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A B S T R A C T   

Sonoluminescence (SL) is an interesting physical effect which can convert acoustic energy into light pulses. Up to 
now, the microscopic mechanism of the SL has not yet been fully clear. It is known that hydroxyl radicals play the 
important role for SL from water. In this work, we take advantage of carbon nano-dots (CNDs) as free radical 
captors to modulate the hydroxyl radicals (OH•) in SL effect. Through studying the single bubble SL (SBSL) from 
CND aqueous solution (CNDAS) with trace amount of CNDs, we find that the color of SBSL is tuned dramatically 
from blue in water to green in CNDAS. Two different SL mechanisms can be identified from emission spectrum. 
One comes from blackbody-like radiation and another is attributed from the characteristic emission with iden
tified peaks. The decrease in the yield of H2O2 in the presence of CNDs suggests the modulation effect on SL via 
OH• interacting with CNDs. By comparison of the CNDs before and after sonication, it is found that hydroxyl 
radicals generated during SL can take part in the chain-like oxidation of the chemical groups attached to the 
CNDs to form larger amount of carboxyl groups. The blackbody temperature of blackbody-like radiation de
creases from 15,600 K in water to 11,300 K in CNDAS. Moreover, the emission from hydroxyl radicals and two 
new luminescent centers related to carboxyl groups are introduced in SL from CNDAS. These important and 
interesting findings indicate that by adding trace amount of CNDs in water, the effect of SBSL can be significantly 
modulated, which can provide a macroscopic phenomenon for gaining an insight into the microscopic mecha
nism of the SL effect.   

1. Introduction 

Sonoluminescence (SL) has been one of the most important and 
interesting physical effects in the field of acoustics since the discovery of 
the multi-bubble SL (MBSL) in 1933 [1] and the single-bubble SL (SBSL) 
in 1962 [2]. For the case of SBSL, an air or gas bubble in water or so
lution can be periodically driven by a continuous ultrasonic wave and 
experience a nonlinear oscillation. With negative and positive acoustic 
pressures, the bubble can grow and compress then implosively collapse 
[3]. At the moment of the bubble collapse, a light flash can be generated 
and such a process can be repeated with the periodicity of the driving 

acoustic wave [4]. Similar effect can also be observed in multi-bubbles, 
which is a consequence of the cavitation and the SL induced by the high 
intensity acoustic wave [5]. The SL is a phenomenon which can take 
advantage of energy induced from external acoustic wave to generate 
the light pulses with the width about 100 ps [4]. Meanwhile, the tem
perature as high as 104 K [6], the shock-wave with the pressure up to 4–6 
GPa [7] and the fast heating and cooling rates in excess of 1012 K/s [5] 
are accompanied by imploding of the bubble. Therefore, the research 
field of the SL is very rich in terms of acoustic physics and chemistry. Up 
to now, the microscopic mechanism of the SL has not yet been fully clear 
[5,8]. Because the SBSL can provide an ideal and simple case for the 
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generation and detection of the SL, the investigation of SBSL is of great 
importance and significance in gaining the in-depth understanding of 
this phenomenon. This becomes our prime motivation in studying the 
influence of the carbon nanodots (CNDs) in water on SBSL in this work. 

The SBSL experiment can be conducted via injecting an air bubble in 
water around the focal area of an acoustic equipment [9]. It has been 
found [10,11] that during the process of SBSL, the sonochemical reac
tion: H2O → H•

+OH• can take place, where H• and OH• are respectively 
the hydrogen and hydroxyl free radicals. Typically, the broadband SBSL 
from an air bubble in water can be observed from ultraviolet (UV) to 
about 800 nm wavelength, where the intensity of the light emission 
decreases with increasing wavelength [9]. Thus, the SBSL from an air 
bubble in water looks white blue by the naked eyes. Furthermore, for the 
case of relatively weak driving acoustic field, the characteristic line 
regarding hydroxyl or OH• can be measured in SBSL spectrum when 
mixing deionized water with a noble gas (e.g., He, Ar, Xe) [12]. These 
important experimental findings indicate that hydroxyl or OH• plays an 
important role in the process of SBSL in water. Now a question one 
would like to ask is what will happen to SBSL if we make OH• reacts 
chemically with other matters. To give an example for the answer to this 
question, in this work we examine how SBSL can be modulated by the 
presence of carbon-based chemical groups in water. 

Carbon nanodots (CNDs), with typical size of several nanometers, are 
carbon-based nano-materials. They particularly have excellent optical 
and optoelectronic properties [13–15], versatile features of surface 
physics and chemistry [16,17] and good water solubility [18]. From a 
viewpoint of chemistry, CNDs can server as good free radical captors 
[17] owing to the presence of C-based chemical groups attached to 
surfaces/edges of the C-cores. In particular, these C-based chemical 
groups can surely react chemically with OH• generated during the SBSL. 
In this study, we consider an isolated air bubble levitated acoustically in 
CNDs aqueous solution (CNDAS) and undertake the SL experiment. We 
intend studying how the presence of the CNDs in water can affect the 
SBSL effect. We note that the basic difference of SBSL experiment carried 
out in a mixture of pure water with the noble gas [12] and in CNDAS is 
that the noble gas in water normally does not react actively with OH•. In 
this work, we present a comparative study on the SBSL effects in pure 
water and in CNDAS via measuring the corresponding emission spectra, 
the time-resolved SL signals and the yields of H2O2. We examine the 
properties of the CNDs before and after sonication, in order to look into 
the changes bringing to the CNDs during the process of the SL. Thus and 
conversely, we hope this work can provide some extra information about 
the features of the SL in water. 

2. Samples and experiments 

2.1. Synthesis of carbon nanodots 

The CNDAS was prepared with the standard hydrothermal method 
using glucose as precusor. Briefly, 100 mL glucose (2 g), urea (0.2 g), 0.1 
M NaOH (10 mL) aqueous solution was heated at 160 ℃ for 12 h in a 
Teflon-equipped stainless-steel autoclave. After reaction, the solution 
with CNDs was naturally cooled to room temperature, adjusted to PH =
7 by adding hydrochloric acid. The alkaline solution with small amount 
of NaOH can speed up the condensation reaction of glucose and improve 
the synthesis efficiency [19]. Moreover, the added NaOH can lower the 
oxidation degree of CNDs [20]. Thus, more dangling carbon bonds can 
be left on the surface/edges of CNDs, which can enhance the ability for 
CNDs to capture the free radicals. The as-prepared solution with CNDs 
was filtered with 0.22 μm microporous membrane to remove the large 
impurities and then dialyzed with a dialysis bag (3000 Da) repeatedly 
for 6 rounds to remove the small molecules such as NaOH, NaCl, etc. 
Each round takes about 1 h with newly changed deionized water outside 
the dialysis bag. Thus, we obtained the CNDAS retained in dialysis bag. 
Finally the CNDAS was dilute with pure water at volume ratio 1:2. The 
mass concentration of the as-prepared CNDAS was measured at about 5 

g/L. This CNDAS can emit bright blue fluorescence under the UV 
irradiation. 

2.2. The generation and the measurement of sonoluminescence 

The experimental setup for single bubble sonoluminescence (SBSL) is 
shown in Fig. 1. A spherical flask with 130 mm in diameter and two 
spherical concave ultrasound transducers mounted on two symmetrical 
sides was filled with pure (deionized and degassed) water or CNDAS (30 
mL as-prepared CNDAS was added to 1 L of pure water). Serving as an 
acoustic resonator, the flask was driven by the acoustic transducer at its 
fundamental eigen-frequency of 11.6 kHz. The corresponding acoustic 
pressure around the bubble area was measured by a laboratory-scale 
needle hydrophone (BT-L-18 M, China Jiliang University) calibrated 
against a low frequency underwater hydrophone (BK 8103-D-100). 
Considering more OH• can be generated from a large number of water 
vapor which diffuses into bubble during the expansion phase [21], a 
lower frequency was chosen in the present experimental setup compared 
to previous studies [22]. Thus, the lower frequency in our experiment 
can benefit the testing of modulation effect on SBSL via OH• interacting 
with CNDs. 

In the experiment, an air bubble was injected into the flask, which 
can be levitated near the pressure antinode of an acoustic standing wave 
(close to the center of the flask) [23]. Under the periodic driving of the 
acoustic wave, the bubble nonlinearly oscillates and emits light pluses. 
The emission spectrum of SBSL was measured with a spectrometer 
(IsoPlane SCT320, Princeton Instruments, USA) connected to a photo
multiplier (PMT, Hamamatsu R928) through an optical fiber bundle. 
The spectral resolution is 1 nm in wavelength and the relative irradiance 
calibration of the spectrometer was undertaken with standard light 
sources in the wavelength 250–750 nm regime (National Institute of 
Measurement and Testing Technology, China). The pulses of the light 
emission from single bubble at the moment of bubble collapse were 
detected by another PMT (Hamamatsu H7844) and recorded by an 
oscilloscope. The photographs of sonoluminescing bubble were taken by 
an electron-multiplying intensified charge-coupled device (emICCD, PI- 
MAX4-512EM, Princeton Instruments) with an exposure time of 100 ns 
under back lighting. The photographs of SL from water and from CNDAS 
were taken by a Nikon D3X digital camera with ISO 6400 and exposure 
time of 2 s in darkness. 

2.3. Enhancement of the sonochemical effect on CNDs 

In this work, the SBSL experiment for CNDAS is carried out by adding 
30 mL as-prepared CNDAS into l L water in SL apparatus. Therefore, the 
mass concentration of CNDs in the experiment is very low which is about 

Fig. 1. The experimental setup for single bubble sonoluminescence and related 
optical measurements. 
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0.15 g/L. Moreover, in order to enhance the effect of the SL experiment 
on CNDs for examining the changes of CNDs, we also put the as-prepared 
CNDAS into a cylindrical Teflon container with a volume of 6 mL and 
place the container at the focal area of the ultrasound apparatus with a 
spherical cavity transducer of 480 mm in diameter and 370 mm in 
height with two axially symmetric open ends. The spherical cavity 
transducer was immersed in a deionized and degassed water tank 
withstand a hydrostatic pressure of 10 MPa and was driven by 650 kHz, 
630 W acoustic power for 60 s [24,25] (the method to determine the 
acoustic power is described in Section S1 in Supporting Information). In 
this way, the cavitation and the SL can take place spontaneously in the 
focal region and, therefore, the corresponding sonochemical effect can 
directly and more strongly bring to the CNDs inside the container. 

2.4. The evaluation of the yield of hydrogen peroxide induced by 
sonication 

In order to verify further that the OH• generated by SBSL process can 
be coupled and captured by CNDs, the yields of H2O2 in sonicated 
CNDAS as well as sonicated water were evaluated via UV–Vis absorption 
using a spectrophotometer (HORIBA JobinYvon). In SL experiment, 12 
min sonication was undertaken respectively for CNDAS and for water. 
Here four samples were prepared as: i) 2 mL pure water used for our 
experiments was taken as the basis for comparison; ii) 50 μL sonicated 
water was mixed with pure water to form 2 mL solution; and iii) 50 μL 
CNDAS before and after sonication were diluted respectively by pure 
water to form 2 mL solutions. Among above four samples, pure water 
and CNDAS before sonication are set as blank. The yield of hydro
gen peroxide under the effect of sonication can be determined by 
measuring the absorbance of I3- spectrophotometrically in a 1-cm cell 
using absorptivity ε = 26,450 M− 1 cm− 1 at 351 nm [26,27]. The 
measuring process is described as follows. i) The iodide reagent was 
prepared by mixing 1 mL of solution A [0.4 M KI, 0.05 M NaOH, 
0.00016 M (NH4)6Mo7O24⋅4H2O] and 1 mL solution B [0.1 M 
KHC8H4O4]; ii) 1 mL of each one of four samples mentioned above was 
added into 2 mL iodide reagent. After mixing, the UV–Vis absorption 
spectrum of mixed solution was measured (denoted as As). iii) The 
UV–Vis absorption of the reference (denoted as Ar), which was set by 
adding 2 mL of pure water into 1 mL of each one of four samples, was 
then measured. iv) The absorbance of I3- was deduced via subtracting 
the spectrum of reference from that of sample, denoted as ΔA = As − Ar. 
Then the value of ΔA at 351 nm was used to evaluate the concentration 
of I3-, which is directly related to the concentration of H2O2; v) The H2O2 
yields in sonicated water and sonicated CNDAS were determined by 
difference in concentration of H2O2 compared with corresponding 
blank. And vi) considering the dilution rate, the yields of H2O2 of 
original sonicated samples are obtained by multiplying a factor of 40 to 
the determined value in step v). 

2.5. Characterizations 

The CNDs before and after sonication were characterized by high- 
resolution transmission electron microscope (HRTEM, FEI Tecnai G2 
TF30) operated at 200 kV, X-ray photoelectron spectroscopy (XPS, PHI 
5000 VersaProbe II), ultraviolet–visible absorption spectroscopies 
(UV–Vis, HORIBA JobinYvon), and photoluminscence (PL) spectroscopy 
(Jobin Yvon, USA). Through these measurements, we can examine what 
happens to CNDs due to SL processes. 

3. Results and discussions 

3.1. Sonoluminescence effect in pure water and CNDAS 

3.1.1. The photographs of SL 
The photographs of sonoluminescing bubble at its maximum radius, 

the SL in water and the SL in CNDAS are shown respectively in the left, 

middle and right panels in Fig. 2. The maximum diameter of sonolu
minescing bubble is around 100 μm, which is much larger than the size 
of CNDs (several nanometers as shown in Section 3.2). Therefore, the 
presence of CNDs in water does not affect the bubble oscillation signif
icantly so that SL can still be generated in CNDAS, as shown in the right 
panel in Fig. 2. It should be noted that in our experiments, the spatial 
location of sonoluminescing bubble around the focal spot is a bit 
random, similar to those reported by other groups [28,29]. This effect is 
more obvious in the photos of SL with a shorter exposure time of 0.62 s 
(see Fig. S1 in Supporting Information). It implies that the sonolumi
nescing bubble is moving at least translationally under the driving 
acoustic field [28]. We find that when taking the exposure time to be 
longer than 2 s, the areas of the SL images for water and for CNDAS can 
be rather stably observed. Since the frequency of driving acoustic wave 
is 11.6 kHz and the exposure time for SL photographs is 2 s, the results 
shown in Fig. 2 come from accumulation for about 23.2 k SL events. It 
can be seen that SL from CNDAS covers a larger area than that from 
water, corresponding to the larger bubble transitional movement in 
CNDAS. From Fig. 2, we notice that the center region of SL in both water 
and CNDAS looks white which seems a bit saturated. While the color of 
outer region of SL looks blue for SL from water and looks green to yellow 
for SL from CNDAS. The obvious influence of the CNDs in water on SL 
can be observed even by the naked eye. By more carefully checking, we 
find that the outer region of SL spot in water and in CNDAS looks green. 
This is owing to the fact that the photos were taken outside the spherical 
flask, where the refraction of water and the interface of spherical flask 
can lead to dispersion effect. However, the actual color of SL can be 
identified more clearly from the SL spectra (as shown in Fig. 4). The 
intensities of the light pulses as a function of time are shown as insets in 
Fig. 2 (b) and (c) respectively for SL from water and from CNDAS. As can 
be seen, the periodicity of the SL pulses from both water and CNDAS is 
stably in consistent with the frequency of the driving acoustic wave, 
whereas the intensities of SL pulses can be deviated. 

In this study, the acoustic pressure around the bubble area was 
measured to be about 1.19 atm. This condition is around the border area 
between stable SBSL and dancing region (bubble undergoes a non- 
destructive shape instability identified in literature as a ‘‘jittering 
state’’, in this case, the bubble is translationally moving from the focal 
spot) [30,31], as being pointed out and demonstrated theoretically [32]. 
This is the main reason why the asymmetrical SL spots, the translational 
movement of the sonoluminescing bubble and the deviation of the pulse 
intensities can be observed for SBSL from pure water and from CNDAS. 

3.1.2. The time-resolved SL pulses 
The time-resolved intensity signals of SL pulses from water (blue 

dotted curve) and from CNDAS (red dotted curve) are shown in Fig. 3, 
where the green dotted curve is the time resolution response of the 
measurement system, obtained under an extremely dark condition via 
single photon response measurement. The obvious difference between 
the resolution response of the measurement system (green dotted curve) 
and the measured SL pulses (blue and red dotted curves) suggests that 
the measured SL signals do present the features of time evolution for the 
SL processes. The full width of the SL pulse from water (CNDAS) is 
20.31±0.18 ns (22.38±0.09 ns). We find that the full width of SL from 
CNDAS is larger than that from water. The decay slopes of the SL in
tensity signals can fit nicely with the exponential functions for SL 
emission from water (magenta solid curve) and from CNDAS (black solid 
curve) respectively. Through fitting, we find that the decay time for SL 
from water (from CNDAS) is 6.7 ns (7.8 ns). The decay of SL from CNDAS 
is slight slower than that from water. This implies that the strength of the 
light emission during the collapse of bubble or the emission species are 
different in two cases [33]. Moreover, we know that the decay time of PL 
emission from CNDs is normally about 10 ns [30,31] (also see Fig. S2 in 
Supporting Information). It is much longer than pulse duration of the SL 
(about 100 ps) [6]. If the PL from CNDAS can be taken as the input of the 
measurement system (PMT), the output is significantly different from SL 
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from CNDAS (also see Fig. S3 in Supporting Information). Since we do 
not observe the difference in decay time between SL from water (blue 
dotted curve in Fig. 3) and from CNDAS (red dotted curve in Fig. 3), the 
mechanism that the light emission from CNDAS is induced by the PL 
from CNDs pumped by UV-blue radiation from SL is not dominate in our 
experiment and observations. Thus, the red dotted curve in Fig. 3 should 
be the result of SL directly from CNDAS. 

3.1.3. SL spectra 
The spectra of SL from water and from CNDAS are shown in upper 

and lower panels of Fig. 4, respectively. It should be noted that the 
optical absorption of CNDAS has been subtracted out from measured SL 
spectrum, where the UV–Vis absorption spectrum of CNDAS with 
thickness of 10 mm and a dilution rate of 10% is shown in the lower 
panel of Fig. 6. According to the Lambert-Beer law [35], the relationship 
between the absorbance (A) and the transmittance (T) for CNDAS is 
given as: 

A = lg
(

I0

It

)

= lg
(

1
T

)

= εbc, (1)  

where ε, b and c are respectively the absorptivity, the thickness and the 
concentration of absorption medium (e.g., CNDs in our case). From this 

relationship, the transmittance of CNDAS with a thickness of 5 mm (i.e., 
the distance from optical fiber tip to the position of sonoluminescing 
bubble) and a dilution rate of 3 % in SBSL experiment can be obtained 
(see Fig. S4 in Supporting Information). Thus, the effect of optical ab
sorption by CNDAS can be subtracted out. 

As shown in Fig. 4, the intensity of SL from water (upper panel) 
decreases monotonously with increasing wavelength, which is a typical 
SBSL spectrum from pure water [6]. As for the case of CNDAS (lower 
panel), two obvious peaks and one kink-like shoulder can be observed in 
the emission spectrum. It is well known that the SL spectrum comes 
mainly from mechanisms such as plasma-like emission and emission 
from excited species like OH• [36]. In Fig. 4, the SL spectrum from water 

Fig. 2. Photographs of sonoluminescing bubble at its maximum radius (left panel), SL in water (middle panel) and in CNDAS (right panel). The intensities of the light 
pulses as a function of time are shown in insets in (b) and (c) respectively for SL from water and CNDAS. 

Fig. 3. The intensity of the SL pulses from pure water (blue dotted curve) and 
from CNDAS (red dotted curve) as a function of time. The corresponding decay 
slopes are fitted exponentially with a decay time of 6.7 ns (magenta solid curve) 
for SL from pure water and of 7.8 ns (black solid curve) for SL from CNDAS. The 
green dotted curve is the time resolution response of the measurement system. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 4. The SL spectra from pure water (upper panel) and from CNDAS (lower 
panel). Here, the experimental data are presented by red dotted curves and the 
fitting curves are presented as black solid curves. The SL spectrum from pure 
water can be fitted by blackbody radiation, while that from CNDAS can be fitted 
with a combination of blackbody radiation (blue dotted curve) and Gaussian 
curves (pink, cyan, purple, green and orange dotted curves labeled by peak 
positions P1 to P5). (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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and the main parts of that from CNDAS can be fitted by blackbody ra
diation formula [6], which implies it comes plasma-like emission. In SL 
spectrum from CNDAS, the kink-like shoulders and the peaks can be 
decomposed by Gaussian fittings [37] due to emission from excited 
species. Thus, the SL spectra can be fitted by a combination of blackbody 
radiation and Gaussian like characteristic emission via: 

P(λ) =
a

λ5
[

exp
(

hc
λkBTb

)

− 1
]+

∑

n=1
anexp

[
− (λ − λn)

2

2bn
2

]

, (2)  

where P(λ) is the spectral irradiance at a wavelength λ, a is the fitting 
coefficient for irradiance from blackbody radiation, Tb is the blackbody 
temperature, and h, c and kB are the Planck’s constant, the speed of light 
and the Boltzmann constant, respectively. Furthermore, an, bn and λn are 
fitting parameters for the nth characteristic emission center. For SL from 
pure water, there is no obvious characteristic emission. Thus, we take 
only the first term in Equation (2) to achieve a good fitting. 

From Fig. 4, we see that the SL from water is stronger than that from 
CNDAS in the measured wavelength regime. Through fitting, we obtain 
the blackbody temperature for SL from pure water to be at about 15600 
K and from CNDAS at about 11300 K. In our experiment, we find that 
there is a kink-like shoulder and two peaks in the emission spectrum of 
CNDAS. They are probably associated with characteristic light emission 
from excited species (e.g. OH•). Through Gaussian fitting, the kink-like 
shoulder and the peaks associate with characteristic emission in the 
spectrum from CNDAS are analyzed. 

It is well known that OH •radicals can be formed in sonolysis of water 
via reaction [22,38]: 

H2O→OH∙ +H∙. (3) 

They are the dominate radicals for sonolysis of air bubble SL in pure 
water, compared with other generated species such as HNO3 and HNO2 
[39]. In Fig. 4, The high frequency peak can be deconvoluted into three 
Gaussian curves (P1, P2 and P3) with peak wavelength located at 280 
nm, 310 nm and 340 nm, which are associated with 0–1, 0–0 and 1–0 
vibrational transition of the electronic transition channel A2Σ+→X2Π in 
OH•, respectively [11,40]. The light emission from OH• usually has its 
maximum at 310 nm [12,41]. The emission peak from OH• at 280 nm 
and 340 nm can also be identified obviously in SL experiments by many 
groups [11,40,42]. In our experiment, the light emissions around 280 
nm and 340 nm are much stronger than the emission around 310 nm 
which cannot be clearly identified in experimental spectrum, although 
the peak at 310 nm can be decomposed theoretically (see cyan dotted 
curve in lower panel of Fig. 4). Such a feature can be attributed to the 
coupling of CNDs with hydroxyl radicals. The emission around 340 nm 
can also come from NH as reported by R. Pflieger, et al. [43]. Because the 
possibility for OH• A2Σ+→X2Π(v:1–0) transition is relatively low, a more 

reasonable mechanism for strong emission at 340 nm shown in Fig. 4 is 
mainly attributed to NH arising from traces of air and from N-related 
groups attached to CNDs (see XPS results shown in Fig. S5 in Supporting 
Information). In low frequency regime, we find that the peak and the 
kink-like shoulder for SL from CNDAS are at about 478 nm and 593 nm, 
respectively, which can be fitted with another two Gaussian curves (P4 
and P5). The main difference of SBSL from water and from CNDAS can 
be understood with the help of the results obtained from characteriza
tion of CNDs before and after sonication. 

3.2. The characterization of CNDs before and after sonication 

The HRTEM results of CNDs before and after sonication are shown in 
Fig. 5. The CNDs after sonication distribute more uniformly in the im
aging region. The average size of carbon core of CNDs before sonication 
(4.4 ± 0.9 nm) is larger than that of CNDs after sonication (3.6 ± 0.8 
nm). It should be noted that before sonication the CNDs is heavily 
agglomerated. From TEM images we can only identify several isolated 
carbon cores (sample size: 11 particles) to evaluate the average size of 
the CNDs. Thus, the histogram cannot be given statistically in Fig. 5(a). 
The obvious lattice spacing with lattice constants of 0.246 nm can be 
identified in CNDs before sonication, shown in Fig. 5(a), which is close 
to the lattice constants of (1120) facet of graphite [44]. In Fig. 5(b), the 
obvious lattice structures with spacing of 0.21 nm can be observed in 
CNDs after sonication corresponding to the (100)-facet spacing of the 
graphite [45]. These results indicate that, after being treated by the SL 
experiment, the CNDs have a smaller average size. The main reason is 
that the mechanical effect of the acoustic vibration and/or launched 
shock-wave from collapsed bubble can make CNDs smaller and more 
uniformly distributed. 

The XPS results show that there are mainly three kinds of atoms such 
as C, O, and N in CNDs both before and after SL experiment (see Fig. S5 
in Support Information). Among these atoms, the nitrogen content de
creases while oxygen content largely increases in CNDs after SL exper
iment. The oxygen content in CNDs after sonication is much larger 
(31.69 %) than that before treated (26.19 %). The O1s spectra are shown 
in Fig. 6 (a), which can be deconvoluted into the contributions from 
C=O (530.9 eV), -O-C=O (532 eV) and C-O (533.2 eV) [46]. The types 
and contents of chemical bonds deconvoluted from C1s spectra as well 
as O1s spectra of CNDs before (blue bar) and after (red bar) sonicated are 
demonstrated with bar graph as shown in Fig. 6(b). The value of R- 
square is 0.9989 (0.9961) for C1s spectra fitting for CNDs before (after) 
SL experiment. And the value of R-square is 0.9979 (0.9972) for O1s 
spectra fitting for CNDs before (after) sonication. In the bar graph of 
chemical bonds deconvoluted from O1s, the first column refers to 
chemical bond of C-O only. From Fig. 6(b), we note that after sonication, 
there are larger contents of chemical bonds -O-C=O, which refer to 
chemical groups of –COOH, and smaller contents of C-O (including C-O 

Fig. 5. HRTEM images of CNDs (a) before and (b) after sonication. The high resolution images of the carbon cores and the size histogram are shown in the insets.  
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bond from hydroxl and hydroxymethyl groups) and C=O (including 
C=O bond from ketone and aldehyde groups) in CNDs. These results 
indicate that oxidizing reactions to CNDs take place during sonication. 

The PL (solid curves) and the UV–Vis absorption (dotted curves) 
spectra of CNDs are shown in Fig. 6(c), where the results for CNDs before 
and after sonication are illustrated by blue and red curves, respectively. 
The peak located at 345 nm in UV–Vis absorption spectra corresponding 
to n-π* transition introduced by chemical groups attached to the sur
faces/edges of carbon cores. The peak of the PL emission from CNDs 
before (after) sonication is located at about 452 nm (461 nm), measured 
at an excitation wavelength of 390 nm. We notice that after sonication, 
the red-shifts of PL spectrum can be observed. It has been demonstrated 
that larger contents of –COOH groups on CNDs can lead to a narrower 
band gap between n and π* orbitals [45]. This is the main reason why the 
red-shift of PL can be observed for CNDs after sonication, in consistent 
with the results obtained from XPS. 

3.3. The comparison of H2O2 yields in sonicated water and CNDAS 

As a secondary product of OH• recombination, the yield of H2O2 is 
directly related to the amount of OH• in a water based solution. In the 
presence of H2O2, oxidation to iodide reagent takes place to form I3-. The 
corresponding chemical reactions are: 

OH∙+ OH∙→H2O2, (4)  

H2O2 + 2I− + 2H+→I2 + 2H2O, (5)  

I2 + I− →I3
− . (6) 

The absorption spectra of I3- for four samples (pure water, sonicated 
water, and CNDAS before and after sonication) are shown in Fig. S6 in 
Supporting Information. Applying the Lambert-Beer low [35] (see 
Equation (1)) as A = εbc, where the absorptivity of I3- is ε = 26,450 M− 1 

cm− 1 [27] and the thickness of absorption medium b is 1 cm, we can 
determine the value of c which is the concentration of I3-. For the case of 
water before and after sonication, I3- ions are mainly generated by H2O2 
so that we can obtain the concentration of H2O2 through the concen
tration of I3-. We note that this method is valid for measuring H2O2 yield 
in water [26]. For the case of CNDAS, there has been no easy and direct 
way to measure the H2O2 yield in CNDAS so far. The main reason is that 
the iodide reagent can react with CNDs via surface oxidation [47] and 
the absorption peak of CNDAS is at 345 nm (see Fig. 6) which overlaps 
largely with that of I3- at 351 nm. However, the influence of optical 
absorption by CNDAS can be eliminated via background subtracting 
with the spectrum of reference. After assuming that the reaction be
tween iodide reagent and CNDs via surface oxidation is relatively weak, 
the yield H2O2 in CNDAS can be roughly evaluated. 

Following the method described in section 2.4, the yield of H2O2 in 
sonicated water (CNDAS) is 66.5 μM (1.9 μM). It reveals that the yield of 
H2O2 concentration in sonicated CNDAS is dramatically smaller than 
that in sonicated water. The main reason behind this is that the hydroxyl 
radicals are captured by CNDs before their self-recombination to form 
H2O2. The more OH• are captured by CNDs, the smaller yield of H2O2 in 
sonicated CNDAS can be achieved. This observation supports further to 
our proposal that the modulation to SBSL by the presence of CNDs is 
mainly achieved via interaction of CNDs with OH• generated during the 
SL process. 

3.4. The effect of the presence of CNDs on SL 

According to the theory for interactions between a bubble and a 
particle, proposed by Gail Ter Haar and co-workers [48], the force 
induced by an acoustically driven bubble on a particle can be described 
as: 

Fp =
4πρ0|A|

2Rb0
2Rp

3

L5
[
(1 − ωb0

2/ω2)
2
+ δb

2
]

( ρp − ρ0

ρ0 + 2ρp

)

ep, (7)  

where A and ω are the pressure strength and the frequency of the driving 
acoustic wave, Rb0 is the equilibrium radius of bubble, Rp is the radius of 

the particle, ωb0 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

3γp/ρ0Rb0
2

√

is the fundamental resonant frequency 
of the bubble with γ, p and ρ0 being respectively the specific heat ratio, 
the hydrostatic pressure and the density of the host liquid, δb is the 
damping constant of the bubble, L is the distance between the bubble 
and the particle with a density ρp, and ep is a direction vector with origin 
at the center of the particle and pointing to the bubble. Form this 
equation, we see that when ρp > ρ0, the force Fp > 0 so that the particle is 
attracted by the bubble [49]. In our present case, the particle is the CND 
and the host liquid is water. Because the density of a CND is usually 
larger than that of water, the CNDs in water are attracted by the bubble 
in the presence of acoustic radiation force. Thus, the CNDs in water can 
gather to the bubble, which provides a basic condition for CNDs to affect 
the SL even for the case where the trace amount of CNDs are presented in 
water. 

From XPS results (see Fig. 6(a) and Fig. 6(b)), we know that after 
experienced the SL experiment, significant changes have been intro
duced to CNDs. Except for the changes of the carbon core which are 
mainly induced by the mechanical and thermal effects during the SL, the 
chemical groups attached to the surfaces/edges of CNDs have also been 
altered. The content of –COOH groups attached to the surfaces/edges of 

Fig. 6. (a) XPS O1s spectra of CNDs (orange dots) before (upper panel) and 
after (lower panel) sonication, which can be deconvoluted into the contribu
tions from C=O (530.9 eV, blue curve), -O-C=O (532 eV, green curve) and C-O 
(533.2 eV, red curve). The cumulative of these contributions is illustrated by 
black curve. (b) The types and contents of chemical bonds deconvoluted from 
C1s spectra (upper panel) and from O1s spectra (lower panel) for CNDs before 
(blue bar) and after (red bar) sonication. In the lower panel, the first column 
refers to C-O only. (c) The UV–Vis absorbance spectra of CNDs before (blue 
solid curve) and after (red solid curve) sonication, along with their PL spectra 
excited by wavelength of 390 nm (dotted curves). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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CNDs is increased, while the contents of –OH and -C=O groups are 
reduced. This indicates that the oxidation to the CNDs takes place during 
the SL experiment. As we know, the sonolysis of water is the most 
common reaction during SL, which leads to the formation of highly 
oxidizing hydroxyl radicals via the reaction described in Equation (3). It 
should be pointed out that during the sonolysis process for an air bubble 
in water, oxidizing species of HNO3 can also be generated with a rela
tively smaller yield than hydroxyl [39]. While the oxidation to CNDs can 
only be achieved with a relative high concentration of HNO3 and longer 
action time of sonication [50]. Moreover, the dramatically decrease in 
the yield of H2O2 in CNDAS is a direct evidence to chemical reaction 
between OH• and CNDs. Thus, the oxidation to the CNDs is mainly 
induced by OH•. With the participation of OH•, –CH2OH and –CHO 
groups on CNDs can be oxidized to form –CHO and –COOH groups 
respectively, as described in upper region of Scheme 1. 

As shown in Fig. 4, the characteristic SL peaks at 478 nm and 593 nm 
are induced by the presence of CNDs in water. They must be the 
consequence of the chemical reactions during the SL process. We note 
that similar to SL from pure water, the SL spectrum from CNDAS can also 
be repeatedly measured. This feature suggests that the chemical re
actions to CNDs during SL are most likely reversible. Thus, new lumi
nescence centers which generate the characteristic light emission at 478 
nm and 593 nm are most likely associated with the final products of 
chain-like oxidation reactions, that is –COOH groups suggested by the 
XPS results. Here, we discussed possible mechanisms for how CNDs take 
part in the sonoluminescence process. We notice that the characteristic 
light emission in SBSL from nonvolatile species (e.g., Na+) can be 
induced by the Injected Droplet & Jet Model [51]. Under the action of 
intense acoustic pressure (i.e., 5.4 atm in [32]), the nonvolatile species 
can enter into the bubble when the macroscopic bubble movement be
comes chaotic and, thus, entrain liquid droplets in the bubble interior 
[51]. In our experiment, the acoustic pressure is only 1.19 atm and the 
average size of CNDs (several nm) is much larger than that of ions such 
as Na+. As a result, the characteristic SL from CNDAS in this study is less 
possibly caused by the Injected Droplet & Jet Model. Based on our re
sults for SBSL from CNDAS and for characterization of CNDs before and 
after sonication, we believe that carboxylate radicals can be isolated 
from the carbon cores of CNDs under the attack of free hydroxyl radical 
generated during SL [52]. The carboxylate radicals with small molecule 
weight can take part in the SL process and introduce new centers for 
characteristic light emission through diffusive and chemical processes of 
mass exchange between bubble and liquid. 

From Fig. 4, we learn that in the presence of CNDs, two major 
emission channels coexist in SL process, one comes from blackbody-like 
radiation and another is attributed from the characteristic emission with 

identified peaks. The mechanism for continuous or blackbody radiation 
can be understood as follows. As we know, during bubble collapsing, the 
volume of the bubble is rapidly reduced and the energy maintaining 
inside the bubble becomes highly condensed. The violent collapse of the 
bubble can lead to the generation of the shock wave with a velocity of 
about 4000 m/s from the bubble wall [7,53]. In the presence of CNDs in 
water, the high energy release and the strong inward shock-wave during 
can accelerate the carboxylate radicals to gain high kinetic energy. The 
collision of these highly accelerated carboxylate radicals with other 
molecules in water can result in the dissociation of the chemical bonds to 
form smaller molecules or atoms. Moreover, if the energy gain is larger 
than the ionization energy of the carboxylate radicals or its dissociated 
products, ions and free electrons can be induced. With the on-going 
implosion of the bubble, the inward shock-wave can confine the ions 
and free electrons to form the plasma. The spectrum of the plasma is 
continuous and its wavelength dependence relates to the temperature or 
energy of the plasma. From Fig. 4, we see that the blackbody-like radi
ation from CNDAS is relatively weaker than that from water and the 
corresponding blackbody temperature is lower. The main reasons 
behind these features are: 1) the presence of CNDs can lead to larger 
movement and decrease in spatial stability of sonoluminescing bubble, 
corresponding to the larger area of SL emission (see Fig. 2); 2) with the 
presence of carboxylate radicals, more endothermic chemical reactions 
are introduced to the imploding process. Thus, more energy generated is 
consumed by endothermic chemical reaction and less energy can be 
converted to SL emission; 3) the presence of CNDs introduce emitting 
species with larger mass than hydroxyl radicals, which lead to the 
decrease of velocity after collision and the kinetic energy of the emitting 
species. On the other hand, the mechanism for characteristic SL emission 
in the spectrum can be described as following. The presence of CNDs and 
their interaction with OH• can introduce new centers for light emission 
with distinguishable peaks related to specific type of luminescent spe
cies. The collision of highly accelerated carboxylate radicals can also 
pump electrons in carboxylate radicals into higher energy states. This 
process is allowed by the momentum and energy conservation laws for 
electronic collision events. The radiative relaxation of these electrons 
can generate the characteristic radiation in the SL spectrum. After 
bubble collapsing and SL, the free radicals from de-excited species and 
ions are captured back by the carbon core of CNDs to form various 
chemical groups on CNDs. These groups are mainly carboxyl-based, 
owing to the presence of hydroxyl radicals. Hence, two reversible 
channels of excitation and radiation for, respectively, the blackbody-like 
radiation and characteristic emission are presented simultaneously for 
SL from CNDAS, which can be illustrated as Scheme 1. 

According to the wavelengths of characteristic SL from CNDAS (see 
Fig. 4), we can look into the possible luminescent centers for these 
emission, in conjunction with the results obtained from the character
ization of CNDs before and experienced the SL. From above presented 
discussions, we believe that CO-based molecule is most likely the one 
which can contribute the characteristic SL peaked at 478 nm and 593 
nm. The electronic energy levels in CO molecule are known [54]. In 
particular, the Ångstrom system (B1Σ+→A1Π) of the CO molecular 
covers the wavelength range from 440nm to 560nm [55]. The SL peak at 
478 nm may come from this electronic transition channel. Similar 
broadband emission from CO molecular has been reported by Pflieger 
et al. in SL at high acoustic driving frequency [56]. It is expected that 
better resolution of the emission lines from a molecular can be achieved 
at a low driving frequency [43]. In this study, the spectral resolution of 
the spectrometer is 1 nm which is not high enough to reveal the fine 
structure of SL spectrum. It is also known that the transition bands 
(d3Δ+→a3Π) in CO is a series of spectral line ranging from about 550 nm 
to about 900 nm [54,57]. The SL peak at 593 nm may come from this 
electronic transition channel. It should be noted that the A1Π and 
d3Δ+states of CO are often perturbed by other occupied or valence 
states. As a results, they are normally split and form the broadened Scheme 1. The flow chart for SL emission from CNDAS and the related 

chemical reactions. 
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energy band [55,58]. This is one of the reasons why the broadened peaks 
in SL spectra can be observed in Fig. 4. Furthermore, the excited states 
B1Σ+and d3Δ+in CO molecule are about 11 eV and 6 eV from the ground 
state, respectively, which are much higher than the thermal energy 
estimated from blackbody radiation. Hence, the excited states B1Σ+and 
d3Δ+in CO are less possibly thermally populated. As a result, the elec
tronic population of these excited states in CO is mainly induced by 
collision interaction with high energy particles [59]. The electronic 
transitions from the excited states to the ground state in CO, such as 
(A1Π→X1Σ+), are allowed in principle. However, they are in the deep 
UV regime [54] which is beyond our measurement range in the present 
study. 

4. Conclusions 

In this work, we have studied a new phenomenon of SL by adding 
trace amount of CNDs in water. It has been found that the presence of 
CNDs in water can turn blue SBSL from pure water into green. To un
derstand this interesting and important phenomenon, we have per
formed the related characterization measurements to examine what 
happens to CNDs after experienced the SL experiment. The main con
clusions drawn from this study can be summarized as follows. 

Similar to SBSL from pure water, SBSL can be observed repeatedly in 
CNDAS. The area of SBSL from CNDAS is larger than that from water and 
the colors of the SL are obviously different in two cases. Moreover, the 
characteristic peaks can be clearly observed in SL spectrum from 
CNDAS. 

We have found that SL spectrum from CNDAS can be considered as 
combination of broad continuous radiation and characteristic emission. 
The former case can be fitted by the blackbody radiation formula and the 
latter case can be described by multiple Gaussian fitting. They come 
from different channels for electronic excitation and radiation. The 
former case is mainly induced by plasma which is generated via 
collision-induced ions and electrons during the collapse of the bubble. 
The latter case is mainly attributed from electronic relaxation within the 
energy states in OH radical or CO molecule, where the effect of collision 
plays a role as electronic pumping. 

The SL from water is stronger than that from CNDAS, especially in 
short wavelength regime. Via fitting, we have found that the blackbody 
temperature for SL from water is about 15,600 K, which is much higher 
than 11,300 K measured for SL from CNDAS. Except emission from 
hydroxyl radicals, the characteristic SL emissions in CNDAS are mainly 
induced by carboxyl groups attached to the surfaces/edges of nano- 
carbon core, which come from CO molecule dissociated from carboxyl 
groups. 

The results obtained from this work can provide us a rather clear 
picture about how the presence of CNDs in water can modulate the SL 
effect. This can be helpful in gaining an insight into the microscopic 
mechanism of SL effect. 
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