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HIGHLIGHTS

GRAPHICAL ABSTRACT

« Hummers’ (GO-H) and Brodie’s
(GO-B) GO materials were tested in
photocatalysis.

« GO-B promoted high phenol
degradation under near UV/Vis and
visible irradiation.

« GO-H and GO-B had different surface
chemistries, d-distance and
photoluminescence.

« Holes and hydroxyl radicals were the
main reactive species in play.

« GO-B is active under visible
illumination and stable in reusing
cycles.
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Undoped metal-free graphene oxide (GO) materials prepared by either a modified Hummers’ (GO-H) or a
Brodie’s (GO-B) method were tested as photocatalysts in aqueous solution for the oxidative conversion of
phenol. In the dark, the adsorptive capacity of GO-B towards phenol (~35%) was higher than that of GO-H
(~15%). Upon near-UV/Vis irradiation, GO-H was able to remove 21% of phenol after 180 min, mostly
through adsorption. On the other hand, by using less energetic visible irradiation, GO-B removed as much
as 95% in just 90 min. By thorough characterization of the prepared materials (SEM, HRTEM, TGA, TPD,
Raman, XRD, XPS and photoluminescence) the observed performances could be explained in terms of
their different surface chemistries. The GO-B presents the lower concentration of oxygen functional
groups (in particular carbonyl groups as revealed by XPS) and it has a considerably higher photocatalytic
activity compared to GO-H. Photoluminescence (PL) of liquid dispersions and XRD analysis of powders
showed lower PL intensity and smaller interlayer distance for GO-B relative to GO-H, respectively: this
suggests lower electron-hole recombination and enhanced electron transfer in GO-B, in support of its
boosted photocatalytic activity. Reusability tests showed no efficiency loss after a second usage cycle
and over three runs under visible irradiation, which was in line with the similarity of the XPS spectra

0021-9797/© 2020 The Authors. Published by Elsevier Inc.
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of the fresh and used GO-B materials. Moreover, scavenging studies revealed that holes and hydroxyl rad-
icals were the main reactive species in play during the photocatalytic process. The obtained results,
establish for the first time, that GO prepared by Brodie’s method is an active and stable undoped
metal-free photocatalyst for phenol degradation in aqueous solutions, opening new paths for the appli-
cation of more sustainable and metal-free materials for water treatment solutions.

© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Graphene and its derivatives have been employed to produce
photocatalysts with applications in different fields, such as envi-
ronmental remediation and energy conversion [1-20]. Graphite
has been used as a source of graphene analogues. A top-down
approach can be used to produce graphene derivatives, by graphite
oxidation and subsequent exfoliation to graphene oxide (GO), or
direct liquid exfoliation of graphite with macromolecules or
organic solvents [21,22]. GO is composed of carbon atoms arranged
in a hexagonal lattice and decorated with oxygen functional groups
on the basal plane defects (epoxy and hydroxyl groups, C—0) and
at the edges (carboxyl groups, 0O=C—0) of the layer [11,23]. The
occurrence of carbonyl groups (C=0, as quinones or ketones) in
the basal plane of GO derivatives, mainly on the edges of structural
defects, has also been described [24]. In 2010, Erickson and
coworkers reported hydroxyl and epoxies, as the main oxygenated
groups in GO, and the presence of carbonyl groups at the edges of
holes (<5 nm?) in the GO structure [25]. This carbon material
presents sp2-hybridized carbon domains (conducting m-states)
separated by a large energy gap from the sp>-linked carbons
(o-states) covalently bonded to oxygen groups [11,26]. The
alteration of the sp? and sp? portions of GO (e.g., by oxidation or
reduction) can tune its properties, including the band-gap energy
as well as other features such as insulating, semiconducting or
semi-metallic properties [11,26]. The introduction of oxygen atoms
into the graphene layer disrupts the carbon lattice, increasing the
band-gap energy proportionally to the oxygen abundance, since
graphene is a zero-band-gap material [11]. For instance, reduced
GO (rGO) is a conducting material with a shorter band-gap than
GO. The reduction process may contribute both to the formation
of nanopores in the location of the lost oxygenated groups of GO
and the production of CO or CO, from the loss of carbon atoms
from the basal plane under UV irradiation [26,27]. Partial reduction
of GO has also been observed upon long periods of continuous
illumination, as carbon photogenerated electrons may target
oxygenated groups of GO instead of the organic pollutant molecule
[11]. During this process, GO can be photochemically transformed
not only into rGO and CO, but also into persistent by-products
such as polycyclic aromatic carbons (PAHs) [28].

Most of the research published so far using GO in photocatalysis
for the degradation of organic contaminants involves its combina-
tion with metals [6-12,16-18,29] or doping with non-metals
[13-15]. In fact, undoped metal-free GO materials are still uncom-
mon in photocatalysis for the degradation of organic pollutants
[30-35]. In addition, these GO materials are either commercial or
prepared the by Hummers’ method, while the particular applica-
tion of Brodie’s-based GO materials for the photocatalytic degrada-
tion of organic contaminants has not been reported in the
literature, as far as we know. For instance, Adeleye et al. [30]
reported 11% of bisphenol A degradation after 24 h of solar light
irradiation using a commercially available GO material. Li et al.
[32] obtained almost complete removal of hydroquinone in
30 min, under white light emitting diode (LED) irradiation employ-
ing another commercial GO powder. Oh et al. [31] prepared GO by
Hummers’ method, resulting in 19% of rhodamine B degradation

after 2 h under visible light irradiation. Bustos-Ramirez et al. used
GO derived from Hummers’ method to remove 38% of phenol [33]
and 97% of 4-chlorophenol [34] with an UV lamp (254 nm) in ~2 h.
Peréz-Ramirez and co-workers [35] reported 73% of dye (Reactive
Red 2) degradation, under UV irradiation (254 nm) in 1 h, using
GO derived from the Hummers’ method. However, only ca. 5% of
increment was ascribed to the photocatalytic activity in compar-
ison with adsorption, meaning that the GO material was an active
adsorbent of the studied anionic dye.

Hence, it is now of paramount importance to investigate
undoped GO photocatalysts prepared by different methodologies
including Brodie’s method, which can provide materials with dif-
ferent characteristics [36-42] and, as a consequence, various pho-
tocatalytic activities are expected. To the best of our knowledge,
we are reporting for the first time the comparison of undoped
metal-free GO materials prepared by Hummers’ and Brodie’s
methodologies for the photocatalytic degradation of phenol as a
well-recognized probe molecule, considering the surface chem-
istry, interlayer distance and photoluminescence in the liquid
dispersions.

2. Experimental
2.1. Chemicals

All solutions were prepared with ultrapure water. Phenol
(CeHgO > 99%), sodium azide (NaN; > 99.5%), ethylenediaminete-
traacetic acid (EDTA > 99%) and barium sulfate (BaSO4, > 98%)
were purchased from Sigma-Aldrich. Methanol (CH30H, HPLC
grade > 99.8%), sodium hydroxide (NaOH, > 98.5%) and 2-
propanol (CsHgO, HPLC grade) were obtained from VWR, hydro-
quinone (CgHgO,, > 99.5%) from Merck and p-benzoquinone
(C¢H40,, 99%) from Acrds Organics. TiO, Aeroxide® P25 (80% ana-
tase: 20% rutile) powder was obtained from Evonik (hereafter
referred to as P25 TiO,). Sodium chloride (NaCl, > 99%) was pur-
chase from José Manuel Gomes dos Santos and hydrochloric acid
(HCl, 37%) from VWR Chemicals.

2.2. Production of graphene oxide by Hummers’ and Brodie’s methods

Graphite oxide was synthesized by Brodie’s - B [37,43]| and
Hummers’ - H [37,44] methods, as reported elsewhere [8]. The
obtained oxidized materials were dispersed in deionized water
and exfoliated using an ultrasonic processor (UP400S, 24 kHz) for
1 h [8,16]. The GO dispersions were evaporated at 60 °C, resulting
in GO-H (Hummers-based GO) and GO-B (Brodie’s-based GO)
samples.

2.3. Characterization techniques

Thermogravimetric analysis (TGA) was performed with a
STA490 PC/4/H Luxx Netzsch thermal analyser. The sample was
heated from 50 to 500 °C, at 5 °C min~! in a nitrogen atmosphere.

Temperature programmed desorption (TPD) analysis was per-
formed in a fully automated AMI-300 Catalyst Characterization


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

M. Pedrosa et al./Journal of Colloid and Interface Science 567 (2020) 243-255 245

Instrument (Altamira Instruments) with a quadrupole mass spec-
trometer (Dymaxion, Ametek). The sample (~25 mg) was placed
in a U-shaped quartz tube and heated at 5 °C min ! up to
1060 °C under a constant flow rate of helium (25 cm® min~1).

X-ray photoelectron spectroscopy (XPS) analysis was conducted
with a Kratos AXIS Ultra HSA apparatus, equipped with a
monochromatic Al Ko X-ray source, operating at 15 kV (90 W) in
Fixed Analyser Transmission (FAT) mode with a pass energy of
40 eV for regions of interest (C1s and O1s) and 80 eV for survey.
Data acquisition was achieved with a charge neutralization system
and a pressure lower than 10~° Pa. To reduce the sample charging
effect the binding energies were calibrated by referencing the C1s
peak at 285 eV and an analysis area of 300 um x 700 pum were used.
CasaXPS software was employed to analyze and deconvolute the
obtained spectra.

Raman spectra were collected with a Renishaw inVia Reflex
spectrometer equipped with two excitation sources, i.e. an Ar"
ion laser (A = 514.5 nm) and a high power near infrared (NIR) diode
laser (A = 785 nm). To focus the laser beam, a 20 x short distance
magnification lens was used, which provided a power energy of
0.04 mW pm~2. Frequency shifts were calibrated by an internal
Si reference. Several spectra were collected from different spots
for each sample.

A PANalytical X'Pert MPD apparatus equipped with a X'Celera-
tor detector and secondary monochromator (Cu Kot A = 0.154 nm,
40 kV, 30 mA; the data was recorded at a 0.017° step size,
100 s/step) was used for the X-ray diffraction (XRD) analysis.

Scanning electron microscopy (SEM) was performed to evaluate
the morphology of GO, using a Quanta 400 FEG ESEM | EDAX
Genesis X4M electron microscope.

A Cs probe-corrected TEM/STEM Jeol ARM 200 CF equipment
with a cold-FEG electron source, operated at 80 kV was used for
high-resolution transmission electron microscopy (HR-TEM) and
scanning transmission electron microscopy (STEM) analysis. A
Gatan Quantum ER double electron energy loss spectroscopy
(EELS) system and a Jeol Centurio 100 mm? energy dispersive X-
ray spectrometer (EDXS) were used for elemental analyses and
mapping in STEM. Ethanol was used to disperse the samples before
their placement on a copper lacy-carbon coated grid.

A JASCO V-560 UV/Vis spectrophotometer, with an integrating
sphere attachment (JASCO ISV-469), was employed to study the
near-UV/Vis diffuse reflectance (DRS UV-Vis) of GO materials
(BaSO4 was used as reference).

Steady-state photoluminescence (PL) spectra were recorded
with a JASCO FP-8300 spectrofluorometer equipped with a
150 W Xe lamp. The PL spectra of GO powders and of the aerated
aqueous dispersions containing phenol and GO before and after
irradiation (filtered to retain the GO) were obtained under excita-
tion at 320 nm, using emission and excitation bandwidths of
10 nm. The absorbance of the aqueous dispersions was ca. 0.1-
0.2 at the excitation wavelength in order to avoid inner effects.
The fluorescence emission spectrum was thus obtained by sub-
tracting the spectrum of the sample to the solvent (water) spec-
trum in order to remove the contribution of the solvent Raman
peak.

N, adsorption-desorption isotherms were obtained at —196 °C
in a Quantachrome NOVA 4200e apparatus. Prior to the analysis,
all samples were outgassed for 3 h at 120 °C.

The determination of the point of zero charge (pHpzc) was
based on previous studies [45,46]. Briefly, 5 mL of 0.01 mol L™!
NaCl was placed in a flask and the pH was adjusted to a value
between 2 and 12 by adding 0.1 mol L~! HCl or 0.1 mol L!
NaOH. Then, 0.015 g of sample was added and the final pH was
measured after 24 h under stirring at room temperature. The
PHpzc is the point where the curve pHgna versus pHipitial Crosses
the line pHinitial = PHfnal-

2.4. Photocatalytic experiments

The experiments were conducted in a cylindrical glass reactor
equipped with a Heraeus TQ 150 medium-pressure mercury vapor
lamp located axially in the reactor and held in a quartz immersion
tube. A DURAN 50° glass cooling jacket was used for irradiation in
the near-UV/Vis (A > 365 nm) and water refrigeration at 25 °C. Vis-
ible illumination (2 > 400 nm) was produced using sodium nitrite as
a UV cut-off liquid filter under recirculation with cooling to keep
the same temperature of 25 °C. The irradiance of the lamp (330
and 285 W m~2 for near-UV/Vis and visible, respectively) was mea-
sured using a calibrated Modular USB series spectrometer from
Ocean Optics. A phenol solution (5.0 mg L~ with a pH adjusted
to ~7.0 with NaOH) was prepared and used to disperse GO materials
(1.0 g L~ with pH of 2.8 or 4.9 with GO-H and GO-B, respectively).
150 mL of this dispersion was irradiated under constant stirring
after a dark adsorption-desorption equilibrium period of 60 min.
Experiments in the absence of GO (photolysis) were also conducted.
Additional experiments with scavengers of reactive oxygen species
(ROS) were performed under visible illumination by adding
0.05 mol L' of EDTA, NaNj; or 2-propanol to 5.0 mg L~! of phenol,
and then adjusting the pH to the neutral value. Samples were fil-
tered (OlimPeak PTFE 0.45 um, Teknokroma) prior to analysis.

2.5. Analytical techniques

The phenol concentration was monitored by high-performance
liquid chromatography (HPLC) using a Hitachi Elite Lachrom appa-
ratus equipped with an L-2450 diode array detector (A = 271 nm)
and a Lichrocart Purospher® Star RP-18 endcapped column
(250 mm x 4.6 mm, 5 pm particles, from Merck), at room temper-
ature. The mobile phase (70% water and 30% methanol) was
employed in a gradient step at a flow rate of 1 mL min~! and an
injection volume of 50 pL. The phenol reaction intermediates, i.e.
p-benzoquinone (A = 246 nm) and hydroquinone (A = 290 nm)
were identified in the same chromatographic runs by comparison
with reference standards.

3. Results and discussion
3.1. Characterization of GO materials

Several techniques were used to characterize GO-H and GO-B.
The TGA results (Fig. 1) reveal ca. 45 and 25 wt% loss for GO-H
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Fig. 1. TGA analysis of the carbon materials, GO-H and GO-B, under nitrogen
atmosphere.
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and GO-B up to 300 °C, in line with the literature [40], indicating
that GO-H has a higher oxygen content [37].

TPD analysis of the GO-H sample revealed peaks at 176 and
193 °C in both CO, (Fig. 2a) and CO profiles (Fig. 2b), which are
attributed to epoxy (known as unstable groups decomposing at
lower temperatures, ca. 160-180 °C) and hydroxyl groups (190-
200 °C), respectively [47]. Carboxylic anhydrides are also present
at 400-550 °C although being less evident than the former ones.
The additional peak observed in the CO, profile at 254 °C corre-
sponds to carboxylic acids, whereas the evolution of groups as
CO at higher temperatures corresponds to phenols (nearly
650 °C) and carbonyl/quinones (identified at 906 °C). Regarding
GO-B, there is a sharp peak at 266 °C in both CO and CO, profiles,
which cannot be attributed to carboxylic acids since these func-
tionalities evolve as CO, only. Moreover, epoxy and hydroxyl
groups were not released at the predicted temperatures (below
200 °C). Thus, this sharp increase is likely due to a sudden loss of
epoxy and hydroxyl groups, confined between the tight layers of
GO-B (i.e. smaller interlayer distance than GO-H, as described
below), and as a consequence suffering additional exfoliation and
reduction. This conclusion is supported by TGA analysis since the
sharp loss of volatiles in GO-B (Fig. 1) takes place at the same tem-
perature observed for the sharp peak in TPD (Fig. 2a and b). Thus, in
the case of GO-B, epoxy and hydroxyl groups seem to evolve
together with some possible carboxylic groups. GO-B also presents
phenol and carbonyl/quinone groups, as demonstrated by the CO
profile at the higher temperatures.

The XPS analysis provided further elucidation on the oxy-
genated functional groups of both materials (Fig. 3a-d). A higher
overall percentage of oxygen in GO-H (34.60 at.%) in comparison
with GO-B (25.80 at.%) was observed, in line with the TGA analysis.
The higher oxygen content in GO-H was expected, as oxidations
using permanganate (as in Hummers’ method) tend to create an
elevated percentage of oxygen in these carbon materials, in partic-
ular carbonyl and carboxyl groups, whereas those using chlorate
(as in the case of Brodie’s method) typically introduce less and
more uniformly distributed oxygen functionalities [42,48]. The
XPS spectra of the Cls region for GO-H (Fig. 3a) and GO-B
(Fig. 3b) showed four peaks at binding energies of: (i) 285.00; (ii)
286.89-287.20; (iii) 288.62-288.97; and (iv) 290.41-290.48 eV,
corresponding to (i) C=C, C—H or C—C; (ii) epoxy and hydroxyl
(C—0) groups; (iii) carbonyl (C=0); and (iv) carboxyl (0=C—0)
groups, respectively [3,16,37,49]. A higher percentage of C=0 is
found in GO-H (8.65 at.% at 288.97 eV) comparatively to GO-B
(1.29 at.% at 288.62 eV), while the percentage of C—O groups in
GO-B (53.83 at.% at 286.89 eV) is higher than in GO-H (46.96 at.%
at 287.20 eV). The O-functionalities in GO-B (Fig. 3d) and GO-H
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(Fig. 3c) obtained from the deconvolution of O1s region are dis-
tributed as C—O from epoxy and hydroxyl groups (87.57 at.% at
532.54 eV and 74.00 at.% at 532.89 eV, respectively), C=0 from car-
bonyl or quinones (2.30 at% at 530.75 eV and 17.01 at% at
531.78 eV, respectively) and -OH (10.13 at.% at 533.30 eV and
8.99 at.% at 533.92 eV, respectively) [3,49,50]. The considerably
higher percentage of C—0 groups in both materials was expected
since epoxy and hydroxyl groups located on the basal planes’
defects are the major oxygen functionalities in GO materials,
whereas carbonyl and carboxyl groups are less representative
[16,25]. Moreover, it is interesting to note the higher percentage
of C=0 in GO-H comparatively to GO-B, as given by the deconvo-
lution of the Cl1s and the O1s regions of both materials and sug-
gesting fewer carbonyl groups in GO-B (Fig. 2b).

We have previously reported the FTIR-ATR spectra of both
materials with relation to the photocatalytic degradation of
diphenhydramine using TiO,-based composites [8]. These results
corroborate the data obtained by TGA and XPS analysis in the pre-
sent work. Both GO derivatives (GO-H and GO-B) present the char-
acteristic FTIR absorption bands of C—O (epoxy, ether or peroxide
groups) and C—OH [16]. GO-H exhibits an additional band
(1720 cm™!) that is not evident in GO-B, corresponding to the
C=0 stretch of carbonyl groups and/or O—C=0 stretching vibra-
tion of carboxyl groups [40,41,51]. That, together with broader
band in GO-H at ca. 3300 cm™~! may suggest a higher degree of oxi-
dation in this material. Besides, nitrogen adsorption isotherms
(Figure S1) of GO-H and GO-B reveal low nitrogen uptakes, as well
as low BET surface areas (5 m? g~ , within the equipment detec-
tion limit [8]) in accordance with other studies for this type of
materials [52-55]. The low BET surface areas of GO-H and GO-B
in the dried powder could be due to the tight stacking of GO layers
[48]. Consequently, different behaviors have been observed for
dried GO powders and hydrated materials, namely concerning
the d-distance [40,56] and often their adsorptive capacity [57].
Oxygenated functionalities of GO derivatives, specifically epoxy
groups, have been reported as relevant surface adsorption sites
for SO, [58] and/or NH;3 [53,54,57-59] gaseous molecules. In the
present work, the amount of epoxy groups in GO-B is higher than
in GO-H, as revealed by XPS analysis (Fig. 3), which may potentiate
the adsorptive capacity of GO-B, as demonstrated below.

The points of zero charge (pHpzc) of GO-B and GO-H (Figure S2)
were between ca. 2-3. These values are in good agreement with
values reported in the literature for GO materials [16,60], revealing
their highly acidic nature.

The Raman spectra of the two graphene derivatives are shown
in Fig. 4a. In GO-H, the D and G bands appeared at 1351 and
1607 cm™!, respectively, whereas they D and G band shifted to
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Fig. 2. TPD profiles for GO-H and GO-B: (a) CO, and (b) CO release.
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Fig. 4. Raman spectra of GO-H and GO-B excited at 514.5 nm (a) and XRD pattern of the GO-B carbon material (b).

1342 and 1598 cm™! for GO-B. The intensity ratio (Iy/I¢) obtained
from the integrated areas of the corresponding bands can be
related to the frequency of defects in the carbon honeycomb
[10]. The Ip/I; ratios were 1.04 and 1.08 for GO-H and GO-B, respec-
tively, which may indicate a slightly more defective structure of
GO-B. Similar Ip/I; ratios have been previously reported by Botas

and co-workers for Hummers’ and Brodie’s based graphite oxides
[37]. GO-B was also characterized by XRD in the present work
(Fig. 4b), while the corresponding analysis for GO-H is reported
in our previous work focused on persulfate activation [61]. For
GO-H and GO-B, the (0 0 1) diffraction peak was observed at
20 = 11.95° and 13.06°, respectively. The interlayer distance
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(d-distance) calculated by Braggs’ law applied to the (0 0 1) diffrac-
tion peak is 0.74 and 0.68 nm, respectively. A smaller d-distance in
the materials obtained by Brodie’s method in opposition to those
derived from Hummers’ method has been already reported
[37,40]. Also, the presence of more O-functional groups in GO-
based materials can be related to the larger spacing between layers
[62], which is in agreement with the present results. Moreover,
GO-H and GO-B presented a (1 0 0) diffraction peak at around
42.5° indicating a short-range order in stacked graphene layers
[61,63,64], whereas GO-B presents a clear small (0 0 2) diffraction
peak at 26 = 28.51° more likely to appear due to some unoxidized
graphite [24].

The morphology of the carbon materials was evaluated by SEM
(Fig. 5), both presenting the typical sheet-like appearance.

HRTEM was used to characterize GO-B, which was the best per-
forming material as discussed below, including high-angle annular
dark-field (HAADF-STEM) mode and EELS spectra (Fig. 6). The
aggregated flakes (Fig. 6a and b) under magnification in atomically
resolved HAADF-STEM micrographs (Fig. 6¢c and d) display bright
spots indicative of oxygen atoms, as previously reported for GO-
H [61]. Moreover, both GO-B and GO-H displayed n* and ¢* peaks
in the carbon K-edge EELS spectra, which can be associated to the
sp? carbon hybridization [65], whereas an evident peak in the oxy-
gen K-edge spectra was observed for GO-H only [61], in agreement
with its higher degree of oxidation.

3.2. Photocatalytic activity
The photocatalytic performance of the synthesized carbon

materials was studied towards the degradation of phenol (Ph), an
organic pollutant commonly used as a reference compound. Photo-

catalytic experiments were initially carried out under near-UV/Vis
irradiation (UV/Vis, irradiance of 330 W m~2) (Fig. 7a). An initial
60 min of dark phenol adsorption on both carbon materials
revealed that GO-H adsorbed ~15% of phenol, whereas with GO-
B the adsorption increased up to ~35%, and it was kept stable from
the moment of contact to the final 60 min. Since the surface areas
of GO-H and GO-B are very low, the adsorption mechanism of GO-B
seems to be governed by the establishment of hydrogen bonds and
m-n stacking interactions [32,66,67]. Moreover, electrostatic
attractions between the protonated phenol molecules and the neg-
ative surface charge of the GO-B photocatalyst were more likely
favored than those with the neutral surface charge of GO-H, sug-
gesting that the adsorptive behavior of this reaction system is pH
dependent [66,67].

Once near-UV/Vis irradiation was turned-on, the phenol
removals were higher than 99% in the presence of GO-B after
90 min of irradiation, whereas the value dropped to 21% in the
presence of GO-H at 180 min (i.e., mostly attributed to the adsorp-
tion capacity of the material). The different photocatalytic perfor-
mances of GO-H and GO-B reflect the distinct properties
associated with the GO derivatives, namely their oxygen-rich func-
tional groups, interlayer distance, phenol adsorptive capacity and
energy transition upon light absorption as discussed below. As
shown by XPS (Fig. 3), both materials revealed different trends in
the distribution of oxygenated functionalities, in which a higher
percentage of carbonyl groups was observed in GO-H (8.65 at.%)
relatively to GO-B (1.29 at.%). Furthermore, the XRD pattern of
GO-B (Fig. 4) revealed its smaller interlayer distance in comparison
to GO-H [61], which most likely facilitated the electronic transfer
in GO-B, thus resulting in a higher photocatalytic activity for this
material. Moreover, as aforementioned, more phenol was adsorbed

Fig. 5. SEM micrographs of (a, b) GO-H and (c, d) GO-B.
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in GO-B than in GO-H under dark conditions (Fig. 7a), suggesting a
better contact between the GO material and phenol molecules in
the case of GO-B, probably due to the establishment of hydrogen
bonds and n-7 stacking [32], promoting electronic transfer. More-
over, before irradiation, the photoluminescence (PL) intensity of
GO-B phenol dispersion was lower than that of GO-H phenol dis-
persion (Fig. 8c). This indicates a lower electron-hole recombina-
tion in the case of GO-B, thus being in line with its enhanced
photocatalytic performance.

Next, and given the recent trends and advantages concerning
the use of visible light, the near-UV/Vis radiation (A > 365 nm)

was replaced by visible light (A > 400 nm) to investigate the effect
of the best performing photocatalyst (GO-B) in phenol degradation.
Under these conditions, 95% of phenol was eliminated at 90 min.
Its removal was higher than 97% at 180 min (Fig. 7b), even when
decreasing the catalyst load to 0.5 mg L. The activity of the car-
bon materials was compared with the widely studied P25 TiO,
photocatalyst for the degradation of 5.0 mg L~! of phenol under
visible illumination, the results revealing a slower phenol degrada-
tion using P25 TiO, as photocatalyst, due to its limited absorption
in the visible range of the spectrum. Furthermore, a similar behav-
ior with GO-H and GO-B was observed for the photocatalytic
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degradation of phenol either with or without adjusting the initial
phenol concentration to similar values after adsorption and prior
to illumination (Figure S3). As shown in Fig. 7c, slower reaction
kinetics are observed under visible illumination (pseudo-first order
reaction rate constant, Kap, = 23.6 x 10> min~!) comparatively to
near-UV/Vis (kapp = 105 x 1073 min~"), which may be primarily
attributed to the lower irradiance of the light source
(285 W m™2) and to the lower absorption intensity of GO-B above
400 nm (Fig. 8a). As expected, the photolysis of phenol does not
take place under these conditions (Fig. 7b) since it does not absorb
light in the visible region. The prime reaction photoproducts, p-
benzoquinone and hydroquinone, were quantified (Fig. 7d). The
concentration of both by-products increased with the irradiation
time, the p-benzoquinone increase being higher. The carbon con-
centration due to phenol is 3.63 mg L' at the beginning of
the experiment, while after 180 min under visible illumination the
carbon concentration due to hydroquinone and p-benzoquinone
corresponds to ~9% of the initial carbon content. The same
by-products were identified throughout the photocatalytic degra-
dation of phenol with GO-B under near-UV/Vis irradiation and, as
expected, these compounds were not detected under dark
conditions. All these results indicate that phenol degradation with
GO-B is due to a photocatalytic process.

In order to obtain information on the separation efficiency of
the photogenerated electrons and holes and on the surface defects
in GO, photoluminescence spectroscopy was employed [68-70].
The PL spectra for the most active photocatalyst (GO-B) were
obtained in solid state and in the form of aqueous dispersion upon
excitation at 320 nm (Fig. 8b). Both spectra depict a broad PL emis-
sion with two main emission zones, one with maximum emission
below 500 nm and another above 500 nm with maximum centred
at 535 nm. Two emission bands with peak maxima at ca. 440 and
500-600 nm corresponding to the blue band and the long wave-
length (LW) band have been reported for GO dispersions [71].
The position of the band centred at 535 nm does not seem to
change with the medium (solid state or aqueous dispersion)
whereas the first band presents two maxima values (ca. 465 and
485 nm) in solid state, shifting to a single maximum at 435 nm
in aqueous dispersion (Fig. 8b). This emission band (around 465-
485 nm) is ascribed to the recombination of electron-hole pairs
due to the presence of oxygenated groups in GO-B, whereas the
presence of surface defects accounts for the emission at 535 nm
[72]. The PL of the filtered solutions of phenol and GO-B
(GO-B_Initial) or GO-H (GO-H_Initial) before and after irradiation
(GO-B_UV/Vis, GO-B_Vis, GO-H_UV/Vis) is shown in Fig. 8c.
GO-H_lInitial has a red shift to higher wavelengths with a maximum
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of 445 nm comparatively to GO-B_Initial that has a maximum at
435 nm and a considerably lower PL intensity. The lower PL of
GO-B-Initial compared to GO-H_Initial suggests lower electron-
hole recombination, and thus higher photocatalytic activity for
GO-B, which matches the photocatalytic results presented in
Fig. 7a.

Additionally, the pH of the initial solutions was different, for
GO-H_Initial and GO-B_Initial being 2.8 and 4.9, respectively. After
irradiation with near-UV/Vis, the trend observed between the two
carbon materials was again distinct, with the PL intensity of the
irradiated GO-B (GO-B_UV/Vis) being higher than for GO-
B_Initial, the opposite occurring in the case of GO-H, as irradiated
GO-H_UV/Vis had less PL intensity than GO-H_Initial. These differ-
ences might be due to the formation of phenol fluorescent by-
products [73], which can contribute to increase the PL intensity
in the case of GO-B. In fact, the visual inspection of the color of
the solutions after 180 min is in agreement with this suggestion
as the solution with GO-B had a more distinct brown transparent
color than that with GO-H, suggesting higher yield of photoprod-
ucts in the presence of GO-B.

On the other hand, the GO-B solution irradiated in the visible
range (GO-B_Vis) presented an even lower PL intensity compared
to near-UV/Vis (GO-B_UV/Vis), although both exhibited the same
maximum of emission at 440 nm. Once again, this decrease of PL
might be due to the lesser irradiance of the lamp in the visible
range, possibly decreasing the amount of phenol fluorescent by-
products. Besides, the pH values in the beginning and after irradi-
ation with GO-H were very similar (2.8 and 2.7, respectively),
whereas with GO-B (pH of GO-B_Initial was 4.9) a more substantial

pH decrease was observed after illumination with both near-UV/
Vis (GO-B_UV/Vis, pH of 4.2) and visible (GO-B_Vis, pH of 4.5) light.
This more pronounced pH change with GO-B suggests a more effi-
cient degradation of phenol with the formation of photoproducts,
as corroborated by the photocatalytic results, ending up with the
possible opening of the aromatic ring and formation of low molec-
ular weight carboxylic acids, as reported in the literature [74]. An
attempt to identify acidic photo-products (i.e. lactic, formic or
acetic acids) was made in the present work. However, these inter-
mediate species were below the detection limit, given that the ini-
tial phenol concentration was also low (5.0 mg L") for this type of
analysis.

3.3. Reactive species involved in the GO-B photocatalytic degradation
of phenol

The involvement of reactive oxygen species (ROS) such as sin-
glet oxygen, hydroxyl radicals and the superoxide anion on pollu-
tant degradation is well documented for other systems [30,32].
Several trapping experiments were carried out under visible illu-
mination to assess the participation of ROS. We used 2-propanol,
NaNs and EDTA as scavengers for hydroxyl radicals, singlet oxygen
and holes, respectively (Fig. 9). As shown in Fig. 9, the presence of
EDTA remarkably slowed down the photocatalytic degradation of
phenol. The effect is much less pronounced by adding 2-
propanol, and negligible with NaNs. After 180 min of visible irradi-
ation, 68 and 91% of phenol was removed in the presence of EDTA
and 2-propanol, respectively, compared with more than 97% of
removal in the absence of these scavengers. These results suggest
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that the holes formed in the valence band of GO-B and the
hydroxyl radicals play a significant role in phenol degradation.
Although benzoquinone is usually used as trapping agent for
superoxide anion radicals [75-77], the potential effect of this
radical was not tested in the current work since this phenolic
compound is also a reaction by-product of the photocatalytic
degradation of phenol.

3.4. Photocatalyst stability

An essential feature for the application of a photocatalytic pro-
cess is the stability of the catalyst. Therefore, reusability of the best
performing carbon material (GO-B) was assessed under visible illu-
mination by withdrawing samples from the reactor every 60 min
(Fig. 10a), rather than 30 min, to recover more material at the
end of each run. We used GO-B for three cycles of phenol removal
without losses in its photocatalytic activity from the 2nd to the 3rd
run (92 and 91% of phenol removal at 180 min, respectively), the
1st run being influenced by more significant phenol adsorption
during the dark period.
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Fig. 10. (a) Reusability of GO-B under visible (Vis) illumination for the photocatalytic degradation of phenol (Ph). (b) PL measurements of the filtered phenol solution before
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Fig. 12. SEM images of GO-B used for three cycles of phenol degradation under visible illumination.

To better understand this behaviour, pH measurements and PL
spectra of the aqueous dispersions of GO-B and phenol were col-
lected at the beginning (GO-B_Initial) and at the end of the 1st
and 3rd cycles upon visible irradiation (Fig. 10b). The decrease/in-
crease of pH was accompanied by a corresponding red/blue shift of
the maximum emission wavelength, following the trends of other
studies [62]. The pH values of the solutions irradiated with visible
light showed a pH decrease from 4.9 (GO-B_Initial) to 4.5 after the
1st run and a pH increase to 5.4 after the 3rd run of irradiation. This
system seemed to display reversibility regarding the pH variation
in consecutive runs. The PL maximum emission wavelength of
GO-B_Initial (435 nm) was red-shifted (higher wavelengths,
440 nm) after the 1st run (GO-B_Vis_1 Run), followed by another
shift of this band to lower wavelengths close to the initial maxi-
mum emission wavelength (415 nm) after the 3rd run (GO-
B_Vis_3 Run). The main contribution for this dependency of PL
with pH can be ascribed to the presence of different oxygen func-
tional groups in GO and their protonation and deprotonation [62].

Several studies in the literature reporting the reduction of GO
with light exposure [27,28,78] prompted us to perform additional
XPS analysis after three cycles of visible light irradiation (Fig. 11). A
slight decrease in the oxygen content was observed from 25.80 at.%
in the original GO-B to nearly 25.40 at.% after three consecutive
runs. From the deconvolution of the C1s (Fig. 11a) and O1s spectra
(Fig. 11b) of the material used for three cycles, no significant differ-
ences are observed with respect to the fresh GO-B (Fig. 3b and d,
respectively), C—O slightly decreasing (from 53.83 to 48.01 at.%
in C1s and from 87.57 to 85.78 at.% in O1s).

Furthermore, changes in the morphology of GO-B were not
observed by SEM after three cycles of visible irradiation (Fig. 12)
in comparison with the fresh material (Fig. 5¢ and d), corroborating
the reusability of the photocatalyst.

4. Conclusions

Graphene oxide (GO) prepared by Brodie’s method (GO-B) is a
successful undoped metal-free photocatalyst for the degradation
of phenol under near-UV/Vis and visible irradiation. GO-B presents
a better performance than the most frequently reported GO ana-
logue prepared by the modified Hummers’ method (GO-H). Hence,
the present study contributes to the still limited portfolio of
undoped metal-free GO photocatalysts for the degradation of
organic contaminants in aqueous media [30-35]. The lower
amount of oxygen functionalities in GO-B vs GO-H (25.80 vs
34.60 at.%) and carbonyl groups in particular (1.29 vs 8.65 at.%,
determined by XPS), the smaller interlayer distance (0.68 vs
0.74 nm calculated by XRD) and the lower photoluminescence

intensity in liquid dispersion, respectively, explain the observed
higher photocatalytic activity as a consequence of an efficient
electron-hole charge separation. When in comparison with the lit-
erature [33,34], the GO-B potential for solar applications stands
out, since it is a metal-free photocatalyst active under both UV
and visible light. Moreover, this study opens new opportunities
for further development of a GO-B based photocatalytic immobi-
lized material for water treatment, more studies being needed
for instance using real matrices.
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