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Measuring temperature with greater precision at localized small length scales or in a nonperturbative
manner is a necessity in widespread applications, such as integrated photonic devices, micro/nano elec-
tronics, biology, and medical diagnostics. To this context, use of nanoscale fluorescent temperature probes
is regarded as the most promising method for temperature sensing because they are noninvasive, accu-
rate, and enable remote micro/nanoscale imaging. Here, we propose a novel ratiometric fluorescent
sensor for nanothermometry using carbon nanodots (C-dots). The C-dots were synthesized by one-step
method using femtosecond laser ablation and exhibit unique multi-emission property due to emissions
from abundant functional groups on its surface. The as-prepared C-dots demonstrate excellent ratiomet-
ric temperature sensing under single wavelength excitation that achieves high temperature sensitivity
with a 1.48% change per °C ratiometric response over wide-ranging temperature (5-85°C) in aqueous
buffer. The ratiometric sensor shows excellent reversibility and stability, holding great promise for the
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accurate measurement of temperature in many practical applications.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Temperature sensing is a necessity in widespread applica-
tions, such as integrated photonic devices, micro/nano electronics,
biology, medical diagnostics, etc. Carrying out thermometry with
greater precision, under difficult experimental circumstances, at
localized small length scales or in a nonperturbative manner
becomes a pressing need for the scientific community [1-3]. To
this end, research into the development of fluorescent temperature
sensors has attracted broad attention since they are easily minia-
turized, noninvasive, accurate, and enable remote micro/nanoscale
imaging [4]. Conventional fluorescent temperature sensors usu-
ally rely on intensity change of single fluorescent center, which
are often susceptible to errors due to changes in probe concentra-
tion, and efficiency of excitation or detection. Compared with them,
ratiometric temperature sensors can overcome these obstacles and
improve measurement robustness and accuracy [5]. Recently, sev-
eral ratiometric sensors, based on semiconductor quantum dots
[6-8], polymer dots [2], metal-organic frameworks [9,10], lumi-
nescent dyes [11] have been designed to quantify temperature.

* Corresponding author.
E-mail address: liheyan@mail.xjtu.edu.cn (L. Yan).

http://dx.doi.org/10.1016/j.apsusc.2017.08.133
0169-4332/© 2017 Elsevier B.V. All rights reserved.

However, these ratiometric temperature sensors often suffer from
complex synthesis route, high toxicity, or low aqueous solubility,
which has limited their further application.

To address these problems, carbon nanodots (C-dots) may
be considered as a favorable candidate due to their unique
combination properties of intense photoluminescence (PL), high
photostability, high aqueous solubility, low toxicity, excellent
biocompatibility, and cheap cost [12-14]. C-dots are promising
substitutes for the present fluorescent nanomaterials of various
applications, such as biological imaging [15,16], drug delivery [17],
sensors [18,19], light-emitting devices [20-22], and lasers [23,24].
For sensing application, several ratiometric sensors have been
designed for detections of pH [18,25], DNA [26], nitrogen dioxide
[27], and metal ions [28-30]. Most notably, the reported C-dots do
not possess intrinsic multi-emission and need further treatments
with luminescent dyes or semiconductor quantum dots to con-
struct ratiometric measurement, which may be less photostable
and highly toxic. Few reports demonstrated successful synthe-
sis of C-dots with intrinsic multi-emission for ratiometric sensing
[31-33]; however, the C-dots exhibited poorly peak profile and
low sensitive. Thus, the synthesis of C-dots with intrinsic multi-
emission property for high-sensitive ratiometric sensing is still a
major challenge.
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Fig. 1. Characterization of as-prepared C-dots. (a) TEM image, size distribution, and HRTEM images of the C-dots. (b) FTIR spectrum of the C-dots with the assignment of
characteristic peaks. (c) XPS survey spectrum of the C-dots. (d, e, f) High-resolution XPS spectra of C 1s, N 1s, and O 1s peaks of the C-dots, respectively.

Herein, we present a simple strategy of preparing C-dots with
intrinsic multi-emission property for highly sensitive ratiometric
sensing of temperature. The C-dots were synthesized by one-step
using femtosecond laser ablation of graphite powder in ethylene-
diamine. Abundant functional groups were created on the surface
which form multiple surface states on the surface site and result in
the multi-emission of C-dots. The as-prepared C-dots demonstrate
high temperature sensitivity with a 1.48% change per °C ratiometric
response over wide-ranging temperature (5-85 °C). The ratiomet-
ric sensor shows excellent reversibility and stability, holding great
promise for use in many practical applications.

2. Experimental details
2.1. Preparation of C-dots

As the applications in laser processing and ultrafast optics
[34-36], femtosecond lasers have been used to synthesize nanopar-
ticles by the laser ablation in solution due to its high peak power and
ultrashort pulse width [37]. In this work, C-dots were synthesized
via femtosecond laser ablation of graphite powder in ethylenedi-
amine. The details of experimental setup and procedure can be seen
in our previous reports [19,38]. The laser beam (Ti: sapphire fem-
tosecond laser system) was focused on the suspension at a laser
fluence of 150]/cm? by a 100 mm lens for 30 min. In our previous
report, we have demonstrated that C-dots prepared with a lower
raw material concentration possessed higher photoluminescence
quantum yield (PLQY) [19]. In the experiment, the raw material
concentration was 12.5 mg/L, and the PLQY of the C-dots solution
was estimated to be 16%. After laser ablation, the suspension were
centrifuged, dialyzed and the C-dots were dispersed in water for
further characterization.

2.2. Characterization methods

Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) images of the C-dots were obtained via a high reso-
lution transmission electron microscopy (model JEM-ARM200F).
A UV-2600 spectrophotometer (Shimadzu) was employed to
measure the absorption spectra of the samples. The Fourier trans-

form infrared (FTIR) spectroscopy was performed on a VERTEX
70 (Bruker) using KBr pellet method. X-ray photoelectron spec-
troscopy (XPS) experiments were carried out on AXIS ULtrabld
(Kratos) X-ray photoelectron spectrometer. The PL characteri-
zations including emission spectra, fluorescence lifetimes, and
time-resolved PL spectra were recorded using FLS920 spectrome-
ter (Edinburgh). For the fluorescence lifetimes and time-resolved
PL measurements, picosecond pulsed LED (central wavelength:
343 nm, pulse duration: <850 ps, repetition rate: 10 MHz) was used
as excitation source.

2.3. Wide-field fluorescence microscopy

C-dots were immobilized on cleaned glass coverslip by dropping
a small droplet of C-dots solution on coverslip. All wide-field fluo-
rescence images were obtained via aninverted confocal microscope
(Nikon C2*).Laser beams (408,488 nm) were focused on the sample
via 60 x oil objective (1.49 NA) at laser intensity of ~5 mW. The flu-
orescence emissions was harvested at 417-477 nm, 499-529 nm,
and 559-617 nm for blue, green, and red channels, respectively.

3. Results and discussion

The structure and size distribution of as-prepared C-dots were
analyzed by TEM and HRTEM images. As shown in Fig. 1a, the C-dots
are quasispherical and homogeneously dispersed with a narrow
size distribution in the range of 1-2.5 nm. The maximum value of
the fitted Gaussian peak is 1.5 nm with full width half maximum of
0.64 nm, which further confirms the narrow size distribution of as-
prepared C-dots. The HRTEM image of the C-dots (inserts in Fig. 1a)
show well-resolved crystal lattice fringes with a spacing of 0.21 nm
which is very close to the (100) facet of graphite carbon [25]. This
result indicates that the C-dots are composed of nanocrystalline
core of graphitic carbon.

The chemical compositions and structures of the C-dots are
investigated using FTIR and XPS analysis. The FTIR spectrum shown
in Fig. 1b reveals that abundant surface functional groups are cre-
ated on the surface of C-dots. For example, there are stretching
vibrations of N—H bond at 3360cm~!, C—H bond at 2920 and
2850cm~!, bending vibrations of CH, at 1470 cm™!, vibrational
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absorption band of C=0/0—H bond at 1630cm™!, and the C—0
bond around 1000 — 1200 cm~! [39,40]. The XPS survey spectrum
(Fig. 1c) shows that carbon (C 1s, 285 eV), nitrogen (N 1s, 400 eV),
and oxygen (O 1s, 533 eV) elements were contained in the C-dots,
and the corresponding atomic percentages are estimated to be
66.1%, 20.2%, and 13.7%, respectively. In the high-resolution spec-
tra, C 1s spectrum (Fig. 1d) reveal the presence of C=C (284.6 eV),
C—H (283.4eV), C—O/C—N (286.3eV), and C=0 (287.1eV). High-
resolution N 1s spectrum (Fig. 1e) can be deconvoluted into two
components, that is, C=N at 399.8 eV and N—H at 401.6eV. The O
1s spectrum (Fig. 1f) exhibits two peaks at 531.2 and at 540.0 eV,
which are attributed to C=0 and C—O groups, respectively. The
results from XPS data are consistent with the FTIR analysis. The
above data clearly exhibit that abundant surface functional groups
are created on the surface of C-dots.

Steady-state fluorescence measurement was conducted for the
C-dots dispersed in aqueous solution. Unlike many other reported
C-dots [25,41], the PL emission of our sample show multiple flu-
orescence peaks with coexistence of both excitation-independent
and excitation-dependent properties (Fig. 2). There are three obvi-
ous fluorescence peaks centered at around 400, 465, and 480 nm.
The fluorescence peak at 400 nm is dominant and does not shift over
an excitation ranging of 300-360 nm, while the peak at 480 nm is
dominant at longer wavelength excitation of 400-460 nm. At long
excitation wavelength (=480 nm), the emission spectra shift to the
red and the intensity decreases sharply as the excitation wave-
length increased. Remarkably, dual emission centered at around
400 and 465 nm is present in the PL spectra when excitation rang-
ing from 300 to 380 nm. The optimal excitation wavelength for
the three PL peaks (400 nm, 465 nm, and 480 nm) are 320, 340,
and 440 nm, respectively. The energy shifts of the corresponding
optimal excitation wavelength are calculated to be 0.78, 0.98, and
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Fig.2. The PLspectraof the C-dots. The inset is fluorescence image of C-dots solution
excited with 365 nm.

0.24 eV.These phenomena suggest the fluorescence peaks are orig-
inated from three independent emission centers in the C-dots.
The multi-emission property suggests that the as-prepared
C-dots might include mutichromophoric units. Recent reports sug-
gest that the presence of multiple chromophores could result from
different surface functional groups [39,41-43]. In this mechanism,
one kind of surface functional group might form a single surface
state energy level and becomes an isolated emission center [39,43].
A primary question regarding C-dots fluorescence is whether the
multiple emissive species are contained within a single C-dots
particle or result from separate particles. In order to determine
the origin of the multi-emission observed in the ensemble mea-

b Ex408nm, Em 499-529 nm

Ex 488 nm, Em 559-617 nm

Fig. 3. Confocal microscopy fluorescence images of isolated C-dots particles. (a, b) Fluorescence images of C-dots excited at 408 nm with blue (417-477 nm) and green
(499-529 nm) emissions, respectively. (c) Merged image of both blue and green emissions showing completely overlapped indicates the C-dots possess multi-color emissions.
(d, e) The same field of view at 488 nm excitation with green (499-529 nm) and red (559-617 nm) emissions, respectively. (f) Merged image of both green and red emissions
indicates that the C-dots possess multi-color emission (all scale bar: 2 wm). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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surements, we performed fluorescence measurements on isolated
single particles of C-dots. The C-dots were dispersed on trans-
parent glass coverslip and wide-field fluorescence images were
obtained under different excitation wavelength. Fig. 3a, b show
representative fluorescence images of the C-dots particles excited
at 408 nm with blue (417-477 nm) and green (499-529 nm) emis-
sions, respectively. It should be noted that, the measured particle
size using confocal microscopy is much larger than the true size
of the C-dots due to the limitation of imaging resolution. Although
the images are hard to reflect the size of the fluorescent particles,
the locations of the fluorescent particles can be determined. From
the figure, similar numbers of well-dispersed individual particles
were observed in both emission channels. When Fig. 3a, b are over-
laid (Fig. 3c), we observe completed overlap indicating that all of
these C-dots particles can emit both blue and green fluorescence at
one excitation wavelength. To determine if these C-dots particles
could emit when exciting with another wavelength, the fluores-
cence images at the same field of view taken with 488 nm excitation
were obtained. All the C-dots particles which are visible at 408 nm
excitation are also apparent when excited at 488 nm in both green
and red regions (559-617 nm) (Fig. 3d, e). Additionally, no new C-
dots particles are visible compared with fluorescence images taken
with 408 nm excitation. Similar with the aforementioned situation,
completed overlap is observed when we overlaid the images of
green and red emissions (Fig. 3f). The results indicate that all of
these C-dots particles can absorb different wavelengths and emit
multiple colors. Thus, we suggest that the multi-emission observed
in the ensemble PL spectra is originated from multiple emissive
species contained within a single particle rather than originating
from separate particles.

In contrast to the results presented here, previous report on
their fluorescence property at single-particle level indicated that
C-dots particles can absorb only one wavelength and emit one spe-
cific fluorescence color [44]. This is due to the heterogeneity of
C-dots particles, that is, different C-dots particles containing emis-
sive species at different energy levels [44]. In this work, the C-dots
were synthesized by laser ablation in ethylenediamine at atmo-
sphere condition; subsequently, abundant nitrogen-, hydrogen-,
oxygen-containing surface functional groups, such as C—H, C=0,
C—N, N—H etc., are created on its surface. These surface functional
groups might form multiple surface states on the surface site, which
was confirmed by broad UV-vis absorption spectrum of C-dots
(Fig. S1, Supporting Information). Furthermore, the laser ablation
of graphite powder in solution can provide a short-time (on a time
scale of 10-6-10-*s) and similar conditions of nanocluster growth
and chemical reaction which result in the relatively uniform size
and surface chemical structure of produced C-dots [45,46]. Thus,
all of the produced C-dots particles possess multiple surface states
and result in multi-emission of C-dots.

The fact that each surface state contributes to one fluorescence
peak is supported by the difference in PL dynamics of different
fluorescence peaks. The PL dynamics of C-dots detected at fluores-
cence peaks of 400 and 465 nm with 343 nm excitation are shown
in Fig. 4a. Using the reconvolution fitting method, the measured
time-resolved PL curves are fitted with well fit quality parameters
and relaxation time scales are obtained. Both PL dynamics exhibit
two distinct relaxation time scales, that is fast (1.0 ns) and slow (3.7,
5.5ns), which can be assigned to direct excitation-recombination
of carriers on the surface states and a relaxation of carriers from
carbogenic-core onto the surface states, respectively [43,47]. Our
previous report showed that different surface states possess dif-
ferent slow-decay components due to the distinct overlap degrees
of photogenerated electron from carbongenic-core and hole wave
functions in these surface functional groups [43]. Thus, the signif-
icant deference in the slow decays (3.7 ns and 5.5 ns for 400 and
465 nm emissions, respectively) of C-dots presented here imply

a
= 405 nm

¢ 465 nNm
Fitting

10°

*
* *¢

Normalized Counts

10° Bmmms |
0 10 20 30

Delay Time (ns)

=
o
I

o
I

Counts/10°

o
o
|

350 400 450 500 550
Wavelength (nm)

Fig. 4. (a) PL dynamics of C-dots at detected wavelengths of 400 and 465 nm with
343 nm excitation. (b) Time-resolved PL spectra of C-dots at 343 nm excitation.

that the emission centers at 400 and 465 nm are originated from
two different surface states. Additionally, time-resolved PL spectra
of the C-dots at 343 nm excitation exhibit two fluorescence peaks.
These peaks do not shift on time scales from 0.2-5 ns (Fig. 4b) and
are similar with the maximum of steady-state emission spectrum.
This observation further confirms that each surface state is respon-
sible for one fluorescence peak and these surface states are isolated
without effective relaxation between the surface sites.

Finally, we investigate the temperature sensitivity of C-dots. The
temperature-dependent emission spectra of the C-dots at 320 nm
excitation are shown in Fig. 5a. Both fluorescence intensities of
400 and 465 nm peaks gradually decrease with the increase of
temperature due to the thermal activation of nonradiative-decay
pathways. The peak intensities change linearly with temperature
ranging from 5 to 85°C (Fig. 5b). Temperature-sensitive C-dots
showed a fluorescence-intensities change of 3.3 and 2.1% per °C for
400 and 465 nm peaks, respectively. This indicates that the C-dots
can be used as a conventional intensity-based temperature sensor
with high sensitivity.

Remarkably, the unique multi-emission property makes our C-
dots promise for ratiometric fluorescent temperature sensors. The
ratio of the two fluorescence intensities at 400 and 465 nm (320 nm
excitation) versus temperature is shown in Fig. 5c. There is a very
good linear relationship between the intensity ratio and temper-
ature in a wide temperature range from 5 to 85°C (R2=0.998).
Thermal linearity is advantageous since it makes the correlation
between peak-intensity ratio and temperature straightforward and
meanwhile provides a constant thermal sensitivity along the entire
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Fig. 5. (a) Emission spectra of C-dots recorded from 5 to 85 °C, excited at 320 nm. (b) Fluorescence intensities of the 400 and 465 nm peaks versus temperature. (¢) The ratio
of the 400 nm over the 465 nm peaks as a function of temperature. (d) Temperature reversibility study of C-dots between 20 and 50°C.

dynamic range. The temperature-sensitivity of C-dots is deter-
mined to be 1.48% °C~1, which is comparable with that of other
materials [7-9].It should to be noted that the temperature response
range of C-dots is much wider than those of other reports on
dual-emission temperature sensors and covers both the physiolog-
ical temperature for biology studies and the working temperature
for many electronic devices [5]. Besides 320 nm excitation, the C-
dots also work at others excitation wavelengths, such as 340 and
365 nm, with high sensitivity (Fig. S2). Thus, the C-dots can be uti-
lized for temperature sensing in many practical applications by
selected different working wavelengths.

In addition, we evaluate the reversibility and stability of
the ratiometric temperature sensor. The temperature-dependent
emissions of C-dots were conducted between 20 and 50°C for
four cycles with 320 nm excitation (Fig. S3). The ratios of the peak
intensities (I400/l465) at different temperatures for each cycle are
almost unchanged (Fig. 5d), demonstrating the excellent reversibil-
ity of this system. Additionally, the peak intensities are evidently
changed when the excitation power or sample concentration
changes; however, the ratio of the peak intensities almost remain
unchanged (Fig. S4). This result suggests that the C-dots sensing
system is stable and robust with any changes in sample concentra-
tion, excitation, or detection efficiency.

4. Conclusions

In conclusion, C-dots with multi-emission property were syn-
thesized by one-step method. Abundant functional groups were
created on the surface which form multiple surface states on the
surface site and result in the multi-emission of C-dots. The unique
multi-emission property renders the C-dots as promising candidate
for ratiometric temperature sensing. We demonstrate that C-dots
can be utilized as an excellent ratiometric nanothermometer with
a1.48% change per °C ratiometric response over wide-ranging tem-
perature (5-85 °C), holding great promise for use in many practical
applications.
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