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ABSTRACT: In this work, the synthesis and characterization of multifunctional
crumpled graphene-based ternary nanocomposite photocatalysts for advanced
water treatment applications is described. Currently, a major hurdle for the scale-
up and optimization of aqueous, graphene-based photocatalysts is restacking of
graphene nanosheets due to strong 7— interactions. To overcome this hurdle, a
fast and facile aerosol technique to synthesize monomeric, aggregation-resistant,
crumpled graphene-based photocatalysts was developed. The aerosol route
utilizes water evaporation-induced confinement forces to effectively crumple
graphene oxide and subsequently encapsulate commercially available TiO, and
magnetite nanoparticles. The as-synthesized crumpled graphene—TiO,—magnet-
ite (GOTIM) ternary core—shell nanostructures are shown to possess superior
aqueous-based photocatalytic properties (over a 20-fold enhancement in some
cases) compared to TiO, alone. Total GOTIM photocatalytic reactivity is
confirmed to also include efficient photoreduction reaction pathways, in addition
to expected oxidation routes typical of TiO,-based photocatalysts, significantly
expanding photocatalytic application potential compared to TiO, alone.
Reaction kinetics and proposed mechanisms (both oxidative and reductive)

-
1i0,-based:

are described for a model organic compound, here as methyl orange. Further, with the addition of hole scavengers such as EDTA,
and/or lowering the O, concentration, we demonstrate enhancement of photocatalyzed reduction reactions, suggesting potential
for directed, controlled reduction applications. In addition to robust aqueous stability, low-field magnetic susceptibility is

demonstrated, allowing for low-energy, in situ material separations, which are critical for material recycling and reuse.
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B INTRODUCTION

Water treatment using photocatalysts, particularly TiO,, has
garnered considerable attention and been successfully demon-
strated in a number of applications."” Recent material advances
with combined TiO,—carbon nanomaterial-based photocata-
lysts, such as graphene and carbon nanotubes, have
demonstrated superior and sometimes unique physical and
chemical properties compared to traditional analogs. For
example, fullerene (Cg)-incorporated TiO, nanorods demon-
strated enhancement of photocatalytic activity by nearly 2.7
times compared to Degussa P25,% whereas carbon nanotube
(CNT)-TiO, materials also demonstrated enhanced activity
with rates dependent on dopant ratios (maximum oxidation
rates were found at ~85 wt. % CNT).* A hybrid P25—graphene
composite material, synthesized via a one-step, hydrothermal
method, was demonstrated to be a superior photocatalyst
compared to bare P25 (measured by the degradation rate of
methylene blue) due to increased light absorption range, more
pollutant adsorption (surface localization) and decreased
recombination of photoinduced holes and electrons.’ Further,
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graphene-based TiO, photocatalysts may eventually prove to be
economical, as they are not only more eflicient per unit mass
when compared to traditional analogs, but also composed of
abundant, available and relatively low cost elemental
components in addition to rapidly decreasing graphene
production costs. To date, one of the significant issues in the
aqueous-based processing and applications of graphene
composites lies in the material’s tendency to restack due to
strong 7—7 attractions between graphene nanosheets.’
Restacking results in significant decreasing of accessible surface
area and aqueous stability/accessibility, and thus loss of
material efficacy over a short time.”® To avoid restacking/
instabilities, there have been a number of strategies employed
such as spacer additions (e.g,, CNT? and water'®); however, the
overall catalytic durability and reliable recovery (separation),
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Figure 1. Experimental setup. Schematic diagram of a FuAR and the synthesis process.

which both are needed for successful recycling/application
strategies, for such materials has yet to be fully demonstrated.

Interestingly, there have been recent advancements in the
development of three-dimensional (3D), nanoscale, graphene
composite structures, which can be specifically engineered to
avoid two-dimensional (2D) limitations stated above. Specif-
ically, by “crumpling” graphene and graphene oxide, it has been
observed that resulting 3D structures have outstandin§
compression- and aggregation-resistant properties in water.”
Further, aggregation-resistant, crumpled graphene-nanocrystal
composites can be synthesized via direct aerosolization starting
with either graphene oxide suspensions mixed with precursor
ions'! or presynthesized nanolparticles, resulting in binary and
ternary composite materials.">"? Such crumpled graphene-
based nanocomposites, which have been demonstrated to
include the incorporation of Si,'* Pt,'> Mn;O, and SnO,,"'
TiO,,'"*"” Au/Fe,0," (either through encapsulation or sack-
cargo surface complexes), have been primarily evaluated for
electrochemical and magnetic applications. However, as a high
performance aqueous-based photocatalyst, crumpled gra-
phene—TiO, structures have not yet been thoroughly
evaluated. Additionally, tailoring crumpled graphene—TiO,
magnetic susceptibility through the incorporation of magnetite
nanoparticles, and thus allowing for simple catalyst recovery
strategies, is of high interest for material reuse/recycle,
particularly in a context of economically sustainable processing.

Crumpled graphene-based nanocomposites can be readily
produced by an aerosol-based approach.'”'* Briefly, graphene
oxide precursors are aerosolized into micrometer-sized droplets
by using a nebulizer and then delivered by N, into a furnace
aerosol reactor (FuAR). During the flight time within the
reactor, a single graphene oxide sheet effectively crumples
under evaporation-induced confinement forces allowing for the
effective encapsulation of associated nanoparticles, thus forming
a core—shell type nanocomposite. The encapsulated nanocryst-
als can be presynthesized nanoparticles (e.g,, citrate-stabilized
Ag nanoparticles),12 or grown from precursor ions."!
Combined, the graphene oxide sheets and precursor content,
either presynthesized nanoparticles or precursor ions, deter-
mine the size and composition, thus functionality, of the
resulting material. For example, magnetic susceptibility can be
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achieved and tuned by incorporating a magnetic precursor
component such as nanoscale magnetite (Fe;O,) particles, as
described in this work.

Previous research describing (flat) graphene—TiO, photo-
catalytic reactions have primarily focused on oxidation
pathways.>'*~*' Under UV irradiation (<380 nm wavelength)
photoinduced holes (h*) and radical species, such as superoxide
radicals (O,™-) and hydroxyl radicals (OH-), can oxidize model
target species or pollutants.'"®*' Targeted photocatalytic
reduction of pollutants, such as U(VI),** Cr(VI),*** Cu(II),*®
2,4,6-trinitrotoluene (TNT)26 and COZ,27 has not, however,
been a focus area to date for graphene—TiO, structures despite
the possibility of engineering reduction pathways as induced
electrons lifetime and occurrence can be significantly enhanced
under UV irradiation.'® Based on this, a detailed exploration of
both oxidation and reduction reaction pathways for photo-
induced holes and excited electrons, uniquely enabled through
engineered, crumpled graphene—TiO, materials for aqueous
catalytic redox processes, is needed.

This work focuses on two significant aspects of crumpled
graphene—TiO, aqueous photocatalysts: (1) synthesis and
evaluation of a new ternary crumpled graphene (or reduced
graphene oxide)—TiO,—magnetite (GOTIM) photocatalysts,
which are highly stable, aggregation-resistant and magnetically
recoverable in water; and (2) identification and exploration of
extended aqueous reaction pathways for (UV) photoinduced
holes and electrons for synthesized materials, including the
enhancement of photocatalytic reduction-based reactions.
Together, this works highlights the platform potential for
crumpled graphene—TiO, photocatalysts to be broadly multi-
functional, including the extension of reaction regimes, in
addition to being recoverable via low magnetic fields, allowing
for simple yet efficient separation/reuse strategies.

B EXPERIMENTAL SECTION

Precursor Preparation. Graphene oxide (GO) was synthesized
using the modified Hummers method®® and was reported in our
previous work.® To obtain the GOTIM ternary nanocomposite, dry
GO powder (200 mg) and commercial magnetite nanoparticles
(primary size <50 nm, Sigma-Aldrich, 100 mg) were premixed and
dispersed in 200 mL of water and ultrasonicated for 1 h using a
microtip sonicator (Qsonica). This process allows the exfoliated GO
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Figure 2. GOTIM with different TiO, contents. (a—c) SEM images of GOTIM-A, GOTIM-B and GOTIM-C as well as digital photos of
corresponding dispersions in the insets (200 mg/L). (d—f) TEM images of GOTIM-A, GOTIM-B and GOTIM-C, with corresponding number-
based PSD from DLS in the insets. The two percentages correspond to the highest two peaks. (g) Raman spectra of flat GO and GOTIM-B. (h)

FTIR spectrum of GOTIM-B.

nanosheets to associate with disaggregated magnetite nanoparticles.
The suspension was then centrifuged at 10 000 rpm for another 1 h.
The supernatant, with exfoliated GO nanosheets and attached
magnetite nanoparticles, was then added with TiO, nanoparticles at
different weight percentages (Evonik Degussa Aerodisp; 7, 14, 28 mg)
and aerosolized (Figure 1). Crumpled graphene—TiO, (GOTI)
nanocomposite was also synthesized for the photocatalytic reaction
experiments. To obtain the GOTI nanocomposite, GO solution was
directly mixed with TiO, (28 mg of TiO, into 200 mL of GO
solution); and the mixture was then aerosolized.

Crumpled Graphene Nanocomposite Synthesis. To obtain
the crumpled graphene nanocomposite, a furnace aerosol reactor
(FuAR) was utilized (Figure 1). The precursor solution was atomized
into micrometer-sized droplets by using a Collison nebulizer (BGI
Incorporated), and then delivered by N, into tubular alumina reactor
(1 m X 25 mm ID) maintained at 400 °C, to enable the successful
crumpling of GO, yet partially preserve the functional groups, such as
carboxyl and hydroxyl groups that are critical for nanocomposite
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stability in water due to electrostatic repulsion.® The flow rate was
operated at 12.4 L/min by adjusting the nebulizer pressure (14 psi,
96.53 kPa), resulting in ~1.6 s residence time. During the flight in the
furnace, graphene oxide became crumpled under the evaporation-
induced confinement force and could effectively encapsulate nano-
particles dispersed in the precursor solution.'” Finally, the nano-
composites were collected downstream of the reactor, weighed and
dispersed into water to obtain 200 mg/L dispersion.

Nanoparticle Characterization. The optical properties of
GOTIM aqueous dispersions (200 mg/L) were measured by using a
UV—vis spectrophotometer (Varian Bio 50). The (-potential and
hydrodynamic diameter of aqueous GOTIMs were measured using
Zetasizer Nano ZS system (Malvern Instruments). The morphology
and size of the GOTIM nanoparticles were also examined by field
emission scanning electron microscopy (FESEM, NOVA NanoSEM
230), transmission electron microscopy (TEM, Tecnai TM Spirit) and
high resolution-TEM (HR-TEM, JEOL 2100). The crystal phase was
determined by X-ray Diffraction (XRD) (Geigerflex D-MAX/A,
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Rigaku Denki) with Cu Ka radiation (4 = 1.548 A). The GOTIM
nanoparticles were digested in concentrated HNOj; at 110 °C for 10 h
and diluted for inductively coupled plasma mass spectrometry (ICP-
MS, Agilent 7500cc) analysis to quantify the TiO,/magnetite ratios.
GOTIM nanocomposite molecular bond and functionality analyses
were performed via Raman spectrometry (Renishaw InVia Reflex
confocal Raman spectrometer with a S14 nm laser) and Fourier
transform infrared spectrometry (FTIR, Nicolette Nexus 470).

Photodegradation of a Model Dye. The photocatalytic activity
of synthesized GOTIMs was evaluated by the photodegradation of a
model pollutant, methyl orange (MO). Typically, SO mL of MO
solution (Cy = 9.6 or 20 mg/L) and GOTIM photocatalyst (8 or 16
mg/L, suspended) was added into a quartz beaker. A xenon lamp
(with intensities of 14.4 or 18.8 mW/cm? in the effective UV range
(250—387 nm)) was used as the irradiation light source; and an
overhead stirrer was used to promote mass transfer in the solution.
The distance between the center of the beaker and the light source was
set to be 16 cm. Before each reaction, the solution was stirred in the
dark for 30 min to achieve adsorption equilibrium. During the
reaction, 2 mL of sample was collected at each time interval (10 min)
and filtered using a syringe filter (Millex PES, 0.22 ym) before UV—vis
measurement to determine the remaining MO concentration at the
absorption peak 463 nm. Photodegradation of MO using bare TiO,
nanoparticles was also conducted under the same conditions for
comparison.

Identifying Reaction Pathways. To help identify and explore
major reaction pathways, tert-butanol (+-BuOH, 10 mM, Sigma-
Aldrich),** catalase (500 units/mL, Sigma—Aldrich)z'1 and ethyl-
enediaminetetraacetic acid (EDTA, 4 mM, Sicc,rma-Aldrich)3’2 were
employed as OH:, H,0,, and h" scavengers, respectively. For
anaerobic reactions, a capped quartz serum bottle was used instead
and the solution was purged with N, for 30 min before the
photocatalytic reactions.

Reuse/Cycling Experiments. To evaluate recycling potential and
material reuse, after each reaction cycle (beginning with a batch
reaction as described above), a specified amount of MO stock solution
(C = 500 mg/L) was added to keep [MO], = 10 mg/L at the
beginning of next reaction. After five cycles, the remaining GOTIM
was collected using a magnet (ca. 1T neodymium, Applied Magnets)
and the collection efficiency was calculated from the difference
between the GOTIM UV—vis absorbance (320 nm) before and after
the cyclic experiments.

B RESULTS AND DISCUSSION

Material Synthesis and Characterization. For materials
described, the desired ternary crumpled GOTIM nano-
composite requires precursors containing three components,
graphene oxide sheets, TiO, and magnetite together, either in
the (original) form of presynthesized nanoparticles or precursor
ions. The former (presynthesized nanoparticle) approach was
chosen not only because of commercial availability of nanoscale
TiO, and magnetite but also because precursor ions can lead to
incomplete growth and heterogeneous distribution of TiO, and
magnetite in the resulting composites.

Previous research highlights the key role of aqueous stability
regimes (particularly electrostatic interactions between gra-
phene nanosheets and nanoparticles) in determining the
success of synthesis of GO-based ternary nanostructures.'’
Graphene oxide is stable in water with a {-potential usually
being <—30 mV;> and TiO, can be prepared as an aqueous
dispersion (Degussa). However, untreated/uncoated, commer-
cial magnetite nanoparticles (Sigma-Aldrich, <50 nm) are not
readily water-dispersible, based on high particle surface
energies, preventing direct, homogeneous atomization. Here,
the aerosol-based technique was thus modified to first anchor
magnetite nanoparticles onto GO nanosheets. By sonicating an
aqueous mixture of GO and magnetite nanoparticles, successful

surface attachment of magnetite nanoparticles with GO took
place, as shown in the TEM graph in Figure 1. It was observed
that the commercially available magnetite nanoparticles were
poly-dispersed, with diameters ranging from 10 to 50 nm, and
either coupled onto the GO nanosheet surface or crumpled
edges. Previous research reports that nanoparticles can interact
with the GO nanosheets via various physical and chemical
interactions, such as physisorption, electrostatic binding and
charge transfer interactions.>* ™’ In this work, the {-potentials
measured from electrophoretic light scattering, show an
increasing (-potential for GO-—magnetite dispersion (—28
mV), as compared with pure GO solution (—48 mv), indicating
electrostatic binding may facilitate the attachment of magnetite
nanoparticles (thus lessening the total particle surface charge).
Additionally, the point of zero charge (PZC) of magnetite ~7,
as reported in other’s work,'* also provided support for the
electrostatic binding mechanism, as the GO solution used in
this work has a pH ~3. As produced, the GO-magnetite
dispersion was next mixed with a TiO, aqueous suspension
(varying concentration of TiO,), then atomized and finally
delivered by N, (flow rate 12.4 L/min) into the reactor (400
°C), producing crumpled GOTIM composites (Figure 1).
Crumpled GOTIM nanocomposites were collected using a
membrane filter (Millipore ISOPORE, 0.2 um) downstream of
the reactor and characterized. Figure 2a—f shows digital photos,
FESEM, TEM as well as number-based, particle size
distribution (PSD) of synthesized GOTIM with three TiO,/
magnetite ratios (as calculated from ICP-MS measurements of
acid digested samples, 1.8, 1.9 and 2.7, and denoted as
GOTIM-A, -B and -C, respectively, hereafter). GOTIM
dispersions are black, indicating GO being partially thermally
reduced with graphene regions at 400 °C (insets of Figure
2a,b), which has been observed previously.*® Quasi-spherical,
core—shell (also termed sack-cargo) nanostructures were
observed for all GOTIMs as shown in Figure 2a,b,c."* With
the increase of interior particle volume (number/size), surface
roughness was observed to decrease with visual identification of
incorporation of TiO, and magnetite nanoparticles, which
increased with higher (interior) loading ratios (from Figure
2a—c). For GOTIM-C, which has the highest TiO, mass
loading, incomplete encapsulation of all TiO, nanoparticles was
observed. For this case, TiO, nanoparticles also aggregated on
the outer surface of GO, as indicated by the white arrow in
Figure 2c. High TiO, mass loading was also reflected in the
gray color of GOTIM-C dispersion (Figure 2c inset), compared
to much darker suspensions for Figure 2a,b. Figure 2d,e,f show
corresponding TEM images of GOTIM, with number-based
PSD derived from dynamic light scattering (DLS) measure-
ments in the insets. These TEM micrographs further confirmed
the material structure as a crumpled GO shell, with TiO, and
magnetite coexisting as the core. Further, HR-TEM analysis
reveals that TiO, nanoparticles have an orientation of anatase
(101) plane, whereas magnetite nanoparticles reveal an
orientation of (111) plane (Figure S1, Supporting Informa-
tion). In addition, XRD analysis of GOTIM and CGO was
performed (Figure S2, Supporting Information) and when
compared with CGO alone, TiO, and magnetite diffraction
patterns were observed in GOTIM samples. It was also
observed from the PSD data that the peak size of the
nanocomposite increased from 100 to 200 nm to 200—400 nm
with the encapsulation of more TiO, nanoparticles. This
demonstrates that by employing an improved synthesis strategy
(first GO—magnetite solution, then adding TiO, aqueous
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dispersion), instead of sonicatinﬁ a pot of three components
together (GO, magnetite, TiO,), > GOTIM nanocomposites of
tunable size and functionality can be readily achieved. Raman
analysis of GOTIM-B shows the two characteristic bands of
GO, D band (~1350 cm™’', measuring hexagonal carbon
pattern distortions, such as defects) and G band (~1600 cm™,
pure sp® hybridized graphitic carbon). The ratio of D and G
band intensities (Ip/I;) for these samples remains virtually
unchanged after aerosol (and thermal) processing (from 0.84
(flat GO) to 0.85 (GOTIM)), indicating an optimal balance of
synthesis (crumpling) conditions while maintaining hydro-
philicity (via surface oxidation). CGO FTIR spectrum in Figure
2h indicates a mixture of oxygen-based functional moieties
present including C—O (alkoxy), C—O (epoxy), C—O
(carboxy), C=C (aromatic), and C=0 (carboxy/carbonyl)
stretches.

The UV—vis absorption spectra of GOTIM demonstrate a
red shift with increasing TiO, content (e.g, ca. 20 nm shift for
GOTIM-C compared to bare TiO,) and for all GOTIM
materials described, an extended absorption range was observed
when compared to bare TiO,, which is due to the band gap
narrowing of TiO, when participating in Ti—O—C inter-
actions.***" This red shift enables the more efficient utilization
of the solar spectrum and has been observed previously for flat
graphene—TiO, nanocomposite (see Figure S3, Supporting
Information).>"® As described, all materials had a net negative
surface charge (Cgornea = —46.6 mV, {gornes = —48.7 mV,
{cormc = —41.0 mV) providing aqueous stability. No
significant sedimentation was observed for months for
GOTIM-A and GOTIM-B. For GOTIM-C, which had excess
TiO, on the composite surface, partial sedimentation was
observed after 1 month.

GOTIM Photocatalytic Characterization. The mecha-
nism of graphene enhanced TiO, photocatalytic performance is
hypothesized to be, in essence, the same for other carbon-TiO,
structures, such as carbon nanotubes, fullerenes and activated
carbon. Specifically, photocatalytic enhancement for these
previously studied materials was proposed to result from an
increased light absorption range, more pollutant adsorption and
decreased recombination of photoinduced holes and elec-
trons.”'® However, how crumpled graphene (in contrast to 2D
flat analogs) can specifically alter TiO,’s photocatalytic activity
has not been assessed. Here we evaluated the simple
photodeéradation of methyl orange, a model organic
dye,*>** under a xenon lamp irradiation (14.4 mW/cm? in
the effective UV range (250—387 nm)). A typical photo-
degradation kinetic analysis, using GOTIM-B as an example
material, is shown in Figure 3. Although the TiO, mass ratio
was significantly reduced (TiO, wt./total wt.:12.1%) compared
to pure TiO, (100%); GOTIM-B still outperformed TiO,
under the same conditions. For example, after a 90 min reaction
in the case of 20 mg/L MO and 16 mg/L catalysts, ~ 41% and
~28% MO remained in the solution for TiO, and GOTIM-B
respectively. Consistent with previous reports, agreeable fitting
of pseudo-first-order kinetic parameters suggested a pseudo-
first-order reaction (R* = 0.978—0.999) (see Table SI,
Supporting Information).”!

The reaction rate constants for TiO, and GOTIM are further
compared in Figure 4. The direct observed enhancement factor
for GOTIM-A, -B and -C are 1.1, 1.2 and 2.9, respectively,
when compared to bare TiO,, whereas normalized to TiO,
mass, the enhancement reached a >20 fold enhancement
(GOTIM-C), demonstrating (further) enhanced material
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Figure 3. Methyl orange concentration (C/C,) with time in the
presence of GOTIM-B and TiO, under xenon lamp irradiation (light
intensity = 14.4 mW/cm? in the 250—387 nm region) ({J, [GOTIM]
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Figure 4. Comparison of reaction rate constants of GOTIMs. [MO],
= 20 mg/L, [catalyst] = 16 mg/L; light intensity = 144 mW/cm?
(250—387 nm). The enhancement factors on the right were ones
normalized by TiO, ratios. TiO,/magnetite ratios are 1.8, 1.9 and 2.7,
for GOTIM-A, -B and -C, respectively.
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photocatalytic efficacy. This trend is in good accordance with
the TiO,/magnetite ratios (as calculated from ICP-MS results,
1.8, 1.9 and 2.7, respectively), which implicate the key role of
TiO, in determining (and engineering) GOTIM photocatalytic
performance. Meanwhile, crumpled graphene—TiO, (binary
GOTI) was found to have a 4.5 times direct enhancement in
performance compared with bare TiO, (see Figure $4,
Supporting Information). Such performance enhancement is
comparable to recent reports of flat graphene—TiO, nano-
composites, which ranges from 2.5 to 8.5 times."”** In
addition, experimental results also show that increased light
intensity (18.8 mW/cm” in the effective UV range (250—387
nm)) enhances the photocatalytic activity in a differential
manner, indicating that GOTIM is more sensitive to light
intensity than bare TiO, (e.g, 2.5 and 1.8 times enhancement
for GOTIM-B and TiO,, respectively, with increased light
intensity) (see Figure S4, Supporting Information).

Reuse and Recovery of GOTIM. The reuse or
recyclability, measured by the photodegradation of methyl
orange for five consecutive cycles (f; = 60 min), was evaluated.
After each cycle, a specified amount of MO stock solution (500
mg/L) was added to maintain [MO], = 10 mg/L at the
beginning of each cyclic experiment. For the first cycle, after a
60 min reaction time, 98% methyl orange was observed to be
degraded; and for the fifth cycle, although only 85% remaining
(of initial mass) GOTIM-B photocatalyst participated in the
reaction (due to 4% sampling loss per cycle), MO removal has
still reached 91% (see Figure SS, Supporting Information),
indicating catalytic stability under these conditions. After five
cycles, GOTIM-B was separated and collected from the
remaining solution by using a hand-held, neodymium magnet
(Applied Magnets). For the remaining GOTIM-B photo-
catalyst, ~50—60% could be recovered with a low magnetic
field, which decreased from a >90% recovery rate before
reaction cycling. This may be attributed to the dissolution of
iron ions during the reaction'® (which may undergo redox-
based reactions in proximity with TiO,) and is currently being
further investigated. Collected (GOTIM-B) nanoparticles did
maintain aqueous (monomeric) stability after being redispersed
into water ({ = —30.5 mV).

Enhanced TiO,-based Photocatalytic Reduction Path-
ways. The photocatalyzed, oxidative reaction mechanisms of
TiO, have been extensively described in literature reports. To
summarize, TiO, as a semiconductor produces electron—hole
pairs upon UV irradiation with energies greater than its band
gap (32 V) (eq 1).** The photoinduced hole—electron pairs
are separated in the space-charge layer, and can lead to
oxidation and reduction reactions, respectively, due to their
strong redox potentials (valence band hole: 2.5 V vs SCE and
conduction band electron: —0.7 V vs SCE).** The photo-
induced holes can then directly oxidize pollutant, or oxidize
water to produce hydroxyl radicals (OH-), whereby indirect
oxidation (by OH-) takes place (eq 2). Interestingly, when in
contact with graphene (in either binary or ternary structures),
which exists as an electron acceptor, an overall decrease in
recombination kinetics of separated holes and electrons has
been observed, leading to increased reactions (availability) of
holes and radicals."® Direct oxidation by holes and indirect
oxidation by formed radicals is widely considered to be the
main (oxidation) reaction mechanism for pollutant degrada-
tion."®*!

Compared to oxidation reactions, less attention has been
given to the increase in electron production for such systems,
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which could potentially promote strong reduction reactions for
TiO,-based systems/materials. In this work, methyl orange also
serves as a probe for resulting reduction reactions based on a
more positive reduction potential (—0.28 V vs SCE) when
compared with the conduction band electrons (—0.7 V vs
SCE).*® Here, it was observed that graphene—TiO, has a
significantly stronger photocatalytic reduction capacity when
compared to pure TiO,. A new absorption peak (247 nm),
characteristic of the reduced product of methyl orange, a
hydrazine derivative,* appears for irradiated reactions with
GOTIM-B, whereas such a peak was not obvious for bare
irradiated TiO, (Figure Sab) (eq 3). This peak (or
concentration of reduced product) was further increased by
depleting O,, as shown in Figure Sc. Figure S insets show the
evolution of the reduced product concentration (absorbance at
247 nm) in the first 60 min. The highest absorbance for
GOTIM-B (Figure Sc inset) reaches ca. 3 times that of TiO,
(Figure Sa inset), indicating the potential of GOTIM to also
efficiently photocatalyze available reduction pathways (which
was also evidenced by enhancement of photoreduction of CO,
using crumpled graphene—TiO, photocatalyst in our other
work'”). The enhancement of photocatalytic reduction
reactions by depleting O, suggests a competing role of O,
with MO for the photoinduced reducing electrons. One
electron reduction of O, into a superoxide anion radical
(0,™) has a redox potential of —0.57 V vs SCE,*® which is also
more positive than that of conduction band electrons (eq 4).
Similar production of O,”- was also reported in previous
research.'®

Furthermore, O, directly promotes the production of other
reactive oxygen species (ROS), such as HO,:, H,0, and OH-
(eqs 5—7).** To further confirm such reaction pathways for
this system, a H,O, scavenger, catalase, was employed,®" which
significantly slowed the reaction kinetics compared with no
scavenger (Figure 6a), implicating peroxide involvement (of
MO degradation) directly or in generation of other ROS
species (which can then react). Further experiments with
hydroxyl radical scavenger t-BuOH (k; pyonsom] = S X 108 M™!
s™'; 10 mM) partially suppressed the degradation of MO as
well (Figure 6b), suggesting that ROS species (from peroxide
degradation or water) are involved in the MO degradation

pathway(s) (eqs 2 and 7).

TiO, + hv — TiO, + h" + e~ (1)
h" + H,0 - OH-+H" )
(CH,),NC,H,N=NC/H,SO,” + 2H" + 2e

— (CH,),NC,H,NHNHCH,SO, 3)
e+ 0, > 0, 4)
0, -+H" - HO, (5)
HO,+0, -+H' - H,0, + O, (6)
H,0, + e > OH-+OH" ?)

The effect of hole scavengers on promoting reduction
reactions was evaluated with EDTA, which has strong hole
scavenging capacity, reacting with holes ca. 19 000 times faster
than the recombination of holes and electrons.*> As observed in
Figure 6¢, with the addition of EDTA, the absorbance at 247
nm (indicating reduced product) increased considerably at an
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Figure S. Evolution of UV—vis absorption spectrum of MO with time
in the presence of (a) TiO, with O,, (b) GOTIM-B with O, and (c)
GOTIM-B without O,. The insets show the evolution of absorbance at
247 nm (MO reduced product concentration), with the highest
absorbance for GOTIM-B (c) reaching ca. 3 times that of TiO, (a),
indicating the potential of GOTIM to also efficiently photocatalyze
available reduction pathways. [MO], = 20 mg/L; [catalyst] = 16 mg/
L; light intensity = 18.8 mW/cm® (250—387 nm).

earlier time than without EDTA, indicating increased electron
availability for MO reductions. These results suggest that by
controlling or scavenging holes, higher reduction performance
for these materials can be achieved.

On the basis of these results, we propose two reaction
pathways for photoinduced holes and electrons for the
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Figure 6. Photodegradation of MO in the presence of scavengers. (a)
Evolution of MO concentration (C/Cy, [MO], = 20 mg/L) with time
in the presence of GOTI (16 mg/L) with/without catalase as a H,0,
scavenger (500 units/mL). light intensity = 18.8 mW/cm” (b)
Evolution of MO concentration (C/C,) with time in the presence of
GOTIM-B (16 mg/L) with/without +BuOH as a hydroxyl radical
scavenger (10 mM). light intensity = 14.4 mW/cm? (c) Evolution of
absorbance at 247 nm with time in the presence of GOTI (16 mg/L)
with/without EDTA as a hole scavenger (4 mM). [MO], = 20 mg/L,
light intensity = 18.8 mW/ cm?.

described graphene—TiO, nanocomposites (Figure S6, Sup-
porting Information). Both photocatalytic oxidation and
reduction pathways are possible with graphene—TiO,-based
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photocatalysts, as described here for the case of methyl orange
degradation. Enhanced photocatalytic oxidation involves both
direct oxidation by holes and indirect oxidation by multiple
ROS, including OH:, O, and H,0,. For these materials,
reactants such as methyl orange can also compete with O, for
the reducing electrons, which subsequently leads to (direct)
reductive reactions. Such pathways, increasing the production
(or availability) of electrons, highlight crumpled graphene—
TiO, as also a promising effective photocatalytic reductant with
potentially wide applicability. Further, such reduction reactions
can be engineered (or shifted) through depleting O, (or other
electron scavengers) and adding hole scavengers, to affect
recombination kinetics even further, thus achieving enhance-
ment.

B CONCLUSIONS

In summary, this work demonstrates the synthesis of novel
ternary crumpled graphene-based nanocomposite platform
materials by utilizing presynthesized nanoparticles via an
aerosol route. Results clearly demonstrate significant material
enhancement of TiO, photocatalytic performance that is in line
(or better) with previously observed 2D graphene/graphene
oxide composites. Moreover, as highly water stable, aggrega-
tion-resistant 3D structures, GOTIM not only maintains high
surface to volume ratios (monomeric) in water, but can also be
magnetically recoverable under low magnetic fields, allowing for
a number of separation strategies for reuse/recycling. Further,
GOTIM also demonstrates significant potential for broad
photocatalytic reduction reactions, which could greatly expand
the application potentials/processes considered for aqueous-
based TiO,—carbon catalysts.
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