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Abstract In this study, carbon dots (CD)-embedded

film was successfully fabricated for Fe3? sensing via a

one-pot process. The carbon dots for Fe3? ion

detection were synthesized using the cellulose/ionic

liquid solution for different treatment times. With the

increase of the treatment time, the N-doped graphitic

structure in the core and the functional groups on the

surface were highly developed in the carbon dots. The

properties and structures of the carbon dots were

characterized using TEM, UV–Vis spectroscopy,

XPS, IR, TCSPC, and PL spectroscopy. The carbon

dots prepared by 12 h treatment showed a high

quantum yield of 28.4%, and the superior stability

for long-term storage, UV exposure, ionic strength,

and pH change. The carbon dots in the film, as well as

in the aqueous dispersion, revealed highly selective

detection toward Fe3?. The CD-embedded cellulose

film can be used as a Fe3? indicating film with good

reusability, outstanding transparency, and high

photostability.
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Introduction

Recently, carbon dots have been received increasing

attention for one of the zero-dimensional nanomate-

rials. Ranging in size from 1 to 10 nm, the carbon dots

are generally composed of carbon core with sp2

hybridized networks and surface with various func-

tional groups (da Silva Souza et al. 2018). They have

great potentials for a wide range of applications

because of their chemical, morphological and struc-

tural merits such as good biocompatibility, nano-size

(\ 10 nm), water-solubility, chemical inertness,

stable photoluminescence (PL), etc. (Ahn et al.

2019; Guo et al. 2016; Yang et al. 2014). Since the

first discovery of carbon dots, different types of

synthesizing methods were reported including

hydrothermal, solvothermal, electrochemical and

microwave-assisted syntheses (Guo et al. 2016; He

et al. 2017; Loi et al. 2017; Lu et al. 2009). Among

those processes, hydrothermal synthesis (HTS) has

been extensively studied to apply various polymeric

precursors for the fabrication of carbon dots. For

sustainable developments, biomasses were used as the

precursors of carbon dots for high performance and

functionality (Ahn et al. 2019; Gu et al. 2016; Yang

et al. 2014). Among the biomasses, cellulose is an

attractive precursor for carbon dots due to many

beneficial properties, such as low price, eco-friendly,

non-toxic, good biocompatibility and stable chemical

properties. In addition, it is the most abundant polymer

on earth and produced more than 100 billion tons per

year (Trache et al. 2017). By HTS of cellulose, several

types of carbogenic materials including carbon dots

can be fabricated in a top-down manner. Sevilla and

Fuertes (2009) suggested the carbonization mecha-

nism of cellulose by HTS as the following two steps.

First, in temperature higher than 220 �C, cellulose is

hydrolyzed, decomposed or dehydrated to water-

soluble molecules such as oligomers, aldehydes,

phenols, acids, etc. Second, these soluble products

are condensed and aromatized to grow carbogenic

materials. Although the HTS can effectively synthe-

size carbon dots, it requires a special vessel that can

withstand the self-generated pressure or the acidic

condition during the process. Also, the processing

temperature of HTS needs to be higher than 200 �C for

the carbonization of cellulose, consuming a large

amount of heat energy (Wu et al. 2017; Yang et al.

2016). After hydrothermal synthesis, the additional

separation from the micro-sized products of the HTS

was unavoidable to obtain carbon dots. The micro-

sized particles such as amorphous carbon particles and

debris of cellulose can be filtered using chromatogra-

phy, dialysis or centrifuge (Song et al. 2017). In order

to fabricate carbon dots in an economic and efficient

way, several solution processes using green solvents

were reported (Gu et al. 2018; Wang et al. 2016).

Among those green solvents, ionic liquids (ILs) take a

large amount of attention in many areas. ILs are
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charming ‘‘green solvent systems’’ with promising

properties, including negligible vapor pressure, high

thermal stabilities, high polarity and good recyclabil-

ity (Huddleston et al. 2001; Wang et al. 2014; Wei

et al. 2012). ILs are reliable solvents of various

biomass-based polymers such as cellulose, chitin, and

starch (Silva et al. 2017; Wu et al. 2009; Zhang et al.

2014). As well known, some ILs can hydrolyze

cellulose chains into water-soluble molecules during

dissolution and incubation (Ahn et al. 2016a, b, 2017b;

Du and Qian 2011; Kim et al. 2016; Lee et al. 2009).

This can give an opportunity to synthesize carbon dots

via solution carbonization of cellulose under proper

depolymerizations and precipitation. Although a few

researchers have reported on the usage of IL for carbon

dots fabrication, the depolymerization of IL was not

applied for carbon dots fabrication. Liu et al. (2015)

used IL (1-ally-3-methylimidazolium chloride) as

nitrogen source when they fabricated carbon dots via

hydrothermal synthesis from rice straw. Wang et al.

(2016) used IL (1-butyl-3-methylimidazolium chlo-

ride) as solvent and catalyst for carbon dots fabrication

at low temperature (80 �C). The carbon dots showed

Hg2? detecting capability and good photolumines-

cence stability. However, the quantum yield (QY) of

the carbon dots was too low as 4.7% for further

applications. Still, the solution process for carbon dots

from cellulose has not been fully exploited.

In this work, we suggest a simple method for

fabricating carbon dots using 1-butyl-3-methylimida-

zolium acetate (BMIMOAc) via solution synthesis of

cellulose. The QYs of the prepared carbon dots were

dramatically increased from 4 to 28.4% by increasing

the treatment time from 2 to 12 h. The carbon dots

showed high selectivity and sensitivity toward Fe3?.

Furthermore, a carbon dots (CD)-embedded cellulose

transparent film was prepared via a one-pot process

without extra separation of the carbon dots. The CD-

embedded film also showed a good detecting capabil-

ity of Fe3? as an indicating film. To the best of our

knowledge, it is the first report on the one-pot

fabrication process for a fluorescent and transparent

film from cellulose via solution process.

Experimental

Materials

Two types of cellulose were used for the fabrication of

carbon dots and CD-embedded film. One is MCC

(microcrystalline cellulose, degree of polymerization:

200, Sigma Aldrich) for carbon dots and the other is

kraft pulp (degree of polymerization: 1100, Hyosung

Co.) for the film. 1-butyl-3-methylimidazolium acet-

ate (BMIMOAc,[ 95%, Sigma Aldrich) was used for

cellulose dissolution. All metal salts for metal ion

detection were purchased from Sigma Aldrich. The

materials in the study were used as received without

purification.

Synthesis of the carbon dots

The carbon dots were prepared as illustrated in

Scheme 1a. 7 wt% of MCC was dissolved in BMI-

MOAc at 120 �C for 2, 7 and 12 h, respectively. After

the designated dissolution time, the solution was

poured in distilled water for precipitation. The

precipitated solutions including the carbon dots were

gently stirred until the ionic liquid (IL) was completely

removed. The solution was filtrated to obtain the

carbon dots using a nylon membrane of 0.45 lm pore

and the filtrate was completely dried. For further

purification of the carbon dots, the dried filtrate was

dispersed in ethanol and then dialyzed against ethanol

for 120 h to remove the residual IL. The obtained

carbon dots were named after the dissolution time. For

example, CD-2 refers to the carbon dots produced after

2 h dissolution by IL.

One-pot fabrication of CDs-embedded film

The CD-embedded film was directly fabricated by the

dissolution of kraft pulp in the prepared CD-solution

as follows (see Scheme 1b): First, CD-solution was

prepared by dissolution of MCC in BMIMOAc with

the concentration 7 wt% for 12 h at 120 �C. After
adding N, N-dimethylformamide (DMF,[ 99.5%,

Daejung Co., 1:1 (w/w) with respect to IL) to the

solution, kraft pulp was added and dissolved in the

CD-solution without precipitation of the carbon dots.

Using the prepared solution, the film was cast

according to the previous report (Kim et al. 2018).

Briefly, the prepared solution was spin-coated on a
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glass substrate at 1500 rpm. Before the as-cast film

was coagulated, the film was kept on the substrate for

30 min in an oven at 70 �C for stress relaxation. After

the treatment, the film was immersed in distilled water

to remove the solvents. After washing 5 times by

distilled water, the solidified film was pressed and

dried at 135 �C for 35 min using a hot-pressing

machine. The CD-embedded film was named CD-F.

Characterizations

High-resolution transmission electron microscopy

(TEM, JEM-F200, JEOL) was applied to study

morphology. The FFT (fast Fourier transform) spot

diagrams of the prepared carbon dots were obtained

under the operating voltage of 200 kV. The functional

groups and the binding species were characterized

using Fourier-transform infrared spectroscopy (FT-IR,

Nicolet iS10, Thermo Scientific) and X-ray photo-

electron spectroscopy (XPS, K-alpha, Thermo Scien-

tific). The photoluminescence (PL) properties of the

samples were studied using UV–Vis absorption spec-

troscopy (Cary 60 UV/vis spectrophotometer, Agilent

Technologies) and PL spectroscopy (FS-2, SICNCO).

The absolute fluorescence quantum yield (QY) of

carbon dots was characterized at the excitation

wavelength of 340 nm using PL spectroscopy

equipped with the integrating sphere. The QY of the

carbon dots were calculated according to Eq. (1).

QY Uð Þ ¼ Nemission

Nabsorption

¼
r k
hc

Isamem kð Þ � Irefem kð Þ
� �

dk

r k
hc

I
ref
ex kð Þ � Isamex kð Þ

n o
dk

ð1Þ

where Nabsorption is the number of photons absorbed by

a sample andNemission is the number of photons emitted

from a sample. h, c, k refer to the Planck’s constant,

velocity of light and wavelength, respectively. Isamex

and Irefex are the integrated intensities of the excitation

light with and without a sample, and Isamem and Irefem refers

to the photoluminescence (PL) intensities with and

without a sample, respectively (Ishida et al. 2010).

Metal ion sensing evaluation

For the detecting test of metal ions, FeCl3�6H2O,

ZnCl2, CuCl2�H2O, AgNO3, FeCl2�4H2O, CaCl2,

HgCl2, AlCl3�6H2O, Pb(NO3)2 and MgCl2�6H2O were

dissolved in distilled water with a concentration of

250 lM. The prepared CD-12 solution of 50 lg/ml

was added to each metal ion solutions with 1:1 (v/v).

After 15 min of mixing, the PL intensities of CD-12 in

each metal ion solution were measured at 340 nm of

excitation wavelength. For the sensitivity test of CD-

12 for Fe3? sensing, the PL intensities of the quenched

CD-12 were characterized along with the concentra-

tion of Fe3? solution using an excitation wavelength of

340 nm. For an indicator of Fe3?, the prepared films

(2 9 2 cm) were dipped in the Fe3? solutions for 30 s.

The PL intensities of the films were measured at

Scheme 1 Experimental procedure: a Synthesis of carbon dots using cellulose/ionic liquid solution. b one-pot fabrication method of

CD-embedded film
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360 nm of excitation wavelength after dried at room

temperature. For the cycling test, the quenched films

were washed using 500 ml of distilled water for

30 min and the recovered films were dipped in

500 lM of Fe3? again. Then the PL intensities of

the films were measured at the same excitation

wavelength after dried at RT. The cycling test was

repeated 3 times.

pH stability of the carbon dots

For the test of pH stability, the photoluminescence

behavior of CD-12 was characterized in the pH range

from 1 to 13 using hydrochloric acid (HCl, 35–57%,

Duksan Co.) and sodium hydroxide (NaOH, 98%,

Daejung Co.). CD-12 was added and dispersed as a

concentration of 50 lg/ml in each pH aqueous

solution.

Results and discussion

Figure 1 shows the morphologies of the carbon dots

prepared from MCC/BMIMOAc solution for different

treatment times. The carbon dots had pseudo-spherical

shapes with a graphitic lattice structure. It indicates

that the carbon dots were successfully fabricated in the

ionic liquid (IL). As reported in the previous work

(Ahn et al. 2016a, b, 2017b; Du and Qian 2011; Kim

et al. 2016; Lee et al. 2009), cellulose can be

depolymerized via acid-catalyzed hydrolysis into

small molecules in IL. In this hydrolysis, IL kept

changing into carbene, which generates acid contin-

uously. During those processes, the carbon dots were

formed by the polymerization, condensation, and

aromatization of the water-soluble small molecules

such as oligomers, aldehydes, phenols, acids, etc.

(Wang et al. 2016; Yang et al. 2017). The average size

and its deviation of the carbon dots were increased

with the treatment time. It can be attributed to

homogenous nucleation and growth. As well

explained in the thermodynamics of nanoparticle, the

nucleus was generated in super-saturated conditions to

reduce the total volume energy of the solution system.

The size and variation of the resulted particles were

dependent on how fast and long the nucleation occurs.

If the nucleus was generated fast in a short time, the

size and its variation of the resulted nanoparticles

would be small. In this study, the nucleation time was

short, resulting in small and uniform carbon dots when

the treatment times were 2 and 7 h. However, the size

and its variation of the carbon dots became signifi-

cantly larger when the treatment was 12 h, mainly due

to the longer nucleation and growth time. After the

nucleation, the nucleus growth is controlled by

surface-reaction and diffusion of the composing

molecules (He et al. 2017; Ng et al. 2017; Xu et al.

2013; Yang et al. 2017; Zheng et al. 2015).

The crystal lattice became distinct with the increase

of the treatment time because the core had enough

time to be developed into the graphitic structure.

When the treatment time was 2 h, the low crystalline

structure was observed. The carbon dots from 7 h

treatment showed clear lattice fringe corresponding to

the in-plane lattice spacing of the (100) graphene facet

(0.21 nm) (Nie et al. 2014). Similarly, the lattice

fringe corresponding to the in-plane lattice spacing of

the (020) graphene facet (0.26 nm) was distinctly

observed for the carbon dots from 12 h treatment (Nie

et al. 2014). The acid generated by IL condensed and

developed the carbogenic structure to the ordered

graphitic structure in the core of the carbon dots (Ahn

et al. 2016b; Börjesson and Westman 2015; MináKim

et al. 2015).

The FT–IR spectra of the prepared carbon dots,

MCC and BMIMOAc were displayed in Fig. 2a. The

chemical structures of the prepared carbon dots were

different from MCC and BMIMOAc. The MCC had

typical characteristic peaks of cellulose at 3325, 2900,

1430–1316 and 1025 cm-1 corresponding to m(O–H),
m(C–H), d(C–H) and m(C–O–C) respectively (Abder-

rahim et al. 2015; Ou et al. 2012). Also, the

characteristic peaks of BMIMOAc were shown as

fingerprint regions of the imidazolium ring from 1500

to 750 cm-1 and m(O–C–O) at 1575 cm-1 and

1378 cm-1 (Tan et al. 2016; Yesudass et al. 2016;

Zhang et al. 2015). Whereas, the carbon dots in the

study had the similar infrared absorption pattern in

m(N–H), m(O–H) band around 3440 cm-1, m(C=O) at
1654 cm-1, aromatic C–N heterocyclic rings at

1400–1430 cm-1, m(C–N) at 1226 cm-1, m(C–O–C)
at 1050 cm-1 and m(N–H) at 800 cm-1 (Arul et al.

2017; Coates 2000; Liu and Zhou 2017; Liu et al.

2011; Ren et al. 2019; Su et al. 2019; Wu et al. 2017;

Xiao et al. 2016). It demonstrates that all carbon dots

had graphitic domains (m(C=C) at 1654 cm-1) with

functional groups such as amino, carboxyl, carbonyl,

and hydroxyl groups (Arul et al. 2017; Chae et al.
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Fig. 1 TEM images of a CD-2, b CD-7, and c CD-12. HR-TEM images of d CD-2, e CD-7 and f CD-12 (inserted images in TEM and

HR-TEM are size distribution and fast Fourier transform (FFT) spot diagrams of the carbon dots), respectively

Fig. 2 a FT-IR spectra and b XPS survey spectra of BMIMOAc, MCC and carbon dots. High resolution XPS spectra of c C1s, d O1s,

and e N1s and f bonding composition percent of MCC, CD-2, CD-7, and CD-12
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2018; Jeong et al. 2018; Yang et al. 2014). The peak of

m(C–N) at 1560 cm-1 was intensified with the longer

treatment time, confirming that nitrogen atom was

successfully introduced and doped to the carbon dots

(Ahn et al. 2017a; Zhai et al. 2012; Zhang et al. 2016).

To further characterize the chemical binding, the

XPS spectra were obtained as shown in Fig. 2b. The

XPS survey spectra of the carbon dots and MCC

included C1s (284.5 eV) and O1s (531.5 eV) peaks.

After the treatment, the calculated carbon contents of

the specimens were increased from 64 to larger than

86%, while their oxygen contents were dramatically

decreased from 36 to less than 8%. As coincident with

the FT-IR results, it also indicates that the cellulose

was successfully carbonized and converted to the

carbon dots by the hydrolysis in IL. The high

resolution C1s spectra (Fig. 2c) was deconvoluted to

the peaks at 284.5 eV (C–C/C=C), 285.7 eV (C–N),

286.2 eV (C–O), 287.55 eV (C=O/O–C–O) and

288.7 eV (O–C=O) (Barsbay et al. 2007; Wu et al.

2017; Xie et al. 2018). Compared toMCC, the bonding

composition percentage of C=C/C–C (284.5 eV) in

the carbon dots was dramatically increased from 25 to

79%. As described above, the hydrolyzed molecules

were condensed and polymerized into the graphitic

core. With the longer treatment time, the sp2 domains

in the carbon dots were more developed by the self-

generated acid in the cellulose/IL solutions (Jeong

et al. 2018). Furthermore, the hydroxyl groups in the

carbon dots were oxidized and converted to the

carbonyl groups under acidic conditions, resulting in

the bonding composition percentage of C=O peaks in

O1s spectra increased from 4 to 13% (Fig. 2d). (Kang

et al. 2012).

In the survey spectra, N1s peak (410 eV) was

observed in the spectra of the carbon dots, which was

not observed in the spectrum of MCC. The high-

resolution N1s peaks of the carbon dots exhibit the

four main peaks (Fig. 2e); pyridinic N (398.7 eV),

pyrrolic N (399.7 eV), graphitic N (401.3 eV) and

oxidized N (406.1 eV) (Ma et al. 2016; Shu et al.

2017). The calculated total content of the nitrogen in

the carbon dots was increased from 3 to 5.5% along the

treatment time. For the reaction time of 2 h, the

binding states of the N atoms in the carbon dots were

pyridinic N (36.4%), pyrrolic N (34.2%), and graphitic

N (29.4%). As the treatment time increased up to 12 h,

the graphitic N content in the carbon dots was

dramatically increased from 29 to 44% (Fig. 2f).

Comparing to the graphitic N, the pyrrolic N, and

pyridinic N were not changed significantly when the

treatment time was increased from 7 to 12 h. As

mentioned above, more acid was generated and in

turn, accelerated the development of the graphitic core

structure in longer treatment time (Ma et al. 2016; Ogi

et al. 2016). Whereas, the oxidized N was found only

in CD-7 and CD-12 not in CD-2, indicating that the

nitrogen of the cyclic structure at the edge was

oxidized by the acid (Pels et al. 1995; Shu et al. 2017).

Based on the study of XPS, the change of the N state in

the carbon dots can be summarized as follows. (1)

Initially, the N-containing cyclic structures, i.e.

pyrrolic N and pyridinic N were formed by IL. (2)

These cyclic rings were developed to graphitic N in the

core and simultaneously converted to oxidized N at the

edge (Ma et al. 2016). The change in the chemical

bonding of the carbon dots was summarized in Fig. 2f.

The optical properties of the carbon dots were

characterized by UV–Vis and PL spectroscopy. The

UV–Vis absorption of the carbon dots is shown in

Fig. 3a. Two absorption peaks were observed at 253

and 310 nm, referring to p ? p* transition of C=C

and n ? p* transition of C=O respectively (Edison

et al. 2016; Shen et al. 2016; Wang et al. 2016; Wu

et al. 2017). With the increase of treatment time, the

absorption was increased in the total range of wave-

length. Especially the shoulder peak at 310 nm was

distinctly increased. It is attributed to the increase of

n ? p* transition in the carbonyl group of the carbon

dots, which was increased along the treatment time

(Ahn et al. 2019; He et al. 2017). As coincident to

previous works, the increase of treatment time also

raised the long-tailed absorption in high wavelength

due to the increase of the functional groups on the

surface such as carbonyl, amino groups (Tang et al.

2013; Yang et al. 2017).

Figure 3b displays the PL emission spectra of the

carbon dots treated for different times. All PL emis-

sion of the carbon dots was depending on the

excitation wavelength due to the variety of energy

levels driven from the core structure and the functional

groups (Arul et al. 2017; Tang et al. 2013). The PL

emission intensities of the carbon dots were increased

as the treatment time was increased. This PL enhance-

ment was noticeable even by naked eyes as illustrated

in the inserted images in the figure. Furthermore, the

absolute quantum yields (QY) were 4.1, 20.2 and

28.4% for the treatment times of 2, 7 and 12 h,
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respectively. The dramatic increase of the QY was

originated from the development of the graphitic

structure and the nitrogen doping in the core. It gave

more chances for the electron in the carbon dots to

excite and recombine in radiative relaxation, resulting

in the improvement of QY and PL emission (Ahn et al.

2019; Qu et al. 2014; Santiago et al. 2017).

Figure 4a shows the PL emissions images of CD-12

(50 lg/ml) in the absence and the presence of Fe3?

(250 lM) under 365 nm UV irradiation. The emission

of CD-12 was noticeably quenched by Fe3?. Within

15 min, the quenching was completed as shown in

Fig. S1. To confirm the metal ion selectivity, the

relative PL intensities of the solution with and without

the competing metal ion were shown in Fig. 4b. The

concentrations of the mixed metal salts and CD-12

were kept as 250 lM and 50 lg/ml, respectively. The

changes of the PL intensity were characterized under

the excitation of 340 nm which gave the maximum

emission intensity. One is the intensity ratio of CD-12

solution between the presence and the absence of

various metal ions (black bar in the figure), and the

other is the intensity ratio of CD-12 in Fe3? solution

between the presence and the absence of each

competing metal ion (red bar in the figure). As shown

in the figure, the intensity was significantly decreased

by Fe3? even in the presence of the competing ion. The

PL was selectively quenched by Fe3? without the

interference of other metal ions. The result reveals the

excellent selective detectability of the prepared carbon

dots against Fe3?. Also, the carbon dots displayed

good Fe3? sensing ability even in tap water. In Fig. 4c,

the fluorescence quenching efficiency ((F0 - F)/F0)

was plotted along with the concentration of Fe3?. The

quenching efficiency was linearly increased as the

Fe3? concentration increased from 2.5 to 37.5 lM,

while the response was leveled off over the concen-

tration of 37.5 lM. The fluorescence quenching

mechanism of CD-12 in the linear relationship region

against Fe3? concentration was studied by the lifetime

analysis. The PL decay curves of CD-12 were

overlapped regardless of Fe3? concentration

(Fig. S2a). Moreover, the photoluminescence excita-

tion (PLE) bands of CD-12 was mostly eclipsed with

the absorption band of Fe3? (Fig. S2b). This behavior

was driven by the inner filter effect (Ahn et al. 2019;

Yu et al. 2018; Zu et al. 2017). In the non-linear

relationship region, CD-12 had more chance to form

the complex with Fe3?, resulting in the change of the

absorption curves as shown in Fig. S2c (Shi et al.

2016; Wang et al. 2015; Zu et al. 2017). Using the

Stern–Volmer equation, the fluorescence quenching

efficiency in the linear range from 2.5 to 37.5 lMwas

regressed as shown in Fig. 4d. Based on the regres-

sion, the limit of detection (LOD) of CD-12 was

calculated as 2.038 lM. Furthermore, CD-12 showed

identical fluorescence quenching behavior even in the

buffer solution as shown in Fig. S3.

The carbon dots in the study showed excellent PL

stabilities under various conditions such as UV light,

ionic strength, and pH change. The PL intensity was

not significantly decreased after 9 months under

daylight (Fig. S4a), while the PL intensity was slightly

decreased after 4 h of UV exposure (Fig. S4b).

However, the PL intensity of CD-12 remained as

80% of the initial intensity. Furthermore, the reduction

of the PL intensity after UV exposure was simply

recovered to the initial performance after 24 h storing

in room condition (Fig. S4c). The effect of ionic

strength on the PL intensity was evaluated in NaCl

Fig. 3 a UV–Vis absorbance spectra and b PL emission spectra of the prepared carbon dots (inserted images: the aqueous solution of

the carbon dots under 365 nm)
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solution. As shown in Fig. S5a, the PL intensities were

not changed as the NaCl concentration was increased

up to 1 M. It also indicates the prepared carbon dots in

this work had high stability against the change of ionic

strength in the aqueous solution. The PL behavior of

CD-12 was characterized in different pH conditions

(Fig. S5b). In general, the PL of carbon dots is

reversibly changed by pH change due to the protona-

tion and the deprotonation, when the carbon dots were

not chemically reacted or damaged by acid or base

(Feng et al. 2017; Liu and Zhou 2017; Shi et al. 2016).

The carbon dots in this study showed the pH-

dependent behavior along with the different pH

conditions, and successfully recovered the PL inten-

sity in neutral condition (Fig. S5c).

Figure 5 displays the optical properties of the CD-

embedded cellulose film (CD-F). The film emitted

blue light under UV light of 365 nm as shown in

Fig. 5a. CD-F showed excellent transparency in

visible light range due to the good dispersion of the

carbon dots and the amorphous structure of cellulose

(Fig. S6 and Fig. S7a). The average transmittance at

400, 500, 600 and 700 nm was higher than 95%,

which is higher than the reported values in other works

(Table S1). Comparing with the pristine cellulose film,

CD-F showed lower transmittance, especially in the

UV range, as shown in Fig. S7b. It can be attributed to

UV absorbance by the carbon dots in the UV range,

which was confirmed by the transmittance difference

between the pristine film and CD-F (Fig. S7c). The

difference between the two spectra was obtained by

subtracting the transmittance curve of CD-F from that

of the pristine film. The transmittance difference curve

was similar to the UV–Vis spectrum of CD-12 shown

in Fig. 3a. As shown in Fig. S7d, the pristine film, and

CD-F did not show a significant difference with the

typical cellulose characteristic peaks (Ahn et al.

2017a, b). The peak at 1725 cm-1 of the CD-F was

Fig. 4 a Digital images of CD-12 irradiated with UV light of

365 nm in the absence (left) and the presence of 250 lM Fe3?

(right)). b fluorescence quenching of CD-12 in different metal

solutions (black) and mixed metal solutions with Fe3? (red).

c fluorescence quenching efficiency ((F0 - F)/F0) of CD-12

versus the concentrations of Fe3?. d Stern–Volmer plot of CD-

12 in the Fe3? concentration from 2.5 to 37.5 lM
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driven from the carbon dots in the film. As similar to

the carbon dots in aqueous solution, the CD-embedded

film showed the dependency of the PL property on the

excitation wavelength (Fig. 5b). The maximum PL

intensity was observed around 440 nm under 360 nm

excitation as like the carbon dots. It can also be

attributed to the good dispersion of the carbon dots and

the negligible formation of a non-radiative complex in

the film. The photostability of CD-F was tested under

UV irradiation (16 W, 365 nm). As shown in Fig. 5c.,

the PL intensity of CD-F remained as 90% of the initial

intensity after 6 h of UV exposure. The PL intensity of

CD-F was recovered by conditioning for 24 h

(Fig. 5d).

The CD-embedded film can also detect Fe3?

efficiently as the carbon dots could (the inserted

images in Fig. 6a). The PL emission of the film was

quenched noticeably for naked eyes when the film was

immersed for 30 s in a Fe3? of 500 lM. Using the

Stern–Volmer plot, the fluorescence quenching

efficiency along the Fe3? concentration

(2.5–500 lM) was obtained as illustrated in Fig. 6a.

As similar to the carbon dots, the PL emission was

quenched proportionally to the Fe3? concentration in

the low concentration region and was leveled off in the

high concentration region.

Figure 6b shows the fluorescence quenching effi-

ciency obtained from the regression of (F0 - F)/F0
along the Fe3? concentration ranged from 2.5 to

17.5 lM. The film had a higher correlation coefficient

(R = 0.9999) compared to the carbon dots, resulting in

better LOD as 0.4077 lM. The quenching mechanism

of the carbon dots in the film, as well as in the aqueous

dispersion, showed the inner filter effect against Fe3?

ion (Fig. S8). As shown in Fig. 6c, the film quenched

by Fe3? can be recovered by simple washing for the

repeated detection of Fe3?. The maximum PL inten-

sity was still observed around 440 nm under 360 nm

excitation. By the repeats of the recovery, the PL

intensity of the film was slightly decreased, while the

Fig. 5 a Digital images of CD-F under 365 nm (inserted image shows the transparency under daylight). b PL spectra of CD-F.

c photostability of CD-F under UV irradiation (16 W, 365 nm). d PL recovery of CD-F after 24 h storing at room condition

123

4618 Cellulose (2020) 27:4609–4621



relative PL intensity in the quenched state was

increased. The result indicates that Fe3? was com-

bined with weak secondary bonding with the carbon

dots in the film and could be removed by washing

(Fang et al. 2018; Wu et al. 2017). The CD-embedded

cellulose film can be repeatedly used for metal ion

sensing with simple washing.

Conclusion

In this study, the carbon dots were fabricated from

cellulose via solution synthesis using ionic liquid (IL).

As the treatment time increased up to 12 h, the QY of

the carbon dots was dramatically improved as 28.4%

due to the development of the N-doped graphitic

structure in the core and the functional groups on the

surface. The carbon dots obtained after 12 h treatment

showed good selective sensitivity toward Fe3? with

superior stability for long-term storage, UV exposure,

ionic strength, and pH change. Using the CD-solution

process, the CD-embedded cellulose film was suc-

cessfully prepared via a one-pot process without

additional separation for the carbon dots from the

solution. The CD-embedded in the film had identical

photoluminescent behavior to the carbon dots in the

aqueous dispersion. As a Fe3? indicating film, the CD-

embedded cellulose film had the superior ability of

simple reusability, selective sensitivity, and high

photostability.
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