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Here, we report the direct hydrothermal synthesis of 1D-based Zn,Ge0O4:Mn?" persistent luminescent
nanobelts (ZGO:Mn PLNBs). The ZGO:Mn PLNBs exhibit rapid growth rate, and nanobelts can be obtained
after 30 min of hydrothermal treatment. The persistent luminescence performance can be fine-turned
upon prolonging the hydrothermal time. Furthermore, the doping ratio of Mn?* exhibits influence on the
persistent luminescence properties of ZGO:Mn PLNBs, and 2% doping of Mn?* shows superior persistent
luminescence with decay time of longer than 20 min. The developed 1D-based ZGO:Mn PLNBs can be
simply prepared with the hydrothermal method and show tunable morphology and persistent
luminescence. We believe that this solid-state-reaction-free chemical approach avoids the current key
drawback in regard to PLNMs development, and thus will promote the broad use of these unique
nanostructured PLNMs in developing optical device for imaging.
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Recently, there has been significant interest in fabrication of
light-emitting device for the application in important technologi-
cal applications such as optical imaging and medical diagnosis [1-
3]. Particularly, luminescent materials-based device has recently
attracted wide attention in detection and imaging owing to its
advantages of high sensitivity, cost- and time-effectiveness,
portability, and feasibility [4-7]. Many of luminescent nano-
materials, such as semiconductor quantum dots [8], dye-doped
nanoparticles [9], and metal nanoclusters [10], have been applied
for optical imaging in fields such as medical diagnosis and
luminous displays. For imaging, one of the formidable challenges is
the background fluorescence interference [11-14]. The newly
emerged persistent luminescent materials are a kind of phosphor
which can continue to give out light for hours after the stoppage of
excitation [15-18]. The temporal separation of excitation and
emission properties of these persistent phosphors allows them
efficiently avoiding the autofluorescence derived from various
substrates, thus achieving ultrahigh signal-to-noise ratios in
imaging [19,20]. Recently, significant efforts have been made for
producing bulk persistent phosphors through a “top-down” route,
which needs solid-state-annealing at high temperatures and
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complicated physical methods such as grind to convert as-
prepared large bulk materials into nanoscale particles [16,19,21].
As a result, these particles were mostly heterogeneous, relatively
larger, and poor to disperse in solution. It has been widely accepted
that if the luminescent materials can be prepared in the nano-
dimension, the density of emission sites can be dramatically
enhanced, which is in favour of improving the luminescence
properties [22-24]. To date, only a few researches have reported
the controlled synthesis of persistent luminescence nanomaterials
(PLNMs) with afterglow times raging from several minutes to few
hours after removing the excitation source [25-27]. It is
particularly worth mentioning that there is no applicable synthetic
approach for direct and efficient synthesis of PLNMs with specific
nanostructure such as belts, wires, and tubes. Therefore, in order to
take full advantage of PLNMs for wide application, it is of
significant requirement to synthesize PLNMs with unique nano-
structure and predominant luminescence properties by using an
available and efficient method.

One-dimensional (1D) nanoscaled structures such as nanobelts
and nanowires have attracted considerable academic and practical
applicable interest in developing optical device because of their
unique optical and electronic properties [28-30]. In addition to the
structure, good stability under excitation is another important
factor must be considered [31,32]. Many efficient sulfide-based
compounds have been explored as possible phosphors, but these
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phosphors can be easily decomposed and emit sulfide gases under
electron excitation, subsequently lowering their luminous effi-
ciency [33]. Oxide-based phosphors are more stable and have
excellent light output as well as color rendering properties [34,35].
Mn?* doping zinc germinate (Zn,GeO4:Mn?*) has been found to a
kind of promising persistent luminescent material for emitting
green luminescence with superior stability [36,37]. Developing a
direct controlled synthesis to fabricate 1D-based Zn,GeO4 PLNMs
would open a promising path for luminescent materials-based
optical device.

In this work, we report the Zn,GeO4:Mn?* persistent lumines-
cence nanobelts (denoted as ZGO:Mn PLNBs), with intense PL
properties, can be directly synthesized in a biphasic solution-
chemical reaction system using a hydrothermal route for the first
time. As illustrated in Scheme 1, the ZGO:Mn PLNBs can be directly
prepared in aqueous solution using a hydrothermal method. The
solution of germanium nitrate and zinc nitrate is firstly mixed, and
then precipitated by ethylenediamine. The ZGO:Mn PLNBs can be
finally obtained after the hydrothermal process. We show that the
hydrothermal time can influence the properties of the final
products such as their phases, morphologies, and PL properties. We
also demonstrate that the doping can fine-tune the enhanced PL
intensity and the decay time of ZGO:Mn PLNBs.

The shaped of ZGO:Mn PLNBs prepared at different aging time
was characterized with transmission electron microscope (TEM).
As shown in Fig. 14, at the very beginning, germanium nitrate and
zinc nitrate are mixed together to form particle precursors, which
exhibit an amorphous structure. After 10 min of hydrothermal
reaction, the amorphous nature begins to transform to the
nanobelt morphology (Fig. 1b). The amorphous precursors
gradually merge together after 30 min of aging, and subsequently
transform into the nanobelts (Figs. 1c-h). The overall morphology
of the ZGO:Mn PLNBs shows that the final product is composed of
a large quantity of uniform long nanobelts with diameters
typically in the range of 60-100nm (Fig. S2 in Supporting
information). The length of these nanobelts is about 10 wm
(Fig. S3 in Supporting information), thus the aspect ratio of these
nanobelts is more than 100. Then, the crystal structure of the
ZGO:Mn PLNBs was further observed by varying the hydrother-
mal time. The crystal structure of the as-prepared ZGO:Mn PLNBs
was characterized with X-ray diffraction (XRD). As shown in
Fig. 1i, the XRD pattern of the final product was indexed to the
rhombohedral crystal of ZGO phase (JCPDS card No. 11-0687) [9].
With the aging time increasing, the impure peaks gradually
decrease (dotted line), and the characteristic peaks simulta-
neously increase. In addition, it is observed that all of the
diffraction peaks are sharpen with increasing the hydrothermal
time, suggesting the improvement of the crystallinity. After aging
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Scheme 1. Schematic illustration of the synthesis of ZGO:Mn PLNBs.

for 24 h, the XRD spectrum furthest corresponds to ZGO of a
rhombohedral structure. These results indicate that the increas-
ingly pure crystalline phase of ZGO:Mn PLNBs can be obtained by
prolonged aging time. Next, the luminescence properties of ZGO:
Mn PLNBs were systematically studied by varied the hydrother-
mal time. Fig. 1j presents the photoluminescence spectra of ZGO:
Mn PLNBs. After aging for 30 min, ZGO:Mn PLNBs shows a broad
emission band ranging from 400-600 nm. Because ZGO is a kind
of self-activated phosphor, this luminescence emission band can
be attributed to native defects such as oxygen vacancies and
interstitial zinc [29]. After prolonging the hydrothermal time, the
defect luminescence emission band at around 430 nm gradually
weakens, and a strong emission band peaking at 535 nm can be
observed. After aging for 24 h, the defect luminescence nearly
disappears, and green emission band at 535 nm dominates the
luminescence spectrum. The persistent luminescence decay in
ZGO:Mn PLNBs was also measured, as shown in Fig. 1k. When
ZGO:Mn PLNBs was prepared at aging time upon 8h, they all
show distinct persistent luminescence. Obviously, the decay time
is increases with the extension of aging time. The decay time
longer than 1005 is observed after aging for 24 h, demonstrating
the successful fabrication of ZGO:Mn PLNBs. To conclude, the
persistent luminescence intensity and decay time can be
influenced by changing the aging time.

We further investigate the influence of Mn?* doping on various
properties of ZGO:Mn PLNBs, including morphology, crystal
structure and luminescence property. The morphology of the
ZGO:Mn PLNBs was observed using TEM. As shown in Figs. 2a-e,
when the doped ratio ranges from 1% to 2.5%, no obvious difference
of the morphology of the nanobelts is observed. Apparently, all the
final products show well-defined nanobelt morphology. Therefore,
Mn?* doping has no influence on PLNBs. As shown in Fig. 2f, when
increasing the doped Mn?", all of XRD patterns of ZGO:Mn PLNBs
are indexed to the rhombohedral crystal of ZGO phase, indicating
that Mn?* doping cannot affect the crystal structure of ZGO:Mn
PLNBs. Based on the TEM observation and XRD characterization,
we can speculate that the doping of Mn?* cannot disturb the
formation of nanobelt.

As mentioned by many researches, undoped ZGO is a native
defect phosphor and shows white-blue luminescence under UV
excitation [29,38]. Mn?* has a broad emission band varying from
green to deep red, when doping Mn?* into ZGO host matrix, the
Mn?* can replace the coordinated Zn?* in the host matrix and
become the emission center. Upon UV light excitation, the energy
transfer from the host matrix to Mn?*. This energy transfer can lead
to the “T; — ®A; transition of Mn?*, which exhibits green emission
luminescence [29,37]. Here, we investigated the influence of the
doping ratio of Mn?* on the luminescence properties of ZGO:Mn
PLNBs. Clearly, with the increasing of doping ratio of Mn?*, the
defect luminescence gradually weakens, and the emission band at
535 nm gradually enhances (Fig. 2g). When the doping ratio rises to
2%, the strongest emission is observed. The further increase of
Mn?* results in the reduction of emission intensity, which is due to
concentration quenching. In addition, the persistent luminescence
decay in ZGO:Mn PLNBs was measured, as shown in Fig. 2h. The
longest decay time is obtained when the doping ratio of Mn?* is at
2%. These results indicate that the doping ratio of Mn?* has a strong
influence on the luminescence performance of ZGO:Mn PLNBs.

The persistent luminescence of ZGO:Mn PLNBs, which was
prepared by doping 2% Mn?* and aging for 24 h, was measured with
an IVIS Lumina XR imaging system. Fig. 3 clearly shows the
afterglow intensity of ZGO:Mn PLNBs phosphor disc under UV
illumination. After exposure to UV light for 2 min, the afterglow
brightness of the ZGO:Mn PLNBs phosphor disc gradually weakens
with the increasing decay time, and the decay time can last for
more than 20 min.
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Fig.1. (a-h) TEM images of ZGO:Mn PLNBs prepared at different aging time (a-c: t=0, 10, 30 min; d-h: t=2, 4, 8,16, 24 h). (i) XRD pattern, (j) photoluminescence spectra and

(k) persistent luminescence decay of ZGO:Mn PLNBs prepared at different aging time.
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Fig. 2. (a—e) TEM images of ZGO:Mn PLNBs with different doping ratio of Mn?*. (f) XRD pattern, (g) photoluminescence spectra and (h) persistent luminescence decay of ZGO:
Mn PLNBs with different doping ratio of Mn?".
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Fig. 3. Persistent luminescence decay images of the ZGO:Mn PLNBs.

In this work, we have reported the direct hydrothermal
synthesis of 1D-based ZGO:Mn PLNBs with high aspect ratio. Both
the morphology and persistent luminescence of ZGO:Mn PLNBs
can be fine-turned by changing the hydrothermal time. The ZGO:
Mn PLNBs exhibit rapid growth rate, and nanobelts can be obtained
within 30 min of hydrothermal treatment. When prolonging the
hydrothermal time, the increasing luminescence intensity can be
observed. Furthermore, the persistent luminescence performance
can be turned by varying the doping ratio of Mn?*, and the ZGO:Mn
PLNBs shows the superior luminescence properties with 2% Mn2*
doping. With the optimum hydrothermal time and doping ratio,
the prepared ZGO:Mn PLNBs offer strong persistent luminescence
with decay time long than 20 min, which holds great potential for
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long-term imaging application. This hydrothermal approach
provides a new route for developing more 1D persistent
luminescent nanomaterials, and will lead to the wide use of these
1D-based advanced materials in various research fields.
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