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ABSTRACT: In graphene oxide (GO)-based compound
photocatalysts, where GO is a novel cocatalyst, the mainly
photophysical processes are the charge separation/transfer
between GO and other nanocatalysts. However, the under-
standing on electronic structures of GO and reduced GO
(rGO) is still unclear, despite the fact that it could be one of
the most significant keys to improve the photocatalytic
performances of GO-based compound photocatalysts. Here,
we discuss the relationship of oxygen content of GO and its
electronic structure by femtosecond transient absorption
spectroscopy and X-ray photoelectron spectroscopy. We find
that as-prepared GO and rGO samples with the oxygen
content of ∼35% are still “insulators”. When the oxygen content slightly decreases to ∼34%, the rGO samples begin to exhibit
semiconductor-like properties. Moreover, the band gap of those semiconductor-like rGO samples would not continue red shift
as further reduction of oxygen content. When the oxygen content of rGO is further reduced to ∼29%, rGO begins to possess
semimetal-like material characteristic, presenting a two-phase (semiconductor/semimetal) coexistence state due to the nature of
inhomogeneity of rGO. Thus, the insulator−semiconductor−semimetal transitions in GO and its reduced derivatives is directly
observed in transient spectroscopy, demonstrating that those transitions initially occur in such a relatively narrow range of
oxygen content. Especially, for the semimetal-like state of rGO, our findings explain their dual roles in photoelectron conversion
(semiconductor part) and electrical transport (semimetal part) applications. It will be helpful for understanding the
photophysical properties and related functional information for GO-based optoelectronic devices.

■ INTRODUCTION

Graphene oxide (GO) and its reduced derivatives have a lot of
unique and excellent properties, which has attracted wide-
spread attention in various scientific fields.1−5 A large number
of oxygen-containing functional groups that are of great
significance for GO are randomly distributed on the basal
plane and edges of GO.6−8 Due to the inhomogeneous
arrangement of oxygen-containing functional groups, sp2

clusters with high carrier mobility are isolated like a small
“island” on the GO sheets. However, if charge transfer cannot
occur between different sp2 clusters, it should only give rise to
the “insulator”-like photoelectric characteristics for GO. In
order to enhance the photoelectric properties of GO through
connecting more isolated sp2 clusters, different methods are
used to removing oxygen-containing functional groups and
increasing the distribution density of sp2 clusters and coverage
of sp2 areas on the GO sheets.9−11 As a result, reduced GO
(rGO) samples are created.

As the number of oxygen-containing functional groups
decreases, rGO will evolve from an insulator to a semi-
conductor.12 Compared with GO, rGO can help to achieve
higher performance when GO and rGO are compounded with
other nanoparticles forming GO-based nanocomposites, which
have been used in photocatalytic and optoelectronic
devices.13−16 For example, Qu et al. fabricated flexible
graphene hydroelectric generators by laser reducing and
tailoring GO films.16 However, it is frustrating that the current
understanding on the electronic structures (or band gaps) of
GO and rGO is still insufficient, despite the fact that it is an
important factor to effectively enhanced the efficiency of those
GO-based nanocomposites in photocatalytic and optoelec-
tronic devices.
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To date, the steady-state characterization techniques such as
X-ray-based spectroscopies and transmission electron micros-
copy allows us to realize the atomic structures of GO and rGO,
and preliminary understand a part of their electronic
structures.17−20 It is well-known that there is an assumption
that rGO could change from a semiconductor to a semimetal,
and this transition is probably related to the number of oxygen-
containing functional groups (oxygen content) on rGO sheets,
which has been qualitatively reported from the steady-state
electrical conduction mechanism point of view,21−23 but not
been quantitatively investigated in time-resolved spectroscopic
experiments yet. So, in order to understand the photophysical
properties of GO and rGO more comprehensively, we need to
reveal the relationship between electronic structures of GO
and rGO and their oxygen contents.
According to our previous reports, broad-band selective

excitation transient absorption spectroscopy can be utilized to
detect the electronic structure of GO and photothermal-
reduced rGO.24 Here, we use the combination of broad-band
selective excitation transient absorption spectroscopy and X-
ray photoelectron spectroscopy (XPS) to explore the
electronic structures of as-prepared GO and rGO with different
oxygen contents by controlling the solution−thermal reduction
time for each sample (longer reduction time, lower oxygen
content in rGO). We have observed the transient spectro-
scopic changes in the electronic structures of GO and rGO that
involve the initial transitions from insulator to semiconductor,
and even to a semimetal-like state as the oxygen content of GO
and rGO samples decreases in sequence. Moreover, a
quantitative analysis of the relationship between the oxygen
content and band gap of rGO is presented.

■ EXPERIMENTAL SECTION

For the femtosecond pump−probe experiments, the output
light is at 800 nm wavelength from a mode-locked Ti:sapphire
laser/amplifier system (Solstice, Spectra-Physics).24−26 It has
1.5 mJ pulse energy with a 100 fs pulse width and a 250 Hz
repetition rate. Then, it is split into two parts: one is the
excitation light with stronger intensity (the 400 nm excitation
light is directly doubled from 800 nm laser pulses; for other
desired excitation lights, this beam is used to generate through
a TOPAS system), and the other is the probe light (it is tightly
focused on a 2 mm thick water to generate supercontinuum
white light from 400 to 850 nm). The transient absorption
data were collected by a fiber spectrometer. The group velocity
dispersion of the transient spectra was compensated by a chirp
program. All of the transient experiments were carried out at
room temperature.

■ RESULTS AND DISCUSSION

Steady-State Absorption. We have prepared four GO/
rGO samples from sample 1 to sample 4 with the reduction of
oxygen content in sequence. As-prepared GO (sample 1)
forms a homogeneous brown solution, due to the existence of
rich oxygen-containing functional groups, such as −OH,
−COOH, and so on. The color of the samples changes from
brown in sample 1 to light black in sample 4 with the longest
reduction time. Moreover, the solubility of samples is gradually
reduced from the sample 1 to sample 4. Typical UV−vis
absorption spectra of GO and rGO samples are shown in
Figure 1. It confirms that the absorption values of sample 4 in
the whole detection range are lower than that of sample 1,

because of the lower solubility for rGO. Interestingly, the
contribution of light scattering to the steady-state absorption
spectra for all the rGO samples is minimal in the detection
range from around 550−850 nm, after carefully comparing the
steady-state absorption spectra with transient absorption
results (seeing detailed discussion in Figure S1).

XPS Measurements. To investigate the possible changes
of specific oxygen content, all the GO and rGO samples are
tested by XPS experiments (Figure 2). The XPS spectra for the
four samples can be well divided into four bands, peaking at
284.8, 286.9, 288, and 289.6 eV, corresponding to C−C, C−O,
CO, and OCO, respectively. The relative peak height
ratios for sample 1 to sample 4 are 1:0.959:0.218:0.103,
1 : 0 . 9 8 2 : 0 . 1 7 6 : 0 . 1 1 1 , 1 : 0 . 7 4 4 : 0 . 1 8 8 : 0 . 1 6 , a n d
1:0.513:0.158:0.162, respectively. The resulting oxygen con-
tents of four samples are 35.26%, 35.13%, 34.17%, and 29.64%
from sample 1 to sample 4. The subsequently decreased
oxygen content for each sample matches with the prediction
that during the sample preparation procedure, longer reduction
time, lower oxygen content. We can see that the oxygen
content of sample 4 is the lowest, and the reducing of CO is
largest among the four samples. This change trend of the C
O peak height ratio in Figure 2 also implies that the remarkable
reduction of the CO groups could be one of the main
reasons for the insulator−semiconductor−semimetal transi-
tions of GO during the reduction treatment.

Selective Excitation Transient Absorption. Then, we
use three pump lights (400, 500, and 600 nm, respectively) to
excite the GO and rGO samples in broad-band femtosecond
transient absorption spectroscopic experiments (Figure 3).
Since the transient absorption spectra of sample 2 (slightly
reduced GO) are very similar to that of sample 1 (as-prepared
GO), it is not shown in Figure 3. For the sample 1 (GO with
oxygen content of 35.26%, Figure 3a−c), it contains a
relatively strong excited-state absorption signal (positive
signal) compared to those of sample 3 (Figure 3d−f) and
sample 4 (Figure 3g−i). And the ground-state bleaching peak
signal (negative signal) becomes broader and broader from
sample 1 to sample 4 under the same pump conditions
(detailed discussions are presented below).
The excited-state absorption signal of GO can be attributed

to the oxygen-containing functional groups, which is based on
the model that sp2 domains are surrounded by sp3-hybridized
carbon atoms in GO and its reduced derivatives.24,27,28 So, the
obtained transient spectral evolutions (positive signal part) of

Figure 1. Typical steady-state absorption spectra of GO (sample 1)
and rGO (sample 2 to sample 4) samples.
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GO and rGO presented in Figure 3 are in agreement with the
results of XPS (Figure 2). In addition, the relative intensities of
the excited-state absorption signal (the ratio of the positive
excited-state absorption signal to the negative ground-state
bleaching signal) of sample 1 in 500 and 600 nm excitation
experiments are weaker than that in the 400 nm excitation
experiment. This is because the higher pump energy (i.e., 400
nm pump light) can mainly excite the oxygen-containing
functional groups in sp3 regions, which encircle a small amount
of sp2 clusters, while the relatively lower pump energy (i.e., 500
and 600 nm pump lights) mainly excites the quantum confined
sp2 domains (the size of those sp2 domains should be larger
than sp2 clusters).24,28 Furthermore, we also observe that the
normalized spectral shape of bleaching signal in sample 1 is not
changed in the signal decay process (as shown in Figure S2a).
This indicates the photogenerated carriers in each pump light
do not transfer to larger sp2 domains (insulator type);
otherwise, the ground-state bleaching signals should be red
shift as probe time increases.
However, for sample 3 (rGO with oxygen content of

34.17%, Figure 3d), we clearly observe this normalized ground-
state bleaching signal red shifts as the probe time increases
(Figure S2b). In addition, the red side parts of the ground-state
bleaching peaks in the 500 nm (Figure 3e) and 600 nm (Figure
3f) excitation experiments are larger than their blue side parts.
Especially, in the 600 nm excitation experiment, this red side
part of the bleaching signal even begins to extend to 850 nm,
accompanied by the disappeared positive excited-state
absorption signal. This indicates that the larger size sp2

domains have been occupied due to the instantaneous charge
transfer from the smaller sp2 domains excited by the pump
light. That is a semiconductor-like behavior, which means the
photoinduced carriers in smaller sp2 clusters generated by
high-energy photons absorbing can quickly relax into the lower
energy sites assembled by larger sp2 domains in vicinity of the
original excited regions (so-called band gaps for semi-
conductor-type rGO; it is usually at around 500−600 nm,

corresponding to energy states from 2.07 to 2.48 eV).
Considering there is only ∼1% difference between the oxygen
contents of sample 3 and sample 1 (or sample 2), it indicates
the critical oxygen content for this insulator−semiconductor
transition in GO and rGO samples.
When the oxygen content of rGO decreases as low as that in

sample 4 (rGO with oxygen content of 29.64%), we can see
new spectral phenomena in broad-band selective excitation
transient absorption spectroscopic experiments. At the 400 nm
excitation condition (Figure 3g), the positive excited-state
absorption signal already disappeared, and it seems there is one
negative bleaching peak located at 460 nm with a shoulder at
580 nm. As a result, the bleaching signal for sample 4 is the
broadest. In the 500 nm (Figure 3h) and 600 nm (Figure 3i)
excitation conditions, the bleaching signals are further red-
shifted in comparison with the positions of pump lights and
easily broadened to 850 nm. We propose that those transient
spectroscopic results for sample 4 imply a semimetal-type
behavior, which is different from that of semiconductor-type
rGO (sample 3). The semimetal-like rGO can make photo-
induced carriers populating on all possible exciton states at the
initially excited moment.29,30 As a result, it will lead to a broad
bleaching signal, as we observed in sample 4 in the UV−
visible-near-infrared probe window, which is similar to the
initial transient absorption spectra of CVD-grown graphene
films (semimetal type).30 It is worth noting that the semimetal-
like rGO (sample 4) possesses the bleaching features of both
semiconductor-type band gap of rGO (i.e., Figure 3g, under
400 nm excitation) and semimetal-type graphene (i.e., Figure
3h,i, under 500 and 600 nm excitations), depending on the
excitation wavelength. This indicates a two-phase coexistence
phenomenon, due to the nature of inhomogeneity of rGO. The
normalized carrier dynamics for GO and rGO under 600 nm
excitation experiments reflects that less oxygen content yields
faster carrier relaxation (Figure 4), which is consistent with the
observed insulator−semiconductor−semimetal transitions.
The carrier dynamics of semiconductor-like (sample 3) and

Figure 2. XPS spectra of GO and rGO with the reduction of oxygen content from (a)−(d) sample 1 to sample 4.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.9b03926
J. Phys. Chem. C 2019, 123, 22550−22555

22552

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b03926/suppl_file/jp9b03926_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b03926/suppl_file/jp9b03926_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.9b03926


semimetal-like (sample 4) rGO obviously decays more quickly
than insulator-like GO (sample 1) and rGO (sample 2), since
for the former, the carrier transfer from small size sp2 domains
to larger size sp2 domains is much easier than that in the latter.
Dual Roles of Semimetal-Like rGO. It is surprising that

the initial semimetal feature occurs at a relatively high oxygen

content of ∼29% for rGO. As a result, for pure semiconductor-
like rGO, it only corresponds to a narrow range of oxygen
content from ∼34% to ∼29%. Instead, since the semimetal-like
rGO possesses both roles of semiconductor and semimetal, it
actually has a broader range of oxygen content, <29%. Thus, in
previously reported rGO-based applications, most of them are
related to the semimetal-like rGO. For example, when the
oxygen content of rGO is between 29% and 20%, the
semiconductor part of rGO is less, and the semimetal part of
rGO becomes more and more. This dual role of semimetal-like
rGO makes it achieve the capability of tunable multiresponses,
which is the fundamental mechanism for the light-driven and
humidity-responsive rGO actuators.31,32 When the oxygen
content of rGO is less than 20%, its metallic properties are
dominant, facilitating the fabrication of electrical-driven rGO-
based devices, like micro-OLEDs operated on rGO electro-
des33 and rGO-based electrothermal actuators.34

Insulator−Semiconductor−Semimetal Transitions. Fi-
nally, in order to visually understand the proposed transitions
in GO and rGO, we have presented a schematic diagram
shown in Figure 5. For insulator-like GO and rGO (oxygen
content, >35%), due to the presence of high-density oxygen-
containing functional groups around the sp2 clusters, photo-
induced electrons and holes are trapped in the sp2 domains,
which cannot be transferred. So, it exhibits the “insulation”

Figure 3. Transient absorption spectra of GO and rGO under different excitation wavelengths. (a)−(c) sample 1, (d)−(f) sample 3, and (g)−(i)
sample 4. The selective excitation wavelength is at (a, d, g) 400 nm, (b, e, h) 500 nm, and (c, f, i) 600 nm, respectively. The picosecond unit is used
in each panel. To rule out the influence of pump lights, the spectral ranges around 500 and 600 nm corresponding to pump lights are cut out. At the
region near 800 nm, the disturbances in probe signals are from the limitation of supercontinuum white light.

Figure 4. Normalized carrier dynamics probed at 570 nm for GO
(sample 1) and rGO (sample 2 to sample 4) under 600 nm excitation
experiments.
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property. For semiconductor-like rGO (oxygen content from
∼34% to ∼29%), the reduction of the amount of oxygen-
containing functional groups results in larger sp2 domains
generated near the relatively smaller sp2 clusters. Thus, when
the small sp2 clusters absorb suitable photon energy, the
photogenerated carriers can transfer from small sp2 clusters to
large sp2 domains in the vicinity. As the oxygen content of rGO
further decreases, it begins to be semimetal-like rGO (oxygen
content, <29%). It means that in some parts of semimetal-like
rGO, the sp2 domains are almost connected to each other,
because their boundaries consisting of relatively lower sp3/sp2

carbon ratio cannot strictly limit the photogenerated carrier
transfer among those sp2 domains. In this case, the rest of the
semimetal-like rGO could be still semiconductor-like.

■ CONCLUSIONS
Through femtosecond selective excitation (at 400, 500, and
600 nm) transient absorption spectroscopic experiments and
corresponding XPS results, we observe the transition processes
in GO and rGO with different oxygen contents. We find that
when the oxygen content of rGO is as low as ∼34%, it changes
from insulator-like properties to semiconductor-like properties
with a band gap in the range 2.07−2.48 eV; when the oxygen
content of rGO is further decreased to ∼29%, the semimetal
states in rGO initially occur. Those findings renew the
knowledge that the most common form of rGO utilized in
electrical applications is actually the semimetal-like rGO with
dual roles, rather than pure semiconductor-like rGO. Our
experimental results will be beneficial for understanding the
photophysical properties of GO and rGO and related
functional information for GO-based optoelectronic devices.
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