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Abstract

Although widely used for Ho-based upconversion luminescence (UCL) fine-tuning of
upconversion nanoparticles (UCNPs), Ce** doping has lacked comprehensive investigation in core—
multi-shell and highly doped structures. Herein, a series of highly doped core—multi-shell UCNPs
with Ce** doping were synthesised via oleate-based methods. The structures and morphologies were
characterised by X-ray diffraction (XRD), transmission emission microscopy (TEM) and elemental
mapping, while UCL properties were assessed using emission spectra, decay curves and pump
power measurements. The distributions of Ho’" and Yb?* concentrations were systematically varied
to explore, for the first time, their distinct effects on Ce**-mediated UCL fine-tuning. These effects
arose from different energy mechanisms and varied with the number of shell layers. A deficiency in
phonon energy was found to reduce the efficiency of both Yb**~Ho?* energy transfer and Ho’*—Ce3*
cross-relaxation while also exacerbating surface energy quenching. Beyond mitigating the phonon
energy shortage and providing greater shielding for surrounding Ho3* ions, a low Ho*" concentration
in the core and a high concentration in the first shell (S;) were found to reduce the overall distance
between Yb** and activated Ho*" ions, enhancing energy transfer but increasing surface quenching.
A high Yb*" concentration in the second shell (Sz) and a low concentration in the third shell helped
to promote inward sensitising energy transfer and suppress surface quenching, though this
configuration partially intensified the phonon energy shortage. UCNPs with the composition
NaHoF4:10%Ce*",40%Gd* @NaHoF4:10%Ce*" @NaGdF4:10%Ce*",60%Yb** @NaGdF4:20%Yb?
* demonstrated optimal performance, exhibiting a red UCL decay time of 164.97 us, a green-to-red
intensity ratio of 0.43 and a quantum yield of 1.23%. Both metrics declined when Ce*" dopants were

confined only to S,. Multi-layer Ce** doping outperformed configurations with doping limited to



the core or S;. Moreover, the emission colour of Ce*-doped UCNPs remained tunable with
variations in pump power. These findings provided valuable theoretical guidance for the design of
Ce**-doped and highly doped UCNPs and enhanced the multifunction potential of NaHoFs-based
materials.

Keywords: NaHoF, upconversion nanoparticles, Ce*, concentration, highly doped, core-multi-
shell, luminescence finetuning

Introduction

Rare-earth (RE) ions possess rich ladder-like energy levels that enable emissions across the
ultraviolet, visible and near-infrared spectral regions. In upconversion luminescence (UCL)
processes under 980-nm excitation, the 2Fs), state of Yb3* ions aligns well with those of commonly
used luminescent centres (Ho**, Er’" and Tm?*"), facilitating efficient energy transfer (ET).!3 RE-
doped upconversion nanoparticles (UCNPs) are an emerging class of optical nanomaterials
exhibiting anti-Stokes emission and hold promise for a wide array of applications, including super-
resolution nanoscopy,® > solar energy conversion,® 7 optical anti-counterfeiting,®1° deep-tissue
imaging'!-* and nanoscale temperature sensing.'*'® Thanks to their low toxicity, superior
photostability, sharp emission bands (<10 nm), long luminescent lifetimes (us—ms) and large Stokes
shift, UCNPs are considered more desirable than organic fluorescent dyes and quantum dots.!7-?!

However, the high surface-to-volume ratio inherent to nanoscale materials leads to significant
surface energy quenching, substantially reducing UCL intensity and quantum yield compared to
bulk materials.?>?* For instance, UCNPs with an average size of 8—10 nm exhibit quantum yields
as low as 0.005%, larger particles (=10 nm) and bulk crystals reach yields of 0.3% and 3%,
respectively.?* 2> Considerable efforts have been made to enhance the UCL intensity of UCNPs.
Strategies include the application of inert or active shells in core—multi-shell structures to shield
against surface quenching.?6-? Furthermore, by capitalising on the discrete absorption and emission
centres within UCNPs—namely sensitisers and activators—UCL performance can be improved
through increased dopant concentrations.>® Such modifications may also yield desirable features
such as single-band emission and tunable UCL lifetimes.3! 32 Nevertheless, excessive activator
concentration can result in detrimental cross-relaxation (CR), while over-doping of sensitisers
exacerbates energy back-transfer (EBT) from activators to sensitisers, as well as energy migration
(EM) to internal defects or surface quenchers (SQs), all of which lead to significant energy loss.
To mitigate these effects and improve the UCL performance of highly doped UCNPs, various
approaches have been developed, such as engineering dopant concentration distribution, exploiting
beneficial CR, cell manipulation and interfacial energy transfer mediated by Tb*" ions.3* 3
Inorganic fluorides, owing to their low phonon energy and high chemical stability, are frequently
adopted as host materials for RE doping.’® Among these, hexagonal-phase NaREFs UCNPs exhibit
lower symmetry and superior UCL performance compared to their tetragonal counterparts.®’- 3

As UCL activators, Ho*" ions also possess a high effective magnetic moment and short
electronic relaxation time,?* ° making NaHoFs UCNPs ideal candidates for photo-induced therapy
in addition to Ho-based computed tomography and high-field magnetic resonance imaging.
However, studies on UCL from NaHoFs UCNPs remain limited, primarily due to severe
concentration quenching induced by CR and SQs at the ultra-high Ho*" doping levels required.
Nonetheless, preliminary UCL fine-tuning and mechanistic exploration have been achieved by our



group and others using Ho@Yb UCNPs—specialised core—multi-shell structures in which
activators are heavily doped in the core and inner shells, and sensitisers in the outer shells (e.g.
NaHoFs@NaHoFs@NaGdF4:60%Yb*"). These structures have sometimes demonstrated UCL
performance exceeding that of traditionally low-doped UCNPs, particularly through enhanced and
purified red UCL, which is advantageous for imaging applications.*! More in-depth theoretical
studies are warranted to develop more efficient and flexible strategies for fine-tuning Ho-based UCL
in NaHoF4 UCNPs, thereby enhancing the application potential of this material.

Ho@Yb structures allow for doping configurations that are difficult or impossible to achieve
in conventional low-doped and co-doped systems, offering valuable insights into UCL theory. In
our previous work,*> Zn?" ions were introduced into single or multiple layers to uncover, for the first
time, their distinct lattice distortion effects on the sensitising ability of Yb3" and the luminescent
properties of Ho*". The optimal Zn?>" doping concentrations were found to be 20 mol% for Ho’" and
5 mol% for Yb**—a marked deviation from the commonly accepted value of 10 mol% for co-
doping. In addition, Ce*" doping has been extensively used to suppress non-radiative relaxation (NR)
of Ho’" ions and replace Ho>*~Ho*" CR with more favourable Ho*>*~Ce*" CR, thereby enhancing
red Ho-based emission.** In Ho@Yb structures, the previously puzzling decrease in total UCL
intensity following Ce3" doping can be reasonably explained by phonon energy shortage.!” Notably,
co-doping of Ce3" with either Ho** or Yb3* led to marked different UCL outcomes. Ce*" ions doped
into the shell exhibited interactions with surface groups that alleviated phonon energy shortage,
facilitated Ho**—Ce*" CR and mitigated surface quenching, compared to core-doped Ce**, which led
to greater UCL intensity losses. These findings underscore the immense value of Ho@YDb structures
for advancing UCL theory.

Building on our previous studies, we further investigated influencing factors that remain
underexplored or are difficult to realise in traditional low- and co-doped systems, particularly with
respect to Ce**-modulated UCL. A series of double- and triple-shell Ho@Yb UCNPs, with and
without Ce** doping, were synthesised using the oleate method. The effects of varying Ho3*
concentration in the core and first shell, Yb** concentration in the second and third layers, and the
number of shell layers were systematically evaluated. The analysis included UCL intensity, green-
to-red (G/R) intensity ratios, decay lifetimes and G/R variation with pump power. Comprehensive
mechanisms were revealed, encompassing phonon energy, CR, NR, ET, EBT, EM and surface
quenching. Additionally, Ce** ions were doped selectively into the core, first shell, second shell or
multiple layers to probe their positional influence. The colour tunability of Ce*"-doped UCNPs
under variable pump power was also assessed. This work contributes to a deeper understanding of
highly doped UCNPs and Ce*" doping strategies while enriching UCL fine-tuning methodologies
and broadening the multifunctional application potential of NaHoFs-based nanomaterials for photo-

induced therapy and anti-counterfeiting technologies.



Results and discussion
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Figure 1. (a)-(d) TEM images and size distribution diagram of [90/10] (NaHoF4:10%Ce>"), [90/10][50/10]
(NaHoF4:10%Ce* @NaHoF4:10%Ce**,40%Gd>"), and [90/10][50/10][60/0]
(NaHoF4:10%Ce**@NaHoF4:10%Ce**,40%Gd>* @NaGdF4:60%Yb*") UCNPs. The scale bars are 100 nm. (¢)
XRD patterns of different CSS UCNPs.

A series of core-shell-shell (CSS) NaHoFs:Ce*",Gd**@NaHoF4:Ce*",Gd*>* @NaGdF4:Yb**
UCNPs, hereafter denoted as [xi/y1][x2/y2][z/y3] UCNPs (where x, y and z represent the
concentrations of Ho*", Ce3" and Yb?* ions in each respective layer), were synthesised via the oleate-
assisted method. In our design, high concentrations of the activator Ho*" and the sensitiser Yb**
were separately doped into the core and shells, forming Ho@Yb-featured structures. This
concentration not only enabled high dopant concentrations but also allowed the creation of spatial
concentrations that were difficult or impossible to achieve in traditional low-doping UCNPs. The
concentration of outermost Yb** ions was fixed at 60 mol%, based on our prior findings,* while
Ho?" concentration in the core and first shell was modulated using Gd** ions. The evolution in size
and morphology of the as-prepared CSS UCNPs is shown in Fig. la—d and S1. Spherical
nanoparticles with mono-dispersity and high uniformity were successfully obtained. The average
diameters of core, core—shell and CSS UCNPs were approximately 11, 18 and 27 nm, respectively,
indicating inner shell NaHoF4:Ce*",Gd** and outer shell NaGdF4:60%Yb*" thickness of
approximately 4 and 5 nm, respectively. XRD patterns (Fig. 1e and S2) confirmed the samples
exhibited pure hexagonal phases, with diffraction peaks consistent with the standard [3-NaHoF4
(JCPDS-49-1896), providing a solid foundation for subsequent analyses.
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Figure 2. Energy diagrams and mechanisms of Ce3"-doped Ho@Yb UCNPs.

To facilitate a more thorough discussion of the UCL properties of our samples, the typical
energy processes and UCL features of Ho@YD structures should be introduced. The relevant energy
level diagrams and possible upconversion mechanism under Yb**/Ho?" co-doping are shown in
Fig. 2. Initially, sensitiser Yb3" ions absorb 980-nm photons via ground-state absorption, promoting
electrons from the ground state (*F712) to the excited state (*Fsp). Subsequently, the I and 3S2/°Fa4
states of Ho*" ions are sequentially populated through ET from Yb*" to Ho**, leading to green
emission attributed to the °S,/’F4 — Slg transition. Red emission originates from the °Fs — °Ig
transition. There are generally two pathways by which the Fs state of Ho** can be populated: (1)
the 3S,/°F4 — °Is transition via non-radiative relaxation (NR) from the 3S,/°F4 state, or Ho**—Ho**
CR via 5F4/°S; (Hoi*") + °17 (Ho2*") — 5Fs (Ho?") + 3l (Ho2*"); (2) NR from °Is — 17, followed by
Yb**~Ho*" ET from °I; — 5Fs. Both routes are typically inefficient in conventional low-doped
NaREFs; UCNPs, resulting in green-dominated UCL.4’-° To enhance the intensity and spectral
purity of Ho-based red UCL, Ce** doping is a widely adopted strategy.’!->* Ce3* ions facilitate CR
with Ho** through two main processes: CR1 of °Is (Ho*") + Fs;, (Ce*") — 3I; (Ho*") + 2F72 (Ce*)
and CR2 of 3S»/°F4 (Ho*") + ?Fsp (Ce*™) — 5Fs (Ho*") + 2F7» (Ce*"). These processes significantly
reduce I and enhance Ir, with CR1 generally being more efficient than CR2.%35-7

Compared to low-doped UCNPs, highly doped Ho@YDb systems exhibit additional
characteristic energy processes, including Ho**~Yb*" EBT, such as *F4/°S, (Ho*") + 2F7» (Yb*') —
T6 (Ho*") + ?Fs, (YB¥) and °Fs (Ho*") + 2F7 (Yb*") — °1; (Ho*") + 2Fs (YB?'); YB*'~Yb3* EM:
2Fspn (Ybi3Y) + 2F72 (Yb2') — 2F7n (Ybi*") + 2Fsp (Yb2*Y); frequent Ho**—Ho** CR; and severe
energy quenching via SQs. These mechanisms collectively lead to a significant decrease in UCL
intensity, as represented by processes such as EBT-SQ, EM-SQ, EBT-EM-...-.EM-ET (EBT-
EM-ET for short) and EBT-EM-...-EM-SQ (EBT-EM-SQ) in Fig. 2. Furthermore, Ho@Yb
UCNPs exhibit unique UCL properties. First, only Ho*" ions within a distance d away from the
active shell can contribute effectively to UCL, with d varying based on doping concentration and
nanoparticle structure. Second, Ho*" ions near the active shell tend to favour green emission
intensity (/g), while those further away red emission intensity (/r). Third, larger NaHoF4 core sizes
are beneficial for enhanced /r. Lastly, the optimal number of active shell layers depends on core
size and the distributions of Yb*" within the shells. In general, two- or three-layer shell structures
with a decreasing Yb*" concentration gradient from inner to outer shell tend to exhibit optimal UCL
performance.

In our previous study,'” we demonstrated that Ce**-doped Ho@Yb UCNPs can modulate UCL
behaviour depending on concentration and location of Ce**. Specifically, introducing 10 mol% Ce3*



into the NaHoF4:Gd*" core significantly reduced UCL intensity due to competition over phonon
energy between the ?F7, — ?Fs, transitions of Ce*" ions and the phonon-mediated UCL processes,
including Ho**~Ho** CR, NR of Ho’" ions and Yb**~Ho** phonon-assisted ET, as shown in Fig. 2.
In contrast, Ce>* ions doped into the NaGdF4:Yb’" active shells can interact with surface groups to
mitigate phonon energy limitations, thereby preserving the efficiency of Ho*—Ce’* CR.
Additionally, core-doped Ce*" may disrupt the UCL characteristics of Ho@Yb UCNPs and suppress
Ir. However, this influence is not considered significant in the present study for several reasons.
First, the NaHoF4 cores used here (~18 nm) are considerably larger than those in our previous work
(~6.5 nm), resulting in distinct phonon energy conditions. Second, in the earlier study, only regions
surrounding Ce*" ions were Ir-favoured under 10 mol% doping, whereas in large cores with similar
shell thicknesses, the intrinsic tendencies of Ho** for Ig and Ix are more pronounced and less
susceptible to alteration. Third, the overall particle sizes in the CSS samples are significantly larger,
implying greater phonon energy and reduced sensitivity to phonon-related effects. Consequently,
Ho**~Ho?*" CR becomes more efficient and increasingly significant, potentially leading to different
UCL behaviours in this system.

Subsequently, the UCL spectra of the aforementioned Ce**-doped CSS UCNPs, under
continuous 980-nm NIR laser excitation, are shown in Fig. 3a. The green emission band peaked at
~540 nm, while the red emission band peaked at ~645 nm. Both emissions were identified as two-
phonon processes (Fig. S3). The influences from ion diffusion between layers on UCL of Ho@YDb
UCNPs have been proved insignificant in our previous researches.’!> 46 To better visualise the
behaviour of Ig, Ir, total emission intensity (/towl) and green-to-red intensity (G/R) ratio, their
respective variation trends were plotted in Fig. 3b. First, when compared with [100/0][90/10][60/0]
UCNPs, the [90/10][90/10][60/0] samples—containing additional Ce3* ions in the core—exhibited
a slight decrease in both /g and Ir. This result aligns with our previous findings, indicating that
excessive core-doped Ce*" ions can exacerbate phonon energy shortages and ultimately reduce the
efficiency of Ho**—Ce*" CR. Second, the spatial concentration distribution of activators was tuned
by substituting Ho*" with Gd*" in the core and first shell (S:). In [90/10][50/10][60/0] UCNPs,
reducing Ho*" concentration in S; from 90 to 50 mol% resulted in a slight increase in both /g and
Ir. Upon further reduction of Ho*" content in the core, the [50/10][50/10][60/0] UCNPs displayed
a continued increase in /g, accompanied by a reduction in /r. These observations suggest that the
spatial distribution of Ho3* affects the red-tuning effect of Ce** ions.
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Figure 3. (a)-(b) UCL spectra and properties of Ce**-doped CSS [100/0][90/10][60/0]
(NaHoF4@NaHoF4:10%Ce* @NaGdF4:60%Yb*"), [90/10][90/10][60/0]
(NaHoFa:10%Ce**@NaHoF4:10%Ce**@NaGdF4:60%Yb*), [90/10][50/10][60/0]
(NaHoF4:10%Ce** @NaHoFa: 10%Ce**,40%Gd** @NaGdF4:60%Yb*) and [50/10][50/10][60/0]
(NaHoF4:10%Ce*",40%Gd* @NaHoF4:10%Ce>",40%Gd*" @NaGdF4:60%Yb*") UCNPs. (¢)—(d) UCL spectra and
properties of Ce**-free CSS [90/0][90/0][60/0] (NaHoF4:10%Gd**@NaHoF4:10%Gd**@NaGdF4:60%Yb3"),
[90/0][50/0][60/0] (NaHoF4:10%Gd**@NaHoF4:50%Gd* @NaGdF:60%Yb™), [50/0][90/0][60/0]
(NaHoF4:50%Gd*@NaHoF4:10%Gd**@NaGdF4:60%Yb*) and [50/0][50/0][60/0]
(NaHoF4:50%Gd* @NaHoF4:50%Gd>* @NaGdF4:60%Yb**) UCNPs. (¢) Schematic illustrations of overall Yb3*—
Ho?" distance variations with Ho>" concentration distributions in core and S1. (f)—(g) Decay curves of green UCL
at 540 nm and red UCL at 645nm of UCNPs in (¢).

To further investigate these results, a series of Ce**-free CSS UCNPs were synthesised with
varying Ho’" concentration distributions. The synthesised hexagonal-phase samples were uniform
and displayed average sizes comparable to the Ce**-doped CSS UCNPs (Fig. S4). Their UCL
spectra and corresponding property variations are illustrated in Fig. 3c—d. With the progressive
reduction of Ho*" concentration in S, the core and both regions, /g and G/R ratios consistently
increased, while /r exhibited an unobvious trend (see Note S1 in SI). The increase in /g with
decreasing Ho®" concentration confirms the dominant role of Ho**~Ho*" CR in reducing the G/R
ratio in Ce**-free UCNPs. Notably, the I of [50/0][90/0][60/0] and [50/0][50/0][60/0] UCNPs was
significantly higher than of the other samples. This suggests that in Ho@Yb UCNPs, Ho*" ions
beyond d also influence UCL behaviour via Ho**~Ho*" CR. In other words, Ho** ions located within
d contribute both to emission and CR, while those beyond d mainly participate in CR. A Forster
resonance ET theory applies to sensitiser—activator ET in UCL processes,** 3 and given that Yb**



can sensitise Ho>" ions at even 10.7 nm,3' so all Ho*" ions in the core and S; are considered effective
participants. Another notable observation is that /g increased as the Ho®" concentration in S;
decreased. This effect results from a competitive interplay between Ho**~Ho?" CR and energy loss
mechanisms such as SQs and EBT. Although reducing the Ho* content in S; to 50 mol% slightly
lowered CR efficiency and increased the overall Yb**~Ho*" distance, it also allowed Yb** ions to
sensitise a greater portion of Ho?" ions situated deeper within S; and the core. This occurred due to
the reduced number of immediate energy acceptors within the original d (Fig. 3e). Consequently,
the overall distance between activated Ho*" ions and SQs or ground-state Yb** ions increased, as
did the value of d, which is positively correlated (see Note S2 in SI). These changes reduced the
likelihood of negative processes (e.g. surface energy quenching, EBT, EBT-SQ and EBT-EM-SQ;
see Fig. 2), thereby enhancing /r. This analysis is consistent with the single-exponential decay times
(1) fitted for Ce**-free UCNPs. Both green (540 nm) and red (645 nm) UCL decay times were longer
for [90/0][50/0][60/0] and [50/0][50/0][60/0] UCNPs (Fig. 3f—g), indicating reduced energy loss
from Ho*" ions in the 3S»/°F4 and 5Fs states. In conclusion, for the synthesised CSS UCNPs with an
S; composition of [60/0], Ho*>* ions in both the core and S; contributed to Ho**~Ho** CR. Reducing
the Ho*" concentration in S; proved beneficial for improving UCL intensity and extending t.

Returning to the CSS UCNPs doped with Ce** in both the core and S;, a reduction in Ho?"
content did result in decreased Ho**~Ho*" CR. However, the tendency towards Ir did not diminish
accordingly, as the Ho**~Ce*" CR was enhanced due to the alleviation of phonon energy shortage,
as demonstrated in [90/10][90/10][60/0] and [90/10][50/10][60/0] UCNPs (Fig. 3b). Nonetheless,
the [50/10][50/10][60/0] samples exhibited a higher G/R ratio than the [90/10][50/10][60/0]
samples. This phenomenon can be attributed to d variations. As previously discussed, reducing the
Ho?" concentration in S; led to an expansion of d. Conversely, reducing Ho" in the core left fewer
Ho?" ions available for activation within the core region, thereby increasing the probability of Yb3*—
Ho*" ET to Ho" ions in S;. In other words, d contracted (Fig. 3e), as relatively more Ho** ions
contributing to emission were located closer to the interface between the second shell (S;) and Sy
(Fig. S5 in SI). Ho" ions situated near the S1/S; interface were more easily sensitised directly into
the S»/°F; state, contributing to green emission. Meanwhile, Ce*" ions in the core were too distant
from these Ho** ions to support efficient Ho**~Ce3" CR. As a result, the G/R ratio increased despite
the enhancement of Ho*"—Ce*" CR from core-doped Ce*" ions. The fact that [50/10][50/10][60/0]
UCNPs exhibited a larger d yet significantly higher G/R ratio than [90/10][90/10][60/0] ones
indicates that the improvement in Ho**—Ce3*" CR due to reduced phonon energy shortage was
insufficient to counteract the decline in Ho**~Ho*" CR caused by reduced Ho*" concentration in
both core and S;. The limitations of Ce** doping confined only to the core and S; will be further
analysed later. In brief, for CSS UCNPs with Ce*" in both core and S, reducing Ho*" concentration
in S; alone favoured longer t values, while reducing Ho" in both core and S; had the opposite effect
and was not optimal for achieving strong red Ho-based UCL.
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Figure 4. (a)-(b) UCL spectra and properties of Ce**-doped CSS [90/10][50/10][20/0]
(NaHoF4:10%Ce** @NaHoF4:10%Ce*,40%Gd** @NaGdF4:20%Yb*), [50/10][50/10][20/0]
(NaHoF4:10%Ce™*,40%Gd** @NaHoF4: 10%Ce>*,40%Gd> @NaGdF4:20%Yb**) and [50/10][90/10][20/0]
(NaHoF4:10%Ce**,40%Gd>** @NaHoF4:10%Ce** @NaGdF4:20%Yb**) UCNPs. (c)—(d) Decay curves of green
UCL at 540 nm and red UCL at 645 nm of [90/10][50/10][20/0] and [50/10][50/10][20/0] UCNPs.

To gain further insight, Ce**-doped CSS UCNPs with an S, composition of [20/0] were
synthesised. As shown in Figs. S6-7 (also see Note S3 in SI), the [50/10][90/10][20/0],
[90/10][50/10][20/0] and [50/10][50/10][20/0] UCNPs exhibited a pure hexagonal phase and
possessed core sizes and shell thicknesses comparable to the previous samples. Their UCL spectra
and corresponding properties are presented in Fig. 4a—b. Notably, /r remained nearly constant
across these samples, while /g varied primarily with the composition of S;. This suggests that an S
composition of [20/0] was insufficient to provide the extent of ET observed in [60/0] and could not
adequately sensitise Ho*" ions in the core to drive effective Ho**—Ho** CR. As such, the core regions
of these samples can be reasonably excluded from the analysis of their UCL properties. Given that
emission was predominantly from surface Ho®" ions, which are generally inclined towards /g, little
variation in /r was expected. However, both /g and G/R ratio increased from [50/10][90/10][20/0]
to [50/10][50/10][20/0] UCNPs. This result suggests that, in the absence of significant phonon
energy consumption due to ET and CR, reducing Ho*" concentration may not significantly enhance
Ho**—Ce*" CR via phonon energy alleviation. Instead, the overall efficiency of both Ce**~Ho** and
Ho**~Ho*" CR decreased. Interestingly, with Ce** doping, Itoa, particularly I, was even higher in
UCNPs with S; = [20/0] than with [60/0] (Fig. S8). This could be attributed to the following factors:
(1) the reduced Yb*" concentrations (20 mol%) resulted in less phonon energy consumption during
ET, (2) the S, thickness (~5 nm) remained sufficient to supply a moderate level of sensitisation to
Ho?" emitters and (3) most importantly, EBT and surface energy quenching were significantly
suppressed due to enhanced Gd**-based energy shielding. This interpretation is supported by the
decay curves for [90/10][50/10][20/0] and [50/10][50/10][20/0] UCNPs (Fig. 4c—d). The 1 values
for both I and Ir showed no significant variation following the reduction in Ho** concentration in
the core, indicating that the overall distance between activated Ho*" ions and the nanoparticle



surface remains largely unaffected. Furthermore, all T values were notably higher than those for
UCNPs with S, =[60/0], confirming reduced interference from EBT, SQs and phonon energy
shortage. In summary, the distribution of Yb3* ions plays a critical role in fine-tuning UCL properties
and should be carefully considered when designing Ce**-doped UCNPs. For CSS structures, an S,
composition of [20/0] was found to be less favourable for achieving high-purity red UCL.
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Figure 5. (a) XRD patterns of selected CSSS UCNPs. (b)—(f) TEM images and size distribution diagram of
[50/10] (NaHoF4:10%Ce**,40%Gd>), [50/10][90/10] (NaHoF4:10%Ce*,40%Gd>* @NaHoFs:10%Ce™),
[90/10][50/10][60/10] (NaHoF4:10%Ce**,40%Gd* @NaHoF4:10%Ce>* @NaGdF4:60%Yb**,10%Ce*) and
[90/10][50/10][60/10][20/0]

(NaHoF4:10%Ce*",40%Gd* @NaHoF4:10%Ce*" @NaGdF4:60%Yb**,10%Ce>* @NaGdF4:20%Yb") UCNPs. The
scale bars are 100 nm. (g)—(1) Elemental mapping images of [50/10][90/10][20/10][60/0] UCNPs. The scale bars
are 50 nm. For better presentation, the margins of the UCNPs in (g) were outlined with white curves in (h)—(1).

Furthermore, core—shell-shell-shell (CSSS)
NaHoF4:Ce**,Gd* @NaHoF4:Ce*",Gd**@NaGdF4:Ce*", Yb* " @NaGdF4: Yb*" UCNPs (abbreviated
in the same manner as CSS structures) were synthesised with varied Ho*" and Yb** concentration
distributions in the core and Si, and in S; and S3, respectively, to gain deeper insights. The ICP-MS
characterizations showed actual concentration ratios in fine agreement with as-designed doping
content and structures (see Note S4 in SI). A constant 10 mol% of Ce*" ions was doped into the core,
S and S; layers. All samples exhibited pure hexagonal-phase structures (Fig. 5a and S9). Their core
sizes and the thicknesses of S| and S> matched those of the previously synthesised CSS UCNPs,
while the thickness of S3 was ~3.5 nm (Fig. 5b—f and S10-12). High-resolution TEM and elemental
mapping images of [50/10][90/10][20/10][60/0] and [90/10][90/10][60/10][20/0] UCNPs are
presented in Fig. S13—-14 and 5g—1. Clear lattice fringes, along with elemental signals for Ho, Yb,
Gd and Ce, were observed. In addition, Yb signals appeared relatively closer to the nanoparticle
surfaces compared to those of Ho*" (Fig. 5j—k), further confirming the successful synthesis of the
intended multi-layer structures. Table 1 provides an overview of the specific structures and
associated reference numbers for all CSSS samples.

UCNPs 1-16 were categorised into four groups based on identical core and S; compositions
but differing S> and Sz contents. Their UCL spectra and intensity trends are illustrated in Fig. 6a—b.



In each group, /g, Ir and Itowl in Fig. 6b followed similar patterns, with the lowest and highest
values generally observed in samples with S>@S3 configurations of [20/10][60/0] and [60/10][20/0],
respectively—except for the /r of UCNPs 1 and /g of UCNPs 11. It is well established that, in multi-
shell structures, a Yb3* concentration gradient decreasing from the inner to the outer shells (“>’)
optimally supports inward ET and provides effective surface energy shielding. In contrast, equal
concentration throughout layers (‘=") is moderately effective, and gradients increasing from inner
to outer shells (‘<’) perform the worst.*% 3% In >’ distributions, although EBT is more likely due to
high local Yb*" content near activators, outward Yb**~Yb3" EM and surface quenching are
significantly suppressed because of fewer external ground-state Yb*" acceptors and enhanced
surface shielding by inert Gd** dopants. Generally, detrimental energy processes such as EBT-SQ,
EBT-EM-SQ and EBT-EM-ET occur with reduced frequency, allowing Ho?' activators to
maintain stronger radiative emissions. In such cases, EBT becomes a secondary concern when
compared with the considerably enhanced inward ET. This conclusion is supported by 1 for /g and
Ir across the groups (Fig. 6¢—d and Table 1, also see Note S5 in SI). UCNPs with <>’ Yb3*
distributions consistently exhibited the second-longest t values, significantly longer than those of
samples with S,@S; of [20/10][60/0] or [60/10][60/0], due to reduced EBT and surface energy
quenching, though slightly shorter than or comparable to the T values of UCNPs with S>@Ss of
[20/10][20/0], where EBT was nearly eliminated. Notably, although both [60/10][60/0] and
[20/10][20/0] represent ‘=" Yb3* distributions, their sensitising efficiency differed significantly. The
[20/10][20/0] configuration, containing only 20 mol% Yb?*, was relatively inefficient in capturing
980 nm photons and mediating EM inward. Additionally, the distance from the particle surface to
the nearest Ho*" ions in S; (~8 nm) was too great to support efficient ET. Nevertheless, this design
significantly limited EBT and surface quenching. As a result, a small number of Ho?" ions were
excited to the 3S,/°F4 and °Fs states, but these favoured radiative over NR decay, leading to lower
Itota yet longer T values than those of “>’ distributed UCNPs. In contrast, the So@S3 of [60/10][60/0]
design offered increased Yb*" availability for sensitisation and EM, yet also facilitated more severe
EBT and surface quenching. Given that surface energy quenching is a critical factor limiting UCL
performance, both /11 and T values were significantly reduced.

Table 1. Specific structures, given numbers, and decay times of green UCL at 540 nm and red UCL at 645 nm of
different CSSS samples. In [x1/y1][x2/y2][z/y3], x, v and z represent the concentrations of Ho**, Ce?* and Yb** ions

in each respective layer.

Decay times (ps)

No. Structures Abbreviations -
540nm 645 nm
1 Ho:10Ce@Ho:10Ce@Gd:20Yb,10Ce@Gd:20Yb [90/10][90/10][20/10][20/0] 87.28 112.49
2 Ho:10Ce@Ho:10Ce@Gd:20Yb,10Ce@Gd:60Yb [90/10][90/10][20/10][60/0] 68.69 86.09
3 Ho:10Ce@Ho:10Ce@Gd:60Yb,10Ce@Gd:20Yb [90/10][90/10][60/10][20/0] 83.00 101.95
4 Ho:10Ce@Ho:10Ce@Gd:60Yb,10Ce@Gd:60Yb [90/10][90/10][60/10][60/0] 60.16 70.96
5 Ho:10Ce@Ho:40Gd,10Ce@Gd:20Yb,10Ce@Gd:20Yb [90/10][50/10][20/10][20/0] 142.51 192.65
6 Ho:10Ce@Ho:40Gd,10Ce@Gd:20Yb,10Ce@Gd:60Yb [90/10][50/10][20/10][60/0] 76.57 111.19
7 Ho:10Ce@Ho:40Gd,10Ce@Gd:60Yb,10Ce@Gd:20Yb [90/10][50/10][60/10][20/0] 134.95 167.15
8 Ho:10Ce@Ho:40Gd,10Ce@Gd:60Yb,10Ce@Gd:60Yb [90/10][50/10][60/10][60/0] 67.07 93.25
9 Ho:40Gd,10Ce@Ho:10Ce@Gd:20Yb,10Ce@Gd:20Yb [50/10][90/10][20/10][20/0] 130.51 144.41
10 Ho:40Gd,10Ce@Ho:10Ce@Gd:20Yb,10Ce@Gd:60Yb [50/10][90/10][20/10][60/0] 63.65 72.51

11 Ho:40Gd,10Ce@Ho:10Ce@Gd:60Yb,10Ce@Gd:20Yb [50/10][90/10][60/10][20/0] 123.23 164.97



12 Ho:40Gd,10Ce@Ho:10Ce@Gd:60Yb,10Ce@Gd:60Yb [50/10][90/10][60/10][60/0] ~ 46.76  60.03

13 Ho:40Gd,10Ce@Ho0:40Gd,10Ce@Gd:20Yb,10Ce@Gd:20Yb [50/10][50/10][20/10][20/0] 146.78 199.92

14 Ho:40Gd,10Ce@Ho0:40Gd,10Ce@Gd:20Yb,10Ce@Gd:60Yb [50/10][50/10][20/10][60/0] 63.15 88.54

15 Ho:40Gd,10Ce@Ho0:40Gd,10Ce@Gd:60Yb,10Ce@Gd:20Yb [50/10][50/10][60/10][20/0] 146.56 205.86

16 Ho:40Gd,10Ce@Ho0:40Gd,10Ce@Gd:60Yb,10Ce@Gd:60Yb [50/10][50/10][60/10][60/0] 53.07 72.39

17 Ho:50Gd@Ho:10Gd@Gd:60Yb,10Ce@Gd:20Yb [50/0][90/0][60/10][20/0] 7139 9541
18 Ho:10Ce@Ho:10Gd@Gd:60Yb@Gd:20Yb [90/10][90/0][60/0][20/0] 96.01  109.41
19 Ho:10Gd@Ho:10Ce@Gd:60Yb@Gd:20Yb [90/0][90/10][60/0][20/0] 8335 10265
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Figure 6. (a) UCL spectra, (b) UCL properties, (c) decay curves of green UCL at 540 nm, and (d) decay curves of
red UCL at 645 nm of 1-16 UCNPs.

Furthermore, the influences from d variations and the phonon energy shortage derived from
Yb3* concentration distributions in S; and S3 should be considered for a more comprehensive study.
As mentioned earlier, the parameter d varied with the doping concentrations and nanoparticle
structures of Ho@Yb UCNPs. Specifically, the more efficient sensitising energy supply towards the
interior and the more surface energy protection that was provided, the greater the length of d.3!- 46
As such, S:@S3 of [60/10][20/0] exhibited the largest d, while [20/10][60/0] showed the smallest.
When d increased in Ho@Yb UCNPs, more Ho*" ions in the interior were activated for emission,
and these ions were farther from surface Yb*" ions, which reduced the negative effect of EBT and
surface energy quenching. Although Ho3* ions in the interior benefitted /r, more phonon energy was
consumed by phonon-related processes, such as NR of Ho*" ions, Ho**~Ho*" CR and phonon-
assisted Yb**—Ho** ET. With Ce** doping in both the core and S, layer, facilitating more efficient



Ho**—Ce*" CR compared to Ho**~Ho%*, this consumption became significant, leading to a phonon
energy shortage that hindered both CR and UCL efficiency. Because UCNPs 14 had the highest
Ho’" concentration in the core and S;, the phonon energy shortage was most severe when d was
increased by S»@Ss of [60/10][20/0]. The Ho**~Ce** and Ho?'~Ho*" CR processes relatively did
not function efficiently, resulting in a higher G/R ratio. In contrast, S;@S3 of [20/10][20/0] in
UCNPs 1 reduced the phonon energy shortage due to a relatively shorter d and, importantly, further
mitigated energy loss due to EBT and surface energy quenching. The efficiency of both Ho**—Ce**
and Ho**~Ho*" CR was not as greatly reduced, allowing Ho" ions to remain longer in the 3S,/°F4
and °Fs states, providing more opportunities for CR, thus resulting in the lowest G/R ratio among
UCNPs 14, as shown in Fig. 6b. The exception for the /r in UCNPs 1 was explained, and proposed
mechanisms for the I of UCNPs 11 are discussed later. Additionally, the reduction in Ho**
concentration in both the core and S; led to a higher /1o enhancement rate of 63.71% from S>@S3
of [20/10][20/0] to [60/10][20/0], compared to 19.75%, 27.27% and 19.64% for the other Ho**
concentration distributions, as seen in Fig. 6b. This enhancement was attributed to the relatively
alleviated phonon energy shortage, primarily resulting from less Ho**~Ho?" CR. In summary, Yb**
concentration distributions can fine-tune UCL properties mainly by affecting sensitising energy
transfer, surface energy protection and Ce’*-induced phonon energy shortage. <>’-distributed CSSS
UCNPs exhibited the highest Itotal.

UCNPs 1-16 were then divided into another four groups, with S, and S; being identical but
differing in core and S, to investigate the influences of variations in Ho*" concentration distribution.
Line charts of Ig, Ir, ITora1 and G/R ratios for UCNPs 1-16 were collected in Fig. 7a—d and S15.
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Figure 7. (a)-(d) Line charts of variations of /G, /r and Itotal for groups of 1/5/9/13, 2/6/10/14, 3/7/11/15 and
4/8/12/16 UCNPs, respectively. (e)—(f) Schematic graphs of shelter of surrounding activated Ho3" ions. (g)-(i)
Schematic comparisons of variations of d and Yb*>*~Ho*" ET by S2@S3 of [60/10][20/0], core@S1 of
[90/10][50/10], and core@S1 of [50/10][90/10], respectively.

Compared with the groups in Fig. 6b, the /1o values exhibited different trends. For UCNPs
with S, of [20/10], a reduction in Ho*" solely in the core led to the highest Itowi, Whereas for S of
[60/10], a reduction in Ho®" concentration in both the core and S; had the same effect. This
phenomenon can be explained by the combined influences of d and the phonon energy shortage. As



noted earlier for CSS UCNPs, both Ho>" ions in the core and S; were activated and contributed to
the UCL-related processes; d was modulated by the Ho*" concentration distributions in the core@$;,
and the sequence of values should be [50/10][90/10] < [90/10][90/10] < [50/10][50/10] <
[90/10][50/10] under the same Yb?" sensitising conditions. Thus, UCNPs 9 and 10 exhibited the
shortest d in their respective groups. As the sensitising energy supply from S>@Ss of neither
[20/10][20/0] nor [20/10][60/0] was efficient, and S, of [20/10] resulted in less EBT, a shorter
distance between Yb*' and Ho*' ions improved Yb’'-Ho*' ET efficiency, enhancing Itotal.
Furthermore, any Ho>* concentration reduction, whether in the core or S, would reduce the phonon
energy shortage, benefitting phonon-assisted Yb**~Ho*" ET. It is important to note that while the
‘<’-distributed S>@S3 of [20/10][60/0] was detrimental to inward EM, the far distance from the
surface Yb3" ions caused by thick S, (~5 nm), and presence for only 20 mol% of Yb*" ions in S, for
EBT and EM, was somewhat advantageous for reducing outward EM. Additionally, the phonon
energy shortage was relatively less severe due to the lower activation of Ho’" ions through
inefficient sensitisation. As a result, the efficiency of both Ho**—Ce*" and Ho*"~Ho’" CR improved,
better competing against EBT and reducing outward EM by inhibiting the EBT-EM pathway. Thus,
the drawbacks of S>@S; of [20/10][60/0] in our samples were partly mitigated. The relatively
similar t values for S,@S3 of [20/10][60/0] and [60/10][60/0] support this analysis (Table S1 in SI).

In comparison, S>@S3 of [60/10][20/0] and [60/10][60/0] were relatively more efficient in
sensitising energy supply and inward EM. Lengthening d by reducing Ho*" concentration in both
the core and S; had a less negative impact on ET, and EBT was mitigated simultaneously. From
another perspective, the phonon energy shortage was much more severe in UCNPs 15 and 16 than
in UCNPs 13 and 14, so core@S; of [50/10][50/10] with the largest reduction in Ho?" concentration
was most beneficial for the efficiency of Ho>*~Ce*" CR and phonon-assisted Yb**~Ho?** ET, thereby
increasing Iton. With 60 mol% of Yb*" ions in S,, which favoured EBT, the more efficient
transitions (*F72 — 2Fs;) of Ce*" ions meant that Ho’" ions in the >S,/°Fj state required less time to
wait for Ho**—~Ce*" CR, thereby reducing potential energy loss via EBT (see Note S6 in the SI).
Similarly, the more efficient Yb**—Ho?" ET, the less time intermediate *l¢-state and °I7-state Ho>"
ions waited for further sensitisation, leading to more Ho** ions in the 3S>/°F4 and °Fs states for
emission. Because outward EBT-EM was more pronounced in ‘=’-distributed S@S3 of
[60/10][60/0], in respond to EBT decrease by Ho*" reducing concentration in both the core and S,
UCNPs 16 compared to UCNPs 12 showed larger Itor1 enhancement rate of 47.21%, much higher
than the 8.91% increase for UCNPs 15 compared to UCNPs 11. Another relevant example is shown
in Fig. 6b, where So@S3 of [20/10][20/0] resulted in a higher /1ot than [60/10][60/0] for all but the
last group. Although UCNPs 16 exhibited worse EBT and surface energy quenching than UCNPs
13, the phonon energy shortage in UCNPs 13—-16 was the least severe among the four groups, so
phonon-consumed Ho**—Ce*" CR and Yb**~Ho3" ET were promoted, leading to a greater increase
in Ioal for UCNPs 16. Furthermore, the alteration exception for /g in UCNPs 11 in Fig. 6b aligned
with our analysis. In UCNPs 11, EBT was worsened by a combination of factors: S, of [60/10], the
increased waiting time for Ho’>*~Ce3" CR due to more severe phonon energy shortage, and shortened
d by core@S; of [50/10][90/10]. More relevant mechanisms would be explained afterwards. As a
result, /g was less enhanced and lower than that of UCNPs 9. More evidence can be found from the
1 values. For instance, in the respective group shown in Fig. 7a—d, UCNPs 9 and 10 had shorter 16
and tr than UCNPs 5 and 6 due to the overall shorter distance between activated Ho*" ions and the
nanoparticle surface; UCNPs 13 and 15 had the longest tg and tr due to moderate d values and the



least phonon energy shortage.

In conclusion, Itoa changed with the Ho*" concentration distributions in the core and S; due to
variations in d and phonon energy shortages. A reduction in Ho** concentration solely in the core
correlated with a relatively inefficient S,@S3, whereas a reduction in both the core and S; correlated
with an efficient S;@S:s.

Interestingly, as shown in Table S1, UCNPs 9 and 11 exhibited higher tg and tr than UCNPs
1 and 3, respectively, which seemed contradictory to our hypothesis that the d sequence of core@S
should be [50/10][90/10] < [90/10][90/10]. However, as discussed earlier for Itotal Variations in
Fig. 7a—d, alleviating phonon energy shortage by reducing Ho** concentration can increase the
efficiency of Ho**~Ce*" CR and phonon-assisted Yb**~Ho*" ET, populating more Ho’" ions in
3S,/°F4 and °Fs states. Furthermore, the shortened overall Yb**~Ho?" distance due to core@S; of
[50/10][90/10] promoted Yb**~Ho*" ET, thereby activating more Ho’* ions. Consequently, the
probability of nonradiative decay possibility partly decreased with larger Ho’" population on
emitting states. And when EBT and surface energy quenching were not that severe from S,@S3 of
[20/10][20/0] and [60/10][20/0] in UCNPs 9 and 11, their 1 and tr might be higher than those of
UCNPs 1 and 3. In contrast, UCNPs 10 and 12 exhibited lower 1g and tr than UCNPs 2 and 4 due
to the more severe EBT and surface energy quenching from S>@Ss of [20/10][60/0] and
[60/10][60/0]. This result indicated that, under reduced EBT and surface energy quenching by
double active shells, Ho** concentration distributions could also decide T values by influencing
phonon energy shortage. The energy mechanisms in Ce*'-doped Ho@Yb UCNPs are highly
complex and require careful analysis.

The distribution of Ho** concentrations in Ho@Yb UCNPs had a greater impact on the t values.
In conventional low-doped core—multi-shell structures, activators distributed throughout the UCNPs
typically exhibited a consistent emission tendency. Emitters associated with each characteristic peak
were subjected to similar sensitisation and energy loss conditions. However, in Ho@Yb structures,
as discussed above in relation to Fig. 2, within d, Ho" activators located near surface Yb3* ions
predominantly emitted green UCL, whereas those situated deeper primarily emitted red UCL. This
indicates that Ig-favoured Ho®" ions inherently experienced greater EBT and surface energy
quenching compared to Ir-favoured ones. Because 1 is highly sensitive to EBT and surface energy
quenching, 16 should accordingly be smaller. Following the reduction of Ho** concentration in the
Si layer of our CSSS samples, d increased, leading to a greater proportion of newly added, deeper
Ho?" ions that were Iz-favoured and exhibited longer t values—thereby contributing to an overall
rise in tr. In contrast, first, the Ig-favoured Ho?" ions saw less benefit from the reduced Ho**—Ho?*
CR than those in Ce**-doped CSS UCNPs. This is because Ce*" ions were doped simultaneously in
the core, S; and S; layers, allowing the phonon energy release from the reduced Ho*" concentration
to be readily utilised by Ce*" dopants, increasing the overall Ho**~Ce*" CR efficiency. Moreover,
given the Sz layer’s thickness of ~3.5 nm, some Ce*" ions doped in S could interact with surface
groups instead for 2F7», — 2Fs;, transitions, further enhancing Ho**—~Ce** CR. Consequently, /G-
favoured Ho’" ions were subjected to more non-radiative Ho*>*—~Ce*" CR. Second, at higher Ho**
concentrations, more excited-state Ho** ions were located in close proximity. While this led to
competition for Yb’*'~Ho*" ET, it also allowed the ions to mutually shield each other from surface
energy quenching (Fig. 7e—f). Conversely, when the Ho*" concentration in S; was reduced, fewer
activated green emitters surrounded one another, increasing the likelihood of individual decay from
the 3S»/°F4 state via Ho**—Ce*" CR, SQs, and especially EBT, due to the phonon energy shortage.



Although the reduced ET competition could activate more Ho’" ions, many of these were inside and
Ir-favoured. Only those relatively close to the surface and distant from S,-doped Ce>* ions were IG-
favoured. The influences from EBT and surface energy quenching on 1g turned less reduced.
Therefore, the overall increase in 1 was smaller than that of tr, or T might even decrease. It is
worth noting that fewer Ho** ions in front in S; could indeed increase EBT in the Ir-favoured region,
but this effect was negligible in light of the contribution of the newly added deep Ho*" ions that
were Ir-favoured, and the remaining 50 mol% of Ho®" ions near the S»/S, interface. The t values
reported in Table 1 support our analysis. For structures with S;@S3 configurations of [60/10][60/0]
and [20/10][60/0], which facilitated greater access to EBT and SQs, 1 exhibited lower increase
rates of 11.49% and 11.47%, compared with 31.41% and 29.16% for tr, respectively, after reducing
Ho** concentration solely in S;. This disparity narrowed to 62.59% and 63.28% versus 63.95% and
71.26%, respectively, when the S>@S3 configuration was altered to [60/10][20/0] and [20/10][20/0]
for less EBT and surface energy quenching. Additionally, Tr increased more significantly than tg
when transitioning from core@S; configurations of [90/10][90/10] or [50/10][90/10] to
[50/10][50/10] (Table S2 in SI), further indicating the effective Ho’~Ce*" CR mediated by Ce**
ions in S, and the reduced shielding from fewer neighbouring Ho*" ions. In summary, in Ho@Yb
UCNPs, reducing Ho’" concentration in S; led to a greater enhancement in tr than in tg. This
outcome can be attributed to the spatial distinction between Ig-favoured and Ir-favoured Ho*" ions,
the shielding effect of neighbouring Ho*" ions and the pervasive Ho?>*—Ce*" CR enabled by Ce**
dopants present across the core, S; and S, layers.

In particular, UCNPs 5-8 generally exhibited the lowest /o1 Within their respective groups in
Fig. 7a—d. This phenomenon provides further insight into how variations in Yb3" and Ho*"
concentration distributions affect d. Both the core@S; structure [90/10][50/10] and the S>@Ss
structure [60/10][20/0] resulted in a lengthened d, albeit via entirely different mechanisms. In the
former, the lengthening was caused by a reduction in Ho*" concentration within S;, which forced
Yb** ions to locate ground-state Ho*" ions situated deeper within the structure as energy acceptors
(Fig. 3e). With the presence of Ce** ions in S and no reduction in Ho*" concentration in the core,
the inward supply of sensitising energy was not significantly enhanced due to the persistent shortage
of phonon energy. Coupled with the increased Yb**~Ho®" ET distance, the number of newly
activated Ho®" ions in the core likely did not compensate for the loss caused by the Ho*"
concentration cut in S;. Given that S; is ~4 nm thick—sufficient to cause a notable change in ET
distance under Ho*" reduction—the most probable outcome was a decreased population of Ho**
ions in the °S,/°F4 and °Fs excited states. Although t of these excited Ho*" ions may have been
prolonged, as previously discussed, /ol is determined by both the number and 1 of emitting states.
Thus, in our CSSS UCNPs, the overall effect was a reduction in It This underscores that
increasing the overall Yb**~Ho3" distance to suppress EBT—at the cost of diminished Yb**~Ho**
ET efficiency—is not an optimal strategy. By contrast, in the S,@S3 structure with a “>’-gradient,
d was lengthened primarily through increased inward sensitising energy and reduced EBT-EM
outward. As a result, more Ho*" ions were effectively activated (Fig. 7g), and they experienced less
EBT and surface energy quenching. This yielded a greater number of Ho*" ions in emissive states
with extended t, ultimately enhancing /1ot This is supported by Fig. 7a—d, where the /1ol reduction
between UCNPs 3 and 7 was just 6.50%, notably less than the respective decreases of 12.03%,
39.98% and 38.74% observed between UCNP pairs 1 and 5, 2 and 6 and 4 and 8. This suggests that
the improved Yb**~Ho*" ET and enhanced surface energy protection afforded by the S>@Ss3 of



[60/10][20/0] partially compensated for the extended ET distance imposed by core@S; of
[90/10][50/10]. Nonetheless, EBT remained relatively significant in S, of [60/10], and the protective
effect of surrounding Ho*" ions was weakened by core@S; of [90/10][50/10]. To exacerbate matters,
as discussed previously, the probability of EBT increases under conditions of continued phonon
energy shortage. Therefore, /1o ultimately declined. Among the other UCNP pairs, UCNPs 1 and
5 and 2 and 6 suffered from inefficient ET, while UCNP pairs 2 and 6 and 4 and 12 exhibited
worsened surface energy protection. These factors proved more detrimental to core@S: of
[90/10][50/10] than UCNP pair 3 and 7, explaining the greater /To.1 reductions observed. Notably,
as shown in Fig. 3b, CSS UCNPs with the configuration [90/10][50/10][60/0] had a higher Itotal
than those with [90/10][90/10][60/0], implying a role for the number of structural layers. EBT and
surface energy quenching effects were more pronounced in Ce**-doped CSS structures compared to
CSSS ones, which might allow the beneficial impact of reduced EBT to outweigh the negative
consequence of lower ET efficiency when d is increased via Ho*>* concentration reduction in S;.

Moreover, whether using S, of [60/10] or [20/10], core@S; of [50/10][90/10] consistently
achieved higher /1ol than [90/10][50/10], further underscoring the precedence of ET efficiency over
EBT with respect to the overall Yb**—Ho*" distance. This observation also highlights a distinct
feature of Ce**-doped Ho@Yb structures: due to the separation of sensitiser and activator by shells,
Ho@Yb UCNPs depend far more on the spatial proximity between sensitiser and activator ions than
traditional co-doped UCNPs do for efficient UCL. Additionally, with the presence of > Yb3*
concentration profiles and Ce** doping across the core, Sy and S; layers, phonon energy shortage
became particularly significant. The shortage is primarily caused by phonon-consuming Yb3"*—Ho3"
ET and Ho**—Ce** CR processes. Therefore, reducing Ho** concentration is necessary to eliminate
a portion of substitutable NR and suppress Ho**~Ho** CR. However, this adjustment must be made
with caution, as the potentially associated increase in d should be avoided to optimise nanoparticle
performance. Another justified inference concerns the core@S; structure of [50/10][90/10]: the
additional sensitising energy in S;—compared to [90/10][90/10]—would primarily be transferred
to Ho®" ions near the S1/S; interface, rather than to ions located deeper or beyond d. This is because
the inward flow of sensitising energy was not substantially improved, and the ET efficiency
remained highly dependent on the Yb3*~Ho3" distance (Fig. 7h). As such, d was shortened. In
contrast, for core@S; of [90/10][50/10], surplus sensitising energy in the core was likely transferred
to Ho®" ions near the core/S; interface—regions that are deeper or already beyond d (Fig. 7i),
resulting in a partial increase in d. This further supports our earlier conclusion that the order of d
values for core@S: structures follows the sequence: [50/10][90/10] < [90/10][90/10] <
[50/10][50/10] < [90/10][50/10], under the same Yb*" sensitising conditions. In summary, changes
in d induced by varying Yb** and Ho*" concentration distributions follow distinct mechanisms.
Reducing Ho®" concentration solely in the S; layer is not conducive to It enhancement in our
CSSS UCNPs.

Yb3* lifetimes of can provide more proof for our analysis (see Note S7 in SI). Besides, further
detailed variations in /g, Ir, G/R ratios and t values for UCNPs 1-16, presented in Fig. 7a—d, S15
and Table S1, are consistent with this discussion (see Note S8 in SI). The line charts of UCL
properties for Ce**-doped UCNPs (Fig. 7a—d) clearly demonstrate the significant influence of both
Yb*" and Ho*" concentration distributions within CSSS structures. Overall, compared to CSS
UCNPs, the UCL intensity was enhanced in CSSS structures. Additionally, with Ce*" doping in the
core, S; and S; layers, the G/R ratios were lower and more stably controlled around 1. Notably,



UCNPs 11 and 15 exhibited the most optimal UCL properties in terms of G/R ratio and /Itotl,
respectively. These two samples also possessed comparable quantum yields as conventional low-

doped UCNPs (Fig. S16).
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Figure 8. (a) UCL spectra of UCNPs 11 ([50/10][90/10][60/10][20/0],
NaHoF4:10%Ce**,40%Gd** @NaHoF4:10%Ce* @NaGdF4:60%Yb**,10%Ce** @NaGdF4:20%Yb*") and 17
([50/01[90/0][60/10][20/0],

NaHoF4:50%Gd** @NaHoF4:10%Gd** @NaGdF4:60%Yb*",10%Ce*" @NaGdF4:20%Yb*"). Inserted images from
left to right: UCL photos of UCNPs 15 ([50/10][50/10][60/10][20/0],
NaHoF4:10%Ce**,40%Gd** @NaHoF4:10%Ce**,40%Gd* @NaGdF4:60%Yb*",10%Ce* @NaGdF4:20%Yb>"), 11,
and 17 for better comparison. (b) Decay curves of green UCL at 540 nm and red UCL at 645 nm of UCNPs 17. (¢)
Schematic graphs of d decrease due to Ce*" doping only in Sa. (d) Schematic graphs of most possible CR
mechanisms in UCNPs 17. (e)—(f) Line charts of G/R ratio variations with power density of UCNPs
[90/0][90/0][60/0], 15 and 17. (g) Schematic graphs of most possible CR mechanisms in UCNPs 11.

The UCL spectrum and decay curves of [50/0][90/0][60/10][20/0] UCNPs (numbered as 17)
are shown in Fig. 8a—b, respectively. Interestingly, compared with UCNPs 11, UCNPs 17 exhibited
approximately the same /roa1 but a lower G/R ratio of 0.23, compared to 0.43 for UCNPs 11, as well
as shorter 1 and tr values of 71.39 and 95.41 ps, respectively. Based on our previous study, Ce**
doping in S; was more effective than in the core and S; due to reduced phonon energy shortage
through energy interactions with nanoparticle surface groups such as CH».!” Because the quantity
of Ce*" ions was greater and doped in the core, S; and S», the phonon energy shortage in UCNPs 11
would be more severe than in UCNPs 17. The °S,/°Fs-state Ho®" ions required longer intervals for
Ho**—Ce*" CR, which was not conducive to a lower G/R ratio and EBT possibility. However, the
UCNPs 17 had similar sizes to the UCNPs 1-16 (Fig. S17), meaning the core@S; structure for
UCNPs 17 was relatively large, making it difficult for S,-doped Ce*" ions to initiate relatively
efficient CR with deep Ho®" ions. The majority of Iz-favoured Ho** emitters were likely located
nearer to the Si/S; interface and underwent more EBT than those in UCNPs 11. The final result was
a reduction in tr for UCNPs 17. The low G/R ratio of UCNPs 11, with a shortened overall distance
between Ho** and S»-doped Ce** ions (Fig. 7a—d) partly supports this proposed mechanism.



Accordingly, d of UCNPs 17 should be shorter than that of UCNPs 11, but the red-emitting Ho>*
ions within d became more efficient to increase /r (Fig. 8¢). It is worth pointing out that in our
previous research,!” the NaHoF, core was only ~6 nm, enabling easy coverage of core-doped Ho*"
ions by CR from shell-doped Ce*" ions, which had relatively negligible effect on the locations of
Ir-favoured Ho*" emitters. Therefore, tr was longer with Ce*" doping in the shell than in the core.
This phenomenon indicated that the UCL analysis was complex for Ho@Yb UCNPs, where even
core—shell sizes could alter UCL mechanisms and properties. Regarding 1, its decrease confirmed
the efficiency of S,-doped Ce’* in depopulating >S,/°Fs-state Ho** ions in UCNPs 17.

CR mechanisms were then compared for UCNPs 11 and 17. The most likely situation for
UCNPs 17 involved Ho**~Ho*" CR dominance in the core and both Ho**~Ho*" and Ho**-Ce** CR
dominance in S; (Fig. 8d), with the location differences between Ig-favoured and Ir-favoured Ho**
ions in Ho@YD structures still present. As shown in Figs. 8e—f and S18, similar to our previous
results,3! with a power density change from 0.3 to 2.1 W/cm?, the G/R ratio values gradually
decreased from 0.41 to 0.20, 1.03 to 0.85 and 2.52 to 1.11 for Ce*"-doped CSSS 17 and 15 and Ce3"-
free CSS [90/0][90/0][60/0] UCNPs, respectively. When the inward sensitising energy supply
increased with higher power density, deep Ho*" ions had a better chance of being activated for
emission. As they were farther from Ce3" ions in UCNPs 17, the decreased G/R ratio proved that
they could participate in alternative Ho**~Ho** CR for relatively efficient red emission. In UCNPs
15, with less Ho**-Ho3*" CR from fewer Ho*" ions competing for phonon energy, Ho>*~Ce*" CR of
Ce’" dopants in the core and S; should be more efficient than in UCNPs 11. Despite this, the G/R
ratio decreased with increasing power density, confirming the validity of our initial assumption that
for our samples in this research, the Ho@Yb feature regarding location differences between /-
favoured and Ir-favoured Ho** ions remained with Ce** dopants in the core and S;. From another
perspective, compared with traditional NaGdFs:Yb’",Ce** Ho’>" UCNPs, where the G/R ratio
remained nearly constant with increasing pump power, Ce**-doped Ho@Yb UCNPs exhibited a
colour change response to pump power, offering greater application potential, such as for sensing
and anti-counterfeiting. Additionally, the larger reduction in the G/R ratio in [90/0][90/0][60/0]
UCNPs was caused by insufficient energy supply and protection by the single S, of [60/0], which
activated fewer Ir-favoured Ho*" ions at 0.3 W/cm?. For UCNPs 11, Ce** dopants in the core@S:
could compete with those in S for phonon energy, and the most likely situation would be Ho*—
Ce*" CR dominance in both the core and S; (Fig. 8g). However, part of Ho**~Ho*" CR could
cooperate with Ho>*~Ce** CR1 to enhance Iz through cycles of °Is (Hoi*") + 2Fsp (Ce*) — °I;
(Hoi*") + 2F72 (Ce), followed by 317 (Hoi>") + “F4/°S; (Ho*") — Sl (Hoi*Y) + °Fs (Hoz*"), which
would depopulate 3F4/°S;-state Ho" ions, as in Ho**~Ce*" CR2 (Fig. 2). In this sense, the relative
inefficiency of CR2 compared with CR1 was offset to some degree. To summarise, UCNPs 11 and
17 had different UCL properties and mechanisms, with better performance in T and G/R ratio,
respectively. Ce3*-doped Ho@Yb UCNPs displayed tunable UCL colour with pump power, offering
wider application possibilities.
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Figure 9. (a) UCL spectra, (b) line charts of UCL properties and (¢)—(d) decay curves of green UCL at 540 nm and
red UCL at 645 nm of UCNPs 18 ([90/10][90/0][60/0][20/0],

NaHoF4:10%Ce** @NaHoF4:10%Gd** @NaGdF4:60%Yb** @NaGdF4:20%Yb*") and 19
([90/0][90/10][60/0][20/0], NaHoFa:10%Gd** @NaHoF4:10%Ce** @NaGdF4:60%Yb** @NaGdF4:20%Yb**). UCL
spectrum and properties of UCNPs 3 ([90/10][90/10][60/10][20/0],

NaHoF4:10%Ce*" @NaHoF4:10%Ce** @NaGdF4:60%Yb**,10%Ce** @NaGdF4:20%Yb*") are added for better
comparison.

Finally, the influences of Ce** doping only in core or S; were studied. Fig. S19 and 9a—b show
the TEM images, UCL spectra and properties of [90/10][90/0][60/0][20/0] and
[90/0][90/10][60/0][20/0] UCNPs (numbered as 18 and 19, respectively). UCNPs 3 were included
for better comparison. Clearly, UCNPs 18 and 19 exhibited similar sizes to the UCNPs 1-16, and
the sequence of G/R ratio values was 1.28 of UCNPs 3 < 1.52 of UCNPs 18 < 1.99 of UCNPs 19,
indicating that Ce** dopants available in multiple layers were advantageous for a lower G/R ratio,
and that Si-doped Ce*" ions were relatively less effective. Because S; was ~8 nm away from the
nanoparticle surface, Si-doped Ce** ions were most likely to consume lattice phonons for Ho**—
Ce* CR, just as core-doped Ce*" ions did. However, Si-located Ho®" ions were closer to the
sensitisers and required more phonon energy for Yb>*~Ho*" ET than core-located Ho3" ions.
Therefore, in UCNPs 19, the phonon -consuming Ho**—Ce*" CR and Yb**~Ho*" ET together within
S| went against efficient phonon energy usage and conflicted with each other more than when
separated by the core and S; in UCNPs 18. Note that, given the lowest G/R ratio of UCNPs 17, the
average Ho**-Ce3" distance for CR should not be as important as the Yb**~Ho** distance for ET in
our CSSS samples. For UCNPs 3, with Ce3* doping in multiple layers, Ho**—Ce*" CR suppressed
inferior Ho**~Ho*" CR across core@S:, allowing for better overall phonon energy allocation than
in UCNPs 19, as evidenced by the slightly lower /totr than for UCNPs 18 in Fig. 9b. In contrast, the
Tiota1 of UCNPs 19 dropped markedly. Further evidence was provided by the decay curves (Fig. 9¢—
d). Fitted 16 and 1r values were 83 and 101.95, 96.01 and 109.41 and 83.35 and 102.65 us for
UCNPs 3, 18 and 19, respectively. Reduced competition for phonon energy between Ho3*~Ce3* CR
and Yb**~Ho** ET not only shortened the needed CR-waiting time for 3S»/°Fs-state Ho®" ions to



lessen EBT and surface energy quenching but also populated more 3S,/°F4-state and °Fs-state Ho®*
ions as emitters or shielded other surrounding emitters, leading to the longest tg and tr for UCNPs
18. Interestingly, UCNPs 3 obtained 1 and tr values very close to those of UCNPs 19, even though
there were additional Ce** dopants in the core and S,. This result confirmed the superiority of Ce**
doping in multiple layers and suggested that not all Ce*" dopants took effect, but only those
optimising phonon energy usage did to keep the overall Ho**—Ce3" CR as efficient as possible, such
as those near the nanoparticle surface or in positions conducive to phonon acquisition or Ho**~Ho*
CR. Another typical example was UCNPs 11, where, under enhanced Yb**~Ho*" ET by both “>’-
distributed Yb>" concentrations and shortened Yb3'~Ho*" distances, the severe phonon energy
shortage meant that most of the active Ce** ions were rationally S,-doped. Therefore, apart from the
previously mentioned EBT, the low /g and G/R ratio was also determined by the distance to the S,-
doped Ce*" ions. In contrast, the significant increase in the G/R ratio from CSS [90/10][50/10][60/0]
to [50/10][50/10][60/0] UCNPs (Fig. 3b) clearly demonstrated the inferiority of Ce** doping only
in the core and Sy, as did not optimise phonon energy allocation throughout the UCNPs for efficient
Ho**—Ce*" CR. In a nutshell, for the [90/0][90/0][60/0][20/0] structure, Ce** doping solely in the
core was slightly more conducive to Lot and T, but Ce’" doping in multiple layers achieved a lower
G/R ratio.

Conclusion

In conclusion, a series of Ce3*-doped and Ce**-free core-multi-shell UCNPs, highly doped
with Ho*" and Yb** ions, were successfully synthesised using the oleate method. The concentration
distributions of Ho*" in the core and first shell (S;), and Yb3" in the second and third layers (S, and
S3), significantly influenced Ce**-finetuned upconversion luminescence (UCL) but by different
energy mechanisms. Except in double-shell UCNPs with an S, layer of NaGdF4:20%Yb**, all Ho**
ions participated in UCL. Ho** ions in the core primarily engaged in Ho**~Ho?" CR, while those in
Si contributed mainly to emission and Ho**~Ho*" CR. In the Ce**-doped triple-shell UCNPs,
reducing the Ho®" concentration in the core or S; can alter d (within which emission were relatively
effective) by modulating the proximity of Ho*" energy acceptors to Yb*" donors, which in turn
influenced the Yb**-Ho*" ET, EBT and surface energy quenching. In contrast, higher Yb*"
concentrations in S; and lower concentrations in S; resulted in an increased inward sensitising
energy supply and reduced EBT and surface energy quenching, thus extending d. The reduction of
Ho?" concentrations, especially in the S; layer, mitigated phonon energy shortage by decreasing
Ho**~Ho** CR to enhance phonon-consumed Ho**~Ce*" CR and Yb*-Ho*" ET, and to partly
decrease surface quenching. However, this also decreased the energy shielding effect provided by
surrounding activated Ho**. Furthermore, the distribution of Yb3" ions favourable for ET was found
to partially worsen phonon energy shortage. The number of layers in the UCNPs affected how these
Ho3* and Yb3* concentrations influenced UCL. The
NaHoF4:10%Ce*",40%Gd* @NaHoF4:10%Ce* " @NaGdF4:10%Ce*",60%Yb** @NaGdF4:20%Yb?
* UCNPs exhibited generally optimal UCL performance, with a G/R ratio of 0.43, a red UCL decay
time of 164.97 us and a quantum yield of 1.23%. When Ce** doping was confined to a single layer,
UCL properties were less favourable compared to multi-layers. Doping Ce* only in the S, shell
reduced the G/R ratio but also shortened decay times, leading to altered CR mechanisms. Notably,
the Ce*"-doped core-multi-shell UCNPs displayed tunable G/R ratios with pump power, an
advantage over traditional NaGdF4:Yb*",Ce’",Ho®* UCNPs. These findings provide a



comprehensive understanding of Ce*" doping in core-multi-shell and highly doped UCNPs, offering
strategies for fine-tuning UCL properties and expanding the multifunctional applications of
NaHoFs-based materials.
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Ho?" and Yb?* concentration distributions in core and the 1st-3rd shells (S1—S3) can alter d (within
which emission were relatively effective) in highly-doped core-multi-shell UCNPs with Ce* doping,



thus influencing energy mechanisms involving phonon energy, cross-relaxation (CR), energy
transfer (ET), energy-back-transfer (EBT), etc., and finetuning UCL properties.
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Highlights:

e  Ce*-fine-tuned Ho-based upconversion luminescence (UCL) and energy mechanisms were
investigated in highly doped, core-multi-shell upconversion nanoparticles (UCNPs).

e Factors underexplored or difficult to realise in conventional low-doped or co-doped UCNPs
were examined for Ce*"-tuned UCL, including the number of shell layers and varied Ho**,
Yb** and Ce’* concentration distributions in core and different layers.

e The UCL intensities, green-to-red intensity ratios and decay lifetimes of Ce**-doped
UCNPs were effectively tuned through Ho*" and Yb3* distributions in core-multi-shell
structures.

e Compared to conventional low-doped UCNPs, our Ce**-doped UCNPs still demonstrated
tunable UCL colour dependent on pump power, offering enhanced application potentials.





