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ABSTRACT Graphene oxide (GO) and reduced graphene oxide (RGO) have important
applications in the development of new electrode and photocatalyst architectures. Gold
nanoparticles (AuNPs) have now been employed as catalyst to generate OH* and oxidize
RGO via hydroxyl radical attack. The oxidation of RGO is marked by pores and wrinkles
within the 2-D network. Nanosecond laser flash photolysis was used in conjunction with
competition kinetics to elucidate the oxidative mechanism and calculate rate constants for
the AuNP-catalyzed and direct reaction between RGO and OH". The results highlight the use

of the AuNP-mediated oxidation reaction to tune the properties of RGO through the degree

of oxidation and/or functional group selectivity in addition to the nanoporous and wrinkle
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facets. The ability of AuNPs to catalyze the photolytic decomposition of H,0, as well as the hydroxyl radical-induced oxidation of RGO raises new

issues concerning graphene stability in energy conversion and storage (photocatalysis, fuel cells, Li-ion batteries, etc.). Understanding RGO oxidation

by free radicals will aid in maintaining the long-term stability of RGO-based functional composites where intimate contact with radical species is

inevitable.
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as a highly studied carbon allotrope,

owing to its large theoretical surface area
of 2630 m?/g, high intrinsic mobility of
200000 cm? V' s7','? and the exploration
of various methods for preparing single- or
few-layer sheets.> " The unique electronic
properties arise as a result of the 2-D hex-
agonal nature of the conjugated sp® net-
work of carbon—carbon bonding, which
gives rise to a conducting & band of 2p,
electrons that are oriented perpendicular to
the bonding plane. Single-sheet graphene
presents limitations in the ability to process
bulk quantities, which limits this form of
graphene to relatively specific applications
at the present. Solution-based methods for
single graphene sheets through dispersion
of graphite layers have been reported,”"°
but the oxidation of graphite to graphene
oxide (GO) through some variant of Hummer's
method'" lends itself more favorably to

ln recent years, graphene has debuted
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functional graphene composites because
of the ability to disperse single GO sheets
in water and other solvents.'*'3

The reduction of the electrically insulat-
ing GO to reduced graphene oxide (RGO)
can be accomplished via thermal,''®
chemical,'®™"® electrochemical,’®™>* and
photochemical processes.?*~2° Reduction
of GO to RGO leads to a partially restored
sp® network and therefore the partial res-
toration of electrical conductivity, the de-
gree of which is dependent on the reduction
method > With the array of methods toward
obtaining conductive RGO from GO and the
ability to generate graphene-based functional
composites from solution-based synthesis
methods, this material is continually improv-
ing the performance of many energy convers-
ion?>31738 and storage systems>? '
ving complex photocatalyst or electrode
designs. The inherent wrinkles in RGO sheets
along with those produced during drying of

invol-
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Figure 1. UV—uvisible absorption spectra for (A) RGO, (B) AuNP—RGO, (C) H,0,—RGO, and (D) AuNP—H,0,—RGO. The
solutions were irradiated with water-filtered white light from a Xe lamp for 2 h with UV—visible absorption measurements
taken in 10 min intervals. The decrease in absorption over time in panel D is inferred to be RGO oxidation since, commonly,
reduction processes in solution lead to increases in absorption. Labels a—m represent individual measurements in 10 min
intervals. Inset images are of solutions after 2 h irradiation. AuNP concentration was 20 uM based on [AuCl, ], and RGO

concentration was 0.1 mg/mL.

the material afford 3-D electrode designs that facilitate
diffusion of ions through wrinkle-induced tunnels,
edges, and macropores.®' >* Considerable focus has
been placed in developing unique morphologies from
RGO, including some with micro- and nanoporous
facets that exhibit excellent performance as super-
capacitor electrodes.***>~>° By creating pores within
the graphene sheets, the surface area can be increased
and improvements in diffusion of electroactive species
can be realized. Thus, while graphene itself is a rich and
complex material, these newly explored polymorphs
exhibit potential for use in opto-electronic and renew-
able energy applications.

In the present work, we explore the direct and AuNP-
catalyzed reaction between RGO and hydroxyl radicals
and utilize the reaction to generate a new graphene
morphology with nanopores and wrinkles herein re-
ferred to as oxidized RGO (ORGO). UV photolysis of
H,0, leads to the production of 20H® and provides a
convenient means to study the reactivity of organics
with OH" radicals. AuNPs are also established aerobic
oxidation catalysts®® and have been shown to create
pore-based defects in suspended single-layer graphene
sheets®' Looking at OH" radical reactivity toward gra-
phene from the perspective of material applications shows
potential challenges with evolution of hydroxyl radicals in
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energy-related reactions such as TiO, photocatalysis®*~%*

and fuel cell cathode O, reduction.5>% Additionally, super-
oxide radicals evolve during charging of a lithium—oxygen
battery, which may lead to graphene degradation when
used as a substrate for cathode catalytsts.” =% Elucidating
the mechanism behind the oxidation of RGO to
ORGO provides opportunities to suppress these un-
wanted reactions in photocatalytic or electrochemi-
cal systems containing graphene-based composite
materials. Finally, the exploration of OH® radical
oxidation of RGO with and without the catalytic effect
of AuNPs can facilitate new methods to tune the
optical and electronic properties of RGO by varying
the degree of oxidation, functional group selectivity,
and/or morphology.

RESULTS AND DISCUSSION

Reactivity of OH" toward RGO. We subjected chemically
reduced RGO to white light irradiation (300 W Xe lamp
with quartz water filter) for 2 h with four different
suspensions containing RGO, H,0,—RGO, AuNP—RGO,
and AuNP—H,0,—RGO. The UV irradiation of solutions
containing H,0, generates highly reactive OH® radi-
cals. Figure 1 shows the changes in absorption of these
four suspensions recorded over the course of the 2 h
irradiation time. In general, UV irradiation of GO
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Figure 2. TEM images of (A) RGO, (B) Au + RGO, (C) H,0, + RGO, (D) Au + H,0, + RGO after 2 h irradiation time. The
characteristic feature of pores in (D) is unique to the AuNP—H,O, system. However, irradiation with H,0, alone resulted in the
wrinkled structure in (C), but no RGO surface changes were observed in (A) and (B).

(or RGO) in aqueous solution leads to photochemical
reduction, and the reduction progress can be moni-
tored from the increase in scattered and absorbed light
across the UV—visible spectrum (Figure 1A). Accord-
ingly, the solutions without H,0, (Figure 1A,B) exhibit
increased visible absorption and scattering, which is in
agreement with the UV-assisted reduction of residual
GO moieties. In contrast, the inclusion of H,O, and
noble metal catalyst, AUNPs, during irradiation leads to
consecutive decreases in absorption during the 2 h
irradiation (spectraa—m, 10 min intervals in Figure 1D).
If the suspension contains only H,0, and RGO during
irradiation, both reduction of residual GO and slower
oxidation of RGO seem to compete. We observe a small
increase in the absorption in the visible region which
quickly saturates during the first 50 min (Figure 1C,
spectra a—f), thus confirming the reduction process
during the initial period of UV irradiation. Small de-
crease in absorbance seen in the 300—400 nm region
after 50 min of irradiation indicates the oxidative role of
OH’ radicals even without AuNPs.

The photographs of UV-irradiated suspension (see
insets in Figure 1) show different degrees of color
changes that are visually distinct. While the UV irradia-
tion of GO deepens the color (inset Figure 1A), the
presence of H,0, lightens the color (inset Figure 1C).
The color change of the AUNP—H,0,—RGO suspension

RADICH AND KAMAT

in the inset of Figure 1D is dramatically different as the
transparency of the solution increased substantially.
The residual pink color represents the remaining AuNPs
in the suspension. As evidenced from the absorption
spectra in Figure 1C, the OH" radicals alone are capable
of carrying out only limited changes in RGO, but the
absorption changes become significant when AuNPs
are present in the RGO suspension (Figure 1D). These
observations suggest that the AuNPs serve as catalysts
to promote the reaction between OH" and RGO resulting
in oxidized RGO or ORGO. Since the Au plasmon peak at
540 nm remains unaffected after UV irradiation with
RGO, we can further ascertain the catalytic role of AuNPs
in the overall oxidation process. It should be noted that
the presence of RGO is important to attain the photo-
stability. If the AuNPs are irradiated with H,O, only,
changes in the AuNP absorption spectra are observed.
These particles eventually aggregate and crash from
suspension (Figure S1 Supporting Information).

The morphology of the irradiated samples was
investigated using transmission electron microscopy
(TEM). The high-resolution images shown in Figure 2
contrast the resulting surface features of the RGO follow-
ing irradiation (see Supporting Information Figure S2 for
the TEM image of pre-irradiated RGO). Irradiated RGO
in Figure 2A shows multilayered sheets as the individual
sheets become stacked along the graphitic c-axis during

VOL.7 = NO.6 = 5546-5557 = 2013 A@MNK)

WWww.acshano.org

J1D]Le

5548




100 -
3
@
(&}
e
£ 804
£
w
=
o
=
60 -

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

cm! Characteristic

| 500-900 -OH
2 800-1000 C=C-H
3 | 1000-1250 C-O
4 | 1700-1750 =0
5 | 3000-3700 -OH

Figure 3. FTIR spectra of (a) 2 h irradiated AuNP—H,0,—RGO, (b) 2 h irradiated H,0,—RGO, and (c) pre-irradiated RGO. The
table identifies relevant functionalities with the observed IR absorption modes. Significant —OH stretching builds into the
absorption characteristics of the direct OH" radical attack relative to the AuNP-assisted reaction. AuNPs catalyze further

oxidative processes beyond the initial —OH addition.

UV irradiation. On the other hand, the sample with
RGO and AuNPs in Figure 2B exists as a single- to few-
layer form following UV irradiation. As discussed earlier,”®
binding with AuNPs prevents stacking of individual layers
and thus renders sustained exfoliation of the individual
RGO sheets. The RGO irradiated with only H,0, in
Figure 2C exhibits significant wrinkling after irradiation
with H,0,, whereas RGO irradiated with H,O, and AuNPs
exhibits both wrinkles and 5—100 nm diameter pores
(Figure 2D). The surface wrinkling effect is seen in the
irradiation experiments where H,0, was included. The
decomposition of H,O, to H,O and O, is a competing
reaction with hydroxyl radical production during irradia-
tion. The wrinkling effect observed across the ORGO
sheets arises from O, bubble nucleation on the RGO
surface. However, the presence of Au nanoparticles
accelerates RGO oxidation as evident from the formation
of nanopores. This Au-mediated oxidation results in the
formation of ORGO, rendering a “Holey Graphene” mor-
phology. It is evident that these nanosize pores represent
complete oxidation of C=C network in the immediate
vicinity of metal nanoparticles.

FTIR spectroscopy was used to probe the chemical
changes of the ORGO through the OH® radical reaction.
The FTIR spectra shown in Figure 3 indicate C=C attack
by OH* yielding higher absorption in the regions of
—OH and C=0 modes and lower absorption in the
regions of various C=C—H and C—O modes for the
resulting ORGO. The spectra of the post-irradiated (a)
AuNP—H,0,—RGO and (b) H,0,—RGO samples and (c)
pre-irradiated RGO highlight the differences in the
resulting chemical structure of the ORGO when AuNPs
are introduced in the suspension. While the FTIR
spectrum of RGO is inherently rich with various absorp-
tion characteristics, the drastic changes following
the 2 h irradiation provide insight into the direct and
AuNP-mediated OH" attack on the RGO.

Allirradiated samples (2 h) show a decrease in the IR
absorption in region 2, corresponding to C=C—H modes
of the RGO. A separate 2 h irradiation experiment using GO
rather than RGO as precursor with AuNPs and H,O, was
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conducted to confirm the C=C attack by OH" since the
degree of C=C bonding in GO versus RGO is substantially
different. The changes in absorbance of the suspension
were tracked, and the spectra indicate that some reduc-
tion of GO to RGO (i.e., restoration of some degree of C=C
bonding) must occur before decreases in absorbance are
observed (Supporting Information Figure S3). We also
made an attempt to directly oxidize graphite using UV
photolysis of H,0,, but the lack of significant dispersion of
graphite powder in water and the inability of the OH’
radicals to penetrate and exfoliate the graphene layers
prevented any significant and observable reaction. Thus,
initial exfoliation of graphene layers is important to pursue
the OH" radical reaction and generate ORGO.

The pre-irradiated sample (Figure 3, spectrum c) ex-
hibited a stronger IR absorption by C—O modes in region 3
as compared to the sample after irradiation, but both
irradiated samples show increases in C=0 modes in
region 4. The absorption of the post-irradiated H,O,—RGO
sample in region 4 (Figure 3, spectrum b) is shifted slightly
to lower wavenumber relative to the AUNP—H,0,—RGO
sample (Figure 3, spectrum a). This shift is attributed to the
differences in the localized surface functionalities resulting
from the variation in the oxidative reaction mechanism
induced by AuNPs. The most striking contrast is observed
in the H,0,—RGO spectrum with the large growth of the
two broad —OH absorption bands in regions 1 and 5,
compared with only a slight increase in —OH absorption in
the AuNP—H,0,—RGO spectrum. This observation im-
plies that the AuNPs alleviate a buildup of —OH groups on
the RGO sheets by providing a pathway for further
oxidation. The formation of holey graphene sheets is in
support of the argument that AuNPs catalyze the oxida-
tion reaction to CO,.

Establishing the Catalytic Role of AuNPs in RGO Oxidation.
There are two possible reaction pathways with which Au
nanoparticles could catalyze the RGO oxidation: (1) to
promote photolytic OH® formation via UV photolysis of
H,0,, thus resulting in higher OH" radical concentrations
near the AuNP surface, and (2) to promote the reaction
between OH® and RGO aided by the changes in the
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Figure 4. (A)Fluorescence intensity of TAOH measured at 426 nm after each 10 s irradiation interval: (a) 0.3 M H,0, with 15 uM
AuNP (based on [AuCl, ] precursor) and (b) 0.3 M H,0, without AuNP. (B) Fluorescence intensity monitored continuously at
426 nm during UV irradiation of 0.3 M H,0, solution: (a) 0 uM, (b) 3 «M, and (c) 6 M AuNP (based on [AuCl, ] precursor). The
higher fluorescent counts when AuNPs are present during the photolysis indicate a catalytic effect for OH" radical formation
via H,0, photolysis. Lines in panel B do not represent fits and are drawn to depict the trend.

localized oxidation potentials at the AuNP surface. In
particular, the catalytic process (2) is facilitated by the fact
that AuNPs are bound to the RGO.

We first monitored the conversion of terephthalic
acid (TA) into 2-hydroxyterphthalic acid (TAOH) to
establish the production of the OH® radical during the
steady-state illumination experiments. Aqueous TA re-
acts irreversibly with OH" to form fluorescent TAOH
(Figure 4). TAOH exhibits strong fluorescence at
426 nm under UV excitation and has been used to
monitor hydroxyl radical detection in photochemical
and photocatalytic experiments.”' ~”* Figure 4A shows
an increase in fluorescence intensity at 426 nm during
the irradiation of TA solution in the presence of AuNPs.
Fluorescence measurements were collected after dis-
crete 10 s intervals of irradiation (Figure 4A). The
observed increase in fluorescence intensity during illu-
mination is reflective of increased production of OH®
radicals as the concentration of TAOH is proportional
to the overall production of OH" radicals. By calculating
the linear slope of the discrete points in Figure 4A and
assuming a linear relationship between fluorescence
intensity and [TAOH], itis found that the AuNP-catalyzed
photolysis generated ~30% more hydroxyl radicals in
this time frame (slope ratio = 1.3).

We also continuously monitored the emission in-
tensity at 426 nm during UV irradiation using an Ocean
Optics fiber optics enabled spectrometer in intensity
mode to gauge incremental additions of AuNPs to the
TA solution during steady-state illumination. The abun-
dant UV source of photolysis with a Xe lamp is sufficient

RADICH AND KAMAT

to excite TAOH, and its emission can be captured
through a fiber optic bundle attached to the cell at
90° to the illumination path. The increase in intensity
captured during first 10 s of irradiation shows a depen-
dence on the amount of AuNPs present in the solution.
The increased fluorescence of TAOH with increased
AuNP concentration is attributed to increased produc-
tion of the OH" radical. This finding further ascertains the
role of AuNPs in catalyzing the UV photolysis of H,0..

Next, we wanted to establish the reactivity of RGO
with OH® radicals and see how this reactivity is influenced
by the presence of AuNPs. We performed nanosecond
laser flash photolysis experiments using the fourth har-
monic (266 nm) of a Nd:YAG laser as the excitation source
to generate OH" radicals and follow the course of the
reaction with transient absorption spectroscopy. Since
the OH" radical does not provide absorption for direct
monitoring in the visible, we monitored the formation of
(SCN), ™~ radicals by reacting SCN™ with OH" radicals. As
has been established in the pulse radiolysis reaction of the
OH’ radical with SCN~, this reaction results in quantitative
production of (SCN), " radicals (Amax = 475 NM, €475 =
7600 M~' cm™").”* If another species (viz, RGO in the
present case) is present in the solution to compete for OH"
radicals, it is possible to obtain the kinetic details of its
reactivity using competition kinetics analysis.

In the present experiment, (SCN), " radical quan-
tum yields were determined by monitoring AAbs at
475 nm in the presence and absence of RGO. (SCN),™*
radicals were generated photolytically via reaction of
SCN™ with OH" radicals produced using 266 nm laser
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Figure 5. Laser flash photolysis and competition kinetics were used to evaluate the quantum yield of thiocyanate radical
generation from H,0, photolysis and the rate constants for catalyzed and direct OH" attack on RGO, respectively. Points above the
(SCN),* baseline in panel A represent AuNP-catalyzed production of OH’; those below represent competitive scavenging of OH"
by RGO. Experiment: AuNP 2x (15 M based on [AuCl, 1), AuNP (7.5 uM), baseline (4 «M SCN ™), RGO (0.13 uM based on estimated
reduced carbon in RGO), RGO (0.13 M) + AuNP (7.5 uM), RGO (0.13 «M) + Au NP 2x (15 «M). Panel B shows the linear trends
resulting from second-order kinetics when the ratios of peak yield of thiocyanate radicals without RGO to that with RGO are plotted
with respect to reactant concentration ratios. Error bars represent standard deviation of trials (n > 3 for each concentration ratio).

pulse irradiation of H,0,.”> Additional experiments
were performed with AuNPs only to further gauge
the catalytic influence of AuNPs on the photolysis of
H,O, and validate the TAOH fluorescence data dis-
cussed in Figure 4. The summary of the flash photolysis
results expressed in terms of the (SCN),* quantum
yields measured in the absence and presence of AuNPs
and RGO is presented in Figure 5A. The (SCN), " yield
increases with increasing concentration of AuNPs, which
reflects greater production of OH" radicals. The decrease in
(SCN), " yield when RGO was present reflects the com-
petition between SCN™ and RGO to capture OH" radicals.
The (SCN), * quantum vyield (0.305) measured in the
absence of any competitive species serves as a baseline
for comparison (represented by the horizontal line).

Of particular interest is the substantial decrease in
(SCN), " yield seen when AuNPs are present in the
solution along with RGO. The lower yield of (SCN), " is
indicative of the fact that the OH" radicals are competi-
tively consumed during RGO oxidation. The higher
reactivity of OH® radicals toward RGO when AuNPs
are present contrasts the higher (SCN), " yield ob-
served when AuNPs are in suspension without RGO. To
determine whether this reactivity is influenced by the
absorption of light by the AuNPs, we introduced a
second simultaneous laser pulse (532 nm) in the
excitation path so that the localized surface plasmon
resonance of AuNPs could be selectively activated.
When this second pulse (532 nm) was introduced
along with 266 nm excitation pulse, no statistically
significant differences for (SCN),™* quantum yield
could be seen (Figure 5A). Even at longer continuous
pulsed irradiation times (30 min) with single- and
double-beam excitation, the difference observed in
the changes in the UV—visible absorption of the
samples was small (Supporting Information Figure S4).

Plasmon resonance in AuNPs is known to produce
significant localized heating in irradiated aqueous
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solutions with plasmon excitation.”® We measured
the steady-state temperature of a suspension of AUNPs
and of the same volume of water after 10 min of white
light irradiation and found a 20 K increase above
ambient when AuNPs were present compared to 13 K
increase in the solutions without AuNPs. Although
thermal effects arise from the surface plasmon excitation
of AuNPs, we find that these effects are not the major
contributors to the OH" radical-induced oxidation. The
nanosecond laser flash photolysis conclusively demon-
strates the role of AuNPs primarily to be catalytic.

We further analyzed the reactivity of RGO toward
OH radicals by varying the ratio of RGO to SCN™ in the
suspension with and without AuNPs. This procedure
allowed us to evaluate and compare the rate constants
associated with OH" radical attack on RGO with and
without AuNPs using a second-order kinetics model.
Figure 5B shows the changes in (SCN), ™" yield with
variations in [RGO] for calculation of rate constants
with and without AuNPs. We have converted RGO
concentration in terms of molar carbon with the
assumption that RGO has a C/O ratio of 15, which has
been reported for borohydride reduction of GO.3° The
reactions of interest in the competition kinetics experi-
ments are shown below as reactions 1—3. Since the
SCN™ and RGO are in “competition” for the OH®
radicals, knowing the rate of OH® radical reaction with
thiocyanate ions enables calculation of the competitor
rate constant, in this case RGO.

Hy0; +hv — 20H" kphotolysis (M
OH" +2SCN™ — (SCN), "+ OH™  kscn™~ v

The final relationship between (SCN), ™" yield with
and without RGO is given in eq 4. The ratios of the
(SCN), " yields are plotted against the ratio of [RGO] to
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Scheme 1. Proposed mechanism for the photoinduced reaction between RGO, AuNPs, and H,0,. A suspension of RGO,
AuNPs, and H,0, is prepared as shown at t = 0. Upon irradiation, AuNPs catalyze photolytic production of OH" as well as OH"
attack on RGO. Competitive decomposition of H,0, to O, leads to bubble nucleation and detachment from the RGO surface,
to which we attribute the observed wrinkling of the RGO sheets. Extended irradiation leads to migration of AuNPs and
creation of nanopores at various places along the RGO sheets through diffusion and/or adsorption/desorption.

[SCN™], and the slope is proportional to the ratio of the
competitor rate constants (e.g., RGO and SCN™). Details
of competition kinetics modeling, estimation of rate
constants, and other experimental details are pre-
sented in the Supporting Information.

AAgzsnm(SCN), (k1[RGO]+1) [OH],
AA4750m(SCN); "RGO ka[SCN7] [OH"]o, rco

4

By varying [RGO] with and without AuNPs, the rate
constants for OH® attack on RGO were calculated from
the slope of the linear plots in Figure 5B using the rate
constant for the formation of thiocyanate radical from
OH", which is reported as kiscnyz * = 1.3 X 100 M~T
s~1.7> Using this value, the rate constants for direct and
AuNP-catalyzed OH" reaction with RGO are calcula-
ted as krco = 44 x 10° M~ ' s and knureo = 1.2 X
10" M~" 57", The ratio of the Au-catalyzed and direct
rate constants shows that the AuNPs increase the
kinetics of the reaction by a factor of 2.7. It should be
noted that both catalytic roles of AuNPs in the OH®
radical production and OH" radical attack on RGO are
convoluted in the (SCN), " quantum yield when AuNPs
and RGO are present together in the solution. For
example, the average ratio of the (SCN), " quantum
yield measured with 2 x [AuNP] (viz., 15 uM) and the
baseline quantum yield (viz., no AuNP) in Figure 5A,B is
1.29 £ 0.048. This value is in agreement with the value
of 1.3 obtained via ratio of slopes in Figure 4A. The rate-
limiting step in the overall reaction is that of the OH®
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radical attack on RGO. Although AuNPs catalyze pro-
duction of OH® radicals, reaction 1 listed above occurs
instantaneously relative to the pulse width (10 ns) of
the nanosecond laser.”> Any acceleration of OH" radical
production from AuNPs will not influence the overall
rate of OH" radical attack on RGO.

Proposed Mechanism and Reaction Modulation. The mor-
phological changes initiated by the photolysis of H,0,
show two distinct phenomena: (1) the initial wrinkling
of RGO sheets followed by (2) the AuNP-induced hole
creation. The mechanism of the photoinduced conver-
sion of RGO to ORGO is illustrated in Scheme 1. At t =
0 min, a suspension of RGO, AuNPs, and H,0, exists in
equilibrium (AuNP adsorption—desorption, H,0,—RGO
surface interactions, AUNP—H,0, surface interactions).
This equilibrium is disturbed upon irradiation with UV
light (t; > 0), resulting in the initiation of a variety of
physical and chemical transformations. These processes,
labeled 1—4 in Scheme 1, are (1) Au-catalyzed photo-
lysis of H,0,, (2) Au-mediated OH"® attack on RGO, (3)
diffusion of H,O, and decomposition at the RGO sur-
face, and (4) O, evolution associated with nucleation
and bubble formation on the RGO surface. As time
progresses (t; > t;), the AuNPs diffuse across the RGO
and adsorb—desorb from various points on the surface
(5), creating new nanopores at different locations
along the ORGO sheets. On the basis of Figure 2C,D,
it is apparent that the wrinkling of the RGO sheets can
be attributed to rapid nucleation of O, bubbles on the
surface (process 4).
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Figure 6. TEM micrographs showing ORGO produced with water-filtered white light (A,C,E) and with CuSO,-filtered white
light (B,D,F). Water filters only infrared light. The filtering of UV—B and UV—C photons (>290 nm) by CuSO, further reduces the
UV photons for the decomposition of H,0,, thus leading to fewer OH® radicals available for reaction with RGO. The wrinkles
and larger pores seen in the water-filtered ORGO synthesis were noticeably significant (see, for example, B vs A and D vs C).

The hydroxyl-mediated oxidation of aromatic mol-
ecules has long been established.”” The initial attack of
OH°® radical produces an OH adduct or undergoes
electron transfer to produce cation radicals. Continued
attack of hydroxyl radicals causes complete oxidation
of the organic compounds to CO, and water. In fact,
the hydroxyl-mediated mineralization of organic com-
pounds has been the basis of TiO,-assisted photoca-
talysis and other advanced oxidation processes.”® The
presence of AuNPs on the RGO surface catalyzes this
oxidation, creating pores. As a single AuNP becomes
detached, it moves to another nascent site to induce
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additional pores. By modulating the light intensity,
wavelength of excitation, and time of exposure, it
should be possible to control the morphology of
ORGO.

We attempted to modulate the ORGO morphology
and/or pore structure through selective control of the
incident photon flux via light filtering. Two sets of
experiments were performed. In the first set, a water
filter was introduced to decrease the IR photons reach-
ing the sample. In the second set, we replaced the
water with a CuSO, solution. CuSO, filters UV—B and
UV—C photons (<290 nm), thus limiting energetic
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photons arriving at the sample, particularly in the
photolytic range of interest (200—300 nm photons
are responsible for efficient photolysis of H,0,) and
in the visible and NIR (>650 nm). Absorption spectra of
water and CuSO, are shown in Figure S5 of Supporting
Information. Limiting the excitation range provides a
means to reduce the rate with which OH"® radicals are
produced. The filtering of UV photons decreased the
average size of the pores and the wrinkling intensity in
the ORGO sheets as seen in the TEM image array in
Figure 6 (wrinkles exhibit stronger contrast in the RGO
TEM images). As the steady-state concentration of
hydroxyl radicals is decreased, we observe the mor-
phology of the ORGO to be altered through reduction
of pore size and wrinkling features.

CONCLUSIONS

Perspectives on Holey Graphene. Through the Au-catalyzed
OH’ radical attack of RGO, a new graphene-based material,
which we refer to as Holey Graphene or ORGO, with nano-
pores and wrinkles can be generated. AuNPs act as multi-
functional catalysts that increase the OH" radical yield from
UV photolysis of H,0, and mediate the reaction between
OH’ radicals and RGO. While the AuNPs are responsible for
the development of the pore structure, the OH" radicals
attack RGO directly and build significant numbers of —OH
functionalities on the ORGO sheet as observed in FTIR
spectra. Hydroxyl radical driven reaction can facilitate
production of new graphene materials whose properties
(i.e., degree of oxidation, nanoporous structure) can be

EXPERIMENTAL SECTION

ORGO Synthesis and Materials. GO was synthesized using a
modified Hummers method.? In short, 2 g of graphite powder
was sonicated and stirred in an ice bath in 92 mL of concen-
trated H,SO, (Fisher 99%) with 2 g of NaNOs (Aldrich 99%) for
30 min, after which 12 g of KMnO4 (Aldrich 99%) was very slowly
added. Sonication continued for 30 min following addition of
KMnQ,, after which the flask was removed and allowed to stir
slowly overnight at 30 °C. Next, 100 mL of deionized (DI) H,0 was
added dropwise under nitrogen sparging followed by 1 h of
stirring. Finally, 600 mL of 3% H,O, (Fisher, 30%) was dispensed
into the flask, yielding a yellowish-brown GO suspension. The
suspension was washed three times with concentrated HCl via
settling and resuspension, three times with 1 M HCI via centri-
fuge, and finally five times with DI H,O. RGO was synthesized by
adding 10 mM NaBH, (Aldrich 99%) to a 0.2 mg/mL suspension of
GO. Few flocculants settled, and the suspended sheets in the
supernatant were retained for use.

Au nanoparticles were synthesized by preparing an aqueous
solution containing 200 uM HAuCl, (Sigma 99.99%) and 200 uM
anhydrous trisodium citrate (Fisher 99%). NaBH, solution
(2 mM) was then added directly to the vial while stirring
vigorously. The solution turned black, then almost immediately
turned deep reddish purple and remained stable on the lab
bench. Sufficient time for residual borohydride reaction was
afforded before use of the RGO in experiments. A 1 cm quartz
cuvette was used for fluorescence and photolysis experiments.
Terephthalic acid (Sigma 99%) was used to make 0.1 M stock in
0.1 M NaOH, and 0.1 mM solutions were used in fluorescence
experiments. In a typical photolysis experiment, 2.6 mL of RGO
solution, 100 uL of 30% H,0,, and 300 uL of AuNPs were added to
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tuned toward specific applications. This work comple-
ments recent advances in theoretical understanding of
various functionalities of the RGO and/or GO surface
chemistry and their influence on the work function.”

The results presented here also enable understanding
of RGO stability when used in applications where free
radical formation would be expected (e.g., photocatalysis
or electrocatalysis). For example, graphene-supported
metal nanoparticles have recently been proposed as
superior fuel cell catalysts or for photocatalysis.2>~2 How-
ever, the undesirable cathodic side reaction in a H,/O,
fuel cell is the formation of OH" radicals.2*** When such
reaction occurs in a fuel cell, even with a low probability, it
could lead to increased degradation of carbon support
(viz.,, graphene). The same applies to photocatalytic sys-
tems involving graphene-supported TiO, since the domi-
nant oxidation pathway in aqueous TiO, photocatalysis is
evolution of OH" radicals from trapped holes on the TiO,
surface.®? % Most of these studies are conducted under
short-term operation without probing the stability of
the RGO support. Hence, caution should be exercised
while employing graphene-based metal compos-
ites as catalysts in energy conversion processes. The
present study implies that the OH® radical attack on
graphene-based supports cannot be ignored. On the
other hand, holey graphene may be a better support
to design Li-ion storage batteries or other electro-
chemical devices where diffusion of dissolved elec-
troactive species strongly influences the device
performance.

the cuvette. A 300 W Xe lamp was used with the cuvette
positioned 12 in. from the light source for high intensity irradiation.
A 2 in. cube quartz filter was used with water and a copper sulfate
solution (0.05 M, Sigma 99%) for light filtering experiments.

ORGO Characterization. UV—visible absorption spectra were
recorded with a Varian UV—visible spectrophotometer. TEM images
were obtained using Titan 80-300 300 kV electron microscope. TEM
grids were prepared by drop-casting followed by drying under a
heat lamp for 10 min and finally in vacuum for 24 h. FTIR spectra
were recorded with a Shimadzu IR Prestige-21 FTIR, and the spectra
represent the average of 20 scans. The discrete fluorescence
measurements were taken using a Fluorolog emission spectrom-
eter after each of six intervals of 10 s irradiation, and the real-time
fluorescence counts were measured with an Ocean Optics detector
system with a white light excitation source (same setup as photo-
lysis experiments). The concentration of AUNPs was reduced for the
terephthalic acid experiments to minimize any scattering effects the
AuNPs would have on the observed fluorescence measurements.
Scattering was corrected by adding AuNPs to the final TAOH
solution in the discrete measurements after the sixth 10 s irradiation
interval and determining the percentage decrease in fluorescence
yield (less than 5% at concentrations tested).

Nanosecond Flash Photolysis Experiments. The nanosecond laser
flash photolysis experiments were carried out using a Spectra-
Physics Nd:YAG laser system. The 266 nm (fourth harmonic) and
532 nm (second harmonic) pulsed beams were used in photo-
lysis of H,0, and excitation of Au plasmon, respectively. Laser
excitation of the sample was at a right angle relative to the
monitoring white light beam. Potassium thiocyanate (Aldrich
99%) was used as the thiocyanate source for competition
kinetics and measurement of primary quantum yield of
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(SCN),". Transient spectra of thiocyanate radical yield were
recorded at 475 nm, and an average of three measurements
was used for each trial. An average of five trials was recorded for
each experimental variation, and statistical significance was calcu-
lated at p < 0.05. The detection system consisted of a 1000 W Xe
lamp as white light source and Spex 270 M monochromator
connected to a Hamamatsu R955 photomultiplier. The photomul-
tiplier response was recorded by a LeCroy 7200 digital oscilloscope
connected to a PC-AT compatible computer. Double-beam experi-
ments consisting of 266 and 532 nm excitation sources were
accommodated using mirror optics for the 532 nm beam. Slight
path length differences were necessary, but the delay time was
less than the detection limits of the system. The energy of the
266 nm beam was 10 mJ/pulse, and the 532 nm beam was 15 mJ/
pulse. Thiocyanate quantum yield was calculated using a
naphthalene actinometer (euipleta14 nm) = 14400 M~ em™,
Dyripier = 0.75) with 266 nm excitation.
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