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Abstract A simple one-step microwave-assisted
synthesis approach for preparing fluorescent carbon
dots (CDs) with an average diameter of 7.86 nm from
2,2,6,6-tetramethylpiperidine-1-oxyl  radical-medi-
ated-oxidized cellulose nanofiber (TEMPO-CNF)
and 4,7,10-Trioxa-1,13-tridecanediamine is reported
in this study. The synthesized TEMPO-CDs exhibited
excitation-dependent emission, with optimal excita-
tion and emission wavelengths of 390 nm and 449 nm
(bright blue ray), respectively. The fluorescence
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properties of the synthesized TEMPO-CDs were
successfully and selectively quenched by Fe** within
seconds and by Mn®* after 10 min. Thus, this
phenomenon is further applicable to the development
of a fluorescence-sensing system for the quantitative
detection of Fe>™ and Mn*" using the same CD probe;
this is the first time such findings have been reported in
the CD-related literature.
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Introduction

Fluorescent nanoscale carbon particles were discov-
ered by Xu et al. (2004) during the purification of
carbon nanotubes; however, they were first given the
name “carbon dots (CDs)” by Sun et al. (2006).
Owing to their advantages of excellent photolumines-
cence, small-scale features (< 10 nm), low cytotoxi-
city, and ready surface functionalizability [compared
with conventional semiconductor quantum dots
(Baker and Baker 2010), CDs have excellent applica-
tion prospects in the fields of environmental detection
(Hu et al. 2014), biochemical sensing (Kiran and
Misra 2015), photocatalysis (Li et al. 2010, 2013),
electrocatalytic technologies (Tang et al. 2014), and
elsewhere].

In recent years, several methods have been pro-
posed for synthesizing CDs, including electric dis-
charge, electrochemical oxidation, and thermal
methods (Baker and Baker 2010). Among these
methods, Zhu et al. (2009) reported a clean, cheap,
and convenient microwave pyrolysis method. Mean-
while, various naturally occurring, environmentally
friendly, cheap, and carbon-rich materials [e.g., food
wastes (Park et al. 2014), goose feathers (Liu et al.
2015), and plant leaves (Li et al. 2013)] have been
explored for conversion into CDs, to replace conven-
tional sources [e.g., graphite (Li et al. 2010; Sun
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2006), carbon nanoparticles (Li et al. 2011), petroleum
coke (Wu et al. 2014), and chemicals such as
L-ascorbic acid (Zhang et al. 2010), polyethylene
glycol (Liu et al. 2011; Zhu et al. 2009), and citric acid
(Li et al. 2014a)]. Nanocellulose (NC), produced from
cellulose, is regarded as an inexhaustible natural
biopolymer; it has been widely applied in printed
electronics (Hoeng et al. 2016), biomedical applica-
tions (Jorfi and Foster 2015), packaging products
(Hubbe et al. 2017), sensors (Golmohammadi et al.
2017), and optical materials (Kim 2015), owing to its
excellent physical and chemical properties (Klemm
et al. 2011).

As a result of rapid global industrialization, large
quantities of metals have been excavated from the
Earth’s crust, and several of them have been dispersed
and accumulated in the pedosphere (Han et al. 2002;
Singh et al. 2011). Heavy metal contamination has
become a prominent environmental problem and risks
undermining global sustainability through its various
cytological and physiological effects (Duruibe et al.
2007).

Ferric ions (Fe’™) play an essential role in
cytochromes and oxygen-binding molecules (Emerit
et al. 2001). The toxicity of Fe*™ itself is not very high
(WHO 2003); however, it can catalyze the generation
of hydroxyl and organic free radicals; this makes it
dangerous. Moreover, ferrous-ion (Fe*™) by-products
accelerate free radical generation via direct oxygen
interactions (Papanikolaou and Pantopoulos 2005).
Free radicals pose a threat to important cellular
macromolecules; they can cause injuries to the
cardiovascular and nervous systems (Zarjou et al.
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2011). Manganese (Mn) is essential for the proper
development of brain functions, but Mn overexposure
can have adverse effects on the health of several
neurotransmitter systems, resulting in motor incoor-
dination or emotional and cognitive dysfunction
(Peres et al. 2016). The syndrome “manganism”
occurs in response to high Mn exposure and is
characterized by a “Parkinson-like syndrome,”
including neurobehavioral manifestations, postural
tremors, and rigid muscles (Racette 2014; WHO
2011). The risks of Mn contamination are not limited
to metallic minerals but also to water and food with
high Mn concentrations. Epidemiological studies have
reported the adverse effects of excess Mn dissolved in
drinking water (Kawamura et al. 1941; Yoshida and
Yamada 1988; Kondakis et al. 1989).

To measure metal-ion concentrations, conventional
assays [e.g., voltammetry, spectrophotometry, atomic
absorption spectrometry, inductively coupled plasma
mass spectrometry, and inductively coupled plasma
optical (or atomic) emission spectrometry] are com-
monly used (Malik et al. 2019). However, these assays
require sophisticated instrumentation, tedious sample-
preparation procedures, and well-trained personnel;
this makes their practical application difficult (Li et al.
2014b).

Recently, researchers have attempted to develop
sensitive and inexpensive metal-sensing systems using
novel physical, chemical, and biological methods.
Among these attractive techniques, fluorescence (FL)-
related optical approaches are regarded as a promising
method for the detection of heavy metals, because they
offer high specificity, low detection limits, fast
response times, and technical simplicity (Chowdhury
et al. 2018; De Acha et al. 2019; Wang et al. 2020).
The optical properties of probes (e.g., absorption, FL.
intensity, and lifetime) can be varied through the
binding and interactions of specific metals; this
produces a quick response and suggests selective and
sensitive functionality (Yoo et al. 2019).

CDs are desirable candidates for sensing metal ions
because of their high stability, low toxicity, and low
cost. Several fluorescent CD probes have been devel-
oped to detect metal ions (Sun and Lei 2017),
including Ag+ (Li et al. 2018; Zhu et al. 2014),
Cd*™ (Xiao et al. 2019), Cu** (Wang et al. 2019; Yu
et al. 2018b; Zong et al. 2014), Fe+ (Li et al. 2014b;
Liuetal. 2015; Yuetal. 2018a; Zhu et al. 2014), Hg2+
(Hou et al. 2015; Zhuo et al. 2017), Mn** (Yu et al.

2018b; Zhang et al. 2018), Pb>* (Wang et al. 2019),
and Zn>" (Yang et al. 2018; Yu et al. 2018b). Among
them, Fe>™ is one of the most frequently discussed
species. Several of the related studies presented in
Table S1 focus on the materials, methods, excitation
and emission wavelengths, and detectable concentra-
tion ranges. Fluorescent CD probes for Mn”*" have
been reported in fewer CD-related studies; Table S2
compares several of these against other fluorescent
materials within an equivalent detection range.

In this study, we employed a simple and fast one-
step microwave method for synthesizing fluorescent
CDs from eco-friendly NC materials that are securely
applicable to all environments. The synthesized
TEMPO-CDs appeared yellow under daylight irradi-
ation but blue under UV irradiation with excellent
performance. In addition, by exploiting the quenching
influence of metal ions on the disappearance of
TEMPO-CD FL, the TEMPO-CD solution was
applied as a sensor for both qualitative and quantita-
tive detection of Fe>™ and Mn®™. This is the first time
to report a dual-metal ion-sensor probe for Fe** and
Mn*" among the CD-related applications. Compared
to the detection methods via optical approaches for
Fe** and Mn>* metal ions in previous studies, the
TEMPO-CD probe in this study showed a relative high
sensitivity.

Materials

2,2,6,6-tetramethylpiperidine-1-oxyl  radical-medi-
ated-oxidized cellulose nanofiber (TEMPO-CNF)
(1.08 wt% aqueous dispersion) was provided by
Nippon Paper Industries Co., Ltd., Japan. Aqueous
counter-collision cellulose nanofiber (ACC-CNF)
(1.35 wt% aqueous dispersion) was obtained from
Chuetsu Pulp & Paper Co., Ltd., Japan. Freeze-dried
cellulose nanocrystal (CNC) powder, generated
through the hydrolysis of softwood pulp with sulfuric
acid, was purchased from the University of Maine,
USA. Metal nitrate salts, including silver (AgNO3),
calcium [Ca(NO3),-4H,0], cadmium [Cd(NO3),-4H,.
0], cobalt [Co(NO3),-6H,0], copper [Cu(NOs3),-3H,.
0], iron [Fe(NO3)3-9H,0], potassium (KNO3),
magnesium [Mg(NO3),-6H,0], manganese
[Mn(NO3),-6H,O], sodium (NaNOsj), nickel
[Ni(NO3),:6H,0], lead [Pb(NOs3),], and zinc
[Zn(NO3),-6H,0] (Japanese Industrial Standard
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special grade), as well as thodamine B (RhB), ethanol
(99.5%), hydrochloric acid (HCI), sodium hydroxide
(NaOH) and 4,7,10-Trioxa-1,13-tridecanediamine
(TTDDA) were purchased from Wako Pure Chemical
Industries Ltd., Japan. Ultrapure water was obtained
from a WR600G Autopure Ultraviolet Water Purifi-
cation System (Yamato Scientific, Tokyo, Japan).

Experimental
CDs preparation

To prepare the TEMPO-CDs, ~ 5 g TEMPO-CNF
aqueous dispersion was mixed with different volumes
of TTDDA (0.1, 0.2, 0.3, 0.4, and 0.5 mL) in a beaker
and placed in a domestic microwave oven (NE-S20,
National, Japan), which was powered at 300, 500, and
700 W for periods of 1, 2, 3, 4, and 5 min. Subse-
quently, 20 mL of water was added to the beaker on a
stirrer, to dissolve the TEMPO-CDs at room temper-
ature for 1 h. After purification with a 0.22 pm syringe
filter, TEMPO-CD aqueous solutions were obtained.

Similar processes were applied to the preparation of
CNC-CDs and ACC-CDs by maintaining a constant
NC content in the dispersion.

Characterization
Infrared spectra measurements (FTIR)

Fourier-transform infrared (FTIR) spectroscopy (FT/
IR-6100, JASCO Corporation, Tokyo, Japan) was
used to characterize the samples at wavenumbers of
500—4000 cm ™" at 25 °C. Solid NC and CD samples
were stored in a desiccator to dry for 24 h; then, they
were measured using a pellet containing the samples
and KBr in a 1:100 mass ratio.

X-ray photoelectron spectroscopy (XPS)

The surface compositions of the NC and CD films
were analyzed by X-ray photoelectron spectroscopy
(XPS, JPS-9010TR, JEOL, Japan), using a MgKa
(1253.6 eV) X-ray source operating at 100 W (10 kV,
10 mA).

@ Springer

X-ray diffractometry (XRD)

The dried solid TEMPO-CNF and TEMPO-CD sam-
ples were subjected to X-ray diffractometry (XRD, D8
Advanced, AXS-Bruker, Germany) to identify crystal
structures in the 20 range (10°-90°); the scans were
conducted at a 260 scan speed of 0.2°/s at 40 kV and
40 mA, using Cu-Ko radiation (1.5418 A).

Thermal study

To perform thermodynamic characterization,
TEMPO-CNF and TEMPO-CD aqueous dispersions
were dried at 50 °C in an oven for 24 h, to generate
films. For thermogravimetric analysis (TGA),
TEMPO-CNF and TEMPO-CDs were examined using
a thermogravimetric analyzer (TG/DTA7300, Seiko
Instruments Inc., Japan) and heated from 50 to 550 °C
at a heating rate of 10 °C/min in an atmosphere of
argon gas flowing at 200 mL/min. The differential
scanning calorimetry (DSC, X-DSC7000, Seiko
Instruments Inc., Japan) curve of TEMPO-CDs was
determined during heating (50-550 °C) and cooling
(550-50 °C) processes under the same atmosphere.

Morphological study

Transmission electron microscopy (TEM) (H-7650,
Hitachi, Japan) was used to determine the particle
diameter distribution of the TEMPO-CDs. After 300 s
of ultrasonication using an ultrasonic homogenizer
(UH-600S; SMT Co., Ltd., Tokyo, Japan), the samples
were prepared by placing a drop of TEMPO-CD
solution onto a carbon-coated formvar Cu grid and
drying it with dry nitrogen (N,) gas for ~ 10 min at
25 °C. Image J software was used to analyze the
particle diameter.

Optical characterization of TEMPO-CDs

The ultraviolet—visible (UV-Vis) absorption spectra
of TEMPO-CNF and TEMPO-CDs were acquired
using a UV-Vis spectrophotometer (UV-3100PC,
Shimadzu, Japan) at 25 °C.

The emission and excitation spectra of the TEMPO-
CDs were recorded using a FL spectrophotometer (F-
4600, Hitachi, Japan) at 25 °C.

The influence of pH of TEMPO-CD solution on the
FL intensity was evaluated by adding different
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amounts of HC1 or NaOH aqueous solutions. All the
pH values were determined through a pH meter
(Laqua F-74, Horiba, Japan). The emission intensity
values at 449 nm and 25 °C were recorded at an
excitation wavelength of 390 nm.

Fluorescence quantum yield (QY) of TEMPO-CDs

The “quantum yield (QY)” is an important measure of
photon-emission efficiency for fluorescent probes; it is
often defined as the ratio between the numbers of
photons emitted and absorbed in photochemical
reactions (Li and Li 2017; Villamena 2017).

The QY can be expressed as a function of the
radiative and nonradiative rates, as

Number of photons emitted  k,
Number of photons absorbed kgt k.

0= (1)
where Q is the QY, k,.is the radiative rate, and k,,,. is the
nonradiative rate.

Absolute QY measurements require a complex and
expensive arrangement to collect all the emitted
photons, as well as several subsequent corrections
(Balabhadra et al. 2017). In this study, the relative QY
was measured according to an established procedure
(employing a spectrofluorometer) as well as a com-
parative method (Lakowicz 2013), in which the RhB
in an ethanol solution with 56% QY (Rurack and
Spieles 2011) was chosen as a standard for the
calculation, using

Agw 1 P

X =X ——, 2
Ipig A ’7123113 ( )

O = Orip X

where Q is the QY, A is the absorption intensity, / is
the integrated emission intensity, and # is the refrac-
tive index. The subscript “RhB” refers to the standard
RhB for an ethanol solution. In this experiment,
n = 1.33 and ngpy = 1.36.

To minimize the effects of re-absorption on emis-
sion intensity (Arbela 1980), the A values of all
samples were maintained below 0.10, as recorded.

Quenching effect between metal ions
and TEMPO-CDs

Metal-nitrate salt solutions containing Ag™, Ca’",
Cd**, Co**, Cu®t, Fe*t, K", Mg*", Mn*", Na™,
Ni**, Pb**, and Zn®" at 80 ppm were prepared.

Subsequently, 0.9 mL. aqueous solutions of these
metal ions were added to a 0.9 mL TEMPO-CD
solution, to obtain a final metal-ion concentration of
40 ppm.

The emission intensity at 449 nm was recorded at
an excitation wavelength of 390 nm after 5, 60, 120,
240, 360, 480, and 600 s with a FL spectrophotometer
at 25 °C. Each data point was obtained as the mean
value over four measurements.

The interface-effect of other metal ions were further
carried out by measuring the FL intensity of the
mixtures of 80 ppm of Fe>" (or Mn*") and 80 ppm of
the above-mentioned other metal ions were added into
the TEMPO-CDs solution, respectively.

Photographs were taken under UV irradiation,
generated by a UV lamp (LUV-6, As One Corporation,
Japan) at 365 nm, with a power of 6 W and a
frequency of 50 Hz.

Detection of Fe** and Mn>" ions

A TEMPO-CD aqueous solution was obtained under
identical experimental conditions by adding 50 mL of
ultrapure water to the dried yellow solid, followed by
purification with a 0.22 pum syringe filter.

For the emission spectra, 0.9 mL Fe*" or Mn*>* ion
solutions at concentrations of 1, 2, 3, 4, 5, 10, 20, 25,
30, 40, 50, 60, 70, 80, 90, 100, 200, 300, 400 and
500 ppm were added to the 0.9 mL. TEMPO-CDs
suspensions.

The emission intensity values at 449 nm and 25 °C
were recorded at an excitation wavelength of 390 nm
after 5 s for Fe>™ and 10 min for Mn*".

Results and discussion

No NC species changed color after being treated solely
by the microwave oven, and they all remained
transparent (TEMPO-CNF and CNC) or white
(ACC-CNF). When the microwave treatment was
applied to a mixture of different species of NCs vs.
TTDDA, the mixture turned dark yellow. The reaction
speeds measured from the color change were ordered
as TEMPO-CNF > CNC > ACC-CNF. Moreover,
the color became deeper under an increase in reaction
time and TTDDA volume, as shown in Fig. S1.
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«Fig.1 (al-3) FTIR and (b1-3) full scan XPS spectra of NCs and
CDs, and high resolution XPS spectra of (c1) Nals, (¢2) Cls and
(€3) Ol1s of TEMPO-CNF; and (d1) N1s, (d2) Cls and (d3) Ols
of TEMPO-CDs

Table 1 Chemical composition of the NC and CDs films
surface

Sample C% 0% N% Na% S%

TEMPO-CNF 72.71 26.57 NA 0.72 NA

TEMPO-CDs 74.75 14.77 10.48 NA NA
CNC 65.65 33.63 NA NA 0.81
CNC-CDs 72.32 19.49 8.19 NA NA
ACC-CNF 69.31 30.69 NA NA NA
ACC-CDs 71.41 21.81 6.79 NA NA

*NA: not available

Characterization

Figure 1al shows the FTIR spectrum for TEMPO-
CNF. The peaks at 1728 and 1620 cm ™' were assigned
to the carboxylate (-COO™) groups and carbonyl
(C = O) stretching of sodium carboxylate (~COONa),
respectively, at the C¢ position (Jiang et al. 2017). O—
H stretching vibrations can be observed across a broad
range of 3000-3650 cm™'. The peaks at 2941 and
2869 cm ™' correspond to sp> C—H asymmetrical and
symmetrical modes, respectively. The peaks for C-O-
C groups can be found at 1172 and 1041 cm™',
corresponding to C,—O—-Cs and C{—0O-Cy4, respectively
(Poyraz et al. 2018).

| NC:  TEMPO-CNF
X: -COONa

Hy Hy H, Hy
NHZ/(/C%\O/(,C%\O/('C‘):\O/('C‘)B\NHZ & HO
+

TTDDA NC

Scheme 1 Schematic diagram of the mechanism of CDs synthesis

For TEMPO-CDs, the bond between 3000 and
3650 cm~! is still observable, but the peak shows a
red-shift compared to the results for TEMPO-CNF.
This can be regarded as a combination of O—H and N—
H groups, where N-H is located at a lower wavenum-
ber. The sp® C—H (2920 cm™") and C-H symmetrical
(2869 cm™ ) stretching modes also exhibited a red-
shift. The carbonyl (C = O) peak was observed at
1623 cm ™. The peak at 1572 cm ™' corresponds to N—
H deformation in the —CONH-groups (Roy et al.
2016; Yang et al. 2014). No peak was observed for the
C,-0-C,4 and C;—O-C5 groups, though a strong C-O
stretching peak was identified at 1110 cm ™.

Regardless of the similarity between the FTIR
spectra of the three types of NCs, Fig. 1a2 shows the
unique —O-SO3;H peak for CNC at 1169 cm™';
meanwhile, Fig. 1a3 shows no unique peak for
ACC-CNF but a typical cellulose spectrum, because
ACC-CNF is mechanically prepared from microcrys-
talline wood cellulose via aqueous counter collision.
The FTIR spectra of both CNC-CDs [Fig. 1a2] and
ACC-CDs [Fig. 1a)] also exhibit N-related —-CONH
peaks as TEMPO-CDs.

The peak assignments in the FTIR spectra were
further verified by XPS analysis, using all types of
NCs and CDs. The chemical compositions of all
sample surfaces are summarized in Table. 1. The
relative elemental content of O visibly decreased after
the reaction, whilst that of C increased slightly.
Characteristically, N was observed in all CDs after
microwave treatment followed by purification.
TEMPO-CDs contained the highest proportion of N

ACC-CNF ‘
-CH,-OH S

.......

-CH,-0-S0;H

Microwave Oven

\

— \
Acylation reaction
CDs
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(10.48%), whereas ACC-CDs contained the smallest
(6.79%). As shown in Fig. S1, this result may relate to
the color-change condition and the efficiency of the
chemical reaction described in the FTIR results. When
the synthesized CDs were compared against their
original NC materials, there is no Na signal on a
TEMPO-CD surface and no S signal on a CNC-CD
surface. This indicates that the C¢ position (-COONa
in TEMPO-CNF, —O-SOsH in CNC, and -OH in
ACC-CNF) is involved in the reaction.

In the full-scan XPS spectrum (0-1000 eV) of
TEMPO-CNF, two major peaks of Cls (285 eV) and
Ols (532 eV) were identified, as shown in Fig. 1b;
meanwhile, a small peak of Nals was observed
at ~ 1,072 eV, as shown in Fig. 1c). The result of
the deconvolution treatment for the high-resolution
Cls spectrum of TEMPO-CNF revealed four main
peaks at 284.8 (C-C), 286.4 (C-0), 287.9 (C = O),
and 289.6 eV (O = C-0O) (Benkaddour et al. 2014,
Nechyporchuk 2015), as shown in Fig. 1c2. The high-
resolution Ols spectrum presents three main peaks at
531.3 (C = 0), 532.3 (C-0), and 533.2 eV (O-H), as
shown in Fig. 1c3.

Figure 1b also shows three major peaks of Cls
(286 eV), N1s (401 eV), and Ols (532 eV) in the full-
scan XPS spectrum of TEMPO-CDs. In addition, no
such peak related to Nals was found, indicating that
the TEMPO-CDs were fully purified. The high-
resolution Cls spectrum confirmed the presence of
four main peaks at 284.8 (C-C), 285.3 (C-N), 286.3
(C-0), and 287.9 eV (C = O), as shown in Fig. 1dl.
The Ols high-resolution spectrum in Fig. 1d2 exhibits
three main peaks located at 530.7 (O = C-0), 5324
(C =0), and 534.1 eV (C-OH). Among them, the
C = O peak at 532.4 eV should relate to -N-C = O
groups, which corresponds to the 399.7 eV peak in the
N1s high-resolution spectrum, as shown in Fig. 1d3.

Figure 1a2 depicts the full-scan XPS spectra of
CNC and CNC-CDs, whereas Fig. 1a3 shows the full-
scan XPS spectra of ACC-CNF and ACC-CDs.
Similar to TEMPO-CDs, compared to the original
NC materials, a new peak corresponding to —-CONH-
was identified in the high-resolution XPS spectra of
the CNC-CDs (Fig. S2) and ACC-CDs (Fig. S3).

As discussed above, we conclude that -CONH—
groups were synthesized through the acylation reac-
tion between TTDDA and NCs, under microwave
treatment, as illustrated in Scheme 1.
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Figure 2a shows a TEM image of the synthesized
TEMPO-CDs (average diameter: 7.86 nm). The lat-
tice fringes distances in HR-TEM images in Fig. 2b
can be identified to be 0.348, 0.242 and 0.218 nm,
corresponding to the basal plane spacing (dg), the in-
plane constant and the in-plane lattice spacing (d;_g)-
The lattice fringes condition is similar to Zheng et al.
(2018) where they applied glucose as the resource,
while cellulose is derived from D-glucose units jointed
by B (1 — 4)-glycosidic bonds. The TEMPO-CNF
XRD pattern in Fig. 2c exhibits a cellulose I structure
at 15.7° (1-10), 16.5° (110), 23.0° (200), and 35.0°
(004), respectively (Khenblouche et al. 2019).
TEMPO-CDs synthesized with 0.1 mL TTDDA fea-
tured an XRD pattern similar to that of TEMPO-CNF;
however, the intensity of the cellulose I structure was
lower because of the destruction of the TEMPO-CNF
crystalline region. With 0.2 mL of TTDDA, the
cellulose 1 structure was still weakly observed,
however, three new peaks appeared at 22.4°, 29.5°,
and 42.0°, presumably related to the C skeleton in
TEMPO-CDs. However, TEMPO-CDs synthesized
with 0.4 and 0.6 mL TTDDA exhibited only one peak
at 22.4°, indicating that only disordered carbon atoms
were retained in the product. The schematic diagram
of crystalline change tendency is presented in Fig. 2d.

Following previous studies of CDs, Du et al. (2014)
synthesized CDs from renewable waste products of
bagasse; they reported two broad peaks centered
at ~ 13.6° and 28.8° as indicating highly disordered
carbon atoms, but they neglected the peak at ~ 42.0°
in their study. Skowronski and Osiniska (2014)
performed a formaldehyde-based polycondensation
of resorcinol to obtain CDs, and they treated the large
and broad peaks at 23.6° and 44.1° as the (002) and
(101) planes of the graphitic nanodomains, respec-
tively, embedded in the matrix of disordered carbon.
The CDs achieved by Edison et al. (2016) showed
broad 20 peaks at ~ 23.7° and 42.0° these were
assigned to disordered carbon atoms with sharp peaks
in the (002) and (100) planes of the hexagonal graphite
structure. Peng and Sejdic (2009) reported two peaks
at ~ 24.0° (002) and 44.8° (100) as representing the
crystalline structure signal of carbogenic nanoparti-
cles for the sample, though the study neglected the
small peak at ~ 29.8°. However, the CDs synthesized
by ascorbic acid exhibited only one broad diffraction
peak (centered at 25.0°), owing to the highly disor-
dered carbon atoms (Gong et al. 2014).
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Fig. 2 a TEM image and histogram of particle size distribution
for TEMPO-CDs produced with 0.4 mL TTDDA by 500 W
microwave treatment for 3 min; b HR-TEM images of CDs;
¢ XRD patterns of TEMPO-CNF and TEMPO-CDs synthesized

As mentioned above, all three peaks obtained after
microwave treatment could be regarded as signals of
the TEMPO-CDs. The mass ratio between TTDDA
and TEMPO-CNF in the dispersion influences the
crystalline state of the product. For the constant
TEMPO-CNF dispersion mass applied in this study,
TEMPO-CDs synthesized with smaller volumes of
TTDDA were present in a semi-crystalline state as a
combination of TEMPO-CDs and cellulose skeleton
fragments in different degrees; meanwhile, TEMPO-
CDs synthesized with larger volumes of TTDDA were
present in an amorphous state, as shown in Fig. 2c.
Meanwhile, the 5 g TEMPO-CD dispersion was
converted into amorphous TEMPO-CDs only when
the volume of TTDDA exceeded 0.4 mL.

As shown in Fig. 3, following free-moisture evap-
oration up to 100 °C, the bound water evaporated
at ~ 120 °C (Jiang et al. 2016; Kumar et al. 2014) in

with different volumes of TTDDA by 500 W microwave
treatment for 3 min, and d schematic diagrams of TEMPO-
CNF, semi-crystalline and amorphous CDs

both TEMPO-CNF and TEMPO-CD thermogravimet-
ric (TG) curves.

It is generally accepted that the thermal decompo-
sition of cellulosic materials occurs in the temperature
range of 200400 °C (Meng et al. 2014); this range
can be divided into two periods (Barnes et al. 2019;
Fukuzumi et al. 2010):

(1) Dehydration along the cellulose chain: occa-
sional chain scission that leaves the main [-1,4-
polysaccharide skeleton unchanged.

(2) Pyrolytic fragmentation: generation of aroma-
tized entities during fragmentation and formation of a
highly cross-linked carbon skeleton.

For TEMPO-CNF, a multistep degradation process
is involved in thermal degradation, as shown in
Fig. 3a. The decomposition of TEMPO-CNF began
at ~ 206 °C, as indicated by the TG curve. In the
derivative TG (DTG) curve, two main peaks were
observed at 239 and 293 °C, near to those reported in
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Fig. 3 TG/DTG/DTA curves of a TEMPO-CNF and b TEMPO-CDs synthesized by 500 W microwave treatment for 3 min

previous studies [233 and 282 °C (Fukuzumi et al.
2010) and 224 and 272 °C (Meng et al. 2014), both
under N, gas flow]. Two main related peaks also
appeared as two clear exothermic peaks in the DTA
curve. The thermal decomposition (T4) point at ~
239 °C exhibits a 7.1 wt%/min maximum in the DTG
curve, which arises from the decarboxylation of —
COONa groups; meanwhile, the DTG peak at 293 °C
(5.0 wt%/min) is related to the crystalline cellulose
chains.

For the TEMPO-CDs, the TG curve showed a
distinct mass loss in the temperature range of
150-310 °C, with only one T4 point observed in the
DTG curve at ~ 250 °C (8.4 wt%/min) in Fig. 3b;
this differs from the case of TEMPO-CNF. In the same
temperature window as the DSC curve shown in
Fig. S4, the endothermic peak at 70 °C (-7.11 mV)
was due to the evaporation of water, whereas the
endothermic peak at 213 °C (3.99 mV) was attributed
to the decomposition of C = O- and C-O-related
groups.

The lower thermal instability of TEMPO-CDs is
mainly attributed to the ratio between the amorphous
component and the total C substances after microwave
treatment. The TG% leveled off after the reaction
at ~ 550 °C and became 28.7% for TEMPO-CNF,
4.3% for 3-min treated TEMPO-CDs, and 2.4% for
5-min treated TEMPO-CDs (Fig. S5). This indicates
fragmentation of the molecules. Regardless of the
microwave treatment time, the weight loss progressed
similarly. However, the residue of TEMPO-CDs
decreased slightly with respect to microwave treat-
ment time.

@ Springer

As for the optical properties, the inset in Fig. 4a
shows that the TEMPO-CD product appears yellow
under daylight irradiation but blue under 365 nm UV
irradiation.

The optical gap corresponds to the energy gaps of
the electronic transitions via absorption or emission of
a single photon (Lakowicz 2013; Bredas 2014). The
energy gap based on the optical gap between the two
energy states during the transition was calculated
using the Plank equation (Yu et al. 2018a), as

hc 1240.82

el

AE = hy = (3)
where AE is the photon energy band (unit: eV), & is the
Planck constant (6.626 x 107347 -s), e is the elementary
charge (1.0602 x 107'? C), v is the photon frequency,
c s the speed of light in vacuum (3 x 10®m-s"), and /
is the wavelength (units: nm).

In the UV-Vis spectra, the absorption peaks of
TEMPO-CNF and TEMPO-CDs were completely
different, indicating that TEMPO-CDs were synthe-
sized via the microwave method and imbued with a
functional moiety emitting FL. For TEMPO-CDs, the
absorption peaks at 298 nm (4.16 eV) corresponded to
the m — m* transition of the sp” hybrid orbitals, and
the peak at 330 nm (3.76 eV) corresponded ton — w*
transitions of the sp> hybrid orbitals. Figure 4b shows
that the TEMPO-CDs exhibit excitation-dependent
emissions. When the excitation wavelength was
increased from 360 to 500 nm, the emission peak
was red-shifted from 443 (2.80 eV) to 531 nm
(2.34 eV), displaying a color change from blue to
green. The optimal combination of excitation and
emission wavelengths featured maximum intensities

L) )

A
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Fig. 4 a UV-Vis absorption spectra of TEMPO-CNF and
TEMPO-CDs with photos of the CDs under sunlight (left) and
365 nm UV irradiations (right) inserted; b FL emission spectra
of TEMPO-CDs at different excitation wavelengths with the

of 390 (3.18 eV) and 449 nm (2.76 eV) (bright blue
ray), respectively.

Figure 4c shows the relationship between the
energy of the FL emission peak (E,,,) and excitation
energy (E,,). At values of E,, below 2.6 eV and within
the range 3.0-3.1 eV, E,,, exhibited rapid increases.
Meanwhile, two relatively steady energy ranges were
observed in the results.

The measured band gap overlapped with a trace
interference from the O and N elements and their
related chemical moieties, producing a deviation in the
excitation and emission spectra of TEMPO-CDs. The
TEMPO-CDs exhibited two emission bands centered

normalized PL intensity spectra inserted; ¢ relationship between
the emission energy and the excitation energy, and d schematic
of energy band structure and possible luminescence process for
TEMPO-CDs

at 449 nm and 500 nm; these were correlated with the
electron transition at the amino N- (2.76 eV) and
C = O- (2.48 V) related levels, respectively.

Based on the FTIR, XPS, UV-Vis, and FL spectra
for TEMPO-CDs, as along with the band gap compu-
tational results, an energy band structure scheme for
TEMPO-CDs was proposed based on the highest
occupied-lowest unoccupied molecular orbitals
(HOMO-LUMO) gap theory, as shown in Fig. 4d.

Zheng et al. (2017) also examined the relationship
between E,,, and E,,, and they reported a fluorescent
energy emission of 2.99 eV from the O-related energy
band. However, the entire scale of E., involved in their
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study ranged from ~ 2.7 to 4.4 eV, whereas the
N-related energy band was not involved (< 2.70 eV).
Yu et al. (2018a) explained the FL. mechanism of CDs
using the HOMO-LUMO gap theory and obtained a
very similar energy band value to that obtained in this
study (within 0.1 eV difference).

The excitation-dependent emission behavior of
TEMPO-CDs related to the distribution of different
surface states. In addition, the O and N elements and
their related chemical moieties produced a trace error
in the band gap, which produced deviations in the
excitation and emission spectra of TEMPO-CDs.

Figure 5a shows that the QY increased under an
increase in microwave treatment time (horizontally)
and power strength (longitudinally). Figure 5b indi-
cates that QY tended to increase under an increase in
the volume of TTDDA (0.1, 0.2, 0.3, 0.4, and 0.5 mL)
applied to synthesize TEMPO-CDs.

Above all, the QY tended to change rapidly during
the initial stage with respect to the levels of the three
aforementioned parameters: TTDDA volume, micro-
wave time, and microwave power. However, the QY
approached ~ 17.76%, which may have been the
upper limit of the QY under this method for 5 g
TEMPO-CNF. In addition, the increasing QY trend
also demonstrates the crystal structure transition
obtained in the XRD results of TEMPO-CDs synthe-
sized with different TTDDA volumes.

The pH value of the synthesized TEMPO-CD
solution was approx. 9.3. The effect of the pH of

TEMPO-CD solutions on the FL is exhibited in
Fig. 5c. Only one point (pH = 1) shows a relatively
low FL value, which is likely to result from the
protonation of —CONH groups on a TEMPO-CD
surface. However, the FL values exhibited a plateau in
the pH region from 2 to 14. This makes TEMPO-CDs
an excellent fluorescent probe candidate for most pH-
value water environments unless under an extremely
acidic environment (pH < 2).

Quenching effect between metal ions
and TEMPO-CDs and its application to Fe**
and Mn*" detection

The emission spectra of the TEMPO-CDs under
390 nm excitation with different metal ions after 5 s
were recorded at 449 nm, as shown in Fig. 6a. The FL
intensity of all metal ions remained relatively con-
stant, except in the case of Fe* " ions. The FL intensity
ratio (F/Fy) was evaluated as the quenching effect of
the metal ions. F and F, denote the FL intensities of
TEMPO-CDs at 449 nm in the absence and presence
of metal ions, respectively. Figure 6b shows the
differences in F/Fy of the TEMPO-CD solutions in
the presence and absence of various metal ions after
5 s. The figure shows that the F/F, ratio of the Fe®"
mixture was lowest, and other metal ions (except
Mn*") exhibited marginal changes in FL intensity,
which indicates that only Fe®™ had a considerable
quenching effect on the FL. of TEMPO-CDs. This
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_
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— / 03]
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Fig. 5 The QY of TEMPO-CDs (a) synthesized from 0.4 mL
TTDDA and 5 g TEMPO-CNF at different power levels and for
different periods of microwave treatment time and b from
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different volume of TTDDA and 5 g TEMPO-CNF at 500 W for
5 min; and c the effect of pH values on the FL intensity of
TEMPO-CDs
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¢ 10 min after mixture, ¢ F/F, of the mixture of CDs and 40 ppm

suggests that the synthesized TEMPO-CDs were able
to detect Fe>" jons within seconds via luminescence
measurements.

However, as shown in Fig. 6¢ and d, the F/F, of the
Mn>" mixture decreased significantly over time;
meanwhile, that of the Fe>* and other metal ions
(Fig. S6) remained similar to the results at 5 s. The
F/Fgratio of Mn?* continued to decrease for more than
10 min after mixing and became even smaller than
that of Fe>*. Meanwhile, after mixing Mn®* and
TEMPO-CDs, the color of the solution gradually
became deep brown, as shown in Fig. S7. Photographs
of TEMPO-CD dispersions containing 100 ppm of
various metal ions, obtained under a 365 nm UV lamp
for (a) 5 s and (b) 10 min, are presented in Fig. 6e and
f. The results indicate that Mn*>" ions could also have a
quenching effect on the CD solution, though at a lower
speed than Fe*™ ions.

In terms of the valence electrons of Fe>* and Mn>™,
both are arranged as 1s*2s?2p®3s?3p®4s°3d’, where the
five d-orbits are half-filled (Fig. S8). Fe*™ and Mn*"
ions could be absorbed on the surface of TEMPO-
CDs, coordinate with the functional groups (N-H- or
C = O-containing groups) on TEMPO-CDs, and form

Cu2+

Cd* Co**

Co?t

Fe** and Mn?* solutions as a function of time,; Photographs of
CDs solutions containing 100 ppm various metal ions under
365 nm UV lamp after e 5 s and f 10 min

complexes. Electrons of the complexes formed
between each of the two ion species and TEMPO-
CDs were easily transferred to the half-filled 3d orbits
of these two ions. Because of this coordination
interaction, electrons in the excited state of TEMPO-
CDs were transferred to the unfilled orbital of Fe’"
and Mn”", resulting in a quenching of the FL.

Figure 7a shows the F/F, values of CDs-Fe** with
various kinds of other metal ions at 5 s, when the
influence from the other co-existing metal ions was
negligible. As for the CDs-Mn?" with other metal ions
at 10 min in Fig. 7b, the F/F, value of CDs-Mn*"-
Fe** slightly decreased while other groups kept
similar values. The interface-effect results of other
metal ions prove the excellent anti-interference per-
formance of TEMPO-CDs for detecting Fe* " at 5 s
and Mn*" at 10 min.

The influence of quenching on the FL emitted from
TEMPO-CDs indicates that the as-prepared TEMPO-
CDs are a promising fluorescent probe for Fe> and
Mn”* detection.

According to the F/F, ratios for the mixture of Fe> "
ions and CDs at S5s [fitting curve:
y = exp(0.00033x°—0.02306x + 0.01987)
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Fig. 8 Dependence of the F/F, value on the concentration of
a Fe** ions (0-200 ppm) with b the linear relationship range of
0—40 ppm and c the linear relationship range of 50-100 ppm;
and dependence of the F/F; value on the concentration of

(R2 = 0.99836)] presented in Fig. 8a, the F/F, value
decreased under an increase in the concentration of
Fe*" ions.
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d Mn*" ions (0-500 ppm) with e the linear relationship range of
1-10 ppm and f the log-log linear relationship range of
20-500 ppm

However, the F/F, value of Fe*t was unchanged
when the Fe’* concentration exceeded 200 ppm,
which indicated that all the CDs were completely
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quenched by Fe’™ ions. Thus, 200 ppm should
represent the upper limit for Fe>" detection.

The F/F, values for the Mn*" ion and CD mixture
after 10 min [fitting curve: y = 1.59914(x—
3.00611)~%%182 (R? = 0.98950)] also exhibited a
decreasing tendency under an increase in the concen-
tration of Mn*" ions, as shown in Fig. 8d. Compared
with the Fe’™ ions, the upper limit of the Mn*"
detection was much higher, reaching 500 ppm.

To simplify the detection formula, as well as to
predict the Fe>™ and Mn®" concentration in a more
accurate level (especially for the low concentration
range), favorable linear relationships were established
for the two metal ions in different concentration
ranges: (1) Fe> with two linear ranges at 0-40 ppm
(y = -0.01585x, R?=0.99966) in Fig. 8b and
50-100 ppm (y = 0.00529 - 0.00425x,
R? = 0.98947) in Fig. 8c; and (2) Mn*" with one
linear range at 1-10 ppm (y = 0.91448 — 0.04296x,
R? = 0.99251) in Fig. 8e and a log—log linear range at
20-500 ppm (y = 0.04092 — 0.33280x, R* = 0.98950)
in Fig. 8f.For Fe** and Mn>" ions, the TEMPO-CDs
synthesized in this study exhibited a higher sensitivity

8 10 0 02 04 06 08 1.0
1[Ql

than other listed materials (e.g., metal nanoparticles)
and nanosheets, as shown in Table S1-S2. Previous
studies tested Fe’' and Mn”" in different testing
systems; however, the current result indicates that
Fe>" and Mn*" (with identical electron orbits) can be
quenched by the same CD system for the first time.

To understand the fluorescence quenching of two
kinds of metal ions, the following Stern—Volmer
equation was used to for the analysis (Song et al.
2014):

Fy/F — 1 =K[M], 4)

where K is the Stern—Volmer quenching constant;
[M] is the concentration of the quenchers (Fe*" and
Mn*" in this study).

The relationships between Fy/F and [M] of CDs-
Fe’* and CDs-Mn>" are presented in Fig. 9a and b.
The fitting data at low concentrations of both CDs-
Fe*™ and CDs-Mn”" groups follow the classical linear
Stern—Volmer equation, implying only dynamic
quenching at low metal concentration. A KMn2+ value
of 0.08771 indicates TEMPO-CDs has a higher
detection sensitivity for Mn®" than that of Fe’™
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Scheme 2 Fluorescence quenching mechanism schematic of TEMPO-CDs by Fe*' and Mn**

(Kpe>" = 0.01867), as shown in Fig. 9c. However, at
high concentrations of both CDs-Fe** and CDs-Mn*™,
the deviation from linearity in Fig. 9a indicate that the
initial condition described by the classical Stern—
Volmer equation was not fulfilled. Under these
circumstances, the modified Stern—Volmer equation
(or Lehrer equation) is applied for the K calculation by
introducing quenchable fraction of the fluorophores
(o) (Lehere 1971):

Fo Fo 1 1

AF Fo—F a aKM]’

(5)

where o lies between 0 and 1 (0 < o < 1), represent-
ing the non-quenchable fluorophore.

Although both two F/F, values for CDs-Fe*" and
CDs-Mn”" show a decreasing tendency in a down-
ward curvature with the increasing metal ion concen-
trations (Fig. 8a, d), the curvatures for Fy/F in two
groups are totally different (Fig. 9a and b).

The positive (upward) curvature in CDs-Fe*" can
be regarded as a combination of dynamic and static
quenching as similar deviation can also be found in
many other studies (Das et al. 2018). In this study, the
static quenching possibly supposed to result from the
formation of dark complex (Matyus et al. 2006).

As for the CDs-Mn’*, a negative (downward)
curvature can be found in the result presumably
because of (1) co-existence of fluorophores with
different accessibilities to the quencher, or (2) a
reverse reaction in the photochemical process (Naik
et al. 2010; Geethanjali et al. 2015), although fewer
studies for negative deviation results have been
reported in the literature. In this study, the second
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cause should be reasonable since hydrogen bond
complexes were formed with fluorophore.

Above all, the schematic mechanisms of a fluores-
cence quenching mechanism schematic of TEMPO-
CDs by Fe** and Mn" is illustrated in Scheme 2.

Conclusion

A simple, one-step, microwave-assisted synthesis
approach for preparing CDs using various NCs and
TTDDA was reported. TEMPO-CNF exhibited a
higher conversion efficiency than ACC-CNF and
CNC, as demonstrated by FTIR, XPS, and color
change analyses.

The TEMPO-CDs prepared from 5 g TEMPO-CNF
with 0.4 mL TTDDA exhibited an average diameter of
7.86 nm and produced excitation-dependent emis-
sions with maximum intensities at excitation and
emission wavelengths of 390 nm and 449 nm (bright
blue ray), respectively. This wavelength dependency
was theoretically explained by the HOMO-LUMO
gap theory, based on energy band calculations in
which C and N element states were assumed to have a
sizeable influence.

The FL of the synthesized CDs was selectively and
successfully quenched by Fe*™ and Mn?>* within
seconds and after 10 min, respectively. Electrons in
the complexes formed between each of the two ion
species and TEMPO-CDs were easily transferred to
the same half-filled 3d orbits of these two species of
ions.

The quenching phenomenon was further applied to
develop a fluorescent sensor that detects Fe™
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(0-200 ppm) and Mn** (0-500 ppm) via mathemat-
ical curve fitting. This is a novel finding, frow a
viewpoint in that the use of a CD-related sensing
system to detect Fe>™ and Mn”" via the same CD
probe has never been reported in the literature.

The further analysis for quenching effect was put
forward based on classical Stern—Volmer and Lehrer
models.
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