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ABSTRACT The white upconversion luminescence (UCL) of
upconversion nanoparticles (UCNPs) is mainly made up of the
color red, green and blue. Interestingly, the white-light-emit-
ting UCNPs can be obtained via a complex method of tri-
doping lanthanide ions such as Yb3+, Er3+, and Tm3+. We
herein report that an excellent white UCL can be obtained
from Yb/Tm double-doped ZnO. In this system, the blue and
red UCL-emissions around 475 and 652 nm originate from
1G4

3H6 and 1G4
3F4 transition of Tm3+, respectively, and the

green one can be attributed to the defect states (oxygen va-
cancies) luminescence (DSL) of the ZnO host. Meanwhile, the
fine nanostructure of ZnO:Yb/Tm is prepared by adjusting the
concentration of OH−. Particularly, the one dimentional
pencil-shaped nanorods with high aspect ratio achieve a strong
green DSL emission due to the high concentration of oxygen
vacancy. The oxygen vacancy defects play an irreplaceable role
in affecting the intensities of blue and red UCL by acting as the
intermediate state in the energy transfer process. More im-
portantly, we demonstrate that the DSL and UCL can be
combined into systems, paving a new road for obtaining the
white UCL emission.

Keywords: white upconversion luminescence, pencil-shaped
ZnO:Yb/Tm nanorods, defect states luminescence

INTRODUCTION
Recently, lanthanide (Ln3+= Yb, Er, Tm, and Ho) co-
doped upconversion nanoparticles (UCNPs) have at-
tracted significant attention due to their outstanding en-
ergy transfer (ET) properties. The doping of Ln3+ ions can
convert the near-infrared (NIR) into visible light. The
NIR excitation can penetrate the skin, which has potential
biological applications, such as bioimaging and multi-

functional biological probes [1–15]. The white UCL has a
broad range of emission wavelengths, including blue,
green, and red emissions, generating a large library of
spectral region that can be used for multiplexed biological
labeling and encoding [16,17]. However, the relatively low
efficiency of white UCL sources still poses a challenge to
researchers today. It is well-known that the efficiency of
white UCL is highly dependent on host matrix, particle
morphology, crystallite phase, and lanthanide dopants
[18–23]. Therefore, the study of their host matrix is im-
portant for obtaining a good white UCL emission and
white light [24].
Previous studies on host materials have been focused

on various semiconductor nanocrystals such as Gd2O3

and ZnO [25,26]. A significant improvement in ET from
the semiconductor nanocrystals (SNC) has led to an ef-
ficiently sensitized UCL emission. Meanwhile, the in-
efficient absorptions of the forbidden 4f-4f transitions of
Ln ions have been overcome [27]. With the doped
(Eu3+)Y2O3 nanocrystals, it was reported that the UCL
intensity of SNC was enhanced via the ET from the ex-
cited host to the Eu3+ ions [28]. This phenomenon was
explained by host sensitization, which occurred due to
energy level fitting in the crystal field structure of Ln3+

ions in the SNC lattice sites [29]. ZnO SNCs are the most
common host materials of a UCL system, owing to their
electronic structures and optical properties. In particular,
ZnO nanorods have attracted great interest due to their
high surface-to-volume ratio and excellent crystallite
quality [30,31]. However, it is difficult to incorporate Ln3+

ions into the ZnO lattice due to the large mismatch of
ionic radii between Ln3+ and Zn2+ ions and the resulting
imbalance in charge [32,33].
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In this study, we proposed a hydrothermal wet che-
mical method to synthesize pencil-shaped ZnO:Yb/Tm
nanorods, and demonstrated a novel strategy by which
the defect states (oxygen vacancies) luminescence (DSL)
of ZnO and intra-4f electronic transitions of Ln3+ were
utilized to achieve the white UCL emission in a Yb3+ and
Tm3+ co-doped ZnO SNC [34]. It is well-known that the
efficiency of a white UCL depends on the concentrations
of Ln3+ ions [35]. Here, for the first time, a white UCL is
obtained through the double doping of Ln3+ ions into the
ZnO SNCs. Specifically, the green UCL emission is ob-
tained from the pencil-shaped ZnO by changing the
concentrations of oxygen vacancies, and the cooperative
emission of Yb3+-Tm3+ provides the blue and red UCL
emission.

EXPERIMENTAL SECTION

Synthesis
The hexagonal ZnO:Yb/Tm SNCs were synthesized via
the hydrothermal method [30]. In our previous studies,
we showed that the reaction time and temperature, the
size of the samples, and the concentration of the doping
ions affect the UCL properties of Yb/Tm/ZnO nano-
particles [30–36]. In order to analyze the functional de-
pendence of the morphology, three sets of samples were
prepared with different concentrations of OH . While the
molar concentrations of Yb3+ and Tm3+ were fixed at 7
and 0.5 mol% respectively, the OH concentrations were
1, 2 and 3 mol L 1 for the first, second, and third set,
respectively [30]. A mixture of Zn(NO3)2·6H2O, Yb-
(NO3)3·5H2O and Tm(NO3)3·5H2O was dissolved by stir-
ring for 1.5 h at 25°C. Then the solution was transferred
to reaction kettle (30 mL) and reacted at 150°C for 24 h.

Characterization
The sample morphologies and sizes were analyzed by
scanning electron microscopy (SEM; SU8000, Hitachi)
and the transmission electron microscopy (TEM). The

phase and structure of the sample were analyzed by X-ray
diffraction (XRD) with a Rigaku Cu-Kα radiation (λ=
1.54 Å). The upconversion emission spectra of the Yb3+/
Tm3+/ZnO nanoparticles were recorded using a 980 nm
excitation. The color coordinates of the samples were
calculated by the 1931 CIE (Commission Internationale
de L´Eclairage France) system. All measurements were
performed at room temperature.

RESULTS AND DISCUSSION

Structural characterization
As shown in Scheme 1, the size change and oriented
growth of ZnO:Yb/Tm UCNPs can be controlled by the
concentration of OH . Fig. 1 shows the SEM and TEM
images of the as-prepared ZnO: Yb/Tm (7/0.5 mol%) at
different concentrations of sodium hydroxide (NaOH)
from 1 to 3 mol L 1. For the doping of 1 mol L 1 NaOH,
the SEM and TEM images (Fig. 1a, d) show the ZnO:Yb/
Tm UCNP composed of hexagonal microrods. When the
concentration of NaOH was 2 mol L 1 (Fig. 1b, e), high-
quality uniform pencil-shaped nanorods of ZnO:Yb/Tm
UCNPs with pure hexagonal phase were achieved, and
their sizes decreased from 210.4 to 96.3 nm (Fig. 1g).
With 3 mol L 1 NaOH, the UCNPs show two dimensional
(2D) structural growth such as dendrite and large-scale
snowflake particles (Fig. 1c, f), and their sizes increase
from 96.3 to 304.3 nm (Fig. 1g). Moreover, the energy
dispersive X-ray spectrometry (EDS) analysis on pencil-
shaped UCNPs shows the presence of Zn, Tm, and Yb
elements only (Fig. 1h), proving no impurity. These re-
sults demonstrate that the size and oriented growth of
ZnO:Yb/Tm UCNPs can be controlled by the doped OH
contents. The growth process of ZnO:Yb/Tm includes the
formation of Zn(OH)42 , the dehydration of Zn(OH)42 at
the crystal interface, and the substitution of lanthanide
ions (Yb3+/Tm3+). The sample growth rate is related to the
number of OH at the interface of ZnO4

6 . The hydroxyl
ion tends to stabilize the zinc ion and affects the direction

Scheme 1 Schematic illustration of the oriented growth mechanism of ZnO:Yb/Tm by controlling the concentration of OH .

SCIENCE CHINA Materials

December 2017 | Vol. 60 No.12
© Science China Press and Springer-Verlag Berlin Heidelberg 2017



of crystal growth, resulting in a change in the morphol-
ogy. At relatively low concentrations of OH (1 and
2 mol L 1), the mobility of Zn2+ was sufficient and the
diffusion length was enough to allow radial growth
(Scheme 1). As the concentration of NaOH was increased,
the zinc ion had low mobility because of the presence of
more hydroxyl groups, which enabled the 2D growth of
the sample. Therefore, the ZnO:Yb/Tm UCNPs exhibited
a snowflake-like morphology (Fig. 1c, f).
According to the coordination polyhedron rule for

growth habit of ZnO, the fastest growth rate is observed
in the (0001) plane. Therefore, the growth of c-plane-
(0001) nanorods (scheme 1) in our experiment is con-
sistent with the theory. The TEM image of a single na-
norod (Fig. 2b), taken from Fig. 2a, has a lattice spacing of
5.23 Å, matching well with the (002) crystal plane of the
hexagonal phase (Fig. 2c), which belongs to the (0001)
planes. Fig. 2c shows the XRD patterns of the as-prepared
samples with different concentrations of NaOH. The
XRD peaks are consistent with hexagonal wurtzite ZnO

(JCPDS Card No. 36-1451) and confirm the absence of
any other impurity phase. Furthermore, the ZnO:Yb/Tm-
(002) peak, which is directly related to the 1D growth of
ZnO:Yb/Tm nanorods, shows a significant difference in
the intensity with increasing OH concentration. These
results show that the sample has a strong diffraction peak
and a highly preferential orientation in the (002) crys-
tallographic direction when the OH content reaches
2 mol L 1. Therefore, the 1D growth of ZnO:Yb/Tm
(pencil-shaped nanorods) can be controlled by changing
the concentration of OH .

White upconversion emission of ZnO:Yb/Tm
The white UCL emission has many potential applications
in various fields such as biological labeling, imaging, and
biological probes. However, it is still a great challenge to
fine-tune the upconversion color output. In order to
further demonstrate the white UCL properties of ZnO:
Yb/Tm UCNPs with different NaOH concentrations, we
performed experiments with a laser irradiation of

Figure 1 (a–c) Typical SEM images and (d–f) the TEM images of ZnO:Yb/Tm with OH contents of 1, 2 and 3 mol L 1 respectively, (g) the diameter
size of ZnO:Yb/Tm nanorods for increased OH contents, (h) EDS of the as-prepared samples shown in (b).
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Figure 2 TEM images of ZnO:Yb/Tm nanorods with 2 mol L 1 of OH with scale bar of 500 nm (a) and 200 nm (b), (c) high-resolution TEM image
taken from a single particle in (b), (d) XRD patterns of the ZnO:Yb/Tm (7/0.5 mol%) by doping different OH contents.

Figure 3 (a) UCL spectra of the samples with different content of OH , and the inset is a digital photograph; (b) the aspect ratio and intensity of green
emission with different content of OH ; (c) the change in surface charge density caused by replacing the Yb3+/Tm3+ in the host lattice; (d) UCL spectra
of the host ZnO with 2 mol L 1 of OH ; (e) DSL and UCL mechanisms under the excitation of 980 nm laser.
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980 nm. Fig. 3a shows the upconversion spectra of ZnO:
Yb/Tm UCNPs at different concentrations of NaOH. As
can be seen, these samples emit blue, red, and green UCL
around 475, 652, and 545 nm, respectively (Fig. 3a). The
blue and red UCL originate from 1G4

3H6 and 1G4
3F4,

respectively (Fig. 3e). On the other hand, the green UCL
can be ascribed to the DSL. The UCL emission intensity
of ZnO:Yb/Tm reaches a maximum with 2 mol L 1 OH ,
indicating an ET process from the host ZnO to Yb3+ and
Tm3+, while the defect states (oxygen vacancies) act as the
intermediate states. In addition, the aspect ratio of na-
norods and the intensity of green UCL peak at this OH
concentration (Fig. 3b). This indicates that the high as-
pect ratio of pencil-shaped nanorods produces a high
quantity of oxygen vacancies, which prefers the DSL
process and a strong green UCL emission is consequently
observed. Meanwhile, the substitutions of Zn2+ by Yb3+

and Tm3+ generate positive dipoles pointing outward on
the crystal surface (to balance the charge), subsequently

attracting oxygen ions in the periphery, which can greatly
accelerate the formation of oxygen vacancies from the
solution to the grain, and therefore promote the intensity
of green UCL emission (Fig. 3c). In order to further de-
termine the source of the green UCL emission band
centered around 545 nm under the excitation with
980 nm, the UCL emission spectra of the host ZnO na-
noparticles were recorded. The corresponding spectrum
(Fig. 3d) shows one emission band centered at 545 nm.
Therefore, the band originates from the DSC of ZnO
nanoparticles.
The digital photograph (inset of Fig. 3a) shows white

color. In order to further investigate the white UCL in-
tensity of ZnO:Yb/Tm with different OH concentrations,
the color distributions of samples are analyzed. Fig. 4a
shows the intensity distributions of IB/I(B+G+R), IG/I(B+G+R),
and IR/I(B+G+R) in the range from 400 to 750 nm, where B,
G, and R represent the blue, green, and red emissions,
respectively. It was found that the emission proportion of

Figure 4 (a) IB/I(B+G+R), IG/I(B+G+R) and IR/I(B+G+R) intensity distributions, (b, c) chromaticity diagram for the ZnO:Yb/Tm with different concentrations
of OH under 980 nm excitation.
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IR/I(B+G+R) increased, while IB/I(B+G+R) and IG/I(B+G+R) de-
creased gradually with increasing OH concentration.
This result can be attributed to the morphology of the
samples, because the formation of dendrite structures (see
Fig. 1) increases as the concentration of OH increases.
Moreover, to analyze the color composition of the white
emissions that the naked eye perceives, the color co-
ordinates were calculated from Fig. 3a via the 1931 CIE
(Commission Internationale de IʹEclairage France) sys-
tem. As illustrated in Fig. 4b, c, the white UCL can be
obtained by increasing the concentration of OH from 1
to 3 mol L 1, and the chromaticity coordinates (x, y)
change systematically from (0.335, 0.360) to (0.282,
0.330). It is worth pointing out that when the OH con-
centration is 2 mol L 1, the ideal white UCL is achieved
for the first time in the ZnO:Yb/Tm nanoparticles with
color coordinates of (0.308, 0.330), which is very close to
the standard white-light chromaticity coordinates of
(0.33, 0.33). Therefore, the OH concentration can not
only control the 1D growth of nanorods, but also sig-
nificantly enhances the green DSL emission, further af-
fecting the white UCL output.

CONCLUSION
In summary, we presented a novel way of generating the
white UCL via Yb/Tm double-doped ZnO SNCs. The
oxygen vacancies of the host ZnO SNCs play an im-
portant role as defecting states to provide the green UCL
emission, while the doping of Yb/Tm lanthanide ions
provides the blue and red UCL emissions. Interestingly,
the 1D growth of pencil-shaped nanorods results in larger
aspect ratio in these UCNPs systems, and results in a
significantly enhanced intensity of green DSL emission as
compared with that from the 2D growth of UCNPs, thus
providing a facile and effective approach to obtain an
excellent white UCL emission. Moreover, the oxygen
vacancy states of ZnO nanocrystals provide the energy for
the transition of Ln3+ (Yb/Tm) ions. Depending on the
intermediate level of the ET process, a strong white UCL
emission is obtained for the first time due to the strong
blue and red emission of the doped nanocrystals. Our
work offers a new way to achieve the white UCL emission
and broaden the range of UCNPs.
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