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Abstract

Graphene oxide has been extensively investigated as an electron acceptor due to its exceptional
electronic and optical properties. Here we report an unusual ultrafast electron transfer occurring in
the nanocomposites of Au nanocluster (Au NCs) - graphene oxide (GO) in which GO acts as an
electron donor. An ultrafast electron transfer is corroborated from the excited states of graphene
oxide into the highest occupied molecular orbital (HOMO) of Au NCs. It is found the electron
transfer rate is significantly larger in Au;-GO nanocomposites (4.17x10'*s™) than that in Au,s-GO
(0.49x10" s™) due to a larger energy difference and smaller sized ligands. This finding suggests
that graphene oxide - Au nanocluster nanocomposites can be very useful to construct novel

nanostructures with enhanced visible light photovoltaic, photonic and photo-catalytic activities.
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Introduction

Graphene is a monolayer of tightly packed carbon atoms. Such a two-dimensional carbon
nanomaterial has become the most promising materials due to its excellent electronic and ballistic
electron transport features. Its exceptional fast mobility of electrons as well as broad spectral
absorption offers promising applications in nano-electronics and photovoltaics.! In recent years, the
water-soluble derivative of graphene, graphene oxide (GO), has attracted great attention to be
potentially applied in photonics and photovoltaics because it exhibits partly similar electronic and
optical properties; and importantly, the synthesis of GO is much easier and lower cost than that of
graphene. Reduced GO (rGO) has been widely used for transparent conductor applications as
possible replacement for indium tin oxide (ITO) in photovoltaic devices. Few-layered GO has fast
energy relaxation of hot carriers and strong saturable absorption, which is comparable with that of
rGO.? It has been shown that GO exhibits strong hydrophobic interactions and unique surface
irreversible protein adsorption ability; thus GO is a promising materials for accommodating proteins
and facilitating protein electron transfer.*® It is expected that GO sheets can provide unique 2-D
architecture to be an excellent electron acceptor or donor. In particular, in GO carbon atoms bonded
with oxygen groups are sp’ hybridized, disrupting the sp’ conjugation of the hexagonal graphene
lattice. Consequently, the well-known linear dispersion of the Dirac electrons is destructed and the

optical properties are modified.”®

Gold nanoclusters (Au NCs) comprising several to tens of gold atoms have been shown to possess
distinct optical, magnetic and catalytic properties and have attracted considerable research interest
due to their fundamental importance and potential applications in catalysis, bioimaging and
photovoltaics.”!" Due to the small size of Au NCs comparable to Fermi wavelength of electrons, the
NCs exhibit discrete energy levels and molecule-like properties in the absorption and fluorescence

features.'*"* More importantly, Au NCs with a precisely controlled atom number have corresponding
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structures and correlated optical properties.”"” Various AuNCs have been synthesized with a
specific number of metal atoms according to the requested emission wavelength and ligand
shells.'®?° For example, it has been demonstrated that the small Aujo NCs consist of neutral Au
atoms; while Auys NCs have a core-semiring structure in which thirteen Au(0) atoms form a
icosahedral core surrounded by six Auy(SR); staples.'® '** Such structures have been proven

12.14 Effective electron transfer was observed in Au NCs

independent on the types of surface ligands.
based nanocomposites, which suggests AuNCs can be superior in photocatalysis and
photovoltai<:s.23'29 Sakai et al. observed that photoexcited electrons in Au,s(SG);s can be injected
into the TiO, conduction band with a high internal quantum efficiency (~ 60%).30 In a further study,
the size dependent electronic structures of Au NCs and Au nanoparticles on TiO, were conducted by

photocurrent measurements.>’ Recently, Kamat e al. demonstrated the AuNCs sensitized solar cells

with an initial efficiency of 2%. »

Dynamic understanding for the photoinduced electron and energy transfer is of crucial importance
because it can result in potential applications in photovoltaics, photo-catalysis, and other optical
applications. * '*?%3% Although electron transfer dynamics has been extensively studied in graphene
and graphene oxide, as well as AuNCs based nanocomposites.” To date, only few studies have
focused on graphene and GO as electron donors.>® The basic understanding on the electron donor

of GO is still lacking, particularly for electron transfer dynamics. Herein we study electron transfer

dynamics in Au NCs-GO nanocomposites using steady state and ultrafast time-resolved spectroscopy.

An effective fluorescence quenching was found in Au NCs-GO system and it is attributed to an
unusual electron transfer to AuNCs from GO. This finding can be very useful for further
construction of functionalized nanocomposites based on GO and Au NCs for the applications in

photovoltaics, photonics and photocatalysis.
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Results and Discussion

Fluorescence quenching has been widely used to probe photoinduced electron transfer in
nanocomposites.’’>* The Au NCs used in this study include bovine serum albumin (BSA) protected
Auys (Auys/BSA) and histidine protected Aujg (Aujo/His). The synthesis details are described in
experimental section. The size of AulOand the characterization details have been previously
reported.lo’ 17-18, 3949 Transmission electron microscopy (TEM) images for Auys NCs/GO and Auyy
NCs/GO are showed in Figurer S1 in supporting information. It is clear that the both Au,s and Au,g
NCs were attached onto GO, confirming the strong interaction between Au NCs and GO. Au,s/BSA
has relatively larger size than Au,(/His, consistent with the previous studies. The PL spectra of Auys
and Au,o were observed around 650 and 530 nm, respectively. They also exhibit the featured lifetime.

GO exhibits weak and broad PL in the visible region, similar to the other reports.*'**

Auys NCs-GO nanocomposites

The PL spectra of Au,s NCs-GO mixture were measured as a function of the GO concentration. As
shown in Figure la, the PL intensity of Au,s NCs monotonically decreases with increasing GO
concentration; and the PL peak does not shift evidently. Significant PL. quenching indicates the
strong interaction between Au,s NCs and GO. In order to obtain the insight into the mechanism of PL
quenching, the Stern-Volmer (S-V) plots, the peak intensity as a function of GO concentration, was
shown in the inset of Figure 1a. The S-V plot exhibits approximately a linearity with a quenching
constant of 0.75x10° (ug/mL)'l.43 In general, a linear Stern-Volmer behaviour can arise from either a
dynamic or static mechanism.** The static quenching can result from formation of non-luminescent
complex, while the dynamic quenching can arise from energy transfer, electron transfer and
nonluminescent exciplex formation. To determine the mechanism of PL quenching, an effective
method is the lifetime measurement as a function of the quencher concentration. It has been shown

that Auys NCs have a core/semiring structure and exhibit a structure correlated PL evolution which

5
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includes prompt fluorescence in a ns timescale and delayed fluorescence in a ps timescale.'®!7 4043

A shorter lifetime component was observed and the amplitude of the us component decreases with an
increasing GO concentration, as shown in Figure 2. Therefore the possibility of static quenching can
be ruled out. In addition, there is no any new feature is found in the absorption spectrum of the
GO-Auys mixture, compared with Auys NCs and GO. This further supports that the PL. quenching is

dynamic. The exclusion of exciplex formation was discussed later in a TA measurement.

Basically, energy transfer is one of the possible mechanisms for the Au,s NCs PL quenching. Chen et
al. showed a d™ rate of energy transfer in CdSe/Zn$S nanocrystal in contact with graphene sheet.*® For
400 nm excitation both Auys NCs and GO can be excited according to their absorption spectra. It
should be noted that the PL of GO in the green and blue region was evidently quenched with adding
Auys NCs, as shown in figure 1b and the inset. Therefore, the energy transfer can be ruled out
because of PL quenching in both donor and acceptor simultaneously. If Au,s NCs accept the energy
its PL will not quench, and if GO is an acceptor then the population of the excited electron must
increase then PL is enhanced. Further evidences from ultrafast transient absorption and upconversion
PL could further validate this observation. The possible mechanisms include an additional
deactivation of the excited electrons in lowest unoccupied molecular orbital (LUMO) of Auys NCs
via electron transfer; or additional electrons injecting to the HOMO of the excited Auys NCs. At a
higher GO concentration, a very fast decay appears that is beyond the resolution of the TCSPC
system (<300 ps), which indicates that the electron transfer between Au,s NCs and GO has a very
high rate; similar to that in metal- quantum dots (QDs) systems in subpicoseconds to

. 23-24, 26,47
picoseconds.” "

Figure 3 shows PL evolution of Auys NCs-GO nanocomposites measured by the ultrafast
upconversion technique. With increasing GO concentration the PL evolution becomes significantly

faster. The evolution can be well fitted by a  bi-exponential function
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I(t) = A exp(-t/7)) + A exp(-t/7,) . The fitting parameters were extracted and tabulated in
Table 1. For pure Auys NCs the evolution includes fast and slow components with lifetimes of 0.8
and 23 ps, respectively; and an average lifetime (7) =(A47,+4,7,)/ (4 +4,)of 11 ps. When GO

was added the lifetimes significantly decrease. The apparent rate constants of electron transfer could

. . 37,47
be estimated using "

kET = l/T(AuNCSfGO) _I/T(AuNCS) (1)

where 7,0 oy and T, v, are the lifetimes in Aups NCs-GO and Aups NCs, respectively. The

electron transfer rate was determined to be 0.49 x 10'*s™ at a concentration of 2 mg/ml.

As aforementioned, the PL components from both Auys NCs and GO are quenched simultaneously
with formation of Auys-GO nanocomposites. And Auys NCs and GO can absorb incident photons of
400 nm. Hence, it is necessary to consider two directional electron transfers, the GO acts as either a
donor or an acceptor. To acquire the further insight into the detailed mechanism, we performed
ultrafast transient absorption (TA) for Auys NCs, GO and the Au,s-GO, as shown in Figure 4 for the
TA spectra. Immediately after a laser pulse, GO exhibits broad excited state absorption (ESA) in the

#1498 whereas Auys NCs show very low ESA in a ps time scale. Recently, Wang ef al.

visible region,
demonstrated that the broad ESA is resulted from the directly excited sp3 matrix states
(oxygen-containing functional groups) in GO using TA spectroscopy.” In Aupys NCs—GO the TA
basically exhibit similar feature with that in GO with decreased amplitude. The TA spectra clearly
indicate that the excited electron population of GO decreases significantly due to Aups NCs, which
suggests the excited electrons transfer from the excited state of GO to Au,s NCs. The only possible

pathway of electron transfer is that the HOMO of the excited Au,s NCs accepts the electrons from the

excited states of GO. As shown in Scheme 1, GO is the donor and Auys NC is the acceptor in this



Journal of Materials Chemistry C

process. To further confirm this claim, we measured the TA spectra with increased excitation

intensity.

Furthermore, photon induced non-luminescent exciplex formation is a possibility mechanism for the
dynamic PL quenching, in which Auys and/or GO are excited and form a non-luminescent exciplex.
In this case, the exciplex should have a different electron structure from those of GO and Au NCs;
and thus some features can likely observe during its formation and separation in TA experiment.

Obviously, the TA experiments do not support this.

Moreover, we compare the TA time traces of GO and GO-Auys NCs, as shown in Figure 5. Evidently,
using single exponential function fitting we acquired their decay time, 2.20 and 4.88 ps for
GO-Au;s NCs and GO, respectively. The variation is attributed to the additional pathway to Auys NCs,
with transfer rate of 0.25x10"s™, estimated by equation 1. It should be noted that this transfer rate
is smaller than that acquired from the PL upconversion measurement. Taking into account the fact
that the ESA population of GO decreases in a broad visible region. This indicates the electrons
transfer into Au,s NCs is not selective; instead, from various excited states. Luo et al. showed that
GO contains a wide range of local band gap minima,* Shang e/ al. proposed many localized states in
the conduction and valence bands,* consistent with the observed broad emission and absorption
spectra. In Au,s NCs all of the accepted electrons will reflect in the population of the HOMO. In
other words, the observed variation of electron population in Au,s NCs is arisen from the sum of all
accepted electrons from GO’s excited states. Therefore, it is reasonable that the electron transfer rate

in Auys NCs is larger than that extracted from the TA in any single wavelength.

Auy 9 NCs-GO nanocomposites

Figure 6a shows the PL spectra of the Aujo NCs-GO mixture as a function of the GO concentration.

The PL intensity monotonically decreases upon increasing the concentration, suggesting the strong

8
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interaction between Aujp NCs and GO. The S-V plot approximately exhibits a linearity and the
quenching constant was determined to be 2.02x10° (ng/mL)”, larger than that in Auys NCs-GO. To
determine whether the PL quenching is either electron or energy transfer in nature, we review the
detailed PL quenching. As shown in Figure 6a, the PL from GO in the red was quenched upon
mixing with Au;¢/His; in addition to the PL quenching of Au;o NCs in the blue. Therefore, energy

transfer can be ruled out from the possible PL quenching mechanism.

It is evident that a shorter lifetime component was observed in Au;o NCs-GO with increasing GO
concentrations, as shown in Figure 7. A very fast decay evidently appears in PL evolutions at a
higher GO concentration, which indicates that the electron transfer in Au;o NCs-GO nanocomposite
has a very high rate. Figure 8 shows PL evolutions of Au;o NCs-GO nanocomposites with various
concentrations in the fs-ps range. The PL evolution becomes significantly faster with an increasing
GO concentration. We obtained the decay constants by fitting PL evolutions, as tabulated in Table 2.
For pure Aujy NCs the evolution include fast and slow components with time constants of 1.77 and
16.8 ps, respectively. When GO was added an ultrafast component appears in addition to the other
slower components. The lifetime of the fastest component is approximately independent on the
concentration but the relative amplitude is dependent on the concentration. At a concentration of 0.5
mg/ml the slowest component becomes too weak to be detected. The fastest component can be
attributed to the additional relaxation pathway, that is, electron transfer between the excited Auj
NCs and GO. The time constant was determined as 240 fs, corresponding to an electron transfer rate
of 4.17x10"s™. It should be noted that this rate is significantly larger than that in Au,s NCs-GO
nanocomposite, suggesting stronger interactions in this nanocomposite. Moreover, we compared the
TA spectra in Au;jo NCs, GO and Au;jo NCs-GO nanocomposites. As shown in Figure 9, the ESA of
GO decreases significantly in the visible region upon formation of Au;o NCs—GO nanocomposites.

This indicates the electron transfers from the excited states of GO to the HOMO of Au;g NCs.
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The electron structures of Au NCs and GO, as well as the correlation with fluorescence, have been
investigated theoretically and experimentally, although the details are still unclear,'® %731 41,45, 50-53
It was suggested the transition between LUMO+1/LUM+2 and HOMO is responsible for the
fluorescence in Auys.'” * Kogo et al. determined the potential value of HOMOs and LUMOs by
photoelectrochemical analysis.*' Shang et al. suggested localized excited states in conduction and

valance bands are responsible for the observed fluorescence in GO.*' Based on these studies, the

energy diagram is shown in Figure 10.

It should be emphasized that the rate of electron transfer in Au;oNCs-GO, 4.17x10"s™, is greater

than that in Auys-GO, 0.49 x 10257, According to the Marcus theory, electron transfer from GO to

Au NCs, the total electron transfer rate Kz can be expressed as*’

(A+AG, +E)
exp[—
J4zdk,T 42k,T

Ko =22 [ dE p(B)| H(E) ] @

where AG,=E;,—-FE, is free energy driving force; H (E) and p(FE)are the average electronic
coupling and the density of states at energy E; A is the total reorganization energy; kyand T are

Boltzmann’s constant and absolute temperature. Free energy driving force, the energy difference
between donor and acceptor, dominates electron transfer rate. The distance between donor and
acceptor will also significantly influence the transfer rate. Compared to Au,s NCs, Au;oNCs have
fewer Au atoms in each cluster. According to the jellium model, Au;o NCs will exhibit a larger band
gap owing to the stronger quantum confinement. As shown in Figure 10, the energy difference
between the excited states of GO and the HOMO of Auyy is evidently larger in GO-Au,o than that in
GO-Auys. In addition, BSA has a significantly larger size than that of histidine, which suggests
Aujo/His can contact GO more tightly than Au,s/BSA. The large driving force together with a

smaller distance between the donor and acceptor in turn results in a larger electron transfer rate.

10
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To obtain the further insight into the interaction between Au NCs and GO, it is necessary to compare
the interaction between Au NCs and some usually used electron acceptors, such as multiwall carbon
nanotube (MWCNT) and TiO; nanoparticles. Upon adding MWCNT, the PL of Aujo and Auys NCs
was quenched and the S-V plot exhibits exponential upward (Figure S2). Therefore, either dynamic
and/or static quenching are the possible mechanisms for the PL quenching. To confirm the quenching
mechanism we measured the PL lifetime using TCSPC technique. As shown in Figure S3, the PL
evolutions of Aujg NCs-MWCNT and Auys NCs-MWCNT do not exhibit discernible variation with
changing MWCNT concentrations. Therefore, the PL quenching is ascribed to a static quenching,
that is, ground state quenching. The apparent static component is due to the quencher being adjacent
to the fluorophore at the moment of excitation, so called sphere of action. These spatially closed
fluorophore-quencher pairs are immediately quenched, and are referred to as dark complexes. It
should be emphasized that such a static quenching does not form a stable AuNCs-MWCNT
complex.* There is no new absorption band formation and the absorption spectrum of the mixture is
simply the linear overlying of the individual absorption of Au NCs and MWCNT, as shown in Figure
S4. The similar static quenching was observed in P3HT and MWCNT,” as well as thodamine B and
CNTs pairs.56 In the case of Au NCs and TiO, nanoparticles (NP), as shown in Figure S5, the PL was
not evidently quenched for both Aujg and Auys NCs when mixing with TiO, NP. The lifetime
measurement confirmed that there is no obvious variation in the mixture of Au NCs and TiO; NPs,
(Figure S6). This indicates a weak interaction occurs between Au NCs and TiO, NPs. Therefore, to
construct an Au NCs - TiO, nanocomposite it is necessary to functionalize Au NCs and/or TiO; NPs.

Recently, Kamat et al. also demonstrated that surface chemistry plays a major role in controlling
K, at the interface of composite, as well as interparticle separation.”’ The TEM images confirm

both Auys and Auy can tightly attach onto GO, which results in a strong interaction between Au NCs
and GO. It has been shown that GO has strong hydrophobic interaction and unique surface

irreversible protein adsorption ability.4'5 On the other hand, an electrostatic force can drive Au NCs

11
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spontaneously immobilization on GO when Au NCs mix with GO.”™ In this process Au NCs can
effectively self-assemble to anchor into GO and form a stable nanocomposite due to the electrostatic
interaction. However, it is still hard to identify either electrostatic or hydrophobic interaction is
dominant. Further investigation nevertheless is required to clarify the detailed interaction in the
nanocompositions. In Au NCs-GO nanocomposite electron can effectively transfer from GO to the

excited Au NCs due to the enhanced interaction.*’

Conclusion

In summary, electron transfer dynamics has been investigated using steady state and time-resolved
spectroscopy. The PL of Au NCs is evidently quenched when GO-Au NCs nanocomposites form. An
unusual electron transfer was confirmed from the excited states of GO to the HOMO of the excited
AuNCs, for both Au;¢/His-GO and Auys/BSA-GO. The rates of electron transfer were determined
using ultrafast upconversion PL as 0.49x10”%s! and 4.17x10" s in Auys-GO and Auyo-GO
nanocomposites, respectively. This ultrafast electron transfer in Au;p-GO nanocomposites was
ascribed to the larger driving force (energy difference) and smaller size of ligand (histidine),
compared with in Au,s-GO. This finding suggests that such Au NC-GO nanocomposites can be very
useful to construct functionalized nanocomposites based on excellent electron donor of GO for the

enhanced visible light absorption photovoltaic and catalysis applications.

Experimental Section

Synthesis of Au NCs and materials

The Au NCs used in this study were synthesised using the biomineralized approach, as described
previously.lo'n’ 1839 Typically, 5 mL of 10 mM HAuCls; was mixed with 5 mL of 50mg/mL bovine
serum albumin (BSA, 66.7 kDa) and kept at 37°C overnight in an incubator while the pH was at 11
for Auys (ca. 200 uM). For Aujp@histidine synthesis, ImL of 10 mM HAuCl,; was mixed with 3 mL

of 0.1 M histidine and kept at 25°C for two hours in the incubator (ca. 250 uM). Single layer

12
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graphene oxide (purity >80%, flake size 0.5-5 um) were obtained from Nanocs. -COOH modified
MWCNT (diameter ~1.5 nm, length 1-5 um) was purchased from Golden Innovation Business. TiO,
NPs (diameter ~20nm, anatase) was purchased from CBT. In the PL and TRPL experiments the
absorption of the mixtures has been corrected by adding exactly the same volume of solutions with
different concentrations or DI water. All the mixtures were allowed to stand for 60 min for further

optical measurements to have a stable PL intensity, as shown in Figure S7.

Spectroscopic measurements

Absorption and fluorescence spectra were recorded using the JASCO UV/Visible (V-670) and
fluorescent (FP-6300) spectrophotometer, respectively. The PL lifetimes were measured by TCSPC
technique on Microtime-200 (Picoquant). The femtosecond (fs) time-resolved PL experiments were
performed on an up-conversion fluorimeter (Fluomax, IB Photonics), the details was described in the
previously publication.”® The excitation source is a 400 nm pulsed laser with 100 fs duration and an
80 MHz repetition rate. The fs pump-probe experiments were performed with a transient absorption
spectrometer (FemtoFrame II, IB Photonics). The excitation source is a 400 nm pulse by an OPA
laser (TOPAS, Spectra Physics) with 100 fs duration and 1 kHz repetition rate. The probe beam of
white light continuum was generated by focusing the 1 kHz Ti:Sapphire amplified laser (Spitfire,
Spectra Physics) into BBO crystal, and detected by a polychromator-CCD. All of the measurements

were performed at room temperature.
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Figure 1. (a) The PL spectra of Auys NCs as a function of the GO concentration; inset: the
corresponding Stern-Volmer plot. (b) the PL spectra of Auys NCs, GO and Au,s-GO nanocomposites;
inset shows the PL spectra of GO and GO-Au,s NCs in the green/blue region with a corrected

absorption. Excitation at 400 nm.
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Figure 2. The PL evolutions of GO-Au,; NCs as a function of GO concentration at 650 nm, in ns

timescale with 400 nm excitation.
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Figure 3. The PL evolutions of GO-Au,; NCs with various GO concentrations at 650 nm in ps

timescale.
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Figure 4. Transient absorption spectra of (a) GO, (b) Auys NCs, (¢) Auys-GO, and (d) comparison
between GO and Auys-GO.
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Table 1. Lifetimes extracted by biexponential fitting from PL evolutions of AuysNCs-GO

nanocomposites.
Auys +0.5mg/mL | +1 mg/mL +2 mg/mL GO
Al 0.374 0.234 0.220 0.154 0.250
71 (ps) 0.82 0.72 0.60 0.48 1.74
A2 0.311 0.252 0.193 0.160 0.402
T, (ps) 23.4 5.1 5.1 2.9 13.6
<1> (ps) 11.08 3.00 2.70 1.72 9.08

Table 2. Lifetimes extracted by exponential fitting in PL evolutions of Au;y NCs-GO

nanocomposites.
Auy +0.125 mg/mL | +0.25 mg/mL | +0.5 mg/mL
Al 0.195 0.424 0.429
71 (ps) 0.31 0.25 0.24
A2 0.357 0.317 0.380 0.220
T2 (ps) 1.77 1.97 1.77 1.60
A3 0.288 0.094 0.046 0.004
73 (ps) 16.81 17.02 19.10 14.98

Scheme 1. Electron transfer from the excited states of GO to the HOMO of AuNCs results in PL

quenching in both GO-Au,s and GO-Au;¢ nanocompositites.
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TOC.

Novel electron transfer results in PL quenching in both graphene oxide-Au,s and graphene

oxide-Au;¢ nanocompositites.
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