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Dear Editor,

We are submitting a manuscript titled “Atomic deciphering of cation exchange 
mechanism in upconversion nanoparticles” for your consideration to be published in 
Journal of Luminescence.

In this paper, we successfully achieved Mn2+ ions cation exchange in β-
NaYF4:Yb3+/Er3+ UCNPs and observed enhanced emission intensity. For the first 
time, we atomically decipher the exchange process, that is, the doped Mn2+ replace 
alkaline metal (Na+) in the lattice through 2Na+ ↔ Mn2+ + Vacancy reaction. This 
process distorts the LnF9

 polyhedrons and tailors the surrounding environment around 
the trivalent lanthanides, thereby improving the upconversion intensity from active 
lanthanides. Further confirmed by core-shell design and spectroscopic study, we 
prove that the transition–alkaline metal exchange enables both the emission 
enhancement and transition probability variation of activators. This study opens new 
design paths for improving the luminescent properties of UCNPs. 

This report is both technically practical and scientifically innovative for broad 
readership of Journal of Luminescence. We therefore ask the editors to consider our 
manuscript for review and publication in your journal. 
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Abstract: Transition metal ion doping in upconversion nanoparticles (UCNPs) provides an 
effective way to enhance the luminescence for their wide array of applications. However, the 
doping sites of transition metal ions have not been comprehensively explored, and commonly 
assumed that transition metal ions replace the trivalent lanthanides within the lattice. Here we 
report that cation exchange of transition metal (Mn2+) in β-NaYF4:Yb3+/Er3+ UCNPs occurs 
through alkaline metal (Na+) replacement, via 2Na+ ↔ Mn2+ + Vacancy reaction. This process 
distorts the LnF9

 polyhedrons and tailors the surrounding environment around the trivalent 
lanthanides, thereby improving the upconversion intensity from active lanthanides. Further 
confirmed by core-shell design and spectroscopic study, we prove that the transition–alkaline 
metal exchange enables both the emission enhancement and transition probability variation of 
activators. 
Keywords: Mn2+, β-NaYF4 nanoparticles, cation exchange, Rietveld refinement

Introduction
Lanthanide (Ln3+) doped upconversion nanoparticles (UCNPs), featuring by unique 
luminescent properties including large Stokes shift, tunable emission spectrum and decay 
lifetime, zero autofluorescence background and high penetration depth into biological tissue, 
is emerging as a promising light carrier. The UCNPs are attractive in a wide array of 
applications1-7, such as graphics imaging and display8-10, anti-counterfeiting11, 12, and biological 
labelling13-17. In order to expedite the practical applications of UCNPs, great research efforts 
have been paid to enhance the upconversion luminescence18-20. Tailoring the local crystal field 
of the Ln3+ ions could be an effective strategy. Accordingly, many transition metal ions 
including Li+ have been introduced into various UCNPs to modulate their upconversion 
luminescence21, 22. Hong et al. have reported Zn2+ doped NaYF4: Yb3+/Er3+ UCNPs and found 
the improvement of the upconversion luminescence23. Kim et al. have successfully 
incorporated Fe3+ ions in β-NaGdF4:Yb3+/Er3+ UCNPs, which significantly increased the 
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visible green and red UC emissions24. 
Transition metal Mn2+ ion is an interesting species with significantly long lifetime (typically 
microsecond scale), which has been frequently employed to tune the emission colour or 
lifetime of NaLnF4 UCNPs25, 26. However, the emission intensity probably encounters a decline 
instead due to the direct doping induced phase transition from hexagonal to cubic27, 28. In 
contrast, cation exchange is an efficient way to introduce Mn2+ ions in UCNPs, with constant 
morphology and crystal phase compared to initial nanoparticles29-31. Liu et al. have reported a 
cation exchange method and for the first time successfully prepared Mn2+-doped β-NaGdF4 
UCNPs, in which Gd host is promoted to assist colour modulation through energy migration32. 
To date, the mechanism of such cation exchange of transition metal ions within NaYF4 UCNPs 
has not been comprehensively explored. Particularly, it has been generally assumed that the 
transition metal ions replace the Ln3+ instead of Na+ ions within the lattice of UCNPs. However, 
because of the differences in ionic radius and electronic polarity to the trivalent Ln3+ host ions, 
the Mn2+ ions could induce different local substitution in UCNPs. 
In this work, we report a successful execution of Mn2+ ions cation exchange in β-
NaYF4:Yb3+/Er3+ UCNPs. We achieve emission intensity enhancement from Y host, and 
simultaneously this Mn2+ ions cation exchange enables red-to-green emission ratio change.  
We conduct Rietveld refinement to analyse the crystal structure evolution upon exchange, and 
further link the crystalline analysis to spectroscopic study to decipher the atomic reaction 
within a nanoparticle. This enables us to clearly understand the exchange process. This suggests 
a new pathway to alter the symmetry of the crystal field around the activator ions, leading to 
enhanced upconversion.

Experimental
YCl3·6H2O (99.99%), ErCl3·6H2O (99.99%), YbCl3·6H2O (99.99%), NH4F (99.99%), NaOH 
(98%), 1-octadecene (ODE, 90%), oleic acid (OA, 90%), MnCl2 (99.99%) and hydrochloric 
acid (HCl, 37%) were purchased from Sigma-Aldrich. Toluene (99.5%), ethanol (100%), 
methanol (100%), were purchased from Chem-Supply (Australia). All reagents were used as 
received without further purification. 
Synthesis of β-NaYF4: Yb3+/Er3+ UCNPs
A modified synthesis method is adopted to prepare β-NaYF4:40%Yb3+/2%Er3+ UCNPs33. In a 
typical procedure, a methanol solution of 0.58 mmol YCl3, 0.4 mmol YbCl3, and 0.02 mmol 
ErCl3 was mixed with 6 ml OA and 15 ml ODE in a 50 mL flask. The mixture was heated at 
150 °C under stirring until the solution became clear. After cooling to 50 °C, a methanol 
solution containing NH4F (4 mmol) and NaOH (2.5 mmol) was added with vigorous stirring 
for more than 1 h. Then, the mixed solution was heated to 90 °C ~ 150 °C to evaporate all the 
residual methanol and water. Finally, the solution was heated to 300 °C and kept there for 1.5 
h under argon. After washing with cyclohexane/ethanol, the synthesized nanoparticles were 



dispersed in cyclohexane for use. The core-shell β-NaYF4:40%Yb3+/2%Er3+ @NaYF4 UCNPs 
is obtained via an epitaxial grown shell precursor’s layer onto the core UCNPs. The shell 
precursor is prepared following a similar procedure to that just described in synthesizing the 
core, except experiencing a reaction at 300 °C. 
Cation exchange of Mn2+ ions in β-NaYF4: Yb3+/Er3+ UCNPs
Cation exchange of Mn2+ ions in NaYF4:Yb3+/Er3+ UCNPs are performed according to a 
previous report32. In a typical process, the as-prepared oleic acid-capped nanoparticles were 
dispersed in a mixed solution of ethanol (1 mL) and HCl (0.2 M; 1 mL). The mixture was 
sonicated for 5 min and collected by centrifugation. Subsequently, the resulting products were 
washed with ethanol/water several times and re-dispersed in water. After that, a stock aqueous 
solution (0.9 ml; 0.1 mmol) of the as-prepared ligand-free NaYF4: Yb3+/Er3+ nanoparticles was 
mixed with an aqueous solution of MnCl2 (0.1 ml). The resulting mixture was shaken 
thoroughly and heated at 90 °C for 30 min. Subsequently, the products were collected by 
centrifugation, washed with water several times, and re-dispersed in water.
Characterization
X-ray diffraction (XRD, D8 Advance diffractometer, Bruker Corporation, Germany, with Cu-
Kα and linear VANTEC detector, λ = 0.15406 nm, 40 kV, 30 mA) was used to examine the 
phase composition. The powder diffraction data for Rietveld analysis were collected in the 2θ 
range of 5~100° with a step size of 0.02° and counting time of 2~3 s per step. Rietveld 
refinement was performed using TOPAS 4.2 software. The morphology of the synthesized 
nanocrystals was characterized using transmission electron microscopy (TEM; Philips CM10 
TEM) at an operating voltage of 100 kV. Elemental analysis was acquired by an energy-
dispersive X-ray spectroscopy (EDX). The UC luminescence spectra were obtained using of a 
Fluorolog-Tau3 spectrofluorometer (JobinYvon-Horiba) equipped with an external 980 nm 
CW diode laser with a pump power density of 500 W/cm2. The UC nanoparticles were prepared 
to a concentration of 1 mg/ml for testing. All the measurements were carried out at room 
temperature.

Results and Discussion
Figure 1a illustrates the designed cation exchange synthetic strategy to produce different 
concentration of Mn2+ ions doped β-NaYF4:Yb3+/Er3+ UCNPs. Figure 1b reveals the enhanced 
UC luminescence properties of these exchanged UCNPs compared to the Mn2+-free sample. 
We tuned the concentration of MnCl2 during exchange, and labelled the produced UCNPs as 
Mn2+-less, Mn2+-highly, and Mn2+-ultra-highly doped UCNPs according to 5, 50, and 100 mM 
Mn2+ ions precursors, respectively. Under 980 nm laser excitation, we observed two major UC 
emission bands in the spectra of all UCNPs. The green emissions centred at 537 and 555 nm 
originate from the 2H11/2→4I15/2 and 4S3/2→4I15/2 transitions of Er3+ ions, respectively; the red 
emission located at 652 nm is attributed to the 4F9/2→4I15/2 transition of Er3+ ions. Clearly, both 



of the green and red emission of various UCNPs increase with the adding of Mn2+ ions from 0 
to 50 mM, and subsequently decrease with the continuous increase of Mn2+ to 100 mM (Figure 
1c). Under 50 mM Mn2+ ions for cation exchange, the sample shows maximum emission 
intensity, which equals to 2 times as much as the Mn2+-free UCNPs. 

Figure 1 Schematic showing the cation exchange process to produce Mn2+ doped β-NaYF4:Yb3+/Er3+ UCNPs 

with different Mn2+ concentrations in a aqueous solution (a); UC emission spectra of as-synthesized Mn2+-free, 

Mn2+-less, Mn2+-highly, and Mn2+-ultra-highly β-NaYF4:Yb3+/Er3+ UCNPs (b); Intensity enhancement for green 

(537 nm) and red (652nm) emission as a function of Mn2+ concentration (c).

To confirm the successful exchange, we performed TEM and elemental analysis to check the 
morphology and ion distribution change of UCNPs after Mn2+ exchange. The Mn2+-free 
UCNPs show spherical-like morphology and uniform distribution of size (Figure 2a). After 
cation exchange by Mn2+ ions, the Mn2+-less and the Mn2+-highly doped UCNPs show 
negligible changes in terms of crystalline morphology (Figure 2b, c), indicating the preserved 
size and crystal phase of the UCNPs. Additionally, the elemental mapping result in Figure 2d 
shows the presence of Mn element on the surface of UCNPs (note the brightness of the image 
represents the distribution of the Mn2+ element). These observations confirm that Mn2+ ions 
successfully penetrated into the surface of UCNPs by cation exchange. To further confirm the 
entered Mn2+ ions locate at the lattice, we performed XRD Rietveld refinement to analyze the 
crystal structures. In Figure 2e, all the X-ray patterns are in line with the hexagonal NaYF4, 
indicating that the particle phase did not change after cation exchange. Rietveld refinements, 
which take NaYF4 (JCPDS card no. 1517675) as starting model, are stable and give low R-



factors (Table S1). All thermal parameters show good values (Table S2) and bond distances 
are in good range (Table S3). In addition, the refined lattice parameters of a, c, and cell volume 
of V show obvious decreasing trends as a function of Mn2+ concentrations (Figure 2f, Table 
S1). This is due to the smaller ionic radii of Mn2+ in coordinate of CN= 6 (IR= 0.83Å) compared 
to Na+ (IR= 1.02Å); and smaller ionic radii of Mn2+ in coordinate of CN= 8-9, (IR= 0.96Å, 
note the maximum coordinate is 8) compared to Y3+(IR= 1.019-1.075Å), Yb3+(IR= 0.985-
1.042Å), and Er3+ (IR= 1.004-1.062Å). The doping of Mn2+ shrinks the unit cells of the UCNPs 
by replacing Na+ or Ln3+ ions. The decrease of a, c, and V proves that the Mn2+ ions have been 
exchanged into the lattice, yielding Mn2+ doped β-NaYF4:Yb3+/Er3+ UCNPs.

Figure 2 TEM images before and after cation exchange by Mn2+ ions: Mn2+-free (a), Mn2+-less (b) and Mn2+-

highly doped β-NaYF4:Yb3+/Er3+ UCNPs (c); elemental mapping of the Mn2+-highly doped UCNPs, note the 

brightness represents the concentration of Mn2+ element (d); XRD patterns for the refinement of Mn2+-free, 

Mn2+-less and Mn2+-highly doped UCNPs (e); Refined lattice parameters of a, c, and cell volume (V) showing 

obvious decreases with increasing Mn2+ concentration, indicating Mn2+ is doped into the lattice (f). (Scale bar: 

50 nm)

In order to atomically decipher the exchange process, we analysed the detailed crystal 
structures and polyhedrons evolution within these UCNPs. The NaF6 and LnF9 polyhedral 
distortion index, D, can be calculated as followed:

                                   (1),𝐷 =
1
𝑛∑𝑛

𝑖 = 1

|𝑙𝑖 ‒ 𝑙𝑎𝑣|
𝑙𝑎𝑣



where li is the distance between central atom and the ith coordinating atom, and the lav is the 

mean bond length34. These data were shown in Table S3. Figure 3a shows the NaF6 polyhedron 

within the Mn2+-doped UCNPs. With the increasing of Mn2+ concentration, the average Na+–

F- bond distances show a dramatic decrease trend (2.34 Å→ 2.33 Å→ 2.31 Å) (Figure 3b), 

which means that 2Na+ ↔ Mn2+ + Vacancy reaction happens in this crystal system. The 

replacement of Na+ by Mn2+ induces decrease of the distortion index of (Na/Mn)F6 polyhedron 

(5.78×10-2→ 5.31×10-2→ 5.01×10-2) (Figure 3c). In contrast, the average Ln3+–F- bond lengths 

in LnF9 polyhedron (Figure 3d) stay almost invariable (2.344 Å→ 2.344 Å→ 2.348 Å) with 

Mn2+ concentration increasing (Figure 3e), which means that Mn2+ less likely to occupy the 

site of Ln3+. However, the LnF9 polyhedral distortion enlarges (6.29×10-3→ 6.69×10-3→ 

7.17×10-3) with the higher doping of Mn2+ ions (Figure 3f), which indicates Mn2+ ions are 

strongly disordered over crystal and coordinate with LnF9 polyhedra. In this case, the Mn2+ 

ions doping by cation exchange makes (Na/Mn)F6 become regular, but the polyhedrons of LnF9 

become more distorted. That is, the Mn2+ ↔ Na+ exchange varies the asymmetric environment, 

leading to the LnF9 polyhedral distortion within the lattice of UCNPs. This process tailors the 

surrounding environment around the Er3+ ions in the crystal field, thereby improving the 

luminescent performance of UCNPs. 



Figure 3 Schematic showing the lattice structure and the NaF6 polyhedron within the Mn2+-doped UCNPs (a); 

Calculated Na+–F- bond distances (b) and NaF6 polyhedron distortion indexes (c) showing a decrease trend 

with increasing Mn2+ concentration; Schematic showing LnF9 polyhedron within the Mn2+-doped UCNPs (d); 

Calculated average Ln3+–F- bond lengths stay almost invariable as a function of Mn2+ concentration (e); 

Enlarged LnF9 polyhedral distortion with increasing Mn2+ concentration (f).

The red-to-green emission intensity ratio (IR/IG) of Er3+ ions is a further evidence of successful 
incorporation of Mn2+ ions in the lattice of β-NaYF4:Yb3+/Er3+ UCNPs. To clarify it, we 
designed core-shell NaYF4:Yb3+/Er3+@NaYF4 UCNPs. The core UCNPs have an average size 
of 24.1 nm (Figure 4a). The core–shell UCNPs display uniform spherical shape, with an 
average size of 28.9 nm (Figure 4e), indicating the inert-shell thickness is about 2.5 nm. After 
cation exchange by Mn2+ ions, the IR/IG ratio (652/537 nm) in the core NaYF4: Yb3+/Er3+ 
UCNPs gradually increasing from 2.66 in Mn2+-free UCNPs to 3.00 in Mn2+-less UCNPs (or 
2.93 in Mn2+-highly UCNPs), as shown in Figure 4b. Due to the existence of Mn2+ ions in the 
lattice, the energy from Yb3+ sensitizers was transferred from 2H11/2 and 4S3/2 levels of Er3+ to 
the 4T1 level of Mn2+ through nonradiative energy transfer, followed by further back-energy 
transfer to the 4F9/2 level of Er3+ 27, 35, 36. The Mn2+ ions change the transition possibilities of 
Er3+, and finally facilitate the intensity enhancement of the red emission from 4F9/2→4I15/2 
(Figure 4b, c, d). In contrast, the UC emissions of core-shell NaYF4:Yb3+/Er3+@NaYF4 UCNPs 
are absence of enhancement after cation exchange by Mn2+ ion. In particular, the IR/IG ratios of 
these core-shell samples keep constant, which are determined as 3.25, 3.25 and 3.15 in Mn2+-
free, Mn2+-less and Mn2+-highly doped core-shell UCNPs, respectively (Figure 4f). This 
indicates that the Mn2+ exchange in 2.5 nm shell are not able to distort the Er3+ site occupancy 
within the polyhedron structure in the core (Figure 4g). Moreover, only interior doping leads 
to the efficient energy transfer between Er3+ and Mn2+, hence the increased IR/IG ratio in core 
UCNPs testifies the successful cation exchange between Ln3+ and Mn2+ ions. The penetration 
depth of cation exchange within UCNPs should be less than 2.5 nm. 



Figure 4 TEM image and size distribution chart of core β-NaYF4:Yb3+/Er3+ UCNPs (a); UC spectra and 

enhanced red-to-green luminescence ratio (IR/IG) in Mn2+-free, Mn2+-less and Mn2+-highly doped core UCNPs 

(b); Schematic and energy level diagram showing that Mn2+ ions disturbed the transition possibilities and 

facilitated red emission of Er3+ in core UCNPs (c, d) ; TEM image and size distribution chart of core-shell β-

NaYF4:Yb3+/Er3+@ NaYF4 UCNPs with 2.5nm inert shell (e); UC spectra showing no any IR/IG ratio 

enhancement in Mn2+ doped core-shell UCNPs (f); Schematic showing that Mn2+ exchanged in 2.5 nm shell are 

not able to distort the Er3+site occupancy within the polyhedron structure in the core (g).

Conclusions 
We have successfully achieved Mn2+ ions cation exchange in β-NaYF4:Yb3+/Er3+ UCNPs and 
observed enhanced emission intensity. We have conducted Rietveld refinement to analyse the 
crystal structure evolution upon exchange, and further link the crystalline analysis to 
spectroscopic study. For the first time, we atomically decipher the exchange process, that is, 
the doped Mn2+ replace alkaline metal (Na+) in the lattice through 2Na+ ↔ Mn2+ + Vacancy 
reaction. In the crystal system, (Na/Mn)F6 polyhedron becomes more regular, while LnF9 
polyhedron becomes more distorted. The LnF9 polyhedral distortion produced by Mn2+ 
addition tailored the surrounding environment around active lanthanides ions in the crystal field, 
thereby improving the luminescent performance of UCNPs. Further confirmed by core-shell 
design and spectroscopic study, we have proven that the Mn2+ ↔ Na+ exchange enables both 
the emission enhancement and transition probability variation of activator ions. This suggests 
a new pathway to alter the symmetry of the crystal field around the activator ions, leading to 
enhanced upconversion luminescence.
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