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Long-wavelength (1000-2500 nm) near-infrared (LWNIR) phosphors present important application
prospects in biomedical and nondestructive testing. A major challenge for current researchers is
obtaining phosphors with super-wide-range emission across the NIR-II and NIR-IIl spectral regions,
which is highly advantageous for the development of NIR light sources. Ni* is a prominent activator
for LWNIR emission and is sensitive to the octahedral crystal field environment. Herein, a series of
Ni>*-doped Sr,B'B"QOg (B'** = Ga, Sc; B">" = Ta, Sb) phosphors with double perovskite structures was
investigated. Through crystal field engineering of B-site cations, specifically Sc®>*—Sb>* co-substitution
for Ga®>*-Ta>", the emission peak of Ni** was tuned from 1295 to 1665 nm. Such a super-wide-range
tunable emission of up to 370 nm was unprecedented. The emission spectra of Sr,Gaj_,Sc,-
Tal_ySbyOs:O.OlNiz’r solid solution phosphors ranged from 1000 to 2100 nm (across NIR-II and NIR-III).
The excitation peak was correspondingly shifted from 398 to 454 nm, which was suitable for
commercial near-ultraviolet and blue LEDs. The potential applications of our phosphors in biomedical
imaging and nondestructive testing were demonstrated. This work not only developed an efficient
super-wide-range tunable emission phosphor suitable for LWNIR light sources but also revealed the
emission characteristics of Ni*-doped double perovskites, providing important technical guidance for
achieving LWNIR emission and developing large-range tunable phosphors.

1. Introduction

In recent decades, near-infrared (NIR) spectroscopy has been
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widely used in the fields of night vision, anti-counterfeiting,
temperature measurement, biological imaging, substance identi-
fication, and so on.""® Incandescent and halogen lamps, as tradi-
tional NIR light sources, have prominent drawbacks, such as large
volume, high operating temperature, low photoelectric conversion
efficiency, and short lifetimes. Thus, some researchers have turned
their attention to quantum dots, metal halides, and organic
polymers.””® However, these materials usually present unavoidable
shortcomings, such as low luminous efficiency, poor stability, and
untunable emission. Recently developed NIR phosphor-converted
light-emitting diodes (pc-LEDs) can effectively overcome these
drawbacks, offering advantages such as low cost, high efficiency,
long lifetime, and tunable broadband emission.

The activators of NIR phosphors mainly include rare earth
metal ions and transition metal ions. Emission from the former
is primarily attributed to 4f-4f spin forbidden transitions,
which exhibit sharp line emission characteristics, while emis-
sion from the latter is broadband due to 3d-3d spin-allowed
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transitions. Broadband NIR spectroscopy offers broader appli-
cation potential because it can cover a larger detection range.
So far, there have been numerous investigations on transi-
tion metal ion-doped (such as Mn**, Mn®", Cr’*, Fe*")
phosphors.’"® Among these transition metal ions, Cr*" ions
have become a focus of research owing to their strong absorp-
tion in the blue light region and super-broadband emission in
many hosts, such as La,MgZrOg:Cr*** (full width at half
maximum (FWHM) = 210 nm), Mg,Ga,GeO,,:Cr*""* (FWHM =
226 nm), LizScy(PO,4);:Cr*™*® (FWHM = 240 nm), and LaTi-
TaOg:Cr’™” (FWHM = 300 nm). Exploration of the NIR emission
from non-toxic Fe*" is also rapidly emerging; however, relevant
applications are limited because its excitation is mainly located
in the ultraviolet range. Examples include MgGa,04:Fe*",'®
Sr,LuSbOg:Fe*,' and Ca, sHf, 5(Ga, Al);04,:Fe*".?° In addition,
NIR emission from transition metal ions is highly sensitive
to the surrounding crystal field environment. Luminescence
tuning and enhancement can be achieved by constructing
chemical unit substitutions in solid solutions to modify the
crystal field environment within the host lattice. For example,
Liu et al.*! reported LiIn,SbO:Cr** phosphors, and controllable
emission tuning from 965 to 892 nm is achieved by chemical
unit co-substitution of [Zn>**~Zn>"] for [Li*-In**]. Zhao et al.*®
developed a series of antimonate materials A,MSbOg:Cr** (A** =
Ca, Sr, Ba; M** = Ga, In, Sc, Y) with double perovskite structure.
Through a composition modulation, the NIR emission peaks
ranged from 825 to 1010 nm. Zhang et al.>® designed ABO,:Cr**
(A** = Ga, Sc, In; B> = Ta, Nb) NIR emission phosphors based
on crystal field engineering. Through cation substitution, spec-
tral tuning of nearly 200 nm (from 825 to 1025 nm) is achieved
as the crystal field strength decreases. Moreover, Zhang et al.>*
and Liu et al.®® reported the Fe** activated double perovskite
NIR phosphors A,BSbOg:Fe®" (A = Ca, Sr, Ba; B = Sc, Y, Ga) and
ABB'Og:Fe’ (A = Sr**, Ca®*'; B, B’ = In*", Sb®*, sn**). The
emission tuning in the range from 842 to 944 nm and from
885 to 1005 nm is achieved by crystal field engineering,
respectively.

It is worth noting that emission from the above-mentioned
transition metal ions is usually located in the NIR-I (700-
1000 nm) region. Meanwhile, the vibration absorption of
chemical groups, such as C-H, N-H, and O-H bonds, are
located in the long-wavelength near-infrared (LWNIR) regions
with longer wavelengths (1000-2500 nm).”® Therefore, there is
an urgent need to develop efficient LWNIR emitting materials.
Ni*" with 3d® electrical configuration is an ideal LWNIR emitting
activator due to *Tp(F) — >Ay(F) spin-permitted transitions.
Similarly, the emission from Ni** ions is also sensitive to the
crystal field environment. Huang et al.*’ studied Ca,GeO4:Ni** and
found that Ni** ions can yield sharp emission (FWHM = 16 nm)
when entering the [GeO,] tetrahedron with lower formation
energy. However, studies have found that Ni** ions exhibit broad-
band emission in octahedral crystal fields, and the FWHM usually
exceeds 200 nm.”®3° At present, one of the main systems for the
investigation of Ni** ions is Cr*" and Ni** co-doped luminescent
materials.> > The aim is to improve the blue light absorption of
Ni** with the help of energy transfer from Cr*" to Ni*". However, it
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does not solve the problem of tunable emission of Ni** ions to
cover a larger LWNIR range. For the NIR pc-LEDs, the use of
emission tunable phosphors makes it easy to achieve super-wide-
range band emission using only a single solid solution phosphor,
avoiding the use of multiple phosphors with unavoidable pro-
blems, such as differentiated optimal excitation wavelengths,
reabsorption between different phosphors, complex preparation
processes, and high cost. So far, few investigations have been
reported on the tunability of the Ni** NIR emission. The octahedra
in the double perovskite structure provide favorable conditions for
the broadband emission of Ni** ions, and its B site can be flexibly
adjusted by cation substitution. As with the Cr’* and Fe** doped
double perovskite structure described earlier, the luminescence
tuning of Ni** in this structure can be expected.

Previous researchers have found that the emission wave-
length of phosphors can be effectively tuned either by Sc**
substitution for Ga*' or Sb>" substitution for Ta>".>**° This
forms the basis of the current work. We designed and synthe-
sized a series of Ni** doped Sr,B'B"Og (B”*" = Ga, Sc; B”>" = Ta,
Sb) phosphors and obtained LWNIR emissions covering 1000-
2100 nm across the NIR-II and NIR-III spectral region. When
the cations Ga®" and Ta’" at the B sites are gradually substi-
tuted by Sc** and Sb>*, the emission peak is shifted from 1295
to 1665 nm. The super-wide emission tuning range of nearly
370 nm is unprecedented. Simultaneously, the excitation wave-
length is also shifted from 398 to 454 nm. A super-wide-range
emission with FWHM up to 368 nm of mixing Sr,Ga; ,Sc,-
Ta;_,Sb,06:0.01Ni*" solid solution phosphors in equal propor-
tion was presented under the excitation of a 395 nm near-
ultraviolet (NUV) chip. In addition, the applications of phosphors
in qualitative and quantitative analyses of liquid substances and
bioimaging were verified. This study provides an effective strategy
for developing long-wavelength, high-efficiency NIR materials and
obtaining a super-wide NIR tuning range.

2. Experimental section

2.1 Materials and synthesis

A series of phosphors, including Sr,GaTaOg:XNi*" (X = 0.002,
0.006, 0.01, 0.02, 0.03, 0.04, 0.06), Sr,GaSbO4:0.01Ni*" and
Sr,Ga, _,Sc,Ta; ,Sb,04:0.01Ni*", ((x, y) = (0, 0), (0.3, 0), (0.5,
0), (0.7, 0), (1, 0), (1, 0.3), (1, 0.5), (1, 0.7), (1, 1)) solid solution,
were synthesized by traditional high-temperature solid-phase
method. SrCO; (99%), Ga,0; (99.999%), Sc,0; (99%), Ta,O5
(99.99%), Sb,0; (99.5%), and NiO (99%) were used as raw
materials. The raw materials were weighed based on the
above-mentioned stoichiometric ratio. H;BO; (99.9%) with a
2% weight percentage was added as flux. An appropriate
amount of ethanol was added to mix the raw materials more
easily and evenly. These materials were placed into an agate
mortar and ground for 30 minutes. The mixed powder was
transferred to an alumina crucible and pre-sintered in a muffle
furnace at 900 °C for 6 h, then re-sintered at 1300-1450 °C for
8 h. After cooling to room temperature, the obtained powders
were reground for further measurements.

This journal is © The Royal Society of Chemistry 2025
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2.2 Characterization

The phase composition and crystal structure of the samples
were analyzed by X-ray diffraction (XRD, Bruker D§ ADVANCE)
with Cu Ka. (4 = 1.5406 A) as the radiation source. XRD Rietveld
refinements were performed using FullProf software. The ele-
ment distribution and surface morphology of the samples were
characterized using a scanning electron microscope (SEM,
TESCAN MIRA LMS) equipped with an EDS system. High-
resolution transmission electron microscopy (HRTEM) and
selective area electron diffraction (SAED) images were obtained
using JEOL JEM-F200. The X-ray photoelectron spectroscopy
(XPS) of the samples was performed using Thermo Scientific
K-Alpha. The diffuse reflection (DR) spectra of the samples were
measured by a UV-3600 Plus spectrophotometer using BaSO, as a
reference. The Raman spectra of typical samples were recorded
with a 532 nm laser using a WITec alpha300R Raman spectro-
meter. The excitation and emission spectra of the phosphors were
monitored by a steady-state fluorescence spectrometer (Edinburgh
Instruments FS5), and a temperature control device (MercuryiTC,
Oxford) was loaded to obtain temperature-dependent emission
spectra using liquid nitrogen as the coolant. The fluorescence
attenuation curves, time-resolved photoluminescence (TRPL) spec-
tra and quantum efficiency of typical samples were measured
using Edinburgh Instruments FLS1000 fluorescence spectrometer.

2.3 NIR pc-LED device fabrication

The A glue and B glue were weighed based on the mass ratio of
1:4. Then, an equal proportion of solid solution phosphors
were added to the mixed glue and stirred well for 10 min. The
stirred mixture was integrated onto a 395 nm NUV chip and
cured in a drying oven at 100 °C for 1 h. The NIR pc-LED device
was prepared after complete solidification.

3. Results and discussion
3.1 Structure and composition

Fig. 1(a) shows the crystal structure, lattice parameters and
octahedral coordination environment of Sr,B'B’O¢ (B”" =
Ga, Sc; B”** = Ta, Sb). The octahedra of [B'Os] and [B"Og] form
the basic skeleton by alternating links of shared oxygen atoms,
and Sr** ions are accommodated in the void outside the
octahedron. Due to the difference in the cation radius at the
B site, the structure is distorted in different degrees, resulting
in Sr,GaTaOs, Sr,GaSbOg, Sr,ScTaOg and Sr,ScSbOg, belonging
to the 14/m, I4/m, P2,/c and P12,/n1 space groups, respectively.
The degree of structural distortion can be preliminarily judged
by calculating the tolerance factors through Formula S1
(ESIT).*° The results show that the Sr,ScTaOg structure has a
greater degree of distortion and lower crystal symmetry. From
the lattice parameters, it can be found that the lattice expands
significantly by Sc®* substitution for Ga®", while the lattice
contracts slightly by Sb>* substitution for Ta>". The change in
lattice distortion and lattice parameters affects the octahedral
crystal field environment in the structure, providing effective

This journal is © The Royal Society of Chemistry 2025
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theoretical support for radiative transitions and emission red-
shift of Ni*" ions.

The XRD patterns of the synthesized Sr,B'B”0g:0.01Ni*"
(B’** = Ga, Sc; B"** = Ta, Sb) are shown in Fig. 1(b). All the
diffraction peaks of the samples are consistent with the corres-
ponding standard cards. The introduction of small amounts of
Ni** does not bring additional phases. This indicates that the
designed phosphors have been synthesized successfully. Fig. S1
(ESIT) shows the XRD pattern changes in two alternative routes
(first: Sc®* replaces Ga®", then Sb>" replaces Ta>"; second: Sb**
replaces Ta’", then Sc** replaces Ga**). The deviation of diffrac-
tion peaks is caused by the difference in the cation radius.
In the six coordinate environment, Rges+ = 0.75 A > Rgasr =
0.62 A, Rgps+ = 0.60 A < Rp,>" = 0.64 A. As a result, the Sc**
substitution for Ga*" causes lattice expansion and shifts the
diffraction peak to a smaller angle, while the Sb>* substitution for
Ta>" causes lattice contraction and shifts to a larger angle. Rietveld
refinement results of solid solution phosphors are shown in
Fig. 1(c) and Fig. S2 (ESIT). The values of Ry, Ry, and > are quite
satisfactory, which further indicates the phase purity of the
phosphors. The refined crystallographic parameters and main
bond lengths are presented in Fig. S3 (ESIt) and Tables S1, S2
(ESIT). As expected, the change in the process of the two groups of
samples indicates a significant increase in crystallographic para-
meters and average bond lengths by Sc*" substitution for Ga**,
while a slight decrease in crystallographic parameters and average
bond by Sb>" substitution for Ta*>". This proves the formation of a
continuous solid solution. The ionic radius of Ni** (Ryi+ = 0.69 A)
is similar to Sc*', Ga*', Ta®" and Sb°*, and the radius ratio
difference (Dr) calculated according to Formula S2 (ESI}) are
all less than 30%. There is a significant difference in the val-
ence states between Ni*" and Ta®"/Sb®*. Thus, Ni** ions are more
favorable for entering the [GaOg] and [ScOs] octahedra.

Two representative samples, Sr,GaTa0,:0.01Ni** and Sr,ScSbOg:
0.01Ni**, were selected to analyze the morphology, composition
and valence states. The SEM and EDS images of the two samples
are displayed in Fig. 2(a). The samples are composed of 5-10 um
particles, and the elements of Sr, Ga/Sc, Ta/Sb, O, and Ni are
uniformly distributed on the surface, demonstrating that Ni** ions
have been doped into the host lattice successfully. Fig. 2(b) shows
the HRTEM images of two samples. The interplanar spacings of
(112) and (112) planes, corresponding to the main diffraction
peaks, increase from 2.918 to 2.995 A, further confirming the lattice
expansion caused by Sc** and Sb®" co-substitution for Ga** and
Ta’". In addition, the crystal planes corresponding to the two
diffraction peaks are distinguished in the SAED image. Fig. S4
(ESIT) shows the XPS full spectra of two samples and the main
elements exhibiting a strong signal. The peaks of the Ni fine spectra
are relatively weaker in Fig. 2(c) due to the low content in the
system. However, there are mainly two peaks corresponding to the
2psj, and 2py, orbitals of Ni, which is consistent with the binding
energy of Ni*".

3.2 Luminescence properties

The DR spectra of four typical samples, undoped and doped,
are displayed in Fig. S5 (ESIT). All samples exhibit strong
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Fig. 1 (a) Crystal structure diagram, lattice parameters, and octahedral coordination environment of Sr,B'B"Og (B> = Ga, Sc; B”>* = Ta, Sb); (b) XRD
patterns of SroBB'Og (B = Ga, Sc; B/ = Ta, Sb):0.01Ni?™; (c) Rietveld refinement of Sr.GaTaOg:0.01Ni?* and Sr.ScSbOg:0.01Ni2*.

,GaTaOg: 0.0INi* | (11

(112)

10 I/nm ‘ M 10 1/0m

()

gt 0. (ll\‘n” Ni 2p
Ni 2y (836.6 ¢V

N2y, (BTI5eV)| 3

Intensity(a.u.)

Intensityv(a.u.)

Sr,GaTaO,: 0.01N*
815 K50 855 K60 865 K70 875 KB0 KKS 845 850 855 860 8GS 870 875 880 885

Sr,SeShO: 0.01Ni?"

] Binding energy (¢V) Binding cnergy (eV)

Fig. 2 (a) SEM images and EDS elemental mapping of Sr.GaTaOg:0.01Ni%* and Sr,ScSbOg:0.01Ni?*; (b) HRTEM and SAED images of Sr.GaTaOg:0.01Ni%*
and Sr,5cSbOg:0.01Ni%*; (c) Ni XPS fine spectra of Sr,GaTaOg:0.01Ni%* and Sr.5cSbOg:0.01Ni%*.

absorption around 200-350 nm, corresponding to the transi-
tion from the valence band to the conduction band of the host
materials. Sr,GaSbOg host has a certain degree of absorption
form visible to the NIR region, while Sr,GaTaOg, Sr,ScTaOg, and
Sr,SeSbOg hosts do not have significant absorption. This has an
important impact on the luminescence of Ni**. According to the
Kubelka-Munk equation (Formula S3 and S4 (ESIt)),"* the
band gap (Ey) values of Sr,GaTaOg, Sr,ScTaOg, and Sr,ScSbOg
are calculated to be 4.46, 4.55, and 4.12 eV, respectively, which
are much larger than the 3.38 eV of Sr,GaSbOg. Three strong
absorption bands and one weak absorption band appear after

10624 | J Mater. Chem. C, 2025, 13, 10621-10631

the incorporation of Ni**, corresponding to the *Ay (F) — Ty
(P), 3A2g (F) - 1T2g (D), 3AZg F) - 3Tlg (F), 3AZg (F) - 3T2g (F)
transitions from left to right, respectively.

As illustrated in Fig. 3(a), compared with the original
structure Sr,GaTaOg:0.01Ni**, four absorption bands present
a significant red-shift trend by Sc®* substitution for Ga*" and
Sb>* substitution for Ta>". This indicates that the 3d orbital
crystal field environment of Ni*" is strongly affected by ion
substitution engineering. The effect of doping amount on
the photoluminescence performance of the initial structure is
exhibited in Fig. 3(b). The broadband emission from 1000 to

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) DR spectra of representative solid solution phosphors; (b) concentration-dependent emission spectra of Sr.GaTaOg:XNi2* under excitation
at 398 nm; (c) excitation and emission spectra of Sr,B'B"Og:0.01Ni?* (B>* = Ga, Sc; B”>* = Ta, Sb) phosphors; (d) normalized excitation spectra of
SrZGa1,XScXTa1,ySbyOG:O.OlNi2+ solid solution phosphors; (e) normalized emission spectra of SrzGal,XScXTal,ySbyOG:O.OlNiZJr solid solution phosphors;
(f) change in emission intensity and FWHM of SrzGal,XScXTal,ySbyO6:O.OlNi2+ solid solution phosphors; (g) TRPL mapping of Sr,GaTaOg:0.01Ni2* and
Sr,ScTa0g:0.01Ni%*. (h) Tanabe—Sugano diagram of Ni?* in the octahedral crystal field.

1700 nm is exhibited in Sr,GaTaOg:XNi*" phosphors under the
398 nm excitation, which is attributed to the *T,, (F) — *Ay, (F)
transition of Ni**. With the increase in Ni** doping concen-
tration, the luminous intensity increases first, then decreases,
and the optimal luminous intensity is obtained when X = 0.01,
where the emission peak is located at 1295 nm. It can be
observed that the emission peak position is red-shifted with
the continuous introduction of Ni**. This is attributed to
the enhanced interaction of the exchange coupled Ni*'-Ni**
ion pairs, which leads to the energy level splitting of the
excited state, reducing the energy difference between *T,,(F)
and *A,,(F).*

In order to explore the change in luminescence properties by
Sc** substitution for Ga** and Sb®* substitution for Ta®*, the
excitation and emission spectra of Sr,B'B”04:0.01Ni*" (B*" =
Ga, Sc; B">* = Ta, Sb) phosphors are depicted in Fig. 3(c) (the
dashed line is the result of curve fitting owing to the testing
range of the detector). Similar to the DR spectra, three charac-
teristic excitation peaks of Ni** are all exhibited in the excita-
tion spectra of four samples, and the excitation band of 300-
350 nm is caused by the interband transition between the
valence band and the conduction band. Significantly, the peak

This journal is © The Royal Society of Chemistry 2025

wavelengths of excitation and emission spectra of Ni** are
changed by adjusting the cation composition. For Sr,ScTaOg:
0.01Ni*", the excitation and emission peaks are located at 421
and 1460 nm, respectively. For Sr,ScSb04:0.01Ni*", the excita-
tion and emission peaks are located at 454 and 1665 nm,
respectively. Owing to the strong absorption in the DR spec-
trum and low E, value of Sr,GaSbOg:0.01Ni*", the characteristic
excitation and emission of Ni*" are relatively weak. Localized
amplification was performed on the characteristic excitation of
Ni**. For Sr,GaSb0g:0.01Ni**, and the excitation and emission
peaks are located at 435 and 1500 nm, respectively. In an effort
to study the spectral change before and after substitution in
more detail, SrzGal,,CSc,cTal,ySbyO6:0.01Ni2+ solid solution
phosphors were selected for analysis. All samples are pure
phase (Fig. S6, ESIt). The normalized excitation and emission
spectra of solid solution phosphors are presented in Fig. 3(d)
and (e). With the increase in x value (Ga®" is gradually sub-
stituted by Sc**), the excitation and emission spectra were
gradually red-shifted. After complete substitution, the excita-
tion spectra show a red-shift from 398 to 421 nm, and the
emission spectra show a red-shift from 1295 to 1460 nm.
Similarly, with the increase in the y value (Ta*" is gradually
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substituted by Sb>"), the excitation spectra show a further red-
shift from 421 to 454 nm, and the emission spectra show a
further red-shift from 1460 to 1665 nm. The results show that
Ga** and Ta®" are gradually substituted by Sc*" and Sb>" in Ni**
doped Sr,Ga;_,Sc,Ta;_,Sb,0; solid solution, and the emission
peak causes an enormous red-shift of 370 nm, which is unpre-
cedented. The entire emission range covers 1000-2100 nm,
which realizes the super-wide-range emission across the NIR-II
and NIR-III regions. Such a large spectral response range
demonstrates it is suitable for LWNIR light sources and has
an extensive application prospect. Furthermore, the excitation
peak shifts from 398 (NUV) to 454 nm (blue), which better
matches the current highly commercialized NUV and blue
LED chips, further highlighting its application potential. Both
luminous intensity and FWHM change with increasing sub-
stitution, as depicted in Fig. 3(f). It can be observed that a
higher luminous intensity can be obtained when the B sites
are completely occupied by one type of cation. The luminous
intensity decreases and the FWHM increases accordingly in the
intermediate solid solution. That might be due to the lattice
distortions and defects caused by the difference in ionic radius
during the substitution process. These distortions and defects
can result in the enhancement of phonon scattering, and the
stronger electron-phonon coupling (EPC) effect increases the
non-radiative transition of Ni** ions. Among them, Sr,ScTaOg:
0.01Ni** phosphor has the highest emission intensity, followed
by Sr,GaTaOg:0.01Ni** and Sr,ScSb04:0.01Ni*". Generally, an
increase in Stokes shift will reduce the emission intensity.
Nevertheless, researchers have shown that crystal symmetry
also has an effect on luminous intensity.>**™** The reduction
of symmetry is beneficial for breaking the forbidden transition
of Ni*", thereby enhancing luminescence. The Raman spectra
of three samples are presented in Fig. S7 (ESIf). Multiple
vibrational stretches of 50-210 cm ™" are assigned to the Sr-O
polyhedra, while vibrational stretches of 400-480 cm ' and
730-930 cm ™ are attributed to the [B'Og] and [B”Og] octahedra,
respectively. The shift of Raman peaks to lower wave numbers
is related to the bond length changes before and after substitu-
tion.>»?>*%%® Generally, the stronger the chemical bond, the
higher the corresponding molecular vibration frequency. It can
be clearly seen that the Raman peaks of Sr,ScTa0,:0.01Ni>" are
more split and sharper, indicating that its internal structure
exhibits lower symmetry. In order to investigate the sites
occupied by Ni** doping, two samples of Sr,GaTaOg:0.01Ni**
and Sr,ScTa04:0.01Ni*" were selected for analysis. The emis-
sion spectra of the two samples were tested at 77 and 298 K
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(Fig. S8, ESIT). The results show that the asymmetry of the
spectral profile is more obvious at low temperatures. An asym-
metric spectrum may indicate the presence of multiple lumi-
nescent centers. However, the excitation spectra and fluorescence
attenuation curves of the two samples monitored at different
wavelengths are almost identical. Additionally, TRPL testing is
shown in Fig. 3(g). (the slight change in intensity around 1380 nm
is caused by the instrument). TRPL mapping shows a single
luminous center and a uniform attenuation trend. A similar
phenomenon exists in Sr,ScSbOg:Fe®*,** Ca,InSbOg:Fe*',*> and
CaLaMgSbOg:Ni*".*” These results imply that Ni** is highly likely
to occupy the Ga**/Sc®" sites.

The emission region of Ni** is closely related to the octa-
hedral crystal field environment. The crystal field strength of
Ni** in the octahedron can be described by the Tanabe-Sugano
theory. The crystal field strength Dq and Racah parameter B
can be calculated by the Formula (S5) and (S6) (ESIT).*® The
Tanabe-Sugano energy level diagram in Fig. 3(h) can be used to
represent the 3d® energy level splitting of Ni**. Dq/B is the
crystal field parameter, and the strong or weak crystal field is
distinguished by the Dq/B value (x~1.75) corresponding to the
intersection of *T,,(F) and 'Ey(D) energy levels. The average
bond length, degree of [(Ga/Sc)Og] octahedral distortion, crystal
field parameters, and the corresponding excitation and emis-
sion wavelength of representative solid solution phosphors are
listed in Table 1. The Dq/B value decreases from 1.040 to 0.877,
indicating that Ni*" is in a weak crystal field environment and
presents a broadband emission. Different crystal field para-
meters correspond to different energy values, and the *T;,(P)
excited state is much higher than the *T,,(F) excited state and
the *A,,(F) ground state. The substitution engineering causes a
gradual decrease in Dq/B, and both of the required energy
decreases for electrons to transition from the *Ag,(F) ground
state to the *T,4(P) excited state and return from the *T,, (F)
excited state to the °A,,(F) ground state. As a result, the
excitation and emission spectra of phosphors show a red-shift
phenomenon. Under the same condition, the crystal field
strength Dq is inversely proportional to the bond length of
the metal-oxygen ligand (Formula S7 (ESIt)).*® The ionic radius
of S¢*" is much larger than that of Ga**. With the process of ion
substitution, the lattice expansion causes the average bond
length of Sc-O to be significantly larger than that of Ga-O.
Moreover, the nephelauxetic effect has a significant impact on
Racah parameter B and is negatively correlated with ionic
electronegativity.’>>" The electronegativity of Sc (1.35) is less
than that of Ga (1.81), resulting in a decrease in the average

Table 1 The average bond length, octahedral distortion, crystal field parameters, and corresponding excitation and emission wavelengths of

representative solid solution phosphors

Daye (Ga/Sc-0) Dy (Ta/Sb-0)  Dyis [(Ga/Sc)Os] Dq (em ™) B(nm™') DQ/B e (hM) Jem (nm) FWHM (nm)

Sample

Sr,GaTa0g:0.01Ni*" 1.97825 1.979 0.0024
S1,Gag 5S¢0 sTa04:0.01Ni?*  2.0431 1.9861 0.0232
S1,5¢Ta04:0.01Ni>" 2.0593 2.0186 0.0377
Sr,ScTa,.5Sbo s06:0.01Ni?"  2.0643 2.0177 0.0419
Sr,S¢Sb04:0.01Ni* 2.069 2.0113 0.0567

10626 | J Mater. Chem. C, 2025, 13, 10621-1063]1

896.9 862.0 1.040 398 1295 242
862.1 851.6 1.012 409 1390 261
819.7 848.1 0.966 421 1460 252
781.3 874.8 0.893 425 1520 ~ 300
724.6 826.4 0.877 454 1665 ~ 255
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cation electronegativity after substitution. The combined effect
of factors causes a decrease in the crystal field parameters after
Sc*" substitution for Ga®*, resulting in the emission red-shift
of Ni*". For Sb>" substitution Ta>*, Sb>* has a slightly smaller
ionic radius than Ta’', but they have a significant difference
in electronegativity (Sb: 2.05; Ta: 1.5). We speculate that the
introduction of Sb>" causes strong attraction to the surround-
ing oxygen ion ligands, making the average bond length of Sb-
O smaller than that of Ta-O. The adjacent [ScOs] octahedron
shows a trend of twisting and stretching. With an increase in
the Sc-O bond length, the emission of Ni** presents a further
red-shift. Besides the above effects, the crystal field splitting is
enhanced with the degree of octahedral distortion; the distor-
tion of [(Ga/Sc)Os] can be expressed by the Formula (S8)
(ESIt).>> With the substitution of Sc** and Sb>", the distortion
degree of [(Ga/Sc)Os] octahedron continues to increase, causing
a larger crystal field splitting to reduce the emission energy.
These results illustrate that the change in host components can
markedly influence the crystal field environment, thereby
affecting the luminescence efficiency and emission peak posi-
tion of the doped ions. These properties provide an idea for
Ni** emission tuning, which is expected to achieve higher
quantum efficiency and longer wavelength emission of LWNIR
phosphors by changing the composition of the host.

3.3 Luminous thermal stability

Temperature has a prominent influence on the luminescence
properties of phosphors. The temperature-dependent luminescence
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characteristics of Sr,GaTa04:0.01Ni*", Sr,ScTa04:0.01Ni**, and
Sr,ScSb06:0.01Ni*>" were studied. Fig. S9 (ESIf) exhibits the
temperature-dependent emission spectra of the three samples
in the 80-455 K range. The temperature-dependent contour
plots are shown in Fig. 4(a). As the temperature increases, the
emission intensity of all samples decreases due to an increase
in non-radiative transitions caused by lattice thermal vibra-
tions. Fig. 4(b) shows the trend of the comprehensive emission
intensity of phosphors as a function of temperature. The
emission intensity of phosphors changes slightly at low tem-
peratures, while the temperature quenching effect is more
serious at high temperatures. Sr,GaTaOg:0.01Ni>" shows better
luminous thermal stability. At 373 K, the emission intensity of
Sr,GaTa0,:0.01Ni>" retains 68% of the value at room tempera-
ture. However, for Sr,ScTa04:0.01Ni** and Sr,ScSbOg:0.01Ni>",
only 46% and 44% can be maintained. The thermal quenching
process can be understood more easily by the configuration
coordinate diagram in Fig. 4(c). Electrons are excited from the
ground state *A, to the excited state T, then relax to the lowest
excited state *T,, returning to the ground state A, by radiative
and non-radiative transitions. During this process, the larger
the activation energy AE, the higher the energy barrier that
electrons need to overcome, which reduces the non-radiative
transitions and makes the phosphor exhibit high thermal
stability of luminescence. The activation energy AE can be
calculated using the Arrhenius equation (Formula S9 (ESIt)).>?
The thermal activation energy AE of the three samples is calcu-
lated as 0.232, 0.166 and 0.132 eV, respectively. The decrease in
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Fig. 4 (a) Temperature-dependent luminescence characteristics contour plot of SrzGaTaOG:O.OlNiz", SrZScTaOG:O.OlNi2+, and SrZSchOG:O.OlNi2+;
(b) the trend of the comprehensive emission intensity of phosphor samples as a function of temperature; (c) Ni* luminous thermal quenching
configuration coordinate curve; (d) luminous thermal stability of Ni>*-doped phosphors; (e) fluorescence attenuation curves of the three samples at

room temperature.
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activation energy AE further verifies that the luminous thermal
stability of phosphors is decreasing.

It can be observed that as the temperature increases, the
FWHM of the phosphors gradually increases (Fig. S10 (ESIY)).
This is related to the strength of the EPC effect inside the
crystal material. The EPC strength can be assessed by the
changes in FWHM (Formula S10 (ESIf))."” The calculated
S values for Sr,GaTaOg:0.01Ni*" and Sr,ScTaOg:0.01Ni*" are
3.098 and 7.134, respectively. Generally, the activation energy
depends on the strength of the EPC. In materials with weaker
EPC strength, electrons returning to the ground state through
non-radiative transition will overcome higher energy barriers
and exhibit better luminous thermal stability.* Meanwhile, the
strong EPC leads to a larger Stokes shift and FWHM, resulting
in more serious thermal quenching. EPC also reflects the
dependence of thermal stability on structural rigidity. Materials
with shorter bond lengths show better structural rigidity, which
is conducive to improving the luminous thermal stability of
phosphors.”® Therefore, the selection of the host structure
cations is crucial for obtaining high performance LWNIR
phosphors. The thermal stability values (I373x/lz0sx) Of Ni**
doped phosphors were investigated and are shown in
Fig. 4(d). Our designed phosphors have advantages in thermal
stability among the Ni*" doped phosphors. Fig. 4(e) presents
the fluorescence attenuation curves of three samples at room
temperature. The attenuation curves of all samples can be
better fitted by double exponents, possibly due to charge
imbalance caused by Ni** doping, which leads to the existence
of defect induced non-radiative transition attenuation paths in
the crystals. The fluorescence lifetime can be calculated by the
Formula S11 and S12 (ESI{).”® The average fluorescence life-
time of the three samples is 626, 613 and 460 ps, respectively.
The substitution of Sc** and Sb>* gradually increases the Stokes
shift and decreases the fluorescence lifetime. Internal quantum
efficiency (IQE) is also an essential factor in evaluating the
luminescence properties of phosphors. The IQE measurements
of Sr,GaTaOg:0.01Ni**, Sr,ScTa04:0.01Ni** and Sr,ScSbO:
0.01Ni** are displayed in Fig. S11 (ESIt) and evaluated as
25.6%, 22.3% and 34%, respectively. The comparison of
Ni** doped phosphors in this work and previously reported
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phosphors is shown in Table 2. It can be deduced that the titled
phosphors present greater advantages in luminous region and
performance.

3.4 Application prospects

The vibrational overtones of chemical bonds (O-H, C-H, S-H,
and N-H) can be perceived through NIR light, and the sche-
matic diagram is illustrated in Fig. 5(a). Different solutions are
loaded into the cuvettes, the phosphors are excited by the light
source to produce NIR light and pass through the solution, and
the transmission spectra data are collected and presented on
the screen. The phosphors of Sr,GaTa0:0.01Ni*>" and Sr,ScTaOg:
0.01Ni*" were selected for testing water (H,0), ammonia (NHj-
H,0), ethanol (C,H;OH), acetone (C3HgO), and n-hexane (C¢Hyy),
respectively, and the results are shown in Fig. 5(b). It can be
observed that there are significant differences in the transmission
spectra when the NIR light passes through different solutions. The
categories and quantities of functional groups and chemical bonds
in liquid molecules can affect the absorption of NIR light, enabling
qualitative analysis of liquid substances. In addition, even if the
absorption peak of the same substance is fixed, there is still a
certain degree of difference in the transmission spectra profile
owing to the different emission regions of the two phosphors. For
example, the absorption of C;HsO decreases after 1400 nm, and
the transmission increases, while the variation of the emission
regions in Sr,GaTaOg0.01Ni*" and Sr,ScTa0g:0.01Ni** cause in
different transmission spectra profiles. Based on the difference
in the transmission spectra profiles generated by the above two
phenomena, the proportion of the two mixed liquids can be
determined. The transmission spectra of different H,O and
C,Hs0OH contents were determined by Sr,GaTa0:0.01Ni*" and
are presented in Fig. 5(c). With the increase in the proportion of
C,H;0H, the absorption of the mixed solution gradually turns
weak. The relationship between concentration and intensity
can be reflected by Lambert-Beer law (Formula S13 (ESI{)).%”
Simultaneously, the wavelength corresponding to the peak of
the transmission spectra has also changed. Fig. 5(d) shows the
linear fitting results of the changes in transmission intensity
and peak wavelength. The excellent fitting results prove that the
transmission spectra can accurately reflect the concentration of

Table 2 Comparison of Ni?*-doped phosphors in this study with those of previously reported phosphors

Phosphors Jex (Nm) Jem (NM) Emission (nm) FWHM (nm) I373 x (%) IQE (%) Ref.
SI’TiO3:NiZ+ 365 1250 1000-1600 220 X 55 7.9 57
ZnAlLO,:Ni** 365 1251 1000-1600 232 50 — 58
Mg;Ga,GeOg:Ni>* 395 1410 1100-1700 300 52.7 36.7 48
(;21203:Ni24r 410 1455 1100-1700 298 19.2 31.2 59
MgA1204:Ni2Jr 390 1230 900-1600 251 ~30 18.8 60
Mg’l‘iZOS:Niz+ 395 1470 1200-1700 245 20 23.7 61
Mg,4Ges0,4:NiZ* 418 1430 1100-1700 278 ~60 38.5 62
Mg’I‘aZOG:Ni“ 470 1620 1300-2000 — ~10 25.62 63
LalZMgSnO5:Ni2+ 425 1470 1200-1800 250 ~45 — 64
BaZMgWOE:NiZJr 365 1630 1200-2000 255 x70 16.67 65
SrZMgMOOG:NiZJr 400 1400 1100-2000 — 26 39.78 66
BazMgMoOG:Ni“ 400 1610 1200-2000 — 22 21.75 66
Sr,GaTaOg:Ni** 398 1295 1000-1700 242 68 25.6 This work
S1,ScTa0g:Ni* 421 1460 1100-1900 252 46 22.3 This work
SI,SeSbO:Ni* 454 1665 1100-2100 — 44 ~34 This work
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Fig. 5 (a) Schematic of the NIR absorption of liquid substances; (b) transmission spectra of different liquids tested by Sr,GaTaOg:0.01Ni%* and
Sr,ScTa0g:0.01Ni2*; (c) transmission spectra of different H,O and C,HsOH contents tested by Sr,GaTaOg:0.01Ni%™; (d) linear fitting results of
transmission intensity and peak wavelength for different H,O and C,HsOH contents; (e) transmission spectra of different CsHgO and C,HsOH contents
tested by Sr,ScTaOg:0.01Ni2*; (f) linear fitting results of transmission intensity and peak wavelength for different CsHgO and CoHsOH contents; (g)
emission spectra of SrzGal,XScXTal,ySbyoe:O.OlNiz* phosphors mixed in equal proportions, excited by a 395 nm chip; (h) application of the pc-LED in

biological imaging and night vision.

the mixed solution, achieving qualitative analysis of the mixture.
Moreover, the determination of different C;HsO and C,H;OH
contents by Sr,ScTaOg:0.01Ni*" has also been confirmed, as
exhibited in Fig. 5(e) and (f).

In order to verify further applications of phosphors, Sr,Ga; _,-
Schal,ySbyOB:O.OlNi2+ solid solution phosphors were mixed in
equal proportion and integrated into a 395 nm NUV chip.
As illustrated in Fig. 5(g), the spectrum with FWHM up to
368 nm is displayed, covering almost the entire NIR-II region
(the abnormal intensity at 1400 nm is caused by the absorption
of A glue and B glue). Such a wide spectral range is extremely
rare. The photos in the illustration express the conditions
without and with current taking under a normal camera or
NIR camera. Fig. 5(h) shows a photo of NIR light passing
through a finger captured by the NIR camera. The clear blood
vessel image highlights its application in biological imaging.
Moreover, the location of the campus card chip can be accu-
rately reflected by the NIR camera. The series of results prove
that our phosphors present very broad application prospects.

4. Conclusions

In this work, a series of Ni*" doped Sr,B'B"Og (B> = Ga, Sc; B">* =
Ta, Sb) phosphors with double perovskite structures were
synthesized and investigated. Utilizing the flexibility and com-
patibility of the double perovskite structure through the crystal
field engineering of B-site cations, combination Sc**-Sb>*

This journal is © The Royal Society of Chemistry 2025

gradually substitutes Ga*'~Ta”", and the emission of Ni*" ions
cover an extremely broad region from 1000 to 2100 nm across
NIR-II and NIR-III. The emission peak is red-shifted from 1295
to 1665 nm with a super-wide tunable range of 370 nm. The
excitation peak is also red-shifted from 398 to 454 nm. The
synthesized phosphors present desirable luminous efficiency
and luminous thermal stability. Besides, the FWHM up to
368 nm can be generated under the excitation of a 395 nm
NUV chip by mixing the solid solution phosphors. Meanwhile,
the applications of phosphors in liquid qualitative and quanti-
tative analysis, as well as in biological vascular imaging, were
demonstrated. This work proves that the Ni** doped double
perovskite phosphors can achieve super-wide-range LWNIR
emission tuning, which has an important reference signifi-
cance for the research and development of NIR-II and NIR-IIT
emitting phosphors.
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