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Individual and combined photo(electro)chemical reduction treatments of graphene oxide thin films have
been performed to modulate the type of defects introduced into the graphene sheets during the
reduction. These were characterized by X-ray photoelectron and Raman spectroscopies, nuclear
reaction analysis and electrochemical methods. Illumination of the graphene oxide thin film electrodes
with low irradiance simulated solar light provoked the photoassisted reduction of the material with
negligible photothermal effects. The photoreduced graphene oxide displayed a fragmented sp? network
due to the formation of a high density of defects (carbon vacancies) and the selective removal of
epoxides and hydroxyl groups. In contrast, the electrochemical reduction under mild polarization
conditions favored the formation of sp® defects over vacancies, with a preferential removal of carbonyl
and carboxyl groups over Used mild photochemical and
electrochemical treatments allowed the obtainment of reduced graphene oxides with varied reduction
degrees (ca. C/O ratio ranging from 4.9 to 2.2), and surface defects. Furthermore, the electrochemical
reduction prevented the formation of vacancies during the subsequent illumination step. In contrast,

hydroxyl/epoxides. in conjunction,

both types of defects were accumulated when the GO electrode was first exposed to illumination and

rsc.li/pccp then polarized.

Introduction

Graphene oxide (GO) has become one of the most affordable
precursors to produce graphene-derived materials on a large
scale. It can be prepared from bulk graphite by wet chemical
oxidation and further exfoliation using relatively cost-effective
(but time consuming) methods. GO has also unique properties
due to its hydrophilic character and high chemical reactivity,
owing to the oxygen-containing functional groups present in
the carbon matrix." These oxygen groups can be removed to
obtain partially reduced graphene oxide (rGO), a material with
intermediate properties compared to GO and graphene.” Even
though plenty of methodologies have been applied to reduce
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the surface groups in GO (e.g., chemical,>* thermal®® and
electrochemical®'"), knowledge on the mechanisms still
remains quite uncertain, as defects of different nature may be
formed depending on the applied method and/or the nature of
the groups. For instance, chemical and thermal reduction
methods typically render very reactive rGO materials with a
high density of edge-like zones (vacancies or holes).””"**"?
Besides defects, the chemical reduction may also result in the
incorporation of heteroatoms from the reducing agent (e.g,
N-functionalization using hydrazine).>  Electrochemical
methods seem to favor the removal of epoxides, phenolic and
carbonyl groups over carboxylic moieties depending on the
electrolytic medium.”"" Photochemical treatments have also
been investigated to obtain highly reduced graphene oxides,
mainly through photothermal effects with intense light sources
(e.g., UV light'* or high power lasers’®) and often in the
presence of a catalyst. Some attempts have also been reported
on the use of solar light for a mediated reduction of GO,
rendering rGO with less structural defects and higher conduc-
tivity than the material obtained by chemical reduction.'®
While most studies focus on the evolution of O-groups upon
reduction treatment, less attention is paid to the nature and/or
location of the structural defects introduced into the rGO as a
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result of de-functionalization. These aspects are important to
understand the different physicochemical characteristics of
rGO (e.g., optical, structural, and reactivity) compared to
graphene, as they govern its reactivity and performance.'”™*°

Aiming to modulate the type of surface defects introduced
into the graphene sheets of rGO materials, this work describes
the photochemical and electrochemical reduction of GO thin
films in aqueous medium under mild conditions. By applying
individual and combined photo-/electrochemical treatments,
different types of defects were incorporated into the resulting
rGO films. The photochemical reduction under simulated solar
light favored the removal of epoxides and hydroxyl groups,
rendering rGO with fragmented sp*> domains and a high density
of structural defects with predominance of carbon vacancies.
In contrast, the electrochemical reduction favored the for-
mation of sp® defects over vacancies. When both processes
were combined, the electrochemical reduction prevented the
formation of vacancies during the subsequent illumination
step. However, when the order was reversed (i.e., photochemical
treatment followed by electrochemical reduction), both types of
defects were accumulated.

Results and discussion
Characterization of the bulk GO material

Graphene oxide used for the preparation of thin film electrodes
was obtained by oxidation of graphite powders using the
Hummers’ method. The as-prepared bulk GO was characterized
to determine the characteristics of the initial material before
the reduction treatments. Data from elemental analysis
(Table S1, ESIf) and temperature programmed desorption
coupled to mass spectrometry (Fig. S1, ESIf) confirmed the
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large oxidation extent of the prepared GO (ca. 46 wt%/33 at%
oxygen). The characteristic profiles of CO and CO, gases
evolved from the decomposition of the O-containing groups
also confirmed the high oxidation state of the prepared gra-
phene oxide. The sharp decomposition peaks for CO and CO, at
temperatures around 200 °C are attributed to the decomposi-
tion of epoxides and hydroxyl groups. This is in agreement
with TPD studies performed for graphene oxides in the
literature,>*°>° also reporting the difficulty to differentiate
between both moieties decomposing at close temperatures.
The small contribution for CO, evolution at 300-450 °C
indicates the decomposition of carboxylic acid groups, and
the CO evolution above 450 °C is characteristic of the decom-
position of phenols and carbonyl/quinones. The higher con-
tribution of epoxides and hydroxyl groups over quinones and
carboxylic acids was also confirmed by X-ray photoelectron
spectroscopy (XPS) analysis (Table 1), as it will be discussed
below. The characteristics of the synthesized bulk GO are in
good agreement with those reported in the literature for
graphene oxides prepared following a similar procedure.*?*2¢
The XRD diffractograms of graphite and bulk GO revealed that
the (002) reflection shifted from 26.3° (0.34 nm) for the starting
graphite to 11.2° (0.78 nm) for the prepared GO (Fig. S2, ESI}).
This represents a two-fold increase in the distance between the
graphene layers of graphite upon oxidation and exfoliation.

Preparation of the rGO thin film electrodes

In a typical photo-/electrochemical reduction experiment, the
GO thin films deposited on the ITO substrate were placed in an
aqueous electrolyte and illuminated and/or polarized as indi-
cated in the Experimental section. It is important to remark
that since our study focuses on the control of the defects

Table 1 Concentration of elements (at%) and relative abundance (%) of the different peaks assigned from the deconvolution of the Cls and Ols core

energy levels of the thin film electrodes

(at%) C (o) N S Ratio C/O
GO 61.5 34.6 1.9 2 1.8
ErGO 66.8 29.7 1.8 1.7 2.2
PhrGO 70.3 28.0 1.7 <0.1 2.5
PhErGO 72.5 24.6 2.7 0.2 2.9
EPhrGO 81.9 17.5 0.5 <0.1 4.7

Relative abundance from deconvolution of C1s

C-C sp” Cc-C sp® c-0 c=0 COOH I
GO 40.1 121 24.1 18.2 5.5 o
ErGO 43.1 7.8 40.9 3.1 5.1 —
PhrGO 56.6 11.1 15.9 7.3 7.5 1.7
PhErGO 66.9 13.4 7.5 6.3 5.0 0.9
EPhrGO 68.2 12.3 8.0 5.2 4.5 1.9

Relative abundance from deconvolution of O1s
C=0 C-0 H,0

GO 32.4 67.6 —
ErGO 33.7 66.3 —
PhrGO 57.5 39.3 3.2
PhErGO 53.7 43.9 2.4
EPhrGO 54.3 43.6 1.7
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created on the rGO electrodes, mild electrochemical and photo-
chemical reduction conditions were applied. Thus, the photo-
electrochemical treatments were carried out under ambient
conditions on non-deaerated electrolytic solution. This implies
that dissolved oxygen is present during the reduction, and that
it might be contributing to the eventual reoxidation of the
graphene sheets. This would account for the relatively low
reduction degree of the obtained rGO materials.

The electrochemical reduction of the electrodes was carried out
by cyclic voltammetric scanning in the range from —1 to +0.6 V
(vs. Ag/AgCl) as indicated in the Experimental section. These are
mild electrochemical conditions compared to the high voltages
(ca. 20 V),*” and acidic/basic electrolytes**** commonly applied to
obtain rGO with a high reduction degree. In the photochemical
reduction experiments, the GO electrode was illuminated for
6 hours using simulated solar light (unfiltered) to obtain sample
PhrGO. The lamp source emitted in a 3 cm diameter area, and it
was positioned at 80 mm distance from the electrode immersed in
the electrolyte. This allowed the complete illumination of the
geometrical area of the electrodes. The light intensity delivered
at the surface of the electrodes was ca. 0.15 W cm™2, much lower
than common values (ca. 1-1.2 W cm™?) reported for photoche-
mical and photothermal reductions.’**" It should be mentioned
that the temperature of the electrolytic solution during the illumi-
nation of the electrodes increased from 25 to 31 °C within the first
60 min (an increase from 25 to 27 °C was measured upon illumina-
tion of the electrolyte alone, Fig. S3, ESIT). This is important to
differentiate between photochemical and photothermal conversion;
the latter is based on the decomposition of the O-groups as a result of
the local increase in the temperature upon irradiation, and it is
usually reported when intense light sources (in terms of energy flux)
are used; this will be further discussed below.

Fig. 1 shows the voltammetry scanning curves of the reduced
thin film electrodes and the response of the pristine GO thin
film electrode is shown as control. The first voltammetry scan
corresponds to the electrochemical behavior of the given
sample itself (e.g., pristine GO) and the subsequent scans
correspond to the electrochemical reduction (e.g., scans of GO
to yield ErGO; or PhrGO to yield PhErGO). As seen, a very small
capacitive current was recorded for the first cycle of the GO thin
film electrode on the anodic part of the voltammetric response;
this is characteristic of materials with poor electrical conduc-
tivity as GO. Subsequent voltammetric scans in GO are not
reversible, indicating that the material is modified (electro-
reduced) during the cycles; the second and following scans
brought about a gradual increase in the current and the appear-
ance of a broad quasi-reversible response. A cathodic hump
between —0.4 and —0.2 V and an anodic peak barely perceptible
at —0.1 V point out to a pseudocapacitive redox process (typical
potential ranges of the quinone/hydroquinone pair).*> The
cathodic current increasing from —0.8 V in the GO is related
to the incipient decomposition of the electrolyte; this cathodic
current leap gradually moved towards more negative potential
values with the voltammetric scans, which is characteristic of a
more reduced graphene oxide material.”®*® After 10 scans, the
voltammetric response of GO became reversible with no further
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changes in the shape, intensity and peak potentials (Fig. S4,
ESIYT). This indicates that no further electrochemical reduction
occurs upon cycling in this scanning potential range. The
sample after 10 polarization cycles is then labelled as ErGO.

For sample PhrGO, the initial voltammetric scans are also
not reversible, showing a rapid increase in the cathodic current
and a wide peak at —0.5 V. This indicates that sample PhrGO
is further electrochemically reduced upon cycling. Similar
results on a slow photoassisted reduction mechanism have
been reported for GO exposed to illumination between 6 and
48 hours under more energetic conditions.™

To evaluate the extent of the electrochemical reduction of
PhrGO, the sample was subsequently polarized under similar
conditions to sample ErGO to obtain sample PhErGO. Simi-
larly, the electroreduced ErGO electrode was also exposed to 6 h
of illumination to prepare sample EPhrGO. The voltammetric
response of EPhrGO showed a capacitive response close to
that of ErGO (Fig. 1A); subsequent cycles overimposed to the
first one, indicating a stable electrochemical behavior (also
observed in ErGO). In contrast, the polarization cycles of PhrGO
to render PhErGO showed an increasing current during the first
cycles (Fig. S4, ESIt), becoming stable after the 10th scan and
evidencing a more reduced state of PhErGO.

Based on the voltammetric responses of all four electrodes,
it seems that the photochemical reduction takes place to a

This journal is © the Owner Societies 2020
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Fig. 2 UV-vis spectra of the series of GO and rGO thin film electrodes
cast on the ITO glass substrate.

minor extent than the electrochemical one. Illumination of the
electrochemical reduced electrode does not seem to modify
much the electrochemical performance of the material. This
contrasts with the differences observed in the O-groups remaining
in the electrodes after the reduction treatments, as determined by
XPS analysis (see discussion below).

Changes due to the reduction of the electrodes are also
noted in their optical and light absorption features. The
transparent brownish color characteristics of GO cast on the
ITO substrate changed progressively to opaque dark brown/black
upon illumination and polarization, due to the removal of
O-groups. These changes were also monitored by UV-vis absorp-
tion spectroscopy of the electrodes (Fig. 2). Due to the cut-off
threshold of the glass substrate used as support for the electrodes,
the spectra can only be recorded above 300 nm (i.e., the absorption
peak at ca. 233 nm corresponding to the m-m* transition in
conjugated C-C domains cannot be observed). The typical n-n*
transition peak of carbonyl moieties at around 300 nm is clearly
seen for the pristine GO electrode.*® The intensity of this peak
decreased for the illuminated and polarized electrodes, which can
be considered as an indicator of the reduction of the material. The
decrease was more pronounced for the electrodes that were
exposed to both lighting and polarization, indicating a greater
loss of carbonyl, quinones or carboxylic groups. This is in agree-
ment with the characterization of the rGO electrodes by XPS and
NRA techniques (see discussion below). Although the use of light
and electrochemical methods for the reduction of GO has been
investigated,®” our data show the strong impact of the use of
mild photochemical and electrochemical conditions for the selec-
tive removal of O-groups and the creation of different types of
surface defects.

Chemical characterization of the thin film electrodes

The electrodes were further characterized by XPS, Raman
spectroscopy and nuclear reaction analysis (NRA) to explore
the impact of photochemical and electrochemical reduction

This journal is © the Owner Societies 2020
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approaches in the structural and chemical features of the
materials. The low thickness of the films (between 100 and
300 nm as estimated by NRA, Table S2, ESIf) along with the
cut-off temperature and absence of crystallinity of the glass
substrate prevented the use of XRD and TPD for bulk charac-
terization of the thin film electrodes after the reduction. Thus,
the chemical composition and speciation of the surface groups
were explored using XPS and NRA. The starting electrode
prepared by casting GO on the ITO support was also charac-
terized for comparison purposes.

Fig. 3 shows the XPS spectra of the Ci1s region of the
thin film electrodes and the surface atomic percentage is
summarized in Table 1. The characterization of the GO elec-
trode revealed a high percentage of oxygen in the material
(ca. 35 at%), in agreement with the composition of bulk GO
determined from elemental analysis (ca. 33 at%, Table S1,
ESIt). Besides oxygen, small amounts of nitrogen and sulfur
were detected (sodium nitrate and sulfuric acid are used in the
Hummers’ method to prepare the GO).

The XPS spectra of the C1s region were deconvoluted into
various contributions at binding energies of 284.6 eV (Csp?),
285.4 eV (Csp’), 286.2 eV (hydroxyl and epoxide groups,
denoted as C-0), 287.3 eV (ketones, aldehydes and quinones,

GO i
ErGO L
PhrGO : . ; NN
EPhrGO N\ -
PhErGO : i

L

292 290 288 286 284 282

Binding energy (eV)
GO -
ErGO N
PhrGO LN
EPhrGO -
PhErGO : :

T % T * T ¥ T . T J 1
538 536 534 532 530 528
Binding energy (eV)

Fig. 3 High resolution XPS C1s (top) and O1s (down) core level spectra of
the pristine and reduced thin film electrodes.
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denoted as C=0), 288.4 eV (carboxylic acids, anhydrides and
esters, denoted as COOH), and 290.3 eV (n—-n* shake-up satellite
peak).*®*? Full deconvolutions are shown in Fig. S5 (ESIt). The
large contribution of the peak at 286.2 eV for the GO electrode
is indicative of a large amount of epoxide and hydroxyl groups-
compared to carbonyl and carboxylic groups-. This agrees with
the large peak evolving at ca. 200 °C in the TPD profiles of the
bulk material (Fig. S1, ESIt), as discussed above. It also points
out the stability of GO during the fabrication of thin film
electrodes.

XPS data confirmed the removal of the O-groups in the
reduced electrodes, with important differences among the
samples. As shown in Table 1, the amount of surface oxygen
decreased smoothly with different treatments, following
the order: GO > ErGO > PhrGO > PhErGO > EPhrGO. The
relatively large amounts of oxygen remaining in the resulting
rGO are associated with the mild reduction conditions, and
with the partial reoxidation involving dissolved oxygen as the
treatments were carried out in aerated solutions. Nonetheless,
the samples display different types of structural defects, as it
will be discussed below. The quantification of the carbon and
oxygen contents by NRA renders a similar C/O ratio to XPS,
ranging from 1.9 to 4.6 (Table S2 and Fig. S6, ESIt). Furthermore,
NRA spectra show no significant oxygen concentration gradient in
the films with a depth resolution of 15 nm. The good agreement
with the data from XPS indicates that the reduction is homo-
geneous over the surface of the thin film electrodes (since NRA
probes the volume of the film and is representative of 2 x 2 mm?,
whereas XPS is a surface analysis technique and probes a few
upper nm).

The deconvolution of the C1s spectra also revealed important
differences in the nature of the groups remaining in the materials
after the electrochemical and photochemical reduction. As shown
in Fig. 3, the contribution of carbon in an oxidized state decreased
in all the rGO electrodes compared to pristine GO, with the
smallest impact observed for sample ErGO. For instance, sample
PhrGO presented almost twice lower surface oxygen than pristine
GO, while sample ErGO still presents a high oxygen content.
Furthermore, data show that the photochemical reduction
selectively removed the epoxide/hydroxyl groups present in
GO (ca. 70% fall in the C-O signal at 286 eV), whereas the
electrochemical reduction brought about only a 10% decrease
in these groups (Table 1 and Fig. 3). These results contrast with
the electrochemical features of the electrodes determined by
cyclic voltammetry (Fig. 1) that showed a better conductivity in
ErGO compared to PhrGO. Thus, it seems that despite its lower
oxygen content, the groups remaining on PhrGO (mainly
carbonyl and carboxylic acids) are responsible for the poor
electrochemical response. Given the differences in the relative
abundance of O-groups of both samples, this behavior must be
attributed to the higher fraction of carboxylic groups (Table 1),
which are known to have a high electron withdrawal character.
It is also worth noting that the signal associated with the n-n*
shake-up satellite peak was not detected for GO and ErGO
(Fig. 3), but started to be notable for samples PhrGO, PhErGO
and EPhrGO. This evidences the presence of conjugated
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aromatic domains in the carbon lattice in the latter reduced
samples. Similar findings have been reported for the hydro-
thermal reduction of GO suspensions.*’

For the samples exposed to both electrochemical and photo-
chemical treatment, the contribution of the peaks associated
with oxidized carbon decreased considerably. The reduction
was more efficient in sample EPhrGO, which presented the
lowest oxygen content (Table 1). The higher intensity of the
peak associated with the n* shake-up satellite peak indicates
the presence of electronically conjugated domains of larger size
as a consequence of a higher reduction extent.***” Data from
the O1s spectra followed a similar trend (Table 1; full deconvo-
lutions of O1s spectra are shown in Fig. S7, ESIT). The fraction
of epoxide and hydroxyl groups decreased gradually, with a
larger relative abundance of quinone/carboxylic moieties in the
samples exposed to both reduction treatments.

Structural characterization of the thin film electrodes

The structural changes of the pristine and reduced electrodes
were analyzed by Raman spectroscopy (Fig. 4). Data between
1000 and 1750 cm ™' were deconvoluted showing the charac-
teristic G (around 1580 cm™") and D (around 1350 cm ™ ') bands
of graphite and derived carbon materials in the first order
region. To better fit this spectral region, different contributions
of bands D’ (around 1600 cm "), D" (around 1506 cm ™~ ') and D*
(around 1220 cm™ ") were introduced.*** They correspond to
disorder in the surface, out of plane defects, and disorder
graphitic lattices and impurities, respectively*> (all deconvo-
luted spectra and parameters are shown in Fig. S8 and Table S3,
ESIT). The presence of these bands and their relative positions,
widths and intensities provide information about the existence
and nature of surface defects in graphene-like materials.'®*4™>°

The position of the G band (ca. 1580 cm™ ') remained
unchanged for all the samples, but its width increased signifi-
cantly for the reduced electrodes, regardless of the treatment.
The broadening of the G band is indicative of the presence of
structural defects in the sp® network of the reduced samples
(i.e., smaller defect-free graphene-like domains).*” The promi-
nent D band (ca. 1350 cm ™', intervalley Raman mode) in the
GO arises from the imperfections created by the attachment
of the O-groups on the carbon basal plane, ultimately indi-
cating a relative measure of the amount of sp® carbons and
46:47 Although the frequency of the D mode is almost
insensitive to the origin and kind of defects in carbon materials, its
intensity is typically used as an indicator of their density."® In the
case of reduced samples, the D band became narrower and its
intensity decreased; this implies a partial restoration of the sp
hybridization state of the carbon crystalline lattice. The disorder-
induced broadening of the G band was accompanied by the
appearance of the D’ band, associated with the disorder defects
such as impurity atoms, and folding or double vacancies in
pentagonal and octagonal rings (i.e., 5-8-5 defects).**"*°

The band D”, assigned to amorphous carbon lattices, followed
an opposite trend of becoming narrower for the reduced samples:
GO > PhrGO > ErGO > PhErGO > EPhrGO. This indicates a
lower number of the out-of-plane defects (e.g., sp® atoms in the

vacancies.
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Fig. 4 Raman spectra of the studied electrodes (A); deconvolution of
first-order spectra of (B) pristine GO, (C) PhrGO (D) ErGO, (E) PhErGO and
(F) EPhrGO.

sp® network) compared to GO and is in agreement with the low
amount of hydroxyl and epoxide groups (responsible for the sp®
hybridization in the sp®> aromatic structure of the graphene
sheets) in the reduced samples.”” This trend would explain the
different electrochemical responses of the electrodes (Fig. 1), with
a poor capacitive response of sample PhrGO compared to more
oxidized ErGO. This is an indicator of the different introduction of
defects during the elimination of the O-groups, as it will be
discussed ahead.

All the studied materials presented I/Ig values lower than
3.5, thus they can be assimilated to materials with a low defect
degree (stage 1) according to the terminology of graphenic
materials introduced by Ferrari et al.*” The evolution of the
Ip/I values goes from 1.6 for pristine GO to the following trend:
1.3 (PhrGO), 1.6 (PhErGO), 1.8 (ErGO), and 1.9 (EPhrGO).

For stage 1 graphenic materials, the intensities of the D and
D’ bands are proportional to each other and proportional to the
defect concentration and to the types of defects, grain bound-
aries, vacancies, or sp® hybridization. The dependence between
I, and Iy followed a linear trend (Fig. 5B): PhrGO> GO >
EPhrGO > PhErGO > ErGO. This indicates that the density of
defects is higher in PhrGO and lower in ErGO; regarding the
combined photochemical and electrochemical reduction, there
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are more defects when the photochemical treatment is carried
out second (sample EPhrGO). Recent studies based on experi-
mental and theoretical calculations have proposed that it is
possible to discriminate the presence of vacancies and sp°
defects upon the correlation between the areas of the D’ and
D bands (normalized vs. the G band), defining two differen-
tiated zones.">**~" This correlation is shown in Fig. 5A for our
samples compared to data from the literature.’

Our results show that sample PhrGO belongs to the first
group where vacancy-like structural defects are predominant,
while samples ErGO and EPhrGO belong to the second
group where defects associated with sp® hybridization are
predominant. The samples exposed to both photochemical
and electrochemical reduction treatments displayed a mixed
character (particularly sample PhErGO), indicating that the
vacancies are first created upon photochemical reduction,
and the subsequent reduction during the polarization cycles
creates other type of defects. However, the correlation between
ID and ID’ (Fig. 5B) suggests that there are more defects when
the photochemical treatment is carried out second (sample
EPhrGO) compared to when the process is reversed. This would
suggest that the vacancies created in the first photochemical
treatment would be restored or converted to other defects
during the second electrochemical reduction (sample PhErGO).
With the exception of sample EPhrGO, neither the Csp® nor the
Csp® contents in the reduced samples followed a linear correla-
tion with the width of the D band (Fig. 5C and D), indicating
that only a fraction of the eliminated functional groups lead to
the restoration of carbon sp? bonds. Thus we can infer that the
samples present a high density of defects related to vacancies.

The hump in the Raman spectra appearing at ca. 1700 cm ™
(assigned as X in Fig. 4) has a frequency considerably lower
(ca. 50 cm ™) than the M band featuring in bilayer and few layer
graphenes.”” Despite being a common feature in the Raman
spectra of carbon materials, it is often disregarded; its inter-
pretation is not clear, although it has been proposed that is
related to non-regular rings.

It should also be mentioned that Raman peaks are sensitive
to structural/topological defects in Csp® regions in graphenic
materials, while Csp® regions are not detected. This explains
why materials with different Csp> contents may display similar
D bands (samples ErGO and PhrGO), accounting for different
structural defects (sp?, ripples, vacancies, and roughness).

In the second-order region of the spectra, all the samples
showed similar features, with a low intensity of the 2D band
and the broad bands from 2300 to 3100 cm ™" assigned to 2D’
and combination bands. The contributions of the latter bands
are less important for the samples with the highest reduction
degree (i.e., lowest oxygen content), indicating the broken
symmetry of the graphene sheets in the samples as a result of
the presence of oxygen groups and defects.

Proposed mechanism for the photo-/electrochemical reduction
of the thin film electrodes

Most studies on the photoreduction of GO suspensions report
that the reaction is triggered by the electron transfer from a
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Fig. 5 Correlations between structural (Raman) and composition (XPS) features of the samples: (A) ratio Ap//Ag vs. Ap/Ac; (B) Ip vs. Ip; width of bands D
and D” vs. (C) Csp® content and vs. (D) C-O content; (E) carbon content vs. oxygen content; (F) Ip/lg vs. carbon content. Lines are a guide for the eye.

sacrificial agent to the GO sheets®** (catalyzed or not) or due
to the photothermal mechanism for powerful light sources
(e.g., pulsed lasers).>***">> Under our experimental conditions,
photothermal effects cannot be considered as the origin for the
removal of the O-groups, since the temperature increase only
represented AT ~ 4-5 °C (Fig. S3, ESIT). Such a temperature
increase is not enough to activate direct thermal dissociation,
demonstrating that only photochemical effects are relevant
under our experimental conditions. This is consistent with
the intensity delivered to the electrodes (ca. 0.15 W cm™?),
one order of magnitude lower than the values typically reported
for photothermal or photocatalytic reductions.**?">

Since GO is a good light absorber, photogenerated excitons
are expected to be formed upon illumination produced from
the n-n* and n-n* transitions.>® To investigate the mechanism
of the photoassisted reduction under simulated solar light, we
measured the open circuit potential (OCP) of the thin film
electrodes upon on/off illumination cycles of ca. 10 min (Fig. 6).
The illumination time was restricted to avoid the modification of
the electrodes. Under dark conditions, the OCP represents the
interfacial surface charge upon immersion in the electrolyte;
when the electrodes are illuminated, surface charge redistribution
is expected. For the GO thin film electrode, the dark OCP shifted
ca. 20 mV towards positive values upon on/off illumination.

The photopotential increase demonstrates the generation of
electron-hole pairs on the GO surface after photon absorption,
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Fig. 6 Open-circuit potentials upon on/off illumination under simulated
solar light of GO and rGO electrodes.

thereby generating an electric field that compensates the band
bending in the dark. The fact that the potential shifted towards
positive values is characteristic of p-type semiconductors,
where the electrons generated upon irradiation are trapped
and transferred to available species faster than the holes that
accumulate (thereby shifting the OCP to a more positive
potential). The photogenerated electrons at the GO interface
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can either be transferred to other species (e.g., dissolved
oxygen, water, carbon dioxide, and electrolyte) or to the surface
groups of the electrode material.

Based on the characterization of sample PhrGO, it is evident
that the photogenerated electrons are responsible for the
reduction of the GO and the removal of a large fraction of
O-groups (see XPS data). It should be mentioned that the on/off
illumination of the naked ITO substrate showed an opposite
trend, with a decreased photopotential of ca. 20 mV, since it is
an n-type semiconductor. Thus, the positive potential increase
upon illumination of the GO cast on the ITO substrate can only
be attributed to the photoresponse of the GO. This indicates
that the GO thin film electrode acts as a p-type semiconductor
upon illumination. Although several studies have reported
similar observations,””*® some others have described an
n-type semiconductor response for GO electrodes.’®®° Indeed,
the nature and origin of the optical transitions upon its
illumination are still quite unclear, with rather contradictory
observations; this may be attributed to different aspects
including the extent of the oxidation of the pristine GO (see
discussion below) and the conditions of the illumination of the
electrodes (source, wavelength, power, and atmosphere).

A different photoelectrochemical response was observed
after reduction. All the reduced samples showed a shift in the
OCP upon on/off illumination towards negative values due to
the accumulation of the photogenerated electrons (ca. 70 mV,
larger that the OCP corresponding to the naked ITO substrate).
This behavior confirms the n-type semiconducting character of
the rGO electrodes (as opposed to that of GO), which is
attributed to the presence of the conjugated sp? domains in
the reduced samples. For n-type rGO semiconductors, the
photoholes are transferred to solution species faster than the
photoelectrons, and consequently the OCP moves to a more
negative potential. The photopotential profiles (particularly for
rGO) also evidence a slow kinetics of the charge transfer across
the electrode, with long times needed to reach equilibrium
potentials. This is characteristic of materials with multiple
surface states where the charge carriers are trapped (e.g., defects,
O-groups).®*

Based on the characterization of the reduced materials and
the p-type semiconducting character of the starting GO, the
photochemical reduction is expected to proceed through
the removal of epoxide/hydroxyl groups upon reaction with
the photogenerated holes to form C—C double bonds and
carbon vacancies. This reaction would be accompanied by the
loss of carbon atoms in the form of CO and/or CO, and affects
mostly the epoxide/hydroxyl groups, leading to a material with
fragmented sp®> domains with vacancies, summarized as:

C-Ogo) + photoholes - C=C, Cyacancy (defect carbon);goy,
C0,/CO
C-Ojgoy * electrons — C=C, C-H (Csp?, defect carbon);go;

A second mechanism would involve the reduction of GO with
electrons (either photogenerated or supplied upon polarization)
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without causing the loss of carbon atoms and leading to a partial
restoration of the sp® conjugation and/or the accumulation of
other carbon defects (likely Csp®). The introduction of defects via
hydrogenation of sp> domains by electrochemical reduction
under controlled conditions (e.g., potential, electrolyte) has been
reported in our previous study.”® As the photochemical reduction
proceeds, the nature of the starting GO material gradually
changes from p- to n-type semiconductor, favoring the coexistence
of reactions triggered by both charge carriers and allowing the
reduction to propagate. These mechanisms can explain the
electrochemical behavior of the samples and the Raman and
XPS characterization. The predominance of the formation of
vacancies in the graphenic sheets upon photochemical reduction
would explain the poor electrochemical response manifested in
the voltammetric scans of PhrGO, most likely due to the deficient
conductivity in the disrupted sp®> network. For ErGO, the mild
conditions used during the electrochemical reduction create a
material where Csp® defects are dominant over vacancies; thus
ErGO displays larger domains of sp* network that accounts for a
better electrochemical response than PhrGO.

Conclusions

The reduction of GO thin film electrodes was carried out by
combining photochemical and electrochemical approaches,
aiming at exploring the influence of such treatments on
the surface defects formed on the reduced graphene oxides.
Mlumination under simulated solar light at low energy flux
triggered the reduction of GO following a photochemical reaction
pathway and preventing the removal of groups by photothermal
effects. The p-type semiconductor character of GO allows the
photogeneration of excitons upon irradiation and these charge
carriers provoked the reduction of the material. The photo-
chemical reduction brought about the selective removal of epoxide
and hydroxyl groups and the resulting material is characterized by
fragmented sp®> domains due to a high density of vacancies.
In contrast, the electrochemical reduction favored the formation
of sp® defects over vacancies; owing to this, the electroreduced
material displayed better electrochemical features than the photo-
reduced one. When both processes are combined, electrochemical
reduction carried out first prevented the formation of vacancies
upon subsequent illumination. When the treatment was reversed,
both types of defects accumulated in the rGO material. These
results showed that a combined photochemical and electro-
chemical reduction allows the selective removal of O-groups in
GO, while controlling the nature of the defects introduced to the
basal planes of the graphene sheets. Both factors are crucial when
tuning the properties (e.g:, reactivity, stability, and conductivity) of
rGO materials for a particular application.

Methods

Materials

Powdered graphite (98 wt% purity, Sigma Aldrich) was oxidized
by a Hummers’ method described elsewhere.®* Briefly, 2 g of
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graphite were mixed with 46 mL of sulfuric acid (98%, Sigma
Aldrich), 1.0 g of sodium nitrate (98 wt% purity, Sigma Aldrich),
6 g of potassium permanganate (98 wt% purity, Sigma Aldrich)
and 276 mL of hydrogen peroxide at 3% v/v (Sigma Aldrich).
The resulting mixture was extensively washed with distilled
water and dried at 60 °C. As-prepared graphite oxide was
suspended in water (ca. 10 mg L") and was exfoliated by
sonication for 4 h; the suspension was centrifuged (ca. 4500 rpm,
1 h) and the graphene oxide sheets were collected from the solution
with a concentration of ca. 1 mg mL™". The bulk GO was charac-
terized to determine the extent of the oxidation and the nature
of O-groups before the preparation of the electrodes.

Preparation of GO and rGO film electrodes

GO thin films were prepared by drop casting the GO aqueous
suspensions onto conductive ITO glass substrates (Sigma-Aldrich),
previously cleaned in an ultrasonic bath using ethanol, and rinsed
with a mixture of ethanol/acetone. About 100 pL of the GO
suspension (equivalent to 0.1 mg of GO) were added dropwise on
the substrate, allowed to dry at 80 °C for 1 h and then at room
temperature overnight. The obtained GO films were stored in a
desiccator until use. The electrochemical reduction of the GO films
was performed in a standard three-electrode system using an
electrochemical cell with an optically flat circular quartz window
(diameter 2 cm). The GO films were used as the working electrode,
and Pt wire and Ag/AgCl (saturated KCl) were used as the counter
and reference electrodes, respectively. Briefly, the prepared GO
films were immersed in an aqueous solution containing 0.6 mM
NaCl as the inert electrolyte. Unless otherwise stated, all the
potentials reported will be referred to the Ag/AgCl (saturated KCl)
reference system. The electrochemical reduction was carried out
under mild conditions by cyclic voltammetry (ca. 10 scans) between
+0.6 and —1 V in a potentiostat/galvanostat (VMP3 Bio-Logic) at
2 mV s~ . The photochemical reduction was performed by front-
side illumination of the electrodes for 6 hours under open circuit
conditions (no bias potential) using unfiltered simulated solar light
(ScienceTech SLB-150B simulator, emitting between 200 and
800 nm) positioned at 80 mm of the electrode The intensity of
the illumination delivered at the electrodes was measured using a
standard silicon photodiode (Thorlabs). Combined photochemical
and electrochemical reduction processes were carried out by
sequentially exposing the GO films to electrochemical polarization
followed by 6 h illumination, and vice versa (ie., 6 h illumination
followed by electrochemical polarization as indicated above). After
the reduction, the film electrodes were labelled as XrGO or XYrGO,
where X and Y account for the first and second reduction method,
respectively: electrochemical (E) and photochemical (Ph). For
instance, electrode EPhrGO refers to the GO film exposed to
electrochemical reduction followed by 6 h of illumination. All the
reduction treatments were performed several times using various
electrodes to evaluate the reproducibility; average values corres-
ponding to at least 2 electrodes are presented.

Characterization techniques

X-ray diffraction patterns were recorded between 5 and 90 (20)
degrees using a diffractometer (Bruker instrument, D8 Advance)
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equipped with Cu Ka. (0.15406 nm) radiation, an energy discrimi-
nator detector (SOLX) and operating at 340 kV and 40 mA.
Temperature-programmed desorption was carried out using a
thermobalance (Netzsch). About 5 mg of pristine GO were placed
in an alumina crucible, and heated at 10 °C min~" under an argon
flow (ca. 100 mL min~") between 25 and 900 °C. The composition
of the evolved gases was analyzed and quantified using a mass
spectrometer (Pfeiffer). Spectral deconvolution was performed by
using a multiple Gaussian function and the Levenberg-Marquardt
iteration method. The optical properties of the films were deter-
mined by UV-vis spectroscopy in a spectrophotometer (Shimadzu
UV-2501, Kyoto, Japan) equipped with an integrating sphere and
operating in absorption mode, with BaSO, as the reference.
Spectra were recorded between 400 and 700 nm, due to the
cut-off limit of the ITO glass substrate. X-ray photoelectron
spectroscopy (XPS) experiments were performed using a PHI
5000 VersaProbe II apparatus (Physical Electronics) using mono-
chromatic Al-Ko (1486.6 eV) radiation and a dual beam charge
neutralizing system. The spectra of the dried films were recorded
using a 100 um beam size, operating at 25 W and 15 kV, and using
a pass energy of 23.5 eV and a 0.2 eV step size for 50 sweeps.
Semi-quantitative elemental surface analyses were performed
using the survey spectra with the corresponding sensitivity factors.
Processing of the collected spectra was performed using energy
values referenced to the C1s peak of adventitious carbon located
at 284.6 eV, and a Shirley-type background function.*® The
deconvolution of the spectra was performed using MultiPak
9.3 software, using a Gaussian (90%)-Lorentzian (10%) peak
shape by combining the different components and minimizing
the total square-error. The spectra show C(sp?) with a binding
energy at 284.6 + 0.2 eV, C(sp?) at 285.5 + 0.2 eV, C-O at 286.7 +
0.2 eV (hydroxyls and epoxides), C—O at 287.5 £ 0.2 eV (ketones,
aldehydes and quinones) and COOH at 288.9 + 0.2 eV (carboxylic
acids, anhydrides and esters).

The full width at half maximum (FWHM) of each peak was
maintained below 1.8 eV in all cases. Raman spectra were
recorded under ambient conditions in a Renishaw InVia Qontor
spectrometer equipped with an Ar" laser source (2.41 eV/
514.5 nm). The spectra were collected using a Leica DM2500
optical microscope with a 50x long objective. The scattered
Raman light was dispersed by a holographic grating of
600 grooves per mm, in order to acquire the whole range of
interest for carbons (500-5000 cm™'). Each spectrum was
recorded with an integration time of 5 s; data presented
represent the average of three measurements. The quantitative
Raman parameters were obtained from the deconvolution
of Raman spectra by a classical Gaussian/Lorentzian fitting
process using a linear baseline. Light elements (carbon, oxygen
and nitrogen) in the thin films as well as their thickness were
quantified by Nuclear Reaction Analysis (NRA) technique at
CEMHTI Pelletron accelerator (http://emir.in2p3.fr/CEMHTI)
with a 900 keV D" incident beam (2 x 2 mm?). The nuclear
reactions selected for these investigations were '*C(d,po)"*C,
°0(d,0)"*N and '*N(d,ps)**>N. The py, &, and ps particles were
detected at 166° by using a 25 mm? passivated implanted planar
silicon detector. Carbon, oxygen and nitrogen concentrations in
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atomic percent were extracted from NRA spectra using SIMNRA
software.®* The beam incidence angle was set at 50° to the sample
normal, allowing the obtainment of depth resolutions of 15 nm (O)
and 40 nm (C,N). The probed depth was close to 1 um.
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