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Abstract 

Evidences on the photochemical activity of semiconductor and metal-free nanoporous carbons 

upon irradiation in aqueous environments have opened new opportunities for these materials 

in photocatalysis, beyond their conventional use as inert supports of semiconductors. The aim 

of this chapter is to review the recent progress on the photocatalytic performance of 

nanoporous carbons under different illumination conditions, discussing the photochemical 

quantum yield of carbons of varied nature and physicochemical features towards the 

photodegradation of pollutants in water. The tight confinement inside the nanopores is 

important to minimize surface recombination and to increase the lifetime of the excitons 

photogenerated upon irradiation of the nanoporous carbons. Furthermore, matching of the 

molecular dimensions of the compound confined in the porosity of the carbon boosts the light 

conversion towards the visible spectrum. The composition of the nanoporous carbon is also 

essential for the stabilization of the charge carriers, and to promote additional transfer 

reactions involving chromophoric surface moieties decorating the carbon matrix that are 

capable of generating vacancies upon irradiation under sunlight. Some progress is yet to be 

done towards the understanding of the fundamentals of the light/carbon/molecule interactions 

to design photoactive nanoporous carbons with optimized features for an enhanced 

photocatalytic response under solar light.  
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1. Introduction 

After the first works in 1960’s and 70`s reporting the photocatalytic activity of ZnO and TiO2 

electrodes [1,2], semiconductor-based photocatalysis has become a topic at the forefront of 

technology in various disciplines [3-9]. Particularly in the fields of solar light conversion for 

environmental remediation (i.e., wastewater treatment, self-cleaning surfaces, air purification 

purposes), as well as in the production of energy either via the photovoltaic effect or by the 

photogeneration of energetic vectors (mainly H2 and O2 from the photochemical water 

splitting, and fuels from the photorreduction of CO2).  

Heterogeneous photocatalysis has been mainly associated to the use of wide band gap n-

type semiconductors as photoactive materials -such as titanium oxide- [5,6]. The mechanism 

of light absorption in these materials is based on the interband electron transitions that occur 

when photons of adequate energy are adsorbed by the photocatalyst. This photogenerates 

surface charge carriers (electron/hole pairs) whose fate will determine the efficiency of the 

photocatalytic reaction (recombination emitting light or dissipating energy as heat, surface 

migration and reaction with electron donor or acceptors). For environmental applications in 

aqueous environments, the efficiency is also often measured as the rate of generation of 

oxygen-reactive radical species (mainly HO• and O2
−
•) that undergo further decomposition 

reactions, enhancing the efficiency of the overall photocatalytic process.  

A major drawback of most semiconductors is that much of sunlight is wasted due to their poor 

photonic efficiency. As an example, the sunlight exploitation of the benchmark material, TiO2, 

is lower than ca. 4 % [10,11]. On the other hand, semiconductors with visible light activity 

typically suffer from severe photocorrosion phenomena, being instable upon long illumination 

periods [12,13]. Other important challenges of most semiconductors towards the large scale 

implementation of heterogeneous photocatalysis in environmental remediation, are associated 

to the high surface recombination rates of the photogenerated electron-hole pairs, and the 

separation (filtration), recovery and reutilization of the fine semiconductors powders 

[5,6,14,15].  

Numerous efforts have been made in the last decades for overcoming these limitations, most 

of them based on the development of novel photoactive materials with improved visible light 

harvesting features [4,16,17], the incorporation of dopants to modify the electronic band 

structure of semiconductors and reduce surface recombination [18-22], surface sensitization 

with dyes [23,24], nanosizing the photocatalysts for an efficient charge separation, and the 

synthesis of porous semiconductors and/or immobilization on inert porous substrates, among 
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most representative [25,26]. In this regard, extensive work has been carried out to couple 

semiconductors with a variety of carbon materials of different forms and morphologies and 

prepared by many different pathways, for enhancing the spectral response of the 

semiconductor/carbon composites in the UV-visible light range [27-39].  

Overall, it is accepted that the role of a carbon material as additive to a semiconductor 

differs greatly depending on the structural features of the carbon itself. For instance, for 

carbons with high electron mobility, such as carbon nanotubes and graphene, the enhanced 

photocatalytic performance of semiconductor/carbon composites has been mainly attributed to 

the strong interfacial electronic effects between the carbon material and the semiconductor. 

This favors the separation of the photogenerated carriers via the delocalization in the  

electron density of the carbon matrix, which will be acting as an efficient photosensitizer 

[28,32]. In 2009, Luo et al. reported the first evidence on the self-photoactivity of carbon 

nanotubes under visible light, attributed to the presence of structural defects and vacancies 

[40]. Later, due to the unique optical features of graphene, many works have focused on the 

photoactivity of graphene itself and graphene-based nanocomposites [32,34,38,39,41]. 

However, the beneficial effect of the use of graphene for photocatalytic purposes is still quite 

controversial, and has been recently argued that its role in TiO2/graphene composites on 

enhancing the photocatalytic activity of TiO2 is in essence the same as that of any other 

carbon material [39].  

Interestingly, despite the structural and chemical similarities between amorphous carbons 

and graphene, there has been a dearth in exploring the self-photochemical activity of these 

forms of carbon. In the particular case of nanoporous carbons, most studied in the literature 

have traditionally based on the use of activated carbons of high porous features as inert 

supports to semiconductors [27,36,42,43]. Indeed, up to 2010 the enhanced photoactivity of 

semiconductor/activated carbon composites has been explained the enhanced mass transfer of 

the pollutant from the bulk solution due to the porosity of the carbon (the carbon material was 

considered a non-photoactive support) [36,42,43], coupled with the enhanced photoactivity of 

the immobilized semiconductor due to the stabilization of the exciton in the graphene sheets 

of the carbon [27-39].  

In 2010, our research group provided the proof of the concept of the photocatalytic 

activity of semiconductor and metal-free nanoporous carbons under UV-Vis irradiation [44], 

as well as the first experimental evidence on their ability to generate reactive radical species 

when exposed to light in aqueous environments [45,46]. This study opened up new 
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perspectives on the use of nanoporous carbons as in heterogeneous photocatalysis for the 

degradation of pollutants, and the topic has become a largely investigated one. Aiming to 

unravel the origin of the self-photoactivity of nanoporous carbons, we have investigated the 

application of nanoporous carbons in several photocatalytic reactions under varied irradiation 

conditions. These studies have thrown some light on the nature of the carbon/light interactions 

and their correlation with the performance of the nanoporous carbons as photocatalysts 

towards different photoassisted reactions, as well as the dependence on the properties of the 

nanoporous carbon (i.e., surface chemistry, average nanopore size) and the characteristics of 

the irradiation source [44-54].  

The aim of this chapter is to provide an overview on the possibilities of exploiting the 

interactions of nanoporous carbons and different sources of irradiation (UV, simulated solar 

light) in different fields of research, covering the progress in the photocatalytic degradation of 

pollutants using metal-free nanoporous carbons as photocatalysts for environmental 

remediation (where the photocatalytic activity of the nanoporous carbon adsorbent can be 

used with a dual purpose of simultaneously promoting the degradation of the pollutant and 

regenerating the exhausted carbon bed), as well as new perspectives on the use of nanoporous 

carbons in photochemical applications.  

 

2. Semiconductor-free nanoporous carbons as photocatalysts 

Our studies in 2010 reported the anomalous photochemical activity of a semiconductor-

free nanoporous carbon, showing a significant level of self-photocatalytic activity under UV-

visible irradiation [44-46]. The study showed an improvement in the photooxidation of phenol 

in aqueous solution using the nanoporous carbon alone as photocatalyst, outperforming the 

photolytic breakdown and bare or immobilized titania. 

Aiming at understanding this behavior and to discriminate whether if the observed self-

photochemical activity was a singular characteristic of that particular activated carbon [44,47] 

or rather an intrinsic property of carbon materials beyond the so-called synergistic effect of 

the porosity widely reported in the literature [28,29], further photodegradation studies have 

been extended to other nanoporous carbons. 

A screening of various nanoporous carbons obtained from different precursors (i.e. coal, 

plastic waste, lignocellulosic residues, polymers) and showing varied chemical and textural 

features was considered (Table 1) towards the photodegradation of phenol in solution (as 

model molecule). The performance of a selection of nanoporous carbons under dark 
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conditions and upon irradiation is shown in Figure 1, along with data corresponding to direct 

phenol photolysis for comparison. 

It is important to point out that in the presence of nanoporous catalysts, the photocatalytic 

degradation becomes a complex phenomenon since several processes may coexist. Indeed, 

when photons of high energy are used, the concentration of the target pollutant in solution is 

expected to decrease due to: i) the photolytic breakdown of the compound upon direct 

interaction with the irradiation (a reaction dependent on the pollutant concentration in 

solution); and ii) the adsorption on the porosity of the catalyst (the adsorbed fraction increases 

with time, thereby modifying the solution concentration of the pollutant), a non-degradative 

process that strongly depends on both the porous features of the carbon and the affinity of the 

pollutant towards the carbon adsorbent. Finally, it should also be considered that the kinetics 

and yield of the photolytic reaction depend on the solution concentration of the pollutant, 

which is varying on the course of the photocatalytic tests based on the adsorption kinetics. As 

a result, the solution gradually turns into a complex multicomponent matrix due to the 

appearance of the degradation derivatives. These may undergo further photodegradation 

reactions and/or be adsorbed in the porosity of the carbons, making the scenario a complex 

one. Hence, to differentiate between the adsorptive and the photooxidative processes (where 

both adsorption and degradation occur simultaneously), photocatalytic experiments using the 

nanoporous carbons as catalysts need to be compared to those under dark conditions.  

As seen in Figure 1, the photolytic breakdown of phenol can be quite high, ca. 78 % for a 

solution of 100 ppm of phenol irradiated for 6 hours using a 125 W Hg lamp [47]. However, 

the degradation efficiency in terms of total carbon content under these experimental 

conditions is below 3 %. This is due to the fact that phenol intermediates are not further 

photooxidized in the absence of a catalyst. On the other hand, the removal of phenol in dark 

conditions is due to adsorption on the carbons’ porosity (degradation in the dark was not 

observed in the time scale of the catalytic tests, 6 hours). As expected, the amount adsorbed at 

dark conditions was controlled by the physicochemical characteristics of the carbons, with the 

largest uptakes for the carbons with higher surface area and micropore volumes and 

hydrophobic character (Table 1). On the contrary, a low uptake was obtained for carbons of 

acidic nature, regardless the porous features [47].  

For most of the studied carbons the overall rate of phenol disappearance increased 

remarkably under UV-Vis irradiation compared to dark conditions, confirming the 

photoactivity of the series of nanoporous carbons in the absence of a semiconductor. This 
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trend was more evident at short illumination times, and particularly for the nanoporous 

carbons of hydrophilic character (sample CV), where phenol uptake was not favored 

[47,55,56]. Another important observation was that the rate of phenol disappearance under 

UV light (encompassing both photooxidation and adsorption) was connected to the porous 

features of the nanoporous carbons, with slow kinetics for carbons with a narrow distribution 

of micropore sizes.  

Interestingly, the study revealed that some nanoporous carbons (sample A4) exhibited 

similar performance for phenol degradation in dark and under illumination [47]. At converse, 

this particular nanoporous carbon showed a negative response of the photogeneration of 

radicals under illumination [45], but presented certain extent of photochemical activity for 

other different reactions (i.e., photoelectrochemical water splitting) [57]. This suggested that 

the photocatalytic activity of nanoporous carbons is not an inherent property of these 

materials, but it is rather related to their physicochemical and/or structural features, as well on 

the studied reaction. More interestingly, this observation might explain why all previous 

studies in the literature had reported the non-photoactive behavior of activated carbons 

[29,36,42,43].  

 

Figure 1. Concentration decay curves of phenol on various nanoporous carbon photocatalysts 

under dark and UV irradiation. Reproduced with permission from [47]. Copyright 2012 

Elsevier. 
 

 

More importantly, the evolution of the intermediates concentration in solution with the 

irradiation time was also strongly dependent on the characteristics of the nanoporous carbons. 

In the absence of a photocatalysts, phenol conversion is quite high and proceeds through the 

formation of dihydroxylated compounds (catechol, hydroquinone and benzoquinone), being 

the oxidation in ortho- and para- positions the main intermediates. The relative abundance of 

the degradation subproducts detected in solution changed significantly when the 

photocatalytic reaction was carried out in the presence of the nanoporous carbons, with a 

marked regioselectivity for the formation of catechol over quinones (as opposed to titania 

benchmark). This degradation pathway is considered more advantageous for the overall 

reaction yield as it proceeds through a mechanism involving a lower number of subproducts 

(organic acids) [58].  

All these results suggested several possible scenarios to explain the differences in overall 

conversion (rate and intermediates speciation) under dark and UV irradiation, on which the 
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increased degradation rates and yields are linked to [47]: (1) the effect of the solution 

concentration on photolysis; (2) the adsorption/desorption of the pollutant and photooxidation 

intermediates on the porosity of the carbon, enhancing the conversion due to the change in the 

pollutant concentration over time; (3) the occurrence of carbon/light interactions that would 

provoke the degradation of the adsorbed compounds retained in the pores of the carbons; (4) 

the formation of radical species upon illumination of the carbons in aqueous medium. 

The contribution of scenario (1) could not be completely discarded due to the complexity 

of the solution as a result of the large contribution of phenol photolytic degradation. However, 

two facts should be considered: i) under these experimental conditions, none of the studied 

nanoporous carbons reached their adsorption saturation capacity during the photocatalytic 

runs, and ii) the adsorption behavior of phenol and its photooxidation intermediates on 

nanoporous carbons are similar. In other words, the nanoporous carbons have enough 

adsorption sites to account for the complete removal of phenol and photooxidation 

subproducts, despite of which they are detected in solution during the photocatalytic runs. 

Furthermore, the analysis of the porous features and thermogravimetric profiles of the 

carbon samples after the photocatalytic tests revealed interesting information to rule out the 

contributions of scenarios (1) and (2). Indeed, thermogravimetric curves of the nanoporous 

carbons after the photocatalytic tests rendered similar profiles than those corresponding to the 

dark experiments. Analogously, the porous features of the carbons after the photocatalytic 

runs displayed slightly higher porous features than those of the carbons after adsorption at 

dark conditions. Based on the higher phenol disappearance rates under UV light, one would 

have expected just the opposite trend if all phenol were only retained on the porosity of the 

carbons. The mass unbalance between the amount of compounds detected in solution and that 

retained on the carbon porosity after the photocatalytic runs cannot be explained by the 

confinement of the pollutant in the porosity (scenario 2) but rather to the degradation of 

phenol, thereby confirming the photocatalytic activity of the studied carbons for this particular 

reaction.  

Besides phenol, the intrinsic photocatalytic activity of nanoporous carbons has also been 

investigated towards the degradation of other compounds such as pharmaceuticals, or water 

(to produce hydrogen and oxygen). For instance, Velo-Gala et al. reported the photooxidation 

of sodium diatrizoate (a recalcitrant pollutant widely used in hospitals as iodinated contrast 

and detected in urban wastewaters, surface waters, and ground waters), under UV light using 

several commercial and modified activated carbons [59,60]. For all the studied carbons, the 
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photodegradation rate of sodium diatrizoate (excluding direct photolysis and adsorption) was 

enhanced in the presence of the nanoporous carbons. Such improvement was found to be 

dependent on the chemical functionalization of the activated carbon [59,60]. Additionally, 

metal-free nanoporous carbons have also been explored as photoanodes in the 

photoelectrochemical water splitting, with quite remarkable photocurrent values at low 

overpotentials under solar irradiation [53,61,62]. 

 

3. Pollutant confinement on the porosity of the nanoporous carbons 

To demonstrate the occurrence of light/carbon interactions eventually leading to the 

photooxidation of the pollutants retained inside the porosity of the carbons (scenario 3) and 

discriminate the contributions of other secondary reactions, a new approach was developed to 

monitor the photocatalytic reaction from a different viewpoint: inside the nanopores of the 

carbon photocatalysts. This consisted on carrying out the irradiation of the nanoporous 

carbons previously loaded with the target pollutant, and monitoring the photodegradation 

reaction both inside the nanopores and in the aqueous phase (Figure 2). This novel approach 

allowed neglecting the effects of adsorption kinetics and solution photolysis, and 

unambiguously demonstrates that semiconductor-free nanoporous carbons alone are capable 

of a significant level of self-photoactivity under adequate irradiation [47,48,63].  

Briefly, the nanoporous carbons were loaded by putting in contact an adequate amount of 

the carbon with phenol solution until complete adsorption. Subsequently the suspensions of 

the loaded carbon with water were irradiated. The extent of the reaction was evaluated from 

the mass balance of phenol and intermediates detected from both the aqueous solution and 

inside the nanoporous carbon (by solvent extraction). To avoid the eventual desorption of 

phenol and/or intermediates during the photocatalytic tests, the concentration of phenol 

loaded in the porosity of the carbon was adjusted well below the saturation limit of the 

nanoporous carbons. Indeed, no lixiviation of either phenol or its degradation subproducts 

towards the solution was detected at any time for any of the studied carbons. Thus, the extent 

of phenol conversion corresponds exclusively to the degradation inside the porosity of the 

carbon.  

 

Figure 2. (A) Schematic representation of the experimental approaches designed for 

evaluating the photocatalytic activity inside the nanoporosity of carbon materials; (B) 

Quantification of the species detected in the extracts of a series of nanoporous carbons 

preloaded with 42 mmol phenol after UV irradiation for 20 min; (C) Correlation of 

phenol conversion with selected physicochemical properties of the nanoporous carbons.  
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Figure 2 shows the data obtained for the photooxidation of phenol determined upon 

irradiation of aqueous suspensions of the preloaded nanoporous carbons. As seen, for most of 

the investigated carbons a significant fraction of the adsorbed phenol molecules was 

decomposed upon light exposure, being the overall phenol conversion larger or similar than in 

the photolytic reaction (benchmark used for comparison purposes). This is most remarkable 

considering the strong light shielding effect of the carbon matrix, which is expected to reduce 

the photon flux arriving at the phenol molecules adsorbed inside the pores. Interestingly, one 

of the carbons showed a negative response with a negligible photodegradation of phenol 

inside the porosity. Regarding the distribution and nature of the intermediates, outstanding 

differences were seen among the nanoporous carbons. All this suggests that the 

photochemical response of nanoporous carbons does not only depend on the confinement of 

the pollutant, but it also seems to be related to the nature of the carbon, most likely 

composition, surface acidity/basicity, structure, etc. However, no straightforward correlation 

has been found between the photochemical response of the nanoporous carbons towards 

phenol degradation and selected physicochemical properties such as the specific surface area, 

pore volume, composition or surface acidity (Figure 2). Nevertheless, data corroborated that 

when selected nanoporous carbons are illuminated, carbon/photons interactions take place 

leading to the formation and propagation of charge carriers that seem to have enough redox 

potential to directly oxidize phenol (scenario 3) and/or generate reactive species (scenario 4).  

In an attempt to quantify the efficiency of phenol photodegradation inside the nanopore 

space of the carbons, the photochemical quantum yield of phenol () -defined by IUPAC as 

the ratio between the number of mol reacted, N, per mole of photons absorbed (IAt)- was 

determined. This parameter is evaluated from the slope of the relation between the mol of 

pollutant degraded per incident photon flux vs the irradiation time with the equation [64]: 

AN I t  
 

where IA is the photon flux absorbed by the sample, evaluated from the product of the incident 

photon flux Io provided by the lamp (determined by actinometry), and the integrated 

absorption fraction over the wavelength range used in the experiment.  

Considering the contributions of the light scattering by the catalyst particles suspended in 

solution and the fraction of light absorbed by the carbon matrix, the evaluation of the accurate 

incident photon flux reaching the molecules adsorbed inside the pores (needed for the 

evaluation of the quantum yield) is very complex. Thus as an approximation, a pseudo 
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photochemical quantum yield (ps) was proposed, evaluated considering that the photon flux 

provided by the lamp can reach the molecules adsorbed in the pores of the carbon catalyst, 

and therefore can be absorbed and used in the photoassisted reaction (i.e., IA  Io). This 

approximation cannot be considered stricto sensu a quantum yield, because the actual photon 

flux reaching the adsorbed molecules in the pores is certainly much lower than the incident 

flux provided by the lamp (due to the above-mentioned contributions of light scattering and 

carbon light absorption); however, our approximation would account for the minimum limit 

of the actual quantum yield, allowing the comparison of the different carbons. 

The pseudo-quantum yields retrieved for the a series of nanoporous carbons with varied 

composition (Table 1) are shown in Figure 3, compared to data from photolysis in solution. In 

the absence of a photocatalyst, the real incident photon flux can be easily measured by 

chemical actinometry, allowing an accurate determination of the photochemical quantum 

yield ( ) for phenol degradation. As seen, the plot of the mols of degraded phenol per 

incident photon flux vs the irradiation time is a straight line, yielding  = 11 mmol/Einstein, 

in good agreement with values reported in the literature for phenol photolytic degradation 

[65,66]. The PS values estimated for the nanoporous carbons showed two different regimes; 

below 30 min of irradiation the plots were very step with PS close to unity; at longer 

illumination times, a second linear region with a smoother slope was obtained, with lower 

values of PS compared to those of the first regime (although still about 5 times higher than 

the value obtained for the solution photolysis). These two regimes suggest a fast consumption 

of the photogenerated charge-carriers in the first stage (likely related with consumption of 

water and/or oxygen entrapped in the pores), leading to a diffusion limited rate in the second 

stage of the photodegradation reaction or a partial deactivation or consumption of some 

photoactive sites of the nanoporous carbon [47,67].  

 

Figure 3. (A) Phenol degraded per mol of absorbed photons with the irradiation time in a 

series of preloaded nanoporous carbons with varied chemical composition. (B) Pseudo 

photochemical quantum yields (ps) for two different regimes.  
 

3.1 Effect of pore size and wavelength dependence 

To further comprehend the effect of nanoconfinement and its dependence with the nature 

of the characteristics of the nanoporous carbons and the wavelength of the irradiation source, 

a series of nanoporous carbons exhibiting controlled porous features [52,54] was investigated 

using monochromatic light. Unlike polychromatic light, this allows to evaluate the impact of 
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the energy of the incident photons on the photochemical conversion without biased 

interpretations.  

Figure 4 shows the wavelength dependence of the photodegradation of phenol inside the 

porosity of various carbon materials. The photoconversion values appear normalized per 

incident photon flux to allow a direct comparison of all data for each wavelength; the 

experimental non-normalized values at each wavelength are also presented for clarity.  

In all cases, phenol conversion inside the carbons nanopores was higher than that of 

photolysis, corroborating the outstanding role of nanoconfinement in enhancing the light 

conversion into a chemical reaction. With one exception, data confirmed the photochemical 

activity of the studied nanoporous carbons at various wavelengths between 200-600 nm. The 

performance followed a U-shaped pattern with the wavelength, with a minimum of 

conversion between 400-450 nm. A similar trend was obtained for other series of nanoporous 

carbons and using different lamp set-ups [48], to discard any effects from eventual low 

incident photon flux. Most importantly, the onset of phenol photooxidation reaction was 

measured at 432 nm for the nanoporous carbons, which corresponds to over 100 nm redshift 

compared to the non-catalyzed reaction. Additionally, a significant photochemical activity at 

wavelengths above 400 nm -corresponding to the visible range- was observed for most of the 

studied carbons.  

 

Figure 4. Phenol conversion normalized per incident photon flux for various wavelengths on 

a series of nanoporous carbons. Reproduced from [54].  
 

 

To gain additional insight on the dependence of the yield of the photochemical reaction 

with the nanopore size and the confinement state of the target molecule, a second series of 

nanoporous carbons showing a gradual modification of the average micropore size was 

studied. The starting carbon (sample F) was a biomass-derived material displaying a narrow 

distribution of pore sizes within the micropore range as evidenced from gas adsorption data 

(Table 1). To explore the dependence of the photoactivity with the average pore size, sample 

F was activated under CO2 atmosphere for variable periods of time to obtain samples F1 and 

F4 with increasing burn-off degrees. Due to the strictly controlled activation conditions, the 

chemical composition of the pristine carbon remained almost unaltered (as further confirmed 

by additional characterization of the samples by XPS and TPD-MS), and the changes affected 

exclusively the porous features of the carbons (i.e., pore volume, surface area and particularly 

the narrow microporosity) [52]. More precisely, the activation brought about a gradual 
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enlargement of the micropores, which are known to be the active sites for phenol adsorption 

on nanoporous carbons. This is important since the photocatalytic reaction was carried out in 

the preloaded carbons.  

Interesting features were revealed from the analysis of phenol conversion values at 

selected wavelengths of the series of carbons with increasing burn-off degrees (Figure 5). As 

also reported for other carbons, the photochemical performance followed a U-shaped pattern 

with the wavelength, with a minimum featuring at 400 nm -derived from very low conversion 

values-, regardless the activation conditions. At wavelengths corresponding to visible light 

(i.e., 450 and 500 nm), the conversion rose again with values very close to those obtained at 

269 nm.  

On the other hand, a clear correlation was obtained between the conversion and the 

confinement state of adsorbed phenol molecules. As a general trend, the photochemical 

conversion of phenol gradually decreased with the enlargement of the average micropore size, 

being the effect less remarkable at high wavelengths. The degradation of the intermediates 

was more efficient at 269 nm, pointing out the difficulty in pursuing the oxidation of 

dihydroxylated aromatic compounds at high wavelengths corresponding to the visible light 

range. 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 oxidation was enhanced for pores below 0.7 nm, whereas the 

photochemical 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 (Figure 5). This trend was attributed to the tight confinement of phenol 

molecules in the narrow microporosity of the carbon, maximizing host-guest interactions. 

When the pore aperture was enlarged, the interactions between the adsorbed phenol molecules 

and the pore walls became weaker [55,56], thus decreasing the probability of the fast charge 

transfer of the photogenerated carriers. In this situation, other electron donors and/or holes 

scavengers present in the medium (i.e., oxygen, water molecules) compete with adsorbed 

phenol molecules, resulting in lower conversions.  

 

Figure 5. Dependence of phenol photooxidation conversions with the average micropore size 

evaluated from gas adsorption data; (A) normalized conversion vs incident photon flux; 

(B) absolute conversion. Reproduced with permission from [52]. Copyright 2016 

Elsevier.  
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3.2 Effect of functionalization with O-, N- and S-containing groups 

Another important factor that controls the photocatalytic performance of nanoporous 

carbons is the chemical composition, and most importantly the type and density of surface 

groups present on the carbons. To explore the effect of surface functionalization of 

nanoporous carbons on their photocatalytic performance, a series of carbons were chemically 

under mild conditions modified to introduce O-, N- and S-containing groups [48,50,51]. As 

the chemical modification did not modify the textural parameters of the carbons, the changes 

in the photocatalytic reaction inside the nanoconfined pore voids of the carbons were 

exclusively associated to the surface functionalization (Table 1).  

The incorporation of N- and O- groups (via wet oxidation with nitric acid and N-

modification by thermal treatment in urea) slightly modified the photoconversion of phenol 

using polychromatic light, following the trend: pristine ~ N-doped > O-doped carbon 

(samples NC, NC-U and NC-S2, respectively). The oxidation of the carbon decreased the 

conversion of both phenol and degradation intermediates [48], indicating that the overall 

photooxidation process is more efficient on carbons of hydrophobic nature. This contrasts 

with other studies in the literature reporting an increased performance towards the oxidation 

of other pollutants after the incorporation of O-groups in the carbon matrix [33]. This 

apparent contradictory result was explained by the impact of the oxidation treatment on the 

interactions between the carbon material and the target pollutant, indicating that these 

interactions govern the conversion inside the porosity (ca. oxidation 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. Whereas the oxidized carbon 

showed similar wavelength dependence than the pristine material, N-doping (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 

were explained in terms of the changes in the -electron density of the graphene sheets of the 

carbon matrix upon functionalization. 

In the case of N-functionalization, 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 [68]. This is expected to modify the density of 

electronic states of the carbon material, likely by introducing intermediate states of higher 
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energy between the conduction and valence band [69,70]. Such intermediates states would act 

as stepping stones facilitating the absorption of low energy photons, accounting for the 

observed photochemical activity at wavelengths corresponding to the visible light. For O-

groups, the fall in phenol photooxidative conversion can be attributed to the electron 

withdrawal effect of the functionalization on the carbon, which would affect the stabilization 

of the photogenerated carriers by delocalization within the carbon basal planes. 

To gain further insight on the effect of O-functionalization, the ps values of a series of 

nanoporous carbons with various oxidation degrees were evaluated. Figure 6 shows the 

dependence of phenol conversion and ps values with selected parameters indicating the 

degree of surface functionalization of the studied carbons (as oxygen content, surface pH, and 

the nature of the O-surface groups). A close look of the data clearly indicates that the 

incorporation of oxygen groups of acidic nature is the most determinant parameter in the 

reduction of the photochemical activity of the nanoporous carbons. This was also supported 

by the correlations with the amounts of gases (CO and CO2) quantified from the 

thermodesorbed species by TPD-MS [51,54]. For instance, the higher performance of carbon 

NC-SH (slightly oxidized) compared to NC-S (heavily oxidized) is due to its increased 

surface hydrophobicity (Figure 6). For both carbons, the amount of CO-releasing groups 

(mainly phenolic and quinone-type groups) are quite similar, whereas the amount of CO2-

evolving groups (attributed to carboxylic acids and anhydrides of acidic nature) is about 3 

times higher in NC-S than in NC-SH. A similar trend was observed when the global number 

of mols reacted was considered, rather than just phenol conversion. In this case, the 

dependence followed a polynomial pattern, indicating a more sensitive response of the light 

conversion yield to small changes in the surface acidity of the nanoporous carbons.  

 

Figure 6. Dependence of phenol conversion of samples NC, NC-S and NC-SH with (A) 

oxygen content and pH of the point of zero charge, and (B) the amounts of CO and CO2 

released from the carbons as detected by TPD-MS. Reproduced with permission from 

[51]. Copyright 2015, Wiley.  

 

For the incorporation of S-groups (Figure 7), 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 [50]. The 

photochemical response of the carbons was strongly influenced by the chemical environment 

of the S-groups, with oxidized forms of sulfur being more photoactive than thiols and/or 
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sulfides. A positive effect of S-functionalization has been also reported for a different 

reaction: the photoelectrochemical splitting of water using polychromatic light [61,62].  

 

Figure 7. (A) Effect of sulfur on the conversion of phenol of the series of carbons with 

gradually increasing micropore sizes defined as the difference between the conversion in 

the S-doped and its corresponding as-received carbon; (B) Relative abundance of 

S-moieties on the nanoporous carbons detected by deconvolution of TPD-MS profiles 

(m/z 48). Left panel is reproduced from reference [50].  

 

Several scenarios have been discussed to account for the improved photochemical activity 

of the S-functionalized carbons. First, the incorporation of sulfur was found to provoke 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) [50]. The fast charge transfer is favored in S-functionalized 

carbons, as the presence of heteroatoms is known to lower the energy difference between the 

electronic levels of the carbons [68]. Second, the stabilization of the holes through the 

oxidation of water adsorbed in the pores is also expected, as was corroborated by electron 

spin resonance spectroscopic studies [50]. Additionally, based on the role of the N-, S- and O-

containing groups, we also proposed some other transitions involving the activation of 

chromophoric groups on the carbon surface under visible light [45,46,48,50] (see discussion 

below about the mechanism).  

 

3.3 Effect of mineral matter 

Very often nanoporous carbons contain small amounts of inorganic impurities (ashes), 

associated to the carbon precursor or the synthetic method used in the manufacturing process. 

The ashes are typically considered as inert matter, however the presence of traces of inorganic 

elements might play a key role in catalytic and photocatalytic applications, where such 

impurities might also be active (photo)catalytic sites for a given reaction.  

To investigate the effect of the ash content of nanoporous carbons in their photochemical 

activity, a demineralization treatment was carried out on selected carbons (samples NC and F) 

showing a higher photocatalytic activity towards the photooxidation of phenol. An acid 

digestion using HF and HCl acids at moderate temperature [71] allowed the complete removal 

of the inorganic impurities of both carbons, without any other modification of the texture (as 

inferred from the gas adsorption data) or the chemical composition beyond the elimination of 

the ashes (i.e., no oxidation of the carbonaceous matrix, as inferred from elemental analysis). 
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The deashed nanoporous carbons (samples F-deashed and NC-deashed in Table 1) were used 

as photocatalysts towards phenol photooxidation using monochromatic and polychromatic 

light (Figure 8). In the case of polychromatic light, data showed a decrease in the performance 

of the deashed carbons, with values of phenol conversion going from 92 % to 83 % for 

carbons F and F-deashed and from 98 % to 93 % for NC and NC-deashed, respectively 

[57,63]. Still the conversion values of the deashed carbons were higher than those 

corresponding to the photolytic degradation of phenol in solution (ca. 80 %). This 

unambiguously demonstrated that even if the inorganic matrix of the carbons may contribute 

to some extent to the observed photoactivity towards the oxidation of phenol in solution, the 

carbon matrix itself also presents non-negligible photoactivity.  

The fact that the inorganic matters does not contribute to decrease the photochemical 

performance of the nanoporous carbons constitutes an important finding from a technological 

viewpoint, since it would allow the direct implementation of this materials in photocatalytic 

applications at large scale without the need to remove the ashes.  

As for the wavelength dependence, different behaviors were obtained for the studied 

nanoporous carbons. In the case of carbon NC, the general trend showed that the conversion 

of phenol gradually decreased with rising the wavelength of the irradiation source, reaching 

very low values for 400 nm (absolute conversion values before photon flux normalization 

ranging from 20 % at 254 nm to 1 % at 400 nm), and no conversion at 450 nm. The low 

absolute conversions measured above 400 nm suggested the lack of light/carbon matrix 

interactions upon irradiation at these conditions (photon fluxes at these wavelengths were not 

among the lowest recorded values for the investigated wavelengths).  

In the case of carbon F, an irradiation source with a distinct distribution of intensity was 

used to further clarify the performance of the deashed carbons under visible light. Regarding 

the effect of the mineral matter, a similar trend was observed compared to carbon NC, with a 

slightly lower photoactivity of the carbon after the removal of the ashes. On the other hand, 

the wavelength dependence was markedly different for both nanoporous carbons. Indeed, for 

carbons F and F-deashed irradiated at 269 nm and 500 nm, the normalized phenol conversion 

was reduced by ca. 20 % and 14 %, respectively. Notwithstanding, for 360, 400 and 450 nm 

the diminution of degradation was less remarkable. Despite the fall, deashed carbon still 

showed quite a large phenol photoconversion, particularly at high and low wavelengths. This 

indicates that, although there is a non-negligible photocatalytic activity of inorganic matter, 
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ash-free carbon is able to promote phenol photooxidation inside the porosity of the carbon 

when exposed to irradiation.  

 

Figure 8. Phenol conversion per incident flux as a function of the wavelength of the 

irradiation source for the pristine and deashed carbons. Photolysis values are included 

for comparison purposes.  
 

4. Postulated Mechanisms  

Based on the experimental evidences on the photochemical activity of nanoporous carbons 

of different physicochemical features (texture, composition and structure), gathered under 

varied illumination conditions for the photooxidation of pollutants in aqueous environment, 

several hypotheses have been proposed to account for the origin and nature of the carbon/light 

interactions and the exploitation of light conversion in nanoconfined carbon pore spaces. 

The absorption features of amorphous carbons have been reported to depend on the 

Density Of electronic States, DOS, which energy spread of states depends upon the sp
2
/sp

3
 

hybridization ratio of the carbon atoms, and the electronic transitions involving the sp
2
 carbon 

clusters [69,70,72-75] and/or the activation of chromophoric groups on the carbon surface 

[61,62]. The size and ordering of the sp
2
 clusters, their population in the carbon matrix and the 

creation of distortions of * states have been suggested to have a strong effect in the optical 

characteristics of the carbons. Upon irradiation of the carbons, these electronic transitions 

generate excitons (holes or electrons) that can be delocalized through the sp
2
 conjugated 

domains of basal planes of the nanoporous, avoiding or delaying recombination phenomena. 

This favors their participation in some other electronic transitions with acceptors/donors 

present in the medium (such as water, oxygen, surface groups, pollutants), either involving 

direct hole/electron scavenging or radical mediated mechanisms. A schematic representation 

of these electronic transitions is illustrated in Figure 9.  

 

Figure 9. Schematic representation of the mechanism proposed for the exciton formation and 

fate upon irradiation of nanoporous carbons. Reproduced from reference [54]. 
 

Regarding the nature of the photogenerated charge carriers, in the UV range, medium to 

low range excitons (Frenkel-like created in the π-π* and σ-π electronic transitions involving 

zig-zag, carbine-like sites and other intermediate states) [69,70,72-75] are expected to be 

dominant in nanoporous carbons of low functionalization [54,76] which typically display low 

dielectric constants compared to n-type semiconductors as TiO2 [77]. This is consistent with 
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the behavior reported for other carbons nanostructures such as carbon blacks, graphene or 

fullerenes of higher polarity and electron mobility, based on experimental observations and 

molecular simulations [75,78,79].  

In functionalized carbons, the electron transfer is facilitated since the energy difference 

between the electronic levels is lower than that in pure carbon units [68], and 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 that may be activated 

under sunlight irradiation, photogenerating vacancies (holes) able to accept electrons from 

oxygen in water molecules excitons that may participate in further photochemical reactions as 

proposed for various oxidized forms of sulphur (thioesters and sulphones) and O-containing 

groups [79,80]. The nature of the surface moieties of the nanoporous carbons is also 

important; for instance, bulky oxidized sulfur moieties (i.e., thioesters and sulfones) located at 

the entrance of the wide micropores seem to be more photoactive under visible light than 

thiols and/or sulfides groups [50,57].  

Hence, the varied chemical environments of the surface functionalities present on 

nanoporous carbons, as well as their different distribution of pore sizes can explain 

differences in their photochemical response. On the one hand, the light conversion in 

nanoporous carbons is boosted in the tight nanopore space, pointing out the outstanding role 

of the confinement state of the adsorbed molecules. Weak molecule/pore wall interactions in 

large nanopores decrease the probability of splitting of the photogenerated exciton through 

fast charge transfer reactions with electron donors and/or holes scavengers (i.e., oxygen, 

adsorbed phenol, water molecules to form radicals) [45,46].  

On the other hand, the fall in the photochemical conversion in functionalized carbons has 

been associated to several factors such the creation of structural defects, changes in the sp
2
/sp

3
 

hybridization state of carbon atoms during the functionalization treatment, or the lower 

stabilization of the photogenerated carriers due to the withdrawal effect of surface groups 

(such as carboxylic acid and anhydrides) on the p-electron density of the conjugated sp
2
 

network.  

The hypothesis of the stabilization of the holes through the oxidation of water adsorbed in 

the nanopores of the carbons to form reactive oxygen species (scenario 4) was validated by 

electron spin resonance spectroscopy (ESR) using nitrones as chemical trapping agents (e.g., 

DMPO, DEPMPO) [45,46,63]. A variety of carbon materials obtained from various 

precursors and varied chemical, structural and textural features (i.e. amorphous nanoporous 
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carbons, carbon nanotubes, expanded graphite, carbon hydrochars, ordered nanoporous 

carbons) were investigated by irradiation of carbon suspensions in water (Figure 10).  

Most of the studied carbons showed similar ESR patterns, with the characteristic quartet 

peak profile with a 1:2:2:1 pattern of intensities corresponding to DMPO-OH adduct [81]. 

Some other patterns associated to HDMPO-OH, DMPO-R (carbon centered radical) and 

DMPO-OOH adducts (marked as   in Figure 10) were also identified for some carbons 

[45,46]. The detection of DMPO-adducts confirmed the formation of hydroxyl and/or 

superoxide radicals upon the irradiation of the nanoporous carbons in aqueous medium 

(scenario 4), upon the stabilization of the photogenerated charge carriers. 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. 

Although the ability to photogenerate radicals is well-established for conventional 

semiconductors [82], this issue was not clear for nanoporous carbons. Furthermore, similar 

findings formation of hydroxyl and superoxide radicals upon irradiation of nanoporous 

carbons have been recently reported by other authors using different chemical trapping agents, 

various carbon loadings and reaction times [83].  

 

Figure 10. (A) Comparative of the ESR signals obtained upon 20 min irradiation of aqueous 

suspensions of selected carbon materials; (B-D) Quantification of the radical species 

detected from the ESR signals corresponding to DMPO–OH adducts (second peak 

intensity in the 1:2:2:1 patterns, marked as *). 

 

Quantification of the abundance of the radical species showed higher DMPO-OH 

concentration levels for certain carbons than those corresponding to TiO2 as benchmark 

semiconductor under similar experimental conditions (Figure 10). Additionally, lower 

concentration levels of radicals were obtained for the functionalized carbons (Figure 10), with 

a clear correlation between the formation of radical species and the acidic/basic nature of the 

nanoporous carbons. As an example, the amount of ROS correlates well with the presence of 

CO-evolving groups of basic nature, while strong acidic groups (CO2 evolving) seem to 

inhibit the formation of radicals. On the other hand, for some carbons no radicals were 

detected by ESR (sample A4), which seemed to be in agreement with the lack of photoactivity 

observed for this material in previous works [47], and demonstrated that formation of 

photoinduced radicals is not an intrinsic property of all carbon materials.  
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It should be mentioned that even though ESR spectroscopy may contribute to the 

understanding of the photochemical response of carbon materials, it just provides a diagnostic 

indication of formation of free radicals. In this regard, some functionalized carbons showing 

low concentration of radical species (sample CV) displayed among the highest photocatalytic 

activity towards phenol photooxidation [45,63]. This phenomenon has also been described for 

some titanium oxides powder [84]. 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. 

 

5. Photocatalytic cycles  

With the purpose of evaluating if nanoporous carbons as photocatalysts fulfill the 

requirements of long cycle-life and good degradation efficiency, the performance of selected 

nanoporous carbons during consecutive phenol photodegradation runs was investigated [49]. 

For the study, the irradiation was carried out on the suspensions of the carbons preloaded with 

phenol, and maintaining the same initial concentration of phenol in solution for each cycle, to 

avoid differences in the photolytic reaction.  

The photocatalytic performance of the nanoporous carbons gradually decreased with the 

number of the cycles, being the effect more notorious in the carbon of hydrophilic nature. 

After the third run, the overall phenol efficiency reached a plateau at about 50 % conversion 

after the first 90 min of irradiation in every run. This is in agreement with the accumulation of 

intermediates observed for the first cycles, where it seems that the materials are capable of 

promoting the photodegradation of phenol but not that of the polyhydroxylated intermediates.  

Data also showed a marked accumulation of phenol degradation subproducts in the 

solution during the consecutive photocatalytic runs. The lower photooxidation extent of 

polyhydroxylated intermediates -compared to phenol itself- indicates the preferential 

reactivity of the radicals towards the monosubstituted aromatic ring [85], which is 

characteristic of electrophilic mediated mechanisms. The higher concentrations of catechol 

over the cycles confirmed the regioselective oxidation mechanism via the preferential 

substitution in ortho- (i.e., catechol) over meta- or para- (i.e. quinones) position. Furthermore, 

the cycleability of the nanoporous carbon photocatalysts was found to depend on their 

basic/acidic nature, with a somewhat lower performance for the hydrophilic carbons. When 

similar cycleability tests were carried out using commercial titanium oxide as photocatalyst, 

lower amounts of aromatic intermediates were detected in solution. However, the 
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accumulation of short alkyl chain organic acids also become important, leading also to poor 

mineralization values upon consecutive cycles.  

Conversion yields and mineralization rates were greatly enhanced in the presence of 

excess of dissolved oxygen in the solution, demonstrating the outstanding role of oxygen in 

the photooxidation of phenol and intermediates. This was a critical factor in the long-term 

performance of the hydrophilic nanoporous carbon, which showed a sharp fall in conversion 

upon cycling under oxygen depletion conditions. The evolution of the porous features of the 

nanoporous carbons upon consecutive cycles also depended on the presence of dissolved 

oxygen, with a lower collapse of the porosity over cycles under oxygen excess (indicating a 

higher photocatalytic performance).  

 

6. Summary and Conclusions 

The discovery of the photochemical activity of metal-free nanoporous carbons in aqueous 

environments, due to their ability to photogenerate oxygen-based radical species when 

exposed to UV or sunlight, offers new perspectives in the fields of applied photochemistry in 

nanoconfined systems (beyond their use as supports of semiconductors).  

The dependence of the photochemical activity of nanoporous carbons with the pore 

confinement and surface chemistry herein described towards the photooxidation of phenol, 

has settled the basis for the implementation of advanced oxidation processes based on carbon 

photocatalysts for water treatment. This is also expected to be valuable in general for targeting 

other applications in the field of solar energy conversion (e.g. water splitting, carbon 

photofixation reactions, photovoltaic devices).  

The dual nature of nanoporous carbons as photocatalysts with well-defined pore 

architectures and composition is essential for an enhanced light conversion in nanoconfined 

spaces. The tight nanoconfinement inside the pores is important since the proximity between 

the photogenerated charge carriers and the adsorbed molecule in the constrained nanopore 

space facilitates the exciton splitting and charge separation, minimizing surface 

recombination. Furthermore, matching of the molecular dimensions of the target compound 

confined in the carbon porous network is an interesting approach to increase the 

photochemical response of the carbon, while boosting the light conversion towards the visible 

spectrum (ca. about 100 nm red-shift). Surface functionalization of the nanoporous carbon is 

also important, as it may affect the lifetime of the photogenerated species, the light absorbing 

feature of the carbon material, and the electron-acceptor capacity of the carbon matrix. 
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Additionally, some surface moieties might also act as chromophores absorbing light and 

photogenerating additional charge carriers, thereby enhancing the photochemical quantum 

yield of nanoporous carbons as multiphase systems.  

The challenge on the use of sustainable metal-free nanoporous carbon photocatalysts with 

enhanced response under solar light in a wide panel of technological processes is yet to design 

carbons with optimized features at different levels: multimodal pore control at the nanometric 

level, surface functionalization with chromophoric groups active and stable under sunlight, 

and high electron mobility. Some progress needs also yet to be done, in some key aspects 

towards the understanding of the fundamentals of the light/carbon/molecule interactions at a 

molecular level, the improvement of their photochemical quantum yields (likely by mastering 

the synthesis of these materials), or the stability under long illumination periods (surface 

photocorrosion).  
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Figures Captions 

Figure 1. Concentration decay curves of phenol on various nanoporous carbon photocatalysts 

under dark and UV irradiation. Reproduced with permission from [47]. Copyright 2012 

Elsevier. 

Figure 2. (A) Schematic representation of the experimental approaches designed for 

evaluating the photocatalytic activity inside the nanoporosity of carbon materials; (B) 

Quantification of the species detected in the extracts of a series of nanoporous carbons 

preloaded with 42 mmol phenol after UV irradiation for 20 min; (C) Correlation of 

phenol conversion with selected physicochemical properties of the nanoporous carbons.  

Figure 3. (A) Phenol degraded per mol of absorbed photons with the irradiation time in a 

series of preloaded nanoporous carbons with varied chemical composition; (B) Pseudo 

photochemical quantum yields (ps) for two different regimes.  

Figure 4. Phenol conversion normalized per incident photon flux for various wavelengths on 

a series of nanoporous carbons. Reproduced from [54].  

Figure 5. Dependence of phenol photooxidation conversions with the average micropore size 

evaluated from gas adsorption data; (A) normalized conversion vs incident photon flux; 

(B) absolute conversion. Reproduced with permission from [52]. Copyright 2016 

Elsevier.  

Figure 6. Dependence of phenol conversion of samples NC, NC-S and NC-SH with (A) 

oxygen content and pH of the point of zero charge, and (B) the amounts of CO and CO2 

released from the carbons as detected by TPD-MS. Reproduced with permission from 

[51]. Copyright 2015, Wiley.  

Figure 7. (A) Effect of sulfur on the conversion of phenol of the series of carbons with 

gradually increasing micropore sizes defined as the difference between the conversion in 

the S-doped and its corresponding as-received carbon; (B) Relative abundance of 

S-moieties on the nanoporous carbons detected by deconvolution of TPD-MS profiles 

(m/z 48). Left panel is reproduced from reference [50].  

Figure 8. Phenol conversion per incident flux as a function of the wavelength of the 

irradiation source for the pristine and deashed carbons. Photolysis values are included 

for comparison purposes.  

Figure 9. Schematic representation of the mechanism proposed for the exciton formation and 

fate upon irradiation of nanoporous carbons. Reproduced from reference [54]. 

Figure 10. (A) Comparative of the ESR signals obtained upon 20 min irradiation of aqueous 

suspensions of selected carbon materials; (B-D) Quantification of the radical species 

detected from the ESR signals corresponding to DMPO–OH adducts (second peak 

intensity in the 1:2:2:1 patterns, marked as *). 

 

Table Caption 

Table 1. Main physicochemical characteristics of the selected nanoporous carbons obtained 

from gas adsorption data (i.e., N2 adsorption/desorption isotherms at -196 ºC), elemental 

analysis (on dry ash-free basis), and pH of the point of zero charge.  
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Table 1 

 Remarks S
BET

 

(m
2

/g) 

V
PORES

 

(cm
3

/g)
A

 

V
MICRO 

(cm
3

/g)
B

 

V
MESO

 

(cm
3

/g)
B

 
pHPZC 

O/N/S 
 (wt.%) Reference 

NC Coal (steam activation) 1031 0.52 0.32 0.089 8.9 1.9/0.7/0.3 44,45,48 

NCG Sample NC partially graphitized at 

2400ºC  

33 0.08 0.00 0.010 6.5 0.02/--/-- -- 

NC-deashed Sample NC after deashing by acid 

digestion 

1080 0.53 0.33 0.080 7.6 1.9/0.7/0.3- 46,63 

NCnoFe Sample NC after selective removal 

of iron traces in the ashes 

1032 0.52 0.32 0.080 7.4 1.9/0.7/0.3 46,63 

NC-S Sample NC oxidized in ammonium 

persulphate 8h 

989 0.50 0.31 0.07 3.3 7.5/0.4/0.7 51 

NC-SH Sample NC-S treated at 400ºC in 

inert atmosphere  

1045 0.51 0.32 0.08 5.7 6.4/0.5/0.4 51 

NC-S2 Sample NC oxidized in ammonium 

persulphate 17h 

839 0.42 0.29 0.07 2.3 12.3/--/0.2 48 

NC-U Sample NC-S2 after urea 

modification 

945 0.53 0.35 0.08 10.5 4.5/3.9/4.5 48 

CV Biomass (H3PO4 activation) 1280 1.06 0.31 0.52 2.2 9.8/--/0.1 47,49 

CVH8 Sample CV after thermal treatment 

at 850ºC in inert atmosphere 

1040 0.79 0.27 0.36 6.5 6.0/--/0.1 49 

BKK Bituminous coal (steam activation) 961 0.57 0.29 0.06 8.5 4.7/0.2/0.8 45 

A4 Plastic waste (CO2 activation) 1357 0.60 0.45 0.04 10.9 0.6/--/-- 45,47 

Lsm Biomass (steam activation) 899 0.63 0.35 0.18 8.2 3.3/--/0.5 45,46 

F Biomass (steam activation) 799 0.35 0.26 0.03 8.1 2.9/0.1/-- 45,47,50,52 

F-deashed Sample F after deashing by acid 

digestion 

752 0.31 0.32 0.02 n.a. 4.0/4.0/-- 57 

F1 Sample F overactivated under CO2 

atmosphere for 12 h 

1150 0.50 0.45 0.04 8.2 3.4/0.1/-- 50,52 

F4 Sample F overactivated under CO2 

atmosphere for 40 h 

1800 0.84 0.66 0.15 8.0 3.7/0.1/-- 52,57 

F-S Sample F modified in H2S 765 0.32 0.32 0.02 7.9 3.6/3.6/-- 52,57 

F1-S Sample F1 modified in H2S 1090 0.49 0.40 0.05 7.6 6.1/5.3/-- 52,57 

F4-S Sample F4 modified in H2S 1535 0.75 0.55 0.13 7.4 5.5/6.9/-- 52,57 

GEX Expanded graphite 8 0.02 0.002 0.001 n.a. n.a. 45 

CS Polysaccharides (hydrothermal 

carbonization) 

10 0.02 0.01 0.01 3.5 24.8/--/-- 45 

CSH8 Sample CS treated at 800ºC under 

N2 atmosphere 

569 0.33 0.18 0.01 6.8 8.8/--/-- 45 

TCSUC Nanoporous carbon prepared by 

nanocasting of SBA-15 using 

1394 1.25 0.31 0.81 n.a n.a/--/-- 45 
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sucrose as precursor 

TCCVD Nanoporous carbon prepared by 

nanocasting of SBA-15 by chemical 

vapor deposition (propylene 

precursor) 

712 0.87 0. 12 0.71 n.a. --/--/-- 45 

a
 evaluated at p/po 0.99 in the N2 adsorption/desorption isotherms at -196 ºC 

 
b 

evaluated from NLDFT method applied to N2 adsorption/desorption isotherms at -196 ºC 

n.a. not available 

 

 

Figure 1.  

 

 

 

 
 

  

(A) (B)

0 50 100 150 200 250 300 350
0.0

0.2

0.4

0.6

0.8

1.0

0 50 100 150 200 250 300 350
0.0

0.2

0.4

0.6

0.8

1.0

 

 

C
/C

0

Time (min)

 

 

Time (min)

 NC

 F

 BKK

 CV

 A4

 Photolysis



     

 

 

 31 

 

 

Figure 2.  
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Figure 3.  

 

 
 

 

Figure 4.  
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Figure 5.  
 

 
 

Figure 6.  
 

 
 

Figure 7.  
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Figure 8.  
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Figure 9.  
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Figure 10.  
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