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Abstract: By using monochromatic light the ability of semi-
conductor-free nanoporous carbons to convert the low-energy
photons from the visible spectrum into chemical reactions (i.e.
phenol photooxidation) is demonstrated. Data shows that the
onset wavelength of the photochemical activity can be tuned by
surface functionalization, with enhanced visible-light conver-
sion upon introducing N-containing groups.

After the early works in the 1960s and 1970s reporting on the
photochemistry of ZnO and TiO2 electrodes, and their
potential application in water splitting and environmental
remediation,[1] heterogeneous photocatalysis has become
a popular topic. However, the low photonic efficiency of
most semiconductors is still a challenge, and calls for research
to be conducted on exploring novel materials.[2] The use of
carbon materials as additives and supports to semiconductors
has been long explored and many studies have shown that
adding a carbonaceous phase in the catalyst provides superior
performance.[3] Our recent investigations[4, 5] have also proved
the photoactivity of semiconductor-free carbon under UV
light and their ability to photogenerate O radicals. The
occurrence of carbon–light interactions has been reported,[4–6]

but the origin and the mechanisms of the photoinduced
reactions initiated upon illumination of carbon materials still
remain uncertain.

With the aim of shedding some light on this issue, the goal
of this work was to explore the wavelength dependence of the
photochemical response of semiconductor-free nanoporous
carbon. The novelty of our approach is the use of mono-
chromatic light to critically determine the wavelength onset of
the photochemical activity of nanoporous carbons (Figure 1).
In particular we evaluated this activity in terms of phenol
photooxidation conversion, a well-known reaction described
in the literature. Although photochemical applications of
carbon nanostructures (graphene, nanotubes, graphite oxide)
has gained considerable attention,[3] few studies deal with

nanoporous carbon. Furthermore, most of them use poly-
chromatic light and disregard the contribution of UV light to
solar irradiation (ca. 4–10%), thus making it difficult to
determine if the reported effect is actually a visible-light
conversion.[7]

To attain this goal, experiments were designed to suppress
secondary reactions (i.e., direct photolysis and adsorption) by
irradiating aqueous suspensions of the nanoporous carbons
preloaded with phenol. This methodology was developed in
our previous work[4] as a way to avoid adsorption/desorption
and solution photolysis during the assays, and thus allow
assignment of the extent of phenol photodegradation exclu-
sively to the carbon–light interactions.

Figure 1 shows the normalized conversion values of
selected nanoporous carbons by using monochromatic light.
To stress the importance of the wavelength dependence on
the photochemical response, data of direct phenol photolysis
(absence of photocatalyst) is also shown. Two different lamps
were used to explore the role of the irradiation source (see
details about the emission spectral lines in Figure S1 in the
Supporting Information). The expected low photonic effi-
ciency of the phenol photooxidation reaction under visible
light is evidenced by the decreasing pattern of phenol
conversion at high wavelengths. Other differences became

Figure 1. Phenol conversion per incident flux under monochromatic
light provided by A) a Xe lamp (150 W) and B) a high pressure Hg
lamp (125 W). Inset in (A): UV/Vis spectrum of a phenol solution.
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evident when analyzing the data. Even though the high
conversion values under UV irradiation have been previously
reported using monochromatic light,[4] we herein show the
wavelength dependence under monochromatic light and the
performance of the isolated wavelengths of each lamp.

Phenol photolysis was negligible at wavelengths above l =

300 nm, as was expected based on the light absorption
features of the phenol solutions (inset Figure 1A). Below
l = 300 nm, conversions were higher for the nanoporous
carbons at all wavelengths. This conversion is remarkable
considering that nanoporous carbons are strong light-absorp-
tion materials. More importantly, whereas the onset wave-
length for phenol photolysis was above l = 300 nm, most of
the nanoporous carbons showed important photochemical
activity when illuminated at l = 400 and 432 nm. This data
becomes direct evidence of the ability of nanoporous carbons
to convert low energy photons from visible light irradiation
into a chemical reaction: phenol photooxidation from solu-
tion. Another outstanding finding is that the onset wavelength
for the photooxidation reaction for the nanoporous carbons
was l = 432 nm, which corresponds to an over 100 nm redshift
compared to direct photolysis. The effect became more
remarkable under higher photon fluxes (Figure 1B).

With the exception of sample C7, which shows no
photoactivity, all the studied carbon samples showed out-
standing phenol conversions at l = 432 nm, thus correspond-
ing to photochemical activity under visible light. The lack of
photoactivity of carbon C7, regardless of the wavelength, is in
agreement with its performance under polychromatic light
(see Figure S2),[4] and corroborates the finding that the ability
to convert light into chemical reactions is not an intrinsic
property of all carbon materials. Interestingly, none of the
studied carbon samples seemed to be photoactive at l =

450 nm, regardless the irradiation source. We attribute this
effect to the low photon flux of both lamps at this wavelength
(Figure S1), rather than to the inactivity of carbon materials
above l = 450 nm. Indeed, further studies need to be done at
higher wavelengths to clarify this issue.

To gain additional insight into the role of the carbon
composition on their photoactivity at different wavelengths,
sample C1, which showed among the highest photochemical
response, was chemically modified to introduce oxygen and
nitrogen groups. As seen in Figure 2, the chemical function-
alization barely modified the photooxidation yields, with the
phenol conversions following the trend: undoped�
N doped>O doped carbon C1. However, interesting features
are revealed for the wavelength dependence of the photo-
chemical response of the chemically modified samples.
Whereas the oxidized carbon showed a similar wavelength
dependence to that of C1, N doping provoked an outstanding
redshift in the light absorption features, as seen by the
increased conversion at l = 545 nm. We attribute these differ-
ences to the likely changes in the density of electronic states
(DOS) of the nanoporous carbon upon functionalization. It is
generally accepted that the DOS in amorphous carbon is
composed of bands formed by s and p states, wherein the
energy spread of states depends upon the sp2/sp3 content.[6,8]

The size of the sp2 clusters, and the ordering and distortions of
p states control the optical band gap. In the visible/near UV

band, the light absorption features of carbon materials are
dominated by direct p–p* transitions,[6, 8, 9] although transi-
tions arising from intermediate hybridization states (mixed
s/p character) or distorted sites are also allowed.

Chemical functionalization has a strong effect on the band
gap that is associated with the sp2/sp3 rehybridization of the
carbon atoms, and the creation of defects and midgap states,
below the conduction band edge, which affect the location of
the Fermi level.[8]

For O groups, the observed fall in phenol photooxidation
conversion can be attributed to the electron-withdrawing
effect of O-containing groups, which could affect the stabi-
lization of the photogenerated carriers, by delocalization
within the carbon basal planes, and the creation of distorted
sites in the DOS. The effect would be similar to that reported
for other carbon nanostructures, where the negative impact of
oxidation was explained to result from the modifications in
the sp2/sp3 content (carbon atoms with sp3 hybridization
increase after oxidation; see Table S5) and the medium-range
order.[11] Although the effect of carbon oxidation on photo-
catalytic applications is still rather unclear,[5,12] we herein
report that the onset of the photochemical activity remained
unchanged after the incorporation of O functionalities.

In contrast, N doping caused an enhanced light absorption
in the visible range, as seen in the increased conversion at l =

432 and 545 nm, compared to the undoped C1 carbon. XPS
analysis revealed that nitrogen was inserted mostly in the
form of quaternary nitrogen and pyridine-type groups, with
an increase in the sp2/sp3 ratio (see Figure S3 and Table S5).
According to Ref. [8] the adequate N doping of carbon
distorts the DOS, thus introducing midgap states below the
conduction band edge. Such midgap states would explain the
light absorption at high wavelengths in the N-doped carbon,
compared to the undoped sample. Another effect of N doping
is to favor interlayer bonding, thus producing higher electron
mobility, as opposed to that of O doping.[8]

Upon irradiation of carbons direct p–p* transitions occur,
thus generating carriers (holes or electrons) which can
participate in charge-transfer reactions with electron donors
present in the reaction.[6, 8, 13] Similar optical properties have

Figure 2. Effect of surface functionalization on phenol conversion
values per incident flux upon illumination at different wavelengths
using monochromatic light provided by a Hg lamp (125 W).
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been reported for luminescent carbon nanotubes and nano-
particles in aqueous solutions, where intense absorption
transmission is reported at l = 230 and 320 nm.[9, 10] The first
one is associated with the strong p–p* transition, whereas that
at l = 320 nm has been assigned to the s–p* transitions
involving free zig-zag sites and carbene-like sites.[9,10] We have
detected light absorption at energies below 2 eV, which could
correspond to the s–p* transitions according to computa-
tional calculations.[14] Thus, the assignment of these transitions
to the light absorption features, herein observed for nano-
porous carbons above l = 400 nm, seems reasonable.

Since the use of carbon nanostructures in photochemical
applications has recently gained considerable attention, we
believe these results are most outstanding as they provide
direct experimental evidence of the photochemical activity of
semiconductor-free carbon materials under visible light, as
well as the dependence of this photochemical behavior on the
wavelength of the irradiation source. This data offers an
interesting opportunity to explore the light absorption
features of carbon materials in the fields of solar energy
conversion and environmental remediation.

Experimental Section
Materials: A series of nanoporous carbons obtained from different
precursors was selected for this study. Selected physicochemical
characteristics are compiled in the Supporting Information (see
Table S1).

Surface functionalization: The incorporation of oxygen was
carried out by mild wet oxidation. About 1 g of sample was put in
contact with 10 mL of a saturated solution of ammonium persulfate in
4n H2SO4 at room temperature and left stirring overnight. After
oxidation, the carbon was filtered out, washed with distilled water
until constant pH, and dried at 110 8C overnight. The N-doped carbon
was prepared by dispersing 0.1 g of carbon in a 0.3m urea solution and
stirring for 24 h. After filtration, the material was heated at 800 8C
under inert atmosphere.

Irradiation set-up: A Xe lamp (150 W) and a high pressure Hg
lamp (125 W) were used to irradiate the samples, and a monochro-
mator (Oriel, 1 nm resolution) was used to provide monochromatic
light. The photon flux arriving at each wavelength was measured
through ferrioxalate actinometry.[15] All phenol conversions were
normalized versus the incident flux at each wavelength.

Phenol photooxidation: Suspensions of the carbons in a phenol
solution are allowed to equilibrate until all phenol is completely
removed and then irradiated for 60 min (see Scheme S1). The
solution is filtered out and analyzed by reverse-phase HPLC (C18
column, water/methanol 95:5). The carbon material was further
extracted with ethanol and the alcoholic solution is also analyzed by
HPLC.[5] Extraction yields are previously determined for each pure
compound on each carbon material. Direct phenol photolysis was also
performed for comparison. All the measurements were done in
duplicate and the standard deviation was lower than 5%.
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