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Abstract

In the present work, a photoelectrochemical system containing Eosin Y, Rhodamine B
and the graphene loaded with Pt nanoparticles was fabricated. And the synergistic
effect between Eosin Y and Rhodamine B was explored using photoelectrochemical
technique. The results show that there exists obvious synergistic effect between Eosin
Y and Rhodamine B in the as-fabricated photoelectrochemical system. Compared
with the photoelectrochemical systems only containing Eosin Y or Rhodamine B, the
photoelectrochemical system containing Eosin Y and Rhodamine B exhibits higher
photoelectrochemical response. When the graphene loaded with Pt nanoparticles is
cosensitized by Eosin Y and Rhodamine B, the photocurrent is about 71% higher than
the sum of the photocurrents of the photoelectrochemical system containing Eosin Y
and the photoelectrochemical system containing Rhodamine B. This synergistic effect
may be ascribed to the energy transfer from Eosin Y to Rhodamine B under
irradiation. Herein, the Pt nanoparticles play an important role in the photovoltaic
performance. The synergistic effect between Eosin Y and Rhodamine B cannot be
observed if the Pt nanoparticles are absent. Moreover, the synergistic effect was
investigated as a function of pH, content of Pt, molar ratio of Eosin Y to Rhodamine B,

and total concentration of Eosin Y and Rhodamine B, respectively.

Keywords:  graphene; FEosin Y; Rhodamine B; synergistic effect;

photoelectrochemical behavior
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1. Introduction

During the past decades, renewable energy sources have been paid more and more
attention due to energy crisis and environmental concern. Among the renewable
energy sources reported, solar energy is regarded as one of the most promising
candidates owing to availability, eco-friend and lower cost. The idea is to capture the
solar energy and turn it into electric power or chemical fuels, such as hydrogen.'
Followed this idea, a lot of efforts were devoted to the development of solar cell
materials and photocatalysts. And a series of efficient solar cell materials and
photocatalysts have been reported, such as TiO,,>* ZrO,,* 7Zn0,’ SrTi05,° Tay0s,’
Sr_M,07 (M = Nb, Ta),*® ATaO; (A = Li, Na, and K)'® and so on. Nevertheless, the
energy conversion efficiency of the solar energy materials need be further enhanced
under visible irradiation from the practical point of view. Therefore, the approach to
solar cell materials and photocatalysts which can be capable of efficiently using
visible light has become a hot topic in the field of solar energy materials. In this
respect, dye sensitization is one of the most efficient ways to extend the light
absorption of the solar energy materials to the visible region. For example, when
Ti-MCM41 zeolite is sensitized by Eosin Y, it can exhibit high photocatalytic activity
for hydrogen evolution under visible irradiation. The apparent quantum efficiency can
be up to 12.01%."" Stalder et al. reported that the power conversion efficiencies of the
TiO,-based solar cell can be up to 6.4% under simulated sunlight irradiation using
donor-acceptor-donor oligothiophene as a sensitizer.'” Recently, the cosensitization

strategy using two kinds of dyes have attracted more and more interest because of
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very high energy conversion efficiency and broad light response region. Numerous
excellent cosensitization systems including TiO;-porphyrin/tertiary arylamine
compound,” TiO,-black dye/deoxycholic acid,'* TiO,-ruthenium-based metal ligand
complexes/zinc naphthalocyanine-based dye,'> graphene/Pt-Eosin Y/Rose Bengal'®
and TiO;-zinc phthalocyanine/ascorbic acid agen‘cs17 were fabricated. Therein, Eosin

Y (EY) and Rhodamine B (RB) are common sensitizors, ®2°

and the energy
conversion efficiency of the solar energy materials would be significantly enhanced
when they are cosensitized by EY and RB. For example, a high quantum yield up to
37.3% can be achieved under visible irradiation (520 nm and 550 nm) when the
photocatalytic system containing graphene, Pt, EY and RB is used for H, evolution
from water.'® The results reported previously indicate that this dramatic photocatalytic
activity might be ascribed to the synergistic effect between EY and RB. However, the
synergistic effect between EY and RB is not discussed systematically in the previous
papers. It is still unclear so far that this synergistic effect ought to be attributed to the
energy transfer or the electron interaction between EY and RB. Therefore, it is
meaningful to explore the synergistic effect between EY and RB in detail, which
should contribute to better understanding of the multiple dyes cosensitization
mechanism.

On the other hand, graphene as a two-dimensional nanomaterial has been
regarded as an ideal candidate and widely applied in the fields of solar cells and

photocatalysis due to dramatic optical transmittance, large specific surface area and

excellent electron transport property.21'24 Particularly, when graphene is combined
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with dyes, the solar energy conversion systems containing graphene and dyes can
often display very attractive high energy conversion efficiency. For example, Kong et
al. prepared a photocatalytic system containing Eosin Y, NiSx and graphene. The
as-prepared photocatalytic system possesses very high photocatalytic activity for
hydrogen evolution under visible light irradiation. The highest quantum efficiency is
up to 32.5% at 430 nm.”> When the graphene loaded with Pt is sensitized by
porphyrin, the rate of H, evolution is up to 1.05 mmol g'1 h™ under UV-vis light
irradiation.”® However, most of the studies are focused on the applications of
mono-dye-sensitized graphene in the field of the solar energy conversion. There are
few papers on the mliti-dye-sensitized graphene so far. It is well known that
well-understood intermolecular interaction between or among the dyes is a key when
an efficient cosensitization system is designed for light-driven H, evolution from
water. Thus, it is worthy to discuss the synergistic effect between EY and RB on
graphene.

In this work, we fabricated a photoelectrochemical system containing EY, RB
and the graphene loaded with Pt nanoparticles. And the photoelectrochemical
behavior of EY and RB was investigated to discuss the synergistic effect between EY
and RB. Moreover, the synergistic effect was systematically studied as a function of
pH, content of Pt, molar ratio of Eosin Y to Rhodamine B, and total concentration of
Eosin Y and Rhodamine B, respectively. Finally, the cosensitization mechanism was
preliminarily discussed.

2. Experimental



RSC Advances

2.1 Materials

Hydrogen hexachloroplatinate (IV) hydrate (H,PtClg-nH,O n = 5.5) was purchased
from Sinopharm Chemical Reagent Co., Ltd. Rhodamine B (C,3H3;CIN,O3) and
Eosin Y (Cy0He¢BrsNa,Os) (Chart 1) were purchased from Sinopharm Chemical
Reagent Co.,Ltd. All of other reagents (A.R.) were commercial available and used

without further purification. Deionized water was used as solvent.

/Chart 1/

2.2 Fabrication of electrodes coated with the Pt nanoparticles decorated
graphene

Graphene oxide (GO) was prepared according to the procedure reported in ref. 2777
In a typical preparation process of the electrodes coated with the Pt nanoparticles
decorated graphene (rGO-Pt), H,PtCls aqueous solution (0.675 mL, 0.019 mol-L™)
was added into a beaker containing GO aqueous suspension (50 mL, 1 mg-mL™).
After stirred overnight at room temperature, the suspension (0.5 mL) was coated on
the surface of a clean FTO substrate (1 x 3 cm), and then naturally dried in ambient
condition. Subsequently, this FTO substrate was irradiated for 3 h using a 300 W Xe
lamp with an optical filter (A < 420 nm) as a light source. The resulting product is an
electrode coated with the Pt nanoparticles decorated graphene. In order to describe
conveniently, the as-prepared electrodes are abbreviated to rGO-x%Pt, in which x% is

the mass percent of Pt.
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2.3 Photoelectrochemical measurements

The photoelectrochemical systems used were rGO-Pt sensitized with EY, rGO-Pt
sensitized with RB and rGO-Pt cosensitized with Eosin Y and Rhodamine B,
respectively. In the case of cosensitization, the mixed dye consisted of Eosin Y and
Rhodamine B is abbreviated to ER (m:n), in which m:n is the molar ratio of EY to
RB.

The photoelectrochemical behavior of the samples was recorded using a
CHI660E electrochemical system (Shanghai Chenhua Instruments, China) in a
conventional three-electrode cell. The FTO substrate coated with the Pt nanoparticles
decorated graphene was used as a working electrode. An Ag/AgCl electrode and a
platinum electrode were used as the reference electrode and the counter electrode,
respectively. The supporting electrolyte was the mixture of triethanolamine (TEOA,
15 vol.%) and Na,SOy4 (0.1 mol-L™). A 300 W Xenon lamp with an optical cutoff filter
(A=420 nm) was utilized as a light source. The distance between the lamp and the
reactor was 1 cm. Nitrogen was utilized for deaeration.

2.4 Characterization

X-ray photoelectron spectroscopy (XPS) analysis was carried out using a Thermo
Fisher ESCALAB 250Xi X-ray photoelectron spectrometer equipped with a
monochromatic Al (Ka) source (USA). Raman spectra were measured on an
inVia-Reflex Micro-Raman spectroscopy system with a 532 nm DPSS laser (UK).
UV-vis spectra were measured with a Tianmei UV 1000 spectrophotometer (China).

Fluorescent spectra were rtecorded on a Hitachi F-4600 fluorescence
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spectrophotometer (Japan). Time-resolved fluorescent spectra were measured with an
Edinburgh Instrument FLS920P spectrometer (UK) using the time correlated
single-photon-counting technique. Zeta potential was recorded with a POWEREACH
JS94H2 zeta potential analyzer (China). The field emission scanning electron
microscope (FESEM) images and the energy dispersive spectrum (EDS) mappings of
Pt and C were recorded with a Hitachi S-4800 (Japan) field emission scanning
electron microscope (FESEM). The high resolution transmission electron microscope
(HRTEM) images were taken on a JEOL JEM—2100 transmission electron microscope
(Japan).

3. Results and discussion

3.1 Characterization of rGO-Pt

Fig. 1A shows the UV-vis spectra of the FTO substrates coated with the H,PtClg
adsorbed GO (GO-Pt") and the Pt nanoparticles decorated graphene. As can be seen
from Fig. 1A, GO-Pt possesses an absorption band around 226 nm and a shoulder at
300 nm (curve a), corresponding to the n-* transition of aromatic C=C and the n-n*
transition of the C=0 bond of GO, respectively.”®*’ In contrast, rGO-Pt exhibits a
relatively broad absorption band around 243 nm (curve b). And the absorption band
red-shifts 17 nm in comparison with that of GO-Pt". Moreover, we can also observe
from curve b that the shoulder at 300 nm disappears. These phenomena ought be

ascribed to restoration of the m-conjugated network and disappearance of the

oxygen-containing groups of GO.?° Moreover, as can be seen from supplementary Fig.

S1, the absorption band of rGO-Pt gradually shifts to longer wavelength with the

8
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irradiation time increasing. The shift rises up to a plateau after about 3 h, suggesting
that the photoreduction is basicly complete. Therefore, it can be deduced that the
initial GO coated on the FTO substrate is transformed into reduced graphene oxide
(RGO) after photoreduction for 3 h.

In order to further determine restoration of the m-conjugated network, the Raman
spectra of GO-Pt” and rGO-Pt were measured and shown in supplementary Fig. S2. As
can be seen from Fig. S2, GO-Pt" (curve a) displays two obvious Raman peaks at
1356 cm™ and 1604 cm™, corresponding to the D band and G band of GO,
respectively.”® Similarly, we can also observe the Raman peaks at about 1356 cm™ and
1604 cm™ from the Raman spectrum of rGO-Pt (curve b), respectively. These Raman
peaks can be ascribed to the D band and G band of RGO.* In addition, the intensity
ratio of the D band to G band (Ip/Ig) increases from 0.77 to 0.85 after photoreduction.
It is well-known that the increased ratio of Ip/Ig is powerful evidence to confirm the
transformation of GO to RGO.*' Therefore, combined with the results of UV-vis
spectra, it can be concluded that the GO is successfully reduced to the RGO in the
photoreduction process.

Fig. 1B shows the high-resolution XPS spectrum of Pt 4f of rGO-Pt. From Fig.
1B, it can be found that there exist two XPS peaks at around 70.83 eV and 74.13 eV,
respectively. The XPS peak at 70.83 eV may be assigned to Pt 4f 7/2 of metallic Pt.
Likewise, the XPS peak at 74.13 eV may be attributed to Pt 4f 5/2 of metallic Pt.***?
Therefore, we can deduce that not only GO can be reduced to RGO, but H,PtClg can

also be reduced to metallic Pt in the photoreduction process. The as-prepared rGO-Pt
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consists of RGO and Pt’. In addition, compared with the binding energy of Pt 4f 7/2
of metallic Pt (71.2 eV),” the XPS peak of rGO-Pt obviously shifts to lower binding
energy. A local increase of the electron density on Pt may be responsible for this
negative shift.”> This phenomenon implies that there exists some strong interaction

between Pt and RGO.

/Fig. 1/

Fig. 2 shows the FESEM images, the EDS-mappings and the TEM images of
rGO-Pt. It can be seen in Fig. 2a that the surface of rGO-Pt is uniform, and there
exists some folded material on the surface. The void spaces and cracks cannot be
found from Fig. 2a. The SEM image with high magnification (Fig. 2b) further
indicates the drapes observed in Fig. 2a might be ascribed to pucker of nanosheets,
suggesting the presence of RGO. The elemental mapping image of C (Fig. 2c¢) shows
that the distribution of C is homogeneous on the surface of FTO substrate. These
results confirm that the surface of FTO substrate is uniformly covered by the RGO
loaded with Pt to form a high quality thin film.

From the TEM image of rGO-Pt (Fig. 2e), we can clearly observe the presence of
RGO, and many black particles with the mean diameter of approximate 2.0 nm
distributed throughout the RGO nanosheet. Because the Pt atoms are heavier than the
C atoms, the Pt-rich areas on the RGO nanosheet will exhibit relatively blacker
images. Therefore, it can be assumed that the black particles are the Pt nanoparticles

10
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loaded on the RGO nanosheets. The high-resolution TEM (HRTEM) image (Fig. 2f)
reveals that there exist some lattice fringes in the black areas distributed on the RGO
nanosheet. The spacing between two conjoint planes is about 0.225 nm,
corresponding to the (111) plane of face-centered cubic Pt (JCPDS No. 882343).%
Moreover, it can be also found from the elemental mapping of Pt (Fig. 2d) that Pt is
uniformly distributed on the surface of RGO nanosheet. Based on these experimental
results, we can conclude that the Pt nanoparticles have been directly and
homogeneously decorated on the RGO nanosheets. A high quality electrode modified
with the Pt nanoparticles decorated RGO has been successfully fabricated through the

procedure described above.

[Fig. 2/

3.2 Photoelectrochemical behavior of rGO-Pt cosensitized with ER

Fig. 3 shows the transient photocurrent time profiles of rGO-Pt sensitized with EY,
RB or ER. For comparison, the transient photocurrent time profiles of RGO sensitized
with EY, RB or ER are also shown in Fig. 3. As can be seen from Fig. 3A, rGO-Pt
cosensitized with ER exhibits an obviously higher photoelectrochemical response in
comparison with those of both rGO-Pt sensitized with EY and rGO-Pt sensitized with
RB. Furthermore, we can clearly observe from Fig. 3B that there exists significant
synergistic effect between EY and RB on the RGO loaded with Pt nanoparticles. The
photoelectrochemical response of rGO-Pt is 0.96 uA'cm'2 in the solution of ER (total

11
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concentration 1 x 10™ mol-L™, the molar ratio of EY to RB 1:1). On the contrary, the
photocurrents of rGO-Pt in the EY solution (5 x 10° mol-L™") and the solution of RB
(5 x 10° mol-L™) are only 0.24 pA-cm™ and 0.32 pA-cm?, respectively. The
photoelectrochemical response of rGO-Pt cosensitized with ER is about 71% higher
than the sum of the responses of the photoelectrochemical systems using individual
dye. These results indicate that it may be a useful tool for improvement in the energy

conversion efficiency to take advantage of the cosensitization effect of EY and RB.

[Fig. 3/

In order to deeply understand the significant synergistic effect between EY and
RB, the absorption spectra of EY, RB and ER aqueous solutions which contained
TEOA (15 vol.%) and Na;SOy (0.1 mol-L™) were measured at pH 7, respectively (Fig.
4A). As can be seen from Fig. 4A, the absorption spectrum of EY (curve a) possesses
a characteristic absorption band at 519 nm. And the maximum absorption of RB
(curve b) appears at 556 nm. These absorption bands may be attributed to the m-n*
transitions of the conjugated molecules.”® In addition, it can be found that there exist
the shoulder bands at about 485 nm and 515 nm in the spectra of EY and RB,
respectively, which are characteristics of the aggregated xanthene dye molecules.”°
On the contrary, ER shows relatively strong absorption band which consists of two
absorption peaks centered at around 519 nm and 556 nm. The control experimental

results (Fig. S3) indicate that if the total concentration of ER is constant, the

12
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absorption at 519 nm gradually decreases while the absorption at 556 nm increases
with the content of EY decreasing. Thus, it can be deduced that the absorption peak at
519 nm should be ascribed to the n-n* transition of EY, and the peak at 556 nm should
be from the n-n* transition of RB. Notably, it is interested that the absorption peaks of
ER does not present any shift in comparison with those of the individual dyes. The
absorption spectrum of ER is almost the superposition of the spectra of the individual
dyes in brief, implying that there may exist no electron transfer between EY and RB.
Fig. 4B shows the UV-vis spectra of the EY adsorbed rGO-Pt, the RB adsorbed
rGO-Pt and the ER adsorbed rGO-Pt. Likewise, the UV-vis spectra of the EY
adsorbed RGO, the RB adsorbed RGO and the ER adsorbed RGO are also shown in
Fig. 4C. From Fig. 4B, it can be found that when EY is adsorbed on the surface of
rGO-Pt, an obvious red-shift is caused. The absorption peak of EY red shifts from 519
nm to 532 nm compared with that of EY aqueous solution. This phenomenon
indicates that some J-aggregate-like stacked structures of EY are formed on the
surface of rGO-Pt, implying that the EY molecules orientate themselves in a titled
conformation.®” Similarly, a red-shift from 556 nm to 580 nm can be observed when
RB is adsorbed on rGO-Pt, indicating the formation of J-type aggregation of RB on
rGO-Pt. Moreover, the absorption peak of EY adsorbed on rGO-Pt is much weaker
than that of RB, which shows that RB is adsorbed more easily on the surface of
rGO-Pt than EY. One possible explanation is that RB possesses some positive charges
while EY possesses some negative charges. There exists strong electrostatic attraction
between RB and RGO with negative charge. On the contrary, the interaction between

13
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EY molecules and RGO is electrostatic repulsion. As a result, compared with RB, the
adsorption of EY on the surface of rGO-Pt is relatively more difficult. In addition, we
can also find from Fig. 4B that the UV-vis spectrum of the ER adsorbed rGO-Pt is
similar to that of the RB adsorbed rGO-Pt. The absorption peak at 578 nm ascribed to
RB in the cosensitizer absorbed on rGO-Pt slightly blue shifts by 2 nm with respect to
that of RB absorbed on rGO-Pt. The shoulder band at around 532 nm is relatively
obvious, and the height is about 60 percent of that of the peak at 578 nm. On the
contrary, the height of the shoulder peak of RB absorbed on rGO-Pt is 50 percent of
that of the peak at 580 nm. These phenomena suggest that EY and RB can be
co-adsorbed on rGO-Pt and the dye molecules orientate themselves in a titled
conformation. And, similar to ER in solution, there may also exist no electron transfer

between EY and RB on the surface of rGO-Pt.

[Fig. 4/

Fig. 5A shows the fluorescence spectra of EY, RB and ER excited at 446 nm.
Meanwhile, Fig. 5B shows the fluorescence spectra of EY, RB and ER excited at 503
nm. As can be seen from Fig. 5A, EY (curve a) and RB (curve b) exhibit intensive
emission peaks located at 551 nm and 593 nm, respectively. Relatively, ER (curve c)
exhibits two emission peaks at 540 nm and 593 nm. The emission peak at 540 nm
would be assigned as the emission of EY in the mixed dye while the peak at 593 nm
would be the emission of RB. It is worth to note that the emission of EY blue shifts by

14
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11 nm and is markedly quenched when EY is mixed with RB. In contrast, the
emission peak of RB obviously become stronger due to introduction of EY, and no
shift due to EY can be observed. On the other hand, when the excitation wavelength is
503 nm (Fig. 5B), we can observe almost same photoluminescence behavior of EY
(curve a), RB (curve b) and ER (curve c) as that shown in Fig. 5A. The maximum
emission wavelengths of EY, RB and ER are still 551 nm, 593 nm, 540 nm and 593
nm, respectively. When EY is mixed with RB, the blue shift and the quenching of EY
emission can be found. The introduction of EY does not lead to shift of the emission
peak of RB too. However, compared with the pure RB, ER exhibits much weak
emission at 593 nm. One possible explanation is that there exists some energy transfer
between EY and RB. Under excitation, EY molecules are excited. Then, the excited
EY molecules pass their energy to the ground RB molecules, which leads to
quenching of the emission of EY. In addition, because of the interaction between EY
and RB, the resonant structure transformation of EY (Chart 1) may be hindered. As a
result, the emission of EY shifts from 551 nm to 540 nm when EY is mixed with RB.
The excitation spectra of EY and RB (supplementary Fig. S4) show that the maximum
excitation wavelengths of EY and RB are 475 nm and 503 nm, respectively. The
emission of RB excited at 446 nm is relatively weak while the emission of EY excited
at 503 nm is fairly strong. In other words, under excitation at 446 nm, most of RB
molecules are in the ground state. In contrast, under excitation at 503 nm, not only
most of RB molecules are excited, but a considerable amount of EY molecules are
also in the excitation state. Therefore, the lifetime of the excited RB molecules can be

15
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prolonged due to the energy transfer from EY to RB, which leads to weakening of the
RB emission.

Fig. 5C and 5D shows the fluorescence spectra of the ER solution in the presence
of Pt loaded RGO or RGO. As can be seen from Fig. 5C and 5D, the emission peak of
ER are all drastically quenched when the Pt loaded RGO is introduced, whether
excited at 475 nm or 503 nm. Since there is no obvious overlap between the
absorption band of graphene and the emission peak of ER, these phenomena indicate
that there exists the interfacial electron transfer from the excited dye molecules to

graphene.”®

/Fig. 5/

Based on the experimental results above, a possible mechanism is proposed to
deeply discuss the synergistic effect between EY and RB (Scheme 1). Under visible
irradiation, both EY and RB can be excited. The work function of graphene is about
-4.66 eV.* The reductive potentials of excited EY and RB is around -1.05 and -0.95 V
(vs. NHE), corresponding to the work functions vs. vacuum of -3.45 and -3.55 eV
respectively.* Thus, the electrons of the excited dye molecules can be synchronously
injected into RGO. It is well known that the efficiency of electron transfer is closely
related to the distance between the dye molecules and graphene. Only the dye
molecules adsorbed on RGO are able to inject their electron into RGO. Due to
competition between EY and RB in absorption, the dye molecules absorbed on RGO

16
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may mainly be RB molecules. As a result, the excited EY molecules cannot efficiently
directly inject the electrons into RGO. Hence, the excited EY molecules transfer their
energy to the RB molecules and make the RB ground molecules excite. These excited
RB molecules inject their electrons into RGO so as to arise the enhancement of
photocurrent. Here, the energy transfer plays two roles in the enhancement of
photocurrent: (1) increase the number of the RB molecules in the excitation state so as
to broaden the work wavelength range of RB; (2) prolong the lifetime of the RB
molecules in the excitation station, which is favour to the electron injection from the

excited RB molecules to RGO.

/Scheme 1/

For verification of the mechanism suggested, the photoelectrochemical behavior
of the rGO-Pt sensitized with EY, RB or ER was explored under monochromatic light
irradiation. Meanwhile, the emission decay curves of EY, RB and ER were also
measured. The results obtained are shown in Fig. 6 and Fig. S5, respectively. It can be
found that the rGO-Pt sensitized with EY exhibits an obvious photoelectrochemical
response under irradiation near the maximum absorption wavelength of EY (520 nm)
meanwhile a relatively weak response of the rGO-Pt sensitized with RB is also
observed (Fig. 6A). As expected, the rGO-Pt cosensitized with ER shows obviously
enhanced photoelectrochemical response. And this response is stronger than the sum
of the responses of the photoelectrochemical systems using individual dye.

17
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Furthermore, when the light wavelength is near the maximum absorption wavelength
of RB (550 nm), the photocurrent of the rGO-Pt sensitized with EY can be hardly
found (Fig. 6B). The photocurrent intensity of the rGO-Pt sensitized with RB is
almost equal to that of the rGO-Pt cosensitized with ER. These phenomena imply that
there exists the energy transfer from EY to RB in the mixed dye. As can be seen from
Fig. S5, the emission decay curves of EY and RB show that the lifetimes of the
emission ascribed to EY (551 nm) and the emission ascribed to RB (593 nm) are 0.54
ps and 0.51 ps, respectively. For ER, the lifetime of the emission ascribed to EY in the
mixed dye (551 nm) decreased from 0.54 ps to 0.28 ps. This result clearly indicates
that the fluorescence quenching observed from Fig. 5 belongs to dynamic quenching

4142 confirming that there exists energy transfer between

rather than static quenching,
EY and RB. However, the lifetime of the emission ascribed to RB in the mixed dye
(593 nm) is 0.45 ps, which is roughly the same as that of the pure RB. One possible
explanation is that the excitation wavelength is 475 nm so that most of the excitation
light is absorbed by EY molecules. In other words, most of RB molecules are in the
ground state. The energy transferred from EY to RB mainly makes the ground RB
molecules excite rather than prolongs the lifetime of the excited RB molecules. As a
result, the increased lifetime of the emission at 593 nm cannot be observed. In
conclusion, these experimental results provide the additional evidences that the

synergistic effect between EY and RB may originate from the energy transfer from

EY to RB under irradiation.

18
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/Fig. 6/

3.3 Role of Pt nanoparticles in the photoelectrochemical process

The experimental results show that the Pt nanoparticles loaded on RGO play an
important role in the photoelectrochemical process. As shown in Fig. 3C, the
photoelectrochemical response of the rGO-Pt cosensitized with ER is much stronger
than that of the RGO cosensitized with ER. And the synergistic effect between EY
and RB cannot be found in the absence of Pt nanoparticles. It is well known that RGO
carries negative charges. The strong electrostatic repulsion between RGO and EY
molecules should weaken the interaction between EY molecules and RB molecules.
In contrast, the interaction between RB molecules and RGO would become weak if
the surface charges density of RGO is low. Therefore, either too much or too little
surface charges are unfavorable to the production of photocurrent for the rGO-Pt
cosensitized with ER. When Pt nanoparticles are loaded on RGO, it is preferential for
the Pt nanoparticles to grow at the defects of RGO, which leads to the change of the
surface charges density of RGO. The results shown in Fig. 4C and Fig. S6 may
support our speculation. From Fig. 4C, it can be found that the UV-vis spectrum of
the rGO-Pt cosensitized with ER is almost same as that of the RGO cosensitized with
ER, the introduction of Pt nanoparticles does not lead to the change in the dye
molecules orientation. In addition, the results obtained from the measurement of the
zeta potentials of RGO and RGO loaded with Pt indicate that the zeta potentials of
RGO are more negative than those of RGO loaded with Pt in the range of pH 3-10

19
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(Fig. S6), suggesting that the surface charges density would decrease due to loading
of the Pt nanoparticles. Based on the experimental results above, we can speculate
that the positive effect of the Pt nanoparticles may be as follows: (1) improve the
injection of electrons from the excited dye molecules due to their big work function;
(2) adjust the surface charge of RGO so as to make the interaction among EY
molecules, RB molecules and RGO become favorable to the energy transfer between
EY and RB.

Moreover, the experimental results described below show that there exists some
negative effect of Pt nanoparticles on the synergistic effect between EY and RB due to
their plasma resonance, which will be discussed in section 3.5.

3.4 Effect of pH on the synergistic effect between EY and RB
In order to evaluate the synergistic effect between EY and RB, a rough synergistic
factor (SF) was chosen as the scale. SF was calculated using the equation 1:

SF=[Igr — (Iey + Irp)] / (Iey + Irg) x 100% (1)
Where Igr is the photoelectrochemical response of rGO-Pt cosensitized with ER (m:n),
Igy is the photoelectrochemical response of rGO-Pt sensitized with EY (m) and Igp is
the photoelectrochemical response of rGO-Pt sensitized with RB (n). When SF is
calculated, the total concentration of ER equal to the sum of the concentrations of
individual dyes.

Fig. 7A shows the effect of pH value on SF. From Fig. 7A, it can be observed
that the synergistic effect between EY and RB gradually increases with increasing pH
from 5 to 7, and thereafter decreases with increasing pH. When pH is 5, there exists
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no synergistic effect between EY and RB. One possible explanation is that a portion
of -COO™ might turn into -COOH with pH decreasing. Thus, the electrostatic
interaction among EY molecules, RB molecules and RGO would be weakened,
whether electrostatic repulsion or electrostatic attraction. This should cause
decreasing of the cosensitization efficiency of the mixed dye. In weakly acidic
condition, the synergistic effect between EY and RB even disappears. However, with
pH increasing, the electrostatic repulsion between EY molecules and RGO would be
also enhanced, although the electrostatic attraction between RB molecules and RGO
would be enhanced. Therefore, when pH is higher than the optimal value, the
synergistic effect between EY and RB would become weak.

3.5 Effect of the content of Pt on the synergistic effect between EY and RB

Fig. 7B shows the dependence of SF on the content of Pt. From Fig. 7B, it can be
found that SF of the rGO-Pt cosensitized with ER increases with the content of Pt
loaded increasing from 1% to 5%. However, when the content of Pt loaded is less than
3%, there exists no synergistic effect between EY and RB. SF of the rGO-1%Pt
cosensitized with ER is even less than that of the RGO cosensitized with ER,
implying that the introduction of Pt nanoparticles would lead to some negative effect
on the synergistic effect between EY and RB. One possible explanation is that the size
of the Pt nanoparticles may gradually increase with the content of Pt loaded
increasing. Moreover, the results reported previously indicate that Pt nanoparticles
exhibit relatively strong absorption due to the excitation of plasma resonance in the
range of 400 nm - 600 nm, and this absorption decreases with the size of Pt
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nanoparticles increasing.® Thus, the energy transfer between EY and RB may be
disturbed when Pt nanoparticles are loaded on RGO. And the negative effect ascribed
to the plasma resonance of Pt nanoparticles would decrease with the size of Pt
nanoparticles increasing. On the other hand, the surface charge density of RGO would
become lower when the content of Pt loaded increases, which is favorable to the
energy transfer between EY and RB. Therefore, it is favorable to enhancement of the
synergistic effect between EY and RB that the content of Pt loaded increases.
However, if the content of Pt loaded is too much, the surface charge density of RGO
may become too low so that the interaction between RB molecules and RGO would
be weakened. In addition, the efficient contact between the Pt nanoparticles and RGO
would be reduced due to growth and aggregation of the Pt nanoparticles. As a result,
SF of the rGO-Pt cosensitized with ER slightly decreases when the content of Pt
loaded increases from 5% to 10%.

3.6 Effect of the molar ratio of EY to RB on the synergistic effect between EY
and RB

Fig. 7C shows the effect of the molar ratio of EY to RB on SF. From Fig. 7C, we can
observe that, at beginning, the synergistic effect between EY and RB becomes
stronger with the content of RB increasing. When the molar ratio of EY to RB is 1:1,
the RGO cosensitized with ER exhibits the strongest synergistic effect between EY
and RB. Thereafter, the synergistic effect between EY and RB is weakened with the
content of RB increasing. Moreover, if the molar ratio of EY to RB is 4:1 or 1:4, the
synergistic effect between EY and RB cannot be found. As discussed above, the
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synergistic effect between EY and RB may originate from the energy transfer between
EY molecules and RB molecules. Decreasing the content of EY means that the
number of the energy donors decreases. Similarly, decreasing the content of RB
means that the number of the energy acceptors decreases. Moreover, due to
competitive adsorption, too much EY will restrain the adsorption of RB on RGO so
that the energy transfer between EY and RB cannot efficiently occur. Likewise, the
energy transfer between EY and RB cannot efficiently occur too when RB is too much.
Therefore, the synergistic effect between EY and RB is not significant unless the
molar ratio of EY to RB is suitable. And, both too much RB and too much EY would
cause disappearance of the synergistic effect between EY and RB.

3.8 Effect of the total concentration of ER on the synergistic effect between EY
and RB

Fig. 7D shows the effect of the total concentration of ER on SF. As can be seen from
Fig. 7D, the synergistic effect between EY and RB considerably depends on the total
concentration of ER. When the total concentration of ER is 3x10™ mol-L'l, the RGO
cosensitized with ER exhibits the strongest synergistic effect between EY and RB.
Both relatively low concentration and high concentration make the synergistic effect
between EY and RB weaker. Because of the large surface area of RGO, it can be
deduced that the contact between the dye molecules absorbed on rGO-Pt might be not
efficient when the total concentration of ER is relatively low. On the other hand, if the
total concentration of ER is relatively high, multi-layer adsorption or aggregation of
ER might occur on rGO-Pt, which is unfavorable to the energy transfer between EY
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and RB. Therefore, a suitable total concentration of ER is required in order to achieve

strong synergistic effect between EY and RB on rGO-Pt.

/Fig. 7

4. Conclusions

In summary, there exists significant synergistic effect between EY and RB on rGO-Pt.
This synergistic effect may be ascribed to the energy transfer between EY and RB.
Moreover, the Pt nanoparticles loaded on RGO play an important role in the
photoelectrochemical process. Here, the positive effects of the Pt nanoparticles
include improvement of the injection of electrons from the excited dye molecules and
adjustment of the surface charge of RGO. The negative effect is mainly the
interference on the energy transfer between EY and RB due to plasma resonance.
These results provide us with some enlightenment for designing an efficient

photocatalyst. Further efforts are currently being undertaken.
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Figure captions

Chart 1 Structures of Eosin Y and Rhodamine B.

Fig. 1 (A) UV-vis spectra of GO-Pt" (a) and rGO-5%Pt (b); (B) High-resolution

XPS spectrum of Pt 4f of rGO-5%Pt.

Fig. 2 FESEM images of rGO-5%Pt (a, b); elemental mapping images of C (c¢) and

Pt (d) corresponding to Fig. 2b; TEM image (¢) and HRTEM image (f) of rGO-5%Pt.

Fig. 3 (A) Transient photocurrent-time curves of EY (a), RB (b), and ER (1:1) (¢)
sensitized rGO-5%Pt, dye concentration: EY 1x10” mol-L", RB 1x10™ mol-L", ER
(1:1) 1x10™ mol-L™"; (B) transient photocurrent-time curves of EY (a), RB (b), and
ER (1:1) (c) sensitized rtGO-5%Pt, dye concentration: EY 5x10” mol-L™, RB 5x107
mol-L", ER (1:1) 1x10* mol-L; (C) transient photocurrent-time curves of EY (a),
RB (b), and ER (1:1) (c) sensitized RGO, dye concentration: EY 5x10” mol-L", RB
5%x10° mol-L", ER (1:1) 1x10™* mol-L" (Electrolytes: mixed aqueous solution

containing TEOA (15 vol.%) and Na,SO4 (0.1 mol-L™), pH7)
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Fig. 4 (A) UV-vis spectra of EY (a), RB (b) and ER (1:1) (¢) (Dye concentration:
EY 1x10° mol-L", RB 1x10° mol-L"!, ER (1:1) 2x107° mol-L"'; TEOA concentration:
15 vol.%; Na,SO, concentration 0.1 mol-L™; pH 7); (B) UV-vis spectra of EY (a), RB
(b), and ER (1:1) (c) adsorbed on rGO-5%Pt; (C) UV-vis spectra of EY (a), RB (b),

and ER (1:1) (c¢) adsorbed on RGO.

Fig. 5 (A) Fluorescence spectra of EY (a), RB (b), and ER (1:1) (c) excited at 446
nm; (B) fluorescence spectra of EY (a), RB (b), and ER (1:1) (c) excited at 503 nm
(Dye concentration: EY 5x10™ mol-L™, RB 5x10™ mol-L™, ER (1:1) 1x10™* mol-L™;
TEOA concentration: 15 vol.%; Na,SO, concentration 0.1 mol-L™; pH 7); (C)
fluorescence spectra of the ER (1:1) solution (a), the mixture containing ER (1:1) and
RGO (b), and the mixture containing ER (1:1) and RGO loaded with 5%Pt (c) excited
at 475 nm; (D) fluorescence spectra of the ER (1:1) solution (a), the mixture
containing ER (1:1) and RGO (b), and the mixture containing ER (1:1) and rGO-5%Pt
(c) excited at 503 nm. (Dye concentration: ER (1:1) 1x10™ mol-L"; RGO loaded with
5%Pt 0.1 mg'mL'l; RGO 0.1 mg-mL'l; TEOA concentration: 15 vol.%; Na,SO4

concentration 0.1 mol-L™"; pH 7)

Scheme 1 Schematic diagram for the synergistic effect between EY and RB on

rGO-Pt.
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Fig. 6 (A) Transient photocurrent-time curves of rGO-5%Pt sensitized with EY (a),
RB (b) and ER (1:1) (c¢) under irradiation of 520 nm; (B) transient photocurrent-time
curves of rGO-5%Pt sensitized with EY (a), RB (b) and ER (1:1) (c) under irradiation
of 550 nm. (Dye concentration: EY 1.5x10™* mol-L™", RB 1.5x10™* mol-L™", ER (1:1)
3x10™ mol-L"; Electrolytes: mixed aqueous solution containing TEOA (15 vol.%)

and Na,SOy4 (0.1 mol-L™), pH 7)

Fig. 7 (A) Effect of pH on SF of ER (1:1) over rGO-5%Pt (Dye concentration: EY
5%x10” mol-L™", RB 5x10™ mol-L", ER (1:1) 1x10™ mol-L"'; TEOA concentration: 15
vol.%; Na,SO4 concentration 0.1 mol-L™) (B) Effect of the content of Pt on SF of ER
(1:1) over rGO-x%Pt; (Dye concentration: EY 5x10° mol-L", RB 5x10” mol-L", ER
(1:1) 1x10* mol-L'l; TEOA concentration: 15 vol.%; Na,SO4 concentration 0.1
mol-L; pH 7) (C) effect of the molar ratio of EY to RB on SF of ER (m:n) over
rGO-5%Pt (Dye concentration: EY m/(m+n)x10* mol-L”, RB n/(m+n)x10™ mol-L™,
ER 1x10™ mol-L™"; TEOA concentration: 15 vol.%; Na,SO4 concentration 0.1 mol-L™;
pH 7) (D) the effect of the total concentration of ER (1:1) on SF of ER (1:1) over

rGO-5%Pt (TEOA concentration: 15 vol.%; Na,SO4 concentration 0.1 mol'L'l; pH 7).
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Chart 1

Fosin Y

Rhodamine B
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Figure 2
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Synergistic effect between Eosin Y and Rhodamine B on a photoelectrode coated

with the Pt nanoparticles decorated graphene
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Photocurrent density

A photoelectrochemical system containing Eosin Y, Rhodamine B and the
graphene loaded with Pt nanoparticles was fabricated. The synergistic effect between

Eosin Y and Rhodamine B was explored using photoelectrochemical technique.



