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Zinc oxide (ZnO) nanoparticles (NPs) are synthesized by one-step femtosecond laser ablation of
zinc powders in n-methyl pyrrolidone (NMP) at room temperature. The as-prepared ZnO NPs
are fairly stable, water-soluble and have abundant surface functional groups resulting in a strong
°uorescence in the visible region. By further annealing the ZnO NPs in the reacting solvent up to
120�C, the photoluminescence (PL) intensity of material can be signi¯cantly enhanced. Besides,
the PL of ZnO NPs can change from blue to green by controlling the annealing temperature. The
products exhibit excellent temperature sensing with high temperature sensitivity and a 1.3%
change per �C response over a linear temperature sensing range (6–84�CÞ in aqueous bu®er,
which matches well with the physiologically relevant temperatures. Hence, the ZnO nanoparticle
system can serve as a promising candidate for practical °uorescent temperatures nanosensors
which can be used for accurate temperature monitoring within biological systems.
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1. Introduction

Temperature sensing plays an important role in

many areas such as micro/nano electronics, inte-

grated photonic devices and especially in biosensing

systems.1 As conventional methods for measure-

ment of temperature cannot be used in cells and

other nanostructures, the use of molecular or

nanoparticles (NPs)-based optical probes is the

only way for intracellular temperature sensing.2

Fluorescent temperature sensors based on lumines-
cent nanomaterials have attracted great attention
due to their advantages of miniaturization, non-
contacting features and high accuracy.3 Lumines-
cent semiconductor NPs with narrow size
distribution and high luminescent e±ciency have
received intensive attention during the past decade,
owing to their unique optical and electronic prop-
erties and promising applications ranging from dis-
plays to therapeutic agents and vivo biological
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imaging.4–8 However, the traditional quantum dots
(QDs) based on CdTe and CdSe materials are
harmful to the biological systems and human
health.9 Although various protections such as
polymers and other nontoxic shells have been made
to reduce the damage to the environment, the
radicals derived from light irradiation and the de-
composition of NPs by oxygen still might in°uence
the biological systems.10–12 Hence, environmentally
friendly luminescent semiconductors NPs would be
desirable.

ZnO has attracted attention for optics and
optoelectronics applications, due to its unique
attributes of good environmental stability, wide
bandgap, good bio-compatibility, nontoxicity and
low cost compared with traditionally used QDs of
CdTe or CdSe.13–16 Recently, research interests in
ZnO QDs have developed to a much wider scope,
from doping and surface modi¯cations to altering
optoelectronic properties.17–19 Nevertheless, crys-
talline, chemically pure, nanosized-ZnO is still a
challenge to synthesize for ZnO QDs.20 As far as
ZnO QDs are concerned, the sol–gel route has been
the most e®ective approach to synthesize ZnO QDs
in dispersions.21 Unfortunately, colloidal ZnO
nanocrystals synthesized by the sol–gel route tend
to aggregate due to their high surface energy.22

Moreover, such surface modi¯ed ZnO colloids are
usually well dispersed in organic solvents instead of
water, limiting their use for bioanalysis.

Fabrication of nanostructures by pulsed laser
ablation (PLA) in liquid phase has attracted much
attention recently.23–27 There have been recent
reports on the synthesis of ZnO NPs using PLA
method from Zn target in an aqueous solution
containing di®erent surfactants.28,29 Due to its
unique properties of ultra-short pulse duration and
ultra-high peak power, femtosecond laser can supply
an e±cient alternative to prepare ZnO NPs by ab-
lating the reactant zinc powder in solutions. In
the synthesis process, the zinc powder and solution
are ionized under the irradiation of pulsed laser and
then a plasma with high temperature and pressure is
formed.30 With the expansion and collapse of the
plasma plume, ZnO NPs are formed and connected
to the functional groups on their surface simulta-
neously.31 Though many synthesis strategies based
on chemical methods have been explored to fabri-
cate ZnO NPs, the involvements of environmentally
hazardous chemicals and complex chemical pro-
cesses largely restrict both the °exibilities of the

NPs. PAL method can provide a green one-step
synthesis strategy of NPs. Generally, the size of the
NPs prepared using PAL methods are only several
nanometers, and the PL property of the NPs can be
well controlled by adjusting the ablation parameters.
Besides that, abundant functional groups can be at-
tached on the surface of the NPs during the ablation
process. Bene¯ting from these advantages, the NPs
prepared using PAL have excellent water solubility
and the suitability for subsequent functionalization
with appropriate receptor molecules to be used for
the imaging of cancer cells and bacteria.32

In this study, we present a one-step green route
to synthesize water stable ZnO NPs with visible
emission by femtosecond pulsed laser ablation in
liquid at room temperature. The synthesized ZnO
NPs are water-soluble, fairly stable and have a
strong °uorescence in the visible region. From the
TEM picture, the as-prepared ZnO NPs are mono-
disperse nanocrystals of near spherical morphology,
and no large aggregations are observed. In addition,
we can control the °uorescence properties of ZnO
NPs by further annealing. Structural characteriza-
tions and spectroscopic analyses verify that abun-
dant functional groups are created on the surface of
the ZnO NPs, which are responsible for the visible
emission of the ZnO NPs. Moreover, the as-prepared
ZnO NPs demonstrate high temperature sensitivity
over wide-ranging temperature, which can o®er a
bene¯cial temperature sensing platform of cellular
environments.

2. Experimental

2.1. Chemicals

N-Methyl pyrrolidone (NMP) and zinc powders
were purchased from Sinopharm Chemical Reagent
Co., Ltd. Cellulose ester Dialysis membranes
(membrane molecular weight cuto® � 1000) used
for dialysis were purchased from Aladdin Chemistry
Co., Ltd (China).

2.2. Synthesis of ZnO NPs

The ZnO NPs were synthesized by femtosecond
laser ablation of zinc powder in NMP at room
temperature. In a typical procedure, 0.1mg of zinc
powder with a mean size of 600 nm was mixed with
50ml of NMP liquid then ultrasonicated to obtain
a uniform dispersion. A Ti: sapphire femtosecond
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laser system with repetition rate of 1 kHz, pulse
duration of 150 fs, central wavelength of 800 nm was
used for laser ablation. 10ml of dispersion is
obtained by pipette and then put into a glass beaker
for laser ablation. The laser power was 400mW and
the laser beam was focused into the dispersion by a
100mm lens for 1 h. In order to prevent the sus-
pended powders from gravitational settling in the
solvent, a magnetic stirrer was used during the laser
ablation. After laser ablation, large zinc particles
were removed by centrifuging the dispersion at
2000 rpm for 20min. Then the solution was annealed
at di®erent temperatures varied from 60�C to 120�C
for 24h. The obtained solution containing ZnO NPs
was dialyzed against deionized water in a dialysis bag
for 24 h to remove some impurities.

2.3. Instrumentation

X-ray di®raction (XRD) of the ZnO NPs was car-
ried out in a Bruker D8 ADVANCE. Samples
were prepared by dropping suspensions of the
ZnO NPs in water onto a glass substrate, followed
by solvent evaporation in a dust protected atmo-
sphere. Transmission electron microscopy (TEM)
and high-resolution transmission electron micros-
copy (HRTEM) images were carried out on a

JEM-ARM200F microscope. Samples were pre-
pared by dropping suspensions of the ZnO NPs in
water onto Cu TEM grids coated with a holey
amorphous carbon ¯lm, followed by solvent evapo-
ration in a dust protected atmosphere. The mea-
surements of °uorescence spectra were recorded on a
FLS920 spectrometer (Edinburgh). UV-2600 spec-
trophotometer (Shimadzu) was employed to record
the UV-Vis absorption spectra. X-ray photoelectron
spectroscopy (XPS) data was measured by an AXIS
ULtrabld XPS system. Samples were prepared by
dropping suspensions of the ZnO NPs in ethanol
onto a Silicon substrate, followed by solvent evap-
oration in a dust protected atmosphere. The Fourier
transform infrared spectroscopy (FT-IR) was per-
formed on VERTEX 70 (Bruker). Samples were
prepared by dropping suspensions of the ZnO NPs
in ethanol onto highly pure potassium bromide
tableting, followed by solvent evaporation in a dust
protected atmosphere.

3. Results and Discussion

3.1. Characterizations of ZnO NPs

Firstly, the crystal structure and morphology of the
as-prepared ZnO NPs is characterized by XRD and
TEM images. As shown in Fig. 1(a), seven sets of

Fig. 1. (a) XRD patterns of as-prepared ZnO NPs, (b) TEM images of the as prepared ZnO NPs, (c) the corresponding size
distributions of the ZnO NPs and (d) the HRTEM images of the ZnO NPs.
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di®raction peaks can be observed, belonging to
metal Zn and wurtzite ZnO crystals. As previously
reported,21,29,33 the appearance of ¯ve di®raction
peaks corresponding to (100), (002), (101), (102),
(110) ¯t well with ZnO with wurtzite structure
(JCPDS Card No. 89-1397), while the other dif-
fraction peaks are consistent with metal Zn which
were not oxidized to produce ZnO NPs. We per-
formed a semi-quantitative analysis of the as-
prepared samples, and the proportion of ZnO NPs
was 97%. In the femtosecond laser ablation process,
Zn plasma plumes with high temperature and high
pressure are formed and the solvent is ionized si-
multaneously. When the plasma plume expands and
cools down, Zn could be oxidized and aggregate into
ZnO NPs with several nanometers size. In this
process, a small amount of Zn atoms could be
enclosed inside the ZnO NPs, and further oxidiza-
tion is blocked, causing the inclusion of Zn elements
in the ZnO NPs.

As shown by the TEM image in Fig. 1(b), the as-
prepared ZnO NPs are monodisperse nanocrystals
of near spherical morphology, and no large aggre-
gations are observed, meaning that the ZnO NPs are
well dispersed in the water. Figure 1(c) shows the

size distributions of the ZnO NPs, the as-prepared
ZnO NPs are in a narrow range of about 2–4.8 nm
with the mean size of about 3.2 nm, which is smaller
than that reported for ZnO NPs.33–35 The HRTEM
image is given in Fig. 1(d). From the ¯gure, we can
see that the lattice spacing distance of ZnO NPs is
0.19 nm, which was in close match with the (102)
lattice spacing of ZnO (JCPDS Card No. 89-1397).
XRD and TEM jointly show that the zinc powder
has been transformed into ZnO NPs after liquid
phase ablation by femtosecond laser.

More information about element analysis of the
ZnO NPs is characterized by XPS given in Fig. 2. As
shown in Fig. 2(a), besides the signals of C1s, O1s
and N1s visible at 284.9 eV, 399.7 eV and 531.1 eV,
the signal of Zn2p can be recognized at 1021.5 eV.
The detailed C1s spectrum [Fig. 2(b)] shows three
peaks with binding energies at 284.2 eV, 285.1 eV
and 287.6 eV, corresponding to C–C, C–O and
C¼O, respectively.31 Figure 2(c) shows the partial
XPS spectrum of N1s, by peak ¯tting N1s can be
resolved into two components centered at 399.3 eV
and 399.6 eV, which con¯rms the formation of N
surfaced doped ZnO NPs. In the deconvoluted Zn2p
spectrum [Fig. 2(d)], two peaks at 1020.6 eV and

(a) (b)

(c) (d)

Fig. 2. XPS full scan spectrum (a) and C1s (b), N1s (c), O1s (d) of the ZnO NPs.
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1043.8 eV reveal the presence of ZnO NPs.36 The
XPS spectrum suggests that ZnO NPs surface con-
tains a large number of functional groups which
could make the ZnO NPs stable in aqueous solution.

3.2. Optical properties of the ZnO NPs

3.2.1. Room temperature
photoluminescence study

The UV-Vis and PL spectra of the as-prepared ZnO
NPs are given in Fig. 3 to explore their optical
properties. In the UV-Vis spectrum [Fig. 3(a)],
there are two small optical absorption peaks at
285 nm and 356 nm. The peak at 285 nm is typically
ascribed to n ! �* of C¼O, while another around
356 nm can be related to electron transition of
n ! �* for C¼N, which are contained in the func-
tional groups on the surface of ZnO NPs.37 In the
°uorescence spectra [Fig. 3(b)], the ZnO NPs show
strong °uorescence emissions by excitation from
300 nm to 480 nm. The strongest °uorescence
emission centered at around 435 nm is observed
when excited by 360 nm excitation. Furthermore,
excitation-dependent PL behaviors were observed
when the excitation wavelength ranged from 300 to
480 nm, which could be attributed to the di®erent
functional groups on the surface of the ZnO NPs.
Compared with other previously reported ZnO NPs,
ZnO NPs prepared in this work have the advantages
of the di®erent visible light emission with di®erent
wavelength excitation.29,33,38

3.2.2. E®ect of annealing temperature on
ZnO NPs emission

In order to obtain highly °uorescent ZnO NPs with
a broad °uorescence emission, ZnO NPs were

annealed for 24 h in NMP solvent from 60–120�C.
Figures 4(a)–4(d) show the PL spectra of the ZnO
NPs annealed with di®erent temperature of (a)
60�C, (b) 80�C, (c) 100�C and (d) 120�C, respec-
tively. To avoid the change of the physical proper-
ties of solvents by heating, the highest annealing
temperature (120�CÞ was kept lower than the boil-
ing point of NMP (203�CÞ. The emission of the ZnO
NPs after annealing is similar to the samples with-
out annealing, which have an excitation-dependent
PL behavior. The di®erence is that the maximum
excitation wavelength changes with increasing
annealing temperature. Although the maximum
excitation wavelength of the ZnO NPs annealed at
60�C is the same as the unannealed samples, the PL
intensity has an obvious increase when excited
above 360 nm. When annealed at 80�C, the maxi-
mum excitation and emission wavelengths of the
ZnO NPs are 380 nm and 452 nm. As the annealing
temperature increases from 100�C to 120�C, the
maximum excitation and emission wavelengths of
the ZnO NPs also changed from 400 nm and 479 nm
to 420 nm and 508 nm. As can be seen in Fig. 4, the
maximum excitation and emission wavelengths and
PL intensity of the ZnO NPs show a red-shift as a
result of annealing. By controlling the annealing
temperature, the PL of ZnO NPs can change from
blue to green, which can be applied to multi-color
imaging applications.

Here, we give a brief interpretation about the
e®ects of thermal annealing on the PL spectra of
ZnO NPs. In the PL spectra of ZnO, typically
there are emission bands in the ultraviolet (UV) and
visible regions. Even though the UV emission is
usually attributed to the interband transition or the
exciton combination in ZnO, the emissions in the
visible region are still quite controversial among

(a) (b)

Fig. 3. (a) UV-Vis absorption, (b) Fluorescence spectra of the ZnO NPs.
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researchers.39,40 Since the °uorescence emission
peak of ZnO NPs synthesized by femtosecond laser
ablation method is distributed in the visible regions,
which is similar to that of carbon nanodots syn-
thesized by femtosecond laser ablation method, we
think that the surface functional groups of ZnO NPs
play a key role in the e®ect of its PL.31 In this study,
further chemical reactions between the ZnO NPs
and the solution molecules would take place in the
annealing process, and more functional groups
would be attached on the surface of the NPs, en-
hancing their °uorescence. With the increase of
annealing temperature, the amount of the functional
groups would be increased and the °uorescence is

further enhanced. Besides that, some carbon–nitro-
gen bonds might be broken from NMP at high tem-
perature. These bonds connected on the NPs will
cause the red-shift of the °uorescence emission. Fig-
ures 4(e) and 4(f) show the PL spectra of the ZnO
NPs annealed at di®erent temperature when excited
at 360 nm and 420 nm, respectively. As shown by the
¯gure, the PL intensity increases a little when excited
at 360 nm, while it increases a lot when excited at
420 nm. This is because higher temperatures result in
more nitrogen-containing functional groups than
oxygen-containing functional groups attached to the
ZnO NPs surface. Therefore, the maximum excita-
tion and emission wavelengths and PL intensity of

(a) (b)

(c) (d)

(e) (f)

Fig. 4. Fluorescence spectra of ZnO NPs annealed with di®erent temperature of (a) 60�C, (b) 80�C, (c) 100�C and (d) 120�C and
Fluorescence spectra of the ZnO NPs at di®erent excitation wavelength of (e) 360 nm, (f) 420 nm.
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the ZnO NPs show a red-shift as the annealing tem-
perature increases.

FT-IR are performed to further demonstrate our
prediction about e®ect of annealing process on the
functional groups of the as-prepared ZnO NPs. The
FT-IR spectrum of the ZnO NPs is given in Fig. 5. It
can be seen from the ¯gure that the absorption
bands at around 1100 cm�1 are attributed to the
stretching vibrations of C–O. There are also
stretching vibrations of C¼C and C¼O at around
1560 cm�1 and 1650 cm�1. In addition, the absorp-
tion bands at around 2920 cm�1, 2850 cm�1 and
1415 cm�1 correspond to the stretching and bending
vibrations of CH2 and CH3.

31 Besides, the absorp-
tion bands at around 3360 cm�1 are attributed to
the stretching vibrations of N–H, indicating that N
atoms were e®ectively doped on the surface of the
ZnO NPs. However, the peak location of NH2 shows
blue shift as the temperature increases. Previous
studies have proved that the positions of the peaks
produced by di®erent kinds of amides and sym-
metric or nonasymmetric stretching vibrations are
slightly di®erent. Therefore, we think that the dif-
ferent annealing temperatures may lead to di®erent
kinds of amides and have a certain impact on the
symmetry of the NH2 stretching vibration.41 Com-
pared to the ZnO NPs without annealing, the
annealed ZnO NPs at di®erent temperatures

obviously contain more functional groups on their
surface. As the annealing temperature increases, the
increment of nitrogen containing bonds is signi¯-
cantly higher than that of carbon–oxygen and the
carbon–oxygen double bond. This is because the
bond energy of the carbon–nitrogen bond is larger
than the carbon–oxygen bond.42 As the annealing
temperature increases, the number of carbon–
nitrogen bonds broken from the NMP is larger than
the carbon–oxygen bond, which will lead to more
nitrogen functional groups on the surface of the ZnO
NPs. The FT-IR results con¯rmed that the surface
of the ZnO NPs is mainly covered with hydroxyl,
carboxyl and nitrogen functional groups, which will
have a signi¯cant e®ect on their °uorescence char-
acteristics. To exclude the in°uence of the annealing
process on the crystal structures of the formed ZnO
NPs, XRD analysis of the NPs annealed with dif-
ferent temperature are further performed. As the
annealing temperature increases, di®raction peak
intensity of Zn changes very little, and the propor-
tion of Zn was estimated 3%, 5%, 4% and 5% by
semi-quantitative analysis, respectively. The small
change in the content of Zn is thought to be due to
the ablation process, while the annealing process
in°uences only the surface functional groups on the
NPs rather than the chemical structures of the ZnO
NPs cores. Besides, the TEM image and the size

Fig. 5. (a) FT-IR spectra of ZnO NPs annealed with di®erent temperature. (b) TEM images of the as prepared ZnO NPs, (c) the
corresponding size distributions of the ZnO NPs and (d) the HRTEM images of the ZnO NPs annealed at 120�C.
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distributions of the ZnO NPs [Figs. 5(b)–5(d)]
annealed at temperature of 120�C also show that
the morphology of ZnO NPs is almost unchanged.

3.3. Temperature sensing

Since temperature in°uences is a fundamental
thermodynamic parameter in cellular environments,
a®ecting reaction kinetics and the physical states of
nucleic acids and proteins, it is important to develop
techniques and devices that are capable of accu-
rately monitoring temperature within biological
systems.43–45 Although the traditional method
based on thermocouple is sensitive and accurate, it
cannot measure temperature remotely in narrow
con¯ned space or at many locations simultaneously.
Owing to its noninvasive, which makes the ap-
proach suitable for biological imaging experiments,
the nanoparticle-based temperature sensors have
attracted increasing attention, recently.46,47 Since
our ZnO NPs have a strong °uorescence without
conjugate with °uorescein isothiocyanate, it may
have huge potential applications in biosensing. We
next investigated the temperature sensitivity of
ZnO NPs. Figure 6(a) show the °uorescence spectra
of the ZnO NPs as a function of temperature when
excited at 420 nm. As can be seen from the ¯gure,
the °uorescence intensities of 508 nm peaks gradu-
ally decrease with the increase of temperature due to
the thermal activation of nonradiative-decay path-
ways. The temperature dependence of electronic
states in semiconductors has been studied exten-
sively, there are a huge number of researchers agree
that the nonradiative relaxation is most likely the
contributing factor due to the thermal activation of
nonradiative trapping, which are often observed in
semiconductor bulk, quantum dots, and core–shell

structured QDs.48–50 At low temperatures, the
nonradiative channels are not thermally activated;
therefore, the excited electrons can radiatively emit
photons. When the temperature rises, the non-
radiative channels are thermally activated, such as
trapping by surface/defect/ionized impurity states,
resulting in a decrease in the quantum e±ciency and
°uorescence intensity.51 To quantitatively deter-
mine whether the temperature-dependent changes
in the emission spectra could be used for accurate
temperature sensing, we plotted the change of the
°uorescence intensity of the 508 nm peak [Fig. 6(b)].
The change of °uorescence intensity and tempera-
ture is linear in a wide temperature range from 6�C
to 84�C ðR2 ¼ 0:998Þ. Temperature-sensitive ZnO
NPs showed a °uorescence intensities change of
1.3% per �C, which is comparable with that of other
materials.52–54 This indicates that the ZnO NPs can
be used as a conventional intensity-based tempera-
ture sensor with high sensitivity. Besides, the sens-
ing range (6–84�C) of ZnO NPs can covers both the
physiological temperature for biology studies and
the working temperature for many electronic devi-
ces. Thus, we believe ZnO NPs will become a useful
tool for highly spatiotemporally resolved tempera-
ture measurements in many practical applications
especially in cells and tissues.

4. Conclusions

In conclusion, ultra-small ZnO NPs with excitation-
dependent °uorescence are synthesized by using
PAL method. As abundant functional groups are
created on the surface, the prepared ZnO NPs ex-
hibit excellent water solubility and bright PL
emission in the visible range. By annealing the NPs
at di®erent temperatures, the °uorescence of the

(a) (b)

Fig. 6. (a) Fluorescence spectra of ZnO NPs at di®erent temperatures excited at 420 nm, (b) The °uorescence intensities of the
508 nm peaks as a function of temperature were plotted for the ZnO NPs.
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NPs can be adjusted from blue to green. The ZnO
NPs have a linear temperature sensing range
(6–84�C) that matches well with the physiologically
relevant temperatures and high sensitivity with
1.3% per �C, which make the ZnO NPs as promising
candidate for temperature sensing. Hence, we be-
lieve that the as-prepared ZnO NPs can serve as a
promising material to construct practical °uores-
cent temperature nanosensors which can be used
for accurately monitoring temperature within
biological systems.
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