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Here is presented the elaboration of Few Layer Graphene/TiO, photocatalytic
composites (FLG/Ti0,) with FLG loadings from 0.5 to 11 wt.%. Contrary to commonly used
(reduced) graphene oxide obtained by long and harsh conditions synthesis, FLG was
synthesized by simple, fast, efficient and eco-friendly exfoliation method. The enhancement of
defective/functionalized sites density for attachment of TiO, species was achieved via
calcination process at 450 °C. The nanocomposites were evaluated toward H, production from
methanol under artificial solar light irradiation, without the use of a co-catalyst. It was observed
that the best activities are provided by the composites with the lowest loading: 0.5 and 1.0 wt.%
FLG/TiO, that are 2-3 times more efficient than reference and commercial TiO,. The
photocatalytic activity of the composites was correlated to their surface area, morphological,
structural, optical properties and kinetics of free electron mobility properties. The enhanced
activity is attributed to higher surface area, better photogenerated charges separation thanks to
electrons’ delocalization and trapping onto graphene layers well interfaced with TiO;
nanoparticles, but also to additional FLG visible light absorption properties and charge carriers’
generation. The impact of enhanced FLG edges defects/functionalities is reflected as well via

selected analysis and hydrogen generation.
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Introduction

Within a large number of studies dealing with photocatalysis for environmental or
energy applications, TiO, is one of the most efficient and thus widely studied semiconductor
’. However, it suffers amongst other drawbacks from its wide band-gap allowing to use only
less than 4% (UV part) of the total incident solar spectrum *. Recently, the research strategy of
Ti0O,-based photocatalysis (as for other semiconductors (SCs)) is focused on rational design
and engineering of hybrid systems.> ® TiO, association at its nanometric interface with other
narrow band gap SCs aims at simultaneously enhancing visible light activation, reducing
electron-hole recombination rate and increasing adsorption capacity. Following the
heterostructure formation approach, modification of TiO, with carbonaceous nanomaterials

19 1n particular,

(carbon nanotubes, fullerenes, graphene, ...) has attracted increased attention
combination of TiO, with graphene might be considered as a promising strategy for enhancing
solar-light driven photocatalytic performance ''°. One of the most important characteristics of
graphene for photocatalysis is its ability to tune the band gap energy of semiconductors. In
addition, the presence of graphene, due to its high electron mobility, contributes to the
suppression of the rapid recombination of electron—hole pairs, thus leading to an enhancement
in photocatalytic activity '*'®. Furthermore, graphene shows exceptional adsorption ability
toward various classes of compounds promoting their adsorption, prerequisite for their efficient
photocatalytic activity. The methods for the graphene preparation are numerous '~ but
generally the synthesis of non-functionalized graphene does not allow the production of TiO,-
graphene hybrid materials due to the absence of functional groups able to bond to the
2223

semiconductor

Graphene-based nanocomposites preparation for photocatalytic purposes '™ ** are

prepared by anchoring semiconductor nanostructures onto graphene using three main strategies
1824 " One of the most popular methodology involves graphene oxide (GO) showing a high
density of oxygen functional groups. The method allows two approaches, the formation of
photocatalytic nanoparticles directly on GO surface using the oxygen-containing groups as
nucleation sites for the nanoparticle growth or the adhesion of the photocatalysts onto GO

14, 24, 25

through sonication or stirring . Despite this facility of TiO, attachment, a drawback of

GO is related to its long and harsh synthesis as well as necessity of its reduction in order to



restore conjugated sp>- carbon lattice. Usually GO can be reduced only partially, till now by
thermal *°, chemical *’, electrochemical **, microwave *°, sonochemical *° or photocatalytic

methods !

. Hydrothermal/solvothermal methods have also been studied using one-pot
synthesis allowing the additional advantage of reducing GO during the formation process of
TiO, ** *. However, even if reduction of GO removes a large amount of its oxygen, complete
reduction remains still challenging to reach the mechanical and electronic properties of
graphene *>~* and the final material is defined as reduced GO (rGO) *>*°. The preparation of
graphene-TiO; photocatalytic composites starting from graphene sheets is scarce and highly
challenging so far °”. A possible use of other type of graphene such as FLG which can be
obtained by simple, faster and commercially valuable method in the field of photocatalysis is
almost non-existed. Challenging is indeed with FLG to avoid the excessive absorption of in-

put photons making a screening effect as well as appropriate attachment of TiO, species due to

the low amount of surface defects.

Herein we report for the first time the synthesis of FLG-TiO, composites with different
FLG loading, where stable FLG flakes dispersions are first obtained via rapid, efficient, simple
and environmentally friendly method i.e. from exfoliation of graphite in water using Bovine
Serum Albumin (BSA) as exfoliating bio-surfactant. The sufficient amount of defective sites
on FLG to stabilized and produce good interface with TiO, species was achieved via calcination
process and additionally by prolonged exfoliation of graphite. The photocatalytic activity of the
composites toward solar light driven H, production from methanol photoreforming are
investigated together with scrupulous determination of their physico-chemical characterization

and properties.
Experimental Section

Preparation of the photocatalysts

FLG material was synthetized following an optimized method ** starting from expanded
graphite (EG, from Carbon Lorraine), and Bovine Serum Albumin (BSA, Sigma Aldrich, purity
> 98%) in water. EG, BSA and distilled water with a ratio of 10:1:5, respectively, were
ultrasonicated with a tip sonicator at 80 W for 2 h. After a sedimentation of 2 h, the separated
stable colloid, with a concentration of around 1.75 g/l, was dried at 100 °C for 24 h and the
resulting powder of FLG covered by BSA was recuperated to use it after.

Alternatively, the ultrasonication of EG was performed during 5 h at 160 W (FLG”).



The FLG/TiO; (and FLG’/Ti0,) nanocomposites were synthesized in two steps. First, the dried
FLG (or FLG’) was dispersed in ethanol and sonicated for 40 min (sonication bath, 280 W),
and the stable phase was recuperated after 3 h of decantation. In a second step, a sol-gel method
previously reported for TiO, synthesis was applied **: Tetraisopropylorthotitanate (Ti(OC3H)s,
TIP) was added to the previously dispersed FLG in ethanol with different concentration
(CARLO ERBA Reagents, 99.9%). After 30 min of stirring, acetic acid (Prolabo, 99.5%) mixed
with distilled water was drop wise added to form a sol considering the molar ratio: TIP/acetic
acid /ethanol/water of 1/18.60/18.36/0.82. The resulting precursor solution was stirred at room
temperature for 1h and then kept in the dark for 24 h for gellification. Finally, the gel was dried
at 100 °C for 24 h and then calcined for 3 h under air at 450 °C (heating ramp of 5 °C/min).
The obtained FLG (FLG’)/TiO, composites had a FLG (FLG’) loadings varying from 0.5 to 11
wt.%. In total, nine composites were prepared: five containing FLG (0.5% FLG/TiO;, 1%
FLG/Ti0,, 1.5% FLG/TiO;,4.5% FLG/TiO,, 11% FLG/Ti0,) and four containing FLG’(0.5%
FLG’/Ti0,,2% FLG’/Ti0,, 2.5% FLG’/Ti0,, 3.5% FLG’/Ti0y).

The values of FLG (FLG’) content in the composites were obtained via TGA analysis, and
round to the nearest half unit (0.5).

For comparison, bare TiO, NPs (TiO, SG) was synthesized by the same sol-gel procedure
(without addition of FLG or FLG’).

Two commercially available TiO, samples, TiO, P25 (Evonik, 75% anatase/25% rutile) and

TiO, UV 100 (Sachtleben, 100% anatase) were also used for comparison purposes.

Characterization methods

Thermogravimetric analyses (TGA) were performed using a TA Instrument Q50001IR.
Each sample was placed in a platinum crucible and heated from room temperature up to 1000 °C
with a heating rate of 10 °C.min" under air flow of 25 mL.min"". Standard deviation on the
decomposition temperature of the as-prepared samples is + 10 °C.
Near Infra-Red (NIR) Raman spectra were recorded with a LabRAM ARAMIS Horiba Raman
spectrometer equipped with a Synapse CCD Detector, an Olympus BX41 Microscope and a
532 nm laser excitation (Laser Quantum MPC600 PSU).

Nitrogen adsorption-desorption isotherm measurements were conducted at liquid N,
temperature using a Micromeritics Asap 2420 porosimeter. Before the N, adsorption, the

samples were outgassed at 150 °C overnight to desorb the impurities or moisture from its



surfaces. Specific surface areas were calculated by the Brunauer, Emmett and Teller (BET)
method in the relative pressure (p/po) range 0.05-0.3 and using t-plots methods. Pore-size
distributions were calculated by the Barret-Joyner-Halenda (BJH) method, which is specific for

mesoporous solids.

X-ray photoelectron spectroscopy (XPS) analyses were performed in a Thermo-VG
scientific spectrometer equipped with a CLAM4 (MCD) hemispherical electron analyzer. The
Al Ka line (1486.6 eV) of a dual anode X-ray source was used as incident radiation. High
resolution spectra were recorded in constant pass energy mode (20 eV). The energy shift due
to electrostatic charging was subtracted using the carbon adventitious signal i.e. the C 1s peak
located at 284.6 eV or Ti at 458.401 eV. Surface atomic ratios were derived from XPS spectra
using a Shirley-type background considering the appropriate experimental sensitivity factors of
the normalized photo ionization cross-section of the atomic subshells as determined by Scofield
0 UPS analyses (hv = 21.2 eV) were performed by applying a bias of 15.32 V to the sample to
avoid interference of the spectrometer threshold in the UP spectra. The values of the VBM were

determined by fitting a straight line onto the leading edge.

High Resolution Transmission Electron Microscopy (HRTEM) was performed on a
JEOL 2100F LaBs TEM/STEM microscope operating at 200 kV and with a point-to-point
resolution of 0.21 nm. The sample was sonicated in ethanol before a drop of the suspension was

deposited onto the microscopic TEM grid.

Composition and crystallinity of the samples were characterized by X-ray powder
diffraction (XRD) on a D8 Advance Bruker diffractometer using Cu-ka radiation (A=1.5406
A). The data were acquired in step scan mode over the 20 range 20-80°, using a step interval
of 0.02° and a counting time of 1 s per step. Average TiO, anatase mean crystallite size was
determined using the Debye-Scherrer equation based on the full width at half-maximum and

the position of the (101) main reflection.

The optical properties of the samples were determined via a UV-Vis diffuse reflectance
spectrophotometer (Perkin Elmer Lambda 950 Scan) equipped with diffuse reflectance

integrating sphere.

The charge-carrier lifetimes in the samples after laser pulses at 360 nm and 450 nm were
determined by microwave absorption experiments using the Time Resolved Microwave

Conductivity method (TRMC) *'. The TRMC technique is based on the measurement of the



change of the microwave power reflected by a sample, AP(f), induced by its laser pulsed
illumination. The incident microwaves were generated by a Gunn diode of the K, band at 30
GHz. Pulsed light source was an OPO laser (EKSPLA, NT342B) tunable from 225 to 2000 nm.
It delivers 8 ns fwmh pulses with a frequency of 10 Hz. The light energy densities received by
the sample were 1.3 and 2.2 mJ.cm™ at 360 and 450 nm, respectively. The main data provided
by TRMC are the maximum value of the signal (Imax), which indicates the number of the excess
charge carriers created by the pulse, including decay processes during the excitation by the laser
(10 ns), and the decay (I(t)) due to the decrease of the excess electrons, either by recombination
or trapping processes. Comparing Inmay/laons 1S considered as being relevant to get information

about the kinetics of free electrons mobility **.

Procedures of the photocatalytic tests

The production of H, was carried out in a quartz vessel containing 900 ml of methanol
(assay (GLC)>99.9%) in ultrapure water at a concentration of 17.3 mol/l. The setup is equipped
with a jacket quartz tube containing 150 W Ceramic-Metal-Halide Hg Lamp, simulating the
artificial solar light (31.9 mW.cm™), containing 7.8% of UV wavelengths from 280-400 nm.
The corresponding emission spectrum is given in Fig. S1 (see Supporting Information). The
photocatalytic tests were carried out with the photocatalytic materials dispersed in methanol
(after sonication at 20 W for 2 min). Two different concentrations, 0.1 and 0.2 g/L, were tested
with a mechanical stirring at 700 rpm and under 100 mL.min™" nitrogen flow. Before starting
the photocatalytic experiences, the reactor was sealed and flushed with nitrogen for 1h in order
to remove residual oxygen. The temperature of the suspension was kept at 25 °C by an external
cooling jacket with recycled water. The concentration of H, was measured with a micro-gas
chromatograph (SRA Instruments R-3000) equipped with a thermal conductivity detector
(TCD).

Quantum yield (QY) values were determined using equation 1, where Ty, is defined as
the hydrogen formation rate (mol.h™") considering the overall methanol photoreforming reaction
and g, is defined as the photon flux of the lamp and is equal to 0.43 molh™. 3 is the number
of H, molecules produced from one photon.

To determine the photon flux, the absolute irradiance of the lamp (from 300 to 800 nm) was

measured using an ILT900-R spectroradiometer (International Light Technologies).



QY (%) =3 xr“‘;‘% X100 1)

Results and Discussion
Investigation of materials

The detailed investigations showed below concerns mostly the composites containing
FLG obtained after 2h of exfoliation of EG with FLG loadings from 0.5 to 11 wt.% (0.5%
FLG/TiOs, 1% FLG/TiO», 1.5% FLG/TiO,, 4.5% FLG/Ti0O,, 11% FLG/Ti0O,). As detailed in
the experimental part, the formation of the composites is carried out via sol-gel method
followed by calcination step at 450 °C. In order however to check the effect of defects amount
in FLG on the formation of interface with TiO; species, i.e. on the optimum minimum loading
of FLG efficient in hydrogen production, the exfoliation of EG was also performed during 5 h
at 160 W (FLG’) and four composites containing FLG’ were prepared. It was indeed previously
reported that prolonged duration of such ultrasonication- assisted exfoliation in water leads to
enhanced defects content that is mostly related to enhanced number of FLG edges via the
excessive cutting of FLG flakes *°. The one efficient composite containing the smallest amount
of FLG’ (0.5% FLG’/Ti0,) is studied and presented below, while more details concerning the
three other FLG’ composites as well as the results of hydrogen production tests for all FLG’
containing composites are additionally showed in SI. TGA profile of FLG sample (Fig. 1-inset)
exhibits a first weight loss at 250 °C that can be assigned to BSA oxidation, followed by the
second and major loss at 550 °C due to the carbon oxidation. The combustion curves are shifted
towards lower temperatures in FLG’ compared to FLG, and e.g. the temperature corresponding
to 50% of weight loss is shifted by 40 °C. This shift confirms higher amount of defects in the
sample. From TGA analysis of the FLG/TiO, composites with various FLG contents (Fig. 1),
one can observe three main domains of weight loss. The first contribution until ca. 200 °C, is
attributed to water and adsorbates desorption, a second one between 200 and approximately
450 °C exhibiting small weight loss due to TiO, dehydroxylation and a third one at
approximately 550 °C related to carbon burning. This last contribution was used to calculate
the FLG content (wt.%). When comparing the TGA profile related to FLG calcinated at 450 °C
(inset) and the one of BSA, one can assume that in our calcination conditions (at 450 °C for 3

h), quasi no more BSA is remaining in the composite materials. The 40% of BSA remaining at



450 °C in TGA curve represents less than 1% in the composite with the highest FLG loading,
while its real amount is even lower taking into account that duration of calcination treatment at

450 °C is much longer than duration of TGA analysis at this temperature.

The impact of calcination process on FLG defects content can be observed by the maximum %
of FLG’ that can be obtained in the composites comparing to the FLG containing composites.
In other words, the same initial amount and ratio of carbon during the preparation of the
composites, after calcination, decreases in more significant manner. Consequently, the
composites: 0.5% FLG’/TiO,, 2 %FLG’/Ti0,, 2.5% FLG’/TiO,, 3.5% FLG’/TiO; could be
obtained.

The effect of prolonged EG exfoliation and calcination process is also reflected in Raman and

especially in XPS spectra.
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Figure 1. TGA curves of FLG/Ti0, composites compared to bare TiO, SG. (Inset) TGA curves
of FLG and BSA.

Figure 2 shows Raman spectra obtained for FLG, FLG’ (fig. 2, top), TiO, SG and 0.5% FLG
(FLG’)/Ti0, composites (fig. 2, bottom) that correspond to typical graphene-based and TiO,
materials **. Additionally, the spectra of 1% FLG/TiO, and EG are included into SI (Fig. S2,
SI). A relatively small amount of defects in FLG is reflected in Raman spectra by the ratio of
peaks® intensities corresponding to defects and sp>- graphitic C, i.e. Ip/Ig = 0.15 which

43,44
2%

consequently increases in FLG’ to Ip/Ig = 0.2 . The relatively high ratio of I,p/I suggests

also relatively low number of sheets in FLG flakes. Likewise, low and variable number of sheets



is confirmed by the shape and position of 2D peak. According to the previously developed
synthesis the present FLG should contain in average 5-7 sheets, while the presence of higher
number, up to 10, as well as lower number, 2-4 sheets, can occur. In the presented spectra, fig.
2-top and fig. 2 top-inset, a 2D peak in FLG-b corresponds to the thicker flakes containing more
than 5 sheets, while 2D peaks of FLG in FLG-a and FLG-c clearly indicate lower than 5 sheets
number. In general, a 2D peak is formed by four sub-peaks. In thicker graphitic materials (and
in graphite) the two sub-peaks at higher wavenumbers are much more pronounced that the two
sub-peaks at lower wavenumbers, giving characteristic overall shape of 2D peak as it is the case
for FLG-b in fig. 2 and for EG in fig. S2, SI*. On the contrary the 2D peak of monolayer
graphene would appear as thin peak at lower wavenumbers. In FLG samples with the sheets
number up to 5 (FLG-a and FLG-c), 2D peaks have consequently intermediary position and
shape i.e. starting to shift toward lower wavenumbers being also more symmetrical compared
to the peak of thicker flakes due to the increased intensity of low wavenumber sub-peaks.
Concerning the composites, no significant shift of the peaks compared to the bare samples was

identified.
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Figure 2. (Top) Raman spectra of FLG. (Inset): 2D bands of FLG on different flakes. (Bottom)
Raman spectra of TiO, SG and 1% FLG/TiO, (Inset): Zoom of the 1200-2800 cm™' region.

Concerning XPS spectra, Cls signal of bare FLG and FLG’ (Fig. 3 a and Fig. S3, SI) exhibits
the characteristic surface species related to oxygenated groups and defects in general, while
their amount is relatively low compared to sp® C ****.

The Cls spectra changes drastically in the composites with low FLG loading with significant
asymmetric enlargement of the peak (Fig. 3-b). This additional broadening of C1s peak reflects
the enhancement of defects content in FLG (higher contribution of defects related sub-peaks)
that is attributed to the effect of calcination performed at 450 °C. Likewise, the contribution of

the peaks corresponding to oxygenated groups changes. As we can see below via TEM

10



microscopy, the edges of FLG are affected by the calcination process. It was shown earlier that
the treatment in the presence of oxygen at this temperature provides high density of edges

defects *®

. The effect of calcination depends on the FLG/TiO, ratio and since it is very
significant at low FLG content, it decreases in the composites with higher FLG loading
becoming negligible in 11% FLG/ TiO, and FLG alone (FLG 450°C). The Cl1s XPS spectra of
the two latter samples as well as FWHM of all FLG containing composites are included in Fig.
S4, SI. The FWHM is doubled almost in the composites with low FLG content and then quasi
systematically decreases along with the increase of FLG in the samples. The FWHM of FLG
and FLG-450°C are the same, 1.27, but certainly FLG-450°C does not contain BSA residue as
confirmed by TGA analysis, while according to the TEM microscopy its edges are slightly
affected by the calcination. We can clearly see also the appearance of new additional peak in

the composite that can be assigned to —C-O-Ti- species (Fig. 3-b) *°

, evidencing strong
interaction between TiO, and FLG surface thanks to oxygenated —COO carbon species.

In Ti 2p XPS spectra of 1% FLG/TiO; composite (Fig. 3c), two typical Ti 2p peaks at
458.4 eV and 464.0 eV, respectively characteristic of Ti 2p3, and Ti 2py,, energies of Ti*" in
TiO,, appear (Fig. 3c). The composite sample did not show any significant shift in these
characteristic binding energies compared to bare TiO, SG (Fig. 3e), indicating that the presence
of FLG did not induce significant chemical environment modification of Ti*". Concerning the
Ols signal, the composite material (Fig. 3d) only shows the characteristic contribution of O*
species of TiO, at 529.7 eV and of —OH surface groups at 531.6 eV, as observed also on bare
TiO, SG (Fig. 3f), meaning that the addition of 1% of FLG did not modify the major surface
oxygen species in detectable manner.

Looking at O/Ti atomic surface ratios (See Table S1, SI), it is observed that on TiO,-containing
sample, the stoichiometry between O and Ti is close to 2, as expected for TiO, materials with

high TiO; loadings. Likewise, the C/Ti ratio increases when increasing the FLG content.

11
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Figure 3. (a) XPS Cls spectra of bare FLG, (b)(c)(d) XPS Cls, Ti2p and Ols of 1% FLG/TiO;
composite respectively, (e)(f) XPS Ti2p and Ols spectra of bare TiO, SG respectively.

From BET measurements, TiO, bare samples exhibited a type-IV adsorption-desorption
isotherm profile characteristic of mesoporous solids with a uniform pore size distribution,
whilst FLG (FLG’)-based composites showed a type-II nitrogen adsorption-desorption profile
related to macroporous solids. Compared to TiO, SG reference (103 m?/g), specific surface area
increases with FLG content to reach 136 m*/g at 1 wt.% FLG, followed by a decrease at higher
FLG contents to attain 88 m*/g at 11 % FLG (Table 1 and Fig. 4, Fig. S5, SI). (The surface area
of FLG’ containing composite is slightly higher than the one for FLG composites (0.5 wt.%),

table S2, SI). The specific surface enhancement is associated with an increase of pore width

12



and pore volume until reaching 1% FLG (Fig. 4-inset, Table 1). In the same manner, important
diminution of surface area is the result of decrease of pore width and volume, pointing out the
collapse of pore volume at 11% FLG, probably resulting from graphene layers stacking and
leading to the small corresponding surface area, lower than for TiO, SG. The TiO, (P25 and
UV 100) exhibited specific surface areas of 50 and 316 m?/g, respectively.
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Figure 4. N, adsorption-desorption isotherms. (Inset) Pore volume distribution of selected

FLG/TiO; composites and references.

TEM and SEM micrographs of 1% FLG/TiO; and 0.5% FLG’/ TiO, material are presented
in Fig. 5. One can observe that well dispersed TiO, particles homogeneously cover the surface
of FLG micrometric flakes and only locally the agglomeration of NPs appears (Fig. 5a, c). It
is worthy to note that very high dispersion and homogenous planar distribution of NPs over
FLG surface were still observed at much higher FLG loading, i.e. 11%, fig. S6., SI. At such
high loading indeed FLG flakes are less affected by calcination treatment as it could be
observed by TGA and XPS analysis. On the contrary, the local agglomeration of TiO, NPs in
0.5% and 1%FLG/TiO, can be related in some extend to the partially excessive burning of
carbon and moving out of some NPs. The fig. 5b confirms the FLG layered structure constituted
by ca. 7 layers of monoatomic graphene sheets with a lattice spacing of 0.34 nm in good
accordance with that of the (002) plane of graphite °'. Futhermore TiO, exhibits characteristic

lattice spacing (0.35 nm) of (101) plane of TiO; anatase structure *>°. TiO, nanoparticles sizes
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are in the range of 10 nm, in agreement with the mean crystallite size determined from XRD
measurements (Table 1). First of all, however, a good adhesion of TiO, NPs to FLG surface
and edges is observed. The microscopy observations confirm as well the existence of enhanced
defects density in FLG flakes in the form of jaggy edges that are an effect of calcination
treatment, fig. 5d. Such edges, active side for the stabilization of TiO, species, are also present
punctually at the FLG surface if belong to the upper sheets of the flakes. The locally observed
excessive etching of the edges could be observed in 0.5 % FLG’/TiO, sample (fig. S7, SI). The
additional representative SEM images of the composites, presented in fig. S8., SI illustrate the
FLG flakes wrapped into TiO, agglomerates, while the flakes are covered by the layer of TiO;
NPs.

Figure 5. TEM and SEM micrographs of 1% FLG/TiO; and 0.5% FLG’/TiO, composite. Fig.
5a and ¢) demonstrates homogenous distribution of TiO, NPs over FLG flake. Fig. 5b) confirms
good intimate interface between FLG and TiO,. Fig. 5d) focuses on the jaggy FLG edges as an

effect of calcination.
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Surface Pore Band gap
Plan Cristallite size*
Samples 20° Area** volume*** energy
(hkl) (nm) s
m?/g (cm’/g) (eV)
UV 100 25.7 9+ 1 316 +6 0.25 33
P25 25.6 171 54+5 0.19 3.25
TiO, SG 25.5 11£1 103+5 0.08 3.0
0.5%
25.4 11£1 117+5 0.16 3.0
FLG/TiO,
1%
25.5 11£1 136+ 6 0.22 3.0
FLG/TiO, (101)
1.5%
25.4 11£1 125+5 0.19 3.0
FLG/TiO,
4.5%
25.5 10+ 1 102+5 0.06 2.9
FLG/TiO,
11%
25.5 12+ 1 88+ 4 0.04 2.7
FLG/TiO,
0.5%
25.5 11£1 128+ 5 0.16 3.0
FLG’/TiO,

*Scherrer formula. ** Brunauer-Emmett-Teller (BET), " Barrett-Joyner-Halenda (BJH)

Table 1. Mean crystallite size, BET surface area, pore volume and band gap energy of FLG
(FLG’)/TiO, composites and references.

The XRD patterns of FLG/TiO; (and FLG’/TiO;) composites are summarized in Fig. 6
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and compared to TiO, SG, TiO, P25 and TiO, UV 100 references. The pattern of the as-
prepared composites exhibits a major peak at ca. 25.4°, assigned to (101) planes in anatase
phase in agreement with JCPDS file 21-1276. From mean crystallite size determination (ca. 11

nm, Table 1), no noticeable impact of neither FLG nor FLG’ content is observed. Furthermore,




the presence of diffraction peak at ca. 26.6°, the main peak related to (002) planes of carbon
graphitic phase, can be distinguished above 1.5 wt.% of FLG. For lower FLG content, the

presence of FLG cannot be confirmed by means of DRX diffraction.
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Figure 6. XRD pattern of FLG/TiO, compared to TiO, references and to (inset) bare FLG.

The UV-Vis absorption spectra (Fig. 7) show that on commercial TiO, UV 100 and P25,
absorption occurs in the UV part of the spectra, corresponding to a band gap of 3.30 and 3.25
eV, respectively. It must be noticed that for P25, a tail of the absorption is observed until 415
nm, assigned to TiO; rutile contribution. One can also mention that the bare TiO, SG exhibits
absorption in the blue region with a band gap of 3.0 eV. This phenomenon may be related to
defective TiO; structure as calcination was performed at a moderate temperature of 450 °C in
order to prevent excessive FLG degradation in the composite samples. This assumption is
confirmed by UPS analyses evidencing the presence of densities of states close to the Fermi
level. Looking at the composite materials, one can clearly distinguish TiO, and FLG
contributions. In addition to TiO, absorption, a broad background absorption proportionally
increasing with FLG content is observed in the visible range and can thus be attributed to the
presence of carbon >*. It seems also that the introduction of defect/oxygen functionalities during
the calcination into the FLG affects the UV-Vis spectroscopy of FLG, the FLG-450°C having
clearly much higher absorption intensity, fig. S9, SI.
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Figure 7. Diffuse reflectance absorption of FLG/TiO, composites and references. (Inset) Tauc

plot for the determination of the band gap of selected samples.

From UPS spectra (Fig. S10), one can observe that bare TiO, SG has densities of states close
to the Fermi level, which might be attributed to the presence of oxygen vacancies/defects in
TiO; crystalline structure, as a result of moderate TiO, calcination temperature. It must also be
mentioned that the densities of states for TiO, SG, 1% FLG/TiO, and 0.5% FLG’/ TiO, are
located at lower binding energies than for 0.5% FLG/TiO, sample. From combining UV-Vis
(band-gap determination) and UPS (VBmax measurements) analyses, a schematic band
structure could be deduced (Fig. 8). From this schematic band structure, it can be assumed that
from an energetically point of view the main studied samples fulfill the requirements for H,O
oxidation and methanol reforming (that is less evident for 0.5% FLG’/Ti0,). Likewise, only
the photogenerated electrons on the conduction band of the 0.5% FLG/TiO, composite may be

able to reduce H' into Hs,.
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Figure 8. Schematic band gap energies and band positions of TiO, SG, 0.5% FLG/TiO,, 1%
FLG/TiO,;, 0.5% FLG’/TiO, composites and FLG deduced from UV-Vis and UPS

measurements.

Photocatalytic performance

The time course of H, production was measured in situ. After switching on the lamp,
H, production gradually increased to reach a plateau which was stable during at least the
duration of the photocatalytic tests, i.e. for 3 h. In Fig. 9-top, H, production rates were thus
considered as the average value on this stable plateau. It can be seen from the figure that in
most cases the concentration of the suspended photocatalyst has an impact on the photocatalytic
H, production rate, the lower concentration (0.1 g/L) leading to the highest activity. Indeed, the
decrease in H; production activity when doubling the photocatalyst concentration in suspension
may also be due to light screening phenomena and/or scattering occurring at intra and
interparticle >°. Considering activity of TiO, samples, TiO, P25 exhibits the best reaction rate,
twice more important than the one observed on the TiO, SG photocatalyst. The addition of FLG
to TiO, SG results in an increase of activity in all composites compared to TiO, SG. 1%
FLG/TiO; composite yields the highest performance amongst all the FLG-based composites,
with almost twice enhanced H, production rate (265 umol/h.g) compared to the best TiO, P25
reference (150 umol/h.g). Looking at the global quantum yield (at 0.1 g/l of photocatalyst
concentration, Fig. 9-bottom), the corresponding values follow the same tendency reaching

0.016% value for the 1% FLG/TiO,, which is almost 2 and 3 times higher than the yield
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observed for TiO, P25 and UV 100 respectively. Comparing with the bare TiO, SG, one can
see the beneficial impact of association with FLG material in all composites. Likewise, an effect
of the calcination on FLG can be observed in FLG-450°C by increasing H, production from 16
to 71 wmol/h.g., (Fig. S11., SI). The activities of the photocatalysts do not change however in
a linear manner as a function of FLG content. Since FLG/Ti0, with 1 wt.% FLG is more active
than the composite with 0.5% of FLG, the activity with the additional 0.5% i.e. 1.5% FLG
decreases being enhanced again at loading of 4.5%, and next decreased at loading of 11%. This
lack of correlation (for each FLG loading the test was running twice with freshly prepared
materials) can be explained by the fact that several factors affect the composites’ activity.
Higher FLG loading would result in higher visible light absorption and better charge separation,
but higher light scattering and screening will appear (each additional sheet in FLG makes
reduction of transparency by 2.3%). Likewise, not only the amount of FLG but related
dispersion degree of FLG plays an important role. Since the present FLG is relatively low
defect-type of graphene material (large microscopic sheets with well crystalized lattice), lower
amount of FLG in the composites ensures higher dispersion of FLG and consequently higher
dispersion of TiO; as well. This is in accordance with the specific surface area and porosity
measurements (table 1). The FLG amount has to be however sufficient to attached TiO,
precursor/NPs at most active, defective sites to form intimate interface contact with NPs. In
accordance with the best performance, 1% FLG/TiO; has the highest surface area within all
composites. Concerning the composites containing FLG’, the same tendency of hydrogen
production rate, as it is in FLG composites, is observed (fig. S12., SI). All composites are more
active than the reference TiO, SG and activity do not increase in linear manner with FLG’
content but two most active samples arise with the best one at FLG’ loading of only 0.5%.
(Consequently, the second most active composite in the FLG’ composites family contains 2.5%
of FLG’, SI). This shows that increased amount of edges defects in FLG’ allows to obtain the
same activity at lower graphene content. It permits to stabilize and form efficient interface with
higher amount of TiO; species. Likewise, still other very important factor relates to defects and
oxygen reach groups such as hydroxyl, carbonyl or carboxyl that are introduced additionally
into the FLG flakes by the calcination treatment of the composites. As mentioned above their
introduction strongly depends on the ratio of TiO;, to FLG, where, according to the XPS
spectroscopy, it is significant and very small at low and the highest FLG % respectively. Such
“defected” carbon not only helps to disperse and form the stable interface with TiO, NPs but
enhances also the adsorption of MeOH. The significant adsorption of MeOH between two

neighbors hydroxyl groups and next considerable adsorption of MeOH on less active groups on
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functionalized graphite were recently claimed.”® Beside the role of NPs attachment and
chemisorption sites, the defects/functional groups on graphene are desired for increasing a
tunneling probability i.e. to enhanced the visible light activity but their amount should be
reasonable to ensure on the other hand a transport channels inhibiting electron-hole
recombination rate.”” The additional curve of time-on-stream of hydrogen production for 1%
FLG/TiO; photocatalyst as well as stability investigations of this sample, i.e. DRX analysis of
spent catalysts and recycling test are presented in SI (Fig. S13.-S15.).

It is worthy to highlight that comparing to literature, the performance of 1 and 0.5%
FLG (and FLG’ respectively)/TiO, in methanol photoreforming is very high considering such
low FLG %. For instance, an addition of rGO to TiO; in the best sample (optimized % of rGO
and GO reduction manner) showed one order of magnitude enhancement of activity but at 20%
of rGO °*. Concerning low rGO % content, 1% rGO-TiO, composite indeed showed excellent
activity to produce H, from water but TiO; is present in this catalysts in the form of sheets; the
interface with rGO and active surface of TiO; is then incomparably higher than the one with

NPs ¥,

Taking into account here that the band gap of the investigated composites and absorption
in the visible range is modified mostly only at higher FLG content (table 1), the impact of FLG
on activity related to improvement of absorption properties in the best samples are not obvious.
Clearly however, the present FLG may result in great advantage of charge transport properties
due to large and well-crystalized carbon lattice together with its incomparably simple synthesis.
In order to check charge carriers’ generation and transport in the composites, TRMC analysis

were performed (below, part 3.3).

Concerning the photoreforming reaction, it is generally assumed that photoreforming of
alcohols on TiO,-based materials can occur by the stepwise oxidation of water by photoinduced
holes, to produce radicals which can abstract an alpha-hydrogen leading to the formation
of °RCH,-OH radical that is further oxidized to an aldehyde, carboxylic acid, and CO, .
The hydrogen atoms from the alpha carbon could be easily extracted and evolved in the form

Osz.
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Figure 9. (top) Mass hydrogen production rate (concentration of the photocatalyst in the
reaction media: 0.2 g/L and 0.1 g/L), and (bottom) global quantum yield (0.1 g/L).

However, it is also admitted that the oxidation steps can proceed via another path involving
OHP attack % In the presence of a co-catalyst, it is widely assumed that the successive oxidation
steps take place by the photogenerated holes in the VB of the semiconductor, while H, evolution
proceeds on the co-catalyst ©*. Some authors also suggested a participation of the co-catalyst in
the dehydrogenation/decarbonylation of the sacrificial agent * or acting as recombination
centre of H-atoms ®. Consequently, without the presence of a metal co-catalyst in our case, we
can suspect the following stepwise oxidation of methanol on the surface of TiO, by
photogenerated holes, releasing protons and forming HCOH and eventually HCOOH (the

presence of these intermediates was not however checked).®> %,

H,O+h" — OH°+H"
CH;OH + OH° — CH, OH° + H,O
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CH, OH° — HCHO+H'+¢
2H +2 e — H,

HCHO + H,0 — HCOOH + H,
HCOOH — COz + Hz

Overall reaction : CH;0H + H,O — CO, +3 H,

Electron mobility measurements by Time Resolved Microwave Conductivity (TRMC)

Fig. 10a shows normalized TRMC measurements of the most active 1% FLG/TiO;
sample, the lowest FLG-containing composite 0.5% FLG (FLG’)/Ti0O,, bare TiO, SG and FLG,
at 360 and 450 nm laser excitation. In bare samples, we can clearly distinguish two typical
regions of electrons recombination, the first one with rapid decay and the second region with a
much slower decay. As commonly accepted we estimate that the second region starts certainly
at the most at 40 ns after maximum value of I. According to their structural features, bare FLG
leads to the most efficient charge carriers’ generation at 450 nm, while TiO, SG at 360 nm.
From these results it must be mentioned that only FLG and FLG’ allows the generation of
charge carriers under visible light activation. Contrary to FLG, the generation of charge carriers
in FLG’ at 360 nm is considerable but extremely unstable, what can be related to high number
of trapping defects. For the same reason high instability of the signal is measured for FLG’ at
450 nm. Likewise, the fast first region decay is clear in bare samples (Lsons/Imax = 0.7 at 450 nm
for FLG, Lions/Imax = 0.55 and 0.78 at 360 for TiO, SG and P25 respectively (curve not shown
here). Since generation of charge carriers is not clearly measurable in 0.5% FLG/TiO,, 1%
FLG/TiO; and 0.5% FLG’/TiO, composites create detectable charge carriers with enough
lifetime of the photogenerated carriers after excitation at 360 nm (fig. 10b). Moreover, one
sample, 1% FLG/Ti0,, reveals a slight increase of the signal in the second region (Isons/Imax =
0.5 and Iy 9us/Is0ns= 1). Relatively stable signal compared to the bare samples is detected also in
0.5%FLG’/Ti02 (Isons/Imax = 0.67 and Io ous/Isons= 0.72). More generally one can mention that
the FLG composites show less intense TRMC signal meaning that less charge carriers are
produced compared to bare TiO; (at 360 nm) or to FLG (at 450 nm). These phenomena can be
explained respectively by means of photons (UV) absorption by TiO, followed by electrons
injection and trapping, and by (visible light) photons absorption by FLG, followed by electrons
injection and thus trapping. In both cases, it may be supposed that electron trapping occurs at

TiO,/FLG interface. The behaviour of FLG’ composite at 360 nm on the other hand, with
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relatively high and stable signal, indicates good interface between FLG’ and TiO,. The
abundant defects causing the extensive trapping of the photogenerated charges in FLG’ in the
composites are occupied forming interface with TiO,. Moreover, it is important to highlight
that the TRMC signal corresponding to the 1% FLG/TiO, composite material exhibits a
pronounced contribution at ca. 0.5 us corresponding to the appearance of increased mobile
electrons density that may be attributed to electron injection either from TiO; to FLG (at 360
nm) or from FLG to TiO; (at 450 nm). As the photocatalytic activity of 1% FLG/TiO, sample
exhibited enhanced H; production properties one may suppose that, even if there is a loss of
electron mobility compared to bare materials, the free photogenerated electrons are trapped
more rapidly at TiO,/FLG interface due to the presence of conductive FLG sheets interfaced in
an optimized way with nanoparticles at 1% FLG loading, thus leading to better charges
separation and enhancement of lifetime of charge carriers. Consequently, enhanced H,
production rate takes place using more efficiently holes for methanol oxidation and trapped
electrons for H' reduction into H,. Additionally, when activating with solar light (UV + visible)

one may underline an additional charges photogeneration from FLG material.
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The series of FLG/TiO; composites with different FLG loadings (0.5-11 wt.%), and
additionally with lower FLG flakes size (FLG’), were investigated as photocatalysts without
addition of co-catalyst towards hydrogen production from methanol under solar light
irradiation. All composites showed higher activity than FLG and bare TiO, SG samples. The
highest performance with activity three times and twice higher than the reference and
commercial TiO; respectively was achieved for the composites with low FLG loading, i.e. 1%
FLG/Ti0O; and 0.5% FLG’/Ti0,. The resulting enhanced hydrogen production was investigated
via analysis of morphology, chemistry, optical and electronic structures of the composites. We
relate the highest activity of 1% FLG/TiO; and 0.5% FLG’/TiO; to the reduction of charge
carriers’ recombination thanks to the electron trapping effect of well interfaced TiO, NPs/FLG
sheets as well as to enhanced accessible surface area and additional FLG visible light absorption
properties. It was also shown that the calcination of the composites as well as prolonged
exfoliation of initial graphite, both providing enhancement of defects/functionalization in FLG,
lead to stabilization and formation of the efficient interface between TiO, and FLG. Likewise,
FLG with enhanced edges defects content (FLG’) is more quantitatively performant than FLG.
The optimized interface was confirmed by XPS and TEM analysis, while its impact on

enhancement of charge carriers’ lifetime was observed in TRMC analysis.
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Synopsis
Few layer graphene obtained in rapid and eco-friendly exfoliation (in water) makes performant

photocatalytic composite with TiO, for production of green energy (hydrogen).
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