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y to prepare quantum dot-
incorporated carbon nanofibers as free-standing
platforms†
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Chulhee Lee,a Changsoo Lee,a Hyuck Mo Lee,a Sung-Yool Choi, c

Hyunjoon Song, *b Il-Doo Kim *a and Duk Young Jeon *a

Recently, quantum dots (QDs) have often garnered significant attention and have been employed for

various applications. Nevertheless, most conventional devices utilize a glass substrate and/or brittle

substrate, which is not compatible with next-generation wearable electronics. A suitable method for

devising conductive and flexible free-standing platforms that can be combined with various kinds of QDs

is thus in great need for next-generation wearable electronics. In this work, we introduce a universal and

simple method to coat QDs on carbon nanofibers (CNFs) by a dip-coating process, where many kinds of

QDs can be well decorated on the surface of CNFs. As one potential application among many, QD-

coated CNFs were examined for their photocatalytic applications and characterization. As a result, it was

found that the best performance of CdSe QD-coated CNFs for hydrogen production was 3.8 times

higher than that of only QDs with the same 1 mg of QDs. This is an early report on fabricating various

kinds of QD-coated CNFs, which can be extended to a myriad set of applications.
Introduction

Quantum dots (QDs) have received considerable attention, not
only in the elds of photovoltaic solar cells1 but also in the elds
of light emitting diodes,2 neuroscience,3 batteries,4 and photo-
detectors.5,6 The popularity of QDs can be attributed to their
quantum connement effect based on connement in three
spatial dimensions by the potential barrier,7 as well as the fact
that QDs offer the advantages of simple processing, large-scale
production, and facile control of energy levels of the junction
with the substrate using changeable highest occupied molec-
ular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) levels of QDs.1,5 Much research has already been con-
ducted for using QDs as crucial components of optoelectronics,
some of which include, but are not limited to, PbS–MoS2,5 PbS,6

ZnO,8 HgTe,9 and Ge.10
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With the emergence of the IoT technology, wearable/exible
electronics have received tremendous attention.11,12 For such
technology, it is critical to use a conductive free-standing plat-
form. In lieu of these trends, a majority of devised optoelec-
tronics have been based on brittle substrates,4–6,9,10 although
some literature has been reported on wearable/exible
substrates.8 A facile strategy to make a QD-conductive free-
standing substrate needs to be devised to establish a milestone
for next-generation electronic devices.

Among the materials for free-standing substrates, carbon
nanobers (CNFs), simply prepared using electrospinning, have
the advantage of being low cost and have been highlighted.
CNFs have been studied as a structure coated with various
materials such as Co4N, WS2, CdS, ZnO, AgS2, TiO2, and ZnIn2S4
and so on. Most of these coated structures have been formed by
allowing materials to grow and crystallize on the surface of
CNFs using various methods.13–20 The methods include the
solvothermal method, the hydrothermal method, successive
ionic layer adsorption and reaction, and heat treatment under
specic gas-owing conditions.13–18,21,22However, thesemethods
have disadvantages in that they involve a difficult synthesis
process, result in problematic surface uniformity, and are not
amenable to mass production. The mechanical and physical
properties of CNFs also change due to the additional chemical
reaction.

In this work, we rstly suggest a highly facile CNF platform
coated with various QDs using a simple dip-coating process.
The dip-coating is universal and scalable, and it can be used for
This journal is © The Royal Society of Chemistry 2019
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large-scale production, so that large-scale preparation of QD-
coated CNFs is feasible and various kinds of QDs can be readily
coated onto CNFs. QDs have changeable band gap properties,
and fabricated QD-coated CNFs have the merit of adjustable
energy levels of heterojunctions between the QDs and the CNFs,
something which is also useful in optoelectronics.5 As one
suitable application, QD-coated CNF structures were applied to
photocatalytic hydrogen evolution, and the best catalytic effi-
ciency of CdSe QD-coated CNFs was about 3.8 times higher than
that of pure CdSe QDs. Additionally, the photosensitivity of the
conductive and exible free-standing structure was simply
veried, and this proves useful for IoT devices due to the
straightforward applicability to various shapes of reactors or
devices.23 Our work remains an early report on a feasible
strategy to deposit various kinds of QDs onto a free-standing
conducting carbon material, which offers the potential for
numerous applications in the near future.
Experimental
Materials

Polyacrylonitrile (PAN, Mw ¼ 150 000) was purchased from
Sigma Aldrich (USA). N,N-Dimethylformamide (DMF) was
purchased from Sigma Aldrich (USA). CdO (99.9%), oleic acid
(OA, 90%), 1-octadecene (1-ODE, 90%), trioctylphosphine (TOP,
97%), and Se powder (99.99%) were purchased from Sigma
Aldrich. PbO (99.99%), bis(trimethylsilyl)sulde ((TMS)2S,
synthesis grade), InCl3 (98%), ZnCl2 (97%), oleylamine (70%),
tris(dimethylamino)phosphine (P(DMA)3, 97%), 1-dodeca-
nethiol (DDT, 98%), CuI (99.999%), indium acetate (99.99%),
zinc acetate (99.99%), sulfur (99.998%), zinc dieth-
yldithiocarbamate (Zn DDTC, 97%), cadmium acetate
(99.995%), ZnO (99.999%), sodium sulde nonahydrate (98+%),
and sodium sulte ($98%) were purchased from Sigma Aldrich.
Synthesis of CNFs

The synthesis of CNFs was similar to what was previously re-
ported.24 1200 mg of PAN was dissolved in 10 000 mg of DMF,
and the mixture was stirred for 24 h at 80 �C to allow complete
dissolution. The electrospinning was conducted with the
following conditions: 15 kV applied voltage, 20 mL mL�1

ow
rate, 25 Gauge needle, and 15 cm distance between the collector
and the tip of the syringe. It was stabilized under air at 280 �C
for 2 h with a ramp rate of 2 �Cmin�1. Then, the CNFs were later
carbonized under an Ar atmosphere at 900 �C for 2 h with
a ramp rate of 5 �C min�1.
Synthesis of CdSe QDs

150 mg of CdO, 1.5 mL of OA and 20 mL of 1-ODE were loaded
into a 100 mL three-neck ask. The mixture was degassed under
high vacuum for 2 h at 130 �C and then heated to 300 �C under
an Ar atmosphere. At this temperature, 20 mg of Se powder
dissolved in 1 mL of TOP was quickly injected into the solution.
Aer 3 min, the solution was cooled down to room temperature.
This journal is © The Royal Society of Chemistry 2019
Synthesis of PbS QDs

900 mg of PbO, 4 mL of OA, and 20 mL of 1-ODE were loaded
into a 100 mL three-neck ask and heated to 120 �C under
vacuum for 2 h. Aer the ask was lled with Ar, 0.4 mL of
(TMS)2S diluted in 10 mL of 1-ODE was rapidly injected. Then
the ask was separated from the heating mantle and naturally
cooled down to room temperature.
Synthesis of InP QDs and InP/ZnS QDs

40 mg of InCl3, 300 mg of ZnCl2, and 14 mL of oleylamine were
loaded into a 100 mL three-neck ask and heated to 120 �C
under vacuum for 2 h. Then the solution was heated to 250 �C
under an Ar atmosphere. At 250 �C, 0.3 mL of P(DMA)3 was
swily injected into the solution. Aer 5 min, InP QDs were
synthesized. For the growth of the ZnS shell, 3 mL of DDT was
injected slowly into the solution and the temperature was
maintained at 250 �C for 6 h. Then the solution was cooled
down to room temperature.
Synthesis of CuInS2 QDs and CuInS2/ZnS QDs

38 mg of CuI, 58 mg of indium acetate, 2 mL of DDT, and 16 mL
of 1-ODE were loaded into a 100 mL three-neck ask. Aer being
degassed under high vacuum for 2 h at 120 �C, the solution was
heated to 210 �C and maintained for 90 min under an Ar atmo-
sphere. Then the solution was cooled down to room temperature.
This solution contains CuInS2 QDs. For the growth of the ZnS
shell, the crude solution needed a purication process, which is
a simple precipitation/dispersion method. Aer the purication
process, 20 mg of CuInS2 QDs, 55 mg of zinc acetate, and 5mL of
DDT were loaded into a 100 mL ask and heated to 60 �C under
vacuum for 40 min. Then the ask was heated to 280 �C and
maintained for 20 min under Ar gas.
Synthesis of CdS QDs

128 mg of CdO, 2 mL of OA and 12 mL of 1-ODE were loaded
into a 100 mL three-neck ask and heated to 130 �C for 2 h
under high vacuum. Then the temperature was set at 250 �C
under an Ar atmosphere. At 250 �C, 16 mg of S powder dissolved
in 2 mL of 1-ODE was injected into the solution. Aer 10 min,
the temperature was reduced at room temperature.
Synthesis of red-emitting CdSe/ZnS QDs

820 mg of CdO, 6 mL of OA, and 10 mL of 1-ODE were loaded
into a three neck ask and heated to 130 �C under high vacuum
for 2 h. Then the temperature was adjusted to 300 �C under an
Ar atmosphere. At 300 �C, 30 mg of Se powder dissolved in 0.6
mL of TOP was quickly injected into the ask and the temper-
ature was maintained for 10 min. Subsequently, the ask was
cooled to 225 �C and 140 mg of Zn DDTC dissolved in 1.4 mL of
TOP was injected into the ask. Then the ask was heated to
280 �C and maintained for 20 min.
Nanoscale Adv., 2019, 1, 3948–3956 | 3949
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Fig. 1 (a) Schematic illustration showing the easy dip-coating process
of the QD-coated CNFs and (b) TEM images showing various kinds of
QDs with different atomic compositions, which were used to deposit
on the surface of CNFs.
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Synthesis of green-emitting CdZnSeS/ZnS QDs

32 mg of cadmium acetate, 277 mg of ZnO, 7 mL of OA and 15
mL of 1-ODE were loaded into a three-neck ask and heated to
130 �C for 2 h under high vacuum. Subsequently, aer
increasing the temperature to 300 �C under an Ar atmosphere
and a mixture of 64 mg of sulfur and 158 mg of Se powder
dissolved in 2 mL of TOP was rapidly injected into the ask.
Aer 10 min, the ask was cooled to 225 �C and 200 mg of Zn
DDTC dissolved in 2mL of TOP was injected into the ask. Next,
the ask was heated to 280 �C and maintained for 10 min.

Synthesis of blue-emitting CdZnS/ZnS QDs

1834 mg of zinc acetate, 128 mg of CdO, 7 mL of OA, and 15 mL
of 1-ODE were loaded into a three-neck ask and heated to 120
�C for 2 h under vacuum. Then the solution was heated to 310
�C under an Ar atmosphere and 51 mg of sulfur dissolved in 2.4
mL of 1-ODE was rapidly injected into the solution. Aer 12
min, 128 mg of sulfur dissolved in 5 mL of OA was injected into
the solution and maintained for 3 h at 310 �C.

Purication of QDs

The synthesized crude solution of QDs needs a purication
process for devices. The purication process is a precipitation/
redispersion method. An excess amount of ethanol is added to
precipitate the synthesized QDs in the solution. Then the
precipitated QDs are dispersed in hexane. This process is
repeated 3 times and the nal precipitated QDs are redispersed
in hexane at specic concentrations.

Dip-coating of QDs on CNFs

QDs were coated onto CNFs by simple dip-coating. The QD
solution was produced in hexane with various concentrations
such as 20, 50 and 100 mg mL�1. The CNFs can be cut into
different sizes and dimensions, and they were immersed in
each QD solution for 1 min and taken out of the solution.

Characterization

Morphological features were obtained by scanning electron
microscopy (SEM, SU8230, Hitachi) and eld emission trans-
mission electron microscopy (TEM, Tecnai G2 F30 S-Twin).
Energy dispersive X-ray spectroscopy (EDS) mapping images
were obtained using scanning transmission electron micros-
copy (STEM, Tecnai F20, FEI company). Component analysis of
elements was performed using a SU8230 by EDS. X-ray diffrac-
tion (XRD) patterns were recorded by using an X-ray diffrac-
tometer (SmartLab, Rigaku). UV-vis absorbance spectra were
recorded by a UV-1800 and SolidSpec-3700, Shimadzu. The
photoluminescence spectra were recorded by using an F-7000,
Hitachi, and FL920, Edinburgh instruments. Time-correlated
single photon counting (TCSPC) was performed using an FL920
with a picosecond pulsed diode laser (470 nm), EPL-470, and
the luminescence decay time values were calculated by using an
F900 program. The decay times of CdSe–CNF, PbS–CNF, InP–
CNF and CuInS2–CNF were measured at 582.8 nm, 1068 nm,
671 nm and 730 nm emission wavelengths, respectively, at
3950 | Nanoscale Adv., 2019, 1, 3948–3956
room temperature. The work function of CNFs was obtained
using ultraviolet photoelectron spectroscopy (UPS, Axis-Supra,
Kratos) with a He I (21.2 eV) light source. For photocatalytic
hydrogen evolution, the as-prepared catalysts were placed in
a 0.25 M Na2S/0.35 M Na2SO3 aqueous solution (15 mL), and
purged with N2 gas for 15 min before irradiating with visible
light by using a Xe lamp (300W, Oriel) equipped with a 10 cm IR
water lter and a UV cut-off lter (l$ 420 nm). The reaction was
performed with a homemade quartz ask with a total volume of
36 mL, sealed with a rubber septum, and the product was
periodically collected by using a syringe from the head space.
Before the photocatalytic reaction, the samples were activated
through the irradiation with visible light for 30 min to eliminate
the surface organic compounds and purged with N2 gas again,
and the product was measured by using a gas chromatograph
(GC, YL6100) with a thermal conductivity detector (TCD) using
argon as a carrier gas. Quantum efficiency (QE) was measured
by using a 10 mW Thorlabs Violet (420 nm) mounted high-
power light emitting diode (LED) light (M420L3), and calculated
by using the following equation:

QEð%Þ ¼ ne

np
� 100 ¼ 2nH2

np
� 100

where ne is the number of electrons utilized in the hydrogen
evolution, np is the number of photons irradiated on catalysts,
and nH2

is the number of hydrogen molecules generated during
the reaction. The ne is twice the nH2

because the hydrogen
evolution is a two-electron process.
Results and discussion

The QDs were easily coated onto the CNF platform through dip-
coating, as schematically illustrated in Fig. 1a. Aer the
This journal is © The Royal Society of Chemistry 2019
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electrospinning of the as-spun nanobers composed of poly-
acrylonitrile (PAN) and subsequent heat treatments, CNFs can
be fabricated easily. The QDs dispersed in either hexane,
toluene, or chloroform can be easily coated onto CNFs by simple
dip-coating, where QDs with ligands having an alkyl group are
physically attached on the surface of CNFs by van der Waals
force.25,26 QDs with various average sizes (as shown in Table S1†)
can be coated directly onto the CNF scaffold, demonstrating the
feasibility of the dip-coating process as a universal method to
coat many different kinds of QDs onto CNFs. As suggested in
Fig. 1b, various kinds of QDs with different atomic composi-
tions can also be coated onto CNFs, where diverse functionality
is expected to arise.

Scanning electron microscopy (SEM) images of pristine
CNFs and various QD-coated CNFs are presented in Fig. 2. Prior
to coating QDs onto CNFs, the intrinsic properties, such as the
absorbance and photoluminescence (PL) spectra, of ten
different kinds of QDs (CdSe, PbS, InP, CuInS2, CdS, InP/ZnS,
CuInS2/ZnS, CdSe/ZnS, CdZnSeS/ZnS, and CdZnS/ZnS) were
recorded and conrmed (Fig. S1†). The low and high magni-
cation SEM images of pristine CNFs with a ber thickness of
about 300–500 nm are shown in Fig. 2a and b, respectively. The
ten different kinds of QDs dispersed in hexane with identical
concentration (20 mg mL�1) were easily coated onto CNFs by
simple dip-coating for 1 min (Fig. 2c–l), although some were
difficult to detect. Such a discrepancy is dependent on the
particle size of individual QDs – when the size of QDs is around
10 nm, they are visible in the SEM image, but the sizes less than
5 nm become difficult to detect. Based on Fig. 2c–l, it is
apparent that various kinds of QDs are homogeneously coated
onto the CNF surface by dip-coating. In addition, low magni-
cation SEM images (Fig. S2†) conrm that the nanobrous
structure was well maintained aer the dip-coating process, in
which coating of the QDs did not alter the overall morphology.
For the detailed study of electrical junction properties between
the QDs and the CNFs, we chose a CdSe QD-coated CNF
(denoted as CdSe–CNF) among the aforementioned QDs. To
further delve into the concentration effect of QDs on the overall
Fig. 2 SEM images of pristine CNFs in (a) low and (b) high magnifi-
cation. SEM images of CNFs and CNFs coated with various kinds of
QDs (20mgmL�1): (c) CdSe, (d) PbS, (e) InP, (f) CIS, (g) CdS, (h) InP/ZnS,
(i) CIS/ZnS, (j) CdSe/ZnS, (k) CdZnSeS/ZnS, and (l) CdZnS/ZnS. Overall
surface of the hybrid composite is uniform without aggregated QD
particles.

This journal is © The Royal Society of Chemistry 2019
degree of coating, CdSe QDs on CNFs with various coating
concentrations (20, 50, and 100 mg mL�1, denoted as CdSe–
CNF 20, CdSe–CNF 50, and CdSe–CNF 100, respectively) were
visualized through SEM images (Fig. S3†). The morphology of
CNFs is not signicantly altered by the coating concentration –

all of the samples exhibit a similar morphology, where QDs were
coated on CNFs. To conrm the presence of QDs coated on
CNFs, energy dispersive X-ray spectroscopy (EDS) mapping was
conducted for CdSe–CNF 20 (Fig. S4†).

As the size of the QDs is generally less than 10 nm, trans-
mission electron microscopy (TEM) analysis was used to
investigate the exact microstructure of CdSe–CNF 20 (Fig. 3).
The high-resolution TEM (HRTEM) images and the corre-
sponding selected area diffraction (SAED) pattern of CdSe QDs
are shown in Fig. 3a, b, and e, revealing the successful synthesis
of QDs. The low and high magnication TEM images of CdSe–
CNF further conrm the uniform deposition of QDs, in which
a number of QDs are deposited on the surface of the CNFs
(Fig. 3c and d). The CdSe–CNF SAED patterns have also shown
that the crystal structures of QDs coated on the CNFs are similar
to those of QDs only (Fig. 3e). To investigate the overall
Fig. 3 (a) TEM image and (b) HRTEM image of CdSe QDs. (c) TEM
image and (d) HRTEM image of CdSe–CNF 20. (e) SAED patterns of
(left) CdSe QDs and (right) CdSe–CNF 20. (f) TEM-EDS mapping of
CdSe–CNF 20.

Nanoscale Adv., 2019, 1, 3948–3956 | 3951
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morphologies of the QD-coated surface, TEM images of CdSe–
CNFs with different coating concentrations were obtained, and
they also exhibit similar brous morphologies (Fig. S5†). In
Fig. 3f, TEM-EDS mapping was further conducted to conrm
the deposition of CdSe–CNF. The Cd and Se are more concen-
trated on the edge site of the surface in the images, which can
be attributed to the characteristics of EDS being more strongly
inuenced by the edge site. From the EDS study, we clearly
conrmed the effective surface coating of QDs on the CNF
surface, which was enabled by the dip-coating process. A similar
trend is also observed in other QD-coated CNFs (Fig. S6†).

We also conducted quantitative and structural analyses
regarding the coating concentrations of CdSe QDs. Based on the
inductively coupled plasma mass spectrometry (ICP) analysis of
CdSe–CNF (Table S2†) and the trend in the average amount of
CdSe QDs with respect to the weight of CdSe–CNF (Fig. 4a), it is
clear that both the atomic and weight ratios of Cd and Se
increase with respect to C with the increase of the coating
concentration. Based on the X-ray diffraction (XRD) patterns,
when the coating concentration of CdSe QDs increases, the
intensities of crystalline peaks for CdSe (ICDD no. 01-073-6987)
also proportionally increase (Fig. 4b). CdSe–CNF 100 exhibits
the most pronounced crystalline peaks, followed by CdSe–CNF
50 and CdSe–CNF 20. The presence of other QDs (such as InP
and CuInS2) on the CNFs is also clearly conrmed by the XRD
patterns at a coating concentration of 20 mg mL�1 (Fig. S7†).
Furthermore, Fig. 4c shows that the coated QD layer becomes
thicker with the increase of the coating loaded amount of CdSe
QDs. This can be inferred from the elemental intensity of TEM-
EDS mapping at the edge site of the CdSe–CNFs. As mentioned
previously, from the point of view of the 2D EDS mapping
images, the CdSe QDs are densely located at the edge site due to
the cylinder shape of the CNFs. The intensity of the Cd element
is higher at the edge site than at the inner site, and Fig. 4c shows
Fig. 4 (a) Ratio of CdSe QDs with respect to CdSe–CNF for different
CdSe QD coating conditions. (b) XRD patterns of bare CNFs and
CdSe–CNFs. (c) TEM-EDS cadmium element mapping images of
CdSe–CNFs at the edge site. (d) Normalized EDS mapping intensity of
cadmium from the edge site.

3952 | Nanoscale Adv., 2019, 1, 3948–3956
that the thickness of the dense Cd element region increases
with the coating amount at the edge site. Other elemental
mapping images are shown in Fig. S8.† Fig. 4d shows the
intensity of the Cd element from the edge site to the inner site.
As a criterion of full width at half maximum, the thicknesses of
CdSe QD layers of CdSe–CNF 20, CdSe–CNF 50, and CdSe–CNF
100 are 5.4 nm, 11.7 nm, and 18.8 nm, respectively.

The absorbance and PL spectra of CdSe QDs dispersed in
hexane are shown in Fig. 5a. The PL peak of the synthesized
CdSe QDs is at 582.8 nm. In addition, Fig. 5a shows the PL
spectra of the CdSe–CNFs and a CdSe QD layer on glass. The PL
intensity and PL peak of the CdSe QD layer on glass were lower
and shied to a longer wavelength, respectively, when
compared with those of CdSe QDs dispersed in hexane. In the
latter case, the distance between QDs is relatively shorter than
the distance between QDs dispersed in hexane solution. As the
distance becomes shorter, non-radiative Förster resonance
energy transfer (FRET) becomes more activated between QDs,
and the PL peak shis from 583.2 nm to 591.1 nm. The FRET
enables excited electron–hole pairs in QDs not to emit light but
to excite the other QDs in close proximity, and generates a red-
Fig. 5 (a) Absorbance and PL spectra of the synthesized CdSe QDs
dispersed in hexane and PL spectra of CdSe–CNFs and a CdSe QD
layer on glass. (b) Transient PL decay curves of CdSe QDs in hexane,
a CdSe QD layer on glass, and CdSe–CNFs. Every characterization is
performed using a source of light (excitation wavelength ¼ 470 nm).
For the CdSe QD film on glass, the CdSe QDs (20 mg mL�1 in hexane)
were spin coated on glass at 2000 rpm for 30 s.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (a) Energy band alignment diagram and proposed photo-
catalytic mechanism for CdSe–CNF. (b) Photocatalytic hydrogen
evolution rates of the CNFs, CdSe QDs, and CdSe-CNFs in 0.25 M
Na2S/0.35MNa2SO3 aqueous solution under visible light (l$ 420 nm).
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shied PL peak and lower PL intensity.27–29 In CdSe–CNFs, as
the coating concentration increases, the PL intensity becomes
relatively larger due to the increased amount of coated CdSe
QDs on CNFs. This trend ts the ICP analysis and the XRD
patterns (Fig. 4a and b). However, the PL intensities of all CdSe–
CNFs are lower than the intensity of CdSe QDs in hexane, and
even lower than the intensity of the CdSe QD layer on the glass
substrate. In this regard, the reduced intensities of CdSe–CNFs
mean that not only interaction between QDs but also interac-
tion between QDs and CNF occurred.

To verify this, the transient PL decay times of each sample
were measured. Fig. 5b shows the transient PL decay curves for
each condition. In Table 1, although the decay time of the CdSe
QDs dispersed in hexane is 29.93 ns, the decay time of the CdSe
QD layer on glass is 16.64 ns due to the faster non-radiative
transitions of the FRET than the radiative recombination rate of
the electron–hole pairs.28,30,31 Then, the decay times of all the
CdSe–CNFs are shorter than that of the CdSe QD layer on glass
with insulating properties. This means that non-radiative
energy transfer and/or charge transfer occur at the junction of
the CdSe QDs and the CNFs.32 The charge transfer is generated
by different energy level between the CdSe QD and the CNF.33–39

Fig. 6a shows the their energy levels. The LUMO and HOMO
levels of CdSe QDs are �3.44 eV and �5.52 eV, respectively, as
obtained by cyclic voltammetry measurements (Fig. S9†).40,41

The work function of CNFs is 4.33 eV obtained using ultraviolet
photoelectron spectroscopy (Fig. S10†). Such a phenomenon
can also be shown for CuInS2–CNF and InP–CNF, in which
charge transfer also takes place (Fig. S11† and Table S3†).

The values in Table 1 were tted with a biexponential func-
tion composed of fast (s1) and slow (s2) decay components
assigned to a radiative and a non-radiative recombination
process, respectively. The fast decay component of CdSe QD
solution shis from 10.00 ns to 0.97 ns for CdSe–CNF 20, and its
proportion increases from 41.64% to 58.53%. The fast decay
component, which is assigned to non-radiative recombination,
means that the PL of CdSe QDs is quenched by the junc-
tions.32,42 In addition, with decreasing proportion of the slow
decay time component assigned to the radiative process, the PL
intensity was reduced. While CdSe–CNF 20 has the shortest
decay time (7.34 ns), CdSe–CNF 100 has a longer decay time of
12.15 ns. When the coating concentration is increased, the
amount of coated CdSe QDs increases, and the CdSe QD layer
on the CNF obviously becomes thicker. Then, the ratio of
Table 1 Fitting details of transient PL decay curves demonstrated in
Fig. 5b

In hexane On glass
CdSe–CNF
100

CdSe–CNF
50

CdSe–CNF
20

s1 [ns] 10.00 4.89 2.29 1.19 0.97
f1 [%] 41.64 49.81 44.34 44.51 58.53
s2 [ns] 44.15 28.30 20.00 16.91 16.32
f2 [%] 58.36 50.19 55.66 55.49 41.47
savg [ns]

a 29.93 16.64 12.15 9.91 7.34

a savg ¼ f1s1 + f2s2.

This journal is © The Royal Society of Chemistry 2019
additional charge transfer at the interface between the QDs and
the CNF is relatively reduced and the decay time is recovered. It
is expected that the charge transfer is saturated at around 10mg
mL�1 CdSe QD concentration for dip-coating because the
change of decay time from CdSe–CNF 10 to CdSe–CNF 20 is
signicantly larger compared with the change of decay time
from CdSe–CNF 5 to CdSe–CNF 10. This means that most of the
CNF surface is covered with CdSe QDs at a concentration of
around 10 mg mL�1 (Fig. S12 and Table S4†). The junction
between the QDs and the CNF, formed by the dip-coating
process, is electrically well conductive and charges that are
transferred to the CNF contribute to a superior performance of
optoelectronics such as photocatalysts, photodetectors,
sensors, and solar cells.22,32,38,42–49

To investigate the catalytic roles of the junctions that are
present in CdSe–CNFs, photocatalytic hydrogen evolution was
performed in an aqueous solution containing 0.25 M Na2S/0.35
M Na2SO3 as hole scavengers. CdSe QDs were chosen as the
model catalyst, and the photocatalytic evolution rates were
measured under the illumination of visible light (l $ 420 nm)
using a 300 W Xe lamp with a UV cut-off lter. To reveal the
possible effect of the hybrid system, experiments with three
Nanoscale Adv., 2019, 1, 3948–3956 | 3953
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distinct CdSe–CNFs with different QD contents (CdSe–CNF 20,
CdSe–CNF 50, and CdSe–CNF 100) and control experiments
with CNFs alone and QDs alone were performed. The amount of
catalysts was standardized to be equal based on the 1 mg CdSe
amount by ICP. As shown in Fig. 6b, the CdSe–CNFs exhibited
activity superior to that of pure CdSe QDs, and the CNF alone
showed no activity under visible light irradiation.13,50 In partic-
ular, CdSe–CNF 20 showed the highest hydrogen evolution rate
of 2.01 mmol h�1, which was more than 3.8 times higher than
that of the pure CdSe QDs (0.53 mmol h�1). The quantum yield
of CdSe–CNF 20 was estimated to be 0.39% using a 420 nm LED
light with an intensity value of 10 mW. In addition to measuring
photocatalytic activity, a stability test was also undertaken, and
it maintained the activity for three cycles of a 2 h reaction
(Fig. S13†). Therefore, the result supported the idea that the
CNF alone cannot play the role of a photocatalyst, but it can
remarkably improve the photocatalytic activity. This improve-
ment with the CNF can be explained by that the fact that the
CNF induced rapid charge separation, which retarded the
radiative recombination of excitons in CdSe QDs, and increased
the catalytic efficiency. The expected mechanism for photo-
catalytic hydrogen evolution on CdSe QD-coated CNFs is as
follows. Fig. 6a shows the difference in energy levels at the
junction between the QDs and the CNF, and that the structure
splits the photo-induced electron–hole pairs and causes elec-
tron transfer from CdSe QDs to the CNF under the illumination
state.17,38 This rapid charge transfer decreases the probability of
electron–hole recombination, and the remaining electrons are
used for hydrogen reduction.

The ratio between QDs and CNFs signicantly affects the
catalytic efficiency. When comparing the three distinct samples,
the amount of hydrogen production during 1 h irradiation was
in the order of CdSe–CNF 20 (2.01 mmol h�1) > CdSe–CNF 50
(1.42 mmol h�1) > CdSe–CNF 100 (1.19 mmol h�1). The activity
was relatively lower when the CdSe QD content was higher in
the hybrid system. This was mainly caused by the thickness of
the coated QD layer. As shown in Fig. 4, the thickness of the QD
layer increases from about 5.4 nm to 18.8 nm with to the
increase of the QD ratio, which means that the junction surface
between the QDs and the CNF becomes saturated with the
thicker layer. Therefore, it can be expected that in the case of
CdSe–CNF 100, following visible light irradiation, a large
amount of charge will remain in the QD layer instead of
transferring to the CNF. Then, the electron–hole recombination
amount will be larger when it is compared with that of CdSe–
CNF 20. This expectation can be veried through the PL decay
results. As indicated in Fig. 5b, CdSe–CNF 20 had the shortest
decay time and that means the largest prevalence of charge
separation. Therefore, CdSe–CNF 20 had the highest photo-
catalytic efficiency among the CdSe–CNFs due to the optimum
ratio of QDs and CNFs that reduced the electron–hole recom-
bination and increased the active electrons for catalytic
reactions.

Additionally, photosensitivity was measured using the free-
standing structure of CdSe–CNF 20, and it was signicantly
enhanced, with the augmentation of photo-current (Iph) with
respect to dark-current (Idark) being almost 1.7 times greater
3954 | Nanoscale Adv., 2019, 1, 3948–3956
with the introduction of CdSe QDs on CNFs (10.4%) compared
with bare CNFs (6.3%) (Fig. S14†). Although the Idark is in a mA
range which is not suitable for application in photodetectors at
this stage, this structure demonstrates applicability to various
optoelectronics. In accordance with the emerging trends of IoT
technology, the uncomplicated coating of QDs on CNFs that can
be used as a exible/conductive free-standing substrate is
tremendously expected to broaden the technical spectrum of
QDs. Furthermore, the platform would be applicable to photo-
detectors, solar cells, and gas sensors along with photocatalysts.
For these applications, it is critical to use a conductive free-
standing platform.

Conclusions

In this work, for the rst time, we have suggested a very
comprehensive and feasible strategy to prepare a conductive
and free-standing QD-coated platform by a dip-coating process.
The method was tried for various kinds of QDs, and morpho-
logical analysis conrms that they were well decorated on the
surface of CNFs. Compositional analyses further conrm that
the deposited amount of CdSe QDs on CNFs can be tuned by the
concentration of QD solution during the dip-coating. The
junction properties between CdSe QDs and CNFs were investi-
gated by PL analyses and induced charge transfer from CdSe
QDs to CNFs. As one of the possible applications based on the
junction, various QD-coated CNFs were tested for photocatalytic
hydrogen production from water splitting. As a result, this
structure shows that at the same amount of CdSe QDs (1 mg),
the CdSe–CNFs exhibited higher efficiency for hydrogen
production than using CdSe QDs only. Especially, CdSe–CNF 20
showed the highest hydrogen production rate of 2.01 mmol h�1,
more than 3.8 times compared with using the CdSe QDs only.
Additionally, we veried that the free-standing CdSe–CNF
platform has potential for photosensitive applications. The
method suggested in this paper can be applied to various QDs,
which can be extended for a number of other applications
utilizing QDs as a unique physicochemical medium, such as
solar cells, photodetectors, and gas sensors as well as
photocatalysts.
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Photonics, 2013, 7, 13.

3 S. Pathak, E. Cao, M. C. Davidson, S. Jin and G. A. Silva, J.
Neurosci., 2006, 26, 1893–1895.

4 R. Mo, Z. Lei, K. Sun and D. Rooney, Adv. Mater., 2014, 26,
2084–2088.

5 D. Kufer, I. Nikitskiy, T. Lasanta, G. Navickaite,
F. H. Koppens and G. Konstantatos, Adv. Mater., 2015, 27,
176–180.

6 S. A. McDonald, G. Konstantatos, S. Zhang, P. W. Cyr,
E. J. Klem, L. Levina and E. H. Sargent, Nat. Mater., 2005,
4, 138.

7 A. P. Alivisatos, Science, 1996, 271, 933–937.
8 L. Li, L. Gu, Z. Lou, Z. Fan and G. Shen, ACS Nano, 2017, 11,
4067–4076.

9 M. Chen, H. Lu, N. M. Abdelazim, Y. Zhu, Z. Wang, W. Ren,
S. V. Kershaw, A. L. Rogach and N. Zhao, ACS Nano, 2017, 11,
5614–5622.

10 X. Liu, X. Ji, M. Liu, N. Liu, Z. Tao, Q. Dai, L. Wei, C. Li,
X. Zhang and B. Wang, ACS Appl. Mater. Interfaces, 2015, 7,
2452–2458.

11 W. Zeng, L. Shu, Q. Li, S. Chen, F. Wang and X. M. Tao, Adv.
Mater., 2014, 26, 5310–5336.

12 J. S. Heo, J. Eom, Y. H. Kim and S. K. Park, Small, 2018, 14,
1703034.

13 Y. Chen, G. Tian, Z. Ren, K. Pan, Y. Shi, J. Wang and H. Fu,
ACS Appl. Mater. Interfaces, 2014, 6, 13841–13849.

14 X. Zhang, Y. Chen, Y. Xiao, W. Zhou, G. Tian and H. Fu,
Nanoscale, 2018, 10, 4041–4050.

15 Y. K. Kim, M. Kim, S.-H. Hwang, S. K. Lim, H. Park and
S. Kim, Int. J. Hydrogen Energy, 2015, 40, 136–145.

16 S. Yue, B. Wei, X. Guo, S. Yang, L. Wang and J. He, Catal.
Commun., 2016, 76, 37–41.

17 J. Mu, C. Shao, Z. Guo, Z. Zhang, M. Zhang, P. Zhang,
B. Chen and Y. Liu, ACS Appl. Mater. Interfaces, 2011, 3,
590–596.

18 K. R. Yoon, K. Shin, J. Park, S.-H. Cho, C. Kim, J.-W. Jung,
J. Y. Cheong, H. R. Byon, H. M. Lee and I.-D. Kim, ACS
Nano, 2017, 12, 128–139.

19 C.-L. Lee, C. Kim and I.-D. Kim, RSC Adv., 2017, 7, 44804–
44808.

20 J.-H. Cha, S.-J. Choi, S. Yu and I.-D. Kim, J. Mater. Chem. A,
2017, 5, 8725–8732.

21 J. Y. Cheong, J.-W. Jung, D.-Y. Youn, C. Kim, S. Yu, S.-H. Cho,
K. R. Yoon and I.-D. Kim, J. Power Sources, 2017, 360, 434–
442.
This journal is © The Royal Society of Chemistry 2019
22 H. Li, H. Yu, S. Chen, H. Zhao, Y. Zhang and X. Quan, Dalton
Trans., 2014, 43, 2888–2894.

23 J. Oliva, C. Gomez-Solis, L. Diaz-Torres, A. Martinez-
Luevanos, A. Martinez and E. Coutino-Gonzalez, J. Phys.
Chem. C, 2018, 122, 1477–1485.

24 K. R. Yoon, J. Choi, S.-H. Cho, J.-W. Jung, C. Kim,
J. Y. Cheong and I.-D. Kim, J. Power Sources, 2018, 380,
174–184.

25 C. Murray, C. Kagan and M. Bawendi, Science, 1995, 270,
1335–1338.

26 D. Jariwala, T. J. Marks and M. C. Hersam, Nat. Mater., 2017,
16, 170.

27 J. J. Choi, J. Luria, B.-R. Hyun, A. C. Bartnik, L. Sun, Y.-F. Lim,
J. A. Marohn, F. W. Wise and T. Hanrath, Nano Lett., 2010,
10, 1805–1811.

28 R. Koole, P. Liljeroth, C. de Mello Donegá,
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