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Abstract
Highly fluorescent nitrogen-doped carbon dot (NCD) threads were synthesized via simple pyrolysis of citric acid, phydroxybenzoic acid, and ammonia. The NCDs show excitation-independent behavior with maximum excitation and emission
wavelengths of 350 nm and 435 nm, respectively. The developed probe was used as a turn-off fluorescent sensor for the selective
and sensitive determination of permanganate ions in aqueous media. The probe’s hydrogel hybrid displayed a beautiful purple
color demonstrating its potential as a naked eye sensor for gold detection. The ratiometric sensor exhibited excellent selectivity
towards permanganate ions over 27 other ions with a linear range of 510 nM to 2 μM, a detection limit of 170 nM, and a linear
regression value (R2) of 0.9944. Similarly, the linear range and limit of detection for gold ions was 3.89–20 μM and 1.285 μM,
respectively. The synthesized NCDs were also used as a fluorescent ink as well as a naked eye marker in association with a gold
solution demonstrating its potential forensic and anti-counterfeiting applications.
Keywords Carbon dot threads . Carbon dot hydrogel hybrid . Fluorescent probe . Naked eye detection . Ion sensing . Fluorescent
ink

Introduction
Carbon, the most common element present in all forms of life,
is studied intensively nowadays owing to its outstanding diverse properties. Ranging from its non-conducting amorphous
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nature to conducting graphitic nature along with its different
allotropes makes carbon an interesting material for researchers
in almost every research field. Carbon nanotubes (CNTs), fullerenes, carbon black nanopowder, carbon onions, carbon
nanodiamonds, graphene quantum dots, and carbon dots
(CDs) are some of the carbon-based nanomaterials which
are intensively investigated owing to their extraordinary diverse properties and wide ranging applications. Among them,
fluorescent carbon dots are a new class of carbon-based
nanomaterials which are gaining the attention of researchers
owing to their excellent optical, electrical, and biological
properties. CDs have the ability to replace conventional semiconductor quantum dots owing to their non-toxic nature [1–3].
Hydrogels are three-dimensional cross-linked networks of
polymers with the ability to encapsulate foreign molecules or
nanoparticles within their spongy structure, resulting in a hybrid material possessing advanced properties. To date, many
reports are available on hydrogel hybrids in various fields
such as sustained drug delivery [4], tissue engineering [5],
medical implants [6], nanocarries [7], and biosensing [8].
Recently, researchers around the globe have taken a keen interest in developing hydrogels and their hybrid materials
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Fig. 1 Photograph of NCD threads under a daylight and b UV irradiation
(λex = 365 nm)

owing to their outstanding properties, such as non-toxicity and
biocompatible nature [9]. In addition, hydrogels act as a
supporting material for a variety of molecules/drugs/nanoparticles, immobilizing them into a rigid frame which in turn
provides stability to the encapsulating material.
In the area of sensing, it is very important to develop costeffective nanodevices with novel properties. The combination
of two different materials with their individual characteristics
to develop new hybrid materials having augmented properties
can facilitate a wide scope of applications in diverse fields.
Many reports have shown that CDs are a superior material
with low toxicity for the sensing of various metals, often with
absolute selectivity and sensitivity towards a particular metal
ion [10–12]. Moreover, CDs incorporated into the porous
structure of hydrogels are of great significance as a sensor
material [13]. In 2017, Bhattacharya et al. developed a CD–
Fig. 2 Plot of a excitation and
emission and b excitationindependent emission of the
NCDs

ascorbic acid hydrogel to sense reactive oxygen species on the
basis of the oxidation of ascorbic acid units within hydrogel
scaffolds [14]. Similarly, Gogoi et al. prepared a CD rooted
agarose hydrogel hybrid for the optical detection and separation of heavy metal ions [15]. The development of rapid, precise, and on-site sensing materials is essential and hence it is
necessary to develop highly selective and sensitive sensing
materials to monitor the presence of metal ions.
In this work, we developed highly fluorescent nitrogendoped carbon dot (NCD) threads for the selective and sensitive determination of permanganate ions based on a fluorescence quenching mechanism and an NCD@hydrogel hybrid
for the naked eye sensing of gold in aquatic environments.
Potassium permanganate is important in various fields including widespread applicability in analytical chemistry, pharmaceuticals, and water treatment [16]. Potassium permanganate
is also used to treat many skin-related problems, such as eczema, dermatitis, and infections of the hands and feet [17].
However, exposure to high concentrations of potassium permanganate causes several medical complications such as nausea, vomiting, gastrointestinal and cardiovascular disorders,
necrosis, etc. [18]. Hence the detection of potassium permanganate is necessary in order to quantify the level of exposure.
Until now, various strategies have been developed for quantitative determination of permanganate ions using flame atomic
absorption spectrometry [19], nanocomposite carbon paste
electrode [20], luminescent nanospheres [21], fluorescent
microgels [22], luminescent metal–organic frameworks
(MOFs), and organic probes [23–28]. However, the aforementioned strategies were usually time consuming, expensive, and
required complex synthetic procedures thus limiting the applicability for routine analysis.
Gold is a precious metal used in varying fields including
jewelry, solar cells, electronics, and medicine [29–31]. Gold
has received noticeable attention from the scientific community because of its excellent biological and catalytic activities
and the optical properties of gold-based nanoparticles. Also,
gold complexes find uses in medicine as therapeutic agents for
tuberculosis and rheumatoid arthritis. Yet, gold ions show
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Fig. 3 a UV–vis absorption
spectrum and b IR spectrum of
the NCDs

some cytotoxic effects as they have a tendency to bind enzymes and DNA, causing damage to the kidney, liver, and
peripheral nervous system in humans [32, 33]. Therefore it
is important to sense this metal. A simple synthetic route, high
selectivity and sensitivity, bright emissive nature, good aqueous solubility, and easy monitoring procedure are the key features of this developed sensor that acts as an effective probe in
permanganate and gold ion sensing. Moreover, the assynthesized NCDs show application as a fluorescent ink and
as a naked eye marker in association with gold ion solutions,
demonstrating its potential applications in forensic sciences
and anti-counterfeiting technology.

Experimental
Chemicals and reagents
CuSO4·5H2O, K2Cr2O7, Na2CO3, CdCl2·H2O, CaCl2·2H2O,
KBrO3, BaCl2, Al(NO3)3·9H2O, AgNO3, Na2S, ZnSO4·
7H2O, NaCl, KBr, PbCl2, NiCl2, KMnO4, MgCl2·6H2O, KI,
LiCl, KIO3, HgCl2, AuCl3, PdCl2, Na2SO4, citric acid, phydroxybenzoic acid, NH3, and agarose powder were procured from Sigma Aldrich. All the chemicals were of analytical grade and used as received without further purification.
Fig. 4 TEM image of the NCDs

All the solutions were freshly prepared in doubly distilled
water.

Synthesis of fluorescent NCD threads and solution
p-Hydroxybenzoic acid (2 g) and citric acid (2 g) were dissolved in aqueous ammonia to obtain a clear solution. The
solution was transferred to a silica crucible and heated to
180 °C on a hot plate until a molten mixture was obtained.
Thereafter, a glass rod was dipped in the hot molten mixture
and lifted above to obtain thread-like structures of NCDs. The
obtained NCD threads were rolled on a test tube.
In order to prepare a solution of NCDs, the hot molten mixture was cooled to room temperature, dissolved in doubly distilled water (50 mL), and filtered using a syringe filter of pore
size 0.22 μm. Finally, to obtain purified NCDs, the solution was
centrifuged at 10,000 rpm for 15 min and the supernatant was
dialyzed using a dialysis membrane (1000 Da MWCO).

Preparation of NCD@hydrogel strips
NCD@hydrogel strips were fabricated by the straightforward
mixing of an NCD solution with agar powder followed by
heating the mixture to 60 °C. The resulting mixture was
spread uniformly on clean aluminum foil and allowed to
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Fig. 5 a Wide scan XPS
spectrum of the NCDs. High
resolution XPS spectra of b C1s, c
N1s, and d O1s

solidify for 30 min. The hardened gel was cut into uniform
sections with dimensions 1 × 5 cm (base × height) [13].

Characterization
The absorption and emission spectra of the synthesized NCDs
were obtained using a SPECORD 210 PLUS ANALYTIC
JENA spectrometer and JASCO FP-8300 spectrofluorometer,

respectively. The structural and morphological data of the
NCDs were collected using transmission electron microscopy
(FEG-TEM 300 kV). A Fourier transform infrared spectrometer (Perkin-Elmer, USA) was used to investigate the surface
functionality of the NCDs. The chemical composition of the
NCDs was determined using X-ray photoelectron spectroscopy
(XPS). The luminescence decay profile was carried out using a
time-correlated single photon counting technique (TCSPC).

Fig. 6 a Graph of fluorescence intensity of the NCDs in the presence of different ions. b Graph showing selectivity of NCDs for permanganate ion
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Fig. 7 Photograph of NCD solutions in the presence of different ions under UV irradiation at 365 nm

Detection of permanganate and gold ions
The ion sensing ability of the synthesized NCDs in aqueous
solution was explored for 27 different ions (cations and anions) under analogous conditions. Thus, 1 mL of a 1 mM
solution of each ion along with 1 mL of purified NCD solution
was diluted to 10 mL and left to react for 5 min under ambient
conditions. Thereafter, the emission spectra of all the solutions
were recorded at an excitation wavelength of 350 nm. Further,
the linearity of the system was confirmed by reacting different
concentrations of permanganate solution with the NCDs in a
manner similar to that above. Additionally, the naked eye
sensing of gold ions was carried out by simply dipping
NCD@hydrogel strips into different metal ion solutions. The
hydrogel strips were placed in a cuvette containing 3 mL of a
1 mM solution of different metal ions and allowed to react for
8–10 min. The linearity of the system was tested by dipping
NCD@hydrogel strips into solutions of increasing gold ion
concentration.

Results and discussion
Characterization of NCDs
The synthetic procedure for preparing highly fluorescent NCD
threads was simple and involved pyrolyzing a mixture of citric
acid, p-hydroxybenzoic acid, and aqueous NH3 at 180 °C on a
hot plate until a thick molten mixture was obtained. The
threads were collected on a test tube with the help of a glass
rod, as shown in Fig. 1.
The as-synthesized NCD threads were dissolved in distilled
water, filtered, and dialyzed to obtain purified NCDs. The
purified NCDs showed maximum emission intensity
(435 nm) at an excitation wavelength of 350 nm (Fig. 2a).
Also, the NCDs exhibited excitation-independent behavior
as shown in Fig. 2b. The stability experiments (see
Electronic Supplementary Material (ESM) Fig. S1a, b)

indicated no significant effect on emission intensity of
NCDs, demonstrating the excellent photostability of NCDs.
In addition to this, NCDs displayed highest fluorescence intensity at pH 7 (see ESM Fig. S1c), which is near the physiological value of pH; thus, pH 7 was chosen for all further
experiments.
The UV–visible absorption spectrum (Fig. 3a) of purified
NCDs shows two characteristic absorption shoulders at 257
and 338 nm. The peak at 257 nm is attributed to π–π* transitions of aromatic C=C bonds in sp2 domains and the peak at
338 nm is assigned to n–π* transitions of C=N/C=O, indicating the presence of nitrogen- and oxygen-containing functional groups [34, 35]. The FTIR spectrum of the NCDs (Fig. 3b)
showed a broad peak at 3324 cm−1, tentatively attributed to
OH/NH groups. Bands at 1648 and 1230 cm−1 are assigned to
C=O and C–N stretching vibrations, respectively [36, 37]. The
presence of hydrophilic groups on the surface of the NCDs
helps to stabilize the aqueous solution. Figure 4a shows the
TEM image, providing information about the size and morphology of the NCDs. The well-dispersed NCDs are spherical
in shape with an average diameter of 5.2 nm. The high resolution TEM image (Fig. 4b) shows that the lattice spacing of
0.22 nm may be assigned to the (100) facet of graphitic carbon
[38].
The chemical composition of the NCDs was investigated
using XPS. The wide scan XPS spectrum of the NCDs
(Fig. 5a) showed three characteristic peaks at 282.96,

Table 1
work

Comparison of the developed MnO4− ion sensor with reported

Material

LOD

No. of interfering ions

Reference

NCDs
UCNS-TMB
MOFs
Tyloxapol
ZnS QDs

0.17
0.243
0.28
0.392
0.24

27
14
17
16
15

This work
[21]
[23]
[26]
[28]
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Fig. 8 a UV–vis spectra showing
the decrease in fluorescence intensity of the NCDs with increasing concentrations of permanganate ions. b Graph showing the
linearity of the system. (The error
bars each represent the standard
deviation for n = 4)

399.88, and 531.27 eV, corresponding to carbon, nitrogen, and
oxygen, respectively [39]. The expanded spectrum (Fig. 5b)
showed C1s peaks at 282.59, 283.28, 285.00, and 287.22 eV
which may be attributed to C–H, C–C/C=C, C–N/C–O, and
C=O bonds, respectively. The high resolution N1s spectrum
(Fig. 5c) displayed two peaks at 398.08 and 399.99 eVassignable to C–N–C and N–H bonds, respectively [40]. The
deconvoluted peaks of the O1s spectrum (Fig. 5d) showed a
peak at 530.22 eV due to C=O bonds and a peak at 531.32 eV
due to C–O bonds [41]. On the basis of the above results, it
can be concluded that the synthesized material is composed of
carbon, nitrogen, and oxygen with plentiful hydrophilic
groups on the surface, making it an excellent water-soluble
material.

Selectivity and ratiometric sensing of MnO4− by NCDs
In order to assess the selectivity of the NCDs, 27 ions (anions
and cations) were selected to determine their effect on the
fluorescence intensity of the NCDs. As shown in Fig. 6, the
fluorescence intensity of the NCDs diminished significantly in
the presence of permanganate ions, whereas little or no change
in intensity was observed in the presence of the other ions.
This proved that the NCDs were highly selective towards
permanganate ions. Figure 7 shows solutions of the NCDs in
the presence of different ions under UV irradiation (365 nm).
Fig. 9 a UV–vis absorption
spectra of NCDs, KMnO4, and
NCDs in the presence of KMnO4.
b Graph of PL decay of the NCDs
in the presence of different concentrations of permanganate ions

In addition, interference in the presence of other ions was
investigated by the addition of several ions to this sensor system (see ESM Fig. S2). Interestingly, it was noted that coexistence of other ions even at higher concentration (10-fold)
had negligible or no effect on the fluorescence quenching of
the NCDs by permanganate ions. This proved that the NCDs
can be selectively quenched by permanganate ions, even in
the presence of other ions. Table 1 shows a comparison between NCDs and other reported MnO4− ion sensors based on
limit of detection (LOD) and number of interfering ions; the
results indicate the superiority of the developed sensor.
Further, the linearity of the system was studied by the addition
of several concentrations of permanganate ions to fixed concentrations of NCDs (Fig. 8a). As the concentration of permanganate ions was increased from 0 to 2 μM, the relative
fluorescence intensity of the NCDs decreased, indicating a
good linear relationship of the system. As shown in Fig. 8b,
a good linear relationship was obtained between the
quenching efficiency and concentration of permanganate ions
as given in the following equation.
½1–ð F=F0 Þ ¼ 0:04376 X
F and F0 are the fluorescence intensities of the NCDs after
and before the addition of permanganate ions, respectively,
and X is the concentration of permanganate ions. Figure S3
(see ESM) shows higher concentrations of NCDs covering a
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Fig. 10 Mechanistic view of
sensing of gold ions using
NCD@hydrogel strips

wider concentration range of permanganate ions, which indicates that the linear range for the system can be extended using
higher concentration of NCDs. The LOD for the system is
170 nM, which is lower than the World Health Organization
(WHO) specified limit of manganese in drinking water [21,
42]. Table S1 (see ESM) shows the results of analysis of
Fig. 11 TEM images of gold
nanoparticles: a 100 nm, b 5 nm,
and c SEAD pattern

MnO4− in well and tap water samples. The analysis of spiked
samples gave satisfactory results [10].
The mechanism behind the quenching of the NCDs by
permanganate ions can be defined with the assistance of
UV–visible spectroscopy, fluorescence spectroscopy, and
photoluminescence (PL) decay studies. Figure 9a shows the
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Fig. 12 Plot of absorbance of NCD@hydrogel strips dipped in different
metal ion solutions

UV–visible spectra of the NCDs, KMnO4, and NCDs in the
presence of KMnO4. From the spectra it can be noted that
absorption peaks due to NCDs and KMnO4 disappeared after
mixing both the solutions. Moreover, addition of KMnO4 solution to the NCD solution resulted in quenching of the fluorescence. These observations suggest that electron transfer
between the NCDs and KMnO4 takes place. Further PL decay
study was carried out to confirm the type of quenching arising
in NCDs. From Fig. 9b, it is observed that as the concentration
of permanganate ions increases, the lifetime of NCDs decreases. This clearly suggests that there is a dynamic type of
quenching between NCDs and permanganate ions [43–45].

Selectivity and sensing of gold ions by NCD@hydrogel
strips
There are several fluorescent probes available for the detection
of gold ions but the development of a naked eye sensor enables easy monitoring of gold ions in aqueous solutions
[46–49]. To the best of our knowledge, this is the first report
Fig. 13 a Absorbance spectra of
NCD@hydrogel strips dipped in
increasing concentrations of gold
ion solutions and b linearity of the
system. (The error bars each
represent the standard deviation
for n = 4)

on naked eye determination of gold ions using a CDincorporated hydrogel hybrid. It was interesting to note that
aqueous solutions of the NCDs did not show any response to a
solution of gold ions, whereas NCDs incorporated into hydrogel strips displayed a beautiful purple color, as shown in
Fig. 10. The immobilization of NCDs into porous hydrogel
strips offers rigidity and facilitates the reduction of gold(III)
ions to gold nanoparticles, thus accounting for the observed
purple color [15].
The formation of gold nanoparticles was confirmed by
TEM measurements. A piece of hydrogel strip was dispersed
and sonicated in distilled water followed by filtration. TEM
images of the filtrate confirmed that formation of gold nanoparticles had taken place. Figure 11a, b shows the TEM images of gold nanoparticles at two different resolutions wherein
round and triangular shaped gold nanoparticles can be visualized; whereas Fig. 11c shows the selected area diffraction
pattern (SAED) pattern of gold nanoparticles, confirming that
the color development in the hydrogel strips was due to formation of gold nanoparticles [50–53]. In addition to this, absorption of hydrogel strips at 535 nm confirms the formation
of gold nanoparticles [54–56].
The selectivity of NCD@hydrogel strips was evaluated by
dipping strips into 16 different ion solutions. The strip dipped
in the gold ion solution selectively appeared purple in color
(Fig. 12). The strips showed a good linear relationship between the concentration of gold ions in the range 0–20 μM
and the absorbance with a detection limit as low as 1.285 μM,
as shown in Fig. 13 [42]. Notably, the time required for the
strips to develop color was 8–10 min, which is a comparatively short time as far as on-site monitoring and naked eye detection are concerned. Table S2 (see ESM) shows the recovery
values for the analysis of spiked samples from 98.33% to
107.4%, indicating the accuracy of the proposed sensor. In
addition, this method provides an excellent way to synthesize
gold nanoparticles. Isolation of the gold nanoparticles from
the hydrogel strip can be achieved by crushing in an excess
of water followed by sonication, filtration, and centrifugation
of the solution.
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Fig. 14 Photographic image of carbon dot fluorescent characters written on filter paper under a ambient light, b UV light, and c as a naked eye marker
upon expose to gold ion solution

NCDs as fluorescent ink and naked eye marker
Recently, fluorescent ink has been gaining special attention in
forensic science and anti-counterfeiting technology [57, 58].
The synthesized NCDs show potential as a fluorescent ink in
the aforementioned areas as it appears transparent to the naked
eye, has good aqueous solubility, and is highly emissive under
UV irradiation. Figure 14a, b shows an NCD-inscribed filter
paper under ambient and UV light (365 nm), respectively,
highlighting its fluorescent properties. In addition, NCDs were
also used as a naked eye marker for gold ions. Figure 14a, c
shows paper printed with NCDs before and after spraying with
a gold solution. When the gold solution is sprayed on the
paper, the ions react with the NCDs and are reduced, revealing
dark purple color and acting as a naked eye marker [59].
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