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The interest in the use of nanoporous carbon materials in applications related to energy conversion and
storage, either as catalysts or additives, has grown over recent decades in various disciplines. Since the
early studies reporting the benefits of the use of nanoporous carbons as inert supports of semiconductors
and as electron acceptors that enhance the splitting of the photogenerated excitons, many researchers
have investigated the key role of carbon matrices coupled to all types of photoactive materials. More
recently, our group has demonstrated the ability of semiconductor-free nanoporous carbons to convert
the absorbed photons into chemical reactions (i.e. oxidation of pollutants, water splitting, reduction of
surface groups) opening new opportunities beyond conventional applications in light energy conversion.
The aim of this paper is to review the recent progress on the application of nanoporous carbons in pho-
tochemistry using varied illumination conditions (UV, simulated solar light) and covering their role as
additives to semiconductors as well as their use as photocatalysts in various fields, describing the pho-
tochemical quantum yield of nanoporous carbons for different reactions, and discussing the mechanisms
postulated for the carbon/light interactions in confined pore spaces.
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1. Introduction and background

The research related to light energy conversion and storage
(particularly solar light) continues to be a topic at the forefront
of technology that has attracted the attention of scientists across
various disciplines. Photochemical reactions are particularly useful
because the excitation of electronic molecular states using ade-
quate energies may induce chemical bond breaking, offering inter-
esting opportunities in environmental chemistry and energy
production and conversion. In all these approaches, materials are
used, as a few examples, for the conversion of light into electricity
(via the photovoltaic effect), for energy production by the photo-
electrochemical hydrogen generation or the photorreduction of
CO2 to produce fuels (light to chemical reactions), and to catalyze
the degradation of environmental contaminants. Most commonly
used materials in these processes are semiconductors (mainly Si
and TiO2) being their low photonic efficiency under sunlight a
major technological drawback. Indeed, much of the incident radia-
tion is usually wasted, as the photons with too small energy are not
absorbed, while those with energy greater than the semiconductor
band gap dispense of the excess by heating the material. As an
example, the benchmark material, TiO2, does not absorb photons
with energy lower than 3.2 eV (that correspond to 387 nm), thus
the sunlight exploitation is reduced to ca. 4%.

Numerous approaches have been established for overcoming
this limitation, mostly focusing on the development of new mate-
rials with improved harvesting features across the visible region
(organic metal halides, perovskites, transition metal oxides and
sulfides, non noble metal-based catalysts) [1–5]. For instance,
many efforts have concentrated in the synthesis of novel semicon-
ductors with narrow bandgaps (e.g., WO3, Bi2WO6) [6,7], the incor-
poration of metallic dopants or other impurities to induce
modifications in the electronic band structure associated to band
gap narrowing and localized midgap energy levels [8–18], surface
sensitization [19,20], the use of hybrid nanostructured photocata-
lysts [21], or the coupling of catalysts with narrower (direct) band
gap semiconductors [22,23], among most representative. Another
alternatives are based on porous photocatalysts and/or the immo-
bilization of the photoactive material on porous substrates (mainly
zeolites, silica, activated carbons); in these cases, the enhanced
response has been explained in terms of the increased mass trans-
fer rate of the pollutant from the bulk solution to the catalyst’s sur-
face provided by the porosity, causing a better contact of the
pollutant with the active sites of the photocatalyst [24,25].

Extensive work has also been carried out on the use of carbon
materials for this purpose; many researchers have sought to couple
different forms of carbons with TiO2 and other semiconductors for
enhancing the spectral response in the UV and visible light range
[26–32]. The first studies on the use of activated carbons relied
on the confinement of the pollutant in the porosity of the carbon
(considered as an inert support) coupled with the photoactivity
of the semiconductor [26,30]. Since then, a variety of carbon
sources, forms and morphologies have been explored using con-
ventional and novel carbons as additives and supports.

Among all forms of carbons, graphene has been extensively
investigated as additive to semiconductors owing to its unique
physical, chemical, optical and electronic properties that seemed
to offer promising routes towards its light energy conversion abil-
ity [33–37]. Despite of the singular features of graphene, some
authors raised the concern on its use for photocatalytic purposes
manifesting that TiO2/graphene composites are in essence the
same as other TiO2/carbon composite materials on enhancing the
photocatalytic activity of TiO2 [35].

It seems generally accepted that the role of the carbon material
differs for porous carbons (activated carbons, carbon fibers and
nanofibers, carbon foams and so forth) compared to other forms
of nanostructured carbons (carbon nanotubes, fullerenes and gra-
phene) due to their different structural properties. For instance,
for carbons with high electron mobility the superior response of
semiconductor/carbon photocatalysts has been associated to the
strong interfacial electronic effects between the carbon phase
and the photocatalyst, that favor the separation of the photogener-
ated carriers through its stabilization in the p electron density of
the carbon (acting as sinks of electrons), and to the role of carbon
as photosensitizer (as effective photosensitizers typically present
high densities of C@C double bonds) [31,32,38,39]. In the case of
nanoporous carbons, the enhanced photoactivity of carbon/titania
composites has been traditionally discussed mainly in terms of the
above-mentioned enhanced mass transfer of the adsorbed pollu-
tant from the bulk solution and the interactions between the car-
bon support and the immobilized catalyst [30,40,41].

By that time, our research group reported the first experimental
evidence on the photochemical activity of nanoporous carbons
under UV–visible irradiation in the absence of semiconductors
[42,43], as well as their ability to generate reactive radical species
when exposed to light in aqueous environments [44,45]. Amaz-
ingly, despite the close similarities between the structural and
chemical features of nanoporous carbons and those of graphene,
yet the photochemical activity of this old form of carbons had been
neglected and disregarded. Since then, we have investigated the
application of nanoporous carbons in photochemical reactions
under varied irradiation conditions, the dependence on the surface
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chemistry of the carbon matrix, the wavelength of the irradiation
source, and the performance towards different photoassisted reac-
tions [44–50].

The aim of this paper is to provide an overview on the possibil-
ities of exploiting the interactions of nanoporous carbons and dif-
ferent sources of irradiation (UV, simulated solar light) in different
fields of research, covering the progress in the photocatalytic
degradation of pollutants using semiconductor/carbon and nano-
porous carbons as catalysts (where advanced oxidation processes
based on carbon materials may be coupled to highly skilled
adsorption technologies for air purification and water remedia-
tion), as well as the new perspectives on the use of nanoporous car-
bons as photoanodes in the water photooxidation reaction, and in
photorreduction reactions.

2. Nanoporous carbons as additives to semiconductors

After the pioneering works in 1960s and 70s reporting the pho-
tocatalytic activity of ZnO and TiO2 electrodes [51,52], the interest
of semiconductor photocatalysis has growth, particularly in the
fields of energy conversion/storage and environmental remedia-
tion. Traditionally, heterogeneous photocatalysis has been associ-
ated to the use of inorganic semiconductors as photoactive
materials; TiO2 is the benchmark material due to its low cost, large
availability, chemical inertness, low toxicity and stability against
photo- and chemical corrosion, but many other transition metal
oxides and sulfides such as ZnO, CdS, ZnS, WO3 have been also
widely investigated [7,53–56].

The mechanism of light absorption in a wide band gap n-type
semiconductor - such as titanium oxide - is based on interband
electron transitions. Briefly, when the semiconductor particles
are irradiated with photons with energy equal to or higher than
its band gap, electrons are excited from the valence band to the
unoccupied conduction band, whereas holes (vacancies) are cre-
ated in the valence band. The photogenerated charge carriers (elec-
tron/hole pairs) can recombine (emitting light or dissipating the
energy as heat), or migrate to the surface to react with electron
donors or acceptors. The competition between these processes
determines the efficiency of the photocatalytic reaction; for envi-
ronmental applications, the efficiency is also often measured as
the rate of generation of reactive radical species (mainly HO� and
O2
��). The redox potential of the photogenerated holes in TiO2 is

2.53 V vs standard hydrogen electrode (SHE) [52,57], positive
enough to directly oxidize the pollutant, and/or to react with water
molecules or hydroxyl groups to produce HO�, which is also a pow-
erful oxidizing agent (2.81 V vs SHE). Similarly, the redox potential
of the conduction band electrons is �0.52 V vs SHE, negative
enough to form O2

�� (0.89 V vs SHE) or H2O2 (1.78 V vs SHE) when
oxygen is present in the medium. All these species can undergo
further decomposition reactions, enhancing the efficiency of the
overall photocatalytic process. Hence, the edges of the conduction
and valence bands must have potentials more negative and more
positive than the potentials of the O2 and HO�/OH� couples, respec-
tively, which has been shown not to be the case for some semicon-
ductors (i.e., WO3).

Triggered by the low photonic efficiency of most photocatalysts
under sunlight, numerous efforts have been made in the last dec-
ades to improve the optical properties of semiconductor materials.
Photocatalyst band-gap tuning via chemical modification, doping
of the semiconductor lattice for reducing surface recombination,
synthesis of nanosized catalysts for an efficient charge separation,
and increasing the crystallinity, are among most representative
[57–64]. The use of carbon either as dopant of semiconductors into
their crystalline structure or as additive has appeared as an
interesting alternative to attain high photoconversion efficiencies.
To illustrate this issue, in the following sections we discuss the role
of nanoporous carbon materials of varied nature and structure
as additives to various semiconductors – i.e., TiO2, WO3 and
Bi2WO6– for their application in the photodegradation of pollu-
tants and the photoelectrochemical oxidation of water for energy
conversion.

2.1. TiO2/Nanoporous carbon

TiO2 is the most commonly used photocatalyst under UV light
[65]; however, its limited efficiency under sunlight irradiation,
and the operation problems related to the recovery and re-use of
the catalyst, associated to nano-sized titania powders make its
large-scale implementation a difficult task. The use of supports is
intended to overcome this issue [66]. In this regard, the photocat-
alytic response of carbon/TiO2 composites has been widely
explored for a variety of carbon sources, forms and morphologies
using different synthetic routes. Indeed, many studies have focused
on the synthesis and performance of TiO2/carbon photocatalysts
using various carbon and titania precursors, as well as varied
methods for the incorporation of the carbon component to the cat-
alyst (e.g., mechanical mixture, coating by liquid impregnation,
hydrothermal process, chemical vapor deposition) [66–68]. The
enhanced photoactivity of carbon/titania composites has been dis-
cussed by different mechanisms, depending on the nature of the
carbon matrix itself. In the case of nanoporous carbons, it has been
typically ascribed to the enhanced mass transfer of the adsorbed
pollutant from the bulk solution to the photoactive TiO2 particles
through the interface between the two catalyst components, and
to the interactions between the inert substrate and the immobi-
lized catalyst [69–71]. This is important because the reaction takes
place essentially at the catalyst/water interface, particularly if rad-
ical species are involved since these reactive species do not migrate
far from the photoactive sites where they are generated [71].
Moreover, the use of porous carbon supports also contributes to
a faster sedimentation and an easier recovery of the photocatalyst
from the reaction medium, allowing to perform cycles and hence
favoring an eventual integration in large-scale photocatalytic sys-
tems [70].

To account for the effect of the carbon support in the perfor-
mance of TiO2/carbon catalysts, a synergistic factor has been
defined as the ratio between the apparent rate constants of the
photoconversion reactions corresponding to the supported and
bare titania catalysts [30]. This factor, however, does not account
for some other operating parameters (photoreactor geometry, illu-
mination source, mass-transfer limitations, diffusion or convection
control, chemical structure of the pollutant, temperature, etc.) that
control the reaction rate and yield, for which comparison of cata-
lysts in different experimental conditions must be done carefully.

The presence of the carbon component in TiO2/carbon photocat-
alysts has also been reported to modify the degradation route of
organic pollutants boosting the degradation of the intermediates
- as they are formed nearby the photoactive sites of the TiO2/car-
bon catalysts-, with some studies reporting the faster mineraliza-
tion degrees and higher removal efficiencies [26,42,67–74]. For
instance, using carbons of various origins we observed the regios-
elective oxidation of phenol to form ortho-dihydroxylated interme-
diates with TiO2/carbon photocatalysts [75,76], indicating that in
the presence of the carbon additive the oxidation proceeds through
the electrophilic attack of the aromatic ring, which is a more
advantageous degradation route for the complete mineralization
of this pollutant as it proceeds through a less number of subprod-
ucts [77]. The modification of the photooxidation pathway of
organic pollutants has been explained by the occurrence of weak
interactions between the carbon and the semiconductor surfaces,
as evidenced by infrared spectroscopy and the distribution of the
catalyst surface charges in solution [70,76].
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The degradation mechanism is also influenced by the wave-
length irradiation source [75]. A series of experiments performed
using polychromatic light and filters to cut-off the irradiation
below 360 nm (lamps emitting at 200 > k > 600 nm and
k > 360 nm) showed increased photoconversion values for TiO2/-
carbon catalysts (1:1 wt ratio) using high energy photons; the
breakdown of the intermediates and the regioselectivity towards
the ortho-substitution was also higher when the catalyst was
exposed to light at 200 > k > 600 nm (Fig. 1).

The method for the immobilization of TiO2 on the carbon sup-
port is also important as it may control the photocatalytic activity
by defining the recombination lifetime and interfacial interactions
between the two phases (i.e., inducing crystal defects or modifying
the surface morphology of the catalyst) [26,66,72,78,79]. Interest-
ing titania/carbon photocatalysts with improved photocatalytic
activity and showing controlled morphology and topology of the
active phase (core-shell, shell-core, carbon coating) have been pre-
pared using hydrothermal carbonization methods [74,80] and
coating procedures [81–84]. However, when nanostructured car-
bons with high electron mobility are used as additives (i.e., carbon
nanotubes), the electronic structure and structural defects of the
carbon material seem to be much more important than its chemi-
cal composition or any chemical bond between carbon and TiO2

[85].
The porosity of the carbon support is also important; an

eventual blockage of the porosity of the carbon support by the
semiconductor nanoparticles would limit the adsorption of the
pollutant in the (micro) porosity of the carbon, counteracting
the beneficial effect of the carbon additive [72]. On the other
hand, if the porosity remains accessible during the photocatalytic
runs, the overall photodegradation yield is enhanced [76].
Although large surface areas and pore volumes are usually
required in the carbon additive for obtaining a high dispersion
of the semiconductor, they are not essential to achieve high
degradation rates and efficiencies. Related to this, a carbon foam
(CF) with an open porous structure was used as support of tita-
nium oxide for the photocatalytic degradation of phenol [86],
and the composite showed better results in terms of degradation
rate than nonsupported titania, comparable to those of other
TiO2/nanoporous carbon composites. Considering the less devel-
oped porous features of this photocatalyst compared to other
TiO2/nanoporous carbons (i.e., surface areas of 165 vs 924 m2/g),
it was concluded that rather than a well-developed microporos-
ity, the key factor for an optimal photocatalytic performance is
to provide an accessible pore structure that avoids any diffusion
restrictions for the accessibility of the pollutant from the bulk
solution to the support/titania.

Further insights on the mechanisms occurring at the TiO2/
carbon interface were obtained by investigating the optoelectronic
and photoelectrochemical response of carbon/titania electrodes of
increasing carbon content ranging from 5 to 50 wt.% during
repeated on/off cycles of illumination [87]. The shape of the
current-potential curves of the carbon/titania electrodes was sim-
ilar to that of a titania electrode, merging the characteristic finger-
print of n-type semiconductor with the capacitive contribution due
to the porosity of the carbon material. Upon illumination, anodic
photocurrents were recorded in the electrodes, when the bias
potential was positive enough for an efficient hole-electron separa-
tion. The photocurrent responses were rapid and reproducible,
retracting to their original values almost instantaneously once
the illumination was turned-off. Interestingly, similar photocur-
rent values were obtained for the carbon/titania and TiO2 elec-
trodes, despite the amount of semiconductor was gradually
decreasing. The high photocurrents measured in the carbon/titania
electrodes were related to a higher density of photogenerated elec-
trons recovered at the back contact of the electrical circuit, sug-
gesting a more efficient charge carrier separation at the
electrode/electrolyte interface upon the incorporation of the car-
bon additive. Two mechanisms were postulated to describe the
role of the carbon component in the enhanced response of the tita-
nia/carbon electrodes: (i) a more efficient charge carrier separation
due to the smaller diffusion length through the nanoporosity of the
carbon additive; (ii) the role of the carbon matrix as an acceptor of
the photogenerated electrons, boosting the separation of the
charge carriers through delocalization and stabilization within
the graphene-like layers of the carbon additive. Additionally, the
studied nanoporous carbon showed an important selfphotoactivity
upon irradiation, thus a third mechanism considering the photon
absorption by the carbon material itself due to various electronic
transitions was proposed. This issue will be further addressed in
a different section.

Inspired on the extensive literature on metallic TiO2 doping
with reported visible light activation of the doped catalyst due to
the effective electronic interaction between the semiconductor
and the metal [88–91], we explored a novel approach based on
adding the metallic dopant to the carbon [92]. Copper was selected
as it is an effective dopant for trapping the electrons in the conduc-
tion band of TiO2 and catalyzes many oxidative reactions
[91,93,94]. However, as many other metal-doped semiconductors,
it suffers from deactivation due to aggregation of the metallic
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dopants [95]. The titania/copper-doped carbon catalysts displayed
good degradation yields for the elimination of phenol under visible
light (in terms of conversion, regioselectivity in the formation of
intermediates, superior mineralization degree and enhanced
degradation rate), due to the homogeneous dispersion of copper
particles (predominantly copper (II) species) within the carbona-
ceous matrix [92]. The effect of copper was attributed to its role
as oxygen activator and/or the fast electron transfer environment,
which would minimize the recombination of the excited electron/-
hole pairs created upon illumination of the semiconductor [92,96].
For instance, the photoexcitation of the semiconductor near the Cu
(II) species can lead to the formation of O-radicals under visible
light irradiation, to produce Cu(I) intermediates [92]. The reduced
metal species would interact with dissolved O2 adsorbed in the
hydrophobic sites of the carbon, regenerating the Cu(II) and further
radical species responsible for the improved photooxidation [92].

In sum, the use of nanoporous carbons as additives to titania
powders is an interesting alternative to improve the conversion
efficiency of the semiconductor. The versatility and availability of
carbons with varied pore architectures and composition (coupling
metal doping and surface modification to pore control) offer
unlimited possibilities particularly in the environmental remedia-
tion arena. The adequate choice of the carbon additive may over-
come the low photonic yield of TiO2 under sunlight (due to
superior light absorption features of the TiO2/carbon composites)
as well as increasing the overall efficiency in terms of mineraliza-
tion by tuning the degradation mechanisms via ‘‘regioselective
reactions”.
2.2. Bi2WO6/nanoporous carbon

Bismuth-based materials are being widely investigated as alter-
natives to TiO2 in photocatalytic applications. Among them, Bi2-
WO6 with a layered structure with perovskite-like slabs of WO6

and [Bi2O2]2+ layers, has shown good light absorption properties
under visible light irradiation, offering interesting perspectives in
Fig. 2. Conversion of rhodamine B using simulated solar light and Bi2WO6/carbon photoc
powders (series PM) and synthesizing the semiconductor in the presence of the carbon a
Adapted from Ref. [105], copyright 2015, with permission from Elsevier.
sunlight-driven photocatalysis [97–100]. The physical characteris-
tics of Bi2WO6 (surface area, morphology, particle size, crys-
tallinity) can be strongly affected by the synthesis method; this
material also displays a weak stability during long illumination
periods [98,99]. Both aspects constitute a major drawback for the
application of Bi2WO6 in photocatalytic processes. In this regard,
the superior photocatalytic activity of Bi2WO6/carbon composites
has been reported for various carbon additives - activated carbons
[101], glucose-derived carbons [102,103], carbon quantum dots
[104] or carbon nanotubes [105] - and nominal carbon contents
(between 0.5 and 25 wt.%). In our study we explored the use of Bi2-
WO6/carbon photocatalysts for the degradation of rhodamine B
(RhB) under simulated solar light, using carbon materials of differ-
ent physicochemical properties (Fig. 2) [105]. The photocatalysts
were prepared following two different synthetics approaches: (i)
physical mixing of the carbon additive and the semiconductor
and (ii) through a one-pot route consisting on allowing the synthe-
sis of the semiconductor in the presence of the carbon material.
Our results demonstrated the critical role of the synthetic route
followed to incorporate the carbon additive to a semiconductor
so as to obtain an effective interface between both phases.

Due to the non negligible adsorption capacity of the Bi2WO6/-
carbon composites (i.e., SBET < 50 m2/g), the photocatalytic runs
were carried out on preloaded catalysts under darkness. Based on
the photocatalytic results, it was established that the performance
of the Bi2WO6/carbon photocatalysts did not depend exclusively on
the porous features of the carbon additive (although porosity is
important); the synthetic route followed for the preparation of
the composites had also an important effect. For instance, the con-
version of RhB was faster for the catalysts prepared by incorporat-
ing the carbon additive during the synthesis of the semiconductor,
than for those obtained by physical mixture (with conversions
below those of the semiconductor alone). This was attributed to
the proper contact between the carbon phase and the semiconduc-
tor particles in the one-pot synthesis. Indeed, performing the syn-
thesis of the semiconductor in the presence of small amounts of
atalysts prepared by physical mixing of the semiconductor and nanoporous carbon
dditive (series HS). SEM images of selected BWO/carbon mixtures of the HS series.
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carbon additive (ca. 2 wt.%) did not affect the assembling semicon-
ductor particles (neither morphology or crystallinity), that dis-
played the same flower-like morphology of Bi2WO6 with slightly
smaller particle sizes. On the other hand, the preparation of the
catalysts by physical mixing led to uneven distributions of the car-
bon additive in the final composite. This was more evident in the
case of carbon nanotubes, showing that using a carbon additive
with high electron mobility does not grant a superior photocat-
alytic performance of the composite.

The shielding effect of the carbon matrix and the surface acidity
of the photocatalysts on their photocatalytic performance were
also noticed, with the highest conversions of RhB obtained for
acidic photocatalysts. The dependence of RhB degradation on the
surface basicity/acidity of the catalyst has also been reported for
other semiconductors, and attributed to coupled independent
mechanisms that can proceed side by side (photosensitization,
photocatalysis and carbon-photon mediated reactions) [105–
107]. Indeed, RhB is an amphoteric dye with a permanent positive
charge (diethylamino group) and a negative charge upon dissocia-
tion of the carboxylic moiety, thus the interactions with the cata-
lysts surface depend on its ionization state. In our experimental
conditions the zwitterionic form of RhB (positively charged) is pre-
dominant in solution [108,109], for which strong interactions are
favored in catalysts of acidic nature.

Based on the conversion and high mineralization values, the
photodegradation of RhB in the Bi2WO6/carbon composites pro-
ceeded through several simultaneous mechanisms (Fig. 3). When
using acidic carbon additives, the resulting Bi2WO6/carbon com-
posites were negatively charged, thus RhB is preferentially
adsorbed by the diethylamino group (positively charged) and the
degradation occurs via the successive ethylation of the alkylamine
moiety [101,110]. The strict requirements needed for the Nethyla-
tion process (i.e., formation of the excited state of the dye and
transfer of electrons from the dye to the conduction band of the
semiconductor) pointed out the good chemical contact between
the catalyst surface and the dye, provided by the incorporation of
the carbon additive during the synthesis of the semiconductor.
The degradation via the chromophore cleavage was also observed
(otherwise the reaction would terminate with the formation of
the fully N-ethylated intermediate, rendering low photocatalytic
yields). RhB photodegradation can also proceed via photosensitiza-
tion since the pollutant absorbs in the range 460–600 nm; the pho-
tosensitized process was not observed in the absence of catalyst
(photolytic breakdown of RhB is low), but it was boosted in the Bi2-
WO6/carbon composites as a result of an efficient injection of elec-
trons from the excited dye to the surface of the catalyst and the
strong interactions between RhB and the catalyst surface (Fig. 3)
[111]. The acidic sites of the carbon additive seemed strong enough
to promote the photosensitized process, in addition to the photo-
catalytic one. Contrarily, in carbons of basic nature, the interac-
tions between RhB and the surface of the Bi2WO6/carbon
photocatalysts were weak; hence the degradation occurred only
via the photocatalytic process, leading to photooxidation yields
very similar to those obtained for bare Bi2WO6.

2.3. WO3/ nanoporous carbon

WO3 is an n-type semiconductor with electrooptical, elec-
trochromic and catalytic properties [112–114]. WO3 is considered
an interesting visible-light stable photoactive material due to its
abundance, low toxicity, physical and chemical resilience in harsh
environments, strong absorption features in the solar spectrum
(i.e., band gap between 2.4 and 2.8 eV) and high oxidation power
of the photogenerated holes due to a deep valence band (allowing
the oxidation of water). Nevertheless, pure WO3 has lower light
conversion efficiency than titania, as the reduction potential of
the photogenerated electrons in the conduction band of WO3 is
inadequate for direct O2 reduction [93]. This characteristic pro-
vokes the surface accumulation of the photogenerated electrons,
causing a high recombination that ultimately reduces the photo-
chemical response [93,115,116]. To compensate for this limitation
of WO3, the use of carbon additives is considered an interesting
approach, as the structure of most carbon materials anticipates
that the accumulation of electrons may be dissipated by delocal-
ization in the stacked graphene-layers.

Considering all the above, we explored the effect of various car-
bon additives of varied characteristics in the performance of WO3/-
carbon photocatalysts using simulated solar light [105]. We
investigated the external quantum yields as a function of the car-
bon ratio, and correlated the photochemical and photoelectro-
chemical response of the WO3/carbon catalysts with the
wavelength of the irradiation source, the nature of the carbon addi-
tive and the type of photochemical reaction (oxidation of pollu-
tants and water splitting). The photocatalytic runs were carried
out allowing the equilibration of the catalysts at dark conditions,
which is important when using porous catalysts to counteract



Fig. 4. Schematic representation of the optimized carbon additive for the photodegradation of phenol (top) and rhodamine B (down) under simulated solar lights for various
WO3/carbon photocatalysts (basic carbon nanotubes, CNT, acidic nanoporous carbon, CL, acidic glucose-derived hydrochar, HC).

A. Gomis-Berenguer et al. / Journal of Colloid and Interface Science 490 (2017) 879–901 885
the adsorption of the pollutant (mainly controlled by the porosity
and surface chemistry of the carbon additive). Our results pointed
out the importance of the adequate choice of the carbon additive
coupled to WO3, which is also defined by the nature of the pollu-
tant and the interactions at the catalyst-pollutant interface, the lat-
ter controlled by the characteristics of the photocatalyst
components.

As an example, Fig. 4 shows the evolution of phenol and RhB
concentration upon sunlight irradiation of aqueous suspensions
of WO3/carbon mixtures containing ca. 2 wt.% of various carbon
additives: commercial carbon nanotubes, an activated carbon and
a glucose-derived hydrochar [105]. As seen, the incorporation of
the carbon additives improved the photooxidation yields in most
cases, but most importantly, different behaviors were obtained
for the same carbon additive depending on the target pollutant.

In the case of phenol, an increased photoconversion was
observed for all the WO3/carbon photocatalysts, with higher values
for the catalyst containing 2 wt.% of carbon nanotubes. Even
though phenol conversion values were quite low for all the WO3/-
carbon mixtures (which is reasonable as phenol is not easily
degraded under visible light), the efficiency was higher than that
of the photolytic degradation. Interestingly, a clear correlation
was observed with the surface acidity/basicity of the carbon. The
photodegradation of phenol was superior in the catalysts incorpo-
rating basic carbon additives, indicating that the affinity between
the catalyst’s surface and phenol molecules is important to obtain
high degradation yields. In this regard, it is well known that phenol
is preferentially adsorbed on hydrophobic carbons adsorbents via
the interaction between the aromatic ring of phenol with the
adsorbent’s surface [117,118]; hence, a hydrophobic catalyst inter-
face would favor the contact of adsorbed phenol molecules close to
the photoactive sites of the catalyst, thereby increasing the pho-
tooxidation yield. Additionally, the preferential orientation of the
adsorbed phenol molecules in the pores of the carbon favored
the regioselective oxidation of phenol in the ortho position [49,73].

The same WO3/carbon catalysts were used for the photocat-
alytic degradation of a dye (RhB) with strong absorption features
in the visible range (Fig. 4). Again, conversions were higher for
all the WO3/carbon photocatalysts than for the unsupported semi-
conductor. Interestingly, the performance of the materials followed
a clear correlation with the acidic nature of the catalysts, as
opposed to the trend observed for the degradation of phenol. As
discussed above for Bi2WO6/carbon composites, this dependence
is attributed to the degradation of RhB via coupled mechanisms
in acidic photocatalysts (photosensitization, photocatalysis and
carbon-photon mediated reactions) [107–109]. Taking into



Fig. 5. (top) Cyclic voltammetry of WO3 film recorded at 20 mV/s under dark and
square-wave light perturbation with a frequency of 0.5 Hz in 0.5 M Na2SO4 pH 1.3
and (down) transient photocurrent responses of WO3 (0% NC) and hybrid WO3-NC
electrodes (percentages of NC ranging form 5 to 80 wt.%) at +0.6 V vs Ag/AgCl under
illumination (2 min) using a 371 nm LED. Adapted from Ref. [120].

886 A. Gomis-Berenguer et al. / Journal of Colloid and Interface Science 490 (2017) 879–901
account the acidity of the WO3/carbon mixtures (in terms of sur-
face pH and hydrophobicity index), the photosensitized mecha-
nism was predominant for all of them.

The superior photoactivity exhibited by the WO3/carbon cata-
lysts for both pollutants has been attributed to different reasons:
first, a lower electron–hole recombination rate due to the presence
of the carbon component, alleviating the surface accumulation of
the electrons via delocalization in the graphenic layers - which in
turn extends the lifetime of the charge carriers. This is expected
to be the dominant mechanism applying in the case of WO3/CNT,
considering the existence of large graphitic domains in the carbon
nanotubes that would act as effective electron sinks. The porosity
of the catalysts (mainly inherited from the carbon additive) is also
important, as well as their acidic/basic nature, as it determines the
affinity between the catalysts surface and the target pollutant. For
this reason, a hydrophobic environment is desirable for promoting
the degradation of phenol molecules, whereas acidic sites are
needed to boost RhB degradation [105].

The dissolved molecular oxygen coadsorbed in the pores is also
important to promote the participation of the photogenerated elec-
trons in the multi-electron reduction of O2 (O2 + 2H+ + 2e� ? H2O2,
and O2 + 4H+ + 2e� ? 2H2O), in a similarly way as reported for
metal loaded WO3 [119]. Another possibility is the stabilization
of the holes through the oxidation of the water molecules cocon-
fined in the pores of the carbons, leading to the formation of reac-
tive oxygen species (ROS). The ability of the WO3/carbon
photocatalysts to form O-radicals was confirmed by spin resonance
spectroscopy using a nitrone spin trapping agent [105]. Further-
more, the quantification of the abundance of ROS showed rather
constant concentration levels, pointing out that the incorporation
of the carbon additive does not affect the ability of the WO3/carbon
catalysts to generate species with unpaired electrons.

Besides the photooxidation of organic pollutants, we have also
explored the photoelectrochemical response of WO3/carbon elec-
trodes for the oxidation of water. The role of the carbon additive
was investigated as a function of the irradiation wavelength, the
applied potential bias and the amount of carbon additive over a
wide spectral range. For this purpose, WO3/carbon photonodes
with increasing amounts of a nanoporous carbon ANCA (ranging
from 5 to 80 wt.%) were prepared [120]. Photocurrent transients
upon on/off illumination were registered for all studied electrodes
at different potentials (Fig. 5). All the transient curves exhibited the
characteristic shape of an n-type semiconductor, with an initial
rapid and sharp photocurrent on switching-on the light, followed
by a gradual decay due to trapping of electrons or holes in interme-
diate surface states and recombination losses [121]. The current
retracted instantaneously to its original value when the illumina-
tion was switched-off. For carbon contents of 50 wt.% and below,
the photocurrent of the anodes were higher than those of the bare
semiconductor (normalized photocurrents vs the WO3 content
showed a plateau for ca. 20–50 wt.% carbon). This is most remark-
able considering that the amount of semiconductor in the anodes is
gradually reduced as the amount of carbon additive increases, and
demonstrates that these W/NC electrodes are more photoactive
than bare WO3.

Incident-to-photon current efficiencies (IPCE) were evaluated
for the WO3/carbon electrodes at various wavelengths and bias
potentials between 0.2 and 0.6 V vs. Ag/AgCl (Fig. 6). Compared
to other materials reported in the literature, these WO3/NC pho-
toanodes rendered relatively low IPCE values [122], indicating that
recombination and charge collection are still limiting the efficiency
of the electrodes, most likely due to the poor electron conductivity
of the nanoporous carbon additive. However, despite the modest
IPCE of the WO3/carbon anodes, values were higher than those of
WO3 at all applied potentials - with the exception of the electrode
with the highest carbon loading-. This is remarkable considering
the nature of the carbon additive used in the preparation of the
photoanodes (a low cost abundant nanoporous carbon), and offers
a new approach that calls out for research in the processing of pho-
toelectrodes using carbons with optimized features (conductivity,
surface chemistry and porosity) as sustainable additives. As for
the wavelength dependence of the photoelectrochemical response
of the WO3/carbon electrodes, higher photocurrents were obtained
between 360 and 500 nm (photocurrent densities ca. 3–4 times
higher than for bareWO3). This confirmed that the effect of the car-
bon additive affects both the UV and the visible range (Fig. 6).

Overall, the superior performance of the photoanodes after the
incorporation of increasing amounts of the nanoporous carbon
additive was attributed to the improved electron collection pro-
vided by the carbon component, which facilitates the electron
transfer to water molecules at the photocatalyst/electrolyte inter-
face. Additionally, in nanoporous electrodes the diffusion length
of the minority carriers is small due to the nanometric dimensions
of the pore voids, reducing the probability of recombination.
Although similar responses had been reported using carbon nan-
otubes and graphene-derived carbons, we herein demonstrated
that this behavior can also be achieved with low-cost nanoporous
carbons with a disordered turbostratic structure.
3. Photochemical behavior of nanoporous carbons

3.1. Photooxidation of pollutants

Despite the interesting optical features reported for graphene,
carbon nanotubes and other forms of carbons, there has been a
dearth in exploring the photocatalytic activity of carbon materials
themselves. In 2009, Luo et al. reported the first evidence on the
photoactivity of carbon nanotubes under visible light, attributed
to the presence of structural defects and vacancies [123]. Later, a
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Fig. 7. Concentration decay curves of phenol (A, B) and DTZ (C,D) on various nanoporous carbon photocatalysts under dark (A,C) and UV irradiation (B, D). Panels A, B are
reprinted from Ref. [43], copyright 2012, with permission from Elsevier.
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few works reported the activity of graphene-based nanocompos-
ites [124,125]. However, knowledge on nanoporous carbon/semi-
conductor photocatalysis has traditionally been associated to the
role of carbons as non-photoactive supports [30,67], and the
enhanced performance of the carbon/semiconductor composites
had been almost exclusively discussed in terms of the texture
and/or the electronic conductivity of the carbon (see above
discussion).



888 A. Gomis-Berenguer et al. / Journal of Colloid and Interface Science 490 (2017) 879–901
In 2010 we showed that a nanoporous carbon used as support
in carbon/TiO2 composites was capable of a significant level of
self-photocatalytic activity under UV–visible irradiation, outper-
forming bare or immobilized titania [42,43]. The work provided
the proof of the concept for the photocatalytic activity of nanopor-
ous carbons in the absence of semiconductors. Aiming at under-
standing this behavior and the mechanisms governing the
photochemical activity of carbons, we continued this research line
and explored the photooxidation of pollutants in water (e.g.,
sodium diatrizoate, phenol, rhodamine B) using nanoporous car-
bons as photocatalysts, settling the basis for a future implementa-
tion in carbon-based advanced oxidation processes for water
treatment [42,43,126].

Experiments were carried out by irradiation of suspensions of
the nanoporous carbons in contact with aqueous solutions of the
target pollutants. During these photocatalytic assays, several pro-
cesses may occur simultaneously-degradation due to photocat-
alyzed and/or photolytic (non-catalyzed) reactions, and removal
due to adsorption in the porosity of the carbon material-, for which
evaluation of the quantum efficiency or turnover of nanoporous
catalysts becomes a complex issue, and thus different approaches
must be envisaged.

For instance, Fig. 7 shows the rate of phenol disappearance
upon UV–vis irradiation of several nanoporous carbons); the
increased overall removal rate under irradiation compared to dark
conditions (where removal is due to adsorption) corroborated the
photoactivity for the series of carbons in absence of semiconductor
[43]. The trend was more remarkable for carbons of acidic nature,
where phenol removal increased from 35% in the dark to 90% under
irradiation. The relative abundance of the degradation intermedi-
ates detected in solution also showed a dependence on the charac-
teristics of the carbons, with a marked regioselectivity for the
formation of catechol over quinones (as opposed to the phootoxi-
dation using titania). Similar observations have also been reported
for carbon/TiO2 photocatalysts [30,76]. It should also be pointed
out that some nanoporous carbons exhibited similar performance
in dark and under illumination [43], suggesting that the photocat-
alytic activity does not apply for all type of nanoporous carbons,
Fig. 8. Evolution of phenol concentration (top) and its main degradation intermediates (b
CVH, and TiO2 (P25, Evonik) under excess oxygen supply. Hydroquinone (circles); benzoq
resorcinol (crosses); 1,3,5-trihydroxybenzene (diamonds). Adapted from Ref. [47], copyr
but it should be somehow related to their physicochemical and/
or structural features. This would explain why most studies in
the literature had reported the non-photoactive behavior of acti-
vated carbons [30,127].

The photocatalytic activity of nanoporous carbons was also
studied for the photooxidation of some other pollutants. For
instance, Velo-Gala et al. analyzed the behavior of commercial
nanoporous carbons under UV light [126] for the photooxidation
of sodium diatrizoate (DTZ), a recalcitrant emerging pollutant
widely used in hospitals as iodinated contrast and detected in
urban wastewaters, surface waters, and ground waters [128–
132]. The carbons were used as received and after chemical mod-
ification, so as to obtain a series of carbons with similar textural
characteristics but different surface chemistry [133]. For all the
studied carbons, the DTZ removal rate due to the photodegradation
process (excluding direct photolysis and adsorption removal) was
enhanced in the presence of the carbons, ranging from 14 to 90%,
depending on the activated carbon (Fig. 7).

To determine if nanoporous carbons as photocatalysts fulfill the
requirements of long cycle-life and good degradation efficiency, we
studied the performance of several nanoporous carbons with dif-
ferent surface chemistry towards the photodegradation of phenol
and sodium diatrizoate during consecutive runs [47,126]. Fig. 8
shows the evolution of phenol photooxidation with the nanopor-
ous carbons upon six consecutive cycles, where it can be observed
that the performance of the carbons was comparable to that of
TiO2. The photocatalytic efficiency was found to depend strongly
on the basic/acidic nature of the nanoporous carbons, with a some-
what lower performance for the hydrophilic catalysts. A marked
accumulation of aromatic degradation intermediates in the solu-
tion was observed during the photocatalytic cycles using the nano-
porous carbons, with preferential formation of catechol over
quinones. For titanium oxide, the amount of aromatic intermedi-
ates detected in solution was lower, but the accumulation of short
alkyl chain organic acids was also observed, leading in both cases
to poor mineralization values upon cycling. Conversion yields
and mineralization rates were greatly enhanced in the presence
of excess of dissolved oxygen in the solution regardless the nature
ottom) after several consecutive photocatalytic cycles on nanoporous carbon CV and
uinone (down triangles); catechol (squares); 2,4,6-trihydroxybenzene (up triangles);
ight 2014, with permission from Elsevier.
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of the pollutant to be degraded. This was critical for the long-term
performance of the hydrophilic carbon (which showed a sharp fall
in conversion upon cycling under oxygen depletion conditions),
and pointed out to the formation of radical species upon illumina-
tion of the nanoporous carbons.

To understand the origin of the photochemical response of
semiconductor-free nanoporous carbons, several possible scenar-
ios were considered [43]: (1) the adsorption/desorption of the pol-
lutant and photooxidation intermediates on the porosity of the
carbon materials, causing an enhancement in the conversion due
to the effect of the pollutant concentration on the photocatalytic
reaction; (2) the occurrence of carbon/light interactions that would
provoke the degradation of the adsorbed compounds retained in
the pores of the carbon; (3) the formation of radical species upon
illumination of the carbons. The unbalance between the amount
of compounds detected in solution and that retained in the poros-
ity after the photocatalytic runs demonstrated that the differences
in conversion (rate and intermediates speciation) under dark and
irradiation conditions cannot be explained by the confinement of
the pollutant in the porosity (scenario 1) [43]. The occurrence of
the existence of carbon/light interactions that would provoke
either the degradation of the pollutant inside the porosity of the
carbons (scenario 2), and/or the formation of O-radical species in
aqueous environments (scenario 3) was explored by combining
spectroscopic and photoelectrochemical tools [43].
3.1.1. Optical band gap of nanoporous carbons
Insights on the mechanisms occurring at the nanoporous car-

bon/water interface when exposed to light were obtained investi-
gating the optoelectronic and photoelectrochemical response of
the nanoporous carbons. The optical band gap energy of the car-
bons was explored using diffuse reflectance spectroscopy over
the range 200–2000 nm (ca. 6.20–0.62 eV); samples were prepared
by mixing the nanoporous carbons with barium sulfate (ratio 1:10)
[126]. For different transition mechanisms, it has been demon-
strated that the energy of the optical band gap (Eg) depends on
the absorption coefficient of the material (a) and the photon
energy (hm), following the equation: a � hm = C(hm � Eg)n, where
n is a constant that determines the type of optical transition
(direct/indirect allowed/forbidden transitions). Since the
Kubelka–Munk theory [134] correlates the absorption coefficient
of a material with the diffuse reflectance through the F(R) function,
Eg can be determined by plotting [F(R) hm]1/n vs hm [135,136]. The
determination of Eg is controversial because of the incertitude con-
cerning the value assigned to n, and the method for calculating the
band gap. In our case, the value of Eg was obtained considering
n = 1/2 for allowed direct transitions, as suggested by various
authors [137–139]. Additionally, a double liner fit [140] was used
Fig. 9. (A) Example of the mathematical approach to evaluate the optical band gap energ
of surface oxygen on various nanoporous carbons. Adapted from Ref. [126], copyright 2
to minimize the error associated to the graphical determination
of Eg value; an example is depicted in Fig. 9A.

Values lower than 4 eV were reported for several nanoporous
carbons, which are in agreement with the photoactivity detected
under UV light for all of them. Indeed, photodegradation rate con-
stants were nicely correlated to the band gap values of the carbons,
with the highest rates obtained for the nanoporous carbons with
lowest Eg values [126]. Additionally, surface functionalization of
the carbons was found to have a strong effect on the optical band
gap of the carbons; those materials with high surface oxygen, pre-
sented lower Eg values (Fig. 9B), whereas the photocatalytic activ-
ity was found to correlate with the density of ester/anhydride
groups decorating the carbon surface, as well as the sp2/sp3 ratio.
3.1.2. Detection of O-radical species upon irradiation of nanoporous
carbons

The dependence of the photochemical activity of the nanopor-
ous carbons on the presence of dissolved oxygen suggested the for-
mation of O-radical species upon irradiation of the carbons.
Although the ability to photogenerate radicals is well-established
for inorganic semiconductors or carbon/semiconductor composites
[141], this issue was not so clear for nanoporous carbons. To
address this question, we investigated the formation of paramag-
netic species using electron spin resonance spectroscopy (ESR)
and chemical trapping agents (e.g., DMPO, DEPMPO) that are cap-
able of forming spin adducts with specific radicals, easily detected
by various techniques [44,48,49,142].

Fig. 10 shows the ESR spectra corresponding to the DMPO-
adducts obtained upon irradiation of carbon suspensions in water,
as well as those corresponding to TiO2 as benchmark semiconduc-
tor. All the samples (carbons and titania) showed a quartet peak
profile with 1:2:2:1 pattern of intensities, characteristic of
DMPO-OH adducts [143], although some other adducts with a dif-
ferent pattern, identified as HDMPO-OH, DMPO-R (carbon centered
radical) and DMPO-OOH, were also identified.

The detection of the DMPO-adducts confirmed the formation of
hydroxyl and/or superoxide radicals during the irradiation of the
carbons in aqueous medium; this demonstrated the formation
photogenerated charge carriers (electrons and holes) upon irradia-
tion of the carbons, and their stabilization through reactions with
dissolved oxygen and water adsorbed in the nanopores of the car-
bons. The stabilization of the holes through the oxidation of water
would form hydroxyl radicals, while the electrons participate in
the multi-electron reduction of molecular oxygen to produce
superoxide radicals and hydrogen peroxide, which may be further
reduced to hydroxyl radical (HO�) or water, according to the
reactions:
y (Eg) of nanoporous carbons; (B) correlation between the Eg value and the amount
013, with permission from Elsevier.
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Quantification of the abundance of the radical species showed
higher DMPO-OH concentration levels for certain carbons than
for titania [44,45,142]. As for the nature of the carbon material,
as a general rule, lower ESR signals were obtained for carbons with
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a rich surface chemistry. On the other hand, for some carbons no
radicals were detected by ESR, which seemed to be in agreement
with the lack of photoactivity observed for this material in previ-
ous works [43], and demonstrated that formation of photoinduced
radicals is not an intrinsic property of all carbon materials.

It should also be pointed out that some carbons with a rich
chemistry and showing low concentration of radical species dis-
played among the highest photocatalytic activity towards phenol
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photooxidation [43–45], higher than other carbons with larger ESR
signals. A similar finding was obtained for some titanium oxides
powders, where the lack of ESR signal was accompanied by a
non-negligible photocatalytic yield, and this has been attributed
to a direct hole transfer mechanism rather than a radical-
mediated one [144]. Thus, even though ESR spectroscopy may con-
tribute to the understanding of the photochemical response of car-
bon materials, it just provides a diagnostic indication of formation
of free radicals. Hence low ESR signals should not be considered as
an indication of low photoactivity, but rather to the predominance
of a radical-mediated or direct hole transfer degradation
mechanisms.

More recently, we have also demonstrated the formation of
hydroxyl and superoxide radicals upon irradiation of nanoporous
carbons using solar light, quantifying the concentrations of both
radical species using chemical trapping agents for various carbon
loadings and reaction times [145]. Concentrations of superoxide
anion and hydroxyl radicals were found to depend on the surface
chemistry of the activated carbons, with carbons with low band
gap values favoring the formation of the latter.
3.1.3. Photocatalysis in the confined porosity of nanoporous carbons
As mentioned above, when using porous catalysts, the photo-

catalytic degradation becomes a complex process since several
phenomena can coexist (adsorption, desorption and diffusion of
different species in solution, photolytic breakdown in solution,
photocatalyzed reactions inside the pores). To discriminate the
contribution of the carbon/light interactions from the other sec-
ondary reactions, we developed a new approach based on monitor-
ing the photodegradation reaction from a different viewpoint and
consisting on carrying out the irradiation of the carbons preloaded
with the target pollutant and analyzing the evolution of the species
both in the aqueous phase and inside the porosity of the carbon
(Fig. 11). This approach allows neglecting the effects of adsorption
kinetics and solution photolysis [47–49,142].

Fig. 11 shows the data obtained for the photooxidation of phe-
nol in various preloaded carbons, determined by solvent extraction
(no lixiviation towards the solution was detected for any of the car-
bons). The conversion of phenol inside the carbons was larger or
similar than in the photolytic reaction, with differences in the dis-
tribution and nature of the intermediates. This is most outstanding
considering that the incident photon flux arriving at the phenol
molecules adsorbed in the porosity of the carbons is much smaller
Fig. 12. Pseudo photochemical quantum yield (Ups) of a series of nanoporous
carbons: NC, pristine carbon; NC-S, carbon NC oxidized in ammonium persulfate;
NC-SH, sample NC-S treated at 400 �C under inert atmosphere; NC-deashed, NC
carbon after removal of ashes by acid digestion in HF/HCl.
than that from solution (due to the strong shielding effect of the
carbon matrix) [43,142]. For one of the studied carbons the extent
of photodegradation inside the porosity was negligible, indicating
that the photochemical response of the carbons does not only
depend on the confinement of the pollutant, but it must also be
related to the nature of the carbon, likely composition, surface
acidity/basicity, structure, etc. [43].

In an attempt to quantify the efficiency of phenol degradation in
the confinement of the porous network of the carbons, we esti-
mated an apparent or pseudo photochemical quantum yield
(Ups) [43,49]. Due to the fraction of light absorbed by the carbon
matrix, and the light scattering by the catalyst particles suspended
in solution, the evaluation of the accurate incident photon flux
(needed for the evaluation of the quantum yield) is very complex.
Thus Ups was estimated considering that all photons are absorbed
by the solution (the actual incident photon flux that reaches the
phenol molecules preadsorbed in the carbon matrix is certainly
much lower than that in the photolytic reaction and that provided
by the lamp, where neither light scattering nor catalyst absorption
occur). This approximation cannot be considered stricto sensu a
quantum yield, but would account for the minimum limit of the
actual quantum yield, allowing the comparison of the different
nanoporous carbons. The pseudo-quantum yield obtained for the
different studied carbons is shown in Fig. 12. In solution (photoly-
sis) the plot of the number of mol of degraded phenol per incident
photon flux vs the irradiation time is a straight line, yielding
U = 11 mmol/Einstein, which is in good agreement with other val-
ues reported in the literature [146–148]. More importantly, UPS

values estimated for the nanoporous carbons were higher than
the one retrieved from solution. The evolution of UPS over time
showed two different regimes: below 30 min of irradiation an
extremely high degradation yield is observed (UPS close to unity),
followed by a second linear region whereUPS is still 5 times higher
than the value obtained for the solution photolysis. These two
regimes could be related to the consumption of coentrapped water
and/or oxygen in the first stage, leading to a diffusion limited rate
in the second one [43,49].

To further comprehend the effect of nanoconfinement and its
dependence on the characteristics of the nanoporous carbons and
on the wavelength of the irradiation source, we investigated the
photochemical activity using monochromatic light on a series of
nanoporous carbons obtained from different precursors [47], and
exhibiting controlled porous features [142] and surface chemistry
[45,48], choosing phenol phootoxidation as model compound.

Fig. 13 shows the wavelength dependence of the photodegrada-
tion of phenol inside the porosity of various carbon materials from
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different origins using monochromatic light. With the exception of
one carbon, all the samples showed photochemical activity in the
visible range (ca. above 432 nm). The performance followed a U-
shaped pattern with the wavelength, with a minimum of conver-
sion between 400 and 450 nm. This trend was obtained for various
carbon materials and using different lamp set-ups [46], thus allow-
ing to discard any effects from the incident photon flux. Neverthe-
less, the most outstanding conclusions inferred from this study
were the demonstration of the photochemical activity of nanopor-
ous carbons under visible light, and the fact that the onset of phe-
nol photooxidation reaction shifted to wavelengths as high as
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a series of S-functionalized nanoporous carbons with different average pore size and (bot
the conversion in the S-functionalized and its corresponding as-received carbon. Reprin
432 nm for the carbon materials, which corresponds to over
100 nm redshift compared to the non catalyzed reaction.

The correlation of the yield of the photochemical reaction at
various wavelengths to the carbon’s average nanopore size also
revealed interesting features (Fig. 14) [142]. A U-shaped pattern
with the wavelength was observed again, with the minimum fea-
turing at about 400 nm. As a general trend, the photochemical con-
version of phenol gradually decreased with the enlargement of the
average micropore size, being the effect less remarkable at high
wavelengths. Data also showed that there is a threshold pore size
for an optimum exploitation of the light, which is connected with
the dimensions of the target molecule retained in the porosity and
the strength of the interactions between the pollutant and the
nanopore walls. At 269 nm the light conversion for phenol oxida-
tion was enhanced for pores below 0.7 nm, whereas the photo-
chemical response was drastically reduced when the pores were
widened by 0.1 nm. Similar patterns were obtained for higher
wavelengths, although the drop in the conversion was pronounced.
This trend is attributed to the tight confinement of phenol mole-
cules in the narrow microporosity of the carbon, maximizing
host-guest interactions [117,118]. When the pore aperture was
enlarged, the interactions between the adsorbed phenol molecules
and the pore walls became weaker [149], thus decreasing the prob-
ability of the fast charge transfer of the photogenerated carriers. In
this situation, other electron donors and/or holes scavengers pre-
sent in the medium (i.e., oxygen, water molecules) compete with
adsorbed phenol molecules, resulting in lower conversions.

To establish a relationship between the chemical functionaliza-
tion of nanoporous carbons with their photochemical response,
several carbons were chemically modified to introduce O-, N-
and S-containing groups [46,48,49]. As seen in Fig. 15, the func-
tionalization with N- and O-groups brought about small changes
ux upon illumination at different wavelengths using monochromatic light provided
Normalized phenol conversion per incident photon flux at different wavelengths for
tom) effect of sulfur on the conversion of phenol, defined as the difference between
ted from Ref. [142].
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in the overall photooxidation yields, with phenol conversions fol-
lowing the trend: pristine � N-doped > O-doped carbon. As the
chemical modifications did not modify the textural parameters of
the carbons, this behavior was exclusively associated to the differ-
ences in surface chemistry. Interestingly, the oxidation of the
nanoporous carbons decreased the photochemical conversion of
phenol in the confined nanopore space [49], which contrasts with
other studies from the literature reporting an increased perfor-
mance towards the oxidation of other pollutants after the incorpo-
ration of O-groups in the carbon matrix [41]. This apparently
contradiction is explained by the impact of the oxidation treatment
on the interactions between the carbon material and the target
pollutant, which govern the conversion inside the porosity (ca. oxi-
dation of the carbon results in lower phenol affinity).

The most interesting finding of this study was the wavelength
dependence of the photochemical response after the chemical
modification [46,142]. Whereas the oxidized carbons showed a
similar trend than the pristine material, N-functionalization
(mainly in the form of quaternary nitrogen and pyridine-type
groups) provoked a redshift in the light absorption features (seen
in the increased conversion at 432 and 545 nm). These differences
are explained in terms of the changes in the pelectron density of
the graphene sheets of the carbon matrix upon functionalization.
For O-groups, the fall in phenol photooxidative conversion can be
attributed to the electron withdrawal effect of the functionaliza-
tion on the carbon, which would affect the stabilization of the pho-
togenerated carriers by delocalization within the carbon basal
planes. On the contrary, nitrogen moieties are known to increase
the polarity and the electron transfer properties of carbon due to
electron-donating character of the lone pair of electrons of the
nitrogen atoms [150] and favoring interlayer bonding. Further-
more, N-functionalization is expected to modify the density of
electronic states of the carbon material, likely by introducing inter-
mediate states of higher energy between the conduction and
valence band [151,152]. Such intermediates states would act as
stepping stones facilitating the absorption of low energy photons,
accounting for the photochemical activity at wavelengths corre-
sponding to the visible light, as opposed to the pristine carbon.

For the incorporation of S-groups (Fig. 15), the general trend
showed an improved photoactivity with the sulfur content at all
the wavelengths, particularly at 269 and 500 nm, demonstrating
the enhanced exploitation of light in the UV and visible ranges
[48,126]. A positive effect of S-functionalization has been also
reported for the photoelectrochemical splitting of water using
nanoporous carbons and polychromatic light [50]. The photochem-
ical response of the carbons was strongly influenced by the chem-
ical environment of the S-groups, with oxidized forms of sulfur
being more photoactive than thiols and/or sulfides. Several scenar-
ios have been discussed to account for the improved photochemi-
cal activity of the S-functionalized carbons. First, the incorporation
of sulfur provoked a narrowing of the average pore size, thereby
boosting the separation of the photogenerated charge carriers by
increasing the probability of the reaction with the adsorbed phenol
molecules (trapped in the pores) [49]. The fast charge transfer is
favored in S-functionalized carbons, as the presence of heteroa-
toms is known to lower the energy difference between the elec-
tronic levels of the carbons [150,153]. Second, the stabilization of
the holes through the oxidation of water coadsorbed in the pores
is also expected. This was corroborated by ESR using a nitrone as
trapping chemical. Additionally, based on the role of the N-, S-
and O-containing groups, we proposed some other transitions
involving the activation of chromophoric groups on the carbon sur-
face under visible light [47,49,50].

Summarizing, the light absorption features of amorphous car-
bons have been reported to depend on the Density Of electronic
States, DOS, which energy spread of states depends upon the sp2/
sp3 hybridization ratio of the carbon atoms, and the electronic
transitions involving the sp2 carbon clusters [154–156] and/or
the activation of chromophoric groups on the carbon surface
[50,157]. The size and ordering of the sp2 clusters, their population
in the carbon matrix and the creation of distortions of p⁄ states
have been suggested to have a strong effect in the optical charac-
teristics of the carbons. Upon irradiation of the carbons, excitons
(holes or electrons) are formed and if their recombination is
delayed they can participate in charge transfer reactions with elec-
tron donors (Fig. 16). Regarding the nature of the excitons, in the
UV range, medium to low range ones Frenkel-like created in the
p-p⁄ and r-p electronic transitions involving zig-zag, carbine-
like sites and other intermediate states [151,154,155] are expected
to be dominant in carbons nanoporous of low functionalization
(with dielectric constants lower than those of n-type semiconduc-
tors and higher than those carbon blacks, graphene or fullerenes)
[158,159]. In functionalized carbons, charge-transfer excitons
formed by localized states involving O-, S- and C-atoms may also
be formed. Additionally, N-, S- and O-containing groups can act
as chromophores, photogenerating excitons that also participate
in the observed photochemical reactions [160,161]. The photogen-
erated electrons are delocalized through the sp2 carbon domains,
allowing the participation of the holes and electrons in some other
electronic transitions with acceptors present in the medium. (i.e.,
water, oxygen, surface groups, pollutants). Furthermore, the elec-
tron transfer is facilitated in functionalized carbons, as the energy
difference between the electronic levels is lower than that in pure
carbon units [150].

3.2. Photooxidation of water

The catalytic water splitting to produce hydrogen and oxygen is
a key process for solar fuel production systems towards a sustain-
able utilization of electricity generated from renewable energy
resources. From the large scale application point of view, water
breakdown by electro- and/or photoassisted methods has been
hampered by the low overall efficiency of the reaction - mainly
due to the sluggish kinetics of oxygen evolution and the large over-
potentials needed- and the scarcity and high cost of the precious
metals used as catalysts (RuO2 and IrO2, and Pt/C are currently
the most efficient catalysts towards the oxygen evolution and
reduction reactions, OER and ORR, respectively) [162–167].
Research on the use of more abundant materials that can server
as efficient catalysts in such systems has received much attention
[168–173]. Although it has been known for some time and inten-
sively investigated, that graphene (either itself or coupled with
other active materials) is able to catalyze the water splitting reac-
tion (mainly ORR) in alkaline media, research on the use of nano-
porous carbons for this reaction has not received much attention
[50,157].

Following our results on the photochemical activity of nanopor-
ous carbons towards the oxidation of pollutants and their ability to
generate radical species in water, we decided to explore their use
as photoanodes in the photoelectrochemical water-splitting
[49,50,174]. Compared to other studies on metal-free carbon pho-
toanodes [175–178], we used low cost nanoporous carbon anodes
obtained from an organic polymer precursor – i.e., poly(4-
ammonium styrene-sulfonic acid) and coal (physical activation).
The materials were selected based on their textural features and
rich surface chemistry (via O-, S- and N-functionalization) that
was also tuned by wet oxidation in mild conditions so as to control
the density and nature of the O-moieties decorating the edges of
the graphene layers, the specific textural and structural features
and the self-photochemical activity recorded in solution.

For the carbons synthesized from the organic polymer precur-
sor (samples CONS and CONS-I in Fig. 17), a remarkable photocur-



Fig. 16. Schematic representation of the mechanism proposed for the exciton formation and fate upon irradiation of nanoporous carbons.
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rent was generated at an overpotential of 0.8 V vs Ag/AgCl, clearly
lower than the value recorded for the naked current collector [50].
In an aqueous electrolyte in which water molecules are the only
hole scavengers, the anodic photocurrent corresponds to water
oxidation (this was also corroborated by measuring the O2 concen-
tration in the electrolyte, Fig. 17), whereas the photogenerated
electrons migrate to the substrate through the electrode film. The
photocurrent response was stable and reproducible after several
illumination cycles and upon several hours of illumination. The
photocurrents were remarkably higher than that recorded for a
commercial wood-based carbon used for comparison, with current
densities up to 0.45 mA/cm2 for the highest potentials. Even if the
reported photocurrent might not be among the highest reported
for other water splitting photocatalysts, they were most outstand-
ing for metal-free nanoporous carbon photoanodes. The surface
functionalization of the carbon seemed to be an important factor
for the performance of the material. Indeed, the faradaic efficiency
at short illumination periods was quite small (although increased
upon irradiation reaching values close to 90%), indicating that the
charge is also consumed in side reactions in the first stages.

The characterization of the photoanodes after illumination cor-
roborated the photo- and electrocorrosion of the anodes due to the
occurrence of redox reactions involving the O-, N-, and S-surface
groups of the carbon matrix [50,179]; this gives rise to the con-
sumption of the (photo)active sites of the nanoporous carbons
and to charge transfer limitations in the photoanodes. The ability
of the carbons to oxidize water was linked to the presence of con-
ductive graphene units and ‘‘photosensitizers” in these carbons
[50]. Light exposure causes the photogeneration of charge carriers
on the chromophore-like moieties (ca. sulfone/sulfoxides and some
other O- and N-containing groups) whose electrons are excited by
irradiation leaving reactive vacancies (holes) able to accept elec-
trons from oxygen in water molecules (in a similar way reported
for the visible-light activity of some organic compounds)
[160,180]. The conductivity of the carbon matrix and the presence
of a well developed porosity are also essential, the latter making
the difference between these carbon anodes and graphene or car-
bon nanotubes. The first one facilitates the electron transfer, while
the porosity favors the adsorption of water molecules (ca. 18 wt.%
for the most performing carbon) in the pores close to the chro-
mophores, thereby enhancing the electron transfer from oxygen
to the vacancy.

To further investigate the role of the heteroatoms of the carbon
material, and due to the complex surface chemistry of the anodes
synthesized from the organic polymer precursor, a series of anodes
were prepared from a commodity activated carbon of low func-
tionalization that was chemically modified by wet oxidation and
thermal treatment to obtain anodes with different O-moieties
[49,174] (Fig. 17).

The photocurrent transients showed the characteristic rectan-
gular shape with the onset potential at about 0.6 V vs Ag/AgCl
and currents as high as 0.5 mA/cm2 for 1 V where the OER was
more efficient (extensive bubbling was seen on the electrode sur-
face, not observed in the dark or during the irradiation of the bare
collector at the same bias potential). In some electrodes the initial
anodic increase upon illumination was preceded by a cathodic cur-
rent (undershoot), followed by steady-state regime and an equally
large anodic overshoot when the illumination was turned-off. Ano-
dic and cathodic current shoots are frequently reported for semi-
conductors and are attributed to surface recombination
processes, photocorrosion phenomena, charge transfer limitations
or simultaneous redox reactions occurring at the electrode inter-
face (such as the reduction of O2 and/or hydroxyl radicals)
[121,181]. In our case, the shoots are most likely due to recombina-
tion losses upon surface accumulation of holes and electrons at the
surface and in the bulk [121], indicating carrier transport limita-
tions and a poorly efficient reaction [122,182]. This was consistent
with the low electron mobility of the nanoporous carbons (DC con-
ductivity ranging from 0.5 to 0.02 mS cm�1).

Interestingly, the photocurrent densities of the oxidized carbon
electrodes were lower than those of the pristine carbon [49,174].
This contrasts with the performance of the polymer-derived car-
bons, and indicates that the ability of those anodes was preferen-
tially linked to the presence of S- and N-containing groups,



Fig. 17. (top) Photocurrent vs bias potential of nanoporous carbons photoanodes
exposed to simulated solar light; (middle) chronoamperometric response of carbon
NC photoanode upon on/off illumination at +1 V vs Ag/AgCl, showing the square
shaped profile and the cathodic/anodic shoots; (down) Oxygen evolution during the
chronoamperometric runs of sample CONS-I. Reprinted from Ref. [50], copyright
2014, with permission from Elsevier.
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rather than to the O-functionalities [50]. More importantly, the fact
that the as-received carbon showed the highest photocurrent,
despite its low surface functionalization (ca. 1.9 wt.% oxygen, with
no S- or N-containing groups), gives a new perspective to the origin
of the photochemical activity of nanoporous carbons and on the
role of the surface chemistry. Firstly, the porosity of this series of
photoanodes was quite similar among them and much more devel-
oped than those of the polymer-derived carbon referred above
(with larger pore volumes adapted for the adsorption of water).
Besides porosity, the surface hydrophobicity of the carbons is also
important as it determines the wettability (rate and amount of
water adsorbed). The oxidized carbons clearly adsorb more water
that the pristine one (values of 25, 23, 20 wt.% starting for the oxi-
dized carbon to the as-received one), although all of them pre-
sented water adsorption capacities higher than that of the above-
mentioned polymer-derived carbon (ca. 18 wt.%). Additionally, oxi-
dation of the carbons affects the stabilization/splitting of the exci-
ton by charge propagation through the carbon matrix (O-groups
have a high electron-withdrawing effect on the p electron density
of the basal planes), which results in higher surface recombination
(i.e., lower photocurrents). The superior electron mobility in the
pristine carbon compared to the oxidized counterparts was con-
firmed by the DC conductivity values. Our previous studies also
disregarded the contribution of metal impurities to the photoactiv-
ity of this nanoporous carbon [45].
In sum, the photoactivity of the nanoporous carbon with low
functionalization for water splitting is certainly not linked to the
presence of chromophoric surface groups. Beyond surface wetting
and conductivity, the carbon must have photoactive sites inside
the pores at which carbon/light/water interactions can take place.
Such photorreactive sites would be located at the edges of the
basal planes, either associated with surface functionalities or to
free edges sites linked to various configurations (carbyne-like
and carbene-type) [155,183,184]. The free sites are also responsi-
ble for the reactivity of carbons to incorporate heteroatoms to give
rise to stable surface functionalities. Hence, the reduced photoac-
tivity of the oxidized carbons would be linked to a lower density
of free reactive sites (where the O-groups are incorporated).

3.3. Photorreduction reactions

Most research on the photochemistry of nanoporous carbons
has focused so far on exploring the potentialities of these materials
to promote oxidation reactions upon illumination, based on their
capacity to generate radicals when exposed to light in the presence
of water and to catalyze the splitting of water [45–50,157,185]. On
the other hand, the ability of functionalized graphene materials as
electrocatalysts in the ORR [50,186–190] has also been extensively
investigated; the ability of the graphene-like materials to boost
reduction reactions has been explained due to the changes in the
charge distribution in the carbon atoms close to N- and S-groups
[191–193]. Following this idea, we have analyzed the capacity of
nanoporous carbons to catalyze reduction reactions, either direct
photoreductions by the electrons ejected from the carbon matrix
exposed to light, or indirect reactions involving other reactive
and/or intermediate species.

We have observed that the carbon surface functionalization
seems to be a key factor to promote such reductions reactions
[50,174], as in many cases the absorption of photons by the carbon
matrix can cause modifications in the carbon’s surface (Fig. 18). For
highly functionalized nanoporous carbons (N- and S-
functionalized) that displayed photochemical activity to catalyze
the splitting of water, it was found that the photogenerated elec-
trons reduced the surface moieties of the carbon. Several comple-
mentary techniques (including XPS for surface characterization,
changes in the electrochemical response of the carbon electrodes
and the hydrophobicity of the carbon electrode) confirmed the
reduction of surface groups (i.e., quaternary nitrogen to pyridinic
configurations, carboxylic acid groups, sulfonic acids, and sulfones)
upon illumination under UV and visible light [50,194]. The strong
surface reducing effect upon light exposure was linked to the affin-
ity of the carbons to adsorb water, as essential mechanism in the
efficient electron transfer from water to the vacancies of the chro-
mophore groups of the carbons. This in an important finding as it
explains why the photoactivity of certain nanoporous carbons
can be largely reduced after long illumination periods, thereby
decreasing the efficiency of the material as photo- or electrocata-
lyst [50,174].

Besides being used for the reduction of some groups in the car-
bon’s surface, the photogenerated electrons may also contribute to
some other reduction reactions. Some evidences have been found
for the reduction of oxygen and methylviologen. The activity of
S-, N-functionalized nanoporous carbons to promote the photoas-
sisted ORR was suspected based on the light-driven enhanced
capacitive behavior of carbon electrodes exposed to visible light
in acidic (sulfuric) medium [195]. The increased capacitance upon
illumination of the electrodes was linked to the oxidation of the
carbon surface by photogenerated active radicals, which would
make more pores accessible to the charge storage. The effect was
not observed in neutral electrolyte, or when oxygen was not pre-
sent in the system.



Fig. 18. Surface concentration (at.%) of carbon, oxygen, sulfur and nitrogen species obtained by fitting the C 1s, O 1s, S 2p and N 1s core level peaks of XPS spectra. Reprinted
from Ref. [50], copyright 2014, with permission from Elsevier.
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On the other hand, we have recently observed the photocat-
alytic reduction of cationic methylviologen (MV2+) upon irradia-
tion of nanoporous carbons of low functionalization using pulses
of a laser flash in the absence of oxygen [196]. Methylviologen
molecules act as acceptors of the photogenerated electrons formed
in the nanoporous carbon, favoring the interfacial charge transfer
and hence the exploitation of the exciton in photocatalytic process.
Furthermore, the use of flash photolysis allowed to measure the
transient species when an aqueous suspension of nanoporous car-
bon is irradiated by a laser flash, pointing out the formation of
excited species when light interacts with these carbon materials,
despite their low functionalization. The identification of these spe-
cies still remains under investigation.

3.4. Photoluminescent properties of nanoporous carbons

Another field that has growth in recent times is the exploration
of the photoluminescent properties of carbon materials, due to
their exciting applications in emerging scientific and technological
disciplines such as bioimaging, biosensing, photonics, energy stor-
age and conversion, drug delivery, and optoelectronics. Many
efforts have been devoted to the exploration of carbon nanotubes,
graphene-like materials, and particularly carbon dots, as they can
be easily prepared by a various approaches and precursors, which
allows a precise band gap control that defines their optoelectronic
properties for emerging quantum technologies [185,197–200]. The
interest for nanoporous carbon materials (beyond carbon
nanotubes) has not been so successful [185], despite the fact the
mechanisms postulated for understanding the origin of the
photoactivity of nanoporous carbons (see above sections) are quite
similar to those proposed for the photoluminescence of non-
porous carbons (e.g., the presence of sp2 clusters capable of the
localization of electron-hole pair followed by their radiative
recombination in nearby localized electronic states [197,198], the
existence of fluorophores and chromophores on the surface of
the carbons, specific electron transition between functionalized
carbon atom regions, and crosslink-enhanced emission effects)
[199].

Some works have explored the use of carbon materials with cer-
tain porosity such as nanotubes, nanofibers and nanocoils [200] as
well as nanostructured amorphous carbon films [201,202], show-
ing varied photoluminescence features (i.e., absorption and emis-
sion peaks at different wavelengths including the visible range),
that have mainly been linked to the electronic features of the
materials and their dispersion/aggregation state.

More recently, Bandosz et al. reported the photoluminescence
of nanoporous carbons rich in photosensitizes (N-, S- and O-
heteroatoms) in water and n-propanol [203]. A photoluminescence
signal was observed despite the strong light absorbing nature of
these carbons, and was linked to the complex surface chemistry
(sulfones, sulfoxides, sulfonic acids and N-groups acting as chro-
mophores) and high electrical conductivity of those carbons, the
latter provided by the presence of conductive graphene domains.
What is importantly demonstrated in this work is that the
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nanoporosity of the carbons is also critical; in this regard, photolu-
minescence assays carried out in various solvents (to block the
porosity of the carbons via adsorption) demonstrated that when
the pores are filled with a solvent, there is a marked decrease in
the luminescence signal in water [203].
4. Conclusions

The use of nanoporous carbons in photochemical reactions-
covering their role as additives to semiconductors and as photocat-
alysts themselves-, has become an interesting topic that has
opened new opportunities for these materials in various disciplines
related to light harvesting and applied photochemistry in nanocon-
fined systems. In their role of additives to semiconductors, inten-
sive research has been carried out coupling different forms of
nanoporous carbons to TiO2 as well as to other semiconductors,
in an attempt to overcome the major technological limitation of
these materials related to their low photonic efficiency under sun-
light. While many studies have reported the superior performance
of semiconductor/nanoporous carbon composites under solar irra-
diation, particularly by the use of new semiconductors based on
mixed metal oxides (e.g., bismuth and tungsten-derived) with
improved absorption features in the visible range, our studies have
demonstrated the key role of the choice of the carbon additive, and
the route for the synthesis of the semiconductor/carbon photocat-
alysts. Besides the light harvesting features of the photocatalyst, it
becomes crucial to optimize the interfacial interactions between
the target molecule and the catalyst’s surface so as to attain a per-
fect semiconductor/carbon/molecule coupling. Hence, a nanopor-
ous carbon additive performing nicely for a given semiconductor,
may not give optimum results when used as additive to a different
semiconductor and/or in a different reaction where the interac-
tions between the catalysts surface and the target molecule may
not be favorable.

On the other hand, despite the singular and promising optical
features of graphene and carbon nanotubes have been known for
some time and intensively investigated, research on exploring
the photochemical properties of nanoporous carbons has not
received much attention (despite the close similarities between
the structural and chemical features of nanoporous carbons and
those of graphene). Indeed, while a few studies have reported evi-
dences on the photoactivity of carbon nanotubes and graphene-
based nanocomposites under varied illumination conditions
(including sunlight) [123–125], knowledge on nanoporous car-
bon/semiconductor photochemistry has been traditionally associ-
ated to the role of carbons as non-photoactive porous supports
[30,67]. In 2010 we provided the proof of the concept for the pho-
tochemical activity of semiconductor-free nanoporous carbons
under UV–visible irradiation through their ability to promote the
photooxidation of aromatic pollutants in solution, as well as to
photogenerate reactive radical species when irradiated in aqueous
environments [42–45]. Aiming at understanding this behavior and
the mechanisms governing the photochemical activity of nanopor-
ous carbons, we continued this research line exploring the possibil-
ities in various fields of application, covering the photooxidation of
pollutants of different chemical structure in water [42,43,126], as
well as the use of nanoporous carbon photoanodes in the water
photooxidation reaction, and in photorreduction reactions. For this
purpose, we designed a novel approach consisting on irradiating
the materials preloaded with the target molecule adsorbed inside
the porosity of the catalyst. This allowed the evaluation of the pho-
tochemical quantum yield of the reactions in the confined pore
voids of the carbons, while avoiding secondary parasitic processes
(adsorption, photolysis) that occur simultaneously on nanoporous
materials, and that make difficult the accurate determination of
the quantum efficiency and turnover using nanoporous catalysts.

The dual nature of nanoporous carbons with ad-hoc designed
pore architectures acting as nanoreactors (confinement) and pho-
toactivity that may be modulated by modifying the chemical com-
position of the carbon, offers new perspectives in the fields of light
conversion. Conceptually, the potentialities of the photochemical
activity of nanoporous carbons have been demonstrated for vari-
ous reactions mainly in aqueous environments, with carbons
showing ability to photogenerate oxygen-based radical species
when exposed to UV or sunlight. Limitations, however, relate to
their low photochemical quantum yields (yet to be improved by
mastering the synthesis of these materials), and limited stability
under long illumination periods due to surface photocorrosion.
Particularly much progress has been made in the photocatalytic
degradation of pollutants using semiconductor/carbon and nano-
porous carbons as catalysts, where the possibilities of the photo-
chemical properties of nanoporous carbons coupled to highly
skilled adsorption technologies could settle the basis for a short-
term implementation of carbon-based advanced oxidation pro-
cesses for water treatment and air purification.

On the other hand, some progress is yet to be done towards the
understanding of the fundamentals of the photochemical and pho-
tophysical properties of nanoporous carbons and the light/carbon/-
molecule interactions at a nanoscale level, as the key for
integrating photochemical reactions based on semiconductor-free
nanoporous carbons in a wide panel of technological processes.
In this regard, porosity is a critical parameter since it controls
the kinetics of the photoassisted reaction (thus, the overall effi-
ciency); the tight nanoconfinement inside the pores is also impor-
tant since the proximity between the photogenerated charge
carriers and the adsorbed molecule in the constrained nanopore
space facilitates the exciton splitting and charge separation, mini-
mizing surface recombination. Matching of the molecular dimen-
sions of the target compound confined in the carbon porous
network has also been reported to boost the exploitation of light
towards the visible spectrum, with about 100 nm red-shift.

Surface functionalization of the nanoporous carbon is also
important, as it might affect the electron-acceptor capacity of the
carbon matrix (thus delocalization of the exciton); some surface
groups (chromophoric moieties) might become excited upon light
absorption, enhancing the photochemical quantum yield of nano-
porous carbons as multiphase systems.

The dependence of the photochemical activity of nanoporous
carbons on the pore confinement and surface chemistry herein
described is expected to be valuable in general for targeting other
applications in the fields of solar energy conversion (e.g. water
splitting, carbon photofixation reactions, photovoltaic devices).
The challenge on the use of sustainable metal-free carbon photo-
catalysts with enhanced response under solar light is yet to design
carbons with optimized tailor-made features at different levels:
multimodal pore control at the nanometric level, surface function-
alization with chromophoric photoactive groups with enhanced
response under solar irradiation, and high electron mobility.
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