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Abstract—Accurate and sensitive nanoscale thermal probing for thermophysical property charac-
terization is appealing but still a challenge to date. Previous studies have revealed that graphene
quantum dots (GQDs) are good temperature markers for their small dimension and superior
fluorescence excitation. In this work, we show that the thermal response of fluorescence spectrum
of GQDs is strongly pH-dependent. Significant decrease (about 56% to 30%) for temperature-
induced intensity reduction within a small range of 75◦C under different excitation wavelengths of
370 nm, 390 nm, and 410 nm is observed as pH value increases from pH = 1 to pH = 13. The
temperature coefficients of peak wavelength change from positive to negative with the increase of
pH value, meaning that the blue shift happens as the condition is changed from acidity to alkalinity.
Temperature dependence of peak width is also studied with the largest coefficient of 0.2255nm/◦C,
which is remarkable. These suggest that when using GQDs in nanoscale thermal probing, the pH
value is an important factor that should be considered besides the excitation wavelength. Regarding
the superior biocompatibility and low cytotoxicity, GQDs could play an important role in thermal
probing or mapping in a complex biology system such as a cell, and help to develop novel treatments
and diagnoses.

DOI: 10.1134/S1810232818030104

1. INTRODUCTION

Quantum dots (QDs) exhibit unique and tunable optical and electronic properties arising for their
small dimension and large surface-to-volume ratio (A/V) [1–3]. Great efforts have been devoted to
the development of advanced synthetic methods and multi-disciplinary applications [4–7]. For example,
they can be used in bioimaging for their high quantum yields and resistance to photobleaching, and
the continuous and strong optical absorption profiles [8–12]. Besides, they show great potentials in
energy conversion for the large charge mobility and absorbing property [13–20], and can be assembled as
industrial sensors [21–26]. Among many applications, one appealing implementation is to use QD as a
temperature sensor by employing exceptional fluorescence excitation characteristics [27–29]. Combined
with the temperature dependence of fluorescence spectroscopy and the nanoscale size, QD can be
developed as an excellent probe for nanoscale thermal sensing and mapping [30–32].

In thermal imaging application, it is desirable to find one material exhibiting excellent temperature
sensitivity while keeping the stable optical property [33]. Fluorescence spectroscopy methods have
shown great potential in the areas of nanoscale thermal probing/imaging [34, 35]. In our previous
study, we found that graphene quantum dots (GQDs) have excellent temperature dependence of their
fluorescence signal: the intensity of fluorescence signal drops by 50% within a small room temperature
range of 75◦C [36]. The GQDs are fragments of graphene, which reserve the excellent property of
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graphene meanwhile behave new characteristics as being QDs. As the development of synthesis
methods, large-scale production of GQDs becomes available [37]. Considering their bio-compatible
characteristics, GQDs are very promising in bio-thermal imaging down to nanoscale. It is well known
that the temperature dependence of fluorescence of QDs can be affected by the sample size [38, 39],
which is the same for GQDs. Other experimental conditions, such as excitation wavelength, impact
the quantum efficiency, which may vary for different samples sizes. Therefore, it is essential to explore
the thermal response of fluorescence characteristics to different conditions/parameters, and further to
interpret the physical mechanism for the spectrum phenomenon.

During synthesis of GQDs, the pH value is an important parameter to determine the characteristic of
the sample. In application scenario, the GQDs could be used and characterized in different environment
with different pH value. Therefore, it is important to consider the effect of pH value on fluorescence
excitation, and thus on temperature sensing performance. Taking biology thermal imaging as an
example, the biochemical reactions exist in complicated cellular environment, accompanied with heat
generation as unutilized energy is discharged. Intracellular temperature will be changed and alters the
physical state of DNA and proteins [40], in turn, affects the chemical equilibria and energy metabolism.
Thus, the local temperature of the living cells could provide us a novel insight about its pathology and
physiology [41], which enables unique methods to novel treatment and diagnoses. In the past, various
approaches have been proposed to detect cellular temperature [42–47], including the QDs method [43,
44]. The complicated pH environment in a cell could affect greatly the characteristics of QDs [23, 26,

Fig. 1. Characterization of GQDs sample: (a) high-resolution transmission electron microscopy (HRTEM) image
(supplied by the company) shows that the GQDs have a uniform diameter of about 10 nm; (b) photos of GQDs aqueous
solution under visible light (left) and UV irradiation (right); (c) AFM image of GQDs sample shows that the average
thickness of three GQDs selected randomly is about 11 nm.
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48–51]. As we have proved that GQD is a good candidate as temperature sensor [36], it would be a great
potential for being employed in bio-thermal imaging; thus, we present here an experimental study on the
pH effect on the thermal response of fluorescence spectroscopy of GQDs.

2. EXPERIMENTAL DETAILS

A GQD sample was synthesized in Chongqing First Graphene Co., Ltd. by using the bottom-
up method [52, 53]. The morphology and size of GQDs were characterized using a high-resolution
transmission electron microscopy (HRTEM), as shown in Fig. 1a (provided by the supplier). It shows
that the GQDs have a uniform size of 10 nm. Figure 1b presents sample images under visible light (left)
and UV beam (right), respectively. The blue luminescence under UV irradiation reveals that the GQDs
solution is in good condition for fluorescence excitation. The photoluminescence quantum yield is up to
17%. Figure 1c shows the atomic force microscopy (AFM) image of the GQDs, which was taken on
the platform of SHIMADZU SPM-9500J3. The average thickness of three GQDs selected randomly
is about 11 nm. The fluorescence experiment was performed on a Horiba Jobin Yvon Fluorolog-3
fluorescence spectrometer. The excitation wavelength can be adjusted from 200 to 1000 nm, and the
spectrometer can collect light emission from 300 to 1550 nm. To investigate the effect of pH value on
fluorescence of the GQDs, a series of experiments with different pH values under different excitation
wavelengths were conducted.

The heating experiments were conducted to study the effect of pH value on the thermal response of
fluorescence spectrum. The GQDs sample was adjusted to be at different pH values: pH = 1, pH =7, and
pH = 13, for acidity, neutral and alkalinity, respectively. The solution was filled in a sample cell and placed
in the T-sample compartment of the fluorescence spectrometer. The fluorescence was first measured at
5◦C and then at several temperatures from 5 to 80◦C. The temperature was precisely controlled steady
with an accuracy of 0.01◦C. For each temperature, the sample was maintained for 10 min and three
measurements were taken for averaging. The slit width and the integration time were set to 5 nm and
0.1 s for all measurements.

3. RESULTS AND DISCUSSION

3.1. The Effect of pH on Absorption and Excitation Photon Wavelength

Figure 2a is the UV-vis absorption spectrum of GQDs at different pH value, which shows strong
optical absorption with the absorption band of ∼ 260 nm in the UV region and a tail extending out
into the visible range. When the pH value was increased from pH = 1 to pH = 13, little change could
be observed in the absorption spectrum, implying that the pH value has little impact on the absorption
characteristics. Figure 2b is the fluorescence excitation spectrum with a detection wavelength of 500 nm.
It reveals the fluorescence characteristics of GQDs at different pH values. The narrow excitation band
at 370 nm in the spectrum of pH = 1 indicates that 370 nm excitation wavelength induces the strongest
fluorescence at 500 nm. It needs to be considered that only wavelength falling within this range is
suitable when selecting excitation sources. For pH = 7 and pH = 13, relatively broader bands are
observed. This phenomenon evidences that the pH value could significantly modify the fluorescence
characteristics not just in intensity but also in wavelength. Figures 2c–2e show the fluorescence
spectrum of GQDs at different pH values under different excitation wavelengths. For acid environment
(pH = 1) as shown in Fig. 2c, the fluorescence peak intensity decreases and the peak shifts toward longer
wavelength as the excitation wavelength changes from 370 to 455 nm. This reveals that the fluorescence
signal of GQDs in acid solution is more favorable to shorter wavelength light source. As acidity changes
gradually to neutral (pH = 7), as shown in Fig. 2d, the fluorescence peaks show no much difference
in intensity for different excitation wavelengths. It is noticed by comparing with Fig. 2c that the peak
excited by 455 nm light has stronger intensity and narrower peak shape. Similar phenomenon appears in
the case for pH = 13: the peak intensity excited under all wavelengths is decreased and the signal doesn’t
show much difference in intensity among different excitation wavelengths. All of these keep consistent
with the sharp peak at pH = 1 and the broad bands at pH = 7 and pH = 13 of the fluorescence excitation
spectrum in Fig. 2b. It reveals that fluorescence excitation efficiency can be influenced significantly the
pH value. Somehow, it shows a strong selective characteristic in excitation wavelength (e.g., pH = 1
in this case), that is, only short range of light wavelength can effectively excite a fluorescence signal.
When the pH value is increased, the excitation band is broadened so that fluorescence signal from
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Fig. 2. (a) UV-vis absorption spectra of GQDs with an absorption band of ∼ 260 nm are observed at different pH value;
(b) fluorescence excitation spectrum with detection wavelength of 500 nm of different pH value. A narrow excitation
band at 370 nm for pH = 1 and relatively broader bands for pH = 7 and pH = 13 are observed; (c) fluorescence spectrum
of GQDs at different pH value at different excitation wavelengths. The intensity decreases as excitation wavelengths
increase from 370 to 455 nm in pH = 1 and changes little in pH = 7 and pH = 13.

excitation wavelength of 370 nm to 455 nm is strong. As pH value is increased, all signals excited by
these wavelengths become weak, which can be explained by the shift of excitation band. There are other
witnesses of this phenomenon. For example, Deng et al. [49] have found that more trap sites on the CdTe
quantum dots surface were removed when the pH value was decreased, this dramatically improved the
fluorescence efficiency and stronger fluorescence intensity was observed. Similar results were reported
by Gao et al. in the earlier studies [54].

Beside the fluorescence intensity, it is observed that the fluorescence peak position (wavelength, or,
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say, the photon frequency) changes for different pH values even under the same excitation wavelength. It
means the pH value changes the excited photon wavelength. This peak shift is attributed to the GQDs
surface additional reaction caused by different pH values [49, 54, 55]. Yang et al. [51] proposed that
GQDs have a triplet ground state carbine-like zigzag edge sites, which can be switched mutually in
solution depending on pH value. This makes the fluorescence intensity and wavelength vary reversibly.
The above-presented information reveals that the pH value of environmental solution can tune the
optical properties of GQDs.

3.2. Effect of pH on Thermal Response of Fluorescence Spectrum

Three different wavelengths (370, 390, and 410 nm) are chosen for fluorescence excitation under
different heating experiments, as summarized in Fig. 3. First, the fluorescence spectrum intensity
decreases as temperature increases from 5◦C to 80◦C for all pH values excited with all wavelengths,
but the down trend becomes smoother as pH value increases from acidic (pH = 1) to alkaline (pH = 13).
Second, the peak position of spectrum changes with temperature increasing and the phenomenon varies
with pH values: For pH = 1, the fluorescence spectrum of all different excitation wavelengths shifts to
red direction. This temperature-induced red-shift of 370 and 390 nm becomes less obvious as the pH

Fig. 3. Temperature dependence of fluorescence spectrum under 370 nm, 390 nm, and 410 nm excitation wavelengths
at different pH value. The fluorescence spectrum intensity decreases clearly as temperature increases from 5◦C to 80◦C
for all the excitation wavelengths under different pH value. Temperature-induced red shift of all the wavelengths at pH =
1 (a)–(c) becomes less obvious at pH = 7 (d)–(f), and then changes into blue shift when pH = 13 (g)–(i).
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value increased to pH = 7. For an excitation wavelength of 410 nm under pH = 7, no obvious shift is
observed, as shown in Fig. 3f. It is worth noting that when the pH value is increased to pH = 13, the
corresponding fluorescence spectrum changes into blue-shift with temperature increasing. As usually,
a third parameter: the peak width defined as the full width at half maximum (FWHM), no intuitive
changes are observed because the fluorescence spectrum of GQDs is broad and asymmetric. In order
to understand the mechanism more clearly, we quantitatively analyze the effect of pH on the thermal
response of fluorescence spectrum.

3.3. Combined Analysis with Excitation Wavelength

Figures 4a–4c show the quantitative analysis for temperature dependence of fluorescence intensity
for three excitation wavelengths. The peak intensities of fluorescence spectrum are normalized by the
peak intensity at the lowest temperature (i.e., 5◦C). To make clearer, Fig. 4d lists all the temperature-
induced intensity reduction of different excitation wavelengths of 370 nm, 390 nm, and 410 nm at
different pH values. Figure 4d shows that the intensity reduction for the temperature range of 75◦C
of all of the excitation wavelengths decreases as the pH value increases from pH = 1 to pH = 13. In the
figure of pH = 1 (Fig. 4a), there is around 56% decrease within the temperature range of 75◦C under
an excitation wavelength of 370 nm, similar to the previous work [36]. The intensity reduction decreases
as the excitation wavelength changes from 370 nm to 410 nm, but still about 43% when the excitation

Fig. 4. (a)–(c) Temperature dependence of fluorescence intensity for three excitation wavelengths of different pH value;
(d) the normalized intensity reduction for the temperature range of 75◦C of all of the excitation wavelengths decreases
as pH value increases from pH = 1 to pH = 13. But all of them are very significant when compared with traditional
semiconductor QDs.
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wavelength is 410 nm, which is more sensitive than the traditional QDs. As the pH value is increased to
pH = 7, the normalized intensity decreases of 370 nm, 390 nm, and 410 nm drop to 39%, 36%, and 29%,
respectively. When the pH value becomes 13, the difference between different excitation wavelengths
becomes less obvious, and the normalized intensity decreases within the same temperature range
become 27%, 25%, and 23%. This temperature-induced intensity decrease can be explained by the
increased non-radiative decay rate as temperature rises, thus leading to decreased quantum efficiency
[36]. For low pH value cases, more trap sites on the GQDs surface are removed, the non-radiative decay
rate increases quickly as temperature increases, and it leads to a more significant intensity decrease. For
alkaline environment (pH = 13), the decrease of non-radiative decay rate becomes slow and leads to a
relatively weaker intensity decrease. It is worth noting that for all pH values, the intensity decrease rates
(23% to 56%) are more significant compared with traditional semiconductor QDs within this small
temperature range [29, 31, 32], indicating GQDs is effective temperature markers.

The temperature dependence of peak wavelength in the fluorescence spectrum is another important
feature in temperature measurements. It is the intrinsic property of many materials stemming from the
elastic and non-elastic photon scattering. Temperature of to-be-measured material can be readily deter-
mined from the measured frequency/wavelength of scattered/emitted light. For GQDs, one problem is
that the fluorescence spectrum is broad and asymmetric, which makes it difficult for using the traditional

Fig. 5. Temperature dependence of peak position for different excitation wavelengths of pH = 1 (a), pH = 7 (b), and
pH = 13 (c). Linear fittings (red solid lines) of the experimental results (solid dots) show that the peak positions of all
the spectra have a good linear relationship with temperature; (d) the temperature coefficients for all the wavelengths
decrease as pH value increases. When pH = 13, the temperature coefficients switch from positive to negative (as the
fluorescence spectrum of 70◦C and 80◦C in pH = 13 are rough and overlap, these data were omitted).
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Gaussian and Lorentz functions to fit peak positions. Instead, we developed a method by defining the
“theoretical” peak position on 1/2 x-axial value of 1/2 integration area of the peak in our previous work
[36]. Figures 5a–5c show the peak shifts of different pH values for the temperature range and excitation
wavelengths. All the spectrum peak positions show a well linear relationship with temperature. Figure 5d
lists the summary of all the temperature coefficients under different excitation wavelengths and different
pH values. When pH = 1 (Fig. 5a), the temperature coefficients for excitation wavelength of 370, 390,
and 410 nm are 0.0925 nm/◦C, 0.0890 nm/◦C, and 0.0495 nm/◦C, respectively. From Fig. 5d, it is found
that the temperature coefficients of the peak wavelength decrease as the pH value is increased, gradually
from positive to negative (red shift to blue shift). The reason could be that as the pH value is increased,
the GQDs surface modification and the change of the zigzag edge sites make the GQDs agglomerate,
as reported in previous studies [51, 55]. When the size of GQDs in the alkaline environment becomes
larger, the temperature-induced band gap of the GQDs varies [38], thus leading to the blue shift of the
GQDs in the high pH value. As of course, the temperature coefficients of different excitation wavelengths
are different, as shown in Fig. 5d. For example, the temperature coefficients of 370 nm in pH = 1, pH =
7, and pH = 13 are 0.0925 nm/◦C, 0.0517 nm/◦C, and −0.0105 nm/◦C, respectively. For excitation
wavelengths of 390 and 410 nm, similar trends can be found, but the values become smaller.

Figure 6 shows the temperature dependence of peak width under different excitation wavelengths and

Fig. 6. Temperature dependence of peak width for different excitation wavelengths of pH = 1 (a), pH = 7 (b), and pH =
13 (c). Peak width shows a good linear relationship with temperature (red solid lines are linear fitting of experimental
results); (d) the summary of all the temperature coefficients of peak width under different excitation wavelengths and
different pH values, which are larger when compared with the peak position temperature coefficients in the same
conditions.
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different pH values. The width is defined at the point when fluorescence intensity equals the half of the
maximum as the full width at half maximum (FWHM) [36]. Through linear fitting, it is found that the
temperature coefficients of peak width are larger when comparing with the peak position temperature
coefficients in the same conditions. This reveals that it could be another effective feature for temperature
probing. As seen from Fig. 6d, both excitation wavelength and pH-value have influence on the thermal
coefficient. For example, for excitation wavelength of 370 nm, the temperature coefficients vary from
0.1816 nm/◦C to 0.0858 nm/◦C, then to 0.2255 nm/◦C as pH value is changed from pH = 1 to pH = 7,
and then to pH = 13. As the excitation wavelength is changed to 390 nm, the temperature coefficients
for pH = 1, pH = 7, and pH = 13 are 0.1284 nm/◦C, 0.0665 nm/◦C, and 0.1599 nm/◦C, respectively.
And for excitation wavelength of 410 nm, corresponding temperature coefficients are 0.0846 nm/◦C,
0.067 nm/◦C, and 0.1296 nm/◦C, respectively.

The above summary of the temperature dependence of fluorescence intensity, peak wavelength and
width indicates that it is very important to choose the most appropriate excitation wavelength and the
best optical features of the fluorescence spectrum when using GQDs to measure temperature in the
environment of different pH value. For complex environments, especially in biology field when probing
living vivo cells, the GQD is an excellent candidate for its superior biocompatibility and extremely low
cytotoxicity. The excellent fluorescence response of GQDs under a low pH value makes it more favorable
to the acid environment in most living cells. As discussed above, the lower excitation wavelength closing
to the absorption band is more sensitive and should be selected. Temperature-induced intensity decrease
keeps significant for all pH values. This reveals that using fluorescence intensity for sensing temperature
is the first option in most cases. Since temperature coefficients of peak position are stronger in acidic
conditions than those in neutral and alkaline conditions, this could be another option for temperature
determination. The temperature coefficients of width are found strong in acidic and alkaline conditions,
but weak when in neutral condition. This reveals that when treating temperature coefficients of peak
width, caution should be made on both the excitation wavelengths and pH values. When doing bio-
thermal measurements using GQDs, pH value should be considered to choose the best temperature-
dependent optical properties for temperature calibration. For example, when measuring a stomach
tissue/cell where pH value is strongly acid, our study shows that peak intensity, peak wavelength and
peak width are all sensitive to temperature, and shorter excitation wavelength should be chosen. But for
blood or mouth cells, where pH value is near neutral, fluorescence intensity can give better temperature
information.

4. CONCLUSIONS

When applying the GQDs for nanoscale thermometry, it needs to be notified that not just excitation
wavelength but also the pH value of the environment condition determine the quantum efficiency of the
fluorescence excitation. In this work, the different temperature dependence of fluorescence spectroscopy
of GQDs caused by pH value is studied combined at different excitation wavelengths. The normalized
peak intensity ranges from 56% to 30% in the decreasing trend within the temperature range of 75◦C
as the pH value is increased from pH = 1 to pH = 13 for all wavelengths of 370, 390, and 410 nm.
The temperature coefficient of peak position (wavelength) is strongly dependent on the pH values: when
the pH value increases from acid to alkaline condition, the temperature coefficients turn from positive
to negative (red shift to blue shift). The largest temperature coefficients of peak width 0.2255 nm/◦C
is observed for a wavelength of 370 nm in pH = 13, indicating that the peak width can be used as the
reference for temperature determination. As GQDs are good temperature markers in a bio-thermal field,
this study can benefit the selection of nanoscale thermal probe to improve measurement accuracy for
temperature calibration.
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