highly
cross-linked clusters, creating a more open porous structure due to
the formation of clusters of larger sizes before spinodal
decomposition.

Typically, heating or acidifications of the resins are used to
promote the cross-linking of the network to form dense, inter-
connected and porous materials. One of the unique features of this
photoassisted synthetic approach herein proposed is the ability to
produce a variety of textural features and morphologies and the
possibility to control both the structural order and pore size dis-
tributions of the obtained carbon materials operating at room
temperature by using UV exposure after relatively short times (ca.
60 min of UV exposure).

4. Conclusions

We herein propose a simple and cost effective method for the
synthesis of nanoporous carbon materials with varied textural and
structural features based on the UV assisted condensation of
organic polymeric precursors at room temperature for 60 min.
Owing to the specificity of the organic precursors, they react
differently upon UV exposure giving rise to resins, the carboniza-
tion of which renders nanoporous carbons of hydrophobic nature
and varied porosity and morphology. By an adequate choice of the
organic precursor, it is possible to control the morphology, struc-
tural order and the pore size distributions of the final carbon ma-
terials within the full micro/mesoporous range. Photolysis of
polyhydroxylated benzenes and glyoxal mixtures triggers the
photopolymerization of the reactants at room temperature, likely
through a nucleophilic substitution mechanism, which provokes
the formation of cross-linked aggregates or clusters that undergo
spinodal decomposition. The degree of cross-linking of the reactant
is determined by the structure (linear, cyclic) as well as the number
of reactive positions (i.e., unsubstituted positions ortho or para to
the hydroxyl moieties and aldehyde group) in the organic pre-
cursors. Thus, the linear structure of bisphenol A gave rise to highly
branched clusters that harden to form the phenol-like resin in a
dense structure with close porosity mainly composed of narrow
micropores. On the other hand, the aromatic organic precursors are
able to assemble in large cross-linked clusters, creating a more
open structure.

One of the unique features of this photoassisted synthetic
approach is the ability to produce a variety of morphologies and the
possibility to control both the structural order and pore size dis-
tributions of the resulting carbon materials. The use of UV light to
start the polymerization of the precursors enable to obtain a solid
without the need for evaporation of solvents or further thermo-
polymeration (usually needed in the synthesis of phenolic resins to
promote the cross-linking of the network). The future challenge is
in controlling the synthesis conditions to achieve nanoporous car-
bon matrices in a controlled way, and to introduce surface func-
tionalization through the incorporation of photosensitizers groups
(heteroatoms and metallic doping) that could be active under
different illumination conditions.
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