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1 | INTRODUCTION

Summary

CsPbBr; and CsPbBr sI; s perovskite quantum dots (QDs) are synthesized by
hot-injection with PPO (2,5-diphenyloxazole) as a fluorescent material for
radioluminescent nuclear battery. The results reveal that the fluorescence of
the QD/PPO system consists of radioluminescence (4.79%-5.35%) and
photoluminescence (nearly 95%). The addition of QDs leads to more excellent
optical and electrical properties of radioluminescent nuclear battery. The peak
position of the radioluminescence spectra of QD/PPO can be regulated by con-
trolling the components of QDs. This strategy is suitable for obtaining a satisfac-
tory spectral matching factor for different photovoltaic devices to obtain
outstanding output performance. Moreover, good selection of QD/PPO as a
fluorescent material can significantly improve the overall output performance
of the radioluminescent nuclear battery. The linear relationship between opti-
cal and electrical properties was presented. Perovskite QDs exhibit excellent
application prospects for the (o, 8, y, and X-ray sources) radioluminescent
nuclear battery and X-ray imaging technology.
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Previous studies have shown that the particles (a, £, y, and
X-ray) decayed from the radioactive source can easily make

Microelectromechanical systems (MEMS) have developed
rapidly in recent decades. Microelectromechanical sys-
tems devices pursue smaller size and higher power. Due
to bulky, short-life, poor adaptability to the environment,
traditional fuel cells and solar cells are unable to satisfy
the power requirements of MEMS devices."”

Nuclear batteries, which convert the decay energy of
radioisotopes into electrical energy, are a potential candi-
date for MEMS energy supplies. Increasing the activity
and choosing a radioactive source of high-energy are the
most direct ways to improve the output performance of
nuclear cells to meet the power requirements of MEMS.

radiation damage on the semiconductor for the radiovoltaic
nuclear battery with direct energy conversion.**

As an indirect energy conversion, a radioluminescent
nuclear battery consists of a radioactive source, a fluores-
cent material, and a photovoltaic (PV). Since the radiation
damage of semiconductors in direct energy conversion,
radioluminescent nuclear battery is expected to be used in
radioactive sources of high activity and energy, which
has been widely studied.®’® However, the existing
radioluminescent nuclear battery exhibits low output power
and energy conversion efficiency because of the unsatisfac-
tory matching between the fluorescent material and the PV
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cells. Therefore, a new fluorescent material is sought to reg-
ulate the emission spectrum to match the peak of the exter-
nal quantum efficiency curve of the different PV, to obtain a
more excellent battery output performance.

Perovskite quantum dots (QDs) and traditional QDs in
the light-emitting diode, solar cells, sensors, and other fields
have made rapid development.'™'? Kovalenko et al**
reported that CsPbX; (X = Cl, Br, and I) QDs exhibit high
photoluminescence (PL) efficiency (~90%) and narrow full
width at half maximum (FWHM), which is superior to that
of most traditional QDs. Valais et al'* demonstrated that the
CdSe/ZnS QDs exhibit great potential for X-ray detection. In
2017, Chen et al* studied the radioluminescence (RL) of
CsPbBr; perovskite QDs under X-ray. The results show that
the CsPbBr; perovskite QDs are liable to be regulated emis-
sion spectra and demonstrate a potential application on
scintillator detectors and radioluminescent nuclear battery.
Manna et al*® reported in 2016 that X-ray irradiation could
improve the stability of perovskite QDs. Related research
studies on X-ray source nuclear battery are also being more
and more widespread.'”*

In this paper, the combination of QDs and 2,5-
diphenyloxazole (PPO) was predicted to enhance the
emission intensity as well as regulate the emission spec-
trum. The overall output performances of the battery
before and after the spectral regulation were studied.
The results show that using perovskite QDs for spectral
regulation can greatly improve the overall output perfor-
mance of the radioluminescent battery. The feasibility of
using perovskite QDs in radioluminescent nuclear battery
was also verified. There is also a great potential for (a, £, v,
and X-ray) radioluminescent nuclear battery and X-ray
imaging technology.

2 | MATERIALS AND METHODS

2.1 | Synthesis of CsPbX; QDs and CsPbX;
QD/PPO

CsPbBr; and CsPbBr, 51, 5 QDs were synthesized by hot-
injection with oleylamine and oleic acid as surfactants.
Surface alkyl promoted the dispersion of CsPbX; QDs in
an organic solvent and disperses CsPbX; QDs in toluene."”

2,5-Diphenyloxazole was dissolved in toluene solvent
to obtain different solution concentrations (1-6 mg/mL)

TABLE 1 Specific parameters of the X-ray tube

for measurement of RL intensity under a fixed tube voltage
of 60 kV and tube current of 800 pA. The optimal concen-
tration of the PPO solution was determined as 2 mg/mL
(Figure S1). CsPbX; QD/PPO solution was obtained by
adding 20 mg PPO powders into 10 mL QD solution, and
then was operated magnetic stirring until fully dissolved.
The mass concentrations of QD/PPO and QD solutions
configured in this paper are both 10 mg/mL (synthesis
details were represented in the Supporting Information).

2.2 | Experimental methods

2.2.1 | X-ray tube energy spectra
measurement

The X-ray spectrum of the X-ray tube (Shanghai KeyWay
Electron Company Ltd. KYW900A, China) at different
tube power levels (10-60 kV) were measured by using a
hemispherical CZT radiation probe (Shanxi Imdetek
Company Ltd DT-01C1, China) and ORTEC digital multi-
channel (ORTEC 572A/672, USA). The CZT radiation
probe and the X-ray beam were collimated by lead (Pb).
X-rays are hardened by 2 mm aluminum plates. The spe-
cific parameters of the X-ray tube are shown in Table 1.
The obtained X-ray spectra information and the test sys-
tem are shown in Figure 2.

2.2.2 | PL and absorption spectra
measurement

Ultraviolet (UV)/Vis absorption spectra were recorded by
using a UV/Vis spectrophotometer (Varian Cary 100,
USA), and the PL spectra of the QDs were obtained by
using a fluorescence spectrometer (Cary Eclipse Spec-
trometer, Agilent Technologies Inc., Malaysia).

2.2.3 | RL spectrum measurement

The RL emission spectra of the CsPbX; QD solutions were
measured and characterized to determine the characteris-
tic emission peaks of the solvent and solute. The X-ray
source was an X-ray tube with Mo target and operated
atl0 to 60 kV and 100 to 1000 pA. Emission spectrum
was recorded at 200 to 1000 nm by using a fluorescence
spectrophotometer (Cary Eclipse Spectrometer, Agilent

Anode Voltage Anode Current Maximum Power Filament Voltage Filament Characteristic
60 kV 0-1 mA 65 W 20V Ir1.7A

Thickness of beryllium window Target angle Focus spot size Grounded mode Target

200 um 10° 0.1 mm X 0.1 mm Grounded cathode Molybdenum
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Technologies Inc., Malaysia). The slit width of the emis-
sion monochromator was set to 20 nm, and the tube volt-
age of photomultiplier was set to 800 V.

2.2.4 | High-resolution transmission elec-
tron microscopy

One drop of CsPbX; QD solution was dispersed onto a Cu
grid. High-resolution transmission electron microscopy
(HRTEM) images were obtained on a Tecnai G2 F30 S-
TWIN instrument.

2.2.5 | Measurement of the optical prop-
erty of radioluminescent nuclear battery

Radioluminescence was imaged by using an electron-
multiplying charge-coupled device (EMCCD) camera
(Andor iXon Ultra 888#BV, USA) equipped with a Canon
EF 24 to 70 mm f/2.8 L II USM zoom lenses. The integra-
tion time for all images was set to 1 second. The image
resolution was 1024 x 1024 active pixels. Raw images
were processed by subtracting a background image that
was obtained under the same lighting conditions but
turned off X-ray tube. All instruments were in the

X-ray tube
KYWS00A

b).c)

ANDOR EMcCD 18
iXon Ultra 888#BV

High Voltage Power Supply
Wisman XRN60P60
o ZaS

\AAIBA'E ENERGY RESEARCH

Faraday dark box during the experiments. Reproducibility
was tested by recording 3 consecutive images for each
measurement and then the standard deviation of each test
result were calculated (Tables S1-S3). The camera and
some test samples are shown in Figure 1B).

2.2.6 | Measurement of electrical property
of radioluminescent nuclear battery

Current-voltage curve was measured by a dual-channel sys-
tem source-meter instrument (Keithley 2636A, USA). The
instrument and some test samples are shown in Figure 1C.
The physical diagrams of the optical and electrical
measurement systems are shown in Figure 1.

3 | RESULTS AND DISCUSSION

3.1 | X-ray tube energy spectra
measurement

The X-ray spectra of the X-ray tube at different tube
power (10-60 kV) were recorded by using a CZT radiation
probe and ORTEC digital multichannel (Figure 2).

An X-ray tube uses high-speed electron impact on the
metal target bremsstrahlung to produce X-ray. The tube

Source Meter
Keithley 2636A

Fluorescence Spectrophotometer
Agilent Cary Eclipse

FIGURE1 A, Physical diagram of the measurement system; B, radioluminescence image test system (electron-multiplying charge-coupled

device); C, Electrical property test system (2636A); and D, radioluminescence spectrum test system [Colour figure can be viewed at

wileyonlinelibrary.com]


http://wileyonlinelibrary.com

s | \WILEY

CHEN ET AL.

ENERGY RESEARC

b
3
-
3
3
§
-

) 10kV 20kV 30kV ——10kV

S 10 ——20kV
—30kV

£ TargatKo —— 20KV

3 osf —— 50KV

o —60kV

5 60kV

© 06

=

[}

>

£oaf

>

c

L=

T o02f

A aokv OO

= U

g 0.0

= iy T o w e 4 op e B T s ooy T oy

0 5 10 15 20 25 30 35 40 45 50 55 60 65

£

X-ray energy (keV)

FIGURE 2 A, X-ray tube energy spectra with CZT detector. B, Physical diagram of X-ray tube energy spectrum test system [Colour figure

can be viewed at wileyonlinelibrary.com]

voltage can be adjusted so that the accelerated electrons
can obtain different average energy levels and energy X-
ray. The X-ray spectra show that adjusting the X-ray tube
voltage can regulate the emitted X-ray energy and can be
used for equivalent different low-energy X-ray sources.

3.2 | Characterization of CsPbX; QDs

3.2.1 | Optical property of colloidal CsPbX;
QDs

The PL spectra and the typical optical absorption of
CsPbBr; QDs and CsPbBr; sI; s QD solutions with identi-
cal concentrations (10 mg/mL) are presented in Figure 3.

The peak position and the FHWM of the PL spectra of
CsPbBr; QDs and CsPbBr; sI; 5 QDs are 515.9, 619.8, 10.2,

1:CsPbBr, 2:CsPbBr, I, .
515.9nm 619.8nm
' - X
1.0 | i, @“ 410
_ !.'5-" {?_ql;n-x
3 = El
s Uit @ox s
w
2 a
< o5} 405 g
£ S
z =z
~——PL:CsPbBr, QDs : |
| — — Abs:CsPbBr, QDs \
~——PL:CsPbBr, |, QDs j
— — Abs:CsPbBr, |,, QDs
0.0 J 4 0.0
1 1 I I L I I 1 I 1

350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

FIGURE 3 Photoluminescence (PL) spectra (dex. = 350 nm for all
samples) and typical optical absorption of perovskite CsPbBr3;
quantum dots (QDs) and CsPbBr, sI; s QDs in toluene; illustration
for the samples under ultraviolet lamp (4 = 365 nm) and visible light
[Colour figure can be viewed at wileyonlinelibrary.com]|

and 16.1 nm (Table 2). In contrast to those of traditional
fluorescent materials, the peak position and FWHM of
the perovskite QD emission spectrum can be easily regu-
lated by changing the QD composition. Perovskite QDs
can achieve full spectrum control in the visible range.

3.2.2 | HRTEM of colloidal CsPbX; QDs

The HRTEM images and the results of the particle size
analysis of CsPbBr; QDs and CsPbBr, sI; s QDs are pre-
sented in Figure 4.

The HRTEM images show the distinct particle sizes of
the 2 synthesized QDs. The difference in the reaction con-
ditions during synthesis primarily results from the differ-
ence in the emission peak positions of the PL and RL
spectra of the 2 different QDs (Figures 3 and 12). The
HRTEM images show that the resulting particle sizes are
7.08 nm for CsPbBr; QD and 8.33 nm for CsPbBr s 5
QDs, respectively.

3.3 | Optical property of radioluminescent
nuclear batteries

The RL images of different types of fluorescent materials
(CsPbBr; QDs, CsPbBr;sl; s QDs, PPO, CsPbBr; QD/
PPO, and CsPbBr;sl; 5 QD/PPO each 5 mL) were
obtained by using an EMCCD camera under different X-
ray irradiation conditions, as shown in Figure 5.

The image resolution was set to 1024 X 1024 active
pixels. Raw images were processed by subtracting a back-
ground image that was obtained under the same lighting
conditions with turned off X-ray tube. Reproducibility
was tested by recording 3 consecutive images for each
measurement, and the standard deviations of each test
result were then calculated (Tables S1-S3). The QD/PPO
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TABLE 2 The QD/PPO and PPO SMF of EMCCD and GaAs PV

EMCCD, %
PPO 42.48
CsPbBr; QD/PPO 91.74
CsPbBr; sI; s QD/PPO 95.44

Percentage frequency

RESEARCH
GaAs, % PEAK, nm FHWM, nm
36.76 371.5 54.2
88.34 515.9 10.2
92.38 619.8 16.1

¥ (B)

25

[l CsPbBr,QDs 7.08 nm

Particle size (nm)

| B csPbBr | QDs 8.33nm

1515

20

-
@

-
=3

5 6 7 8 9 0 1 12 13
Particle size (nm)

FIGURE 4 High-resolution transmission electron microscopy images and particle size distribution of (A and B) CsPbBr; quantum dot (QD)
and (C and D) CsPbBr;, sI; 5 QDs, illustration for the samples under ultraviolet lamp (A = 365 nm) [Colour figure can be viewed at

wileyonlinelibrary.com]

system captured by EMCCD produced significantly more
count information than the PPO system. Figure 6 shows
the count statistics of different solution RL images under
different radiation conditions.

Based on the results of the statistical counting, the PL
and RL of the QDs relative to the total fluorescence of the
QD/PPO system can be calculated according to Equa-
tions 1, 2, and 3.

~ ROI(QDs/PPO)
K= ROI(PPO) @
. ROI(QDs)
RLratlo - KZ - ROI(QDS/PPO)’ (2)

PL;atio = 1_K23 (3)

where K; is equal to the counts of QD/PPO [ROI(QD/
PPO)] divided by the counts of PPO and reflects
the multiples of QDs/POO counts relative to PPO counts
[ROI(PPO)| with and without additional QDs. K, is equal
to the counts of QDs [ROI(QDs)] divided by the counts of
QD/PPO and reflects the share of QDs RL to the total fluo-
rescence in the QD/PPO system. The terms of K; and K,
under different X-ray irradiation environments have been
represented in Figure 7.

The fluorescence counts of QD/PPO system are larger
than QD system or PPO system. The fluorescence counts
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FIGURE 5 Image taken by the electron-multiplying charge-coupled device A, CsPbBr; quantum dots (QDs), B, CsPbBr, sI; s QDs, C, PPO,
D, CsPbBr; QD/PPO, and E, CsPbBr; sI; s QD/PPO under different X-ray irradiation conditions (tube voltage 60 kV and tube current of

800 nA) [Colour figure can be viewed at wileyonlinelibrary.com]|

of the QD/PPO system are approximately 2.36 to 2.83
times higher than that of PPO system. According to
EMCCD statistical countings, it can be seen that the
QD/PPO systems produce 4.79% to 5.35% of RL and nearly
95% of PL. The fluorescence counts of the CsPbBr; QD/
PPO system are slightly higher than that of the
CsPbBr; sI; s QD/PPO system because of its higher fluo-
rescence quantum efficiency.

3.4 | Electrical property of
radioluminescent nuclear batteries

GaAs single-junction PV devices were used as energy con-
version units to absorb the RL and produce an electrical
output. The detailed structure of GaAs PV is shown in
Figure 8B. Radioluminescent nuclear batteries are

typically characterized through their electronic perfor-
mance parameters such as short-circuit current (Iy),
open-circuit voltage (V,.), maximum output power (Ppay),
and fill factor (FF). The physical and I-V curves showed in
Figures 8 and 9. The voltage and current at the maximum
power point were denoted as Iy, and Vy,;,, respectively.
P,.x Was calculated as follows:

Prax = VmpImp (4)
FF = Prmax (5)
Voelse

At the I, and V. points, the power is 0 and the P,
occurs between the 2 terms. FF is the ratio of the P«
to the product of the I, and f5,..
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FIGURE 6 Counting statistics of radioluminescence images of
different solutions taken by electron-multiplying charge-coupled
device under different radiation conditions [Colour figure can be
viewed at wileyonlinelibrary.com|

The I-V and P-V curves of the radioluminescent
nuclear battery with different fluorescent materials
(including CsPbBr; QD/PPO, CsPbBr; sI; sQD/PPO, and
PPO) were measured by the above experimental method
(Figures 9 and 10). The differences in the electrical prop-
erties of the entire nuclear battery before and after the
addition of QDs were compared.

The electrical properties of the QD/PPO system
obtained from the I-V and P-V curves are significantly bet-
ter than those of the PPO system under different X-ray
irradiation conditions. The electrical properties of
CsPbBr; QD/PPO system are superior to those of the
CsPbBr sI; 5 QD/PPO system, consistent with the charac-
terization of previous optical properties. The values of I,
Voo and FF of the QD/PPO and PPO

P max»

Photoluminescence

%A@x ~371.5nm

1: Radioluminescence

%X—ray

N x
‘/j,)i °3:\T”ﬁ RL PLratio
= = T-m* 1-K2
PPO
2: Radioluminescence % X-ray
. Pb RLratio
® s —
® X=Br/I K2
CsPbX,; QDs
(A) Q05 (B)

RESEARCH

radioluminescent nuclear batteries were calculated from
the data in the I-V curves and the P-V curves by using
the Equations 4 and 5 (Figure 10).

The Vi, I, Pmax, and FF of PPO radioluminescent
nuclear battery were all set at 1 for a reference.
Figure 11 shows the corresponding coefficients of the
electrical parameters of the QD/PPO nuclear
radioluminescent batteries with respect to the PPO
nuclear radioluminescent batteries one.

Compared with the electrical properties of the PPO
radioluminescent nuclear battery, those of the QD/PPO
radioluminescent nuclear battery have been significantly
improved. The most concerned of P, increased to 3.97
to 2.51 times. Optical properties of the QD/PPO system
are nearly 2.36-2.83 times larger than that of PPO system.
For the radioluminescent nuclear battery, the addition of
QDs makes the radioluminescent nuclear battery obtain
more excellent optical and electrical properties.

3.5 | Spectral matching factor of QD/PPO
and PPO with EMCCD and GaAs

The normalized RL spectra of QD/PPO system and PPO
system were measured under different X-ray irradiation
conditions, as showed in Figure 12. The spectral compat-
ibility of the QD/PPO and PPO RL with the spectral sen-
sitivity of various optical photon detectors (including
EMCCD and GaAs PV), which can be estimated by the
spectral matching factor (SMF)*:

JSp(W)Sp(A)dA

SMF = [S,(A)dA

(6)

where Sp is the RL spectra of the QD/PPO and PPO,
Sp is the spectral sensitivity of the EMCCD, GaAs PV,
and A denotes the wavelength of the light. The above

0.25

~M-K1:CsPbBr, QDs
—[0-K1:CsPbBr, |, QDs
-~ K2:CsPbBr, QDs
-/\~K2:CsPbBr, |, , QDs

(e

0.20

" - m
- D—P""’D lu} lu|
B 1o1s
= 3
820} 4 s
=
= | i 5ia 2
10f —
A A A A A 0.05

0.0 0.00
20kVB0OpA 30KVB0OpA 40kVBOOuA 50kVBOOuA BOKVBOOUA
Voltage (kV) & Current (pA)

FIGURE 7 A, Schematic of the radioluminescence (RL..,) and photoluminescence (PL..j,) shares in the quantum dot/2,5-
diphenyloxazole (QD/PPO) system. B, K; and K, in QD/PPO under different X-ray irradiation environments [Colour figure can be viewed

at wileyonlinelibrary.com]
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FIGURE 8 A, Physical and B, schematic diagrams of the quantum dot/2,5-diphenyloxazole (QD/PPO) radioluminescent nuclear battery

[Colour figure can be viewed at wileyonlinelibrary.com]

experimental method was used to characterize the RL
spectra of different fluorescent materials and the normal-
ized RL spectra were obtained. The external quantum effi-
ciency curve of EMCCD was provided by the
manufacturer, and the external quantum efficiency curve
of GaAs PV was obtained from the test (Figure 12).

The SMFs of the PPO, CsPbBr, I, s QD/PPO, and
CsPbBr; QD/PPO materials were calculated by using the
data in Figure 12 and formula 6. The FWHM and peak
RL spectra of different fluorescent materials, as well as
the SMF for GaAs and EMCCD, are shown in Table 2.

As can be seen from the normalized RL spectra, both
types of QDs absorbed all the RL generated by PPO under
different X-ray irradiation conditions. The RL emission
spectra of QD/PPO systems are determined by the type of
QDs. The selection of the 2 QDs (CsPbBr; sI; s QDs and
CsPbBr; QDs) RL emission spectra has a more suitable
peak position and a narrower FWHM for EMCCD and

GaAs PV than before. For EMCCD and GaAs PV, the
SMF for QD/PPO systems is nearly twice of that for the
PPO system, which are presumed to be the major reason
for the substantial gain in optical and electrical properties.

3.6 | Relationship between optical
properties and electrical characteristics of
radioluminescent nuclear batteries

The relationship between optical performance that refers
to EMCCD counts and electrical performance that refers
to the maximum output power in QDs/POO and PPO
radioluminescent nuclear batteries was established based
on the above test results (Figure 13). For
radioluminescent nuclear battery, regardless of the type
of fluorescent material used, the maximum output power
is directly proportional to the fluorescence count.
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4 | CONCLUSION

CsPbBr; and CsPbBr, sI; 5 perovskite QDs were synthe-
sized by hot-injection and combined with the PPO as a con-
trol. The HRTEM images show that the resulting particle
sizes are 7.08 and 8.33 nm. The RL images and the RL spec-
tra of QDs, QD/PPO, and PPO were characterized by using
EMCCD, and RL of PPO was completely absorbed by the
CsPbBr; QDs and CsPbBr, sI; s QDs. The peak positions
of RL spectra changed from 371.5 nm (PPO) to 515.9 nm
(CsPbBr; QD/PPO) and 619.8 nm (CsPbBr; sI; s QD/PPO)
after spectral regulation. According to EMCCD counts sta-
tistics, the QD/PPO system produced 4.79% to 5.35% of RL
and nearly 95% of PL.
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FIGURE 13 Linear relationship between electron-multiplying
charge-coupled device (EMCCD) counts and maximum output
power of the nuclear radioluminescent battery [Colour figure can be
viewed at wileyonlinelibrary.com]

The fluorescence counts of the RL images in the QD/
PPO system are significantly increased. The EMCCD
counts in the QD/PPO system increased by ~2.36 to 2.83
times over the POO system. The main reason is that the
QD/PPO RL emission peak is in a more sensitive area of
the EMCCD external quantum efficiency curve.

The electrical performance of the QD/PPO nuclear
radioluminescent battery was significantly improved.
The I increased by 2.07 to 1.35 times. The V. increased
by 1.49 to 1.09 times. The P,y increased by 3.97 to 2.51
times. The FF increased by 1.01 to 1.10 times. The QD/
PPO system can improve the RL intensity and regulate
the RL spectrum suitable for GaAs external quantum effi-
ciency curve. The SMF of GaAs PV for QD/PPO is approx-
imately 2.24-fold to 2.51-fold compared with PPO.
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FIGURE 12 A, Normalized radioluminescence spectra of 2,5-diphenyloxazole (PPO), CsPbBr, sI; s quantum dot (QD)/PPO, CsPbBr; QD/
PPO, and the external quantum efficiency curve of electron-multiplying charge-coupled device (EMCCD). B, Normalized radioluminescence
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The selection of QD/PPO as a fluorescent material can
significantly improve the overall output performance of
the radioluminescent nuclear battery. A linear relation-
ship was found between the optical properties and the
electrical properties. The feasibility of using perovskite
QDs for the radioluminescent nuclear battery was veri-
fied. Perovskite QDs also have excellent application pros-
pects for the (o, f3, v, and X-ray sources) radioluminescent
nuclear battery and X-ray imaging technology.
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