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ABSTRACT: We report on the events of Förster resonance
energy transfer (FRET) and direct transfer (DT) of electrons
in two-dimensional graphitic carbon nitride (g-C3N4) nano-
sheets-based plasmonic hybrid heterojunctions of Ag−C3N4/
ZnO. The occurrence of FRET has been understood from the
quenching of emission and lowering of luminescence decay
time of the hybrid samples. Using the measured lifetime, the
FRET efficiency has been estimated to be ∼61% at a
concentration of 5 mM of Ag nanoparticles. It has been
found that the FRET process triggers the surface plasmon
oscillation in metallic Ag nanoparticles. In turn, the hot
electron injection from plasmonic Ag to C3N4 results in the near-UV emission in g-C3N4. The attachment of zinc oxide (ZnO)
nanorods with the hybrid nanosheets has led to an efficient charge separation due to the formation of type II band alignment.
The FRET induced excitation of electrons in hybrid nanosheets and their subsequent transfer to nanorods has led to the
improvement in photoconductivity response of Ag−C3N4/ZnO hybrid heterojunctions.
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■ INTRODUCTION

Two dimensional (2D) layered materials have received
immense attention from the scientific community due to
their novel electronic and photonic properties.1−3 Apart from
graphene, various 2D materials like transition metal
dichalcogenides (TMDs), h-boron nitride, and black phos-
phorus and their heterostructures are being explored for
potential applications in various optical devices.2−4 Graphitic
phase of carbon nitride (g-C3N4) has been found to be
attractive for photocatalytic as well as optoelectronic
application owing to its moderate band gap (∼2.7 eV at 300
K).5−9 A heterojunction comprising two materials with suitable
band gaps is effective for separation or confinement of carriers,
and hence to achieve high efficiency solar cells, photodetectors,
light emitting diodes, and so forth.8,10−12 On the other hand,
plasmonic metal nanoparticle-based hybrids of 2D materials
exhibit fascinating optical properties due to the enhanced
photogeneration rate, carrier transfer, and plasmon induced
“hot carrier transfer”.13,14 Modification of photophysical or
photochemical properties of g-C3N4 by fabricating hybrid/
heterojunction structure with other semiconductor or metal
nanoparticles has been reported.15,16 Among different semi-
conductors, ZnO nanorod-based 2D/1D hybrid heterojunc-
tion of g-C3N4 has been reported in several instances.
Improved visible photocatalytic activity due to rapid charge
separation has been reported in such g-C3N4/ZnO systems.17

Again, gas sensing properties of this 2D/1D system have also
been explored.18 Recently, the observation of white light
emission has also been reported by our group.8

However, in hybrid or heterojunctions, nonradiative energy
transfer (NRET) is also an alternative pathway to modify the
optical characteristics.19,20 In hybrid systems, such NRET can
take place among two constituent species, where energy
transfer from the emitter (donor) to the absorber (acceptor)
occurs via near-field interactions. In general, the NRET
efficiency depends on certain factors like donor−acceptor
separation, spectral overlap of donor emission and acceptor
absorption, and relative orientation of the transition dipoles of
donor and acceptor.21 The investigation of NRET in hybrids
composed of quantum dots and 2D sheets of graphene and
MoS2 layers has been studied.22 Further, the temperature
dependence of energy transfer efficiency has been studied in
graphene-semiconductor quantum well heterojunction sys-
tems.23 Such energy transfer mechanism in heterojunctions
plays an important role for photodetection and energy
harvesting systems.
Most often, researchers have considered Ag−C3N4 or ZnO/

C3N4 systems to explore the photochemical properties. In most
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of the reports of Ag−C3N4, the superior photochemical
properties have been attributed to the direct transfer of
photoexcited electrons from C3N4 to Ag or electron transfer
via surface plasmon, whereas in ZnO/C3N4 systems, direct
transfer of photoexcited electrons has been highlighted. Here,
in a 1D/2D hybrid system, we report for the first time
sequential events of Förster resonance energy transfer (FRET)
in Ag nanoparticles loaded 2D g-C3N4 nanosheets followed by
direct electron transfer to attached 1D ZnO nanorods. FRET
process takes place from g-C3N4 to Ag to trigger the surface
plasmon oscillation in Ag, which in turn contributes hot
electrons to the conduction band of g-C3N4. We have
demonstrated that, upon attaching ZnO nanorods with such
Ag−C3N4 hybrids, these hot electrons can be transferred to
ZnO due to the formation of a type-II band alignment at the
interface. The resultant enhanced charge carrier separation
process has been understood through the exhibition of higher
photoconductivity in the hybrid heterojunction system. The
photoconductivity in conventional ZnO/C3N4 junctions may
suffer due to the recombination of carriers in the g-C3N4 part;
however, the exploitation of Ag−C3N4 can lead to excess
carriers in the higher energy state which can be further swept
to ZnO with the help of band alignment. The present hybrid
heterojunction of ZnO/Ag−C3N4 system is unique owing to
the evolution of FRET in Ag−C3N4 and efficient charge carrier
separation to ZnO, thereby demonstrating photodetection
ability from the UV to visible region.

■ EXPERIMENTAL DETAILS
Synthesis of g-C3N4 Nanosheets and Ag Nanoparticle

Attached g-C3N4 Nanosheets. The nanosheets of g-C3N4 2D
layers were fabricated through liquid phase exfoliation of bulk g-C3N4
as described in our previous reports.8 Ag nanoparticles were attached
on the nanosheets using a simple photoassisted reduction method.
Initially, identical solutions of g-C3N4 in deionized water/ethanol
(∼0.002 M) were prepared (∼2 mL each). Again, a homogeneous
aqueous solution containing ∼2.2 mg of silver nitrate (AgNO3) and
∼3.5 mg trisodium citrate was formed and then introduced to the
previously mentioned g-C3N4 based solution in various quantities
(e.g., 100, 300, 500, and 900 μL). The resultant sets of solutions were
kept under ultrasonic vibration for 1 h in order to avoid restacking
and then subjected to ultraviolet (UV) irradiation (∼365 nm) for 3 h.
Upon completion of the desired reaction time, samples were washed

repeatedly with ethanol and water and finally dispersed in ethanol. To
obtain the as-synthesized products in the form of thin films, the
solutions were spin-casted on cleaned laboratory glass slides at ∼1500
rpm and dried in a hot plate. For convenience, the Ag/C3N4 samples
are hereafter referred to as AgCN100, AgCN300, AgCN500, and
AgCN900 for samples containing 100, 300, 500, and 900 μL AgNO3
solutions, respectively, while the C3N4 samples without Ag are
referred to as control CN. The synthesis procedure has been
summarized in the schematic diagram as presented in Figure 1.

Using a similar method, Ag/C3N4 nanosheets were obtained
without trisodium citrate. Again, for comparative analysis, control Ag
nanoparticles were also synthesized following the same photoassisted
reduction approach but in the absence of C3N4.

Fabrication of Hybrid Heterojunctions of ZnO and Ag/C3N4.
First, ZnO nanorods were synthesized via a simple hydrothermal
reaction. In a typical reaction, mixture of equimolar (0.03M) zinc
nitrate hexahydrate [Zn(NO3)2·6H2O] and hexamethylenetetramine
[(CH2)6N4] in 70 mL deionized water were subjected to stirring at
∼90 °C for 3 h. The resultant white product was washed in ethanol
and then dried at ∼80 °C in a hot air oven. The obtained ZnO
powder was dispersed in ethanol and then spin-casted on the top of
bare CN and AgCN thin films to fabricate the heterojunction systems.
ZnO based hybrid heterojunctions with bare C3N4 and Ag/C3N4 were
labeled as ZnCN and ZnAgCN, respectively.

Characterization and Measurements. The morphological
features of the samples were studied through transmission electron
microscopy (TEM, FEI−TECNAI G2 20ST, 200 kV). Again,
compositional analysis have been carried out using TEM (TECNAI,
200 kV) which is equipped with an energy dispersive X-ray
spectrometer (EDS, EDAX Inc.), having scanning TEM and high-
angle annular dark-field (STEM-HAADF) imaging and mapping
facilities, while the chemical constituents were investigated using X-
ray photoelectron spectroscopy (XPS) with a PHI 5000 Versa Probe
II (ULVAC, PHI, Inc.) spectrometer equipped with a microfocused
(100 μm, 25 W, 15 kV) monochromatic Al Kα X-ray source (1486.6
eV). In this context, the binding energy data were calibrated upon
considering the carbon (C 1s) peak position at 284.5 eV. The UV−vis
absorption spectra were recorded using a UV−vis−near-IR
spectrometer (Avaspec 3648). The room temperature photo-
luminescence (PL) spectra were captured by a PL setup which is
equipped with a TRIAX-320 monochromator and Hamamatsu R928
photomultiplier detector. For this experiment, He−Cd laser (λex =
325 nm) and a diode laser (λex = 405 nm) were used as excitation
sources. Further, temperature-dependent PL spectra were recorded by
placing the samples inside a closed cycle cryostat (JANIS, CCS-150),
which allows a temperature range of 10−300 K. On the other hand,

Figure 1. Schematic representation of the synthesis procedure of AgCN and ZnAgCN.
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PL lifetime studies were performed using a LifeSpec II fluorescence
spectrophotometer (Edinburg Instruments) equipped with a diode
laser as an excitation source (λex = 376 nm) and a photomultiplier
tube as a detector. Mott−Schottky measurements were performed by
using a Gamry electrochemical instrument. In this context, 0.5 M
Na2SO4 was used as electrolyte, while Ag/AgCl and graphite carbon
were used as reference electrode and counter electrode, respectively.
For all Mott−Schottky measurements, frequency was fixed at 2 kHz.
Finally, the photoconduction properties were studied using a Keithley
4200-SCS parameter analyzer under He−Cd laser (λex = 325 nm) and
AM 1.5 G solar radiation (Newport 67005 solar simulator).

■ RESULTS AND DISCUSSION
The formation of Ag nanoparticles has been inferred from the
variation of solution color with concentration as presented in
Figure S1 in Supporting Information. UV−vis absorption
spectrometry of AgCN hybrids has been carried out and the
representative spectra are shown in Figure 2. Bare Ag

nanoparticles exhibit a strong absorption band at ∼420 nm
due to surface plasmon oscillation. Compared to previous
reports,24 the red-shifted plasmon peak and its broadening

indicate the presence of a relatively wide size distribution of Ag
nanoparticles. In contrast, both AgCN samples (synthesized in
presence and absence of trisodium citrate) exhibit broader
absorption features containing the absorption characteristics of
both bare CN and bare Ag at ∼320 and 420 nm,
respectively.16,25 In general, the states of g-C3N4 are formed
by sp3 C−N σ, σ* bonds, sp2 C−N π, π* bonds, and the lone
pair (n) of nitrogen atoms. In earlier studies of nitrogenated
carbon materials, it has been shown that the n states are
formed within π band for sp2 dominated systems, while those
are formed within π and π* bands for sp3 based systems.25

However, due to the presence of both sp2 and sp3 N in the g-
C3N4 ring, transition from n states to π* states is also possible
apart from the conventional σ−σ* and π−π* transitions. The
absorption peak at ∼320 nm indicates the transition involving
σ−σ* states of CN. Further, the signatures of π−π* transition
at ∼390 nm and n−π* transition at ∼500 nm are also
noticeable. Although, the plasmon related peak is observed
nearly at the same position for both the AgCN samples, the
intensity is much more pronounced in the sample synthesized
in the presence of trisodium citrate. A stronger plasmon related
absorption peak indicates the formation of a higher
concentration of Ag nanoparticles. In the photoassisted
reduction method, Ag nanoparticles are formed through the
reduction of Ag+ ions upon capturing the photogenerated
electrons from CN. However, it is expected that the presence
of citrate ions can accelerate the reduction process serving the
role of reducing as well as a capping agent (as shown in the
scheme in Figure 1). Hence, the formation of a higher extent of
Ag nanoparticles is favored due to the introduction of
trisodium citrate.
TEM micrographs of 2D CN nanosheets before and after Ag

loading (AgCN500) are shown in Figure 3a,b. The
encapsulation of spherical Ag nanoparticles can be clearly
observed. A closer view of an individual Ag nanoparticle can be
visualized in the HRTEM image (Figure 3c). The presence of
constituent elements in Ag nanoparticles coated CN nano-
sheets has been confirmed from the EDX analysis presented in
Figure S2. XPS spectra have been obtained to probe the local

Figure 2. UV−vis absorption spectra of AgCN samples. Inset shows
the absorption spectra of bare CN and Ag nanoparticles.

Figure 3. TEM images of (a) bare CN and (b) AgCN samples. (c) Closer view of an individual Ag nanoparticle. FESEM images of (d) bare ZnO
nanorods and (e) AgCN attached ZnO nanorods.
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chemical bonding of the samples (Figure S3a-c). Figure 3d,e
shows the SEM images of ZnO nanorods before and after
attachment to AgCN. Before coating, the formation of
individual ZnO nanorods can be clearly observed from the
SEM micrograph. However, upon coating, the attachment of
nanorods with AgCN is evident. The EDX analysis carried out
on this AgCN/ZnO sample indicates the presence of
constituent elements in the sample (Figure S4). For further
assurance, HRTEM of the hybrid heterojunction has been
recorded as shown in Figure 4. The Ag nanoparticle decorated
single nanosheet in ultimate contact with the ZnO nanorods
can be clearly observed (Figure 4a). The interlayer spacing of
0.33 nm of g-C3N4 can be extracted from the HRTEM image
of the nanosheets (Figure 4b). Further, the lattice spacing
values in ZnO and Ag in Figure 4c,d indicate the formation of
hexagonal wurtzite and fcc phase, respectively. For composi-
tional analysis, EDX mapping has been performed on the
selected region of the nanosheet−nanorod surface (marked
with the rectangular box of Figure 4e). The elemental mapping
corresponding to C, N, Ag, Zn, and O indicates the uniform
distribution of the constituent elements at the respective
nanostructures. The C related mapping image is not obvious

owing to the signal arising from carbon coated Cu-grid for
TEM measurements.
UV−vis absorption spectra in normalized scale for AgCN

samples with different Ag concentration are shown in Figure
5a. For AgCN900, due to the higher concentration of Ag, the
surface plasmon absorption peak becomes dominant over the
σ−σ* transition related peak of CN. The broadening of the
absorption spectra of AgCN, as compared to bare CN, is
attributed to the activation of the n−π* transition due to the
charge redistribution in g-C3N4.

26 Investigation of photo-
stability is important, as prolonged light irradiation can
deteriorate the materials by altering their microstructural
configuration. So, photostability of the samples has been
checked by recording the absorption spectra of a particular
concentration of AgCN samples upon exposure to visible light.
As shown in Figure S5, there is no significant change in
absorbance values in absorption spectra of the samples exposed
to visible light for more than 2 h, thus indicating the superior
photostability of the material. The room temperature PL
emission under 325 nm excitation (as shown in Figure 5b)
indicates the lowering of emission intensity in hybrid samples
when compared to that of control CN. Emission spectra in the
normalized scale (shown in the inset) reveal the appearance of

Figure 4. (a) TEM image of AgCN attached ZnO nanorods, HRTEM images of (b) g-C3N4 nanosheet, (c) Ag nanoparticle, (d) ZnO nanorod,
and (e) STEM-HAADF image of AgCN attached ZnO nanorods and the elemental mapping of the selected region.
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a new emission peak in the near UV region (below 400 nm)
upon increasing the concentration of Ag. Further, the emission
spectra of the hybrids are slightly broadened due to relatively
higher emission intensity in the longer wavelength region. The
enhanced radiative recombination in the longer wavelength
region can be attributed to the elevated absorption due to
n−π* transition, as discussed above. It is known that the
emission in g-C3N4 originates from the radiative recombina-
tion from σ* and π* states to n or π states. The transition from
σ* to n states leads to emission in the near UV region, while
transitions from π* to n or π states lead to the emission
extending from the violet to green region. Most often, the
delocalization of the electrons lead to the overlapping of the
orbitals. Such overlapping between σ* and π* states lowers the
probability of σ* to n transitions by forming channels for
photoexcited electrons to relax from σ* to π* states.25 This
event is clearly understood from the PL spectrum of bare CN
where the near UV emission is not distinguishable.
The variation in the emission of fluorophore materials in the

presence of metal nanoparticles depends on the distance
between them. Very often, emission quenching is observed
when the metal nanoparticles are very close to the fluorophore.
In such a situation, NRET from the emitter to the metal can
take place and may lead to the decrease in quantum yield of
the emitter. In the energy transfer process, the emitted energy
from an excited molecule (donor) can be transferred to the
other molecule (acceptor) and is accompanied by the decrease
in lifetime of the donor species. Thus, nonfluorescent
acceptors such as metal nanoparticles can act as a quenching
material.21 As observed in TEM micrographs, Ag nanoparticles
are in intimate contact with the CN nanosheets, and hence
there is a strong probability of NRET. Reineck et al. have
reported that the quenching occurs efficiently whenever the
dye emission wavelength is very close to the surface plasmon
absorbance peak of metal.27 Now, to investigate the occurrence
of Förster like resonant energy transfer in a AgCN hybrid
system, the absorption of bare Ag nanoparticles is compared

with the emission spectrum of bare CN in normalized scale, as
shown in Figure 5c. The significant overlap between the two
spectra indicates that there is a possibility of energy transfer via
FRET process to quench the emission in the hybrid system.28

Further, the occurrence of FRET has been established from the
PL decay spectra of bare CN and hybrid AgCN samples
monitored at 450 nm upon exciting at 376 nm (Figure 5d).
Compared to bare CN, the faster decay of PL intensity in
AgCN sample establishes the occurrence of the FRET
mechanism in hybrid samples. The efficiency of energy transfer
can be calculated using the decay times of bare CN and AgCN
hybrid samples, given by21,29

τ
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where I designates the PL intensity and τ represents the PL
decay time for the AgCN and bare CN samples. The decay
time for bare CN and AgCN hybrid samples is estimated to be
τ ∼ 2.8 and 1.1 ns, respectively. Considering the decay time
values, the energy transfer efficiency is found to be ∼61%.
Now, such an event of FRET will trigger the surface plasmon
oscillation in Ag nanoparticles, as the surface plasmon
absorption peak of Ag and the emission peak of bare CN
overlap significantly. At such a situation the surface plasmon
oscillation may lead to the hot electron transfer from Ag to g-
C3N4 across the Schottky junction formed between them. To
validate this point, first the Schottky barrier height has been
evaluated to investigate whether direct transfer (DT) of the
hot electrons to g-C3N4 is possible or not. Second, the effect of
DT on emission spectra of g-C3N4 has been explored. To
determine the Schottky barrier height (ϕB) formed between Ag
and g-C3N4, the XPS valence band spectrum of bare CN has
been recorded as shown in Figure 6. The valence band edge
can be found by extrapolating the linear portion of the leading
edge of XPS valence band spectrum. Here, the valence band
edge has been found to be ∼2.05 eV for bare CN. Using the
core level XPS data and the valence band spectrum, ϕB can be

Figure 5. (a) UV−vis absorption spectra of AgCN samples with different Ag content, (b) PL emission spectra of the samples under 325 nm
excitation, (c) comparison of the absorption of bare Ag nanoparticles and the emission spectrum of bare CN, (d) PL decay spectra of the samples
monitored at 450 nm.
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calculated using the relation,30 ϕB = Eg − (Ec − Evc), where Eg
is the band gap of g-C3N4, Ec is the binding energy of core level
binding energy of AgCN and Evc is the difference in valence
band edge and the core level binding energy of bare CN. Using
the N 1s binding energy values of bare CN and AgCN samples
as 398.4 eV25 and 398.13 eV, respectively, ϕB has been found
to be 0.96 eV. Now, for Au and Ag nanostructures, the surface
plasmon can transfer an energy of 1−4 eV to the hot electrons
depending upon carrier concentration and morphology.31,32 In
the present case, such energetic electrons can easily overcome
the ϕB at the Ag−C3N4 junction, and hence the plasmon
assisted DT of electrons from Ag to CN is feasible. In this
situation, the higher energy states of CN will be populated with
the electrons transferred from Ag and can promote the
recombination event from σ* states. This event should
definitely enhance the emission in the near UV region. The
observation of the same in Ag decorated CN nanosheets
validates the scheme discussed earlier on the evolution of
surface plasmon oscillation and DT of electrons. Similar
modification of emission pattern via plasmon assisted electron
transfer has been reported for other semiconductors.33,34

The influence of DT on emission spectra of g-C3N4 is
further verified through low temperature PL measurements.
Figure 7a shows the PL spectra of bare CN within a
temperature range from 10 to 300 K with 325 nm excitation.
The PL emission intensity decreases monotonically with the
increase in temperature due to the thermal quenching effect. At
300 K, the integral PL intensity drops down to ∼75% from the

value at 10 K. With increase in temperature, the nonradiative
trapping sites such as surface states and defects become
thermally activated, resulting in the quenching of radiative
emission.35 Particularly in such carbonous materials, the
hopping of electrons among sp2 clusters increases due to the
freezing of defects at lower temperature and results in an
enhanced emission.36 It is observed that at a lower temper-
ature, the σ* to n state related transition becomes prominent
in the near UV region, which gradually disappears with the
increase in temperature. It is anticipated that at cryogenic
temperatures the photoexcited electrons do not find sufficient
energy to escape, and hence the σ* states remain sufficiently
populated to give rise to radiative recombination. On the other
hand, the PL emission of AgCN (in Figure 7b) exhibits less
dependency on temperature as can be characterized by a PL
intensity decrease of ∼34% at 300 K from that of the maximum
value at 10 K. As presented in Figure 7c, the variation in
emission intensity ratio (I/I10) with temperature clearly
demonstrates a slower decreasing nature of AgCN with respect
to bare CN. However, for both samples above 50 K, there is a
development of a shoulder-like feature due to the slower decay
rate. This feature may have originated from the thermal escape
of the carriers captured at low-lying states just below the π*
band, which consequently take part in the emission process.
Beyond 150 K, the I/I10 ratio decreases sharply for bare CN
but remains almost constant for AgCN. The slower decay of I/
I10 ratio for AgCN is expected to originate from the event of
plasmon resonance induced charge transfer from Ag to CN
triggered by the FRET process. The radiative transition
occurring due to the supplementary electrons compensates
the effect of thermal quenching during the rise in temperature.
Since the higher energy σ* states are mostly populated by the
event of DT of electrons, the transitions involving these states
lead to enhanced emission in the near UV region. Thus, the
emission in the near UV region is less affected with an increase
in temperature; the slight enhancement near room temperature
can be attributed to the thermal activation of some shallow

Figure 6. XPS valence band spectrum of bare CN.

Figure 7. Temperature-dependent PL spectra using an excitation wavelength of 325 nm for (a) bare CN and (b) AgCN hybrids. (c) Variation in
emission intensity ratio (I/I10) with temperature. (d) Schematic representation of the mechanism involving the FRET and DT of electrons.
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states. The schematic representation of the complete process
involving the FRET from CN nanosheets to Ag nanoparticles
and the consequent event of DT of electrons from Ag to CN is
shown in Figure 7d.
Further, the quenching of PL emission under 405 nm

excitation also indicates the DT of electrons from Ag to CN
(as shown in Figure S6). At this condition, the emission
intensity ratio of AgCN to bare CN at ∼455 nm is found to be
∼0.5, while it is ∼0.3 under 325 nm excitation. This
observation of increased emission ratio under visible light
exposure can be assigned to the increase in radiative
recombination due to the increased carrier concentration, as

a result of direct transfer of electrons from Ag to CN. The
visible light used for PL excitation (405 nm) is quite close to
the plasmon resonance peak of Ag, and hence the incident light
can directly trigger the surface plasmon oscillation in Ag
nanoparticles. Consequently, the probability of DT of electrons
from Ag to CN is increased, leading to improved emission
intensity. Thus, both FRET and DT mechanisms of electrons
can be realized in AgCN under visible light irradiation of such
a wavelength. Now, it is expected that the incorporation of
states just below the higher energy levels of CN can lead to the
transfer of the excess electrons received from Ag nanoparticles.
Such a situation can be achieved by fabricating heterojunctions

Figure 8. (a) PL spectra under 325 nm excitation for bare as well as hybrid heterojunction systems. (b) Schematic representation of the involved
process for emission in the hybrid heterojunction sample. (c) Mott−Schottky plot for bare CN, AgCN, and ZnAgCN samples at 2 kHz. Inset of (a)
represents a magnified view of the emission corresponding to hybrid heterojunction system.

Figure 9. (a) Schematic representation of the device used for photoconductivity measurements, (b) I−V characteristics in the dark and in the
presence of visible light, (c) photocurrent variation under On/Off condition of light at a constant bias of −2 V, and (d) schematic view of the
mechanism for enhanced photoconduction.
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with a material having energy band lying just below the
conduction band of CN. It has been established that the
integration of g-C3N4 with ZnO results in the formation of a
type-II heterojunction which promotes charge carrier separa-
tion at the interface.6 Figure 8a represents the comparative
view of PL emission in bare CN and its heterojunctions
(ZnCN and ZnAgCN). The event of charge carrier separation
can be understood by comparing the PL spectra of bare CN
and the hybrid heterojunction ZnCN. The emission peak is
drastically reduced when AgCN is attached to ZnO in the
ZnAgCN sample. It is expected that the occurrence of FRET
and DT of electrons results in the higher population density of
electrons in the conduction band of CN, but the majority of
such excited electrons are transferred to the ZnO conduction
band due to the formation of type-II band alignment at the
interface of ZnO and g-C3N4. Hence, compared to ZnCN
heterojunction, charge carrier separation will be much more
efficient in the ZnAgCN configuration, as evident in the
schematic shown in Figure 8b. The band alignment has been
further verified using Mott−Schottky analysis as presented in
Figure 8c. The positive slopes in the Mott−Schottky plots
indicate the n-type conductivity with electrons as majority
charge carriers. Now, the flat band potential (Efb) can be
determined using the relation37,38

εε= − −C N E E K T q1/ 2/( )( / )o
2

D fb B

where C is the space charge capacitance, ε and εo are the
dielectric constants of free space and electrodes respectively,
ND is the donor concentration, while E is the applied potential,
KB is the Boltzmann’s constant, T is the temperature, and q is
the electronic charge. Now, the extrapolation of the linear
region of the curves to the horizontal axis gives the value of Efb.
For bare CN, AgCN, and ZnAgCN, the Efb values have been
found to be approximately −1.6, −1.4, and −1 V (versus Ag/
AgCl), respectively. The corresponding conduction band
position of the samples lies at ∼ −1, −0.8, and −0.4 eV
(versus NHE) for bare CN, AgCN, and ZnAgCN, respectively.
Now, compared to bare CN, the lowering of conduction band
position in AgCN signifies the strong interaction of Ag with
the surface of g-C3N4 nanosheets. Again, the significant
reduction of Efb in ZnAgCN indicates the band modification
at the interface of g-C3N4 and ZnO,37 which is quite effective
for charge carrier separation and thus supports the PL results
discussed earlier.
The efficiency of separation of charge carriers can be studied

by measuring the photoconductivity.39 The schematic
representation of the device used for photoconductivity
measurements is shown in Figure 9a, the fabrication process
of which has been described in the Supporting Information.
The photoconduction measurements under visible light
illumination reveal a higher photoresponse of the ZnAgCN,
as compared to a ZnCN heterojunction (Figure 9b). The
photo to dark current ratio at a bias of −1.5 V is more than 102

for the ZnAgCN heterojunction, which is much higher than
the ZnCN heterojunction (∼5). The photoresponse of
ZnAgCN under switching of the UV and visible sources at a
constant reverse bias of 2 V is shown in Figure 9c. The
photoresponse of bare ZnO nanorods and that of ZnAgCN
under UV light exposure is shown in Figure S7 in the
Supporting Information. It is observed that the photocurrent
under visible light is comparatively higher than that under UV
illumination. It is expected that surface plasmon oscillation in
Ag nanoparticles can be triggered not only by FRET, but also

by the incident visible light. Consequently, surface plasmon
assisted direct transfer of electrons from Ag to CN will be
dominant under visible wavelength in contrast to UV
illumination leading to a higher photocurrent. The schematic
view of the mechanism responsible for enhanced photo-
conduction characteristics in hybrid heterojunctions is shown
in Figure 9d.

■ CONCLUSIONS
We have synthesized citrate ion stabilized Ag nanoparticles
attached on 2D g-C3N4 nanosheets and have demonstrated the
occurrence of Förster resonance energy transfer from g-C3N4
to Ag nanoparticles with an efficiency of ∼61%. The strong
overlap of emission spectrum g-C3N4 and absorption edge of
Ag indicates the possibility of FRET phenomena, which is
substantiated by the quenching of luminescence intensity and
reduced emission lifetime in the hybrids. In contrast to bare g-
C3N4, the Ag−C3N4 hybrid nanosheets exhibit a weaker
dependence of emission intensity on temperature. The
temperature dependent luminescence spectra further indicate
that the FRET induced plasmon resonance in Ag nanoparticles
leads to hot electron transfer to g-C3N4. The fabricated Ag−
C3N4/ZnO nanorod hybrid heterojunctions exhibit an
improved photoconductivity response due to the transfer of
excess electron concentration from g-C3N4 to ZnO through
the favorable band alignment. In contrast to the heterojunction
between ZnO and bare g-C3N4, the hybrid 1D/2D
heterojunctions show an enhanced photoconductivity by 2
orders of magnitude. This observation indicates the efficacy of
FRET process in improving the optical characteristics of such
hybrid heterojunctions.
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