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Abstract

®

CrossMark

A temperature-controlled synthesis process for ZnO nanoparticles (NPs) with the assist of
oleylamine (OAm) has been demonstrated, and the ZnO NPs show bright fluorescence under
ultraviolet illumination. In this process, zinc nitrate was firstly converted to zinc nitrate
hydroxide (Zns(OH)g(NOs3),) sheets with the assist of OAm, then the Zns(OH)g(NO3), was
decomposed into fluorescent ZnO NPs by increasing the ambient temperature. Furthermore,
information encryption has been realized based on this process. For encryption, the encrypted
information cannot be observed, while the encrypted information appears when they are
proceeded in the temperature of 120 °C for about one minute. The results shown in this work
provide a controllable way for the synthesis of ZnO NPs by adjusting the reaction temperature,
and this may inspire wide applications of ZnO in information encryption.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Information security is of vital significance in many fields,
including political activities, commercial activities, military
communications and individual privacy. In the last few years,
diverse functional materials [1-5] that are responsive to
external stimuli have been developed for information record-
ing, storage and encryption [6—8]. Fluorescent nanoparticles
(NPs), as one of the most promising candidates, have been
applied in the field of date recording, anti-counterfeiting and
entity encryption [9-12]. Generally, fluorescent NPs are used
as inks to produce patterns on various substrates, which is
visible only in certain illumination conditions or chemical
conditions [13-15]. For example, Ma etal have used
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upconversion NPs (UCNPs) as inks [9]. The UCNPs can
efficiently eliminate background fluorescence interference, and
the printed information can only be visualized under NIR light
excitation. However, the authors used upconversion rare-earth
NPs as fluorescent inks, the serious environmental pollution
problems limit their further applications in information
encryption field. Deng et al have reported a fluorescent poly-
fluorene-containing methacrylate macromonomer (PFMA)
and its well-defined copolymers with 2-(dimethylamino)ethyl
methacrylate (DMAEMA) [P(PEMA-r-DMAEMA)s], and
these copolymers self-assemble into photoluminescent NPs in
aqueous solutions [11]. The highlight of their work is that they
realized multicolor patterns on papers by using these solutions
as inks. However, it is hard to be applied because of the
potential biotoxicity of the organic materials. Han et al used
CdSe/CdS/ZnS quantum dots (QDs) as fluorescent inks [15].

© 2018 IOP Publishing Ltd  Printed in the UK
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They designed a new dual functional group polymer, mer-
captopropionic polyethylenimine (MPPEI), as a ligand com-
bines the thiol of 3-mercaptopropionic acid (MPA) with the
amine of polyethylenimine (PEI) for the surface functionali-
zation of CdSe/CdS/ZnS QDs. The branched structure of
MPPEI can provide QDs with very effective protection such as
acid resistance, base resistance, photostability and thermo-
stability. However, the Cd*" will not only pollute the
environment but also be harmful to the health of human beings.
Zhang et al used carbon nanodots as inks [14]. The low-cost,
eco-friendly and easily prepared carbon nanodots can be
applied in the field of information encryption. However, this
method is too simple, and it is easy to be cracked. These
methods have been widely known to people, thus the encrypted
information can be easily cracked. An alternative method to
information encryption is to switch single-luminophore liquid
crystal to tricolored luminescence by mechanical stimuli [16].
However, because of the low photostability, potential biolo-
gical toxicity of the functional materials and complex process
of these methods, their application in the field of entity
encryption are limited. Therefore, it is still of great significance
to develop simple and controllable process for information
encryption.

In recent years, ZnO NPs have attracted increasing
attention for their unique photoelectric and low-cost, eco-
friendly, and easy synthesis characters. ZnO have been
widely applied in bioimaging [17-19], photocatalysis
[20-22], ultraviolet photodetectors [23-25], light-emitting
diodes [26-28], spin electric devices [29, 30], solar cells
[31, 32], and gas sensors [33, 34], etc. Additionally, ZnO
NPs are extremely responsive to some specific external sti-
muli, which have achieved great applications in many fields.
In our previous work, pH-sensitive ZnO NPs have been
synthesized, and the ZnO NPs have been used for rewritable
painting and advanced encryption based on the fluorescence
quenching in different conditions [35, 36]. However, the
synthesis process of ZnO NPs cannot be controlled and
the ZnO NPs will be formed within several minutes.
Therefore, developing simple and controllable process for
ZnO NPs is still a challenge.

In this paper, a temperature-controlled synthesis process
for ZnO NPs has been developed with the assist of OAm, and
the ZnO NPs have been applied for information encryption.
In this process, Zn(NOs), - 6H,O was converted into
Zns(OH)g(NO3), sheets with the assist of OAm, then fluor-
escent ZnO NPs were grown on the surface of the
Zn5(OH)g(NOs), by adjusting the ambient temperature. The
formation of ZnO NPs from Zns;(OH)g(NO3), sheets can be
controlled by the reaction temperature, thus this process can
be used for encryption due to the different fluorescence
characters of the Zns(OH)g(NO3), sheets and ZnO NPs. This
work provides a controllable way for synthesis ZnO NPs, and
this may inspire wide applications of ZnO NPs in information
encryption.

2. Experimental sections

2.1. Chemicals

The reagents used in this experiment were zinc nitrate
hexahydrate (Zn(NOj), - 6H,O, purity > 99%), OAm
(CH3(CH,);,CH=CH(CH,);CH,NH,), deionized water and
ethanol (purity > 99%). All the chemical reagents were
used as received without further purification.

2.2. Preparation of ZnO NPs

The preparation procedures of the ZnO NPs were as follows:
firstly, 6.6 g Zn(NOs), - 6H,O were dissolved in 110 ml
deionized water under vigorous stirring at room temperature
for 5 min until the solution became pellucid. Secondly, 6 ml
of OAm were added into the above solution. Immediately, the
solution turned turbid and it means that the Zns(OH)g(NOs),
sheets had been formed. After 15 min continuous stirring, the
reaction was finished entirely and the solution became milky.
Thirdly, the turbid solution was centrifuged (5000 rpm, 3 min)
and the obtained Zns(OH)g(NO3), precipitates were washed
with ethanol for several times to remove the unreacted pre-
cursors, and the precipitates were placed into lyophilizer for
5h. Then the dry solid powders of non-fluorescent
Zns(OH)g(NOs3), were obtained. Finally, the precipitates were
put into ovens at different temperatures from 70 °C to 150 °C
at 10°C intervals for 15min, respectively. The obtained
products were stored in a box for further study and apppli-
cation. At 80 °C, the Zns(OH)g(NO3), began to form to ZnO
NPs. From 80 °C to 110 °C, the milky solid is the mixture of
Zns(OH)3(NO3), sheets and ZnO NPs. Above 110 °C, the
milky solid are most of ZnO NPs.

2.3. Application in encryption

Firstly, the Zn(NOs), - 6H,O aqueous solution was injected
into the cartridge of a printer (HP-1510) as ink. Then the
cartridge was put into the printer, and certain images were
printed onto copy papers by the printer. After that, OAm
alcohol solution was sprayed onto the papers, and this is a
liquid reaction process. Finally, these papers were put into an
oven and heated at 120 °C for different times, and this is the
solid state reaction. It is worth mentioning that the paper used
in this experiment was non-fluorescent so that it had no
interference to the encrypted information under UV lighting
condition. Besides, the paper should have a degree of water
absorbing capacity, because the Zn(NOs), - 6H,O aqueous
solution was injected into the cartridge of a printer as ink to
print patterns on the paper.

2.4. Characterizations

The structural properties of the precipitates and ZnO NPs
were characterized by a JEM-2010 transmission electron
microscope (TEM) and a S-4800 scanning electron micro-
scope (SEM). The chemical phases of the samples were
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Figure 1. Schematic illustration of the temperature-controlled synthesis process of ZnO NPs.

measured by a D-8 focus x-ray diffractometer. The radicals of
the samples were characterized using a Bruker VERTEX-70
Fourier transform infrared (FTIR) spectrometer. The fluores-
cence properties of the samples were recorded in a Hitachi
F-7000 spectrometer. The absorption spectra of the samples
were acquired on a Shimadzu UV-3101PC spectrometer. The
transient photoluminescence spectra of the ZnO NPs were
collected on a FLS-920 fluorescence spectrometer.

3. Results and discussion

3.1. Morphology and structure of the Zns(OH)g(NO3), and
ZnO NPs

The ZnO NPs were synthesized in two steps: firstly, precursor
Zn(NO3), - 6H,0 hydrolyzed into Zns(OH)g(NOj3), with the
assistance of OAm. Then the Zns(OH)g(NOs3), dehydrated
into ZnO NPs with increase the temperature. The corresp-
onding reaction equations are as follows:

OAm + Zn** + NO3 — Zns(OH)g(NO3),, (D

A
Zns(OH)3(NO3); — ZnO + H,O + NO,. 2)

The main role of OAm is that precursor Zn(NOs), - 6H,O
can hydrolyze into intermediate product Zns(OH)g(NO3), with
the assistance of amidogen from OAm, and then the
Zns(OH)g(NOs3), dehydrated into ZnO NPs with increase
of tempearture. Figure 1 shows the synthesis process of
the Zns(OH)g(NOs), and ZnO NPs and their application in
information encryption. The Zns(OH)g(NOs), is prepared by
amino of OAm provides an alkaline environment so that
Zn(NO3), - 6H,O can hydrolyze into Zns(OH)g(NO;),. At
120 °C, the Zns(OH)g(NOs3), can be dehydrated into fluor-
escent ZnO NPs. The SEM and TEM images of the
Zns(OH)g(NO3), at 25°C, 110°C, 130°C and 150°C are
shown in figure 2. It can be seen from figures 2(al) and (a2)

that the sample synthesized at 25 °C has sheet-like structure.
When the Zns(OH)g(NOs), sheets were heated at 110 °C, the
structure shrinks obviously, and some spherical dots can be
seen clearly on the surface of the sheets, as shown in
figures 2(b1) and (b2). With further increase of temperature,
the sheets become thicker, and more and more dots can be
observed on the surface of the sheets, as shown in
figures 2(cl), (c2), (d1), and (d2). The average particle size of
the dots is 5.3 nm, as indicated in the inset of figure 2(c2). The
Zns(OH)g(NOs), has clear lattice fringes with a spacing of
about 0.27 nm, which corresponds to the distance of (021)
planes of Zns(OH)g(NOs),, as shown in figure 2(a3) and inset.
The clear lattice fringes of the ZnO NPs with a spacing of
about 0.26 nm can be observed, which corresponds to the
distance of (002) planes of ZnO, as indicated in figure 2(b3)
and inset. Figures 2(c3) and (d3) also present the crystallinity
of the ZnO NPs when the ambient temperature increases
to 150 °C.

To further exploit the forming mechanism of the ZnO
NPs, x-ray diffraction (XRD) patterns of the sheets heated at
various temperatures for 15 min were recorded, as shown in
figure 3(a). The diffraction peaks of the sheets at 25 °C match
well with that of zinc nitrate hydroxide, indicating the product
is Zns(OH)g(NO3),. The XRD patterns of the samples change
little until they were heated at 70 °C, indicating that the
Zn5(OH)g(NOs), is stable when temperature is below 70 °C.
A diffraction peak appears at about 36° when temperature is
increased to 80 °C, and the diffraction peak corresponds to the
diffraction of (101) face of ZnO, indicating that ZnO NPs
have been formed. From the XRD patterns of the samples
heated in the temperature range from 90°C to 110°C,
Zn5(OH)g(NOs3), and ZnO NPs coexist. When the samples are
heated at temperature above 110 °C, the diffraction peaks of
the Zns(OH)g(NOs), disappear, indicating that most of the
Zns(OH)g(NO3), have been converted to ZnO.



Nanotechnology 30 (2019) 015702

i’reque-n:e [%5

S-L Wang et al

..'Zn0 NPs

7 . ‘)\Yo.zsnm

o

"t
1%y =

=
wn o

-
o

Average size = 5.31 nm

5
o

2 3 45 6 7 8 9
Particle size (nm)
e RE AT

Figure 2. (al) The SEM, (a2) TEM and (a3) HRTEM images of the samples at 25 °C. (b1) SEM, (b2) TEM and (b3) HRTEM images of the
sample treated at 110 °C for 15 min (c1) SEM, (c2) TEM and (c3) HRTEM images of the sample treated at 130 °C for 15 min, and inset
shows the size distribution of the ZnO NPs. (d1) SEM, (d2) TEM and (d3) HRTEM images of the samples treated at 150 °C for 15 min.

In order to characterize the surface functional groups of
the Zns(OH)g(NO3),, FTIR spectra of the samples have been
recorded, as indicated in figure 3(b). The broadband at around
3447 cm™ ' belongs to the stretching vibration of O—H and the
peak at about 1632 cm ™' belongs to the bending vibration of

O-H, and both of them are from absorbed water molecules.
The peaks at 2920 and 2850 cm™' represent the methyl and
methylene stretching vibration of C-H, and the peak at
1030 cm ™' belongs to the stretching vibration of C—O. Both
the bond of the C—H and C-O come from the residual OAm.
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Figure 3. (a) X-ray diffraction patterns and (b) FTIR spectra of the samples treated for 15 min at different temperatures.

The peaks at around 1540 and 1382cm™' are from the
stretching vibration of N-O. At 80 °C, the peak centered at
438 cm ™' belongs to the stretching vibration absorption of
7Zn—0 bond [37]. The above results indicate that the critical
temperature beginning to form ZnO NPs is at 80 °C, which is
consistent with the XRD results.

3.2. Optical properties of the ZnO NPs

Figure 4(a) shows the absorption spectra of the samples
heated at different temperatures. The absorption spectra of the
Zns5(OH)g(NO3), are located at around 270nm, and no
changes can be observed until temperature increases to 70 °C.
An absorption peak at around 365 nm appears when the
temperatures are in the range from 80 °C to 150 °C, indicating
that ZnO NPs have been formed. It can be concluded from the
above results that ZnO NPs are formed gradually when
temperature is above 80 °C.

The fluorescence spectra of the samples heated at dif-
ferent temperatures have been measured, as shown in
figure 4(b). In figure 4(b), no obvious emission can be
observed when the Zns(OH)g(NO3), powder was processed at
25°C, 70 °C and 80 °C. While all the spectra are dominated
by a broad emission at around 548 nm when they are heated
in the range from 90 °C to 150 °C, which can be attributed to
the defect-related emission of ZnO. For clarity, the variation
of the fluorescence intensity versus temperature has been
plotted, as shown in figure 4(c), and the fluorescence images
of the powder are also illustrated in the inset of figure 4(c).
Obvious fluorescence can be observed from the samples when
they are heated at 90 °C, and the intensity increases gradually
with the treatment temperature, while when the temperature is
above 110°C, the fluorescence intensity decreases sig-
nificantly. The above trend can be understood as follows: with
the increase of treatment temperature, more and more fluor-
escent ZnO NPs are formed, thus the fluorescence intensity of
the sample increased, while when the treatment temperature is

above 110 °C, the crystalline quality of the ZnO NPs becomes
better, thus the deep-level related emission decreased.

To assess the effect of the treatment duration on the
fluorescence of the samples, the fluorescence spectra of the
samples treated for 5, 10, 15, 20, and 25 min at 120 °C are
illustrated in figure 4(d). It can be seen that the emission
intensity of the ZnO NPs reaches its maximum when they are
heated for 10 min, while the intensity decreases with further
increasing the treatment time, as shown in figure 4(d). The
reason of increasing fluorescent intensity initially can be
attributed to the continuous growth of the fluorescent ZnO
NPs, while with further increase in the treatment duration, the
crystalline quality of the ZnO NPs will be improved, thus the
deep-level defects’ emission decreased.

To explore the carrier recombination process in the ZnO
NPs, the transient spectra of the emission at 548 nm are
illustrated in figure 4(e), which can be well fitted using the
following two-order exponential decay formula:

3

where y is the emission intensity, ¢ is time, yy, Aj, A, are
constant, and 7; and 7, are lifetime of the emission. The
results are shown in table 1.

71 may come from the deep-level recombination inside
the ZnO NPs, while 7, may come from the surface defects
[38]. The different samples have the similar lifetime of 7; and
T,, indicated the same carrier recombination process of ZnO
NPs heated for different times at 120 °C.

Yy =y, + Arexp(—t/71) + Ay exp(—t/7),

3.3. Application in encryption

As discussed above, with the assist of OAm, precursor zine
nitrate can be converted to non-fluorescent Zns(OH)g(NOs3),
sheet. Since zine nitrate can hydrolyze easily in a weakly
alkaline environment, and OAm can provide weak alkaline
environment to assist the synthesis of non-fluorescent
Zns(OH)g(NOs3), sheet. The reaction equation is shown in
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Figure 4. (a) Absorption spectra of the samples treated for 15 min at different temperatures. (b) The fluorescence spectra of the samples
treated for 15 min at different temperatures. (c) The dependence of the fluorescence intensity on the treatment temperature. (d) The
fluorescence spectra of the samples treated at 120 °C for different times. (e) Transient photoluminescence spectra of the samples treated at

120 °C for different times.

Table 1. The lifetime of the ZnO NPs at different treatment
durations.

5 min 10 min 15 min 20 min 25 min
71 (ns) 14.40 21.45 17.00 17.46 17.35
7, (ns) 687.82 1024.43 97344 1044.68 1150.53

equation (1) above. Then, the non-fluorescent Zns(OH)g(NOs3),
sheets can be dehydrated into fluorescent ZnO NPs easily by
increase the ambient temperature, and the reaction equation is
shown in equation (2) above. Using the above process, an
encryption process has been proposed. For encryption, the
encrypted logo of ‘CIOMP’ was printed onto a phosphor-free
copy paper using Zn(NOj3), - 6H,O aqueous solution as ink.
The patterns cannot be seen under UV and indoor lighting
conditions because of the non-fluorescence and colorless of the
solution. In the next step, alcohol solution with OAm was
sprayed onto the logo, and the zine nitrate on paper immediate
becomes non-fluorescent Zns(OH)g(NO3), with the assist of
OAm due to the reaction between Zn(NO3), - 6H,O and OAm.
At this stage, the encrypted logo still cannot be observed. For
decryption, the paper with encrypted logo was put into an oven

with temperature of 120 °C for 1 min, 2 min, 5 min, 10 min,
15 min, 20 min and 60 min, respectively. The encrypted logo
can be observed clearly even when the paper was heated for
only 1 min, indicating the decrypted process can be performed
quickly. The paper with encrypted logo heated for different
times is shown in figure 5(a), and the inset is the original
image. One can see that all the encrypted logos can be
observed clearly under UV illumination, and the emerging of
the logos can be attributed to the formation of the fluorescent
ZnO NPs. To further evaluate the fidelity of the decrypted
patterns, the decrypted patterns have been analyzed using
MATLAB. The average gray values of eight images shown in
figure 5(a) have been calculated, as shown in figure 5(b). The
gray values of the patterns reach their maximum when the
patterns are heated at 120 °C for 10 min, because ZnO NPs
show the strongest fluorescence at this condition. The gray
values of the patterns heated for 0, 1 and 10 min in figure 5(a)
along the red dashed lines have been extracted, as indicated in
figure 5(c). The gray level of the encrypted pattern (0 min)
along the red dash line is almost constant, which means that the
pattern has been hidden and encrypted well. While the gray
values of the decrypted patterns show the same variations
compared with those of the original image, which indicates that
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average gray values of the logos in (a). (c) The variations of gray values along the red dash lines in (a).

the decrypted patterns match the original images well, which
provides a promising application for the fields of information
encryption.

4. Conclusions

In conclusion, a temperature-controlled synthesis process
for ZnO NPs has been realized with the assist of
OAm. Zns(OH)g(NOj3), sheets were formed firstly when the
Zn(NO3), - 6H,O precursor was reacted with OAm, then
ZnO NPs will grow on the surface of the Zns(OH)g(NO3),
sheets by adjusting the treatment temperature. Furthermore, a
simple strategy for information encryption has been devel-
oped in view of the controllable process. For encryption, the
encrypted information cannot be observed under UV or
indoor lighting conditions, while for decryption, the encryp-
ted patterns appear under UV lighting condition when they
are treated at 120 °C. The results reported in this paper may
find potential applications in information security in the
future.
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