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Abstract

Spurred by controversial literature findings, wewveapped reduced graphene oxide
(rGO) in ZnO hierarchical microstructures (rGO lways spanning from 0.01 to 2 wt%)
using anin situ synthetic procedure. The obtained hybrid compssitere carefully
characterized, aiming at shining light on the passirole of rGO on the claimed
increased performance as photocatalysts. Seveashaterization tools were exploited
to unveil the effect exerted by rGO, including sfgastate and time resolved
photoluminescence, electron microscopies and elgudmical techniques, in order to
evaluate the physical, optical and electrical fesguinvolved in determining the

catalytic degradation of rhodamine B and phenolater.

Several properties of native ZnO structures werendo changed upon the rGO
enwrapping (including optical absorbance, concéintmaof native defects in the ZnO
matrix and double-layer capacitance), which are iallolved in determining the
photocatalytic performance of the hybrid composifElse findings discussed in the
present work highlight the high complexity of theld of application of graphene-
derivatives as supporters of semiconducting met@es functionality, which has to be

analyzed through a multi-parametric approach.
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1. Introduction

Over the last decade an impressive attention has teedicated to the synthesis and use
in functional applications of graphene-semicondutigbrid composites (GSHCs). [1]
Among the functional applications, a prominent radeplayed by (photo)catalysis,
where wide band gap n-type semiconductor metalesx{iOx), like TiQ, SnQ and
ZnO are acknowledged as solid candidates to suatful chemical reactions.[2][3]
The interest raised by these materials is not doby to their well-established catalytic
skills, but also to the possibility to fabricateth at the nanoscale and integrate them in

GSHCs. [4]

The first studies reporting the possibility of imgorating an n-type MOXx
semiconductor with graphene[5][6] highlighted theaece of synthesizing photoactive
graphene-semiconductor composites and using gragbesed materials as mediators
in photogenerated charge transport and storagerdoration of graphene, typically
reduced graphene oxide (rGO), has been reportedhiance photocatalytic activity in
common MOXx such as iron oxide, [7] zinc oxide, [8}&nd titanium dioxide,[14—16]

with graphene loading spanning within a wide ra(@#-75 wt%).

Most published studies in the field of GSHCs claomtstanding enhancement of
functional performance, emphasizing the capabibfy graphene derivatives (like
graphene oxide, GO, and reduced graphene oxide,) r@Ocapturing charges
photogenerated within the MOX, thus reducing tleetebn-hole recombination, known
as possibly the heaviest limitation of MOx as fumaal materials.[17—-19] However, the
mechanisms behind the observed performance enhantemre still controversial and

several limitations associated to the use of gmaphderivatives combined with



semiconducting MOx have also been reported. Ambegée latter, a shielding effect
exerted by graphene derivatives in relatively héghount has been often reported,[20]
pointing out at the relevance of properly dosing titesence of carbon materials in
catalytic composites, but not only. Similar issues/e been highlighted also when
composites of this kind were used in photovoltaacel supercapacitors.[21] In the
specific field of catalysis, moreover, the bendiiecble of graphene needs to be read in
the light of the specific reaction mechanism[22{l @ine use of “lower quality” carbon-

based materials has also been proved effective.

Among the claimed reasons behind the performandearmement, it is worth
mentioning the partial inhibition of direct excitaecombination (often inferred from
the decreased intensity of near band edge emigsiphotoluminescence spectra),[23]
good interfacial charge transfer between graphemnkeNMNOXx [24] and enhanced light
absorption.[25] However, improving the photocatalyterformance of a given material
is not only a matter of harnessing and using usdfalges, but also of modulating the
presence of active reaction sites. Graphene derdgtin combination with MOXx, have
been also sometimes reported as efficient ads@f2ék which can significantly

contribute to the apparent rate constant in a @abédytic reaction.

The topic of the appropriate amount of graphenevatves to incorporate in the hybrid
composites is as well a critical point in the swsils and application of this class of
materials: literature data present controversifbrmation in this frame and almost
nothing is known about the possible effect on ttracture of the nano- and micro-

structured MOXx synthesized in the hybrid compdsihion throughn situ procedures.



Spurred by this controversy, we prepared a seffidg/larid composites where rGO in

different amounts has been incorporated in a hebreal zinc oxide scaffold. In order to
separate the possible contributions in photocatlyovided by rGO itself, we chose,
unlike most investigations, to conformally and céetgly enwrapping rGO within the

semiconductor, thus generating anternal heterojunction not exposed to the
surrounding environment. This rare configuratiolowaed to investigate the actual
effect of rGO on ZnO, selected as a model of catagemiconducting metal oxides,

performance.

Moreover, we investigated the effects on the ciiysea quality of the ZnO
nanostructures due to the application ofirsitu procedureto synthesize the GSHCs,
supported by microwave heating, where the rGO shsete exploited as platform for
the uptake of Zfi ions (used as ZnO precursor). Obtained GSHCs wieus
characterized and tested as photocatalysts, watspgkcific aim of shedding light on the

relations between structure and performance.

2. Materialsand Methods
2.1. Synthesis of materials.

Zinc acetate dihydrate (ACS reagen98%), reduced graphene oxide (carlxtb%o,
oxygen <22%), and hexamethylenetetramine (ACS reage9%) were purchased
from Sigma-Aldrich and used without any furtheratraent. Distilled HO and ethanol
were used as solvents. Zinc oxide nanoparticleg wenthesized based on a modified
synthesis as that proposed by Wang and collabstf2@t Briefly, rGO was added to a

0.01M aqueous solution of Zn(GEOOH):-2H,0 (0.01-10 wt% with respect to ZnO).



The suspension was stirred for 2 hours to allowuptke of ZA" ions on the rGO

sheets, after which hexamethylenetetramine (HMTA} w&dded in an equimolar ratio
with respect to zinc acetate dihydrate. Ethanol thas added in a 1:9 volume ratio of
H.O:CH;CH,OH. The reaction mixture was heated in a microwaven (Milestone

flexiWAVE) at 500 W for 30 minutes, resulting irsaspension of ZnO particles, which
was centrifuged and washed to recover a fine powider powder was then heat treated
at 300 °C in air for 8 hours. Materials with rGOncentrations of 0, 0.01, 0.1, 0.5, 1.0,

and 2.0 wt% were prepared.
2.2. Electrode preparation.

Electrodes for electrochemical characterizationengepared by suspending rGO-ZnO
particles in a slurry, which was then spread on f€b@ed glass and heat treated. The
slurry was made by adding 1.4 g/ml of polyethylgheol to a 3:2:1 (volume) mixture

of ethanola-terpineol, and water.
2.3. Characterization.

Diffuse reflectance and absorption spectra wererdsd with an Agilent Cary5000

UV-Vis spectrophotometer using an integrating sphePhotoluminescence was
recorded using an FLS980 spectrofluorimeter frormbkigrgh Instruments; steady state
emission spectra were recorded using a xenon amp k&s excitation source, time-
resolved measurements were performed using tintelated single photon counting
(TCSPC) with a 371.8 nm pulsed diode laser as &xait source. X-ray patterns were
recorded in Bragg-Brentano geometry with a PANeaitiEmpyrean diffractometer,

operating at 45 kV and 40 mA, using a copper an&teM analysis was carried out

with a FEI Magellan 400L. The structural analydish& nanoscale was carried out on a



FEI Tecnai F20 high resolution transmission electtmicroscope (HR-TEM) operated
at 200 kV. Electrochemical measurements were peddr in a three-electrode
configuration, using a platinum plate counter elmd® and an Ag/AgCl reference
electrode, on a ModuLab XM ECS potentiostat fromaBmn Analytical in 1.0 M

aqueous solution of N80, in a potential range from -1 to 0.6 %&. Ag/AgCl. The

electrochemical cells were purged with argon gas3tb minutes to remove dissolved
oxygen before measurement. Electrochemical impedapectroscopy with an AC
signal of 100 mV in amplitude, in the frequencygarbetween 10 Hz and 1 MHz and

an applied bias equal to the OCV of the system (@00).
2.4. Photocatalytic tests.

Photocatalytic performance of ZnO and rGO-ZnO sasiplvere evaluated by
measuring the degradation of 48l rhodamine B (RhB) and M phenol (PhOH) in
water, both loaded with 0.5 g/l of catalyst, whueder illumination. For the RhB
degradation, the illumination was provided by a QD solar simulator, giving an
AM1.5G spectrum at 1 sun intensity (calibrated vathilicon reference cell), while the
PhOH solution was irradiated with UV light (6 W,3&m). The reaction course was
followed by means of spectrophotometry, monitotting absorption peak of rhodamine

B centered at 554 nm and the absorption peak of@hecated at 270 nm.



3. Results and Discussion

3.1. Structural and morphological characterization

Hexamethylenetetramine was used in the synthetitung as a source of Oléns. This
molecule is capable of supporting the formationZofO nanostructures, by slowly
hydrolyzing, assuring a gradual release of hydraoms$ in the synthetic mixture, which
Is particularly important when microwaves are uasdheating sources, which speeds up

the overall reaction rate,[28] thus promoting tberfation of nanostructures.

ZnO synthesized structures are disc-shaped witbusosurface and a relatively small
size distribution, as shown by SEM analysis (Figueed). The hexagonal symmetry of

wurtzite ZnO is visible on the basal plane of thetigles.

It is possible to notice the roughness of ZnO s@$a more pronounced for the basal
plane, due to microcracks. The formation of poras lbeen previously observed in case
of ZnO structures generated via a hydrolytic prec§9] during which internal voids
are naturally induced by the solvent penetraticdo ieep areas of the intermediate
reaction species. As mentioned before, there isesdispersion of particle sizes, but on
average the particles have a diameter of approgignat5 um, and a thickness of 500
nm, showing a hierarchical structure: significargipaller particles can be identified,
clustered together to give the microstructure. r@fdition with concentrations up to
1% does not result in any visible change in the ZniGroparticles morphology with
respect to the pristine sample. Whereas the presehcGO cannot be detected by
SEM, HR-TEM analysis reveals the presence of rGfbgheets protruding from ZnO
microparticles in the composite featuring 1% rG@iFe 1 d). The wrinkled structure

of the nanosheets reveals the typical (0,0,2) ardQq) reflections with d-spacing equal



to 0.34 nm and 0.21 nm, respectively. The 0.34 ningés correlated to graphene layer
folding on itself: this is relevant information l@wse, by counting the number of these
fringes, it is possible to gain knowledge about thenbers of layers of the stacked
structure, which in the present case were fourrdrige between 10 and 20. However, it
should be noted that this analysis could be dorg fon the 1% rGO composite, for

which it was possible to observe the sheets, bi#irgrGO, in all the other samples,

conformally enwrapped by the ZnO structures.

The presence of rGO is also confirmed with Ramaettspscopy (Figure 2); all rGO-
containing samples present a clear signal of rGO thhe G- and D-bands at 1600 and
1350 cm' together with the Elow and high vibrational modes of ZnO. This finglin
indicates that ZnO must grow around the rGO sheessiting in a conformal coverage
of these latter. The evaluation @fll; ratio in the composites shows values spanning
from 0.67 to 0.79, far higher than the ratio repdrtor graphite (below 0.25), [30] thus
reassuring about the presence of rGO in the migemaler investigation (which might

be put under question by the formation of multilsyas evidenced by TEM analysis).

This has a significant relevance in terms of cantaith the semiconducting MOX,
which is considered a key feature for charge trartspithin the composites.[31] The
conformal coverage of ZnO around rGO also strorsgigports the hypothesis that

situ synthesis of such hybrid composites proceed thrdhg uptake of Zii ions on the

C-materials prior to the reaction leading to the ;MB2] Moreover, the conformal
coverage of rGO sheets can result beneficial whesting the materials as
photocatalysts: the rGO sheets will indeed be ptetk against reduction by the
hydroxyl radicals possibly formed upon UV exposafe&ZnO structures, as previously

observed in literature.[6],[33] All the prepared teréals show a hexagonal wurtzite

10



structure, as identified by XRD (reported in Fig@# in the Supplementary Material)
and HR-TEM analysis (Figure S2 in the Supplementdaterial). Scherrer analysis
confirms that the crystallite size is not affecteyg rGO addition (Figure S3 in the
Supplementary Material), showing moreover a verydgagreement with TEM analysis
(Table S1 in the Supplementary Material). The absesf any peak ascribable to rGO
in the X-ray diffractogram has been previously migd[34][26] and in this case is
attributed to the low concentration of rGO and tieak X-ray scattering power of

carbon.

3.2. Photocatal ytic degradation part (a): rhodamine B

All the materials are active photocatalysts featyrigood performance in the
degradation of rhodamine B: with or without rtGOaneomplete discoloration of a 10
M aqueous solution of rhodamine B is obtained &t&minutes of simulated sunlight
illumination. The absorption spectrum of rhodamiBe (Figure 3a) exhibits a
hypsochromic shift in the later stages of the ilieactThis is consistent with the N-
deethylation of RhB to rhodamine, as previouslyorggm[35], and no difference was
observed for samples featuring different amount$z@, indicating that the presence of
the carbon material does not change the reactiochamésm. The reaction course
(Figure 3b) for the different materials shows augefirst order reaction course, as also
expected, and clearly indicates that rGO provideses benefit for the photocatalytic
efficiency, especially for lower reaction times. Mover, an interesting tendency of
increased adsorption under dark is observed: fntb high rGO concentration, the

adsorbed amounts are 12.5 (rGO content: 0.00%% &O content: 0.01%), 17.6
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(rGO content: 0.10%), 17.1 (rGO content: 0.50%)718GO content: 1.00%) and 23.0
(rGO content: 2.00%) nmol (the RhB uptake caphif bare rGO was found to equal
to 15.3 nmol, shown in Figure S4 in the Supplenrgritdaterial). This effect has been
observed before,[26][27] and it is usually attrémitto dye adsorption by the rGO,
especially due to a favorabien interaction between the core of the molecule dued t
carbon rings. However, in our materials the rGCeshare preferentially enwrapped by
the ZnO structures, which prevents a direct adeormif dye molecules; moreover, the
amount of adsorbed dye does not increase linedtly 8O content (see figure S5 in
the Supplementary Material), as one would expeecinfra simple additive effect

(although a more complex relationship could be etquk from the wrinkling and

stacking of sheets, as observed in Figure 1 d)thst other effects need to be
considered. Previous investigations have reportewdified surface chemistry in P25-
GO composites,[38] specifically a decrease ineg@Hpoint of zero charge) in the

presence of GO. However, that effect likewise hinge functional groups of GO/rGO
being exposed to the adsorbate. It might therdbersurmised that the introduction of
rGO into the synthesis increases the number ofrptisn sites on the catalyst particles,

which would in turn lead to an enhanced catalykitt due to a proximity effect.

The benefit of rGO emerges more clearly from thalysis of the effective rate
constants from the logarithmic concentration curfiggure 3c, 3d), where it can be
seen that the reaction rate monotonically increasgs the rGO content in the
composites up to 1 wt%. A concentration higher thé&has however little effect and
the curve is clearly reaching a plateau. As we moeat, the optimal amount of carbon

materials to be combined with semiconducting MOxefiohancing their functionality is
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a controversial topic in literature and even detmtal effects of increasing the rGO

loading has been observed before at similar coretgms. [8]

3.3. Photocatal ytic degradation part (b): phenol

Phenol was tested as a non-absorbing substrateednghotocatalytic data from RhB
may provide a misrepresentation of the effect exelty rGO on the catalytic skill of

ZnO, due to photosensitization. All the materiatgler investigation were observed to
be active photocatalysts also for the degradatioRh®DH in water, as shown in the
analysis of the catalytic process reported in FegurAdsorption of the target pollutant
on the composites did not show relevant differenassribable to different rGO

loadings (Figure 4 b). During the photocatalyti@aton, the intensity of PhOH

absorption peak (centered at 270 nm) decreasesnewdspectral features appear,
possibly ascribable to intermediates in the oxigaprocess that should eventually lead
to CO, formation (Figure 4 a). The detailed identificatiof the reaction intermediates
is beyond the scope of the present investigatiom, dssuming the photodegradation
mechanism involves hydroxyl radicals, as often regub in literature (a broad

discussion about reactive oxygen species in semigmar-supported photocatalysis
can be found in reference [21]), we can hypothe#lizepresence of hydroquinones,

guinones and catechol.

Bare ZnO appears more efficient at degrading tbenatic compound than any of the
hybrid composites, as shown by the reaction cocusees (Figure 4 b) and the apparent
rate constant shows a clear decreasing trend Withptesence of rGO within the

catalyst (Figure 4 c). On the other hand, the reaatioes not follow a pseudo-first

13



order kinetics: this is probably due to the condamti presence in the reaction mixture
of different species, which can as well undergodative processes. A very similar
result was reported by Minella and coworkers[39%ovcarried out the photocatalytic
degradation of phenol with TGO composites: they also observed a decreased
efficiency of the photocatalytic reaction upon #aalition of rGO to TiQ. The presence

of rGO is not able to support the exciton lifetirse,to use the photogenerated charges
to generate species active for PhOH oxidation,hencontrary, it is evident that these
charges are either recombined more largely thamowit rGO or trapped in the

composites.

Furthermore, it should be remarked that the diffees in the adsorption of the target
pollutants showed for RhB and PhOH can be relatedhé characteristics of the
reaction mixtures and the catalysts. Indeed, théicacharacter of both RhB (pKa =
4.2)[40] and phenol (pKa = 9.98)[41] should alsocbesidered in this discussion: the
reaction solutions featured a pH as high as 5.Rfd8 and 6.99 as for PhOH, in both
cases lower than the pkt of ZnO (reported to be between 7 and 9). [42—-44g PZC
for rGO has been reported to be 3.5,[45] and, wbidmbined with ZnO, graphene-
derivatives materials have been proved to systeaitilower the native phtc of the
MOX, [45-47] so that it is always lower than the pHPhOH solution, while it can be
higher or lower than the pH calculated for the Rédutions, depending on the rGO
amount incorporated in the composites. This in gagteement with the rather good
adsorption capability featured by the compositegatds RhB and their difficulty in

uptaking the PhOH molecules.
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3.3. Interaction with light: absorption and photoluminescence spectroscopic

characterization

The light management inside the materials is onthefkey parameters to consider,
which we have investigated via UV-Vis spectrosc@gure 5) and photoluminescence
spectroscopy (steady-state and time-resolved, &ig)r The effect of rGO on the
absorption properties is clear: increasing the r®@ding leads to an increased
absorption in the visible range, while slightly uethg the absorbance in the UV-region.
The decreased availability of UV light should le¢ada reduction of catalytic efficiency
of the ZnO, since for a wide band-gap semicondusiich as ZnO, it is the main source
of energy for the catalytic reaction. However, @#shbeen recently demonstrated that

native ZnO defects permit some photoactivity evéh wisible light.[48]

We have previously reported on the significancéentifnsic crystalline defects in ZnO
to photocatalytic performance in a similar mat¢4@ and the application of
photoluminescence spectroscopy to investigate th@ther groups have studied the
relationship of native defects in ZnO with photadgtic performance, with varying
results.[50,51] Differences in outcome may be laited to the location of defects —
while surface defects can collect charges wheng dhe available for reactions, charges
trapped at bulk defect sites may not be useful.t@eroconsideration is the type of
defect and their charge state; this translates different affinities for positive and
negative charge carriers. It is therefore not ativio state how defects affect the
photocatalytic performance of a semiconductor, iarttie present investigation we will
limit the scope to observing the correlation of theensity of defect-related
luminescence with the functional performance of thaterial. The steady state and

time-resolved photoluminescence data are repontédgure 6. In the emission spectra,
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the near-band-edge (NBE) band, located at 384 mah,tlee visible band, peaking at
approximately 650 nm, are apparent. The photolustieiece spectrum of ZnO has been
extensively studied, and although the issue ofgassy emissions to specific defects
remains controversial,[52] it is widely agreed thfa visible emissions originate from
native defects in ZnO, such as vacancies and titigis in the crystal structure. The
more common green emission has usually been dt#dbto oxygen vacancies,[53]
though this assignment has been challenged.[54] drgin of the red emission
observed in our materials have not been conclusidehtified.[55] It is worth pointing
out that the emission wavelength of 650 nm is ngoad match with any of the
calculated energies of point defects in ZnO, andcauld instead originate from
complexes of different types of defects; however émergetics of defect complexes
have not been extensively studied. The UV emissamresponds to direct
recombination of photogenerated charge carriersmatthes the band gap of ZnO.
Overall, the introduction of rGO in the ZnO mathas the effect of reducing the defect
emissions, though the intensity ratio of UV to egdissions does not strictly correspond
to the concentration of rGO. Moreover, there islight change in the shape of the
visible band; while in the bare ZnO material ther@a shoulder in the green part of the
band, this is reduced or removed in the rGO-comgirparticles. This change in
intensity, aside from a change in defect conceptratcould possibly relate to the

change in Fermi level that occurs in the junctiebaeen ZnO and rGO.

The time-resolved measurements reveal that thexdage difference in the lifetime of
the two emission bands: the visible emissions aggln 3 orders of magnitude slower
than the NBE emissions in all samples. This is isbeist with emission from defect-

induced states[56] (the process is representedrsatieally in Figure 6d), where excited

16



electrons are captured by a shallow donor stateiged by native defects in the
material, then relax to the valence band or a @deepptor state by emission of visible
light. These states are localized around the defedtact as long-lived electron traps.
The average lifetime of the NBE emission (Tablasl3lightly increased in the rGO-
containing materials, indicating a reduced ratgafsitions to the shallow defect states,
corresponding to the reduced defect concentratifanried from the ratio of the UV and
red PL intensities in Figure 6a. Assuming thati®® only influences the crystallinity
of the ZnO directly surrounding it, the variation defect concentrations that is
observed here would only relate to bulk defects;esithe rGO is wrapped within ZnO.
This in turn explains the increased performancéha materials with reduced defect
concentration, as these defects would act to tregpge carriers in the interior of the

particles.

This hypothesis is moreover confirmed by the comipee analysis of the NBE peaks
(not normalized), reported in Figure S6 in the Semp@ntary Material. The presence of
rGO does not quench this signal, but, instead, lteesn an increased intensity,
associated to a better crystalline quality of ZnG@hie hybrid composites. This finding is
of particular interest in the field of functiongb@ications of rGO hybrid composites.
Indeed, a reduced intensity of the NBE in ZnO-basmuposites has been many times
indicated as due to rGO (or other graphene devies}i the radiative recombination of
the photogenerated excitons would be inhibited H®/ tGO, which would catch the
charges and make them available for useful reax{on|[58][59][60] In the present
investigation, instead, the presence of rGO hasb#mefit of improving the overall

crystalline quality of the semiconducting metal dei thus spurring its catalytic skills.
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This outcome was previously observed, even if nsetdom than a quenching of NBE

signal.[61,62]

It is also relevant to remark that we did not olseeany quenching as for the NBE

intensity (reported in Figure S6 in the Supplemegnkaterial).

34. Charge storing and transfer within the composites: electrochemical

characterization

To investigate the electrochemical properties efrtiaterials, three-electrode cells were
set up with FTO glass coated with the rGO-ZnO niatess working electrodes. Cyclic
voltammograms obtained at a scan rate of 50 m\&sshown in Figure 7a. All the
systems behave in an irreversible way: this isrbfeshown by the absence of a reverse
peak in the backward scan sweep, implying that rdte of electron transfer is
insufficient to maintain the surface equilibriund.ig worth noting that cathodic peaks
appear only in case of samples featuring a rGO airemihigh as 1.0 and 2.0%, located
at -0.52V and +0.08V for the 1% rGO sample and24.&nd +0.16V for the 2% rGO
sample. Bare ZnO presents a weak cathodic peakreenat around +0.2 V, but for all
the other materials only a low intensity contribuati that can be classified as shoulders,
can be seen. This suggests that the peaks iddntifiethe 2% rGO sample pertain to
reduction processes associated to rGO (most prpbadbliction of surface species). It is
also interesting to remark that, by polarizing thaterials far from the equilibrium,
there is no monotonic trend as for the current ilemsth the amount of rGO embedded
in the materials. Moreover, polarization of bareQZis higher or equal to that of

samples featuring the presence of rGO. This findisgrelevant from different
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viewpoints. First of all, there is no direct coatébn between the electrical conductivity
of the materials and the amount of rGO, i.e. rGas supporting the current flow
through the composites. This implies that the eobarent in the photocatalytic
performance as for the RhB degradation is not laaloke to a better charge transport (as
also indirectly confirmed by the catalytic tests BhOH) . It is important to remind
herein that the electrical conductivity of grapheteivatives is regarded as the main
factor behind the enhancement of functional peréorce of GSHCs. A very interesting
study has previously demonstrated that the elettdonductivity of graphene-related
materials can be significantly deteriorated in secmposites, while their observed
performance as photocatalysts is improved,[63] sutpm the outcome shown in the

present investigation.

To investigate deeper the electrochemical featofethe composites, charge transfer
resistance (&) was analyzed by means of electrochemical impeslapectroscopy
(EIS). EIS analysis (shown in Figure 7b and TablsHdws that all the samples are well
behaved electrochemical cells, where kinetic arftugion control mechanism is in
action (as also confirmed by the corresponding Budts, reported in Figure S7 of the
Supplementary Material. They can all be modelea Bimple equivalent circuit (shown
as the inset in Figure 7b), composed by a Randiksmvith the addition of a Warburg
impedance accounting for the behavior at low fregies, where polarization due to a

combination of kinetic and diffusion processesdssidered.

Charge transfer resistance is only slightly reducgmmpared to bare ZnO, by the
presence of rGO. However, samples containing rGtivden 0.01% and 1% feature
about the same resistance, and the sample corg&fbnrGO is the specimen with the

lowest R; (values are reported in Table 2). This outcomehérr supports what
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observed in the comparative analysis of CV measenesrand photocatalysis results: it
is not possible to claim a correlation between tharge transport characteristics
featured by the hybrid composites with their caligbof photodegrading organics in

water.

It is also interesting to notice that, while athnilyequencies all the samples behave in
the same way, presenting a regular semicircle,oat frequencies the contribution
coming from the diffusion process, and modeled MYyaburg impedance, is different.
By considering only the rGO containing samples,dlope of this contribution shows a
monotonic increase with increasing rGO amount,datiing a decreasing impedance.
Lastly, the double-layer capacitance @ increased by the addition of rGO; this might
be the most significant indicator of a good photalyat, being directly related to the
ability of the material to maintain sufficient clyar on its surface to be useful for

catalyzing reactions.

It is interesting to remark that in a previous walkaling with photoanodes for dye
sensitized solar cells, where we synthesized hybraphene-TiQ composites to be
exploited as electron transport materials,[64] wenfl a very similar result. While no
significant differences were recorded among the pmsites as for recombination
resistance (i.e. the skill of a material to susthia life of the photogenerated exciton
pairs), the key factor identified as the reasoniriethe enhanced performance was an
increased chemical capacitance, which is in agraemeethe outcomes shown in the
present investigation for what concerns the trarispbcharges photogenerated on a

photosensitizable substrate.
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4. Conclusions

Zinc oxide benefits from the introduction of rGOterms of photocatalytic performance
as for the degradation of a visible absorber madedarget: the apparent rate constant
is increased and the hybrid composites can degaa@dather) higher amount of RhB.
The increased efficiency is attributed to the iased rhodamine B adsorption, a
reduced amount of crystalline defects, inducedhgyimsertion of rGO in the synthetic

mixture and the favorable electrochemical propsiitiethe composite materials.

However, the most relevant role played by rGO sew@nbe that of supporting the
synthesis of a ZnO hierarchical structure featubager crystalline quality. The sustain
provided by rGO in terms of enhanced charge trams@ithough evidenced by a
reduction of the charge transfer resistance, app®aplay a minor role. The gains of
increasing rGO concentration taper off rapidly, oly due the absorption of light by
rGO. This strongly indicates that a balance mustdeatified between the relative
amounts of the two partners, which possibly alspedds on the aspect of ZnO.
Furthermore, when a non-absorbing substrate is aseaghtalytic target, the mentioned
benefits are no more useful, highlighting the rolecatalysis played by proximity,
adsorption of the molecular target on the catalyst photosensitization. These
outcomes underline that extreme care must be udesh vanalyzing the catalytic
performance of hybrid composites, which need aildetaconsideration of all the

possible factors involved in the catalytic process.

It should not be forgotten, when designing a hylmathlyst, that the main player will
still be the semiconductor, whose features canrbpeply enhanced and supported by

the presence of rGO, through a material-by-despgmaach.
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The present investigation highlights that a mudtiggneters and detailed analysis of
hybrid composites is needed, to consider as martgriaas possible that are the reasons

behind the observed enhancement of functional pedoce.
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FIGURE CAPTIONS

Figure 1. (a-d): SEM micrographs of synthesizedema without rGO (a) and (b), and
with 0.1% rGO (c) and (d), scale bars: 500 nm;):(ehigh magnification TEM

micrographs of rGO protruding from a particle (1&Q). d-spacings equal to 0.34 nm
and 0.21 were highlighted in the inset (d), coroesiing to graphite (110) and (002)

planes.

Figure 2. (a) Raman spectra of ZnO (bottom line)l a60O-ZnO composite with
increasing rGO content from bottom to top. (b): mea view of D- and G-band region
(bare ZnO excluded) for the composite materialsr@asing rGO amount from bottom

to top).

Figure 3. (a) Rhodamine B absorption spectra duanghotocatalytic reaction; (b)
rhodamine B concentration over time during reactioourse; (c) logarithmic

concentration curves; (d) effective rate constarfuaction of rGO content.

Figure 4. Phenol photocatalytic degradation: (apogttion spectra; (b) phenol

concentration over time; (c) apparent rate constaritinction of rGO content.

Figure 5. Diffuse reflectance (a) and correspondfudpelka-Munk functions (b) of
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rGO-ZnO particles.

Figure 6. (a) Steady-state photoluminescence eonissi all materials, normalized to
NBE peak; time-resolved photoluminescence plotthpNBE and (c) visible emission
bands of bare ZnO. Black dots are the measuredpadatés, the black line in (b) is the
instrument response function, and the red lingb)rand (c) are the fitted functions. (d)
Schematic representation of energy levels and plmoinescence emissions in the
material: (1) direct recombination of conductiom@eelectron; (2) transition to trap

state; (3) deep-level emission (DLE) from trapestat

Figure 7. (a) Cyclic voltammograms and (b) Nyqutdt of ZnO and rGO-ZnO

electrodes.
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TABLES

Table 1. Mean lifetimes of near-band-edge and visible photoluminescence

emissions.

RGO content (%)

NBE mean lifetime (ps

VIS meastihe (ns)

0 67.0 53.7
0.01 79.0 44.6
0.10 67.0 54.5
0.50 84.5 43.6
1.00 79.7 48.3
2.00 89.2 46.3

Table 2. Electrochemical parametersretrieved from thefitting of EIS

measur ements.
Warbur
rGO content (% Rs(Q) Ret(Q) Cai (NF) diﬁusionusﬁ')pe
0 5.64 22.2 28.5
0.01 5.90 19.8 32.0 -1.89
0.10 5.44 20.6 38.7 -1.68
0.50 5.80 20.3 31.3 -1.56
1.00 5.53 20.5 30.9 -1.54
2.00 5.13 19.3 415 -1.18
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