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ABSTRACT: Graphitic carbon nitride (gCN) has a broad range
of promising applications, from energy harvesting and storage to
sensing. However, most of the applications are still restricted due
to gCN poor dispersibility and limited functional groups. Herein, a
direct photografting of gCN using various polymer brushes with
tailorable functionalities via UV photopolymerization at ambient
conditions is demonstrated. The systematic study of polymer
brush-functionalized gCN reveals that the polymerization did not
alter the inherent structure of gCN. Compared to the pristine gCN,
the gCN-polymer composites show good dispersibility in various
solvents such as water, ethanol, and tetrahydrofuran (THF).
Patterned polymer brushes on gCN can be realized by employing
photomask and microcontact printing technology. The polymer
brushes with incorporated silver nanoparticles (AgNPs) on gCN can act as a multifunctional recyclable active sensing layer for
surface-enhanced Raman spectroscopy (SERS) detection and photocatalysis. This multifunctionality is shown in consecutive cycles
of SERS and photocatalytic degradation processes that can be applied to in situ monitor pollutants, such as dyes or pharmaceutical
waste, with high chemical sensitivity as well as to water remediation. This dual functionality provides a significant advantage to our
AgNPs/polymer-gCN with regard to state-of-the-art systems reported so far that only allow SERS pollutant detection but not their
decomposition. These results may provide a new methodology for the covalent functionalization of gCN and may enable new
applications in the field of catalysis, biosensors, and, most interestingly, environmental remediation.
KEYWORDS: graphitic carbon nitride, polymer brushes, microcontact printing, surface-enhanced Raman spectroscopy, photocatalysis

1. INTRODUCTION

Graphitic carbon nitride (gC3N4 or gCN), as a metal-free
conjugated two-dimensional polymer, has attracted broad
interdisciplinary attention in areas such as catalysis,1−6 solar
energy conversion,7−9 environmental remediation,10−12 actua-
tor,13 and so on.14 However, gCN has poor dispersibility in
water and most organic solvents, which is one of the most
critical limitations to realize its potential applications, in
particular with large-scale fabrication using a solution-
processable technology. Dispersibility can be improved by
exfoliating gCN into single- or few-layer nanosheets with
ultrasonication for more than 10 h.15,16 The known methods
for the functionalization of gCN not only require multistep
processes but also destroy the intrinsic structure and
compromise the gCN excellent properties. These issues can
be partly overcome by grafting small molecules.17,18 Never-
theless, grafting small molecules does not necessarily introduce
improved processing, which is of significant importance for
film fabrication and device design.19,20 It is, therefore, highly
desirable to develop new methods to introduce functionalities

while improving the dispersibility and processability of gCN
without destroying its original structure.
It is well known that primary and secondary amine

functional groups are generated in gCN because of incomplete
precursor condensation.21 These amine functional groups are
important for surface functionalization, especially to graft
polymer brushes via surface-initiated photografting and
photopolymerization (SIPGP). Recently, SIPGP was success-
fully used for the fabrication of polymer brushes on a wide
range of substrates, including hexagonal boron nitride,22

diamond,23 graphene,24 carbon nanomembranes,25,26 carbon
nanotubes,27 polydopamine,28−30 and so on. In comparison
with other grafting techniques, SIPGP requires no initiators,
catalysts, or ligands, and polymer brushes can be realized in a
one-step reaction at room temperature under UV irradiation.31

Received: December 4, 2019
Accepted: January 30, 2020
Published: January 30, 2020

Research Articlewww.acsami.org

© 2020 American Chemical Society
9797

https://dx.doi.org/10.1021/acsami.9b21984
ACS Appl. Mater. Interfaces 2020, 12, 9797−9805

This is an open access article published under a Creative Commons Non-Commercial No
Derivative Works (CC-BY-NC-ND) Attribution License, which permits copying and
redistribution of the article, and creation of adaptations, all for non-commercial purposes.

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
G

L
A

SG
O

W
 o

n 
Ju

ly
 2

, 2
02

0 
at

 1
5:

24
:2

8 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenbo+Sheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Deming+Tan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Panpan+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="En+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Evgeniya+Sheremet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bernhard+V.K.J.+Schmidt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bernhard+V.K.J.+Schmidt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinliang+Feng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Raul+D.+Rodriguez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rainer+Jordan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ihsan+Amin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.9b21984&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b21984?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b21984?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b21984?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b21984?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b21984?fig=abs1&ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsami.9b21984?ref=pdf
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html


On the basis of the above facts, we now report a facile method
for the functionalization of gCN by SIPGP using various vinyl
monomers. As gCN bears amine groups, hydrogen atoms from
these groups can be abstracted under UV irradiation. These
radicals can then trigger surface-initiated radical polymer-
ization of a variety of vinyl monomers such as methacrylates,
acrylamides, and styrene. The gCN-polymer brush composites
show good dispersibility in different solvents (water, ethanol,
and tetrahydrofuran (THF)). Patterned polymer brushes on
gCN can be realized by employing photomask and micro-
contact printing technology. Furthermore, polymer brushes
with incorporated silver nanoparticles on gCN can potentially
be applied as an active layer for surface-enhanced Raman
spectroscopy (SERS). We demonstrated this application with
repeatable usage at least five times and its outstanding
photocatalytic degradation performance of rhodamine 6G
(Rh6G) dyes under visible light conditions. This method
provides a new way for the functionalization of gCN with
tailorable properties, broadening its applications as a promising
material for sensing and environmental remediation.

2. EXPERIMENTAL SECTION
2.1. Materials and Characterizations. Melamine, silver nitrate

(AgNO3, 99.99%), sodium borohydride (NaBH4), Rh6G (99%),
styrene, 3-sulfopropyl methacrylate potassium salt (SPMA), N,N-
dimethylaminoethyl methacrylate (DMAEMA), methylmethacrylate
(MMA), 2-(methacryloyloxy)ethyl trimethylammonium chloride
(METAC), and N-isopropylacrylamide (NIPAm) were purchased
from Sigma-Aldrich. Before polymerization, the inhibitors in the
monomers were removed by passing the monomers through
aluminum oxide (Sigma-Aldrich). Toluene, acetone, THF, ethanol,
isopropanol (IPA), and methanol of analytical grade were obtained
from Aldrich and used as received. Millipore water was used
throughout the experiment. Si wafers with a 300 nm oxide layer
were used for all depositions.
Thermogravimetric analysis (TGA) data were obtained using a

thermal analyzer (TGA1 SF/1100 XP1U, METTLER TOLEDO,
Switzerland) from room temperature to 1000 °C at a heating rate of 5
°C min−1 in a nitrogen gas atmosphere. X-ray photoelectron
spectroscopy (XPS) measurements were performed using a Kratos
Axis UltraDLD spectrometer (Kratos Analytical-A Shimadzu Group
Company) with a monochromatic Al-Kα source (1486.6 eV). Fourier
transform infrared spectroscopy (FTIR) spectrum was recorded using
a Spectrum 100 (Perkin Elmer, Inc.) spectrometer, and a scan range
of 4000−500 cm−1 was collected. X-ray diffraction (XRD) was
conducted on a Bruker D8 Advance instrument in Bragg−Brentano
mode with Cu Kα radiation (1.54 Å, 40 kV and 40 mA). Atomic force
microscopy (AFM, NT-MDT, Russia) was used to image the
morphology and the surface roughness (root mean square (RMS))
of gCN and polymer brush-modified gCN. The size and morphology
of the samples were determined with a scanning electron microscope
(SEM, Zeiss Gemini 500, ZEISS company, Germany). Contact angles
were measured using the Drop Shape Analysis System DSA10 from
Krüss, and drop volumes were 1 μL. Ultraviolet−visible (UV−Vis)
spectra were recorded on a Cary 4000 (Varian) photometer equipped
with a Praying-MantisTM unit (Harrick), and a scan range of 190−
800 nm was employed. The sample powders were pulverized with
BaSO4 (white standard DIN 5033, Merck) and pressed into disks.
Raman spectra were recorded using an NTEGRA Spectra system
(laser: 532 nm, NT-MDT, Moscow, Russia).
2.2. Methods. 2.2.1. Synthesis of gCN. Graphitic carbon nitride

(gCN) was prepared by thermal oxidation etching in air.32 Briefly,
melamine was heated to 550 °C for 4 h in air at a heating rate of 2.3
°C min−1. The obtained yellow agglomerates were milled into the
powder with a mortar. Then, this powder was heated in an open
ceramic container at a heating rate of 5 °C min−1 to 500 °C and kept

at this temperature for 2 h. Finally, the gCN was obtained (yield: 3%)
and characterized.

2.2.2. Preparation of Homogeneous Dispersion of gCN. The
exfoliation of gCN powders was achieved by ultrasonication in IPA.
The obtained light-yellow dispersion was centrifuged (SIGMA 3K30,
2000 rpm, 10 min) to remove bigger size particles of gCN. After
concentration and drying of the suspension, the obtained gCN
powders were redispersed into anhydrous ethanol, followed by
ultrasonication to obtain homogeneous suspensions.

2.2.3. Spin-Coating of gCN Films. Si/SiO2 wafers were first
precleaned with a piranha solution (H2SO4:H2O2 = 3:1 vol/vol) at 90
°C for 45 min. Then, the wafers were cleaned and rinsed by sequential
ultrasonication in distilled water, acetone, and ethanol, successively.
Subsequently, the wafers were dried under a flow of nitrogen. The
gCN ethanol solution was drop-coated onto precleaned Si/SiO2
wafer, and then the wafer was accelerated to a spin speed of 1500
rpm for a spinning time of 30 s. The spin-coated films were dried in
vacuum at 80 °C for 12 h. The surface morphology of films was
imaged using AFM.

2.2.4. Microcontact Printing gCN Patterns. A poly-
(dimethylsiloxane) (PDMS) stamp was inked by soaking it in an
ethanol solution of gCN for 3 min and dried with nitrogen. Next, the
stamp was brought in contact with the Si/SiO2 substrates for 1 min to
fabricate the patterned gCN on the Si/SiO2 substrates.

2.2.5. Preparation of Polymer Brushes. gCN powders (20 mg), 1
× 1 cm2 of spin-coated gCN films, and patterned gCN films were
submerged in the degassed monomer (i.e., styrene, MMA, DMAEMA,
NIPAm, SPMA, and METAC) in a glass tube, which was tightly
sealed and subsequently irradiated with UV light (λ = 365 nm) and a
total power density of 8 mW cm−2. After photopolymerization, the
samples were rinsed with different good solvents for different polymer
brushes (polystyrene (PS): toluene; poly(methylmethacrylate)
(PMMA): acetone; poly(N,N-dimethylaminoethyl methacrylate)
(PDMAEMA): ethanol and water; poly(N-isopropylacrylamide)
(PNIPAm): water; poly(3-sulfopropyl methacrylate) (PSPMA):
water; poly(2-(methacryloyloxy)ethyl trimethylammonium chloride)
(PMETAC): water) to remove the physisorbed polymers so that only
covalently grafted polymer brushes remain. The samples were then
dried under nitrogen flow. The final products were called as polymer-
grafted gCN (polymer-g-gCN).

2.2.6. Patterning of Polymer Brushes. On the top of a spin-coated
gCN film, a photomask was fixed, and then the film put into a glass
tube with the degassed monomer solution. Subsequently, the glass
tube was sealed and irradiated with UV light for 2 h. The samples
were washed with good solvents (PDMAEMA: water and ethanol)
according to the monomers used. The patterned polymer brush-
modified gCN was achieved.

2.2.7. Synthesis of Silver Nanoparticles (AgNPs) in PDMAEMA
Brush-Modified gCN (AgNPs/PDMAEMA-g-gCN). An aqueous
AgNO3 solution (0.01 M) was degassed for 15 min under argon
flow; then PDMAEMA-modified gCN substrates were submerged
into the AgNO3 solution and stirred for 1 h under argon flow.
Subsequently, the samples were quickly dipped and stirred in an
aqueous NaBH4 solution (0.2 M) for 10 min. Finally, the samples
were washed several times with water and dried in argon atmosphere.

2.2.8. Characterization of SERS Samples. To test the feasibility of
the active SERS substrate, Rh6G was used as the Raman model probe.
A drop of Rh6G solution in ethanol (1 × 10−6 M) was dropped onto
unmodified gCN, PDMAEMA-g-gCN, and AgNPs/PDMAEMA-g-
gCN substrates. After drying under ambient conditions, all substrates
were washed with deionized water and absolute ethanol several times
to remove the free Rh6G molecules. Raman spectra were recorded by
using a custom-made confocal Raman spectrometer (Ntegra Aura/
Spectra) from NT-MDT. All samples were excited with laser light of
532 nm wavelength and 2 mW laser power.

2.2.9. Photocatalytic Degradation Performance. The photo-
catalytic activity was evaluated by the photocatalytic degradation of
the dye Rh6G on AgNPs/PDMAEMA-g-gCN substrates. The Rh6G/
AgNPs/PDMAEMA-g-gCN substrates were irradiated by an RPR-
4190A lamp with an irradiation distance of 5 cm. Upon irradiation,
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the substrates were moved and measured by Raman at certain time
intervals up to 6 h. Then the SERS spectra of Rh6G were recorded
using a custom-made confocal Raman spectrometer (Ntegra Aura/
Spectra) from NT-MDT.

3. RESULTS AND DISCUSSION
3.1. Functionalization of gCN with Polymer Brushes.

gCN was first obtained through the polycondensation of
melamine, as reported previously.33 Next, gCN was immersed
into a monomer solution. The surface-initiated polymerization
of vinyl monomers by SIPGP was performed by the irradiation
of gCN in a degassed bulk monomer with UV light (W = ∼8
mW cm−2, λmax = 365 nm). During the UV-induced
photografting reaction process, an H-terminated surface is
required to facilitate a radical mechanism.34 Various
researchers proved the success of grafting polymer brushes
on H-terminated substrates.24,29,35 The terminal amino
function is the most effective surface function for SIPGP
because of the low N−H bond dissociation energy.36,37 NH/
NH2 groups exist in gCN, as shown by theoretical calculations
and experimental observations.38 Hydrogen atoms from these
groups can be abstracted to start a free radical surface-initiated

polymerization, which leads to the formation of polymer
brushes.23,34

Figure 1 shows a schematic illustration for the preparation of
gCN-polymer composites. The feasibility and generality of our
method are demonstrated here with the grafting and
subsequent characterization of various polymer brushes on
gCN, including PDMAEMA, PSPMA, PMETAC, PNIPAm,
PMMA, and PS. Besides, polymer brushes on gCN particles
(Figure 1a), spin-coated gCN films (Figure 1b), and
microcontact printing (μCP) gCN patterns (Figure 1c) were
also prepared to give a robust demonstration of successful
grafting.

3.2. Characterization of Polymer Brush-Modified
gCN. The pristine and polymer-modified gCN were
characterized by TGA, XPS, XRD, and FTIR. Before all
characterizations and performance tests, the samples were
washed rigorously several times with good solvents for each
polymer brush, to ensure the complete removal of ungrafted
monomers and untethered polymers. TGA was first conducted
to calculate the weight ratios of polymer brushes grafted on
gCN (Figure 2a and Table S1). For pristine gCN,

Figure 1. Schematic illustration of the preparation of polymer brushes on gCN particles (a), spin-coated gCN film (b), and microcontact printing
gCN patterns (c).

Figure 2. (a) TGA curves, (b) XPS spectra, (c) XRD patterns, and (d) FTIR spectra of native gCN and polymer brush-modified gCN. (e) The
dispersibility of gCN (1, 3, 5) and PDMAEMA-g-gCN (2, 4, 6) in H2O, ethanol, and THF after 3 months, respectively. The concentrations of gCN
and PDMAEMA-g-gCN in solvent are both 3 mg mL−1.
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decomposition begins at 550 °C and almost finishes at around
750 °C whereas polymer brush-functionalized gCN shows
some weight loss between 200 and 500 °C due to the
decomposition of the grafted polymer brushes. For instance,
PDMAEMA-grafted-gCN (PDMAEMA-g-gCN) clearly exhib-
its a two-stage weight loss (between 200 and 500 °C).28 The
TGA results confirm that the polymer induced by surface
functionalization was covalently attached to the gCN rather
than physically adsorbed. The amount of grafted polymer
brushes on gCN depends on the type of monomer and
polymerization time. XPS measurements were conducted to
further confirm the success of polymer grafting on gCN. Figure
2b shows a small but characteristic oxygen peak in the XPS
survey spectrum of gCN (black curve), which indicates that
the gCN absorbs a small amount of water from air. Compared
to the pristine gCN, the corresponding spectra of polymer-
grafted gCN display different elemental signals from each
functional group in polymer brushes. For anionic PSPMA, the
presence of the S 2p peak at 168.1 eV and the significantly
larger O 1s peak at 535.9 eV demonstrate the successful
polymerization of SPMA on gCN. For cationic PMETAC, the
success of the polymerization is evidenced by the appearance
of the Cl 2p peak at 196.5 eV, the weak N 1s peak at 402.1 eV,
and the strong O 1s peak at 532.7 eV observed on the surface
of PMETAC-g-gCN. For PS-g-gCN, the C 1s peak at 285.2 eV
was observed, which could be due to the high weight ratio of
PS in agreement with TGA results. XPS also confirmed the
grafting of other polymers, such as PMMA, PNIPAm, and
cationic PDMAEMA, on gCN by SIPGP. Figure 2c shows that
gCN has the strongest XRD peak at 27.7° due to the stacking
reflection of the conjugated aromatic system, as in graphite
materials.[3a] Remarkably enough, after modification, the
position of this (002) peak shows very slight shifts due to
polymer embedding. This XRD observation, in addition to
supporting our hypothesis, is consistent with SEM results. In
FTIR spectra (Figure 2d), the chemical structures of gCN and
polymer-modified gCN were further revealed. For example, in
the spectrum of PMMA-g-gCN, the strong absorption peak at
1730 cm−1 can be attributed to absorption by carboxylic
groups. The absorption peaks in the region 2800−3000 cm−1

correspond to the −CH2 and −CH3 groups. Combining the
results from SEM and FTIR spectra (detailed discussion in
Figures S1 and S2, in the Supporting Information) verifies that
various types of polymers were successfully grafted onto gCN.
Moreover, the optical properties of gCN and polymer-modified
gCN were investigated by UV−vis absorption spectroscopy
(Figure S3). Compared with the absorption edge of pristine
gCN, the bandgap of polymer-modified gCN changes only
slightly (Table S2), which confirms that the physical properties
did not change by surface functionalization. This result
encourages the application of functionalized gCN in chemical
sensors and biosensors.
Up to now, the dispersion of gCN in any solvent remains

one of the biggest challenges to its potential applications. Some
reports showed that gCN could be dispersed in water or other
organic solvents by extensive sonication,16,39 but this comes at
the cost of long processing time and destruction of the
sample’s structure. In this work, the dispersibility of gCN was
also investigated. Unmodified (native) gCN and PDMAEMA-
g-gCN were suspended in various solvents (H2O, ethanol, and
THF) at the same concentration of 3 mg mL−1 at room
temperature. As shown in Figure 2e, the pristine gCN
precipitates at the bottom of the vials, whereas PDMAEMA-
g-gCN shows good dispersion in various solvents even after 3
months of immersion. This demonstrates the effects of
polymer modification on the gCN surface and the improved
stability in suspension.
To further explore and demonstrate the surface properties of

polymer-modified gCN, a spin-coated gCN film was also used
to graft polymer brushes. The surface morphology and
thickness as well as the wettability of the pristine and polymer
brushes modified gCN were characterized by AFM and water
contact angle, respectively. Figure 3a shows the AFM images of
pristine gCN and after SIPGP with different polymer brushes
and their corresponding water contact angles. The spin-coated
gCN film is inhomogeneous due to the nonuniform size of
gCN nanoparticles. However, this inhomogeneity does not
affect the grafting of polymer brushes on the gCN films. The
surface roughness (RMS) of gCN is 4.2 nm, whereas the RMS
of PS, PSPMA, PMMA, PDMAEMA, PMETAC, and PNIPAm

Figure 3. (a) AFM images and water contact angle of gCN and polymer-modified gCN. (b) Thickness evolution of polymer brushes grafted on
gCN as a function of polymerization time for PDMAEMA brushes (PDMAEMA as a model system). (c) Schematic illustration and optical
photographs of patterned PDMAEMA brushes on a spin-coated gCN film.
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are 3.1, 4.3, 6.9, 3.6, 4.0, and 7.7 nm, respectively, indicating
the change in surface morphology after polymerization with
the respective monomer. By utilizing this grafting method, the
wettability of gCN can be easily tuned employing the above-
mentioned polymer brushes with different wetting behaviors.
Contact angle (CA) measurements were performed to
characterize the wettability of gCN before and after polymer
brush modification (Figure 3a, lower images). The CA of gCN
was 43 ± 1° and decreased to <10° after the grafting of
METAC and SPMA,29 indicating that the surface became

more hydrophilic. However, after the grafting of DMAEMA
and NIPAm, CA values increased to 57 ± 1 and 59 ± 1°,
respectively, showing that the surfaces became less hydrophilic.
After the grafting of PMMA and PS, the surfaces became more
hydrophobic with CA values of 71 ± 3 and 94 ± 2°,
respectively.40 This wettability analysis shows that SIPGP can
endow hydrophobicity/hydrophilicity to gCN and that the
surface properties can be tuned by polymer brushes expanding
the possibilities for gCN applications. Moreover, the height
dependency on polymerization time for PDMAEMA was also

Figure 4. (a) Schematic illustration of preparing polymer brushes on gCN surfaces by microcontact printing. (b, c) Optical image and AFM image
of the patterned gCN by microcontact printing, respectively. (d, e) Optical image and AFM image of polymer brush-modified patterned gCN,
respectively.

Figure 5. (a) Schematic illustration of the fabrication of PDMAEMA-g-gCN by SIPGP and subsequent immobilization of AgNPs on PDMAEMA-
g-gCN. (b) Contact angles and (c) XRD spectra of PDMAEMA-g-gCN and AgNPs/PDMAEMA-g-gCN. (d) SERS spectra of 10−6 M Rh6G on
native, PDMAEMA-g-gCN, and AgNPs/PDMAEMA-g-gCN. (e) SERS spectra for AgNPs/PDMAEMA-g-gCN probed with different
concentrations of Rh6G from 10−6 to 10−9 M in ethanol. (f) SERS intensity plot for the band at 1649 cm−1 vs time without and with visible
light irradiation to completely remove the Rh6G from the AgNPs/PDMAEMA-g-gCN layer. (g) The SERS intensities at 1649 cm−1 for visible
light-assisted degradation of 10−6 M Rh6G on AgNPs/PDMAEMA-g-gCN for repeatable usage up to five times.
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studied. Figure 3b shows a linear relationship between the
thickness of polymer brushes and polymerization time.
PDMAEMA has a high growth rate (14.6 nm h−1) on the
gCN film due to similar wettability of gCN and DMAEMA.41

Furthermore, patterned polymer brushes on the gCN film can
be realized by direct photopatterning using a mask on the top
of the gCN film (Figure 3c). The optical microscopy images
show that polymer brushes are only grafted on the areas where
gCN was exposed to UV light. The well-defined micro-
structures confirm the simplicity of the direct patterning and
selectivity of photopolymerization.
3.3. Microcontact Printing Patterns. Microcontact

printing (μCP) is one of the most attractive lithographic
tools to get predefined patterns on substrates.42 Recently,
Chen and co-workers used the μCP technology to obtain
micropatterned graphene oxide films.43 Similarly, patterned
gCN could also be prepared by μCP, where PDMS and gCN
are used as μCP stamps and inks, respectively, and with further
pattern amplification by SIPGP, as shown schematically in
Figure 4a. Herein, patterned gCN nanosheets were first
stamped on the Si/SiO2 substrate by μCP. Subsequently,
PDMAEMA brushes grown on the patterned gCN by SIPGP
resulted in micropatterned polymer brushes. μCP is unique for
providing well-defined microarchitectures with high stability
even after grafting because gCN micropatterns with high
stability can be generated on a SiO2 surface via hydrogen
bonding interactions.44 Optical and AFM images were
employed to compare patterned gCN and patterned
polymer-modified gCN. Figure 4a shows the schematic
illustration of making polymer brushes on patterned gCN by
μCP. PDMS and gCN are used as μCP stamps and inks,
respectively. Figure 4b shows high-quality line-shaped gCN
arrays 10 μm wide and 15 nm thicknesses, as obtained with an
optical microscope. Figure 4c shows the zoomed-in AFM
height image of areas in Figure 4b and reveals the same
patterns as the optical image in Figure 4b. Subsequently,
PDMAEMA brushes grown on the patterned gCN by SIPGP
result in micropatterned polymer brushes with the thickness of
about 60 nm. Figure 4d shows the optical image of patterned
PDMAEMA brushes, and Figure 4e shows the AFM height
which reveals the same pattern as observed in Figure 4d. The
μCP can extend the potential applications of gCN such as
studies of protein adsorption and cell attachment.45

3.4. Surface-Enhanced Raman Spectroscopy and
Photocatalytic Degradation of Polymer Brush-Grafted
gCN. Surface-enhanced Raman spectroscopy is a highly
sensitive analytical tool to detect organic molecules with an
extraordinary sensitivity down to single-molecule detec-
tion.46−48 To further demonstrate the potential application
of polymer-functionalized gCN, SERS-active sensing substrates
were fabricated by immobilizing AgNPs on PDMAEMA-g-
gCN. Figure 5a shows the schematic illustration of the AgNPs/
PDMAEMA-g-gCN fabrication. PDMAEMA brushes were first
grafted on the gCN layer through SIPGP. Subsequently,
AgNPs were immobilized within the PDMAEMA brushes by
the reduction of coordinated Ag+ in an aqueous NaBH4
solution. Contact angle measurement, XRD analysis, and
SEM confirmed the presence of AgNPs within the PDMAEMA
brushes (Figures 5b,c and S4). Figure 5b shows that the CA of
PDMAEMA-g-gCN brushes and AgNPs/PDMAEMA-g-gCN
is 57 ± 1 and 78 ± 2°, respectively. The rise in CA can be
related to the increase in brush surface roughness due to the
presence of AgNPs.31,49 XRD patterns in Figure 5c confirm the

crystalline structure of AgNPs,50 as a consequence of the
successful AgNP synthesis with an average AgNP size of about
10 nm (Figure S4b). Figure S4c shows the homogeneous
distribution of Ag confirming the uniform immobilization of
AgNPs on PDMAEMA brushes.
The SERS performance of AgNPs/PDMAEMA-g-gCN was

evaluated by measuring the Raman spectra of Rh6G (Figure
5d). Rh6G is commonly used as a Raman probe in SERS
because this dye has a large Raman cross-section that generates
a strong SERS signal. To evaluate the SERS enhancement of
samples, native gCN, PDMAEMA-g-gCN, and AgNPs/
PDMAEMA-g-gCN layer substrates were first immersed in a
1 × 10−6 M Rh6G ethanol solution for 2 h, subsequently rinsed
with ethanol, and dried under nitrogen flow. The AgNPs/
PDMAEMA-g-gCN exhibits a remarkably high SERS signal,
whereas no distinct Raman signal whatsoever is detected for
native gCN or PDMAEMA-g-gCN.
The SERS spectra of Rh6G with different concentrations

from 10−6 to 10−9 M are shown in Figure 5e. The bands at
around 616 (C−C−C in-plane bending vibration), 778 (C−H
out-of-plane bending vibration), 1184 (aromatic C−H bend
mode), and 1312 cm−1 (C−O−C stretching), and the C−C
stretching modes of Rh6G at 1364, 1511, 1574, and 1649 cm−1

are clearly observed.51,52 As the concentration of Rh6G
decreases, consequently, the SERS intensity of Rh6G at 1649
cm−1 also decreases. Despite this decrease, even when the
concentration of Rh6G reaches 10−8 M, the Raman signal of
the dye molecule is still clearly detectable. This decrease in the
SERS signal is due to the reduction in the Rh6G concentration,
resulting in fewer target molecules adsorbed on the AgNPs/
PDMAEMA-g-gCN. The enhancement factor (EF) was
calculated according to the following equation53

=
I C
I C

EF SERS 0

0 SERS (1)

where ISERS and CSERS are the intensity of the Raman band at
1649 cm−1 and the concentration of Rh6G under SERS,
respectively, C0 is the concentration Rh6G, and I0 is the
intensity of the Raman band at 1649 cm−1 under normal
Raman conditions (Figure S5). According to eq 1, the EF was
calculated to be 2.4 × 107, indicating that the AgNPs/
PDMAEMA-g-gCN hybrid materials can work effectively as an
SERS active layer for sensing applications.
Photocatalytic properties play a critical role in the clean

energy sources,54 to further demonstrate the applicability of
our hybrid AgNPs/PDMAEMA-g-gCN, and motivated by the
widespread investigation of gCN as a visible-light-driven
photocatalyst,5,55−60 we performed a typical photocatalytic
degradation experiment under visible light irradiation. For this
purpose, the photocatalytic degradation performance of Rh6G
from Rh6G/AgNPs/PDMAEMA-g-gCN substrates under
irradiation of visible light (RPR-4190A lamp) was investigated.
The intensity of Rh6G decreased sharply after 1 h and
vanished after 5 h of irradiation (Figure S6), indicating the
complete decomposition of Rh6G in the AgNPs/PDMAEMA-
g-gCN substrates while preserving its photocatalytic function-
ality. To further elucidate the photodegradation performance,
the Rh6G SERS peak intensity at 1649 cm−1 was plotted
against irradiation time (Figure 5f). The resulted plots show
that the Rh6G was degraded with increasing irradiation time.
This inspired us to study the reusability and stability of
AgNPs/PDMAEMA-g-gCN structures. Therefore, sequential
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SERS and photodegradation experiments were conducted. As
shown in Figure 5g, the AgNPs/PDMAEMA-g-gCN sample
shows almost the same SERS intensity and relatively high
photodegradation activity for five recycle times. The XRD
patterns of the AgNPs/PDMAEMA-g-gCN samples before and
after five reuse times show no structural changes (Figure S7),
which demonstrates the excellent stability and the recyclability
of AgNPs/PDMAEMA-g-gCN. AgNPs/PDMAEMA-g-gCN
can be exploited as an SERS active layer to in situ monitor
the degradation of pollutants or pharmaceutical waste.

4. CONCLUSIONS
In summary, we have presented an easy way to direct
covalently bind various polymer brushes on gCN via SIPGP.
The results indicate that SIPGP does not damage or alter the
original structure of gCN. The polymer brush-grafted gCN
exhibits a well-improved dispersibility in various solvents.
Patterned polymer brushes on gCN can also be easily realized
by employing μCP. The AgNPs/PDMAEMA-g-gCN structure
shows strong SERS enhancement with a surface enhancement
factor of 2.4 × 107 for the detection of the Rh6G dye.
Moreover, the complete removal of Rh6G via the photo-
catalytic degradation process on AgNPs/PDMAEMA-g-gCN
under the irradiation of visible light exhibits the stability and
good photocatalytic activity of the polymer brush-grafted gCN.
These results demonstrate that the polymer brushes with
incorporated AgNPs on gCN can act as a recyclable active
sensing layer for consecutive cycles of SERS and photocatalytic
degradation processes. This multifunctionality has implications
for applications in in situ monitoring of pollutants, such as dyes
or pharmaceutical waste, with high chemical sensitivity as well
as wastewater remediation. Therefore, SIPGP provides a
powerful new set of tools for the covalent functionalization
of gCN and may enable new applications in the field of
catalysis, biosensors, and, most interestingly, environmental
remediation, making an advantageous multifunctional plat-
form.
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