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Here, Ln*"—Li* co-doped Y,0s@ZnO core—shell heterostructures were synthesized by three different
techniques - intermediate layer conversion method, a hydrothermal method, and an interlayer mediated
hydrothermal method. The synthesis procedure is optimized based on the thickness and compactness
of the developed shell. The growth kinetics and synthesis mechanism of each adopted method have
been explained in detail using XRD, FESEM, TEM, SAED, and EDX characterization techniques. The
interlayer-mediated hydrothermal method proved to be the best technique for developing a thin,
compact layer of ZnO shell on the upconversion microsphere, but only up to a critical thickness.
Optimization of the shell thickness was done to understand the role of the magnitude and sign of lattice
strain in the core—shell design. Conformal ZnO shell growth on the upconversion core was possible only

Received 13th January 2025,
Accepted 10th August 2025

DOI: 10.1039/d5cp00156k
for a small volume of the precursor solution, as anisotropic structures started to appear in the solution

Published on 08 September 2025. Downloaded on 4/5/2026 6:03:02 PM.

rsc.li/pcecp for larger volumes.

1. Introduction

Multicomponent core-shell heterostructures are hybrid materi-
als where one material (the core) is encapsulated within
another type (the shell). This hybrid structure combines the
advantages and overcomes the weaknesses of the individual
components, enhancing performance and generating new
functionalities."™ Lanthanide-doped upconversion phosphors
are an emerging class of materials that can convert NIR photons
to UV-Visible photons through a multiphoton absorption and
relaxation process.” Upconversion nanoparticles (UCNPs) have
enormous potential for bioscience applications; however, further
development is required to optimize the optical characteristics of
these upconversion phosphors for future commercialization.
Growing a shell with comparable lattice constants around the
core has been found to improve the upconversion emission
significantly. The shell can shield the luminescent lanthanide
ions in the core, particularly those close to the surface, from both
vibrational deactivation from solvents or surface-bound ligands
in the case of colloidal dispersions, as well as from nonradiative
decay brought on by surface defects.®® Core-shell heterostruc-
tures formed between upconversion phosphors and semicon-
ductors have drawn great interest over the past few decades. The
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semiconductor shell utilizes the visible radiation emitted by the
upconversion phosphors via the FRET/radiation-reabsorption
mechanism, and thereby produce reactive oxygen species for
its use in photodynamic therapy,”'® photocatalysis,'"** photo-
voltaics,"® and energy storage applications.'*'* The properties of
the core-shell heterostructure depend on its composition, struc-
ture, crystal phase, exposed facet, spatial organization, and the
interfacial strain between the components.’*'® In general, epi-
taxial growth of the shell over the core is preferred when
designing the core-shell heterostructure. However, in our case,
the presence of a high degree of lattice mismatch between
upconversion phosphor and semiconductor crystals makes it a
formidable challenge to form a conformal -core-shell
heterostructure."”'® The interfacial strain between two lattice
mismatched crystals causes the growth of the shell layer only up
to a specific thickness, causing shape inhomogeneity and the
development of anisotropic structures beyond it due to strain
relaxation.">**?° Several strategies, such as chemical vapor
deposition, electrospinning, chemical reduction, colloidal synth-
esis, self-assembly, hydrothermal, and solvothermal methods,
have been used earlier to design high-quality UCNPs@semicon-
ductor core-shell heterostructures.’*>>'*?> However, a few arti-
cles, like this, are dedicated to outlining the various synthetic
methods for the efficient growth of a lattice mismatched ZnO
shell onto a well-known upconversion phosphor-Ln**-Li" co-
doped Y,0;. The doping of lithium ions is done to increase
the efficiency of upconversion emission by relaxing the condi-
tions of parity forbidden f-f transitions of lanthanide ions. This
work also explains the role of interfacial strain in getting a
conformal and coherent core-shell heterostructure.
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2. Experimental details
2.1. Materials

Yttrium nitrate hexahydrate (Y(NOs);-6H,0), sodium acetate anhy-
drous (CH3COONa), ytterbium nitrate pentahydrate (Yb(NOj3)s-
5H,0), erbium nitrate pentahydrate (Er (NOs);-5H,0), thulium
nitrate pentahydrate (Tm(NOj3);-5H,0), lithium nitrate (LiNO;),
zinc nitrate hexahydrate (Zn(NO;),-6H,0) and polyvinylpyrrolidone
(PVP-40, average molecular weight-40 000) (CsHoNO),, were pur-
chased from Sigma-Aldrich, India and used as procured. Ethylene
glycol (C,H¢O,), and hexamethylenetetramine (HMTA, C¢H;,N,)
were purchased from Merck and were used as received. Deionized
(DI) water used in the experiments were obtained from the Milli-Q
system (Millipore).

2.2. Synthesis of Ln**-Li* co-doped Y,0; microspheres

YYTEL (3 mol% Yb*"-0.2 mol% Er**-0.5 mol% Tm*-2 mol%
Li" co-doped Y,0;) phosphor microspheres were synthesized
using an earlier reported procedure by our group.'*??

2.3. Synthesis of a YYETL@ZnO core-shell by the interlayer
conversion method

To coat an amorphous interlayer of AA{Zn(OH),]*~ over YYETL
microspheres,”>>* they were functionalized with CTAB molecules
in an aqueous medium and kept aside. Then, 0.3 mmol of CTAB
and 0.2 mmol of ascorbic acid were dissolved in a 50 ml aqueous
solution, and to it, 1 mmol of Zn(NOj3),-6H,O and HMTA were
added under constant stirring. After that, 10 ml of the function-
alized YYETL microspheres were added drop-by-drop to the above

View Article Online

PCCP

mixture and heated at 85 °C for 10 hours under continuous
stirring. This resulted in the formation of YYETL@AA-
[Zn(OH),*~ microspheres, which were collected after washing
with DI water and ethanol. The final products were obtained by
calcination at 350 °C for 2h, which decomposes zinc hydroxide
into ZnO and forms YYETL@ZnO microspheres (Fig. 1a). It is
denoted as YYETL@ZnO-I throughout this work. Functionalization
of YYETL microspheres with CTAB is done for two reasons: first, to
make it hydrophilic and, second, to make it act as a template for
the growth of the amorphous shell on the microsphere surface.
Ascorbic acid and Zn>" ions create the AA-Zn(m) complex, which is
converted to AA{Zn(OH),]*~ by the addition of HMTA.

2.4. Synthesis of a YYETL@ZnO core-shell by the
hydrothermal method

Here, the hydrothermal method is used to grow ZnO nano-
particles on the surface of YYETL microspheres via electrostatic
attraction (Fig. 1b). 27 mg of YYETL phosphors were dispersed
in 50 mL of DI water, and an equimolar ratio of zinc nitrate
hexahydrate (0.5 mM) and HMTA was added to it and heated at
95 °C for 4 h under continuous stirring. After cooling,
YYETL@ZnO microspheres were obtained by washing the sam-
ple with DI water and ethanol and drying it at 60 °C. They are
denoted as YYETL@ZnO-II in this work.

2.5. Synthesis of a YYETL@ZnO core-shell by the interlayer
mediated hydrothermal method

In this method* (Fig. 1c), YYETL microspheres were function-
alized with PVP, a non-toxic water-soluble polymer. 0.6 g of PVP
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Fig. 1 Schematic representation of the synthesis procedures followed to grow ZnO shell on YYETL microspheres by (a) interlayer conversion method,

(b) hydrothermal method, and (c) interlayer mediated hydrothermal method.
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was added to 50 mL of water, and 75 mg of the YYETL micro-
spheres were added to it and stirred for 20 min. Then, ‘x> mL
aqueous solution of 0.1 M HMTA and Zn(NOj;),-6H,0 were
subsequently added and stirred for 4 h at 95 °C. The as-
obtained products were centrifuged and washed with DI water
and ethanol, then dried at 60 °C. It is denoted as YYETL@ZnO-
III-x in this work, where x = 0.5 mL and 1.5 mL, is the volume of
the precursor solution used for ZnO shell growth.

2.6. Characterization

The X-ray diffraction (XRD) pattern was recorded using a
PANalytical X’pert Pro diffractometer in the range of 20 = 10°
to 70° with CuKo (X = 1.542 A) as the radiation source. The Field
Emission Scanning Electron Microscopy (FESEM) images were
obtained using the FEI Nova NanoSEM 450 instrument. The
elemental distribution was studied with E-SEM (FEI model
Quanta 200 3D) equipped with an Energy-Dispersive X-ray
spectroscopy (EDX) attachment. The morphology and SAED
pattern were obtained using a Transmission Electron Micro-
scope (FEI TECNAI T20 ST) operated at 200 kv. HRTEM (High
Resolution TEM) and HAADF-STEM (High-Angle Annular Dark-
Field Scanning Transmission Electron Microscopy) images and
elemental mapping data were obtained using a Transmission
Electron Microscope (JEOL JEM F200) operated at 200 kV. The
samples for TEM and HRTEM analysis were prepared by dis-
persing a small amount of powder in ethanol and drop-casting
it on a carbon-coated copper grid. The upconversion emission
photoluminescence (UCPL) spectra were recorded on an
SP2300 grating spectrograph (Princeton Instruments, USA)
using a 980 nm continuous wave (CW) diode laser as the
excitation source. The laser power was measured through a
power meter (Model S310C, Thorlabs, USA). All the upconver-
sion emission spectra were recorded at a power of 2.09 W. The
lattice parameters of YYETL and ZnO were calculated from XRD
data using UnitCellWin software.

3. Results and discussion

The design and growth of YYETL@ZnO core-shell heterostruc-
tures were done via three different methods and their results
are evaluated via FESEM, TEM, EDX, and SAED/XRD character-
ization techniques. The quality of the developed shell is eval-
uated based on factors like uniformity, compactness, and
thickness as most upconversion core-shell heterostructures
require an optimum shell thickness for all their applications.
The lattice mismatch between YYETL and ZnO can be calcu-
lated using the formulae:*®

f= Ocore — Ushell

Olcore

where o is the lattice constant of the unit cell. The value of
lattice mismatch ‘f” between cubic YYETL (lattice constant =
10.595 A) and hexagonal ZnO (lattice constant = 3.250 A) is
+0.6932, obtained using the above formulae. The lattice mis-
match is +69.32%, which is much higher than the minimum
allowed value of lattice strain for growing an epitaxial shell. The
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nominal criterion of lattice mismatch to be <2% is necessary
to minimize the interfacial energy of the hybrid materials and
develop a thick shell. So, designing a core-shell heterostructure
with two highly lattice-mismatched materials remains a sig-
nificant challenge.

The motive behind the use of three different methods to
synthesize the core-shell heterostructure is to optimize the
synthesis procedure to develop a conformal and coherent
core-shell heterostructure between two lattice mismatched
crystals with a high ‘f” value. This work outlines the controlled
synthesis of a core-shell heterostructure between two different
semiconductor crystals by introducing different amorphous
interlayers. It underscores the role played by the PVP interlayer
in acting as a bridge between two materials with a high value of
‘. In its absence, it is hard to get a conformal core-shell
heterostructure with an optimum shell thickness. The three
synthesis methods have been assessed on factors like the
quality of the developed ZnO shell and their ease of synthesis.
It also highlights the role of interfacial strain and how it allows
the growth of the overlayer only up to a critical thickness, as
beyond it, dislocation defects relax the misfit strain, resulting
in the formation of free ZnO nanostructures in solution.?”

Fig. 2(a) and (b) show the FESEM and TEM images of the
YYETL phosphor microspheres, depicting the formation of a
compact and dense structure via the self-assembly of nano-
particles. Fig. 2(c) illustrates the EDX spectra of the YYETL
microspheres, which depict the presence of yttrium, oxygen,
ytterbium, erbium, and thulium elements. Carbon comes from
carbon tapes used to mount the sample on stubs for character-
ization. The lithium element is not detected in the EDX spectra
due to its low atomic weight and low energy. SAED patterns are
diffraction spots of crystal planes in reciprocal space. The SAED
pattern in Fig. 2(d) indicates the polycrystalline nature of the
sample with bright diffraction spots corresponding to the (222),
(400), (440), (622) and (822) planes of cubic Y,O;3 (JCPDS card
no. 25-1200). Due to their low concentration, no prominent
oxide peaks of doped lanthanide ions are seen in the SAED
pattern. It also confirms these dopants’ inclusion at the Y** site
via substitution.

Fig. 3(a) shows the TEM micrographs of YYETL@AA-{Zn(OH),[*~
complex core-shell heterostructures prepared by the interlayer
conversion method. The amorphous intermediate layer of AA-
[Zn(OH),]*~ is grown to overcome the significant lattice mis-
match between the YYETL core and ZnO semiconductor in
forming the core-shell heterostructures.>> A closer look reveals
a clear contrast between the crystalline YYETL core and the
uneven amorphous layer of the AA-{Zn(OH),]*~ composite. The
SAED pattern in Fig. 3(b) further confirms the formation of a
dense amorphous layer of zinc hydroxide on it with its diffuse
diffraction rings indexed to the (132), (402), and (211) planes of
the orthorhombic crystal structure of Zn(OH), (JCPDS 038-
0385). On annealing at 350 °C, the AA{Zn(OH),*" complex
decomposes to form ZnO nanoparticles (Fig. 3c). The amor-
phous layers on the outside have transformed after calcination
into a layer comprising ZnO nanoparticles. The EDX pattern
(Fig. 3d) collected from the YYETL@ZnO-I microspheres gives
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Fig. 2 (a) FESEM image, (b) TEM image, (c) EDX and (d) SAED pattern of the YYETL microspheres.
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Fig. 3 (a) TEM image and (b) SAED pattern of the YYETL@AA-[Zn(OH)4]?~ complex core—shell heterostructure, (c) TEM image and (d) EDX pattern of the
YYETL@ZNO-I microspheres, (e and f) TEM images, (g) SAED and (h) EDX pattern of the YYETL-ZnO-Il microspheres.

major counts from zinc and oxygen atoms with a minimal signal
from yttrium atoms and doped lanthanide ions due to the thick
ZnO shell masking the whole core. Thus, we can conclude that
the intermediate layer conversion method results in a thick
coating of ZnO around the YYETL core, which is not ideal for
transmitting NIR light to the phosphor core. Thin shell growth
is necessary for an efficient photon upconversion process, and it
is used by the semiconductor shell for various applications.>®
Furthermore, this method leads to wild and unattended
growth into the solution medium, forming many clustered

20180 | Phys. Chem. Chem. Phys., 2025, 27, 20177-20184

ZnO nanoparticles in the solution apart from those on the core
YYETL microspheres, which is a significant disadvantage for
application purposes. Fig. 3(e) and (f) show the TEM images of
YYETL@ZnO-1I microspheres synthesized via the hydrothermal
method without using an intermediate layer. This technique
resulted in thin, non-uniform shell deposition around the core
microspheres, with clustered deposition of ZnO nanoparticles at
certain facets and the formation of free ZnO micro/nanorods in
the solution. Formation of discrete islands of the ZnO shell on
the core upconversion phosphors is due to the Volmer-Weber
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model of epitaxial growth."®° It also proves that the current
method cannot exploit all the Zn>" ions for attaching onto the
surface of the YYETL microspheres. As a result, many free Zn**
ions remain in the solution and, after reacting with HMTA, lead
to the emergence of loose ZnO microstructures. This could also
be due to the significant lattice mismatch between the YYETL
and ZnO semiconductors, which prevents deposition via nuclea-
tion of ZnO onto YYETL. In addition, the microspheres remain
aggregated in solution due to the lack of chemical forces acting
as a ‘dispersant’ between them. So, the second process gave us the
desired results of developing a thin shell around the core with few
discrepancies like the appearance of loose ZnO microrods, clus-
tered deposition of ZnO nanoparticles at certain facets, and
aggregation of YYETL microspheres. The bright diffraction spots
in the SAED pattern (Fig. 3g) of the YYETL@ZnO-II microspheres
can be indexed to the (222) and (440) planes of cubic Y,05; and
(110) planes of hexagonal ZnO. The EDX spectra (Fig. 3h) corrobo-
rate the presence of yttrium, zinc, oxygen, ytterbium, erbium, and
thulium elements in the heterostructure. The major count from the
yttrium element depicts that the ZnO shell does not entirely mask
the core, and thereby an optimum shell transmittance is present.
Fig. 4(a)-(d) exhibit the FESEM and TEM images of the
YYETL@ZnO-III-x microspheres prepared by the interlayer
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mediated method. Here, PVP is used as an interlayer, acting
as a surface functionalizing agent and an aid in nanoparticle
synthesis.>® It contains hydrophilic (pyrrolidone moiety) and
hydrophobic (the alkyl group) components. As no lattice mis-
match exists between a crystal and an amorphous layer, the PVP
macromolecule is introduced as the amorphous layer to elim-
inate the high lattice mismatch between YYETL and ZnO.*° Due
to the high molecular weight of PVP used here (K40), they
possess a long chain length and act as a dispersant between two
particles. It prevents nanoparticle aggregation by using repul-
sive forces generated by hydrophobic carbon chains that extend
into the solvent and interact with one another (steric hindrance
effect).®’ The Zn”" cations connect to the negatively charged
C-O~ group in PVP and progressively change to ZnO by inter-
action with OH™ released from HMTA. As the growth rate of ZnO
is high in basic media, we employ HMTA as the base source to
provide a weak basic environment for regulated ZnO nanocrystal
growth.>>*® The slow release and nucleation of metal ions are
beneficial to the formation of a compact core-shell heterostruc-
ture. The TEM image (Fig. 4a) of YYETL-ZnO-III-0.5 micro-
spheres depicts the coating of a thin and compact
heterogeneous layer of the ZnO shell all over the YYETL core,
with no appearance of any loose ZnO nanostructures in solution.
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Fig. 4 FESEM, TEM, and HRTEM images of YYETL-ZnO-Ill-x microspheres for (a and b) 0.5 ml, (c)-(f) 1.5 ml of ZnO shell growth, (g) UCPL spectra of
YYETL@ZNO-IlI-x microspheres and (h) XRD pattern of YYETL@ZNO-1.5 core—shell microspheres.
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The FESEM image (Fig. 4b) of the YYETL@ZnO-III-0.5 micro-
spheres depicts a rough surface after coating of a thin ZnO layer
onto the core microspheres. TEM images (Fig. 4c and e and
Fig. Sla-c in the SI) of the YYETL@ZnO-III-1.5 microspheres
show an increase in the thickness of the deposited shell, as well
as the appearance of loose nanostructures in the solution for 1.5
ml of precursor solution used in ZnO shell growth. No contrast
in the core and shell materials is seen due to the high density,
large size, and thickness of the synthesized YYETL@ZnO core-
shell microspheres in the pm range. The FESEM image of the
YYETL@ZnO-1.5 microspheres in Fig. 4(d) shows a further
increase in surface roughness after thick ZnO layer deposition.
The HRTEM image of the YYETL@ZnO-1.5 microspheres in
Fig. 4(e) shows the lattice fringes of the shell with an interplanar
spacing of 0.20 nm and 0.27 nm, which can be indexed to the
(102) and (100) planes of ZnO. The HAADF-STEM 2D image of a
YYETL@ZnO-1.5 microsphere and its elemental mapping are
shown in Fig. S2 in the SI. Throughout the core-shell micro-
spheres, a uniform distribution of yttrium, oxygen, zinc, ytter-
bium, erbium, and thulium elements is seen, which thereby
confirms the presence of all the elements. The XRD pattern
(Fig. 4g) of the YYETL@ZnO-llI-1.5 heterostructure depicts
planes corresponding to Y,O; (JCPDS card no. 25-1200) and
ZnO (JCPDS card no. 36-1451). Due to the relatively low concen-
tration of doped lanthanide ions and lithium ions and their
effective substitution at the host metal cation site, we do not see
their oxide peaks in the XRD spectra.>* UCPL spectra (Fig. 4g) of
YYETL and YYETL@ZnO-III-x microspheres under 975 nm laser
excitation depict the impact of ZnO shell growth on the upcon-
version emission process.'> The intensity of anti-Stokes’ emis-
sion increases after the initial coating of 0.5 ml of ZnO layer. This
could be due to the passivation of surface defects and insulation
of the YYETL phosphor core from its environment.** The growth
of a heterostructure in a core-shell design prevents leakage of
rare earth ions from the core due to electrostatic repulsion and
the inability to occupy the divalent sites of Zn** in Zn0.>® The
anti-Stokes emission is quenched for 1.5 ml of ZnO shell growth
due to the loss of energy to crystal defects present in the thick
ZnO shell, as well as the transfer of energy via the radiation-
reabsorption process to loose ZnO nanostructures.*® PL of ZnO
nanoparticles synthesized by the hydrothermal method is
included in Fig. S3 in the SI. We observed a sharp emission in
the UV region, which corresponds to the near band edge emis-
sion of ZnO. The broad peak in the visible region, between 450
and 700 nm, is due to its intrinsic defects. These defects lie
within the band gap of ZnO and play a crucial role in making it
responsive to visible radiation.’” In addition, the decrease in
emission could also be due to a thicker shell limiting absorption
of NIR light by Yb** ions in the core. The presence of misfit
strain between two lattice mismatched crystals of core and shell
materials could have also negatively impacted the anti-Stokes
emission.”® For YYETL@ZnO-IIl microspheres synthesized via
the interlayer mediated hydrothermal method, conformal ZnO
shell growth was possible for only x = 0.5 ml because of the
positive value of the tensile interfacial strain between the two
crystals. For x = 1.5, ZnO nanoparticles, apart from depositing on

20182 | Phys. Chem. Chem. Phys., 2025, 27, 20177-20184

View Article Online

PCCP

YYETL microspheres, form anisotropic nanostructures in the
reaction solution. For a thin ZnO shell, the reaction kinetics of
overgrowth layer deposition are mainly governed by the Frank-van
der Merwe (FM) model, which later transitions to the Stranski-
Krastanov (SK) model as the shell thickness increases.>® The misfit
strain between two lattice mismatched materials induces lattice
defects such as dislocations, which relax the strain at the interface
and lead to the formation of free ZnO nanostructures.® The
interaction potential of atoms/ions is anharmonic between the
attractive and repulsive pairs, so the sign of lattice mismatch is
expected to influence the core-shell growth.' Despite the large
misfit strain, minimal ZnO shell growth is only allowed on the
YYETL microspheres because of the positive value of the interfacial
strain; otherwise, the high mismatch in lattice constants of core
and shell crystals does not allow the deposition of overgrowth
layer. Thus, both the magnitude and sign of lattice mismatch play
a crucial role in designing the UCNPs@semiconductor core-shell
heterostructure.

4. Conclusions

In summary, we have used three different methods to develop a
conformal core-shell heterostructure between two lattice-
mismatched crystals of YYETL and ZnO and compared the
quality of the grown shell. In the interlayer conversion method,
we formed an amorphous interlayer of AA-[Zn(OH),J*~ to
eliminate the high lattice mismatch between YYETL and ZnO
crystals and thereby convert the interlayer to ZnO by thermal
decomposition of Zn(OH),. This results in the formation of a
thick ZnO shell with many free ZnO nanoparticles not attached
to the core. The disadvantage of this method is the inability to
control shell thickness and the formation of calcination-
induced defects, which makes us switch to the hydrothermal
method of ZnO synthesis. In the second method of hydrother-
mal synthesis, ZnO nanocrystals either nucleate and deposit as
discrete islands on the surface of YYETL microspheres, via
electrostatic attraction through the Volmer-Weber model of
epitaxial growth or form free ZnO micro/nanostructures in
solution. Therefore, to remove this discrepancy, in the inter-
layer mediated hydrothermal method, we have introduced PVP
molecules as an interlayer between YYETL and ZnO crystals to
facilitate overall shell growth on the core initially via the Frank-
van der Merwe (FM) model and later transition to the Stranski-
Krastanov (SK) model as the shell thickness increases. It also
highlights the role of interfacial strain and how it allows the
growth of the overlayer only up to critical thickness, as beyond
it, misfit strain induces dislocation defects, resulting in the
formation of free ZnO nanostructures in solution. The positive
sign of the lattice mismatch indicates the existence of a tensile
strain at the core-shell interface, which aids in overgrowth layer
deposition up to a limited value. Among the developed syn-
thetic strategies, the interlayer mediated hydrothermal method
has been able to successfully coat a uniform layer of the ZnO
shell around the core YYETL microspheres up to the critical
thickness. This protocol can be used to design a series of
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upconversion phosphors@semiconductor core-shell hetero-
structures for their possible application in photovoltaics,
photocatalysis, and biomedical applications like imaging and
photodynamic therapy.
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