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ing of Zn2SiO4:Mn nanocrystals by
co-doping of alkali metal ions in mesoporous silica
channels for enhanced emission efficiency with
short decay time†

Neeti Tripathi * and Tomoko Akai

High purity Zn2SiO4:Mn crystals were synthesized by impregnating a precursor solution into mesoporous

silica followed by sintering process. The effects of doping alkali metal ions (Li+, Na+, K+) on the

structural, morphological and photoluminescence properties were investigated. Formation of single

phase a-Zn2SiO4:Mn crystals was confirmed from X-ray diffraction. The crystal size was significantly

decreased from 54 nm to 35 nm with increasing molar concentration of alkali metal ion dopants in

Zn2SiO4:Mn. Zn2SiO4:Mn crystals co-doped with alkali metal ions showed stronger emission and faster

decay times compared to the un-doped Zn2SiO4:Mn phosphor. The highest emission quantum yields

(EQEs) of 68.3% at lexc 254 and 3.8% at lexc 425 nm were obtained for the K+ ion doped samples with

Mn2+ : K+ ratio of �1 : 1. With alkali metal ions (Li+, Na+, K+) co-doping, the decay time of Zn2SiO4:Mn

crystals was shortened to �4 ms, whereas the emission intensity was elevated, with respect to un-doped

Zn2SiO4:Mn crystals. Zn2SiO4:Mn crystal growth in silica pores together with selective doping with alkali

metal ions paves a way forward to shorten the phosphor response time, without compromising emission

efficiency.
Introduction

Manganese doped zinc silicate (Zn2SiO4:Mn) is a well-known
green phosphor and has been widely used as a green compo-
nent for decades in uorescent lamps and plasma display
panels (PDPs).1,2 Nevertheless, recent demonstrations in
optical imaging for biological applications have added new
value to its applicability.3 Though Zn2SiO4 has several poly-
morphs including a, b and g phases, only the a-Zn2SiO4 phase
doped with manganese forms a stable structure and shows
green emission at �527 nm, which is characterized by the
transition from the lowest excited state to the ground state i.e.,
the 4T1 / 6A1 transition. This transition is forbidden
according to selection rules, therefore, the decay time of the
emission is long.4–7 Additionally, the optimized critical limit of
Mn2+ doping concentration is �2–5 mol% to achieve a supe-
rior performance in the Zn2�xSiO4:xMn matrix and beyond
that concentration a quenching effect occurs due to formation
of isolated Mn2+–Mn2+ pairs, which deteriorate the emission
intensity.4,6
ational Institute of Advanced Industrial

nter, 1-8-31 Midorigaoka, Ikeda, Osaka

.jp

ESI) available: Characterization details,
and decay time proles. See DOI:

6353
As for the synthesis of commercial Zn2SiO4:Mn2+ phosphor,
solid state reaction (SSR) have been used, where oxide powders
(e.g. ZnO, and MnO) are reacted at high reaction tempera-
tures.8,9 On the other hands, various synthesis methods such as
sol–gel, spray drying and planetary ball-milling were applied to
prepare precursor of the crystal to control the size and
morphology of the phosphor with a hope for obtaining better
luminescence properties.10–13 However, these methods are
complex process with poor controllability oen resulting in the
formation of undesired mixed phases.

Nonetheless, synthesis of Zn2SiO4:Mn crystals by using meso-
porous silica (MPS) template route has gained considerable
attention, as it can facilitate the formation of nanosized crystals at
relatively lower temperature with improved emission proper-
ties.14,15 Such kind of template assisted, conned growth of nano-
sized particles is widely adopted, as the size of nanocrystals can be
easily controlled by selecting the specic sizes of silica pores.16,17

Another biggest advantage ofMPS assisted growth is the uniform
distribution of uorescent ions in to the pores, while keep them
isolated from each other. In case of Zn2SiO4:Mn phosphor, though
concentration quenching of Mn2+ ions could be minimized using
MPS framework, however at the same time, the larger inter-ion
distance inevitably leads to longer decay time due to reduced
energy exchange between ions.14,18,19 Some reports suggested that
doping ofmetal cations (M2+,M¼Mg, Sr, Ca, Ba, Cr) can induce the
enhanced photoluminescence (PL) efficiency and shorter decay time
© 2021 The Author(s). Published by the Royal Society of Chemistry
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simultaneously.20,21 Nonetheless, these metal cations tend to form
metal silicate compounds as an impurity phases,20 which might
hamper the green emission from the pure Zn2SiO4:Mn phase.

To shorten the decay-time of enhanced luminescence in a-
Zn2SiO4:Mn prepared by MPS, we propose to modify crystal
structure by doping of alkali metal ions (Li+, Na+, K+). The
doping of alkali metal ions help in manipulating the optical
transitions of Mn2+ through crystal deformation. The effect
combined with uniform distribution of Mn2+ in a-Zn2SiO4:Mn
prepared by MPS is expected to produce Zn2SiO4:Mn with
superior luminescent properties i.e., stronger emission and
shorter decay time. For the synthesis, concentration of Zn2+ and
Mn2+ ions were kept xed whereas, optimization of structure,
photoluminescence and decay time were carried out as a func-
tion alkali metal ion concentration. A careful optimization of
experimental conditions and dopant (Li+, Na+, K+) concentra-
tions allowed us to obtain high photoluminescence quantum
yield (PL-QY) and shorter decay time in the range of �4–6 ms
simultaneously. Moreover, these nanocrystalline phosphor
showed comparable PL-QY under 254 nm excitation, higher PL-
QY under 425 nm excitation and slightly shorter decay time,
compared to the commercial one.
Synthesis of Zn2SiO4:Mn phosphors

For the synthesis of Zn2SiO4:Mn phosphors, Zn(NO3)3,
Mn(NO3)2 [all from Wako Chemical Ltd. 99.99%] were used as
a starting materials without any further purication. For the
doping of alkali metal ions (Li+, Na+, K+), nitrates of respective
ions were used to prepare the molar precursor solution in
deionized (D.I.) water. Similarly, Zn andMn precursor solutions
were also prepared separately in D. I. water with xed molality.
These molar solutions were mixed together in proportion to the
desired molarity to make the total volume of 6 ml. Aer that,
0.5 g of MPS particles (Sigma-Aldrich, pore size 120 �A, pore
volume 1.073 cm3 g�1) were added to this solution. In our
samples, molar concentration of Zn(NO3)3 and Mn(NO3)2 were
kept xed to 4.0 M and 0.32 M, whereas dopants (Li+, Na+, K+)
molarities were varied from 0.06 M to 0.42 M (i.e., 0.06 M,
0.12 M, 0.18 M, 0.24 M, 0.30 M, 0.36 M, and 0.42 M). The
complete synthesis procedure of Zn2SiO4:Mn phosphor is
Fig. 1 (a) Schematic of the experimental procedure for the synthesize t
with pores and evolution of Zn2SiO4:Mn,K nanocrystals through reactio
1080 �C.

© 2021 The Author(s). Published by the Royal Society of Chemistry
depicted in Fig. 1, where precursor solutions were soaked by the
pores of mesoporous silica particles (size� 12 nm, pore volume
1.073 cm3 g�1). The excess amount of precursor solution was
then separated out through vacuum ltration process. These
soaked and ltered silica particles were then dried in hot air
oven at 70 �C, and then subjected to pre-sintering at 550 �C, in
air atmosphere. Finally, sintering at temperature 1080 �C,
results in the formation of Zn2SiO4:Mn crystals in mesoporous
silica matrix. It is expected, that silica will be in excess amount
in comparison with the Zn and Mnmolarity, as it is playing role
of host matrix to grow the Zn2SiO4:Mn crystals inside its pore.
Once, the Zn2SiO4:Mn crystals are formed inside the silica pore,
it remains intact and showed the properties of Zn2SiO4:Mn
phosphor in all aspects, discussed in following section.
Elemental mapping of Zn2SiO4:Mn,K crystals by EDX and
elemental distribution measured by XPS are shown in the ESI
le (Fig. S1 and Table S1),† conrming the excess amount of
silica.
Results and discussion

XRD patterns of Zn2SiO4:Mn,K samples are shown in Fig. 2. All
the diffraction peaks can be indexed to pure willemite structure
of Zn2SiO4 and matched well with the single crystal powder
XRD22 of a-Zn2SiO4 (Fig. S2†). No XRD peaks from other phases
of Zn2SiO4 or impurities were detected, indicating the high
purity single phase formation a-Zn2SiO4:Mn,K crystals. More-
over, crystal structure of all K+ ions doped Zn2SiO4:Mn samples
remain unchanged, irrespective of the high doping concentra-
tion of K+ ions at 0.42 M. However, a gradual decrease in the
signal intensity occurred with increasing K+ concentration,
suggesting the decrease in crystallite size. A gradual shi
towards the higher 2q up to 0.36 M of K+ concentration and
beyond that a shi towards the lower 2q were observed, as
shown in the Fig. 3. In our samples, molar concentration of Zn2+

and Mn2+ ions are kept xed to 0.40 M and 0.32 M, while molar
concentration of K+ ions is varied from 0.06 M to 0.42 M. As the
ionic radius of K+ ion (ri ¼ 1.38�A) is much larger than the Zn2+

(0.74�A) and Mn2+ (0.80�A) ions, the excessive doping of K+ ions
beyond 0.36 M, resulted in the lattice expansion. Whereas,
possible existence of Mn3+ ions23 in to the lattice might causes
he Zn2SiO4:Mn phosphor (b) extended view of individual silica particle
n of soaked precursor solution into the mesoporous silica frame at

RSC Adv., 2021, 11, 36348–36353 | 36349
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Fig. 2 XRD patterns of un-doped and K+ doped Zn2SiO4:Mn
phosphor.
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the initial lattice contraction due to smaller radius of Mn3+ (0.72
�A) ions. Similar trends in XRD peak shis were also observed for
Li+ and Na+ ions doped Zn2SiO4:Mn phosphor (Fig. S3–S6†).

We, estimated the grain size by taking nite size approxi-
mation only (Scherrer's formula)24 and also due to combined
effect of size and strain using Williamson–Hall approach,24,25
Fig. 3 Extended XRD patterns for K+ ions doped Zn2SiO4:Mn
phosphor.

36350 | RSC Adv., 2021, 11, 36348–36353
given the fact that the large ionic radii of K+ ion can create
a signicant strain in the system. Williamson–Hall (W–H)
approach, is based on the consideration of line broadening due
to nite size of coherent scattering region and internal strain
due to crystal imperfections and distortions, which is given by,

bhkl cos q ¼ 3(4 sin q) + 0.94l/D

Here, bhkl is the full width at half maximum (FWHM) of the
diffraction peak, q is the diffraction angle, 3 is the strain, D is
grain size and l is the X-ray wavelength. The reciprocal of the y-
intercept of the linear t to the data point in the W–H plot gives
the value of the crystallite size, whereas the slope of the linear t
gives the value of the strain. Fig. 4 shows the W–H plots for un-
doped and K+ ions doped Zn2SiO4:Mn samples. Obtained values
of grain size and strains are summarized in the Table 1 along
with grain size values obtained from Scherrer's formula. We
observed a gradual decrease in the particle size as a function of
K+ molar concentration. However, at higher dopant concentra-
tion particles size increased. Comparing with both the methods
for crystallite size estimation the values are slightly lower
Scherrer's formula, than that of obtained from W–H method,
due to the fact that in Scherrer's equation, the crystallite size is
assumed to be the size of a coherently diffracting domain, and
the diffraction peak broadening due to strain has been ignored.
As revealed from Fig. 4 and Table 1, all doped samples showed
higher strain values that of the pure Zn2SiO4:Mn sample. We
also compare the W–H plot for Li+, Na+ and K+ ions doped
samples at moderate doping concentration (Fig. S7†) and found
that doping of Na+ (ri¼ 1.02�A) and K+ (ri¼ 1.38�A) creates highly
strained system comparing to the Li+ (ri ¼ 0.76 �A) due to large
ionic radii.

Further conrmation of nanosized crystal formation is done
by using scanning transmission electron microscopy (STEM),
shown in Fig. S8† suggesting the isolated crystals of the variable
sizes from 100–500 nm embedded into the mesoporous silica
matrix. The larger size of the crystal is more likely due to the
agglomeration of two or more individual crystals. The bright
Fig. 4 W–H plot for Zn2SiO4:Mn phosphor (a) un-doped and (b) 0.12
M_K+ ions doped (c) 0.24 M_K+ ions doped (d) 0.36 M_K+ ions doped.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of grain size and strain values of Zn2SiO4:Mn
crystals as a function of K+ ions doping

Dopant conc. (M)

Grain size (nm) using

Strain � 10�3
Scherrer's
formula W–H plot

Un-doped 45.18 54.89 1.13
0.06 M_K 39.30 44.83 0.85
0.12 M_K 36.89 45.78 1.97
0.18 M_K 35.57 41.99 2.34
0.24 M_K 36.13 41.74 1.82
0.30 M_K 34.72 38.12 2.60
0.36 M_K 32.49 35.45 3.19
0.42 M_K 36.19 41.73 2.45
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crystals (spot no. 1, 3 and 4) showed similar counts for all the
constituting elements such as Zn, Si, O, Mn,K, whereas dark
places show the silica-rich regimes (spot no.2).

Surface morphologies of un-doped and doped Zn2SiO4:Mn
phosphors were investigated using the scanning electron
microscopy (SEM). Fig. 5(a) and (b) showed the SEM images for
un-doped Zn2SiO4:Mn phosphor and K+ ions doped Zn2SiO4:Mn
phosphor, respectively. No structural changes were observed on
the surface of MPS particle for un-doped Zn2SiO4:Mn phos-
phors, whereas K+ ions doped sample showed the formation of
spherical shaped particles, distributed homogenously, all over
the surface of MPS particles (inset of Fig. 5(b)). This suggested
that K+ ions play an important role in controlling the growth
dynamics and can act as uxes to accelerate the crystal forma-
tion process. K+ ions doped Zn2SiO4:Mn phosphor with uniform
Fig. 5 SEM micrographs of (a) un-doped Zn2SiO4:Mn phosphor (b) K+

ions doped Zn2SiO4:Mn phosphor.

© 2021 The Author(s). Published by the Royal Society of Chemistry
crystal size and regular spherical-like morphology may exhibit
excellent luminescence performance. Similar, effects have been
observed for Li+ and Na+ ions doped samples (Fig. S9†). We also
used a commercially available green phosphor (standard
phosphor), to compare the emission performance of the K+ ions
doped Zn2SiO4:Mn phosphor synthesized in this work.
Fig. S10,† showed the SEM images of the standard phosphor,
suggesting the particle sizes in the range 300–500 nm.

Fig. 6(a) compares the PL excitation (PLE) spectra of un-
doped pure and K+ ions doped Zn2SiO4:Mn phosphor, moni-
tored at 530 nm emission. An extended view of PLE spectrum in
the range 325–525 nm is shown in the inset Fig. 6(b). All the
samples show excitation band comprised of 7 major peaks: (i)
255 nm (ii) 330 nm (6A1 /

4T1(4P)), (iii) 358 nm (6A1 /
4E(4D)),

(iv) 380 nm (6A1 /
4T2(4D)), (v) 423 nm (6A1 /

4A1(4G)/4E(4G)),
(vi) 435 nm (6A1 /

4T2(4G)), and (vii) 470 nm (6A1 /
4T1(4G)) in

the direct d–d excitation bands of Mn2+ions.19,26 Excitation band
at 255 nm is strong due to an allowed transition and is related to
O–Mn2+ charge transfer (CT). We observed a successive
enhancement in the intensity of the CT band and six direct
excitation bands from 0.06 M to 0.36 M without a variation in
their peak positions. K+ dopant concentration of 0.36 M
appeared to be an optimum concentration in order to achieve
the maximum PLE intensity compared with the standard green
phosphor. This enhancement in PLE can be described by the
weakening of selection rule on the forbidden intra-transitions
of Mn2+ ions in the K+ ions doped samples.27,28 As revealed
from XRD, doping of K+ ions, causes lattice distortion in the
form of strain. This decrease in lattice symmetry is likely to
Fig. 6 (a) and (b) PL excitation spectra of pure and K+ ions doped
Zn2SiO4:Mn phosphor, (c) and (d) PL emission spectra of pure and
K+doped Zn2SiO4:Mn phosphor at lexc 254 nm and 425 nm.

RSC Adv., 2021, 11, 36348–36353 | 36351
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improve the probability of strong green photoluminescence due
to 4T1 / 6A1 forbidden transition of Mn2+ ions. Interestingly,
we observed much higher intensity for d–d excitation band for
K+ ions doped samples, compared to that of the standard
sample (inset Fig. 6(b)). This superior signal for 425 nm exci-
tation band is caused by the relaxation of optical transition by
K+ doping and the relaxation of the forbidden transition due to
Mn–O orbital intermixing at due to higher Mn2+ concentra-
tion.19 Fig. S11† compares the PLE spectra of Li+, Na+ and K+

doped Zn2SiO4:Mn at xed dopant concentration of 0.30 M.
Both K+ and Na+ ions doped Zn2SiO4:Mn sample showed �2
times enhancement in the PLE intensity for CT band, compared
to the pure and Li+ ions doped Zn2SiO4:Mn samples. Whereas
all doped samples showed higher PLE intensity for the direct
Mn2+ transitions (inset of Fig. S11†) compared to pure and
standard phosphor.

Fig. 6(c) and inset Fig. 6(d) showed the photoluminescence
(PL) emission spectra of K+ ions doped Zn2SiO4:Mn samples
recorded under excitations of 254 nm and 425 nm, respectively.
PL spectra of the standard phosphor is also shown together. All
the sample showed intense green emission peak centred at
526 nm due to electronic transition from 4T1 to

6A1 states. When
K+ ions are introduced in to the Zn2SiO4:Mn matrix, the PL
emission intensity increased and reaches to maximum at molar
concentration 0.36 M aer that start deteriorating. We also
observed a noticeable “red shi” in the emission peak for the K+

doping concentration > 0.06 M. Literature revealed19,26,29,30 that
in Zn2SiO4:Mn phosphor Mn2+ ions occupies non-equivalent Zn
sites viz., Zn(1) position and Zn(2) position. As a result, two
closely spaced luminescence peaks Mn2+/Zn(1) (�540 nm) and
Mn2+/Zn(2) (�526 nm) appeared in the emission spectra and
merge in to one broad asymmetric peak cantered at �527 nm.
Fig. 7(a) and (b) showed the Gaussian tting of the photo-
luminescence peak for un-doped and 0.36 M, K+ doped Zn2-
SiO4:Mn samples, respectively. We observed two emission
bands at 523.16 nm and 539.41 nm for un-doped samples,
which shied to 525.56 nm and 541.20 nm, respectively aer
doping with K+ ions (0.30 M). This peak shi of 2.4 nm, is
ascribed to the changes in the crystal led parameters induced
by K+ ion doping. Further, the percentage contribution of Mn2+/
Zn(1) and Mn2+/Zn(2) was estimated from the Gaussian peak
areas of respective emission bands. We found 45.95% contri-
bution of the Mn2+/Zn(2) in un-doped Zn2SiO4:Mn sample,
Fig. 7 Gaussian fitting of PL emission spectrum of Zn2SiO4:Mn
phosphor excited at 254 nm (a) un-doped and (b) K+ ions doped (0.36
M).

36352 | RSC Adv., 2021, 11, 36348–36353
which increased to 52.60% in the K+ doped Zn2SiO4:Mn sample.
Therefore, brighter emission in K+ ions doped Zn2SiO4:Mn is
attributed to the higher occupancy of Mn2+/Zn(2) sites, which
are responsible for green emission at 526 nm. As an effect of K+

ion co-doping, sub-lattice structure around the Mn2+ lumines-
cent center ions is modied, which inuences the spin–orbit
coupling and crystal eld of Mn2+ ions, causing the observed
changes. Comparison of emission spectra of Li+, and Na+ ions
doped Zn2SiO4:Mn crystals is shown in the Fig. S12(a) and (b).†
Fig. S13† showed the dependence of PL intensities on the
dopant molar concentration, which suggest that PL-intensities
approach the plateau regime aer 0.24 M dopant concentration.

Fig. 8(a) showed the decay proles for un-doped and K+ ions
doped Zn2SiO4:Mn samples under 254 nm excitation for 526 nm
emission. Decay proles of Li+ and Na+ ions doped phosphors
are shown in the Fig. S14(a) and (b),† respectively. To estimate
the respective decay times, all the decay curve can be well tted
by the double exponential function,2,31

I(t) ¼ A1 exp(�t/s1) + A2 exp(�t/s2)

where t is the time, the two different life times s1 and s2 are dened
as times when the intensity decreases to 1/e of the initial intensity.
Fig. 8 (a) Decay time profiles of K+ ions doped Zn2SiO4:Mn phosphor
(b) graph between decay time and PL emission intensity (lexc 254 nm)
as a function of K+ ions molar concentration.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 External quantum efficiency for un-doped, K+ ions doped
(0.36 M) and standard Zn2SiO4:Mn phosphor under lexc 254 nm and
425 nm excitation wavelengths with respective CIE coordinates

Sample EQE @ 254 nm EQE @ 425 nm

CIE index

(X) (Y)

Un-doped 64.1% 0.5% 0.257 0.685
K+ ion doped 68.3% 3.8% 0.245 0.697
Standard 69.8% 2.7% 0.245 0.700
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According to various reports, s1 and s2 are assigned to the forma-
tion of pairs or clusters and isolated ions, respectively.31 Aer
obtaining the values of A1, A2, s1 and s2, the average decay time for
each sample is determined by the equation s¼ (A1s1

2 + A2s2
2)/(A1s2

+ A2s1). Standard phosphor, showed the decay time of 5.67 ms
(Fig. S15†), whereas un-doped phosphor synthesized in this work,
showed the longest decay time of 17.69 � 1.04 ms (Fig. S16†),
whereas decay time falls down to the range 5–6 ms in the K+ ions
doped Zn2SiO4:Mn sample (Fig. 8(b)). This shortening of decay
time can be explained by increased exchange interaction between
Mn2+ ions, due to modied crystal symmetry in K+ ions doped
samples. Decay proles of standard and K+ ions doped sample
were also compared for 526 nm and 546 nm emissions (Fig. S17†),
however, we observed identical behavior at both the emission
wavelengths.

To quantify the emission performance, external quantum
yields (EQE) of un-doped, 0.36 M K+ ions doped and standard
phosphor were measured under excitation wavelengths of
254 nm and 425 nm, given in Table 2. Typical CIE color coor-
dinates (Fig. S18†) of 0.36 M K+ ions doped Zn2SiO4:Mn phos-
phor are found to be (0.245, 0.697) under 254 nm excitation, in
accordance with the commercial standard phosphor. It is
noteworthy that our K+ ions doped Zn2SiO4:Mn samples showed
a high stability over the time span of several years and maintain
the consistent emission properties, compare to the standard
phosphor (Fig. S19†).

Conclusions

High purity luminescent a-Zn2SiO4:Mn phosphors were
synthesized by simple solution impregnation method using
disordered mesoporous silica and effects of alkali metal ions
(Li+, Na+, K+) co-doping were investigated. In one hand meso-
porous silica network provides controlled growth of Zn2SiO4:Mn
crystals and homogenous distribution of Mn2+ ions emission,
on the other hand doping of alkali metal ions improves the
occupancy rate at of Mn2+ ions at Zn(2) position ensuring the
stronger green emission at 526 nm. Moreover, co-doping of
alkali metal ions helps in improving the exchange interaction
between Mn2+ ions, thus shortening the decay time of Zn2-
SiO4:Mn crystals.
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