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The construction of core-shell structure is an effective strategy for promoting the emission efficiency of
upconversion nanocrystals (UCNCs). In this work, the UCNCs based on Nd-doping with a multilayer core-
shell nanostructure are fabricated toward achieving efficient upconversion for 808 nm excitation, which
have great potential for optical applications, especially photobiological applications.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lanthanide (Ln)-doped upconversion nanocrystals (UCNCs) have
been widely used in plenteous biological applications such as
bioimaging, biosensing and drug delivery, owning to its unique fea-
tures of effective near-infrared (NIR) upconversion, low lumines-
cent background interference, as well as negligible biotoxicity [1-
7]. However, water — the vital component of organisms — owns
intense absorption in the NIR spectrum around 970 nm, which
curbs the optical applications of 980 nm responsive UCNCs [8,9].
For this reason, the Nd-doped UCNCs excited by 808 nm light have
recently emerged as next-generation UCNCs for biological applica-
tions toward minimizing the overheating risk [10-12]. Neverthe-
less, Nd3* ions with plenty of complicated energy levels can cause
an increase in intrinsic energy loss channels during the nonlinear
process in upconverting NIR, because Nd3*+ and other lanthanide
cations are randomly substituted for each other in the lattice of
UCNCs. This feature causes complicated energy levels and deleteri-
ous cross-relaxation energy transfer (ET), leading to a weak emis-
sion performance that restricts their practical usability [13-15].

Considering the negative effect brought by the Nd3* ions, the
concentration of Nd3* jons in UCNCs is normally limited to a rela-
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tively low level (ca. 1%-2%), limiting its function in enhancing the
upconversion efficiency. In this context, multilayer core-shell UC-
NCs with different Ln-doping concentrations are designed to pro-
hibit the negative effect of Nd3+ ions and enhance the upconver-
sion emission efficiency [16,17]. In detail, the precise construction
of an additional shell containing moderate Nd dopants can effec-
tively isolate the Nd3* ions from other Ln ions in the core (e.g.,
Er3* and Yb3+), prohibiting the noxious energy transfer from other
Ln ions back to Nd3t jons and thus reducing the intrinsic en-
ergy loss of Nd3+ ions in high concentration [18-20]. Apart from
avoiding the intrinsic energy loss, the additional shell can effec-
tively suppress surface quenching during the upconversion process,
further enhancing the light emission efficiency [21]. For example,
Wang et al. demonstrated that the introduction of the NaGdF, shell
can reduce the concentration of the defects, impurities, ligands and
solvents on the surface of Yb/Tm co-doped UCNCs, which act as
the surface quenching sites for the excitation energies, thereby en-
hancing the upconversion efficiency of UCNCs [22]. Given these ad-
vantages, the construction of the multilayer core-shell nanostruc-
tures has emerged as a promising strategy for boosting the upcon-
version capability of Ln-doped UCNCs.

Herein, we prepare NaGdF,:Nd,Yb,Er@NaGdF,:Nd@NaGdF,
core/shell/shell UCNCs (css-UCNCs) for NIR-upconverted appli-
cations. In the core, Er3t (2 mol%), Yb3* (20 mol%) and Nd3+*
(2 mol%) ions are doped as the emission center, energy transfer
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Fig. 1. TEM image of (a) c-UCNCs, (b) cs-UCNCs and (c) css-UCNCs. (d) EDS line
scan across a single css-UCNC and the corresponding elemental distribution.
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Fig. 2. (a) Upconversion emission spectra under 808 nm laser with the power of
497 mW for c-UCNCs, cs-UCNCs and css-UCNCs. Pump power-dependent upcon-
version emission of green band I, green band II and red band of Er?* ions in (b)
c-UCNCs, (c) cs-UCNCs and (d) css-UCNCs at 808 nm laser with different power
densities of 200-700 mW.

bridging and excitation center, respectively. For the inner shell, the
Nd3+ ions (20 mol%) are doped to allow more photons at 808 nm
to be sensitized during the upconversion. For the outer shell,
the pristine NaGdF, is chosen as the protective shell to further
reduce the negative effect of surface quenching. Such a work on
the fabrication of multilayer core-shell UCNCs toward utilization of
NIR photon energy is anticipated to facilitate various applications,
especially biological applications.

NaGdF,4:Nd,Yb,Er core UCNCs (c-UCNCs) were synthesized ac-
cording to the previous report [23]. The 6.4 mL lanthanide-oleate
complex (0.76 mmol Gd3*, 0.02 mmol Nd3*+, 0.20 mmol Yb3+
and 0.02 mmol Er3*) were added into 12.8 mL 1-octadecene and
stirred for 30 min. Then a methanol solution containing 1 mmol
NaOH and 4 mmol NH4F was transferred to the above mixture, fol-
lowed by the vacuum at 100 °C for 30 min to remove impurities.
The resultant products can be collected after a growth process at
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280 °C for 1.5 h. The cyclohexane/alcohol (1:1) solution was then
employed to wipe off organic ligands on the surface of UCNCs dur-
ing centrifuging.

Afterwards, NaGdF,4:Nd,Yb,Er@NaGdF,4:Nd core/shell UCNCs (cs-
UCNCs) were synthesized. 1 mmol c-UCNCs precursors were firstly
dispersed in cyclohexane and injected into lanthanide complex
(0.8 mmol Gd3*+ and 0.2 mmol Nd3*) with 6.4 mL oleic acid and
12.8 mL 1-octadecene, followed by the added mixture of NaOH and
NH4F methanol solution. Finally, cs-UCNCs can be collected after
the growth process at 280 °C for 1.5 h.

Finally, the core/shell/shell UCNCs (css-UCNCs) can be achieved
by introducing an addition NaGdF,; shell on cs-UCNCs. Specifi-
cally, 1 mmol cs-UCNCs precursors were firstly dispersed in cy-
clohexane and added into lanthanide (1 mmol Gd3*) organic
complex (oleic acid and 1-octadecene). The final css-UCNCs of
NaGdF4:Nd,Yb,Er@NaGdF4:Nd@NaGdF, can be obtained after the
growth process at 280 °C for 1.5 h.

As revealed by the X-ray diffraction patterns in Fig. S1 (Support-
ing information), all the prepared samples demonstrate the hexag-
onal phase of NaGdF,; (JCPDS No. 27-0699), suggesting that the
NaGdF, remains unchanged during the doping and multilayer shell
loading. Note that lanthanide ions have to be selectively dispersed
into different shells during the synthesis to achieve the goal of up-
conversion emission enhancement under 808 nm excitation. Gen-
erally, the UCNCs of NaGdF4:Nd (2 mol%), Yb (20 mol%) and Er
(2 mol%) (named as c-UCNCs) are designed as the core. All the
dopants play equally important roles in enhancing the upconver-
sion performance of the NaGdF,. Such a model structure is cho-
sen according to the previous works and has been proven to be
effective upconversion UCNCs [8,15,24]. In detail, the Nd3* ions
can absorb and convert the 808 nm laser into excited photon en-
ergy for receptors (Yb and Er) via the excited-state absorption pro-
cess. In turn, Yb3+ ions act as a bridge to modulate energy transfer
channels between Nd3* and Er3+ ions and cut off the noxious re-
versed energy loss. Finally, the Er3* ions act as the emission center
which accept excited energies from Yb and Nd and further convert
them to emission photons [25]. The morphologies of the prepared
c-UCNCs are studied via transmission electron microscopy (TEM,
Fig. 1a), showing their uniform spherical structure with an average
size of 18.14 nm (Fig. S2a in Supporting information).

After obtaining the c-UCNCs, the NaGdF4:Nd (20 mol%) is cho-
sen to be loaded onto the c-UCNCs to form a shell for provid-
ing more Nd3* ions toward effectively utilizing the 808 nm inci-
dent light, increasing the stimulated photon energy for enhancing
the upconverted emission [26]. It should be kept in note that the
concentration quenching effect on upconversion emission arises
with the increase in the concentration of the lanthanide dopants
(i.e., Nd3*, Yb3+, Er3* ions) which can result in additional quench-
ing channels and cause efficiency loss by nonradiative relaxation
[27,28]. In addition, the high concentration of the Nd3* ions can
also lead to an increase in the reversed energy transfer back to Nd,
causing the reduction in upconversion ability [29]. For this reason,
a moderate doping concentration of Nd (20 mol%) in the additional
shell is necessary to avoid the above-mentioned problems. After
the introduction of the NaGdF4:Nd on the c-UCNCs, the size of
the NaGdF,:Nd,Yb,Er@NaGdF,:Nd (cs-UCNCs) nanostructure is in-
creased to 24.78 nm, 6.64 nm larger than that of c-UCNCs (Fig. 1b
and Fig. S2b in Supporting information). Finally, a pristine NaGdF,
shell is further loaded onto the cs-UCNCs to protect the upcon-
version emission from the negative surface quenching effect. As
shown in Fig. 1c and Fig. S2c¢ (Supporting information), the size of
such ¢ss-UCNCs is further increased to 31.34 nm, suggesting that
the NaGdF, shell owns an average thickness of 6.56 nm.

To have a closer understanding on the composition of the css-
UCNCs, the elemental distribution analysis is performed using en-
ergy dispersive spectroscopy (EDS). As shown in Fig. 1d and Fig.
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Fig. 3. Schematic illustration for the energy level diagrams of Nd3+, Yb3*+ and Er3+
ions in css-UCNCs under (a) 808 and (b) 980 nm laser excitation.

S3 (Supporting information), the Gd elements exist in the entire
core-shell nanostructure, while Nd elements mainly disperse cir-
clewise in the middle shell and the Yb elements are concentrated
in the center of the css-UCNCs. Such a distribution of lanthanide
elements suggests the successful fabrication of the multilayer core-
shell nanostructure according to our design. The formation of mul-
tilayer core-shell nanostructure can be further affirmed via the ele-
mental mapping profiles as shown in Fig. S4 (Supporting informa-
tion), which also demonstrate the distribution of the Yb elements
in the core of the css-UCNCs.

After manifesting the structure of the css-UCNCs, the photolu-
minescence (PL) spectroscopy is performed for c-UCNCs, cs-UCNCs
and css-UCNCs under 808 nm excitation to investigate their upcon-
version capability (Fig. 2a). Generally, three main emission bands
can be found at 521 nm (green band I), 540 nm (green band II) and
654 nm (red band) for the multilayer core-shell UCNCs, which are
attributed to the 2H11/2 — 41]5/2, 453/2 — 41]5/2 and 4F9/2 — 4115/2
transitions of Er3* jon, respectively (Fig. 3a). This suggests that the
designed UCNCs are able to upconvert the incident 808 nm light
into higher energy photons. Specifically, the Nd3* ions can absorb
incident photons and transfer the energies to Er3t ions mediated
by Yb3* ions. Interestingly, the intensities of the emission bands
are promoted by forming more shell layers. The integral results
of PL spectra (Table S1 in Supporting information) show that the
emission intensities of cs-UCNCs and css-UCNCs are 4.33 and 7.82
fold higher than that of c-UCNCs, respectively. Such a upconver-
sion performance improvement is enabled by the interplay of two
shell layers. The inner shell of NaGdF4:Nd can enhance the uti-
lization efficiency toward the 808 nm excitation, while the outer
shell of NaGdF, substantially avoids the surface quenching effect
and further enhances the upconversion efficiency [30]. The obser-
vation here confirms that the construction of a multilayer core-
shell structure is an effective method for enhancing the upconver-
sion capability of the Ln-doped UCNCs.

Furthermore, we have studied the pump power-dependent up-
conversion emission capability of the prepared samples as shown
in Figs. 2b-d. Typically, PL intensity (Ip.) is directly proportional to
the P" (p is pump power and n is the photon number required in
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Fig. 4. (a) Upconversion emission spectra under 980 nm laser with the power of
253 mW for c-UCNCs, cs-UCNCs and css-UCNCs. Pump power-dependent upcon-
version emission of green band I, green band I and red band of Er?* ions in (b)
c-UCNCs, (c) cs-UCNCs and (d) css-UCNCs at 980 nm laser with different power
densities of 155.5-398 mW.

the excitation process) [31]. As such, the values of n can be ob-
tained from the slope of loglp versus logP". Clearly, the slopes of
green bands (I and II) and red band for all samples show the typi-
cal two-photon excitation process. It should be noted that, in com-
parison with the green bands, the slope values of the red band
greatly increase after loading the inner shell and outer shell. This
feature is ascribed to the fact that the prepared samples can easily
reach the excited state of green bands (ZHU/Z and 4S;5,) even with
the structure with low upconversion efficiency (c-UCNCs) [32]. In
contrast, such a low upconversion efficiency of c-UCNCs can hardly
populate the excited state of red band (4F9/2), resulting in a low
slope value (1.06). After improving the upconversion efficiency via
increasing the number of shell layers, the red band can be effec-
tively emitted, thereby significantly improving its slope value to
1.66 (cs-UCNCs) and 1.82 (css-UCNCs).

More importantly, differently from the conventional Nd-
sensitized process, which can be only initiated at 808 nm excita-
tion, all of our prepared samples can be also excited by the in-
cident 980 nm light through the Yb-sensitized process (Fig. 3b).
Similarly to the results obtained under 808 nm excitation, the in-
crease in emission intensity in Fig. 4a can be observed on the cs-
UCNCs compared to the c-UCNCs because the NaGdF4:Nd can act
as the inert protective shell to minimize the surface quenching of
NaGdF4:Nd,Yb,Er core. However, after loading the outer shell, the
emission intensity is reduced as only the Yb dopants in the core
of ¢ss-UCNCs can respond to the 980 nm stimulation and the dou-
ble shells with a total thickness of 13.2 nm momentously scatter
the emitted and incident light [33]. The power-dependent emis-
sion test is also performed under 980 nm excitation for different
prepared samples. Figs. 4b-d indicate the similar two-photon ex-
citation process of ZH“/Z (green band I), 453/2 (green band II) and
4F9/2 (red band) intermediate levels on all the prepared samples.
As shown in Table S2 (Supporting information), the proportion of
the red band significantly is promoted with increasing shell layers.
This feature is quite straightforward as the longer emission wave-
length of the red band compared to the green bands can result in
a lower scattering of emitted light.

In summary, we have successfully designed and synthesized
novel multilayer core-shell nanostructures for upconversion appli-
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cations. The optimized css-UCNCs demonstrate superior upconver-
sion capability toward incident 808 nm light for emitting green
band and red band light. The underlying mechanism for enhanced
upconversion capability on ¢ss-UCNCs is further proposed. Specif-
ically, the Er3* (2 mol%), Yb3* (20 mol%) and Nd3* (2 mol%) ions
in the core act as the emission center, bridging inverter and ex-
cited center, respectively. The inner shell consisting of Nd3*+ (20
mol%) ions boosts the light utilization ability of the UCNCs, while
the outer shell of pristine NaGdF, reduces the surface quenching
effect. We expect that this work can herald the advent for the con-
struction of efficient multilayer core-shell UCNCs for various up-
conversion applications, especially in biological applications.
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