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On-Off switching of the phosphorescence signal
in a carbon dot/polyvinyl alcohol composite for
multiple data encryptiont

Xin Bao,*® Elena V. Ushakova, &2 9 Enshan Liu,® Zhengjie Zhou,>® Di Li,?
Ding Zhou,? Songnan Qu & *¢ and Andrey L. Rogach (<4

Phosphorescence processes in composite systems based on luminescent carbon dots (CDs) are of great
fundamental and practical interest. Herein, the control of the phosphorescent signal in a CD/polyvinyl
alcohol (PVA) composite is realized. Enhanced green phosphorescence is obtained via thermal annealing
of the composite under 200 °C, which can be quenched via water treatment, and then recovered again,
via either repeated annealing or near-infrared laser irradiation. Water molecules infiltrating the CD/PVA
composite lead to considerable vibrational motions of the CD surface groups through destruction of the
rigid composite structure together with an increase in the possibility of the penetration of the phosphor-
escence quenchers, and thus a decrease in the phosphorescence intensity. After repeated annealing, the
nonradiative transitions are restricted, and the phosphorescence signal is recovered again. Based on such
on-off switching of the phosphorescence signal, a concept of multiple data encryption is realized by

rsc.li/nanoscale using the CD@PVA composite.

Introduction

Development of phosphorescent materials with tunable emis-
sive properties has attracted great attention in various fields,
such as sensing, bioimaging, and last but not least data
encryption."™"  Commercially ~ available phosphorescent
materials usually employ rare-earth elements such as Yb and
Tm,"* ** imposing severe restrictions on their applications due
to their limited availability and potential environmental issues
during their refining and processing."®

Luminescent carbon dots (CDs), on the other hand, offer
several advantages such as ease of synthesis from the readily
available cheap precursors, no/low toxicity, and good thermal/
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photostability, making them promising materials for down-
conversion light emitting devices and sensors and in
bioimaging.'®>* In recent years, phosphorescence phenomena
in the CD based composite systems have attracted increasing
interest.”>° Deng et al. were the first to demonstrate phos-
phorescence via embedding CDs in a polyvinyl alcohol (PVA)
matrix; they have reported its origin from the aromatic carbo-
nyls on the CD surface, whereas the PVA protected triplet
states originate from quenching by intramolecular motions
and oxygen.”® Jiang et al. demonstrated CD-based room temp-
erature phosphorescent materials with a long lifetime exceed-
ing one second, attributed to the N and P doping and immo-
bilization of the triplet species.”® Our group demonstrated a
thermal-treatment controlled phosphorescence from the blue
emissive CD@PVA composites.”® We note that phosphor-
escence signals from all these systems were rather unstable in
an aqueous environment.

In this work, we have used a phosphorescent material
based on the green emissive CD@PVA composite, where the
emission signal was enhanced after 200 °C annealing. This
composite showed a switchable phosphorescent signal,
which can be turned off and on by exposing it to water
and by subsequent thermal annealing or illumination with
a 1532 nm laser, respectively. Based on such processing
by applying water, temperature, and near-infrared laser
treatments, multiple data encryptions have been
demonstrated.

This journal is © The Royal Society of Chemistry 2019
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Results and discussion

CDs were synthesized in water from citric acid and urea precur-
sors, using the microwave assisted treatment according to our
previous work.*” As shown in Fig. 1a, CDs have sizes of 1-3 nm
as revealed by transmission electron microscopy (TEM). And
according to high-resolution electron microscopy (HRTEM)
results, CDs exhibited clearly visible lattice fringes with
0.21 nm spacing (Fig. 1b), corresponding to the graphene (100)
planes.*® To produce the CD@PVA composite, 0.5 mg of pow-
dered CDs were dissolved in 2.5 mL of an aqueous solution of
PVA (10 wt%), dried at room temperature, and annealed at
different temperatures as discussed below. Thermal gravi-
metric analysis (TGA) curves (Fig. 1c) indicate a minor weight
loss for both CDs and PVA and the CD@PVA composite when
heated over 100 °C, which is due to the starting dehydration
processes affecting the CD surface (carboxyl and hydroxyl
groups) and the PVA chains (hydroxyl groups). At temperatures
over 200 °C, the weight loss of both CDs and PVA and
the CD@PVA composite increases considerably, due to the
ongoing dehydration and carbonization processes. Changes in
the chemical structure of the CD@PVA composite at different
temperatures were studied by Fourier transform-infrared spec-
troscopy (FT-IR), as shown in Fig. 1d. Broad absorption bands
at 3430-3650 cm ™" are assigned to the hydroxyl groups;** their
intensity decreases with an increase in temperature up to
200 °C, which is in accord with the TGA data suggesting a
reduction of the hydroxyl groups in the CD@PVA composite
through dehydration and carbonization processes. It can be
inferred that the annealing of the CD@PVA composite at
200 °C results in the appearance of additional chemical bonds
and strengthening of the existing bonds between CDs and the
PVA matrix.
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Fig. 1 (a) TEM image of CDs. (b) HRTEM image of CDs. (c) TGA curves
of CDs, PVA and CD@PVA composites. (d) FT-IR spectra of CD@PVA
composites annealed at different temperatures.
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Absorption spectra of the CD@PVA composites, CDs, and
PVA after 60 °C and 200 °C annealing are shown in Fig. 2a.
After annealing at 200 °C, the absorption of the CD@PVA com-
posite becomes significantly enhanced at 340 nm to 360 nm as
compared to that of the sample annealed at 60 °C. From the
analysis of the absorption spectra of CDs and PVA after the
same thermal treatment, it can be seen that this absorption
enhancement is mainly caused by the thermal-induced pro-
cesses in PVA. Fluorescence spectra of the CD@PVA compo-
sites after 60 °C and 200 °C annealing were measured under
360 nm excitation and are shown in Fig. 2b; for both the
samples the emission peak remains at 485 nm with almost the
same intensity. The PLQY of the CD@PVA composite after
60 °C annealing was 37%, and slightly decreased to 34% after
200 °C annealing.

Green phosphorescence can be easily observed with the
naked eye from the 200 °C annealed CD@PVA composite films
(Fig. 2c). Time-resolved phosphorescence decay curves of the
CD@PVA composites annealed at different temperatures are
shown in Fig. 2d. On increasing the annealing temperature
from 60 °C up to 200 °C, the average luminescent lifetime
increases from 176 ms to 292 ms. The phosphorescence
spectra of the CD@PVA composites annealed at 60 °C and
200 °C are similar, showing a peak at 502 nm (Fig. 2b) that can
be attributed to the radiative relaxation from the triplet state of
the PVA-embedded CDs, which becomes enhanced due to the
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Fig. 2 (a) Absorption spectra of 60 °C and 200 °C annealed CD@PVA
composites (top), 60 °C and 200 °C annealed CDs (middle), and 60 °C
and 200 °C annealed PVA (bottom). (b) Fluorescence spectra of 60 °C
and 200 °C annealed CD@PVA composites excited at 360 nm, and nor-
malized phosphorescence spectra of 60 °C and 200 °C annealed
CD@PVA composites measured with a time delay of 90 ms. (c) Bright
field, fluorescence and phosphorescence images of CD@PVA composite
films annealed at 60 °C and 200 °C. (d) Luminescence decay curves
monitored at 480 nm (360 nm excitation) of CD@PVA composites
annealed at 60 °C, 150 °C, and 200 °C.

Nanoscale, 2019, 11, 14250-14255 | 14251


https://doi.org/10.1039/c9nr05123f

Published on 08 July 2019. Downloaded by Changchun Institute of Optics, Fine Mechanics and Physics, CAS on 6/18/2020 10:34:55 AM.

Paper

suppression of the vibrational motions of the surface groups
on CDs through the dehydration processes between CDs and
the PVA.*!

We found that the phosphorescence of the 200 °C annealed
CD®@PVA composite is quenched upon contact with water, but
can be recovered again as a result of subsequent heating,
which results in the removal of the adsorbed water molecules.
As shown in Fig. 3a, fluorescence and phosphorescence can be
observed from the 200 °C annealed CD@PVA composites sub-
jected to UV light on and off conditions, respectively. The
phosphorescence vanished after water was sprayed on the
surface of the composites, and then was recovered after 100 °C
annealing. The fluorescence of the composites has no obvious
change under these treatments. Fig. 3b shows the changes in
the phosphorescence decay curves for the 200 °C annealed
CD@PVA film before and after spraying water, and on further
100 °C annealing. The phosphorescence signal can be
observed in the 200 °C annealed CD@PVA composites, and
vanished after spraying water on the composites. However,
after 100 °C annealing, the phosphorescence was almost fully
recovered in the CD@PVA composites. Such an erasable/recov-
ered phosphorescence signal provides a useful tool for data
encryption. As shown in Fig. 3c, a character “C” can be hand-
written with a pen using water as ink on the 200 °C annealed
CD@PVA film. Upon turning off the UV light, the water trace
shows no phosphorescence signal, and can be clearly distin-
guished from the phosphorescence background. Importantly,
this water-written character “C” can be erased by subsequent
100 °C annealing of the CD@PVA composite to recover the
phosphorescence. The water mediated on-off phosphor-
escence switching exhibits good repeatability, as demonstrated
in Fig. S1.}

The energy dispersive X-ray spectra of the CD@PVA compo-
site before and after 200 °C annealing as well as after water
spraying were collected. As shown in Fig. S2,1 the amount of
the O element decreased after 200 °C annealing, but showed
an obvious increase after subsequent water spraying. The high-
resolution O,y X-ray photoelectron spectroscopy (XPS) data
further revealed that the intensity of the C-O/OH bond greatly
decreased after 200 °C annealing, but was recovered after the
water spraying (Fig. S3+).

Possible mechanisms for the thermal and water mediated
on-off switching of the phosphorescence signal in the
CD@PVA composite are illustrated in Scheme 1. The phos-
phorescence originates from radiative transitions from the
triplet state (T) in the CDs followed by the absorption and
relaxation through the intersystem crossing (ISC) from the
singlet state (S). The relaxation process from the T state in
most cases is non-radiative and passes through the vibrational
dissipations (Vib. in Scheme 1) occurring in the composite. At
the same time, as demonstrated previously, the non-radiative
processes deactivating the T state in the CD@PVA composite
may be caused by the presence of molecules, such as oxygen,
which play the role of a strong phosphorescence quencher.*”
During 200 °C annealing, dehydration processes take place
between the hydroxyl and carboxyl groups in the CD and PVA
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Fig. 3 (a) Fluorescence (“UV on") and phosphorescence (“UV off")
images of 200 °C annealed CD@PVA composite films before and after
being water sprayed, and those of films further annealed at 100 °C. (b)
Phosphorescence decay curves of the 200 °C annealed CDs@PVA
before and after being water sprayed, and those of films further
annealed at 100 °C. All curves were collected at 480 nm under 360 nm
excitation. (c) Fluorescence ("UV on”) and phosphorescence (“UV off")
images of CD@PVA composite films which were annealed at 200 °C; a
character "C" was written using water, and then the films were subjected
to annealing at 100 °C.

composite, which covalently bind the CDs within the PVA
matrix, resulting in the formation of a rigid matrix. This, in
turn, leads to a decrease in the vibrational motions of the CD
surface groups together with the formation of a protection
layer from the phosphorescence quenchers, such as oxygen,
resulting in enhanced phosphorescence. After spraying, the

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Proposed mechanism of the photophysical processes taking
place in CD@PVA composites (a) annealed at 60 °C, (b) annealed at
200 °C, and (c) after being water sprayed. “S”, “ISC", “T", “Fluo.”, “Phosp.”",
and "Vib." represent “singlet state”, “intersystem crossing”, “triplet state”,
“fluorescence”, “phosphorescence”, and “vibrational relaxation” pro-
cesses, respectively.

water molecules infiltrate the composite and introduce
additional hydroxyl groups bonded with the CD surface
groups, as shown in Scheme 1c, accompanied by the breaking
of the composite rigid structure. This leads to considerable
vibrational motions of the hydroxyl groups and increases the
possibility of the penetration of the phosphorescence quench-
ers in the composite, thus decreasing the phosphorescence
intensity. After annealing, the water molecules are heated and
the nonradiative transitions are restricted, and the phosphor-
escence signal is recovered again.

Based on the above results, the concept of multiple data
encryption is proposed via the water treatment and the sub-
sequent step-by-step thermal annealing at different tempera-
tures, as shown in Fig. 4. Firstly, a symbol “00” was assembled
on a glass slide, in which the “[” part was written on a 200 °C
annealed CD@PVA composite, and the “|” part was written on

200°C
Annealed

60°C
Annealed UVon UV off

Water
Sprayed

UV on

UV off UV on UV off UV on UV off
== 200°C — 100°C
| (‘ Annealed {J Annealed
i \
[ B

Fig. 4 Schematic presentation of a multiple data encryption using
60 °C and 200 °C annealed CD@PVA composites via water spraying and
step by step thermal annealing.
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a 60 °C annealed CD@PVA composite. When the UV light was
turned on, the symbol “0” showed a green fluorescence. Upon
turning off the UV light, only the symbol “[” could be observed
through its green phosphorescence, which is the first encryp-
tion level. In the next step, after the water spraying, the phos-
phorescence was quenched and the encrypted character “[”
was hidden, which is the second encryption level. To decrypt
the information, the slide was annealed at 100 °C for 5 min,
and the character “[” recovered its green phosphorescence.
Finally, the slide was annealed at 200 °C for 5 min, and the
whole symbol “O” could be observed again through its phos-
phorescence, which is the third encryption level. We note that
the fluorescence (“UV on” in Fig. 4) of the CD@PVA composite
experienced no obvious change during all these treatments.
Water has a strong absorption and the PVA matrix has a
negligible absorption in the spectral region of 1400 nm-
1600 nm (Fig. 5a), which means that a high power laser beam
with such wavelengths can quickly heat and evaporate water
from the PVA-based films. Bearing this in mind, a near-infra-
red laser (1532 nm) beam was used for the contactless removal
of adsorbed water molecules from the CD@PVA film, in order
to write information visible in the phosphorescence mode, as
demonstrated in the inset of Fig. 5a. Laser written green phos-
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Fig. 5 (a) Absorption spectra of water and PVA in the infrared region,
with an inset presenting the processes of writing on the water sprayed
200 °C annealed CD@PVA film using a focused 1532 nm laser beam. (b)
Fluorescence/phosphorescence images of the IR laser written “CD"
characters in the 200 °C annealed CD@PVA composite film after being
water sprayed under UV light on and off conditions, respectively.
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phorescent “CD” characters can be clearly seen with the naked
eye (Fig. 5b).

Experimental section
Materials

Citric acid (99.5%) and urea (99%) were purchased from
Aladdin. PVA was purchased from Macklin.

Synthesis of CDs

CDs were synthesized in the same way as reported in our pre-
vious work.** Citric acid (3 g) and urea (3 g) were co-dissolved
in 10 mL of distilled water, and the mixture was heated in a
microwave oven (750 W) for 5 min, which resulted in the for-
mation of a dark-brown solid, which was re-dispersed in water
and then purified by centrifugation (3000 rpm, 10 min) to
remove the agglomerated particles. A clear brownish super-
natant was collected, freeze-dried, and ground into a powder.

Fabrication of CD@PVA composites

0.5 mg of CD powder was dissolved in 2.5 mL of aqueous solu-
tion containing 10 wt% PVA, and the mixture was coated onto
quartz plates and dried at room temperature, followed by
annealing at different temperatures (60-200 °C).

Characterization

TEM images were obtained on an FEI Tecnai-G2-F20 trans-
mission electron microscope with an acceleration voltage of
200 kV. UV-visible absorption and PL spectra were collected on
a Shimadzu UV-3101PC spectrophotometer and a Hitachi
F-7000 spectrophotometer, respectively. TGA was performed on
an American TA Q500 analyzer under a nitrogen atmosphere,
with a flow rate of 100 mL min~". FT-IR spectra were obtained
with a Perkin-Elmer spectrometer. Time-resolved PL spectra
and phosphorescence spectra were recorded on a Life Spec-1I
lifetime spectrophotometer. Phosphorescence spectra were col-
lected with a time delay of 90 ms. XPS analysis was performed
on an ESCALAB MK X-ray photoelectron spectrometer using
Mg as the excitation source.

Emission lifetimes

Time-resolved phosphorescence decay curves were collected at
480 nm, under 360 nm excitation. Average luminescence life-
times were calculated using the following equation (1):

Z (,Z,'T,'Z

Tavg = Z @

Time-resolved luminescence decay curves shown in Fig. 2d
were fitted with tri-exponential functions. For the CD@PVA
composite films annealed at 60 °C, the lifetime components
were 2.9 ms (17%), 25.8 ms (31%), and 186.2 ms (52%). For
the films annealed at 150 °C, the lifetime components were
4.5 ms (18%), 34.8 ms (27%) and 299.6 ms (55%). For the
films annealed at 200 °C, the lifetime components were 3.8 ms
(26%), 31.1 ms (20%) and 303.4 ms (54%).

(1)

14254 | Nanoscale, 2019, 11, 14250-14255

View Article Online

Nanoscale

Phosphorescence via laser irradiation

0.5 mg of powdered CDs were dissolved in 2.5 mL of PVA
aqueous solution (10 wt% PVA), and then the mixture was
coated onto plastic plates and dried at room temperature. The
films could be easily peeled off the plates and showed phos-
phorescence after being annealed at 200 °C. After spraying
water on the films, the phosphorescence signal was quenched.
A focused laser beam from an optical fiber near infrared laser
(1532 nm, 1 W) generated from MD-N-1532-2W-14037157 was
then used to handwrite information on the latter.

Conclusions

In summary, a switchable phosphorescence signal is observed
in the CD@PVA composite, where an enhanced green emission
is obtained after 200 °C annealing and becomes quenched
upon exposing the composite to water. Further phosphor-
escence recovery can be achieved by annealing at 100 °C, or by
a 1532 nm laser treatment resulting in the evaporation of the
adsorbed water molecules. Water molecules infiltrating the
composite break down the CD@PVA composite rigid structure,
which leads to considerable vibrational motions of the
hydroxyl groups at the CD surface and the possibility of the
penetration of the phosphorescence quenchers inside the
matrix, and thus the quenching of the phosphorescence. After
annealing, the nonradiative transitions are restricted, and the
phosphorescence signal is recovered again. Based on these
results, multiple data encryption is realized using the CD@PVA
composite, which provides a new material system and method
for data encryption.
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