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photoluminescence properties of Er3+, Yb3+ co-
doped NaBi(MoO4)2 nanomaterials†
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Due to the exceptional luminescence properties of lanthanide doped nanomaterials, they have applications

in various field such as sensing, photocatalysis, solar cells, bio-imaging, therapy, diagnostics, anti-

counterfeiting, latent fingerprint development, optical amplifiers, solid state lighting, etc. Here, we report

the excitation dependent photoluminescence properties of Yb3+, Er3+ co-doped NaBi(MoO4)2
nanomaterials in both the visible and NIR regions upon UV, visible and NIR excitation. These

photoluminescence properties show that strong energy transfer occurs from the host to the Yb3+, Er3+

ions. These materials show major emission bands at 530, 552 (green) and 656 nm (red) in the visible

region and 1000 and 1534 nm in the NIR region. The intensity ratio between green and red bands is

dependent on the excitation wavelength, whereas the intensity ratio of the 1000 and 1534 nm bands

relies on the excitation wavelength and Er3+ doping concentration. These materials also exhibit host

emission and upconversion luminescence properties in the visible region.
1. Introduction

Lanthanide ions are known to have excellent luminescence
properties in the UV, visible and NIR regions due to their rich
energy levels. These ions also show both down-shiing and
upconversion photoluminescence properties with long excited
state lifetime values and high quantum yields.1,2 Due to these
exceptional luminescence properties, lanthanide doped nano-
materials have applications in various elds such as sensing,
photocatalysis, solar cells, bio-imaging, therapy, diagnostics,
anti-counterfeiting, latent ngerprint development, optical
ampliers, solid state lighting, etc.1–8 Among lanthanide ions,
the trivalent erbium ion shows emission in the visible and NIR
regions and also exhibits upconversion luminescence proper-
ties. However, its upconversion luminescence properties are
very poor if it is doped alone due to low absorption cross
section. To improve the upconversion luminescence properties,
Yb3+ is used as a sensitizer, where it absorbs the NIR radiation
and transfer the energy to the Er3+ ion. Energy transfer from
Yb3+ to Er3+ and Er3+ to Er3+ are also investigated in detail.9,10

Among the lanthanide ions, Yb3+, Er3+ doped upconversion
materials are well known for their unique optical features, such
as excellent upconversion luminescence, long excited state
lifetime, and high quenching concentration compared to other
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rare earth ions.11,12 Recently, Yb3+, Er3+ co-doped dual mode
emitting materials become key players in anti-counterfeiting
technology due to their unique luminescence properties
under both UV and NIR illuminations.13–16

However, most of these host materials are rare earth based
uorides. These materials are toxic, very expensive and getting
large quantity of high purity rare earth materials is very difficult.
Recently, reports on lanthanide doped bismuth based nano-
materials are increasing gradually due to its advantages over
rare earths such as nontoxic nature, more abundant, less
expensive and an environment ecofriendly, which could be
termed as ‘Green Bismuth’.17–27 Also, ionic size, charge, co-
ordination number of bismuth is similar to rare earth ions.
Bismuth activated materials are known to have their charac-
teristic emission properties which makes them more important
class of luminescent materials.28–30 NaBi(MoO4)2 is an excellent
host material for lanthanide ions with excellent luminescence
properties. For example, Gan, et al. reported the luminescence
properties of Eu3+, Gd3+ co-doped NaBi(MoO4)2 materials.22

Rico, et al. studied upconversion luminescence properties of
Er3+ doped single crystals.26 Li, et al. reported white light
emission from Eu3+, Dy3+ co-doped NaBi(MoO4)2 materials and
their use in light emitting diode.23 Li and Deun investigated
upconversion properties of Er3+/Yb3+ co-doped bulk materials.27

Very recently, our group has been reported the room tempera-
ture synthesis of Eu3+ doped NaBi(MoO4)2 nanomaterials and
their luminescence properties.24 In the present manuscript, we
are reporting visible and NIR photoluminescence of NaBi0.9�x-
ErxYb0.1(MoO4)2 nanomaterials upon UV, visible and NIR exci-
tations. To the best of authors knowledge, so far there is no
RSC Adv., 2020, 10, 14525–14530 | 14525
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report on visible, NIR and upconversion luminescence proper-
ties of NaBi0.9�xErxYb0.1(MoO4)2 nanomaterials.
2. Results and discussion

Nanomaterials of NaBi0.9�xErxYb0.1(MoO4)2, (0.01# x# 0.1) are
prepared by co-precipitation method at room temperature. The
detailed synthesis procedure and characterization techniques
details are given in ESI.† X-ray diffraction patterns of
NaBi0.9�xErxYb0.1(MoO4)2, (0.01 # x # 0.1) nanomaterials
(Fig. S1, ESI†) shows that all doped materials crystallized in
scheelite structure. They match completely with the standard
JCPDS le # 01-074-8694 of NaBi(MoO4)2. Crystallite size of all
these nanomaterials is calculated using Debye–Scherrer
formula and is found to be 13 nm for all samples. Raman and
FTIR spectra of all doped samples (Fig. S2 and S3, ESI†) are
similar to that of undoped sample as well as reported data.31,32

Absence of extra peak conrm that there is no amorphous
impurity phase present in these materials. DR UV-vis spectra
shows that Er3+ absorption increases with its concentration
(Fig. S4, ESI†). TEM image of these nanomaterials shows that
they consist of nearly spherical particles with size in the range of
5–18 nm (Fig. S5, ESI†). EDS analysis of these materials shows
that the actual composition of metal ions is similar to the added
composition (Fig. S6, ESI†).

Luminescence properties of NaBi0.9�xErxYb0.1(MoO4)2, (0.01
# x # 0.1) nanomaterials in visible region are recorded at
488 nm excitation and shown in Fig. 1(a). Three major
Fig. 1 (a) Emission spectra excited at 488 nm, (b) excitation spectra mon
nanomaterials. (c) Emission spectra of NaBi0.85Er0.05Yb0.1(MoO4)2 nanom

14526 | RSC Adv., 2020, 10, 14525–14530
transitions corresponding to 2H11/2 / 4I15/2 (530 nm, green),
4S3/2 /

4I15/2 (552 nm, green) and 4F9/2 /
4I15/2 (656 nm, red) of

Er3+ are observed. Intensity of these transitions increases with
the concentration of Er3+ till x ¼ 0.05 and thereaer it started
decreasing. The initial increase in the intensity with Er3+

concentration is due to increase in the number of Er3+ ions
getting excited. However, with further increase in Er3+ concen-
tration, Er–Er cross-relaxation and multi phonon relaxation
leads to non-radiative decay. Hence, x ¼ 0.05 of Er3+ is an
optimum concentration for obtaining maximum photo-
luminescence in this host material. Excitation spectra corre-
sponding to Er3+ emission (552 nm) of these nanomaterials are
shown in Fig. 1(b). It consists of very broad band between 250–
370 nm corresponding to host material (combination of
molybdate charge transfer and s–p transition of Bi3+) and few
sharp peaks corresponding to f–f transition of Er3+ ions.
Intensity of all these transitions increases with the concentra-
tion of Er3+ till 0.05 and thereaer it decreases. The observation
of host absorption while monitoring Er3+ emission conrm the
transfer of energy from host to Er3+. There is another broad
band between 400–500 nm corresponding to some trap states
present in the host materials and its intensity continuously
decrease with increase in the Er3+ concentration.

Emission spectra of these materials are recorded by exciting
host material (290, 335 nm) as well as direct Er3+ ions (452, 488,
522 nm) for better understanding of the interaction between
host material and dopant ions. Emission spectra of NaBi0.85-
Er0.05Yb0.1(MoO4)2 nanomaterials excited at different
itored at 552 nm emission of NaBi0.9�xErxYb0.1(MoO4)2, (0.01# x# 0.1)
aterials excited at 290, 335, 452, 522 nm.

This journal is © The Royal Society of Chemistry 2020
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wavelength are shown in Fig. 1(c). Emission spectra obtained by
exciting host material (290, 335 nm) exhibit nearly equal
intensities of green and red emission peaks with broad back-
ground emission centered around 570 nm. This broad emission
is due to the trap states present in the host material. In case of
direct excitation of Er3+, the material emit strong green and
week red light. These results demonstrate that equal energy
transfer from host material to 2H11/2,

4S3/2, and
4F9/2 levels of

Er3+ occurs. Whereas 2H11/2,
4S3/2 levels are more populated

than 4F9/2 level aer direct excitation of Er3+ ions. Similar kind
of results are observed in all Er3+ and Yb3+ co-doped samples
(Fig. S7–S9,† ESI).

Emission spectra in near infrared (NIR) region of
NaBi0.9�xErxYb0.1(MoO4)2, (0.01 # x # 0.1) nanomaterials are
recorded at 522 nm excitation and presented in Fig. 2(a). It
consists of two emission bands, i.e., one weak band corre-
sponding to 4I11/2 / 4I15/2 (1000 nm) and a strong band with
ne splitting due to 4I13/2 /

4I15/2 (1534 nm) transitions of Er3+.
Their intensity increases with the concentration of Er3+ till 0.05,
thereaer decreases. The reduction in the intensity of emission
above x ¼ 0.05 is assigned to the concentration quenching.
Similar kind of trend is also observed for Er3+ emission in the
literature.33,34 Excitation spectra of NaBi0.9�xErxYb0.1(MoO4)2,
(0.01 # x # 0.1) nanomaterials are monitored at 1534 nm
emission and shown in Fig. 2(b). A broad band centered at
290 nm along with several sharp peaks are observed. The former
is assigned to host materials absorption and later ones are
corresponding to f–f transitions of Er3+ in the host matrix. The
observation of host absorption while monitoring 1534 nm
emission reveals the energy transfer from host to Er3+ ion.
Fig. 2 Emission spectra excited at (a) 522 nm, (c) 290 nm and exci
NaBi0.9�xErxYb0.1(MoO4)2, (0.01 # x # 0.1) nanomaterials.

This journal is © The Royal Society of Chemistry 2020
However, the lower intensity of host absorption suggest that the
energy transferred to the Er3+ leads to several f–f transitions in
visible and NIR regions.

To understand the energy transfer from NaBi(MoO4)2 to Er3+,
Yb3+ ions, emission spectra of these nanomaterials in NIR
region are recorded at 290 nm and shown in Fig. 2(c). All these
spectra have bands at 1000, 1534 nm. The 1000 nm band cor-
responding to the combination of 4I11/2 /

4I15/2,
2F5/2 /

2F7/2
transitions of Er3+, Yb3+ ions, respectively and the 1534 nm
band is due to 4I13/2 /

4I15/2 transition of Er3+. Surprisingly, the
emission intensity of 1000 nm band is much higher when
compared to the 1534 nm band and the intensity of former
band decreases with increasing the Er3+ concentration whereas
the intensity of later increases. However, the rate at which
former decrease is very high while the increment in later is
marginal. It can be explained based on two things. First one is
the competitive energy transfer from host to Yb3+ and Er3+

simultaneously. Second, the energy transferred from host to the
Yb3+ leads to emission at 1000 nm only whereas it is distributed
in different ‘f’ energy levels of Er3+ and gives several emission
bands at 530, 552, 656, 890, 1000 and 1534 nm. Excitation
spectra are monitored at 1000 nm emission for these nano-
materials and shown in Fig. 2(d). These spectra consists of
strong excitation band at 290 nm with shoulder at 380 nm and
very week peaks at 522, 656 nm. The broad band is ascribed to
host absorption and its intensity decreases with increase in the
Er3+ concentration. This might be because of the competitive
energy transfer from host to the Yb3+ and Er3+ ions. Contour
plots of emission and excitation for NaBi0.85Er0.05Yb0.1(MoO4)2
nanomaterials are shown in the Fig. 3. It gives possible
tation spectra monitored at (b) 1534 nm, (d) 1000 nm emission of

RSC Adv., 2020, 10, 14525–14530 | 14527

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01272f


Fig. 3 Contour plot of emission–excitation of NaBi0.85Er0.05Yb0.1(MoO4)2 nanomaterials for corresponding emission in the (a) visible, (b) NIR
regions.

Fig. 4 (a) Emission spectra of NaBi0.85Er0.05Yb0.1(MoO4)2 nanomaterials excited at 335, 380, 522, 656 nm. Integrated intensities of (b) 1000 nm
peak, (c) 1534 nm peak, (d) ratio of 1000/1534 nm peaks for NaBi0.9�xErxYb0.1(MoO4)2, (0.01 # x # 0.1) nanomaterials at different excitations.
Emission spectra of NaBi0.85Er0.05Yb0.1(MoO4)2 nanomaterials excited at 980 nm in (e) visible (f) NIR regions.

14528 | RSC Adv., 2020, 10, 14525–14530 This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Energy level diagram of NaBi0.9�xErxYb0.1(MoO4)2 nano-
materials and possible energy transitions.
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excitation wavelengths and corresponding emission intensities
in a qualitative way. It shows that the relative emission inten-
sities in the NIR region are highly dependent on the excitation
wavelength.

For better quantitative understanding of NIR emission
properties, NaBi0.85Er0.05Yb0.1(MoO4)2 nanomaterials are
excited through host (335, 380 nm) as well as Er3+ ions (522, 656
nm) directly and results are shown in Fig. 4(a). When the
sample excited directly to Er3+ ion (522, 656 nm), very strong
emission at 1534 nm and weak band at 1000 nm are observed.
However, the trend is just reversed when excited to host mate-
rial. It reveals that the Er3+ ion has very low contribution to the
1000 nm emission and the emission is majorly resulted from
2F5/2 / 2F7/2 transition of Yb3+ ions. Similar results are also
observed from all NaBi0.9�xErxYb0.1(MoO4)2, (0.01 # x # 0.1)
nanomaterials (Fig. S10–S12, ESI†). Integrated area of 1000,
1534 nm bands and their relative intensity ratios are measured
for all these samples at different excitation wavelengths (Table
TS2, ESI†) and corresponding plots are shown in Fig. 4(b–d).
The ratio of 1000 nm band to 1534 nm band is maximum for
samples excited at 290 nm followed by 335, 380 nm and is least
for 522 nm excitation. The ratio decreases with increasing the
Er3+ concentration in the host matrix. As Yb3+ is a good sensi-
tizer for upconversion luminescence properties, to know the
possibility of the upconversion emission from these samples,
NaBi0.85Yb0.1Er0.05(MoO4)2 nanomaterials are excited with
980 nm laser light having 2.75 W cm�2 power density at room
temperature and emission is recorded in the range of 500–
750 nm. The emission spectrum is shown in Fig. 4(e). This
material shows excellent upconversion properties with emis-
sion peaks at 530, 552, 656 nm. These bands are corresponding
to 2H11/2 /

4I15/2 (530 nm), 4S3/2 /
4I15/2 (552 nm) and 4F9/2 /

4I15/2 (656 nm) transition of Er3+ ion. Emission properties are
also measured in the NIR region at 980 nm laser excitation and
is shown in Fig. 4(f). The sample gives very strong emission at
1534 nm. It reveals that only part of the 980 nm laser light is
converted into upconversion emission and remaining energy
converted into NIR emission while decay to ground state.
This journal is © The Royal Society of Chemistry 2020
Based on the photoluminescence properties observed in
visible, NIR regions, a possible energy level diagram for
NaBi0.9�xErxYb0.1(MoO4)2 nanomaterials is proposed as illus-
trated in the Fig. 5. When the host material is excited, it decays
non-radiatively to the trap states present in it. From there it may
decay radiatively to the valence band by emitting very broad
emission centered at 570 nm or it may transfer its energy to Yb3+

and Er3+ ions. In case of energy transfer from host to the Yb3+

ions, they decay to ground state by emitting 1000 nm emission.
In the event of the energy transfer to Er3+ ions, part of these ions
decay to ground state by giving visible emission and part of the
ions decay non-radiatively to lower energy levels and subse-
quently they decay to the ground state by emitting NIR light. If
these nanomaterials are excited directly to Er3+, they give only
Er3+ emission.

3. Conclusions

Nanomaterials of NaBi0.9�xErxYb0.1(MoO4)2 exhibit excellent
photoluminescence properties in both visible and NIR regions
by exciting with UV, visible and NIR light. These nanomaterials
show broad emission in visible region by exciting host material
along with Er3+ emission. Strong energy transfer from host to
Er3+, Yb3+ and Yb3+ to Er3+ has been observed. The lumines-
cence properties of these nanomaterials depends on the exci-
tation wavelength. The relative intensity ratio between green to
red emission and 1000 nm to 1534 nm emission peaks are
highly depend on the direct or indirect excitation of Er3+ ions.
The broad host emission in visible region and excitation
dependent difference in relative intensities of emission peaks
shows that these nanomaterials may have potential applica-
tions in anti-counterfeiting ink as security labels.
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F. Sanz-Rodŕıguez, L. M. Maestro, E. M. Rodriguez,
D. Jaque, J. G. Sole and J. A. Capobianco, ACS Nano, 2010,
4, 3254–3258.

8 Z. Gu, L. Yan, G. Tian, S. Li, Z. Chai and Y. Zhao, Adv. Mater.,
2013, 25, 3758–3779.

9 M. T. Berry and P. S. May, J. Phys. Chem. A, 2015, 119, 9805–
9811.

10 A. Baride, P. S. May Jr and M. T. Berry, J. Phys. Chem. C, 2020,
124, 2193–2201.

11 F. Auzel, Chem. Rev., 2004, 104, 139–173.
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