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Ferrous ion-based catalysts have been widely employed to oxidatively destruct the major industrial pollutants such as phenolic
compounds through advanced oxidation processes (AOPs). These
agents, however, inevitably show several drawbacks including the
need for pH adjustment and further puriﬁcation steps to remove
residual salts. Here we report the use of a chemical vapour
deposition (CVD) graphene ﬁlm as a novel metal-free catalyst for
the AOP-based degradation of phenols in aqueous solution, which
does not require additional steps for salt removal nor external
energy to activate the process. We have also veriﬁed that the
catalytic activity is strongly dependent on the surface area of the
graphene ﬁlm and the degradation eﬃciency can be markedly
improved by exploiting an array of multiple graphene ﬁlms. Finally,
the recyclability of the graphene ﬁlm has been validated by performing repetitive degradation tests to ensure its practical use.

Phenol and its derivatives are important materials in many
industries, but are also hazardous and potentially mutagenic
and/or carcinogenic.1–3 For such reasons, destroying organic
pollutants in an aquatic environment has been one of the
major foci in the field of wastewater treatment. To date, oxidative destruction of phenolic compounds has been carried
out mostly through advanced oxidation processes (AOPs),
which exploit the generated secondary radicals as powerful oxidants under aqueous conditions.4–6 To facilitate the processes
while minimising disadvantages, a number of diﬀerent catalysts including ferrous ion-based Fenton’s reagents have been
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widely employed. However, these agents necessitate further
steps to remove residual salts and are optimised under relatively harsh conditions such as low pH. In addition, other candidates without ferrous ions predominantly demand external
energies including UV light and electricity, which complicates
their universal applications.7–10
In this communication, we propose the application of a
monolayer graphene film as a novel catalyst to degrade
phenols through the AOP. Graphene has gained much attention in diverse fields of study due to many of its outstanding
physical, chemical and electrical properties, as well as its
exceptional ability to donate or withdraw electrons.11–14 We
have thus inferred that a graphene film can be utilised to generate hydroxyl radicals from hydrogen peroxide (H2O2) through
immediate redox reactions, where the generated radicals can
be exploited to oxidatively destroy phenols without any
additional treatments.
For the study, a high quality monolayer graphene film was
synthesised through the chemical vapour deposition (CVD)
method (Fig. S1†), and transferred onto a silicon substrate
(Gr/SiO2).15,16 Ideally, graphene facilitates the AOP-mediated
destruction of phenols in an analogous manner to the conventional ferrous ion-based catalysts, but this would be more
advantageous in multiple aspects: (i) further steps for salt
removal would not be necessary, (ii) the optimal activity is not
restricted to low pH, (iii) no input of external energy is
required and (iv) the film is recyclable as long as graphene is
not severely damaged and H2O2 can be replenished (Fig. 1a).
To investigate the ability of the graphene film to generate
hydroxyl radicals from H2O2, the fluorescence intensity of 2′,7′dichlorofluorescin diacetate (DCFH-DA, 2 μM) was measured
at diﬀerent H2O2 concentrations. DCFH-DA is one of the most
common fluorescent probes for the detection of reactive
oxygen species (ROS),17,18 where its fluorescence intensity
corresponds to the levels of ROS, Gr/SiO2 and bare SiO2,
changes in the fluorescence intensity were monitored. While
the non-treated and SiO2 only groups respectively resulted in a
12-fold and 27-fold increase in the fluorescence intensity,
Gr/SiO2 elicited a 102-fold increase with 100 mM H2O2 (Fig. 1b).
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Fig. 1 (a) Schematic representation of the conventional phenol degradation method using Fe2+-based Fenton’s reagent (top) and the novel method
with a recyclable graphene ﬁlm (bottom). (b) Representative DCFH-DA ﬂuorescence intensity (2 μM) with respect to increasing H2O2 concentrations
in the presence of 1 cm2 Gr/SiO2 (blue), 1 cm2 SiO2 only (red), and non-treated (black). (c) Preliminary surface adsorption test of phenols (1 mM) in
the presence (black) and absence (red) of 1 cm2 graphene ﬁlm. (d) Representative DCFH-DA ﬂuorescence intensity (2 μM) in the presence of 1 cm2
Gr/PET (red line), Gr/SiO2 (blue line), PET only (red dot), SiO2 only (black dot), and non-treated (blue dot) and (e) mono- (red), bilayer Gr/SiO2 (black)
and SiO2 only (blue) with the respective Raman spectra. (f) Time-dependent pH (black) and temperature (blue) changes in the presence of 1 cm2 graphene ﬁlm, H2O2 (100 mM), and phenols (1 mM).

The diﬀerence in the fluorescence intensity solely arose
from the presence of a 1 cm2 monolayer graphene sheet,
which apparently took part in generating secondary radicals
(i.e. hydroxyl radicals, OH·) from H2O2; the radicals’ strong
oxidising potential is reflected by the dramatic fluorescence
intensity increment. Indeed, previous reports including
density functional theory (DFT) studies have explored the H2O2
reduction reaction (HPRR) on graphene, through which powerful secondary radicals can be generated en route to its complete
reduction to water.19,20 More specifically, ambient H2O2 molecules are transiently adsorbed onto the surface of the graphene
film mainly through the van der Waals force. Upon the spontaneous physisorption, breakage of the O–O bond is replaced
by the formation of the C–O bond with graphene, where the
adsorbed OH· on graphene plays the role of a strong oxidant
against the surrounding targets like DCFH-DA.21,22
Unlike the temporary adsorption of H2O2 molecules, the
molecular adsorption of phenols on the graphene film may
hinder their degradation process as these ring compounds are
known to interact with graphene through hydrophobic interactions.22 On account of this potential issue, the adsorption of
phenols on graphene was preliminarily tested by incubating
1 cm2 graphene in a 1 mM phenol solution (Fig. 1c). As shown
from the results, practically no phenol molecules were
adsorbed onto the graphene films. It can thus be inferred that
the pi–pi interactions between phenols and graphene are
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either only transient or negligible, which can be supported by
the previous literature that re-discussed the pi-stacking in
general.23
To investigate the eﬀects of the underlying substrate and
the number of graphene sheets on the catalytic performance,
monolayer graphene on flexible polyethylene terephthalate
(PET) and bilayer graphene on SiO2 were prepared (Fig. 1d and e).
As shown in Fig. 1d, the substrate change resulted in only
insignificant diﬀerences in the catalytic eﬀect, as assessed by
DCFH-DA fluorescence assay. Thus, Gr/SiO2 was exploited for
all following assessments to facilitate relevant analyses including Raman and XPS. In like manner, mono- and bilayer
graphene, which exhibited characteristic Raman 2D/G ratios of
4.27 and 1.15, did not show critical changes in the catalytic
eﬀects (Fig. 1e).24 The result is in accordance with a previous
study on the electron transfer of mono- and bilayer graphene,
which practically show no clear distinction.25
In addition, the time-dependent pH and temperature
changes were monitored by incubating 1 cm2 Gr/SiO2 and
1 mM phenols with 100 mM H2O2 under ambient conditions
(Fig. 1f ). Notably, the pH started at 6.06 and gradually
increased with time, and saturated at 7.06 after 24 hours of
incubation. The gradual pH increment can be attributed to the
progressive consumption of phenols and H2O2, which are both
weakly acidic, during the generation of hydroxyl radicals.26,27
H2O2 is exploited for the production of hydroxyl radicals and
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phenols are degraded as a result of the process. Collectively,
the final pH of this graphene-catalysed process reaches that of
water, which is far more advantageous than ferrous ion-based
catalysts that are optimally activated in the pH range of 3–4.5 It
should also be noted that there were no significant changes in
the temperature during the course of phenol degradation
except for the changes caused by the surrounding
temperature.
The eﬀect of graphene-induced radicals on the degradation
of phenols was subsequently investigated. Note that the concentration of H2O2 was adjusted to 100 mM in all following
assessments as the fluorescence intensity for the Gr/SiO2
group was practically saturated from 100 mM onwards. After
incubating 1 mM phenols with 1 cm2 Gr/SiO2 for 24 hours, the
sample was analysed by time-resolved ion-exchange high performance liquid chromatography (HPLC) (Fig. 2a). Besides the
standard HPLC signal of phenol, which displays its characteristic peak at 68.56 minutes (Fig. 2b), four other distinct signals
were newly observed. To identify the substances designated by
the emerged peaks, a HPLC-coupled organic acid analyser with
a proton column and ultraviolet (UV) absorption spectroscopy
were exploited. Foremost, we sought to characterise the three
substances separated at 16.65, 41.99, and 44.25 minutes postinjection, as they are likely to manifest less oxidised structures
than the substance appearing at 9.74 minutes (Fig. 2c). Based
on the reference UV spectra, we could verify that the obtained
absorption spectra represent p-benzoquinone, hydroquinone,
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and catechol, respectively, for the HPLC signals at 16.65,
41.99, and 44.25 minutes.28–30 As expected, these compounds
are the oxidative derivatives of phenol, with diﬀerent degrees
of oxidation. Although H2O2 signals peaking at 7.43 and
8.65 minutes overlapped with the peaks at 9.74 and
16.65 minutes (Fig. S2a†), they did not interfere with the
identification process.
The major substance appearing at 9.74 minutes postinjection was subsequently characterised with the HPLCcoupled organic acid analyser. According to the standard
HPLC signals, the peak matches with that of maleic acid
(Fig. 2b), which features a biodegradable linear structure with
four carbons. Previous studies discussing the potential
pathway for oxidative destruction of phenol also report maleic
acid as a dominant product through the complete oxidation of
phenol to carbon dioxide and water.4 The report also classifies
p-benzoquinone, hydroquinone, and catechol as the major
intermediate products prior to the ring opening process to
maleic acid, while these substances are not deemed to be biodegradable yet (Fig. 2d).
As 1 cm2 Gr/SiO2 could only elicit 25% reduction of the
initial concentration of phenols (1 mM), we sought to improve
the catalytic eﬃciency by exploiting an array of multiple
graphene films (Fig. 3a). Preliminarily, the relative DCFH-DA
fluorescence intensity for graphene films with diﬀerent areas –
1, 2, 4, and 9 cm2 – was measured to validate that the amount
of generated radicals increases with respect to the area of the

Fig. 2 (a) Time-resolved high-performance liquid chromatography (HPLC) analysis with the designated peaks representing the substances detected
in the midst of the pathway. (b) Standard HPLC signals of phenol and maleic acid. (c) UV absorption spectra of the labelled intermediate compounds.
(d) Schematic representation of the observed degradation pathway from phenol to maleic acid.
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Fig. 3 (a) Schematic representation of multiple 1 cm2 graphene arrays to improve the catalytic performance. (b) Representative graphene areadependent DCFH-DA ﬂuorescence intensity (2 μM) with 100 mM H2O2. (c) Time-dependent changes in phenols and (d) maleic acid using graphene
ﬁlms with diﬀerent unit areas. (e) Time-dependent changes in the amount of phenols through HPLC analysis of the recycled 9 cm2 graphene ﬁlms
with normalised phenolic levels. (f ) Representative optical microscopy (OM) images and Raman spectra after performing the ﬁrst, second, third and
ﬁfth incubation cycles.

graphene film. Intriguingly, the fluorescence intensity markedly increased as a function of graphene area by exhibiting a
131, 208, and 913-fold increase in the fluorescence intensity
respectively with 2, 4, and 9 cm2 Gr/SiO2 (Fig. 3b).
The same test groups were subsequently employed in timedependent phenol degradation analysis with HPLC. In accordance with the results from DCFH-DA measurements, the
oxidative destruction of phenols occurs in a time-dependent
manner with a strong dependency on the area of the graphene
film. After 24 hours of incubation, the initial concentration of
phenol was reduced by 54%, 60%, and 92% respectively with
2, 4, and 9 cm2 Gr/SiO2 (Fig. 3c). It should also be noted that
the total amount of non-biodegradable ring structures –
phenol, hydroquinone and catechol – decreased gradually with
time. Likewise, time-dependent maleic acid concentrations
were monitored by using the HPLC-coupled organic acid analyser (Fig. 3d). Interestingly for 9 cm2 Gr/SiO2, which exhibited
the highest phenol reduction ratio, the concentration of
maleic acid sharply increased after 3 hours of incubation.
However, it shows a slight decline after 6 hours and becomes
saturated until the end of the incubation period. Such inconsistent trends between the maleic acid increments and the
phenol decrements can be attributed to the complete
oxidation of maleic acid to carbon dioxide and water, which was
supported by the generation of bubbles in the test batches.
Finally, the recyclability of the graphene film was investigated by carrying out repetitive phenol destruction tests using
a single 9 cm2 Gr/SiO2 sample (Fig. 3e). After each cycle, the
levels of phenols and oxidised intermediates were analysed.
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Remarkably, graphene films elicited the same catalytic eﬀects
after a series of recycling processes; four distinct time-resolved
HPLC spectra for phenol degradation by the first, second,
third, and fifth recycled 9 cm2 Gr/SiO2 display practically the
same results (Fig. 3e). On average, the concentration of the
remaining phenol was 6.5 ± 2.3% in each tested cycle. This is
nearly equivalent to the 92% reduction achieved with pristine
9 cm2 Gr/SiO2.
For the analysis of the intrinsic properties of graphene, any
damage or changes on the surface were evaluated through
optical microscopy (OM), Raman spectroscopy and X-ray
photoelectron spectroscopy (XPS) analyses (Fig. 3f and
Fig. S3†). The representative OM images clearly display that
the graphene film was not damaged even after the fifth round
of incubation cycle, and only a minimal part of stained spots
were observed. The respective Raman spectra also supported
that the original condition and quality of graphene were preserved over the fifth round of degradation cycle, by showing
the respective 2D/G ratios of 3.72, 3.43, 4.30, and 3.84 for the
graphene film respectively after the first, second, third, and
fifth recycling (2D peak at 2680 cm−1 and G peak at
1580 cm−1). In general, the 2D/G ratio that exceeds 2 represents monolayer graphene, and a high 2D/G ratio typically
corresponds to high intrinsic crystallinity. In addition, XPS
analyses on the chemical composition of graphene pre- and
post-phenol degradation exhibited essentially the same
results, which corroborated that graphene was not severely
oxidized by the surrounding hydrogen peroxide or organic
molecules (Fig. S3†).
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Conclusions
In summary, we have successfully demonstrated the potential
application of a CVD graphene film for the oxidative destruction
of phenols through a novel AOP method. Although the catalytic
activity of the graphene film-based AOP system is relatively
lower and thus requires a longer incubation time than the conventional metal-based catalysts, it overcomes the inevitable
drawbacks of the previous methods including the need for pH
adjustment, input of external energies, and further steps for
residual salt removal. In addition, it is important to note that
the graphene film’s catalytic eﬃciency is markedly improved by
enlarging the dimension of the film – which can be as large as
30 inches, produced by the roll-to-roll method – which is
expected to be utilized as a recyclable catalyst with considerable
catalytic eﬀects for industrial applications. As graphene can also
be transferred onto flexible substrates, the range of potential
applications can be even more broadened to diﬀerent areas that
demand the use of powerful secondary radicals generated by
the environment-friendly film catalyst.
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