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ABSTRACT: Solar photovoltaic (PV) energy generation is highly 16 —<1'_529/' I 1531 Operating Loss 16
dependent on weather conditions and only applicable when the sun 14} = = T e oee, {14
is shining during the daytime, leading to a mismatch between g 12 (w T B oo Ereney ] 128
demand and supply. Merging PVs with battery storage is the 310 T 1105
straightforward route to counteract the intermittent nature of solar é 8 T 18 §
generation. Capacity (or energy density), overall efficiency, and & © 18 &
stability at elevated temperatures are among key battery perform- 4r 14
ance metrics for an integrated PV—battery system. The perform- (2)' L T T '2

ance of high-capacity silicon (Si)/graphite (Gr) anode and
LiNiy ¢Mng,Coy,0, (NMC622) cathode cells at room temper-
ature, 45, and 60 °C working temperatures for PV modules are
explored. The electrochemical performance of both half and full cells are tested using a specially formulated electrolyte, 1 M LiPFy in
ethylene carbonate: diethyl carbonate, with S wt % fluoroethylene carbonate, 2 wt % vinylene carbonate, and 1 wt % (2-
cyanoethyl)triethoxysilane. To demonstrate solar charging, perovskite solar cells (PSCs) are coupled to the developed batteries,
following the evaluation of each device. An overall efficiency of 8.74% under standard PV test conditions is obtained for the PSC
charged lithium-ion battery via the direct-current—direct-current converter, showing the promising applicability of silicon/graphite-
based anodes in the PV—battery integrated system.
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1. INTRODUCTION

Solar photovoltaic (PV) energy generation is highly dependent
on weather conditions and only applicable when the sun is
shining during the daytime, leading to a mismatch between
demand and supply.' In this regard, merging PVs with battery
storage presents to be the straightforward route to counteract
the intermittence of solar generation. The solar cell and
batteries can be combined or integrated in a multitude of ways
and scales, ranging from indoor applications for “smart houses”
and internet of things’~® to typical field applications.””"* In
addition to the power stabilization function, the integration of
PV modules with battery storage can potentially minimize the
wiring and reduce the need for power management. Properly
voltage-matched batteries can serve as a power coupling
element and provide the opportunity to avoid maximum power
point tracking (MPPT) for PV modules in the directly coupled
device."”"* To build a PV battery device relevant for outdoor
large-scale installations, batteries with potentially low cost and
high temperature tolerance are required.”'> Particularly, high

a cycle life in the order of 10,000 in the temperature range of
—20 to +70 °C using low-cost abundant materials.
Commercial lithium-ion batteries (LIBs) widely use graphite
(Gr) as the anode material owing to its high abundance, low
cost, high Coulombic efficiency (CE), low working voltage
(~0.2 V vs Li/Li*), and superior cycle life. However, the low
theoretical capacity of Gr (372 mA h-g™", Li,Cq, x ~ 1) limits
its usage in high-energy battery applications. Thus, switching
from the Li-ion (Li*) intercalation (example: graphite) to
alloying chemistries (example: silicon) is beneficial to enable
high-energy-density batteries. Silicon is one of the most
promising alloy-type anode materials with high abundancy,
relatively low cost, a low operating voltage (~0.2 to 0.4 V vs
Li/Li*), and high theoretical capacities of 4200 mA h-g™!
(Li,4Si) and 3590 mA h-g™" (Lis;5Si) at 415 °C (according to
the Li—Si phase diagram'”'®) and room temperature (RT),
respectively. However, despite all the significant features, Si-
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tolerance to temperatures up to 70 °C is required because high
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PV energy production, especially in warm climate zones, is
associated with module temperatures in the range of 30—60
°C, reaching a maximum up to 70 °C.'® Ideal batteries to be
integrated with the PV module need to have high capacity and
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based anodes present a massive volume change (>280%) upon
lithiation/delithiation, leading to mechanical stress to the
anode film, resulting in the pulverization of the Si particles,
lower electrical conductivity, an unstable solid—electrolyte
interphase (SEI), and lower CCE) than that of graphite.'”*’
To alleviate the challenges associated with both Si and Gr
chemistries, the co-utilization of Si and Gr with designer
polymeric binders and electrolyte systems via forming a blend
or a composite is a rational way as it presents a synergistic
advantageous effect of both components.'”*' ~**

The development of high-energy-density rechargeable
batteries demands the pairing of high-capacity and/or low-
potential anodes with high-capacity and/or high-voltage
cathode materials, and therefore, high-capacity and more
stable lithium nickel manganese cobalt oxide, NMC622, was
deployed as the positive electrode material.”> Thus, the
development of the full cell configuration with a high-capacity
Si-based anode and a high-energy lithium nickel manganese
cobalt oxide (NMC) cathode could be treated as a promising
progress toward next-generation high-energy-density LIBs.”

However, much less attention is paid to the performance of
the LIB electrolytes at elevated temperatures experienced by
solar cells in typical field applications. In our work, we focus on
the development of high-capacity Si/Gr anode-based LIB and
electrolyte systems with blends of electrolyte additives
boosting elevated-temperature operation for the integration
with PV devices.

The proof of concept for the solar charging battery system
was demonstrated using a lead halide perovskite solar cell
(PSC). Perovskite materials have attracted substantial interest
for apglications such as solar cells’”” and light-emitting
diodes™ within the last decade due to their exceptional
optoelectronic properties such as low defect densities,”””" long
recombination lifetimes,”"** high absorption coefficients”” in
the visible region, and a band gap that can be adjusted in a
relatively wide range.”*>> Even though PSCs are typically
processed from solution and form polycrystalline thin films
with a thickness of a few hundred nanometers, they can still
achieve power conversion efficiencies of >25%,’*” approach-
ing those of much more mature PV technologies such as
crystalline silicon. On the lab scale, PSCs provide the
possibility to produce high-efficiency small-scale devices for
coupling with typical experimental coin cell batteries, which is
challenging with usual wafer-based Si PV devices.

In this work, no special voltage matching development has
been carried out to realize direct matching of the PSCs and
battery cells. Therefore, a direct-current—direct-current (DC—
DC) boost converter with MPPT has been applied to realize
proper couplin§ between the PSC and battery following our
previous work.

2. EXPERIMENTAL SECTION

2.1. Battery Development. Silicon (Si) alloy (hereafter
Si)/graphite (Gr) blend anode films were prepared by using 20
wt % carbon-coated Si alloy (1200 mA h/g) (G7, 3M corp.)
and 68 wt % graphite (MagE3, Hitachi, Japan) as active
negative electrode (anode) materials, 7.73 wt % sodium
carboxymethyl cellulose (CMC) (M,,: 400,000, MTI) and 2.27
wt % lithium poly(acrylic acid) (LiPAA) (PAA, 25 wt %
solution in water, M,, = 240,000, Acros, and LiOH-H,O,
battery grade, Alfa Aesar) as polymeric binders, and 2 wt %
SuperP carbon black (TIMCAL) as an anode electrode
conductive additive. The optimized formulation of the anode

and slurry preparation steps is described in our previous
report.'” LiPAA and CMC are selected as binders for the Si/
Gr blend electrode because of their peculiar features including
a high amount of carboxyl groups, no or little swelling while in
contact with the electrolyte, high stiffness, and moderate
elastomeric properties that can overcome both elastic and
plastic deformation during Si volume change. Due to the
difference in the chemistry of Si and Gr particles, both binders,
which have different affinities to the Si and Gr active materials,
are deployed.”® ™" A lithium nickel manganese cobalt oxide
(NMC 622) cathode (Custom Cells, Germany) with a loading
of 6.4 mg/cm® was used as the positive electrode (cathode).
The reason why NMC622 is selected for this study, compared
to other state-of-the-art cathode materials, such as lithium iron
phosphate (LFP) and lithium cobalt oxide (LCO), lies in its
well-balanced features—between safety and performance.
Despite LFP being the safest with the longest cycle due to
its stable chemical makeup, it results in a lower energy density
compared to NMC622. LCO, on the other hand, presents to
be less structurally stable—being prone to structural change,
oxygen release, and thus electrolyte decomposition. The anode
was coated on copper (Cu) foil using a coating unit (CUF 5,
SUMET, Germany) with four different draw-bar gap
thicknesses of 125, 250, 300, and 350 um, in order to find
the optimized negative/positive electrode (N/P) ratio. These
electrodes are denoted as Si/Gr-125 pm, Si/Gr-250 um, Si/
Gr-300 pym, and Si/Gr-350 pm, respectively, throughout the
manuscript. Electrode thickness, in general, hugely affects the
discharge performance, CE, and thus energy efficiency, rate
capability, heat generation, temperature distribution, and
safety. Thus, an optimum thickness to balance the various
performance indicators is needed. 1 M LiPF4 in ethylene
carbonate (EC)/diethyl carbonate (DEC) (1:1, w/w) with §
wt % fluoroethylene carbonate (FEC), 2 wt % vinylene
carbonate (VC), and 1 wt % (2-cyanoethyl)triethoxysilane
(TEOSCN) was used an electrolyte solution.*'

Coin cells (2032-type) were assembled in an argon-filled
glovebox (O, and H,0 < 0.5 ppm) using 90 uL of the
electrolyte. The electrochemical performance was measured
galvanostatically using Neware BTS4000-5V1OmA in the
potential window of 0.9—0.01 V versus Li/Li* for the half
cell (anode area of 1.54 cm?) and 2.5—4.35 V versus Li/Li* for
the full cell (anode and cathode areas of 2.01 and 1.54 cm?,
respectively) configurations. In all experiments, the cells were
mounted at an open-circuit potential for 24 h to ensure the
electrode wetting prior to being subjected to five formation
cycles at 0.05C. For long-term measurements, both half and
full cells, were measured at 0.2C, and for rate capability
measurements, C rates ranging from 0.05C to 3C were applied.
The half cells and full cells were tested at 45 and 60 °C in
order to investigate the effect of elevated temperatures on the
performance of the battery. This is because when the battery is
paired with a PV, an increase in temperature is expected. The
optimized battery was then tested in a PV—battery system at
ambient temperature. The optimized full cell was cycled at
0.05C for five cycles prior to integration in the PV—battery
system, and the capacity of the cell was measured at 0.1C after
solar charging.

2.2. Solar Cell Development. PSCs were fabricated in-
house using the following procedure: indium tin oxide (ITO)
substrates (2.0 X 2.0 cm? Yingkou Youxuan Trade Co.Ltd.)
were cleaned with soap, deionized (DI) water, acetone, and
isopropanol (IPA) in an ultrasonic bath in succession for 10
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min each. Afterward, the substrates were treated with oxygen
plasma for 12 min and transferred to a nitrogen (N,)-filled
glovebox. Then, 80 uL of poly(triaryl) amine (PTAA, 2.0 mg/
mL in toluene) at 75 °C was spin-coated on the substrates
using a two-step program of 500 rpm for 4 s and then 4500
rpm for 20 s. The layer was subsequently annealed at 110 °C
for 10 min and cooled back down to RT. Subsequently, 120 uL
of perovskite precursor solution consisting of lead(II) acetate
[Pb (CH,COO0),-3H,0, 0.54 M], lead chloride (PbCl,, 0.06
M), dimethyl sulfoxide (0.6 M), and methylammonium iodide
(1.8 M) in dimethylformamide was spin-coated on the top of
the PTAA layer in another two-step process, consisting of 10 s
of 900 rpm, followed by 30 s at 6000 rpm. Immediately after,
the samples were annealed at 75 °C for 2 min and cooled
down to RT. On the top of the perovskite layer, 65 uL of
phenyl-Cg,-butyric acid methyl ester (20 mg/mL) at 75 °C was
spin-coated at 1200 rpm for 60 s and then dried in air, forming
the electron transport layer. To finalize the coating process,
100 pL of bathocuproine (0.5 mg/mL in IPA) was spin-coated
on the top at 4000 rpm for 30 s. As the final step of solar cell
fabrication, silver contacts were evaporated in a separate
vacuum chamber through a shadow mask to define the final
cell area of 1.08 cm?, where silver and ITO overlap. For more
details on this general type of PSC, please refer to refs 31 and
42—44 that include various additional characterization results.
The solar cell was then characterized under standard test
conditions by using a sun simulator Wacom solar simulator
‘WXS-140S-Super.

2.3. DC-DC Booster Converter. The SPV 1040-TSSOP8
step-up voltage converter from STMicroelectronics was
selected for its maximum power point (MPP) tracker
algorithm as well as its stable working and output voltage
characteristics. Converter performance is described by
conversion efliciency

P
nconversion = == X 100%
E (1)

and the coupling factor

in

Bopp 2)

coupling factor =

where P, is the power delivered from the solar cell to the
converter, P, is the power delivered to the battery from the
converter, and P, refers to the solar cell MPP. The coupling
factor reveals how close the working of the solar cell is to the
MPP. The converter efficiency represents the fraction of
energy transferred by the converter.

2.4. Operation of the PV—Battery System. Following
the characterization of both the battery and solar cells as
separate units, tests on the coupled devices were carried out.
The batteries were set into an in-house-built holder connected
to the solar cells and then charged by the solar cells illuminated
using the solar simulator. The circuit diagram for the
computer-controlled measurement system is shown in Scheme
1.

The charging experiments were conducted using an SPV
1040-TSSOP8 step-up voltage converter from STMicroelec-
tronics to boost the incoming voltage from the solar cell to a
level that allows charging of the battery.

The performance of the PV—battery integrated system is
defined by the solar charging efficiency, 7yorto-batt

Scheme 1. Circuit Diagram of the Measurement Setup with
the Solar Cell, Converter, and Battery as Main Components

)
& DC/DC —®)
PV +MPPT 2] o Battery

Converter

V
= e X 100%
A X Pys (3)

and battery round trip efficiency, #;ound-trip

A “pt

_ 0
rlround—trip - m X 100%

o “out (4)

and the overall system efficiency (7oyeran) is given by

rlsolar— to—batt

rloverall = rlsolar—to—batt X nround—trip (5)

where V_ and I, refer to the charging voltage and current of the
battery, respectively, Payy s is the incident light power density
under AML1.5 conditions (100 mW cm™), and A is the
effective area of the PSC. P, and P, are the instantaneous
charging and discharging powers of the battery, respectively.
Solar charging efficiency measures how efficiently the input
power of light is delivered to the battery, including the voltage
step-up losses and power overheads from the converter.
Battery round trip efficiency is the fraction of energy stored in
the battery that can be extracted from the immediately
preceding charge cycle. It is defined as the integral of the
battery power during discharge (P;) with respect to the
discharge time (t;) over the integral of the battery power
during charging (P,,,) with respect to the charging time (f.).
The charging time ¢ is set to 700 s in our experiment. The
discharge time t; is defined as the time between the moment
when the discharge started and the moment when the battery
voltage reaches 2.5 V, which is the initial voltage for the charge
phase. The overall efficiency is the product of the solar
charging efficiency and the battery round trip efficiency.

3. RESULTS AND DISCUSSION

3.1. Battery Development. 3.1.1. Optimization of the
Si/Gr Anode for a Full Cell Configuration. To design an
optimized full cell battery, the capacity of the Si/Gr anode with
respect to that of the NMC622 cathode, that is, the ratio of the
capacity of the negative to positive electrode (N/P), needs to
be balanced. In this work, NMC622 with a fixed areal capacity
of 1.155 mA h-cm™ was used; therefore, the N/P ratio was
balanced by adjusting the anode thickness (active mass
balance). The N/P ratio is a crucial parameter as it influences
the long-term performance, energy density, safety, and battery
costs in the full cell format. Lithium plating is one of the
problems that can occur due to an unbalanced N/P ratio,
leading to irreversible capacity loss. At N/P ratios <1, there are
not enough sites on the anode to accommodate all the Li*
coming from the cathode, which can result in lithium plating
during long-term cycling.** Therefore, for safety reasons and
improving the cycle life of the battery, a slightly higher capacity
of the anode is needed. Large oversizing of the anode increases
the mass and volume that is not used (inactive mass)*’ and
thus decreases the specific energy. For this reason, anode films
of different thicknesses were prepared with 125, 250, 300, and
350 pm draw-bar gaps. It is necessary to have a balance
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Figure 1. (a) Charge—discharge profile at the second cycle for the NMC622 cathode half cell and Si/Gr anode half cells with different anode
thicknesses, (b) rate capability at 0.05C, 0.1C, 0.2C, 0.5C, 1C, 2C, and 3C for Si/Gr anode half cells with different anode thicknesses.
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between the safety and ideal specific capacity, which are gained
by Qanode/ Qeathode > 1 and Qunode/ Qeathode =
and is found to be between 1.1 and 1.2.**
Figure la shows the charge—discharge profile for anode half
cells built from the Si/Gr blended anode of different
thicknesses as well as cathode half cells at the second cycle
at 0.05C. The plot depicts that Si/Gr-125 ym shows an N/P
ratio of 0.63, which is lower than 1. Si/Gr-250 ym has an N/P
ratio of 1.18. However, for anodes coated with 300 and 350
pm draw-bar gaps, the N/P ratios are 1.36 and 1.81,
respectively, which are considered too high to be applied.

1, respectively,

27535

Therefore, Si/Gr-250 pum (1.365 mA h-cm™, active mass
loading of 2.6 mg cm™*) was chosen as the optimized anode
thickness for the construction of full battery cells. Figure 1b
shows the specific discharge capacity (in milliampere hours per
gram) versus cycle number of Si/Gr blended anode half cells
with different thicknesses at different C rates, ranging from
0.05C to 3C. After cycling at 3C, the cells were cycled at 0.1C
to investigate the capacity recovery after fast charging/
discharging. At all C rates, Si/Gr-250 presented the highest
capacity compared to the other anodes and shows a high
capacity recovery of 98.36% after being subjected to fast
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cycling (at 3C). Si/Gr-125, Si/Gr-300, and Si/Gr-350 show
capacity recoveries of 97.47, 97.31, and 97.25%, respectively.
For all the above-mentioned reasons, Si/Gr-250 was chosen as
the optimized anode thickness and was utilized in the
subsequent measurements.

3.1.2. Effect of Temperature on the Electrochemical
Performance of the Battery. Solar cells operate mostly at
elevated temperatures, and thus, LIBs operating in a PV—
battery system need to have a suitable performance not only at
RT but also at elevated temperatures. According to the
Arrhenius law (eq 6), the chemical reaction rate is directly
correlated with the temperature, implying that an increase in
temperature results in an exponential rise in electrochemical
reaction rates.

RT

(6)

where R, T, E, and A are the gas constant, absolute
temperature, energy of action, and prefactor, respectively.

For this reason, the performance of Si/GrlINMC622 cells
was investigated at RT, 45, and 60 °C. For a deeper
understanding of the charge/discharge mechanism at elevated
temperatures, Si/Gr and NMC622 half cells (vs Li/Li") were
investigated separately at the above-mentioned temperatures.

Figure 2a presents the cycling performance of Si/Gr anode
half cells at 0.2C at the three different temperatures. At
elevated temperatures, the Si/Gr half cells initially showed
higher capacities than that at RT. The obtained initial
capacities are 454.05, 544.04, and 582.31 mA h g™' at RT,
45, and 60 °C respectively. However, the rate of capacity loss
at 45 and 60 °C is higher than that at RT. After 200 cycles, the
capacity retention values of the anode half cells at RT, 45, and
60 °C are 92.41, 79.24, and 62.46%, respectively. The decrease
in capacity upon cycling with increasing temperature could be
explained by the fact that parasitic reactions including
electrolyte decomposition, evolution of active oxygen from
the NMC cathode, and so forth are aggravated at elevated
temperatures. This could be further accelerated by the higher
Li" mobility at higher temperatures. Therefore, initially,
because the charge/discharge mechanism is controlled by
diffusion, the capacity is higher at elevated temperatures.*’ It
has been reported that TEOSCN as an additive improves the
electrochemical performance at higher temperatures compared
to that at lower temperatures.' It is reported that the SEI layer
in a system with 1 M LiPF; EC/DEC (1:1) breaks down at
about 57 °C, providing more access to fresh reactive active
materials for the electrolyte constituents (solvent molecules,
salt, and additives) and thus leading to lower electrochemical
performance of the cell at elevated temperatures.”® LiPFg
breaks down at elevated temperatures (eq 7), leading to the
formation of highly reactive species, such as PFs. In the
presence of unavoidable traces of moisture in the cell, PF;
reacts with water, leading to the formation of POF; and HF
(eq 8). PF; also reacts with EC and DEC solvents. Scheme 2
shows the possible mechanism for the EC decomposition via a
strong Lewis acid, PF;.”’

LiPFé(s) < LiF(s) + PFS(g) (7)
PE(g) + H,0(1) —» POE,(g) + 2HF(1) (8)

Hence, considering all the facts mentioned, elevated
temperatures are initially favorable, as evidenced by the higher
capacities. However, during long-term cycling, the capacity

Scheme 2. Possible Mechanism for the EC Decomposition
via a Strong Lewis Acid, PF;
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rapidly drops compared to that of the cells cycled at RT. This
could be linked to the generation of high current, causing an
enhanced heat dissipation [according to RI* (R = resistance
and I = current)] and resulting in higher internal temperature
and thus accelerated cell degradation.

Figure 2b shows the rate capability of Si/Gr anode half cells
at RT, 45, and 60 °C. The C rate ranges from 0.05C to 3C, and
afterward, the cells were cycled at 0.1C to measure the capacity
recovery of the cells, which are found to be 98.36, 95.74, and
88.65% at RT, 45, and 60 °C respectively. It is observed that at
higher C rates, cells cycled at elevated temperatures show
higher capacities, which is most likely due to the enhanced Li*
diffusion at elevated temperatures. Figure 2c depicts the
cycling performance of the NMC622 cathode versus Li/Li" at
RT, 45, and 60 °C. NMC622 cathode half cells demonstrated
the same trend as that of Si/Gr half cells (Figure 2a). However,
at 60 °C, it is observed that the rapid capacity loss and
decrease in CE for NMC622 half cells starts at ~70 cycles
(74.34% capacity retention), which is much faster compared to
that of the Si/Gr half cells. The capacity retention values of
NMC622 half cells cycled at RT and 45 °C at the 150th cycle
are 86.96 and 80.66%, respectively. Increasing the temperature
reduces the cyclability of the NMC 622 cathode due to
challenges such as accelerated metal dissolution, active oxygen
evolution and thus reaction with the electrolyte solvents, and
cation mixing since the ionic radius of Li* and Ni** are
similar.”>*® 60 °C is a typical temperature where LiPFj
significantly decomposes, resulting in highly acidic species
such as PF, HF, and POF, (Scheme 2). These species in turn
catalyze the cathode-related reactions, causing fast degradation
in capacity. Direct reactions of the acidic species with the
NMC cathode at higher temperature causes transition metal
cation dissolution, oxygen evolution and thus electrolyte
oxidation, and structural disorder. When TEOSCN is added
as an electrolyte additive, it leads to the formation of (1) a
robust cathode—electrolyte interphase and (2) a layer of
physical barrier of the —-C=N—TM complex (TM = transition
metal), both effectively inhibiting the direct reaction between
the NMC active material and LiPF-derived acidic species.”'
Figure 2d depicts the rate capability measurements of
NMC622 half cells at RT, 45, and 60 °C. The capacity at
elevated temperatures is higher; however, compared to the rate
capability of Si/Gr anode half cells (Figure 2b), the difference
in capacity at the different temperatures is much lower.
Capacity recoveries after cycling at 3C are found to be 80.24,
88.17, and 88.92% at RT, 4S5, and 60 °C, respectively.

Figure 3a presents the differential capacity (dQ/dV) versus
potential (V) for the Si/GrINMC622 full cells at RT, 45, and
60 °C. To better understand the electrochemical and
degradation phenomena, dQ/dV analysis was performed at a
low C rate (0.05C). It is observed that by increasing the
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Figure 3. (a) Differential capacity (dQ/dV) vs voltage at the second cycle at 0.05C, (b) charge—discharge profile at 0.2C, (c) cycling performance
and CE at 0.2C, and (d) rate capability at 0.05C, 0.1C, 0.2C, 0.5C, 1C, 2C, and 3C, for Si/GrlINMC622 full cells at RT, 45, and 60 °C.

temperature, the intensity of the charge/discharge peaks is
decreased, and the peaks become narrower and are shifted to
higher voltages. Figure 3b shows a typical charge—discharge
profile of the full cells cycled using a galvanostatic testing
protocol, evidencing lower capacity retention at elevated
temperatures. Figure 3c portrays the long-term cycling
performance of the full cells at RT, 45, and 60 °C. The
capacity retention values of the cells at the second cycle are
98.78, 98.71, and 97.23% at RT, 45, and 60 °C, respectively.
These values are reduced to 74.23, 69.25, and 50.31% in the
S0th cycle, respectively. The CEs at the second cycle for the
cells cycled at RT, 45, and 60 °C are 97.99, 96.76, and 93.22%,
respectively. In the 50th cycle, the CE values are 99.11% at RT,
97.85% at 4S5 °C, and 96.85% at 60 °C. Though the values are
significantly high, the CEs obtained in this study are opted to
be improved via further optimization of the electrolyte
composition and the electrode—electrolyte interphases. Figure
3d shows the rate capability tests of the full cells at three
different temperatures. These results are in agreement with the
results from Figure 3¢, showing higher capacities at RT than at
45 and 60 °C. The capacity recovery values after the cells are
subjected to cycling at a higher rate (ca. 3C) are 81.43, 69.44,
and 67.55% at RT, 45, and 60 °C, respectively.

In full cells, due to the limited amount of Li* present in the
cell, the electrochemical performance is restricted by the
kinetics of Li" insertion/extraction and diffusion through the
SEI and cathode electrolyte interphase (CEI) layers."”
Therefore, despite the initial high capacity in Si/GrlLi and
NMC622ILi half cells at 45 and 60 °C, which is due to the
increase in the diffusion of unlimited Li*, Si/GrlINMC622 full
cells show higher initial capacity and a lower rate of capacity
loss at RT than at elevated temperatures.

27537

3.2. PV-—Battery Integrated System. The newly
developed battery has been tested together with the PSC to
validate its solar charging ability. The DC—DC boost converter
ensures that the MPP of the cell is tracked over time. Figure 4
shows the I-V characteristics of the PSC measured in forward
and reverse directions. The cell had an open-circuit voltage of
1.25 V and a short-circuit current density of 15.9 mA/cm?. The
fill factor is found to be 77.0%, resulting in an efficiency of
15.31%. The MPP is marked with a blue star, and positions of
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Figure 4. Current—voltage (I-V) curve of the PSC with the MPP
(blue) and solar charging working points (black). The inset shows the
IV characteristic of the PSC with indicated short-current density J.
values.
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the working point during charging are shown with black
rectangles. The MPP tracker in most cases succeeded to
maintain a working point in the vicinity of the MPP during
charging. The working point variation is complex and is a
result of both the operation of the MPPT and the increase in
the state of charge of the battery. It can be seen from the
working points of the coupled system superimposed as black
squares that they begin close to the MPP, then drift back for
the majority of the operation, and finally trace out a parallel IV
curve. The latter effect is due to the battery voltage reaching
the safety voltage, causing the MPPT to stop working and
enter a fixed current mode. Note that the offset between the
solar cell I-V characteristics and the working points is related
to the difference in the measurement procedure as well. While
reference IV measurements are performed using the standard
four-point probe method excluding the effect of wire
resistance, the wiring resistive losses are inevitably present in
the charging experiment. The total voltage drop in all wire
connections results in the shift of the working points to lower
voltages.

In Figure S, the charge—discharge cycle of the solar-charged
battery is shown with black lines for the voltage and red lines
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Figure S. Charge and discharge voltages (black), currents (red)
during PSC charge and battery discharge, where 700 s is the charging
time and 1200 s is the discharge time.

for the current. The incoming voltage of approximately 1 V
supplied by the solar cell (shown negative for clarity) is
boosted by the converter to the battery relevant range of
approximately 4 V. The voltage is drifting from approximately
3.5 V in the beginning of the charge period to the final value of
4.24 V after 700 s, presumably following the increase in battery
voltage during charge. At the same time, the current delivered
to the converter from the solar cell (Ic,,,) is reduced,
inversely proportional to the voltage boost. After the charging
phase was over, a battery open-circuit voltage (Vqg,,) of 4.09 V
has been observed. At the beginning of the discharge phase, the
battery voltage was 3.93 V, and it declined to 2.5 V over 1200 s
of discharge. In Figure 5, it can be seen that the input current
reduces at two very distinct rates, initially very quickly and
then stabilizing. This is likely due to the converter stepping up
the voltage instead of the degradation of the solar cell. The
initial sharp decrease in the input converter current (I,cony)
corresponds to the logarithmic increase of the voltage output
of the converter. Converter output voltage then enters a quasi-
linear upward trend as the battery charges to higher voltages at
a steady rate, and the converter input current stabilizes
accordingly. This almost abrupt change in current is due to the
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MPPT holding input voltage of the converter at an almost
constant voltage. Thus, output power variations and increases
in impedance from higher voltage boosts will reflect fully in the
input current, resulting in what looks like a drift in the working
point resembling a degrading solar cell. This offset is what is
described as “converter losses” in the loss analysis in the later
session.

The coupling factor and converter efliciency during the

charge phase are presented in Figure 6. The coupling factor

100 — T T T T T T — 1.0

90 + Coupling Factor 10.9

80 - Converter Efficiency 1‘— 0.8
70t {07 _
= 2
b e0f {068
9] w
§ 50 - 105 CE”
S 4or {04 5
30t 103°

20 10.2

10 | 10.1

O 1 1 1 1 1 1 1 1 O-O

0 100 200 300 400 500 600 700

Time (s)

Figure 6. Coupling factor and converter efficiency over a charging
time of 700 s.

essentially describes the quality of the MPPT where 100%
represents ideal tracking—the situation when the working
point coincides with the MPP of the solar cell. It is common
for high-quality MPPT devices to provide coupling or tracking
efficiency very close to 100%.°"° In this study, the coupling
factor peaked at 92.4% in the beginning and declined to 87.3%
at the end of the charge phase. The decrease could be due to
the increased voltage step up, in which more power is needed
to convert current into voltage. Due to the relatively low input
voltage of 1 V, the decline of 5% in the coupling factor is close
to the expected performance of this converter. Average power
conversion efficiency of the DC—DC converter was 77.7%
across the charging phase. The converter efficiency did not
change during the whole charging cycle, indicating that the
input power was constant.

The energy loss analysis of the solar charging process was
performed to compare where the losses were attributed to.
From Figure 7, average efficiencies are plotted on the right bar
chart, while efficiency of the solar cell and the overall solar-to-
battery efficiency are plotted on the left. When compared to
the efficiency of the solar cell, as determined from the I-V
curve (15.31%), the operating losses are initially minimal but
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Figure 7. Energy loss analysis of the solar charging process.
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expand after the first 60 s. The coupling losses initially track
this closely but slowly increase as the battery charges up.

Overall, losses are mainly originating from the converter
(beige region in Figure 7) with the next highest losses being
associated with the battery (an absolute loss of 2.47%
efficiency), which has a measured average battery roundtrip
efficiency of 77.97%. It should be noted that compared to the
battery-associated losses in previously published results, 8,
these losses are relatively lower. This results in a final overall
efficiency of 8.74%, considering the initial PSC efficiency of
15.31%. Given that the effective C rates of 2.06 in this
experiment are relatively high, the fact that such a high
efficiency is achieved is notable and a testament to the success
of our developed battery.

4. CONCLUSIONS

In summary, lithium-ion battery (LIB) built based on a
blended silicon (Si)/graphite (Gr) anode and an NMC622
cathode with an electrolyte containing high-temperature
enabler additive was developed to withstand the high
temperature and C rate required for integrated solar battery
charging. The optimized battery was utilized with a solar cell of
similar size using a booster converter to validate the results
with a real charging current profile. Such an innovation is
essential for safe and long-term usage of LIBs under conditions
that could easily lead to thermal runaway.

Aiming at optimizing the individual battery compartments,
tests were conducted on Si/GrlLi and NMC622ILi cells
separately in an electrolyte involving a high-temperature
enabler TEOSCN-based additive. The individual half cells
and full cells were tested at RT and elevated temperatures of
45 and 60 °C and at high C rates up to 3C. Both anode and
cathode half cells show higher initial capacities at elevated
temperatures, followed by rapid capacity loss. Especially the
cathode showed extreme capacity loss after almost 60 cycles.
The Si/GrlINMC622 cells have a similar trend in the initial
capacities at RT and elevated temperature. At 60 °C, the
battery showed fast capacity loss similar to the cathode half
cells, which suggests that further development efforts have to
be directed toward stabilizing the cathode capacity and
preventing rapid capacity loss at elevated temperature by
further optimizing the formulation of electrolyte additives.
After deep charge/discharge at 3C, the Si/Gr anodes showed
capacity recovery values of 98.36 and 88.65% at RT and 60 °C,
respectively. In general, the low-cost and environmentally
friendly TEOSCN-based additive in combination with Si/Gr
anode-based LIBs proved to be suitable for high-temperature
application of the PV—Dbattery system.

The developed LIB was effectively paired with a 15.31%
efficient PSC, by using a DC—DC boost MPPT converter,
resulting in a respectable 8.74% overall efficiency under 2C
charge rates at RT.

This experiment is further evidence that high-capacity Si-
based anodes in combination with an electrolyte containing
TEOSCN as an additive are promising directions for the
development of compact PV—battery integrated systems. The
increased temperatures experienced during solar charging at
peak rates correlate well with the increased anode performance
at higher temperatures. With a better choice of the cathode or
further optimization of the Si-based anode blend to unlock the
full potential of silicon, such a high-temperature performance
electrolyte will be useful to ensure safe and environmentally
friendly development of integrated solar battery systems.
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