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ABSTRACT: Betavoltaic batteries, as a kind of ultimate battery, have attracted
much attention. ZnO is a promising wide-bandgap semiconductor material that
has great potential in solar cells, photodetectors, and photocatalysis. In this
study, rare-earth (Ce, Sm, and Y)-doped ZnO nanofibers were synthesized using
advanced electrospinning technology. The structure and properties of the
synthesized materials were tested and analyzed. As betavoltaic battery energy
conversion materials, the results show that rare-earth doping increases the UV
absorbance and the specific surface area and slightly reduces the band gap. In
terms of electrical performance, a deep UV (254 nm) and X-ray source (10 keV)
were used to simulate a radioisotope f-source to evaluate the basic electrical
properties. Among them, the output current density of Y-doped ZnO nanofibers
can reach 87 nA-cm™ which is 78% higher than that of traditional ZnO
nanofibers, by deep UV. Besides, the photocurrent response of Y-doped ZnO
nanofibers is superior to that of Ce-doped and Sm-doped ZnO nanofibers by soft X-ray. This study provides a basis for rare-earth-
doped ZnO nanofibers as energy conversion devices used in betavoltaic isotope batteries.

Article Recommendations |

B INTRODUCTION

With the proposal and development of fourth-generation
advanced nuclear energy systems, radioisotope batteries, as an
. 8 S¥ ’ P1,z ’ D ZnO nanofibers will have enormous potential in betavoltaic
important branch of nuclear energy systems, '~ have attracted )

extensive attention owing to their high energy density, long batteries.

) . . .
lifetime, environmental stability, and miniaturization,”~> which (LRarE—e)arthd éRE) el;:lr;lBen‘;s, 1nctlu((hsng tgeY)lsh lanthamd.esl
are widely used in special fields, such as deep space, deep sea, 4f£; d ul atn group d teterlr;enR; clan ; ’ have a4 splec1a
polar, and medical devices. The economical and safe ¢ electron ground state. clements have a farge
betavoltaic effect is a kind of energy transfer mode of atomic radius and a weak binding ability of the nucleus for the
radioisotope batteries. The principle is that -particles interact outer layer O.f clectrons, so the electrons can transition

. . ; . .6 between multiple energy levels and have strong chemical
with semiconductor materials to realize energy conversion. 1819 - ; -
Betavoltaic batteries are composed of f-source and a act1v11t’y.. Doping RE eleme.nts 1nto_ Zn_o n;\élc;[;bers 152

promising method for material modification. Doping

semiconductor energy conversion device. Since the 1970s, : . . .
. . nanomaterials with RE ions can adjust the crystal phase,
Olsen et al. proposed that wide-bandgap semiconductors have o } .
conductivity, bandgap, and electronic configuration of the

forms of ZnO, one-dimensional (1-D) ZnO nanofibers with
the surface effect and the quantum-size effect have a large
specific surface area and 1-D charge transport.'® Therefore, 1-

high energy conversion efficiency.” Researchers subsequently
developed a series of wide band gap semiconductors: gallium
nitride (GaN),? silicon carbide (SiC),” zinc oxide (ZnO),"
titanium dioxide (TiO,), and diamond."’ Among wide-
bandgap semiconductors of wide interest, ZnO has attracted
particular attention because of high radiation tolerance,
excellent chemical stability, low cost, and environmental
friendliness.'”'® Moreover, ZnO exhibits a high exciton
binding energy (60 meV), a high breakdown strength, and
much higher electron mobility than titanium oxide (TiO,)
(155 cm®*V7ls™h vs 107> ecm*V~'s™'), which would be
favorable for electron transmission.'”'> Among the many

© 2023 The Authors. Published by
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nanomaterials to endow them with rich optical, electrical,
magnetic, and catalytic properties.zs_25 For instance, Ji et al.
reported incorporation of RE ions (Tb, Dy, and Er) into ZnO

nanostructures, observing dramatic splitting and enhancement
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of the intra-4f transition in photoluminescence excitation
spectra.”® Eu ions have been doped into ZnO nanostructured
catalysts to enhance their photocatalytic activity toward
organic pollutants by reducing the bandgap, trapping photo-
induced electrons, and suppressing electron—hole recombina-
tion.”” Tb ions have also been doped into ZnO nanorod
bundles, exhibiting superparamagnetism at room temperature
and ferromagnetism at 5 K.*® However, there are few reports
evaluating the application potential of RE-doped ZnO
nanomaterials in nuclear power conversion.

New developments in electrospinning include nanofiber
ceramic semiconductors.”” Electrospun ceramic fibers offer
properties that are difficult to achieve in other nanostructures,
viz,, (i) large aspect ratio and nanofiber volume make ion
doping easier, (ii) accurate control of their thickness, size, and
shape, and (iii) heat treatment can improve crystallinity
without reducing nanofiber surface area.’®™* The preparation
of semiconductor ceramic nanofibers by electrospinning has
been widely used in third-generation solar cells, electricity and
photocatalysis systems, energy storage devices, and other
fields.”**

Due to the demand for semiconductor materials for energy
conversion based on betavoltaic batteries, a series of RE-
doped ZnO nanofibers were prepared by an electrospinning
process and an RE modification method, doping light RE
elements (Ce), medium RE elements (Sm), or heavy RE
elements (Y). The potential application of the RE-doped
nanofibers was evaluated with deep ultraviolet (UV) and soft
X-ray instead of a f-source. This study will provide a good
reference for the preparation of betavoltaic effect conversion
devices in the future.

B EXPERIMENTAL SECTION
Preparation of ZnO/Ce, ZnO/Sm, and ZnO/Y Nano-

fibers. In a typical experiment, different molar ratios of zinc
acetate and cerium nitrate hexahydrate, samarium (III) nitrate
hexahydrate, or yttrium nitrate hexahydrate were dissolved in
a 7:3 v/v of N,N-dimethylformamide and acetylacetone
solvent under magnetic stirring to dissolve them. Then, an
appropriate amount of polyvinylpyrrolidone (PVP) was
dissolved in the above solution under magnetic stirring to
obtain a homogeneous precursor solution. The prepared
electrospinning solution was carefully sucked into a 10 mL
syringe, which was horizontally fixed by electrospinning
equipment. A voltage of 23 kV was applied between the
needle and the collection plate at a distance of 15 cm. The
feeding rate was constant at 1.2 mL-h™". The electrospinning
deposition was conducted in air (temperature: 24 °C,
humidity: 35%). The obtained nanofibers were calcined at
500 °C for 1 h (heating rate: 1 °C/min) using a
programmable furnace after drying at 80 °C for 12 h to
obtain pure ZnO nanofibers and RE-doped ZnO nanofibers.
The specific experimental process is shown in Scheme 1.
Material Characterization and Simulated pg-Radio-
active Source Measurement. The crystal structures of the
samples were characterized using X-ray powder diffraction
(XRD, Mini flex 600). The microstructure morphologies of
the samples were characterized using field emission scanning
electron microscopy (SEM, Apreo S LoVac). High-resolution
images of single nanofibers were obtained using high-
resolution transmission electron microscopy (TEM, FEI/
Talos F200X G2). The elemental information of the samples
was characterized using X-ray photoelectron spectroscopy

Scheme 1. Schematic Diagram of the Preparation Process
of the Nanofiber Ceramic
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(XPS, Thermo Fisher Scientific K-alpha*). The ultraviolet—
visible light (UV—Vis) absorption of the samples was
characterized using a UV—Vis spectrophotometer (Agilent
Cary 5000, USA).

P-Source has great limitations, which makes it difficult for
researchers to test and verify materials in the radiation at the
beginning of the experiment. It is generally tested by radiation
simulation. For example, Li et al. used lasers to simulate
radiation effects because laser irradiation of semiconductor
devices can produce electrical characteristics similar to some
radiation effects.’® Kim et al. reported the electrical perform-
ance of a manufactured betavoltaic cell evaluated by electron-
beam irradiation.”” Here, an UV light source system (CEL-
LPHI120-254) with 254 nm and a MagPro X-ray source
(TUB00146-W06, Japan) with 10 keV are used to simulate /-
source. The output currents of the samples were characterized
using a picoammeter (Keithley 6485, USA). All measurements
were performed in a dark shielding box at room temperature
(298 K).

B RESULTS AND DISCUSSION

Figure la depicts a physical image of the precursor of zinc
oxide nanofibers. The thickness and size of the precursor can
be controlled, making it a versatile material that can be
applied in various fields. From the SEM image shown in
Figure 1b, it can be observed that the surface of the precursor
nanofibers is smooth, the length is continuous, and the
diameter is approximately 200 nm. The ZnO nanofibers after
being calcined at 500 °C are shown in Figure 1c. Through the
decomposition of PVP and dissolution, as well as the
formation of ZnO, the surface of the fibers becomes rough,
but they still maintain a continuous state. The diameter of the
fibers decreases to about 100 nm. Figure 1d—f displays SEM
images of calcined Ce-doped, Sm-doped, and Y-doped ZnO
nanofibers. Apparently, the diameter of the nanofibers
increases to around 300 nm due to the addition of rare-
earth ions. This is because the addition of rare-earth ions leads
to an increase in the conductivity of the precursor solution,
which in turn strengthens the electric field force during
electrospinning, leading to a relative weakening of fiber
stretching. The Ce-doped and Sm-doped ZnO nanofibers
have raised grains on their surfaces, while the surface of the Y-
doped ZnO nanofibers is relatively flat. A TEM image of a
single nanofiber is shown in Figure 1g, which shows
continuous grain nanofibers. A lattice image is shown in
Figure 1h, indicating that the ZnO single grains are highly
crystalline. The lattice spacing along the (002) direction
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Figure 1. (a) Macroscopic side view and top view of a nanofiber sample. SEM images of (b) ZnO nanofibers before calcination, (c) ZnO
nanofibers, (d) Ce-doped ZnO nanofibers, (e) Sm-doped ZnO nanofibers, and (f) Y-doped ZnO nanofibers. (g) Low- and (h) high-magnification

TEM images of a single ZnO nanofiber.
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Figure 2. XRD patterns of (a) Ce-doped ZnO nanofibers, (b) Sm-doped ZnO nanofibers, and (c) Y-doped ZnO nanofibers.

indicated by yellow lines is 0.26 nm, which is consistent with
the wurtzite crystal structure of ZnO.

Figure 2a—c shows the XRD patterns of the Ce-doped, Sm-
doped, and Y-doped ZnO nanofibers compared to those of
the pure ZnO nanofibers. From the XRD pattern, all samples
show nine diffraction peaks of the ZnO nanofibers
corresponding to the (100), (002), (101), (102), (110),
(103), (200), (112), and (201) planes of the wurtzite crystal
structure at 30.98, 33.63, 35.44, 46.78, 55.86, 62.16, 65.66,
67.26, and 68.46°, respectively.z'8 All diffraction peaks
consistent with the reported data confirm that ZnO has a
wurtzite hexagonal phase. No characteristic peaks of other RE
oxides or other impurities are observed.

After doping, the morphology of the ZnO nanofibers
changes, which affects the specific surface area and porosity of
the ZnO nanofibers. The N, adsorption—desorption isotherms
of pure ZnO nanofibers and RE-doped ZnO nanofibers are
shown in Figure 3a—d. All ZnO samples show IV-type
isotherms with an H3-type hysteresis Ioop,39 which indicates
that the nanofibers maintain a mesoporous structure. The
pore size distribution curves of the corresponding samples

were also obtained by using the Barrett—Joyner—Halenda
(BJH) calculation method, and the results are shown in Figure
3e—h. As shown in Figure 3e, the specific surface area of the
pure ZnO nanofibers is nearly 9.03 m>g~', and its pore
volume is 0.06 cm®-g™". As shown in Figure 3f—h, the doping
with RE ions increases the specific surface area of the ZnO
nanofibers.

To further investigate the elemental compositions of the
Ce-doped and Sm-doped ZnO nanofibers and their chemical
bonding states, XPS tests were conducted. The measured
scanned peaks in Figure 4a, c¢ could be identified as
corresponding to C, O, Zn, Ce, and Sm elements, verifying
the presence of these elements in the Ce-doped and Sm-
doped ZnO nanofibers. All data were corrected by referencing
them to the C 1s peak (set at 284.8 eV) before processing the
spectroscopic data. After Gaussian fitting of the curves, Zn 2p
peaks (Figure 4b) appear at two positions of 1021.4 and
1044.45 eV, corresponding to Zn 2p;, and Zn 2p,,,
respectively.” The Zn 2p peaks of the Ce-doped ZnO
nanofiber materials are slightly shifted to lower binding
energies compared to the standard spectrum of the ZnO

https://doi.org/10.1021/acsomega.3c00039
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Figure 3. N, adsorption—desorption isotherms of (a) ZnO nanofibers, (b) Ce-doped ZnO nanofibers, (c) Sm-doped ZnO nanofibers, and (d) Y-

doped ZnO nanofibers; pore distributions of (e) ZnO nanofibers, (f) Ce-doped ZnO nanofibers, (g) Sm-doped ZnO nanofibers, and (h) Y-doped
ZnO nanofibers.

material. This is due to the shift of Ce electrons toward Zn, external electrons will be weakened, resulting in a decrease in
which corresponds to a relatively high electron density on Zn, the binding energy. The successful doping of Ce atoms into
and the corresponding ability of the Zn nucleus to bind the ZnO crystal is proven. In addition, by fitting, the Ce 3d

17647 https://doi.org/10.1021/acsomega.3c00039
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Figure 4. XPS spectra of (a) the full survey scan, (b) Zn 2p, and (c) Ce 3d for the Ce-doped ZnO nanofiber material. XPS spectra of (d) the full
survey scan, (e) Zn 2p, and (f) Sm 3d for the Sm-doped ZnO nanofiber material. XPS spectra of (g) the full survey scan, (h) Zn 2p, and (i) Y 3d

for the Y-doped ZnO nanofiber material.

spectrum (Figure 4c) of the Ce-doped ZnO nanofiber
material was divided into 9 peaks. The three peaks located
at 880.5, 884.8, and 903.3 eV are attributed to the Ce(III)
atom. The six peaks located at 881.9, 887.7, 897.8, 900.5,
906.5, and 916.5 eV are attributed to the Ce(IV) atom.*' ™"
This indicates that the Ce element in the material
simultaneously exists in two different oxidation states. Figure
4e shows the Zn 2p peaks of the Sm-doped ZnO nanofiber
materials. The results are similar to those of the Ce-doped
sample. In the Sm 3d spectrum (Figure 4d), the four peaks
belong to Sm 3d;/, and Sm 3d;/,. The binding energies of
1080.8, 1083.8, 1107.3, and 1111.1 eV indicate the existence
of Sm®" and Sm**, which agree with the literature data. Figure
4g displays the full-spectrum XPS spectrum of ZnO/Y, which
indicates the presence of Zn, Y, and O elements. In addition,
the valence states of Zn and Y elements were investigated. As
shown in Figure 4h, the Zn 2p spectrum exhibits two main
spin—orbit splitting components, namely 2p;,, and 2p, ,, with
binding energies of 1021 and 2044 eV, respectively. These
results are consistent with the literature and indicate that the

obtained Zn has a +2 ionic state. Figure 4i shows the high-
resolution spectrum of the Y element, which includes two
spin—orbit dipole components, namely Y 3d;;, and Y 3d;,,,
with binding energies of 158.4 and 160.4 eV, respectively.
These two doublets are attributed to the Y—O bond
length,*** confirming the presence of Y** ions in the Y-
doped ZnO nanofibers.

The effects of Ce, Sm, and Y doping ZnO on UV
absorption were investigated, as shown in Figure 5. From
Figure Sa, with increasing Ce doping content, the UV
absorbance of the sample gradually increases and tends to
stabilize. Compared with the pure ZnO sample, the UV
absorbance of 4-ZnO/Ce is most obviously enhanced,
increasing by 20%. From Figure Sc, with increasing Sm
doping content, the UV absorbance of the sample first
increases and then decreases. Compared with the pure ZnO
sample, the absorbance of both 1-ZnO/Sm and 3-ZnO/Sm
increases by 10%. From Figure Se, with increasing Y doping
content, the UV absorbance of the sample first increases and
then decreases. Compared with the pure ZnO sample, the UV
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Figure S. (a) UV—Vis absorption spectra and (b) calculated bandgaps of Ce-doped ZnO nanofibers; (c) UV—Vis absorption spectra and (d)
calculated bandgaps of Sm-doped ZnO nanofibers; (e) UV—Vis absorption spectra and (f) calculated bandgaps of Y-doped ZnO nanofibers.

absorbance of 4-ZnO/Y decreases by 3%. The bandgaps of all
samples were calculated from the main absorption edge of the
spectra in Figure 5b,d,f** The bandgap of pure ZnO
nanofibers is 3.18 eV. Compared with pure ZnO nanofibers,
the bandgaps of the RE-doped ZnO nanofibers are slightly
smaller, which can be attributed to the defects caused by
doping.

To evaluate the RE-doped ZnO nanofiber materials in a
cost-effective manner, deep UV and X-rays were used to
qualitatively simulate the beta-electrochemical performance.
Without an external voltage bias, the samples can generate a
photocurrent under UV radiation. Figure 6 shows the largest
output current densities of Ce-doped, Sm-doped, Y-doped,

17649

and pure ZnO nanofiber samples after ~1800 s of deep UV
irradiation. 2-ZnO/Y shows a maximum output current
density of 87 nA-cm™. 4-ZnO/Y shows a lower output
current than the pure ZnO nanofibers, which can be
attributed to its lower UV absorbance than that of the pure
ZnO nanofibers. The output current of the materials is related
not only to the UV absorbance but also to the morphology
and structure. The output currents of both the Ce-doped and
Sm-doped ZnO nanofiber materials are lower than those of
the Y-doped ZnO nanofiber materials. This may be due to the
fact the the Y ion has a stable electronic structure, which
makes Y ions more stable in the crystal, improves the
efficiency of electron transfer, and prolongs electron lifetime.”!
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Figure 6. Largest output current densities of RE-doped ZnO
nanofiber materials under 14 mW-cm™ UV irradiation for 1800 s.

On the other hand, Ce ions and Sm ions, due to their variable
valence states, may cause a decrease in material performance
and instability. In conclusion, the Y-doped ZnO nanofiber
materials exhibit better photoelectric conversion efficiency.

To investigate the time-dependent photoresponses during
the rise and fall phases, 90 s I—t tests of doped samples were
performed. Figure 7a exhibits an actual photo of the samples
under test and a sketch map. As shown in Figure 7b, 1-ZnO/Y
enables the best photocurrent response compared with the
other samples.

B CONCLUSIONS

In this study, RE-doped (Ce, Sm, and Y) one-dimensional
ZnO nanofibers were successfully prepared by a simple and
cost-effective electrospinning technique and applied to battery
energy conversion devices. The as-synthesized RE-doped ZnO
nanofibers have a uniform surface morphology. According to
SEM, the quality of the Y-doped ZnO nanofibers has
improved. Compared with pure ZnO nanofibers, the specific
surface area and UV absorbance of Y-doped ZnO nanofibers
are increased by 82 and 10%, respectively. A deep UV light
source and soft X-ray were used to simulate a f-source to
evaluate the basic electrical properties of the materials. The
results indicate that the output current density and photo-

current response for heavy RE (Y) doping are superior to
those for light RE (Ce) doping and medium RE (Sm) doping.
The maximum output current density of 2-ZnO/Y reaches 87
nA-cm™2 1-ZnO/Y sample exhibits the best photocurrent
response effect by soft X-ray. In a word, Y-doped ZnO
nanofibers have greater application potential in betavoltaic
battery energy conversion devices.
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