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Fluorescence of ZnO/carbon mixture and
application in acid rain detectionf
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A ZnO and carbon nanoparticle (NP) mixture has been prepared. The fluorescence color of the mixture
changes from yellow to blue when the pH value of the ambient is smaller than 5.5, which accords well

with the pH standard value of acid rain (<5.6). This colorimetric change can be observed clearly by the

Received 9th November 2016
Accepted 13th December 2016

naked eye, and thus the mixture can be employed as a probe to detect acid rain. The mechanism for the

colorimetric change can be attributed to the fluorescence quenching of the ZnO NPs in acidic conditions.
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1 Introduction

Fluorescent nanoparticles (NPs) including metal oxide NPs,'
rare earth NPs,*” carbon NPs,*' and polymer NPs'** have
attracted much attention in recent years due to their unique
optical and electrical properties. Among these NPs, ZnO and
carbon NPs have been highlighted for their low toxicity and eco-
friendly characters.'*® Carbon and ZnO NPs share some
unique characters like excellent luminescent property, good
photo-bleaching resistance, and mild synthesis conditions.
Because of the above characteristics, ZnO and carbon NPs have
potential applications in many fields including labeling, light-
emitting devices, bioimaging, drug delivery, etc. Acid rain
refers to the deposition of a mixture from wet and dry acidic
components, whose pH value is lower than 5.6. Generally, acid
rain is mainly caused by the emissions of sulfur dioxide (SO,)
and nitrogen oxides (NO and NO,), both of which react with
water molecules in the atmosphere to produce acid rain. SO,
and NO, can dissolve easily in water and form a pH-dependent
equilibrium mixture with sulfite, bisulfite and nitrate anions.
Acid rain, as an environmental issue, has huge adverse impact
on forests, lakes, and soils, may lead to the death of insects and
aquatic life-forms, and also may cause severe corrosion of
buildings and steel products.”””** There are quite a few reports
on the detection of SO, (ref. 22-27) and NO, (ref. 28-30) and
derivatives,** which are the essential components in acid rain,
through colorimetric, fluorescent and optical methods. In
general, for ions with low concentration recognition is more
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The results demonstrated in this paper provide a visual detection route for acid rain by the naked eye for
the first time, and thus may be promising for the wide application of acid rain detection in the future.

difficult in aqueous media because of the strong solvation
effect, which often requires troublesome sample pre-
treatment, and time-consuming and complicated instrumen-
tation to determine acid rain.

In this paper, a ZnO and carbon NP mixture is used as dual-
emission ratiometric fluorescent sensor to detect acid rain. In
this system, fluorescence of the ZnO and carbon NP mixture can
be influenced greatly by the pH value of the ambient. The color
of the mixture changes from yellow to blue when the pH value is
smaller than 5.5, which accords well with the standard pH value
of acid rain (<5.6). Moreover, the carbon NPs in this system are
used for a reference signal, so that it is easy to judge whether the
variation in fluorescence intensity is due to induced changes or
from misoperations, or other instrumental problems. Thus
a route to determine acid rain by the naked eye based on the
variation in fluorescence of the ZnO and carbon NP mixture has
been demonstrated for the first time. The mechanism for the
color change of the mixture can be attributed to the fluores-
cence quenching of the ZnO NPs in acidic ambient, while that of
the carbon NPs is almost independent of the pH value of the
sampling solution.

2 Experimental section

2.1 Materials

The reagents used in our experiments were zinc acetate dihy-
drate (Zn(Ac),-2H,0), (3-aminopropyl)triethoxysilane (APTES),
potassium hydroxide (KOH), citric acid, and ethylenediamine.
The chemical reagents were of analytical grade and used
without further purification.

2.2 Synthesis of ZnO NPs

The preparation procedure of ZnO NPs was as follows: 5.5 g (25
mmol) Zn(Ac),-2H,0 was dissolved in 150 ml ethanol solution,
and the solution was refluxed at 80 °C for 2 hours under
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continuous stirring until it formed a transparent solution. Then
20 ml 1.75 M KOH ethanol solution was added into the
Zn(Ac),-2H,0 ethanol solution under continuous stirring at
0 °C until it became colorless and transparent. Finally, 1.5 ml
deionized water and 400 ul (3-(2,3-epoxypropoxy)propyl)trime-
thoxysilane were added into the ZnO NP solution until it
became turbid. After that, the solution was centrifuged
(6000 rpm, 10 min) and the obtained precipitates were washed
using water several times to remove the unreacted precursors.
The washed precipitate was then placed into an oven (75 °C) for
12 hours for further applications.

2.3 Synthesis of carbon NPs

0.42 g citric acid and 536 pl ethylenediamine were dissolved in
10 ml deionized water. Then the solution was transferred to an
autoclave and heated at 200 °C for 5 h. After that, the reaction
was cooled to room temperature naturally. The product was
centrifuged (5000 rpm, 20 min) in order to obtain the carbon
NPs and the resulting solution was stored under normal
conditions for further applications.

2.4 Preparation of ZnO and carbon NP mixture

The preparation procedure of carbon/ZnO NP mixed solution
was as follows: 1 ml as-prepared carbon NP aqueous solution
was diluted to 10 ml with deionized water, and then the diluted
carbon NP aqueous solution was mixed with ZnO NP aqueous
solution (10 mg m1™ ) with a volume ratio of 1 : 4000 to prepare
carbon/ZnO NP mixed solution.

2.5 Printing of carbon/ZnO NP mixture solution

The as-prepared carbon/ZnO mixed solution was injected into
the cartridge of a printer (HP-1510) as ink. Then the cartridge
was put into the printer, and the ink was printed onto a non-
fluorescent paper by the printer to form patterns.

2.6 Characterizations

The structural properties of the ZnO and carbon NPs were
characterized by using a JEM-2010 transmission electron
microscope. The fluorescence properties of the NPs were
determined with a HITACHI F-7000 spectrophotometer. The
absorption spectra of the samples were measured with a Shi-
madzu UV-3101PC spectrometer. Fluorescence quantum yields
of the samples were obtained with a calibrated integrating
sphere in a FLS920 spectrometer.

3 Results and discussion
3.1 Structural characterizations

The morphological and structural properties of the ZnO and
carbon NPs used in this paper have been characterized care-
fully, as shown in Fig. 1. Fig. 1(a) and (d) show clearly that both
the ZnO and carbon NPs are spherical in shape. Clear lattice
fringes can be observed from the high-resolution TEM images
of both kinds of NPs, and the spacing between the adjacent
fringes of the ZnO and carbon NPs is about 0.26 nm and
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Fig.1 (a) TEM image of the ZnO NPs. (b) High-resolution TEM image of
the ZnO NPs. (c) Fluorescence image of a droplet of the ZnO NP solu-
tion. (d) TEM image of the carbon NPs. (e) High-resolution TEM image of
the carbon NPs. (f) Fluorescence image of a droplet of the carbon NP
solution. (g) XPS of ZnO and carbon NP mixture. (h) C 1s patterns.

0.21 nm, respectively, which reveals the good crystalline nature
of the NPs, as shown in Fig. 1(b) and (e). One droplet each of
ZnO and carbon NP solutions was dropped upon a piece of glass
slide, and the ZnO droplet shows bright yellowish fluorescence,
while the carbon droplet shows blue emission under UV illu-
mination, as indicated in Fig. 1(c) and (f). The elements of ZnO
and carbon mixture were investigated by XPS analysis (Fig. 1(g)).
The peaks for C 1s, N 1s, O 1s, Zn 2p and Si 2p have been
marked in Fig. 1(g), indicating ZnO and carbon NPs can co-exist
in this system without mutual disruption. The XPS patterns of N
1s, O 1s, Zn 2p and Si 2p are shown in Fig. S1.1 The elemental
content of ZnO and carbon NP mixture is listed in Table S1.t
Fourier transform infrared (FTIR) spectra of the ZnO NPs have
been recorded by the KBr method, as shown in Fig. S2.7 The
stretching vibration bands of N-H and O-H (3000-3500 cm ™)
can be observed clearly, indicating that the NPs can be
dispersed well in aqueous solution owing to the existence of
these hydrophilic functional groups. C 1s XPS analysis displays
three different peaks, which represent three different carbon
atoms (graphitic and aliphatic carbon, oxygenated carbon,
nitrous carbon),** as shown in Fig. 1(h). Moreover, the crystal-
line properties of ZnO and carbon NPs were characterized by X-
ray diffraction (XRD), as shown in Fig. S3.T In Fig. S3(a), some
broad diffraction peaks can be observed, which are attributed to
the diffraction from wurtzite ZnO (JCPDS 89-1397). The XRD
pattern of carbon NPs shown in Fig. S3(b)} displays a broad
peak centered at around 25°, which can be attributed to highly
discorded carbon atoms.*®

3.2 Optical properties of ZnO and carbon NPs

The fluorescence spectra of the ZnO NPs with concentration
ranging from 5 mg ml~" to 15 mg ml~ " have been measured, as
shown in Fig. 2(a). All the spectra are dominated by a broad
emission at around 580 nm, which can be attributed to the
deep-level emission of ZnO.** The fluorescence intensity

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) The fluorescence spectra of the ZnO NP solution with
concentrations ranging from 5 to 15 mg ml™%. (b) The fluorescence
spectra of the ZnO NP solution at different pH values. (c) The fluo-
rescence images and intensity of the ZnO NP solution at different pH
values. (d) The fluorescence spectra of the carbon NP solution for
varying excitation wavelengths. (e) The fluorescence spectra of the
carbon NP solution at different pH values. (f) The fluorescence images
and intensity of the carbon NP solution at different pH values.

increases gradually with concentration in the investigated
range, but when the concentration is increased further, the
fluorescence intensity tends to saturate; thus ZnO NP solution
with a concentration of 10 mg ml™" has been employed as an
example in the following investigations. The typical absorption
spectra of the ZnO NPs have been measured (see Fig. S41), and
all the spectra show a strong absorption in the wavelength
region shorter than 400 nm, while it is almost negligible in the
visible region. Fig. 2(b) shows the fluorescence spectra of the
ZnO NPs in solution with different pH values. It is seen that the
fluorescence intensity decreases with the decreasing of the pH
value of the sampling solution, and when the pH value is
smaller than 5.5, the fluorescence of the ZnO NPs almost
vanishes completely. This phenomenon can also be observed
clearly from the fluorescence image and intensity of the ZnO NP
solution shown in Fig. 2(c). These results reveal that the fluo-
rescence of the ZnO NPs is very sensitive to the pH value at
ambient. To investigate the fluorescence quenching mecha-
nism in acidic ambient of the ZnO NPs, the absorption spectra
of the ZnO NP solution with different pH values have been
measured (see Fig. S5T). The strong absorption at wavelengths
shorter than 400 nm almost disappears in acidic conditions,
indicating that the fluorescence quenching of the ZnO NPs is
mainly owing to the decomposition of ZnO.

The fluorescence spectra of the carbon NPs under different
excitation wavelengths have been recorded (Fig. 2(d)). The
strongest emission centered at 450 nm is observed under the
excitation of a UV lamp, with a fluorescence quantum yield of
around 60%. To study the fluorescence properties of the carbon
NPs in acidic condition, the fluorescence spectra of the carbon
NP solution with different pH values have also been measured,
as shown in Fig. 2(e). The fluorescence intensity of the carbon
NPs remains almost unchanged with the pH decreasing from 7.0
to 4.1, indicating that the carbon NPs can be used for a reference
signal in acid rain detection. The absorption spectra of carbon
NPs with different pH values were also measured, as shown in
Fig. S6.f The absorption spectra show little change with
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different pH conditions, revealing that the carbon NPs cannot be
affected much by the pH value of the solution in our investiga-
tion range. The fluorescence images and intensity of the carbon
NPs with different pH values are shown in Fig. 2(f). It can be seen
that the fluorescence color and intensity show little change
visually, which matches well with the fluorescence spectra.

3.3 pH sensing of ZnO and carbon NP mixture

The ZnO and carbon NP mixture is thus used as a dual-emission
ratiometric fluorescent pH sensor based on the above results.
The fluorescence spectra of the ZnO and carbon NP mixed
solution with different pH values under excitation at a wave-
length of 254 nm are shown in Fig. 3(a). The spectrum of the
mixed solution with pH of 7.0 shows a dominant broad emission
ataround 580 nm, while that of the mixed solution with pH value
of 5.5 shows a band located at around 450 nm. The fluorescence
spectra of ZnO and carbon NP mixed solution with different pH
values under excitation at a wavelength of 365 nm are also
recorded in Fig. S7(a).t Two peaks centered at around 450 nm
and 580 nm can be observed clearly, while the peaks centered at
around 580 nm diminish gradually when the pH value of solu-
tion decreases. The corresponding color coordinates are also
shown in Fig. S7(b).T In view of colorimetric sensitivity of the
eyes, a UV lamp with 254 nm line is the better choice. The results
indicate that the color has changed from yellow to blue when the
pH value of this mixed solution decreases from 7.0 to 5.5, which
is verified by the fluorescence images of the mixed solution
shown in the inset of Fig. 3(a). The absorption spectra of the ZnO
and carbon NP mixed solution were measured and are shown in
Fig. 3(b). The absorption spectrum of the mixture shares the
same lineshape as the absorption spectrum of the ZnO NPs
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Fig. 3 (a) The fluorescence spectra of the ZnO and carbon NP mixed
solution with different pH values under excitation with the 254 nm line
of a xenon lamp; the inset shows the corresponding fluorescence
image. (b) The absorption spectra of the ZnO and carbon mixed
solution with pH of 7.0 and 5.5. (c) The characters of “fluorescence”
written on copy paper using ZnO and carbon NP mixed solution as ink
in neutral ambient and acidic ambient under illumination of the
254 nm line of a UV lamp. (d) The corresponding color coordinates of
the characters in neutral and acidic ambient.
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shown in Fig. S41 when the pH value of the mixed solution is 7.0,
while it shares the same lineshape as that of carbon NPs shown
in Fig. S67 when the pH value of the mixed solution is 5.5,
indicating that ZnO NPs have been decomposed while carbon
NPs remain in acidic condition. The word “fluorescence” was
written on copy paper by employing the mixed solution as ink,
and the characters can be observed clearly under illumination of
the 254 nm line of a UV lamp, as indicated in Fig. 3(c). The
characters show yellow fluorescence under neutral ambient, and
the color coordinate is (0.43, 0.48), while the color changes to
blue when the paper is placed in acidic ambient within several
seconds, with the color coordinate changing to (0.16, 0.13), as
indicated in Fig. 3(d). The above data indicate that the color of
the mixed solution can be employed as a colorimetry probe of
acidic ambient by the naked eye.

3.4 Application for detection of simulated acid rain

Since acid rain is moisture containing mainly SO, and NO,
gases, to confirm the applicability of such a route in deter-
mining acid rain, an image has been printed by employing ZnO
and carbon NP mixed solution as ink, as shown in Fig. 4(a). The
upper area of the printed image is exposed to atmosphere with
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Fig.4 (a) Photograph of a printed image using the ZnO and carbon NP
mixed solution as ink under UV illumination. (b) Photograph of the
printed image with upper part exposed to SO, and NO, gases for
several seconds. (c) The image extracted from (b) through a blue
channel and (d) the image extracted from (b) through a yellow channel.
(e) The merged image of (c) and (d). (f) The fluorescence spectra of the
printed image under neutral and SO, and NO, gas atmospheres under
UV illumination.
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SO,- and NO,-containing moisture for several seconds, while the
lower area is shielded by a mask. The fluorescence color of the
lower part of the printed image keeps almost unchanged, while
that of the upper part has transformed from yellow to blue, as
indicated in Fig. 4(b). For clarity, the image shown in Fig. 4(b)
has been extracted through blue and yellow channels, as shown,
respectively, in Fig. 4(c) and (d). The images in Fig. 4(c) and (d)
have been merged into a single image, as shown in Fig. 4(e).
Both the blue logo and yellow characters can be observed clearly,
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Fig. 5 (a) Fluorescence spectra of the ZnO and carbon NP mixed
solution with different injection volumes of SO, and NO, gases. (b)
Ratiometric curve between lsgg and I450 versus SO, and NO, gas
mixture volume. (c) The fluorescent images of paper slips immersed in
the ZnO and carbon NP mixed solution with different injection
volumes of SO, and NO, gases; the pH value of the solution after the
gas injection is indicated.
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indicating the feasibility of this method for detection of acid
rain. The fluorescence spectra of the printed image under
neutral and SO, and NO, gas atmospheres are shown in Fig. 4(f).
It is evident that the image shows a dominant emission band at
around 580 nm under neutral ambient, which corresponds to
the fluorescence of ZnO NPs, while the spectrum is dominated
by an emission centered at around 450 nm under acidic
ambient, which corresponds to the fluorescence of carbon NPs.

As mentioned above, the major ingredients of acid rain are
SO, and NO,, and its pH is lower than 5.6. SO, and NO, gas
mixture with different volumes was hence injected into a ZnO
and carbon NP mixed solution (2 ml), and the fluorescence
spectra of the mixed solution are shown in Fig. 5(a). It is evident
that the fluorescence spectrum of the ZnO and carbon NP mixed
solution without SO, and NO, shows a broad emission at around
580 nm under UV illumination. The fluorescence intensity
decreases gradually with the volume of SO, and NO, gases
increasing from 20 to 60 pl, while only a broad emission at
around 450 nm can be observed when the volume of SO, and
NO, gases reaches 80 pl. The fluorescence intensities of peaks
centered at 580 nm and 450 nm are denoted as I5sg, and 1,59, and
the ratio between Isg, and I,5, versus volume of SO, and NO,
mixture is shown in Fig. 5(b). The scatter points are divided into
two groups, which are processed by linear fitting, respectively.
The slopes of the two fitting lines are —0.109 and —0.002. The
joint point of straight lines 1 and 2 is the saltation point of the
slope, indicating the pH has dropped to below 5.7 (marked with
red arrow). The fluorescence images of the ZnO and carbon NP
mixed solution, in which the injected volumes of SO, and NO,
gas mixture are successively 0, 20, 40, 60, 80, and 100 pl, are
shown in the upper part of Fig. 5(c). The pH values of the mixed
solution after the injection of the gas have been recorded, as
indicated in the lower part of Fig. 5(c). Also, paper slips have
been dipped into the solution, and images of the paper slips
under UV illumination are shown in the lower part of Fig. 5(c).
The slips show bright yellow color without injection of SO, and
NO, gases, while the yellow color weakens with the increase of
the gas volume, and the color of the paper slips changes to blue
when the injection gas volume is larger than 80 ul (corre-
sponding to a pH value of 5.7, in good accord with the pH
standard of acid rain of 5.6), which promises applicability of
such a route in probing acid rain by the naked eye, avoiding the
utilization of complicated scientific instruments, and thus may
give impetus to the wide applications of acid rain determination.
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