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Blue Photoluminescence from Chemically Derived

Graphene Oxide

By Goki Eda, Yun-Yue Lin, Cecilia Mattevi, Hisato Yamaguchi, Hsin-An Chen,
I-Sheng Chen, Chun-Wei Chen,* and Manish Chhowalla*

Fluorescent organic compounds are of significant importance to
the development of low-cost opto-electronic devices."! Blue
fluorescence from aromatic or olefinic molecules and their
derivatives is particularly important for display and lighting
applications.!”) Thin-film deposition of low-molecular-weight,
fluorescent organic compounds typically requires costly vacuum
evaporation systems. On the other hand, solution-processable
polymeric counterparts generally exhibit luminescence at longer
wavelengths due to larger delocalization in the chain. Blue-light
emission from solution-processed materials is therefore of
unique technologic significance. Here, we report near-UV-to-blue
photoluminescence (PL) from solution-processed graphene oxide
(GO). The characteristics of the PL and its dependence on
the reduction of GO indicates that it originates from the
recombination of electron—hole (e-h) pairs, localized within small
sp? carbon clusters embedded within an sp® matrix. The results
suggest that a sheet of graphene provides a parent structure on
which fluorescent components can be chemically engineered
without losing the macroscopic structural integrity. Our findings
offer a wunique route towards solution-processable opto-
electronics devices with graphene.

Graphene is an exciting material for fundamental and applied
solid-state physics research.l®! Novel condensed-matter effects,
arising from its unique 2D energy dispersion along with superior
properties, are promising towards a wide variety of applications.
However, graphene is a zero-bandgap semiconductor, which
creates a unique set of challenges for implementation into
conventional electronics due to substantial leakage currents in
field-effect devices.! Due to the lack of a bandgap the possibility
of observing luminescence is also highly unlikely.

Recently, chemically derived GO has been receiving attention
for large-area electronics because its solubility in a variety of
solvents allows ease of wafer-scale deposition.®™" Transport of
carriers in reduced GO is limited by the structural disorder.'*?!
However, conductivity of ~10° Sm™" (Ref. >***)) and mobilities
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of ~10cm* Vs~ (Ref. [15]) are sufficiently large for applications
where inexpensive and moderate performance electronics (such
as on flexible platforms) are required. In GO, a large fraction
(0.5-0.6) of carbon is sp> hybridized and covalently bonded with
oxygen in form of epoxy and hydroxyl groups.’®'”) The
remaining carbon is sp® hybridized and bonded either with
neighboring carbon atoms or with oxygen in the form of carboxyl
and carbonyl groups, which predominantly decorate the edges of
the graphene sheets. GO is therefore a 2D network of sp and
sp’-bonded atoms, in contrast to an ideal graphene sheet, which
consists of 100% sp”hybridized carbon atoms. This unique
atomic and electronic structure of GO, consisting of variable
sp?/sp’ fractions, opens up possibilities for new functionalities.
The most notable difference between GO and mechanically
exfoliated graphene is the optoelectronic properties arising from
the presence of a finite bandgap.!'” Recently, PL from chemically
derived GO has been demonstrated.”** The luminescence of
GO was found to occur in the visible (vis) and near-infrared (IR)
wavelengths range, a property useful for biosensing and
fluorescence tags.**"

In carbon materials containing a mixture of sp? and sp®
bonding, the opto-electronic properties are determined by the &
states of the sp” sites.”* The 1 and n* electronic levels of the sp*
clusters lie within the bandgap of o and o** states of the sp® matrix
and are strongly localized.**?*) The optical properties of
disordered carbon thin films containing a mixture of sp® and
sp’ carbon have been widely investigated.?>”! The PL in such
carbon systems is a consequence of geminate recombination of
localized e~h pairs in sp* clusters, which essentially behave as the
luminescence centers or chromophores.*"! Since the bandgap
depends on the size, shape, and fraction of the sp* domains,
tunable PL emission can be achieved by controlling the nature of
sp” sites. For example, PL energy linearly scales with the sp”
fraction in disordered carbon systems.*”

Here we demonstrate that moderately reduced GO thin films
consisting of several monolayers emitting near-UV blue light
when excited with UV radiation. The blue PL was observed for
thin-film samples deposited from thoroughly exfoliated suspen-
sions. We also observed red and near-IR emission, comparable to
Reference [20-22] (see Supporting Information), on GO films
drop-casted from poorly dispersed suspensions. We demonstrate
that by appropriately controlling the concentration of isolated sp*
clusters through reduction treatment, the PL intensity can be
increased by a factor of 10 compared to the as-synthesized
material. Reduction of GO can be achieved in a number of ways to
obtain graphene-like electrically conductive material.™ A
common reduction method is exposure to hydrazine vapor,
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which leads to the transformation of GO from an insulator to a
semimetal.”! The gradual transformation of GO is confirmed by
absorbance measurements, shown in Figure 1a, on the same film
at various stages of reduction (i.e., hydrazine-vapor exposure
time). The main absorbance peak attributed to n—m* transitions of
C=C in as-synthesized GO occurs at around ~200 nm, which red
shifts to ~260 nm upon reduction. The broad absorption spectra
that extend up to 1500 nm indicate the absence of a well-defined
bandedge in the UV-vis energy range. A shoulder around 320 nm
observed for as-synthesized GO may be attributed to n-m*
transitions of C=0.’* This shoulder disappears almost
immediately after exposure to hydrazine treatment (see Support-
ing Information), most likely due to the decrease in the
concentration of carboxyl groups. The absorbance is found to
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Figure 1. a) Absorbance and b,c) photoluminescence spectra of progress-
ively reduced GO thin films. The total time of exposure to hydrazine is
noted in the legend. The photoluminescence spectra in (b) were obtained
for excitation at 325 nm. The PL excitation spectra in (c) were obtained for
different wavelengths of the emission spectrum ranging from 370 to
450 nm.
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increase with hydrazine exposure time, consistent with the
evolution of oxygen (from ~39 at.% in starting GO to 7-8 at.% in
the reduced GO) and a concomitant increase in the sp? fraction
from 0.4 to 0.8.1"*!7]

The corresponding PL spectra of the GO thin film after each
incremental hydrazine-vapor exposure (from 20 s up to 60 min)
are shown in Figure 1b. It is immediately clear that in contrast to
the broad absorption features, a relatively narrow PL peak
(FWHM ~0.6eV) centered around 390nm is observed. The
liquid suspensions of GO used for the film deposition exhibited
an apparently equivalent PL peak centered around 440 nm (see
Supporting Information). The shift in the suspension PL can be
attributed to the difference in the dielectric environment.? The
PL intensity was weak but visible by unaided eyes for excitation
conditions used in this study. Preliminary measurements have
indicated that the quantum yield is also very low but a detailed
study of the quantum efficiency will be presented elsewhere. The
PL signal, however, was sufficiently strong to allow reproducible
data collection using the described measurement conditions.

The PL peak positions of the thin films were found to remain
constant around ~390nm with reduction treatment, varying by
less than+ 10nm. It can be seen that while the PL intensity is
weak for as-deposited GO films, short exposure to hydrazine
vapor results in a dramatic increase in the PL intensities.
Interestingly, this trend is reversed after >3 min exposure to
hydrazine vapor. Longer exposure leads to eventual quenching of
the PL signal. It should be mentioned that reduction by thermal
annealing at 200 °C in vacuum also led to weaker PL signal (see
Supporting Information). The PL excitation spectra at different
PL emission wavelengths for a GO film reduced for 3 min are
shown in Figure lc. Excitonic features are readily observable
between excitation wavelengths of 260 and 310 nm (4~4.4eV),
which represent the absorption energies corresponding to
emission of Dblue light. The general features of the PL
emission/excitation spectra and their dependence on the degree
of reduction are markedly different from the red—IR emission
reported in previous studies,”>*?! suggesting that the origin of
the blue emission is also different. It should be noted that for the
observation of UV-blue PL, it is necessary to minimize the
concentration of multilayered and aggregated flakes via centri-
fugation. Since we observed red—near-IR PL from GO suspen-
sions prior to centrifugation, we suspect that low-energy PL can
be attributed to the presence of such particles, in which interlayer
electronic relaxation can occur.

One possible origin of the blue PL is the radiative
recombination of e-h pairs generated within localized states.
The energy gap between the m and n* states generally depends on
the size of sp? clusters?®! or conjugation length.*! From Raman
and imaging analysis, it has been suggested that GO consists of
~3nm sp® clusters isolated within sp® carbon matrix.[*>**!
Although no direct observation of “molecular” sp” domains has
been reported, our transport studies in progressively reduced
GOM3¢l and previous works on PL from amorphous car-
bons!?®3738] suggest their presence. It is the interactions between
the nanometer-size sp” clusters and the finite-sized molecular sp”
domains that is the key in optimizing the blue emission in GO.
The sp” clusters with a diameter of ~3nm consist of >100
aromatic rings. Our calculations based on Gaussian and
time-dependent (TD) density functional theory (DFT) calculations
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Figure 2. Energy gap of m—n* transitions calculated based on DFT as a
function of the number of fused aromatic rings (N). The inset shows the
structures of the graphene molecules used for calculation.

(see Supporting Information for details) indicate that such sp?
clusters have energy gaps of around 0.5eV and cannot be
responsible for the blue emission observed here. Figure 2 shows
that the calculated gap between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) of a single benzene ring is ~7 eV, which decreases down
to ~2 eV for a cluster of 20 aromatic rings. Thus, we expect that
much smaller sp? clusters of few aromatic rings or of some other
sp? configuration of similar size are likely to be responsible for
the observed blue PL. Our previously proposed structural model
for GO takes into account both the larger sp? domains and also
the smaller sp* fragments that are responsible for the transport of
carriers between the larger sp2 domains.'¥ In this view, the
observed increase in the PL intensity without energy shift during
the initial reduction treatments may be attributed to the increased
concentration of such sp” fragments. Furthermore, the subse-
quent PL quenching with longer reduction may be the result of
percolation among these sp* configurations, facilitating transport
of excitons to nonradiative recombination sites.

To test this hypothesis, we investigated the electrical transport
properties of individual sheets of GO, progressively reduced by
exposure to hydrazine. We have recently shown that electrical
properties of GO are sensitively dependent on sp*carbon
fractions and the spatial distribution of the smaller domains,
serving as an indirect probe for the structural information
regarding the evolution of the sp? phase with reduction.!**>¢
Figure 3a shows the -V characteristics of an identical GO device
reduced at different levels. It can be seen that the low-bias current
is suppressed in GO that was reduced for 2min, whereas a
dramatic increase in current is observed after 5 min of reduction.
The conduction is dominated by tunneling for GO reduced for
2min while hopping begins to contribute to conduction after
longer reduction (>5min) (see Ref. [36] for a complete study of
transport in progressively reduced GO). The transfer character-
istics of these devices further indicate that GO essentially remains
an insulator after 2 min of exposure to hydrazine vapor (Fig. 3b).
After 5min of reduction, an ambipolar field effect becomes
observable albeit with low current. These trends observed in the
electrical properties are in striking contrast to the optical
properties presented in Figure la and 1b. The general trends
in absorbance, PL intensity, and electrical conductivity with

Adv. Mater. 2009, 21, 1-5

Final page numbers not assigned

&
© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim %

www.advmat.de

a LT T T T b) & T T T \
) 105 E = 2 min 3 ) = 2 min
® 5min 3 ® 5min
A Bmin 1 A 8 min|
r 6 i
107k E
< 1o 3 E 4fF ]
k= I=
o o
S 10 F = =
> = L
3] 4 { & 2
10"E E
E 0
1043 PR | [ | 1 1 1 1 L L
0 4 8 12 186 60 -30 0 30 60
Source-Drain voltage (V) Gate voltage (V)
c) T T T T T T
03/ may—*———4 Jozs ¢ 1® =
o s 2
3] ! 2
; lo0 8 1o 2
% 02} \ T =
= o © 1]
y Q >
£ \o {015 & =
c /\ g 11 2
o 01} / \ o c
= - o o
- .. X 10.10 w0 =
e f & o e =3
o - \-\H. < 40 O
00 i 1 i 1

0 10 20 30 40 50 60
Reduction time (min)

Figure 3. a) I~V and b) transfer characteristics of individual GO sheet
devices at different stages of reduction. The total time of exposure to
hydrazine is noted in the legend. c) Summary plot showing the maximum
PL intensity (circles), absorbance at 550 nm (triangles), and current at 1V
(squares) of a GO thin film as a function of reduction time.

reduction time are summarized in Figure 3c. It can be noticed
that the initial rapid rise of the PL intensity is coupled with the
absorbance behavior, while the gradual quenching can be
correlated with a gradual increase in the conductivity. That is,
while the absorbance of GO thin films increases immediately
after only 20 s of exposure to hydrazine vapor, the electrical
conductivity remains low.

These results are consistent with our hypothesis that at the
initial stages of reduction process, the fraction of strongly
localized sp? sites increases, thereby improving absorbance and
PL intensity, while the energetic coupling between these sites
remains negligibly small. Recent photoconductivity studies also
indicate that e-h pairs can be photogenerated and dissociated
under relatively large electric field (>400 Vcm ™) in reduced GO
films.®”) In the later stages of the reduction process, inter-
connectivity of the localized sp” sites increases, thereby facilitates
hopping of excitons to nonradiative recombination centers, and
consequently quenches PL. Based on these observations, we have
refined our previous structural model for GO at different stages of
reduction to explain the PL results as shown in Figure 4. Figure 4a
shows a schematic representation of the structure of as-prepared
GO containing ~3nm sp” clusters (not drawn to scale), along
with smaller sp” configurations dispersed in an insulating sp*
matrix, where a large fraction of carbon is bonded with oxygen
(oxygen atoms are represented by grey dots). Initially, the
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than 3 min. The band diagram corollary of the
physical picture is represented in Figure 4d,
where the blue PL from excitation and
recombination among the discrete energy
levels of small sp” fragments is represented.
The energy states are highly localized due to
the large o—o* gap of the sp® matrix (not shown
in schematics), which is expected to be of the
order of ~6eV.?®! The large sp? clusters
(~3nm) have energy gaps that are lower than
those of the smaller sp” fragments and largely
determine the total electronic density of states
(DOS) of the material. The excitation and
recombination in discrete energy states and
the larger gap of the small fragments, as shown
in Figure 4d, are likely to be responsible for the
enhanced blue PL emission in slightly reduced
GO.

In summary, we describe blue PL from
chemically derived GO thin films deposited
from thoroughly exfoliated suspensions. The
presence of isolated sp® clusters within the
carbon-oxygen sp° matrix leads to the localiza-
tion of e-h pairs, facilitating radiative recom-
bination of small clusters. The PL intensity was

A 4

Position

Total DOS

Y

found to vary with reduction treatment, which
can be correlated to the evolution of very small
sp” clusters. Our calculations suggest that sp’

Figure 4. a—c) Structural models of GO at different stages of reduction. The larger sp® clusters of
aromatic rings are not drawn to scale. The smaller sp? domains indicated by zigzag lines do not
necessarily correspond to any specific structure (such as olefinic chains for example) but to small
and localized sp? configurations that act as the luminescence centers. The PL intensity is relatively
weak for (a) as-synthesized GO but increases with reduction due to (b) formation of additional
small sp? domains between the larger clusters because of evolution of oxygen with reduction.
After extensive reduction, the smaller sp? domains create (c) percolating pathways among the
larger clusters. d) Representative band structure of GO. The energy levels are quantized with large
energy gap for small fragments due to confinement. A photogenerated e~h pair recombining

clusters of several conjugated repeating units
yield bandgaps consistent with blue emission.
The overall intensity of PL was moderate due to
the lower total cross-section of emitting
molecular sp>-domain centers relative to
nonradiative recombination sites. The possi-
bility of engineering desired molecular sp?

radiatively is depicted.

concentration of smaller sp> domains is low, yielding moderate
PL emission. In Figure 4b, the evolution of the smaller sp?
domains due to the removal of some oxygen with reduction is
shown. Based on our previous study,!"*! we have found that the
dimensions of the larger sp® clusters do not change but that the
transport is mediated by the increase in concentration and size of
the smaller sp® domains. The formation of new isolated smaller
domains consisting of few conjugated repeating units, as shown
in Figure 4b, results in the enhancement of the PL intensity
observed between 20 s and 3 min of reduction. Further removal of
oxygen by continued exposure to hydrazine vapor leads to
percolation between the larger sp” clusters via growth of smaller
sp? domains, as shown in Figure 4c. Based on the simple
particle-in-a-box argument, it can be readily surmised that the PL
from the structure shown in Figure 4c is likely to be significantly
quenched, as observed in Figure 1b. It has been suggested that
the nonradiative lifetime of e-h pairs govern the experimental PL
decay times.*!! The above argument is further supported by our
time-resolve PL measurements (see Supporting Information),
which show shorter decay times for GO films reduced for more
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structures in graphene via controlled oxidation
to achieve highly efficient and tunable PL will
be important towards the exploitation of blue
PL for optoelectronics applications. These
results inspire further experiments based on temperature
dependence of PL for better clarification of the electronic
processes occurring in GO.
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