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ABSTRACT: A novel two-dimensional graphene oxide/sulfur-
doped polyimide (GO/SPI) hybrid polymer photocatalyst was
synthesized by a facile ultrasonic chemical method. The character-
ization results showed that the skeleton structure of SPI was not
changed when the few layers of GO were wrapped on the surface.
Due to the excellent charge transport characteristics of GO and the
strong π−π stacking interaction between two-dimensional GO and
SPI, the photogenerated carrier transport capability of the GO/SPI
composites was significantly enhanced compared with that of SPI.
The efficient transmission and separation of photogenerated charge
carriers significantly improve the photocatalytic degradation of the
methyl orange activity of the GO/SPI composite. This work provides a facile and new way for the synthesis of metal-free inorganic−
organic composite photocatalysts with high efficiency and low cost.

1. INTRODUCTION
Developing efficient and stable photocatalysts has gradually
become one of the most promising strategies to solve the
energy shortage and environmental pollution problems by
using renewable solar energy. Besides the traditional inorganic
semiconductor photocatalyst,1−3 conjugated organic polymer
semiconductor photocatalytic materials are widely favored by
many researchers because of their low price, rich source,
adjustable structure, and chemical stability. It has been
reported that polymer photocatalysts represented by graphitic
carbon nitride (g-C3N4) can photocatalytically decompose
water to produce hydrogen and degrade organic pollutants
under light irradiation.4−6 Recently, polyimide (PI) was
reported as another kind of conjugated polymer photocatalyst
that is functionally comparable to g-C3N4, which was
synthesized by amines and anhydrides using a mild green
solid phase thermal polymerization.7 However, the photo-
catalytic efficiency of PI is limited due to the inherent
characteristics of carrier transitions and photon excitation of
conjugated polymers.8 Since then, many methods, such as
structural adjustment,9 changes of the preparation method,10,11

element doping,12,13 and use of a cocatalyst,14−16 have been
used to improve the photogenerated carrier transport and the
separation of photogenerated electron−hole pairs to improve
the photocatalytic activity of PI. Among them, the enhanced
visible light absorption of sulfur-doped polyimide (SPI)
improves the photocatalytic activity, but the photocatalytic
performance of SPI is still not ideal due to the low efficiency of
photogenerated carrier transport and separation. In general,

reducing the conduction band position and narrowing the
band gap at the elevated high band position can enhance the
absorption of light, but at the same time, it can weaken the
reduction and oxidation ability of the photogenerated electrons
and holes. Therefore, the cocatalyst can not only maintain the
reduction and oxidation capacity of the original catalyst but
also rapidly transport and separate photogenerated carriers to
improve its photocatalytic performance. Therefore, it is urgent
to find a non-metallic oxide cocatalyst with rapid photo-
generated charge transfer.

In recent years, graphene oxide (GO) has attracted extensive
research interest due to its outstanding advantages such as high
mobility of charge transfer carriers, cheap cost, abundant
source, and large surface area with abundant active sites,17−19

Due to its excellent abilities of charge transport and visible
light absorption, GO combines with many photocatalysts to
effectively improve photocatalytic activity,20−22 More impor-
tantly, the large number of delocalized π bonds in the six-
membered ring and the presence of oxygen-containing
functional groups at the basal plane and periphery make GO
easily bind to conjugated polymers by electrostatic interaction
or π−π stacking.23 To the best of our knowledge, there are no
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reports of GO improving the SPI photocatalytic activity so far.
Based on these considerations, the tight binding of GO and
SPI is expected to promote the effective separation of
photogenerated carriers and the obvious enhancement of
light absorption, thus significantly improving its performance
in photocatalytic degradation of organic pollutants. Herein, we
report a novel inorganic−polymer hybrid photocatalyst [GO/
sulfur-doped polyimide (GO/SPI)] prepared via a facile
ultrasonic chemical method. The structure, optical, and
electronic properties of the hybrid materials are carefully
characterized by a variety of spectral techniques. The obtained
composites show enhanced photocatalytic activity compared to
that of pristine SPI. The effect of the GO content of the
samples on the degradation activity of methyl orange (MO)
under light irradiation was studied in detail, and a possible
photocatalytic mechanism of the GO/SPI composite was also
proposed.

2. EXPERIMENTAL SECTION
2.1. Synthesis of the Photocatalyst. Sublimed sulfur

(S4) was purchased from Nanjing Chemical. Melamine (MA)
was obtained from Chengdu Kelong Chemical, and pyromel-
litic dianhydride (PMDA) was the product of Tixiai
(Shanghai) Huacheng Industrial Development Co., Ltd. All
reagents were directly used as received without further
treatment.

GO was synthesized through a commonly used Hummer’s
method,20 Typically, under the condition of an ice water bath,
0.5 g of graphite powder and 0.5 g of sodium nitrate were
mechanically mixed evenly in 23 mL of concentrated sulfuric
acid, and then 3.0 g of potassium permanganate was slowly
added. After stirring for 3 h, it was stored at a low temperature
for 12 h. After stirring at 35 °C for 40 min, it was heated up to
60 °C, and slowly, 46 mL of ultrapure water was added twice,
diluting it to 200 mL of mixed solution after the mixture turns
orange. 10 mL of hydrogen peroxide was added, and it was
treated with ultrasound for 2 h. After using HCI solution 3
times, a brown−yellow viscous substance was obtained
through centrifugation. Finally, GO was obtained by freeze-
drying the brown−yellow viscous substance in a Petri dish for
24 h.

π-Conjugated SPI was prepared by a solid phase thermal
polymerization as shown in Scheme 1.12 In detail, a mixture of

1.0 g of MA, 1.73 g of PMDA, and 0.9 g of sublimed sulfur (S4)
was fully ground and put into a semi-closed system kept at 598
K for 4 h. After cooling to room temperature, the yellow solid
powder SPI was obtained.

The GO/SPI composites were synthesized as follows: First,
0.01 g of GO was dispersed in 100 mL of deionized water and
ultrasonically dispersed for 1 h. Then, 1.0 g of SPI was poured
into the above solution and stirred at 40 °C for 4 h. After 2 h
of ultrasonic dispersion and 8 h of vacuum drying at 50°, the
composite GO/SPI with a mass percentage of GO of 1 was

obtained and named 1GO/SPI. Similarly, a series of
composites were named xGO/SPI, with x representing the
mass percentage of GO in the composite (x = 1, 2, 3, 4, and
5%).
2.2. Characterization. The X-ray diffraction (XRD)

patterns of the samples were obtained using an X-ray
diffractometer with Cu Kα (λ = 1.540562 Å) radiation in
the 2θ range from 5 to 70°. Fourier transformed infrared
(FTIR) spectra were measured using a Nicolet 6700
spectrometer using the KBr pellet support. Raman experiments
were performed using a Horiba confocal LabRAM Aramis
spectrometer. The scanning electron microscopy (SEM)
images were obtained by using a JSM-6610 system. The
transmission electron microscopy (TEM) and high-resolution
TEM images were recorded using a JEM-2100 electron
microscope. The curves of the pore size distribution and
surface area of the samples were inspected by the Barrett−
Joyner−Halenda (BJH) method and the Brunauer−Emmet−
Teller (BET) method, respectively. UV−vis spectra were
tested using a Shimadzu UV-2600 spectrometer, and BaSO4
was used as the reference at room temperature. The
photoluminescence (PL) spectrum was performed using an
Agilent MY15170004 spectrometer with an excitation wave-
length of 350 nm. X-ray photoelectron spectroscopy (XPS)
and valence band X-ray photoelectron spectroscopy (VBXPS)
were performed using a PHI 5000 Versa Probe X-ray
photoelectron spectrometer (a monochromatized Al Kα X-
ray radiation).
2.3. Electrochemical Measurements. The photo-electro-

chemical properties of the prepared samples were tested on a
traditional three-electrode system. It was made up of the
electrolyte solution (Na2SO4, 0.5 mol L−1, pH = 6.8), a
counter electrode (a small piece of platinum), a working
electrode, and a reference electrode (an Ag/AgCl electrode).
Using the electrophoretic deposition method, the working
electrode was fabricated on a fluorine-doped tin oxide (FTO)
transparent conductive film glass. Normally, the mixture of 10
mg of I2 and 50 mg of powder sample was dispersed in 50 mL
of acetone under sonication for 30 min to obtain the turbid
liquid. At the same time, two pieces of FTO glass installed in
the electrophoretic deposition apparatus were immersed in the
cloudy liquid. The switch was turned on and the voltage kept
at 20 V for 5 min. Thus, one piece of the FTO glass with a
certain portion of the sample on the conductive face was
prepared and dried in air. To reduce the influences of the size
of the light irradiation area and the thickness of the prepared
sample layer, the light was irradiated on 0.28 cm2 of the
exposure area and the back side (FTO substrate/semi-
conductor interface). The electro-chemical measurements
were carried out using an electrochemical analyzer (CHI-
663C, Shanghai Chenhua, China).
2.4. Photocatalytic Performance Measurements.

Taking MO as an organic contaminant, an experiment of
photocatalytic degradation of MO by the prepared samples was
carried out under the condition of visible light, and its
photocatalytic performance was evaluated. A light source was
achieved by a 300 W xenon lamp (I = 20 A) and a cooling fan.
Visible light was obtained by installing a cut-off filter (λ > 420
nm) on the xenon lamp. In each test, 0.2 g of the photocatalyst
was put into a three-necked flask containing 100 mL of MO
solution (4 mg L−1), and the temperature of the system was
kept stable at 25 °C by a constant temperature water bath. To
reach the adsorption−desorption equilibrium, the suspension

Scheme 1. Synthesis of SPI by Polymerization of MA and
PMDA at 325 °C

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07010
ACS Omega 2023, 8, 4072−4080

4073

https://pubs.acs.org/doi/10.1021/acsomega.2c07010?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07010?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


was magnetically stirred in the dark for 1 h before light
irradiation. At 1 h intervals, 4 mL of the suspension was
withdrawn and centrifuged to remove most of the catalyst
particles. The resulting clear solution was filtered through
MCE 0.45 μm, and the absorbance at 464 nm was measured
using a UV−visible spectrometer (Mapada UV-1800). The
cycling stability of the photocatalyst was measured by five
experiments, each with a light duration of 6 h. After the first
photocatalytic degradation of MO, the used photocatalyst was
filtered and collected from the solution by centrifugation and
added back to the reactor for the next run. By analogy, the
cycle experiment of photocatalytic degradation of MO was
carried out 5 times.

3. RESULTS AND DISCUSSION
3.1. Structure and Morphology Analysis. The XRD

patterns of GO, SPI, and the GO/SPI composites are shown in
Figure 1. It can be clearly seen from Figure 1 that the

characteristic diffraction peak of SPI appears in the range of
10−30°, which indicates that SPI has been synthesized by in-
situ polymerization successfully.12 The peak located at 19.0° is
attributed to the π−π accumulation of PMDA units,24 and the
distinct peak at 29.6° corresponds to the donor−acceptor
interaction in SPI.25 For GO, the XRD peak at 9.6° is
assignable to the interlayer spacing of 0.90 nm, which is
consistent with the values reported in the previous
literature.24,25 As Figure S1 shows, after GO was loaded onto
SPI, there was no obvious characteristic peak of GO in the
XRD pattern of the 2GO/SPI composites, which may be due
to the low load and high dispersion of GO. In addition, it can
be seen from Figure 1 that the peak positions of the composite
did not change compared with the substrate SPI, indicating
that the polymeric chain and crystal structure of SPI were not
affected by the introduction of GO into SPI. However, it can
be seen that the diffraction peak intensity of the GO/SPI
composite decreases with the increase of GO content, which
may be attributed to the partial peeling of the SPI surface layer
under intense stirring and ultrasonic dispersion. Similar
phenomena have been reported previously in the literature.15

The morphology of the prepared GO, SPI, and 2GO/SPI
samples were analyzed by SEM and TEM. Figure 2a shows the
SEM image of GO, showing the ultrathin folded layered
morphology of GO prepared by Hummer’s method. It also can
be seen that SPI shows a stacked irregular layered morphology
as shown in Figure 2b. From Figure 2c, it can be clearly
observed that SPI has been coupled with GO to form a unique
ultrathin lamellar structure on the surface of the 2GO/SPI
composite. The detailed morphologies of the prepared samples
were further studied by TEM. As shown in Figure 2d, GO

demonstrates an ultra-thin structure with multiple layers that
are almost transparent. The slight crimping of the nanosheets
reduces the surface energy, which is also evidence of ultra-thin
thickness. The image of TEM (in Figure 2e) illustrates that SPI
consists of layered nanosheets. In the case of the 2GO/SPI
hybrid (Figure 2f), it is obviously observed that the surface of
SPI is crusted with GO sheets (shown in the yellow arrow),
indicating the successful formation of the GO/SPI hetero-
structure composite. Sufficient interfacial contact between SPI
and GO sheets allows a rapid transfer of the photoexcited
charge to the surface, which is conducive to improved
photocatalytic activity of SPI. The EDS spectrogram was
further used to study the elemental composition, distribution,
and content of the prepared photocatalyst. From Figure 2g, it
can be clearly seen that the C, N, O, and S elements of the
2GO/SPI composite are evenly distributed in the skeleton,
suggesting uniform distribution of GO over the 2D SPI surface.

The characteristic structure and chemical banding of the
prepared samples were verified by FTIR spectroscopy. As can
be seen from the FTIR spectrum of GO (shown in Figure S2),
the peaks in the range of 3700−3000 cm−1 are attributed to the
adsorbed H2O and the stretching mode of hydroxyl. Also, the
peaks located at 3160 and 1400 cm−1 are ascribed to the
asymmetric stretching vibration absorption of the hydroxyl
group and the in-plane bending vibration of O−H in the
hydroxyl group, respectively. Moreover, the peaks at 1200 and
1100 cm−1 belong to the C−O and C−O−C modes,
respectively. These results also fully demonstrate the successful
synthesis of GO by the Hummer method.20,24 In the case of
SPI as shown in Figure 3, the peak positions of 1780, 1725,
and 725 cm−1 are assigned to the stretching vibration and
bending vibration of the carbon−oxygen double bond (C�O)
in PMDA, respectively. The absorption peaks at 1560 and
1306 cm−1 were attributed to the stretching vibration of the
C−N bond in the aromatic ring. The absorption peak at 1376
cm−1 belongs to the vibration of C−N bonds in the imide ring.
The absorption peaks at 1640 and 1157 cm−1 are ascribed to
the characteristic stretching of carbon−carbon (C−C) bonds
in the aromatic benzene ring in the anhydride part.12

Obviously, the peak positions of the GO/SPI composites are
almost unchanged compared with those of SPI, which may be
attributed to the low content and high dispersion of GO on
SPI. At the same time, the above results also indicate that the
introduction of GO does not change the chemical structure of
SPI, which is beneficial to improve the photocatalytic stability
of the GO/SPI composite. To further analyze the structure of
the samples, Raman spectra were tested using a Horiba
confocal LabRAM Aramis spectrometer. From Figure S3, it can
be clearly observed that the Raman spectra of SPI illustrate two
strong bands peaks at about 813 and 986 cm−1. In the Raman
spectra of GO, it can be see that two typical D peak and G
peak were centered at 1342 and 1578 cm−1, respectively.25 The
D peak arises from the heteroatoms or defects in the graphitic
lattice, and the G peak corresponds to the stretching mode of
crystalline graphitic carbon.26 Importantly, both the well-
documented D and G bands of GO appeared in the Raman
spectra of the GO/SPI composites, by which it turns out that
GO was actually introduced into SPI.

XPS is used to identify the elements’ states of the samples as
a proficient and powerful technique. The binding energies of
all elements were calibrated by the C 1s peak (284.6 eV) as a
reference, which was attributed to carbon contamination or the
sp2-hybridized carbon atoms.27 As shown in Figure 4a, the C

Figure 1. XRD patterns of GO, SPI, and the GO/SPI composite
powder samples.
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1s and O 1s peaks corresponding to the main element states of
GO can be obviously observed in the XPS spectrum, while in
the main element states of SPI and 2GO/SPI, in addition to
the C 1s and O 1s peaks, the N 1s peak is also clearly
displayed. The high-resolution C 1s XPS spectrum of GO
displays the signal of C�C bonds formed by sp2 carbon at
284.6 eV (Figure 4b). The peaks located at higher binding
energies correspond to large amounts of sp3 carbon with
different C−O bonding configurations. Such as, the binding
energy related to the groups of C−O and C�O are located at
about 286.6 and 287.1 eV, respectively.28,29 The C 1s XPS
spectra of SPI and the 2GO/SPI composite are shown in

Figure 4b. Except for the peak at 284.6 eV, the peaks centered
at 287.6 and 288.7 eV could be assigned to the N−C−N bond

Figure 2. Images of SEM (a−c) and TEM (d−f) for GO, SPI, and the 2GO/SPI composite. (g) EDX elemental mappings of C, N, O, and S for the
2GO/SPI sample.

Figure 3. FT-IR spectra of GO, SPI, and the GO/SPI composite
powder samples.

Figure 4. (a) XPS survey, (b) C 1s and (c) O 1s XPS spectra of SPI,
GO, and the 2GO/SPI composite. (d) N 1s XPS spectra of GO, SPI,
and the 2GO/SPI composite.
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and the C�O bond in the triazine rings of SPI, respectively.27

As shown in Figure 4c, the plotted O 1s binding energy peaks
of GO, SPI, and the 2GO/SPI composite samples displayed
that two fitted sub-peaks at 531.4 and 532.6 eV are ascribed to
the C�O bond and C−O, respectively.30,31 Through careful
observation, it can be found that after the combination of SPI
and GO, the ratio of the peak area corresponding to C−O and
C�O of the 2GO/SPI composite slightly increases compared
with that of SPI. This also proves that SPI is indeed integrated
with GO. The N 1s XPS spectra of SPI and the 2GO/SPI
composite can be seen in Figure 4d. The N 1s peak located at
∼397.7 eV belongs to the sp2-bonded N in the triazine rings
(N−C�N) of SPI. However, the peaks at the binding energies
of 398.7 and 399.1 eV are derived from the splitting of the
peak of N atoms in the five-membered imide ring of PI after
doping sulfur into the triazine ring of PI.32 Moreover, the
binding energies of N 1s peaks of the 2GO/SPI sample are
higher than that of SPI, which may be caused by the strong
interaction between a few layers of GO and π-conjugated SPI.
This strong interaction is conducive to the construction of a
dense contact interface between GO and SPI, thus promoting
the rapid transmission of light-generated charges.

The BET analysis was performed to verify the surface
properties of the SPI and 2GO/SPI composite samples. The
specific surface area and porosity were determined using the
N2 adsorption/desorption and BJH tests. According to the
IUPAC classification, the SPI and 2GO/SPI composite
adsorption/desorption curve could be classified as type IV33

as shown in Figure 5a, indicating that both SPI and the 2GO/

SPI composites have some mesoporous pores. The BET
surface areas of SPI and the 2GO/SPI composite were found
to be 6.69 and 12.39 m2 g−1, respectively. The specific surface
area of the 2GO/SPI composite was significantly higher than
that of SPI, leading to the increase of active sites in
photocatalytic reactions. As can be seen clearly from Figure
5b, SPI and the 2GO/SPI composite manifest a pore size
distribution confined in the range of 2−20 nm with a
prominent sharp peak near 3.6 nm, indicating the mesoporous
characteristic of SPI and 2GO/SPI, which also would provide
rich active sites for photocatalytic reaction, consequently
resulting in a high photocatalytic activity.
3.2. Optical Properties. The light response properties of

GO, SPI, and the GO/SPI composites were studied by UV−
visible spectroscopy. As shown in Figure 6a, the visible light
absorption of the GO/SPI composite in the range of 400−800
nm gradually increases with the increase of GO content, which
may arise from the generation of new localized electronic states
(surface states) within the band gap of SPI.34 On closer
inspection, it is found that the absorption band edge is blue-

shifted in the wavelength range of about 340−380, which may
be attributed to the quantum size effect caused by the GO
ultra-thin nanosheets.35 In addition, the band gap of the
photocatalyst can be evaluated by the Kubelka−Munk function
equation, αhν = A(hν − Eg)1/2.

27 As shown in Figure 6b, the
band gaps of SPI and GO samples are about 2.58 and 1.90 eV,
respectively, by extrapolating the linear region of absorbance
squared versus energy. Moreover, the VBXPS spectra of SPI
and GO samples illustrated that the energy levels of the
valence band (VB) in SPI and GO are approximately 1.64 and
2.12 eV, respectively, as shown in Figure 6c. Thus, the
conduction band (ECB) potentials are −1.07 and 0.22 eV for
SPI and GO versus NHE estimated by the equation ECB = EVB
− Eg.

36 Based on these results, the band structures of SPI and
GO were determined as shown in Figure 6d.
3.3. Photocatalytic Activity and Mechanism. The

photocatalytic performances of the as-prepared SPI and GO/
SPI composites were evaluated by the photocatalytic
degradation of MO upon visible light illumination. As shown
in Figure 7a, the blank test confirmed that the photolysis of
methyl orange was negligible. At the same time, the ability of
photocatalytic degradation of MO is also very low in the
presence of only GO. As we expected, the addition of GO
increased the photocatalytic activity of SPI. Interestingly, the
GO content has a huge impact on the photocatalytic
performances of the GO/SPI composites. The photocatalytic
activities of the GO/SPI composite also gradually improved
with the increase of GO content, and the degradation rate of
MO was 97% when GO loading was up to 2%, achieving the
best catalytic performance. The introduction of GO signifi-
cantly enhanced the activity of SPI in the photocatalytic
degradation of MO, which may be attributed to the increased
surface area, enhanced visible light absorption intensity, and
improved separation efficiency of photogenerated electron−
hole pairs. However, a further increase of GO content led to a
decrease of photocatalytic degradation efficiency of MO. This
may be due to the excessive GO shielding the photoadsorption
and inhibiting the production of SPI photogenerated carriers.
In addition, the high content of GO tends to form

Figure 5. (a) BET surface area isotherms. (b) BJH plot for pore size
distribution of SPI and the 2GO/SPI composites.

Figure 6. (a) UV−vis diffuse reflectance spectroscopy spectra of the
as-prepared pure SPI and the GO/SPI composites. (b) Correspond-
ing plots of (αhν)2 vs hν. (c) VBXPS spectra. (d) Schematic
illustration of band structures for SPI and GO.
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agglomeration points on the surface of SPI, which causes the
overlapping of delocalized π bonds in GO to bind photo-
generated electrons, leading to the reduction of photocatalytic
activity.

Moreover, the reaction kinetics for the MO degradation over
SPI and the GO/SPI composite were studied and are shown in
Figure 7b,c. It can be clearly seen that the degradation of MO
by the GO/SPI composite follows pseudo-first-order kinetics.
The apparent rate constant K of the optimized 2GO/SPI is
0.4280 min−1, about 3.75 times that of the bare SPI (0.1141
min−1). This result further confirmed that the GO/SPI
composite had a good photocatalytic performance for MO
degradation, which may be ascribed to the improved charge
carrier separation of the GO/SPI composite and the
consequent higher photocatalytic efficiency. In addition, cyclic
stability is another important factor to evaluate the perform-
ance of a photocatalyst. As shown in Figure 7d, the
degradation activity of MO by the 2GO/SPI composite
photocatalyst did not decrease significantly after five cycles.
Such excellent cyclic stability may be due to the strong
interaction and dense contact interface between two-dimen-
sional GO and SPI. To further demonstrate the photocatalyst
property, the photocatalytic 2,4-dichlorophenol degradation
activities of the prepared samples were tested under visible
light. As shown in Figure S4, the blank test confirmed that the
photolysis of 2,4-dichlorophenol was negligible. At the same
time, the ability of photocatalytic degradation of 2,4-
dichlorophenol is also very low in the presence of only GO.
Interestingly, the photocatalytic activities of the GO/SPI
composite samples also gradually improved with the increase
of GO content, and the degradation 2,4-dichlorophenol rate of
2GO/SPI achieved the best catalytic performance. However,
the further increase of GO content led to a decrease of
photocatalytic degradation efficiency of 2,4-dichlorophenol. In
conclusion, the photocatalytic degradation activity of 2,4-
dichlorophenol of the GO/SPI composite is indeed signifi-

cantly enhanced compared with that of SPI. Furthermore,
GO/SPI showed better photocatalytic 2,4-dichlorophenol
degradation activity than that reported in the literature.26 In
addition, we have prepared pristine PI with different mass
percentages of GO samples and tested their photocatalytic
activity of MO degradation. As shown in Figure S5, it can be
clearly seen that the photocatalytic MO degradation activities
of most GO/PI composites are significantly enhanced
compared with that of pristine PI. However, the photocatalytic
degradation activity of the GO/PI composites is lower than
that of the GO/SPI composites. This indicates that sulfur
doping effectively enhanced visible light absorption of SPI,
thus improving its photocatalytic activity.

To explore the mechanism of photocatalytic degradation of
MO by the GO/SPI composite semiconductor materials, the
PL of the samples was analyzed. Since fluorescence emission
results from the recombination of photogenerated electrons
and holes, the capture, transfer, separation, and lifetime of
photogenerated electrons and holes can be revealed by PL. As
shown in Figure 8, it can be clearly seen that the PL spectrum
of SPI displays the main emission peak at about 480 nm
corresponding to 2.58 eV, which is consistent with the
estimated band gap of UV−vis (Figure 6b). This shows that

Figure 7. (a) Photocatalytic activities of the MO degradation on GO, SPI, and GO/SPI with different GO contents under visible light irradiation.
(b) Kinetic constants of MO degradation with different systems. (c) The calculated corresponding k of different systems. (d) Cycling runs for the
photodegradation of MO in the presence of the 2GO/SPI composite sample.

Figure 8. Comparison of photoluminescence spectra of the SPI,
2GO/SPI, and GO samples.
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the strong emission peak caused by the band−band PL
phenomenon with the energy of light is approximately equal to
the band gap energy of SPI. It has been previously reported37

that the band−band PL signal is ascribed to excitonic PL due
to transitions of n−π* electrons including lone pair electrons
of N atoms in SPI. Interestingly, the PL intensity of 2GO/SPI
decreased obviously relative to SPI after loading fewer layers of
GO nanosheets, indicating that the separation efficiency of
photogenerated electron−hole pairs was significantly im-
proved. The improvement of the efficiency of photogenerated
carrier separation is mainly due to the photogenerated
electrons from the VB to the CB transmitted to GO through
the dense contact interface between GO and SPI, which
effectively hinders the direct recombination of photogenerated
electrons and holes. This is also mainly attributed to the
excellent electron conduction ability of GO as an electron
acceptor material and the two-dimensional π-conjugate
structure in the GO/SPI composite.38

To further verify that the loading of GO can improve the
separation and migration ability of the electron−hole pair of
SPI, the electrochemical properties of SPI and 2GO/SPI
composite photocatalysts were studied using transient photo-
current and electrochemical impedance spectroscopy
(EIS).39,40Figure 9a shows that both the SPI and 2GO/SPI
light-responsive photocatalysts have a fast and consistent
photocurrent response performance. It is noteworthy that the
photocurrent density of the GO/SPI composite is about 1.12
μA cm−2, which is about 2.2 times that of bare SPI (0.47 μA
cm−2). Specifically, the photocurrent curve of SPI samples is
low, and the photocurrent intensity decreases significantly with
the increase of time. This may be caused by the delay of charge
transmission, the high recombination rate of photogenerated
electrons and holes, and the accumulation of charge at the
interface due to the carrier transmission characteristics of SPI
itself. Interestingly, after the combination with GO, the
photocurrent curve of the 2GO/SPI sample is significantly
higher than that of SPI, and the photocurrent intensity of the
2GO/SPI sample does not weaken significantly with the
increase of time. This indicates that the excellent charge
transport performance of GO and the close contact interface
between GO and SPI enable the photogenerated electrons to
be transferred to the catalyst surface in time, effectively
reducing the accumulation of photogenerated charges at the
interface and the recombination of photogenerated electron−
hole pairs. It further shows that the higher photocurrent pulse
effect of 2GO/SPI is conducive to promoting the separation
and migration of photogenerated electrons and holes at the
interface, thereby reducing the amount of surface charge
accumulation and showing better photocatalytic activity. In

addition, Figure 9b shows the resistance changes of bare SPI
and 2GO/SPI electrodes. It can be clearly seen that the GO/
SPI composite has a smaller arc radius, indicating that its
photogenerated electron−hole pair has a higher migration rate
and a smaller electron transfer resistance. These results confirm
that the introduction of GO is beneficial to the charge transfer
in the GO/SPI photocatalytic system, thus reducing the
recombination of photogenerated carriers. Therefore, the
improved photocatalytic activity of the composite sample
may be mainly attributed to the superconductivity of GO and
the close contact interface between GO and SPI.

Based on the above results, a possible photocatalytic
mechanism to enhance the activity and stability of the GO/
SPI composite was proposed, as shown in Figure 10. Under full

amplitude light, SPI is excited to produce photogenerated
electron (e−)/hole (h+) pairs. Due to the super conductivity
of GO and the close contact interface between GO and SPI,
the photogenerated charge is rapidly transferred to the surface
of the GO/SPI composite to capture oxygen molecules (O2)
and form superoxide radicals (•O2

−).41 At the same time, the
hole reacts with water to produce hydroxyl radicals (•OH).42

As the active species of the photocatalytic reaction, both •O2
−

and •OH can easily oxidize MO to small inorganic molecules
such as CO2 and H2O.43,44 Thus, an effective photocatalytic
process was formed, and MO degradation proceeded
smoothly. The main reaction steps of the mechanism of
photocatalytic degradation of MO under full-amplitude light
are summarized by the following eqs 1−5.

+GO/SPI GO(e )/SPI(h )
h

(1)

+ + •GO(e ) O GO O2 2 (2)

+ ++ •SPI(h ) H O SPI OH2 (3)

+ +•O MO CO H O2 2 2 (4)

Figure 9. (a) Transient photocurrent response and (b) Nyquist plots of EIS for SPI and 2GO/SPI samples in a 0. 5 M Na2SO4 aqueous solution.

Figure 10. Schematic of the photogenerated charge carrier’s
separation and transfer in the GO/SPI composite under visible light
irradiation.
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+ +•OH MO CO H O2 2 (5)

4. CONCLUSIONS
In summary, we adopt a facile ultrasonic chemical method to
successfully prepare a series of two-dimensional GO/SPI
hybrid polymer photocatalysts. Compared with pure SPI, a
small amount of GO can effectively increase the specific
surface area and light absorption of GO/SPI composites. In
particular, the strong charge transport capacity of GO and the
dense contact interface formed by the conjugated π−π strong
interaction between two-dimensional GO and SPI greatly
improve the separation and transport efficiency of photo-
generated electron−hole pairs, leading to a significant
enhancement of the photocatalytic degradation activity of
MO under solar light irradiation. This work displays a facile
new way to synthesize highly efficient inorganic−organic
composite photocatalysts. Also, the inexpensive metal-free
GO/SPI composites with high photocatalytic activity can find
potential applications in water purification.
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