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Current pursuits for further exploration into extreme environments like aerospace, outer space, and 
Arctic conditions require matching energy harvesting and storage technologies that can efficiently 
operate in extreme conditions. While current systems utilize a variety of different battery chemistries, 
photovoltaics, and radioisotope power systems to power and store the required energy, at ultra-
low temperatures (<-60 °C), current batteries have extremely low-capacity retention (< 20 %) and 
require extensive heating coils and thermal shielding to work when paired with photovoltaics. To 
simultaneously test both current and new types of whole photovoltaics (PV) and innovative Li-ion 
batteries (LIBs) at extreme temperatures (180 °C to -185 °C) in the research laboratory, an Integrated 
Photovoltaic and Battery (IntPB) system has been developed at Purdue University. The first IntPB 
allows for testing a variety of energy storage devices (Li-ion, Na-ion, K-ion batteries) and harvesting 
technologies (PV, radioisotope, thermoelectric), verifying their suitability when paired at a wide range 
of temperatures and charging protocols. A specially designed IntPB system allowed for testing either 
small-scale coin cells (10 mAh) or larger pouch cells (1 Ah) with polycrystalline silicon PV between 80 °C 
to -120 °C. It effectively charged the lithium metal battery using a niobium tungsten oxide cathode and 
1 M LiFSI in cyclopentyl methyl ether electrolyte to comparable capacities. When discharged with the 
battery cycler, the battery provided similar capacities at a constant current discharge, thus ensuring 
that the system was able to charge/discharge equivalent amounts of energy. At 80 °C, -105 °C, and 
− 120 °C, the IntPB was able to charge/discharge 150 mAh g⁻¹, 30 mAh g⁻¹, and 6 mAh g⁻¹ capacity, 
respectively. This indicated that the pairing of the PV and battery was able to charge/discharge the 
battery at a wide range of temperatures that the system would be expected to experience in places 
such as the desert, Arctic, or outer space. Contrasting temperature effects in integrated PV-battery 
systems pose a significant challenge: PV efficiency improves at low temperatures due to increased 
semiconductor band gap, while LIB performance deteriorates due to sluggish Li-ion movement within 
the electrolyte and across interfaces, necessitating careful system optimization to balance enhanced 
PV output with limited battery storage capacity.

An electrochemical battery that operates in extreme hot and cold temperatures would provide compelling 
solutions for defense and commercial applications and systems in space, Lunar, Arctic, Antarctic, and subsurface 
environments1. In present systems used at ultra-low temperatures (ULT, < -60 oC), battery performance is 
limited by inherently poor ion (Li+) transport in the electrolyte. Thus, either temperature controls are added 
to warm the battery to improve conductivity or the battery is used as a backup or secondary energy storage 
source. Examples of these temperature management approaches can be found in numerous the National 
Aeronautics and Space Administration (NASA) orbiters and rovers2–5. Orbiters can use their solar panels for 
the primary energy generation, with rechargeable batteries to store energy to provide power at night. The Mars 
Reconnaissance Orbiter is powered by two 32 V, 1000 W solar panel arrays which also charges two 32 V, 50 Ah) 
nickel-hydrogen batteries for continuous operation during the 2-hour day/night orbit. In 1996, the Sojourner 
rover went from initially using solar panels to a radioisotope power system (plutonium dioxide) to provide 
constant, steady state usage with lithium-ion batteries (LIBs) to meet peek demands6,7. Rovers, such as Curiosity 
(2020), use a radioisotope thermoelectric generator using plutonium-238 as the main power, 110We and 1830Wt 
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of waste heat, and two 28 V, 43 Ah LIBs for peak power demand6. Combinations of these systems has been used 
by NASA reliably for decades including the Apollo, Viking, Pioneer, Voyager, Ulysses, Galileo, Cassini, and New 
Horizons missions8,9.

Despite the widespread use of solar panels or some alternative energy source coupled with batteries for 
energy storage, these systems all require extensive and complex thermal control and management designs in the 
form of radiators, surface coatings, insulation, and heaters. More practical testing utilizing cutting edge research 
to allow for scale-up and industrial use for energy generation and storage systems is critical to transition from 
laboratory research to a more applied focus. Commercially available test systems are either capable of cycling 
a photovoltaic (PV) cell or a battery separately at a range of temperatures, but not in a hybrid configuration 
with both being at low temperature (LT)10–12. This is a particular problem as PVs’ current and voltages have 
opposite trends as a function of temperature, with a decrease in temperature causing the PV’s voltage to increase 
but its’ current to decrease; these results and causes are explained in the following discussion section. Though 
commercial temperature chambers can go up to 100 °C, none can go down to -100 °C or lower. Therefore, to fully 
assess the performance of a PV and battery energy system at ULTs, a custom test system and fixture are required.

C. M. Jamison et al. developed a novel lithium-ion battery cycler capable of testing coin and pouch cells at 
ultralow temperatures down to -175 °C, simulating extreme conditions13 found in lunar and space missions. This 
system, called the extreme low-temperature system (ELTS), uses liquid nitrogen flow to achieve temperatures 
between − 175 °C and 25 °C. The ELTS enables testing of Li4Ti5O12||Li cells with a specialized electrolyte14 at 
various low temperatures, demonstrating discharge capacities of 159.04, 119.12, 101.79, and 33.06 mAh g⁻¹ at 
room temperature, -20 °C, -40 °C, and − 60 °C, respectively.

Notably, the system achieved a reversible capacity of 7.12 mAh g⁻¹ at -100 °C, marking the first such test 
at this extreme temperature. To observe the behavior of a PV and a novel LIB hybrid energy source at ULTs, 
a custom system named the Integrated Photovoltaic and Battery (IntPB) has been designed to safely cycle test 
individual energy generation and storage sources and hybrid energy sources at -100 °C as below. This work’s 
motivation and end goals is depicted in Fig. 1, as it is our hope that the designed system will help enable new 
innovative technologies to be tested together at ULTs to rigorously test their performance with these improved 
systems eventually getting implemented in technologies like satellites and rovers. While results can be found 
for both the individual components’ performance at these temperatures, no previously reported data exists to 
compare results. The IntPB was designed with flexibility to allow for individual testing of energy generation 
sources like PVs and nuclear batteries (betavoltaics) along with various energy storage technologies like LIBs 
(coin cell to small pouch cell), capacitors, and hybrid energy sources. The chamber was designed with electrical 
throughputs for data acquisition (voltage, current, and temperature), charging, discharging, and to tune the 
open-circuit PV voltage to match the maximum LIB voltage to prevent overcharging. This tuning circuit, located 
external to the PV/LIB source, allows the battery to fully charge at a specific temperature. When tested at a 
range of temperatures from 80 oC to − 105 oC, the battery exhibited charge capacity values within 10% of the 
energy delivered by the PV. The charge capacity values were similar to ones measured when only the battery was 
tested. For these tests a commercially available polycrystalline silicon 5 V, 30 mA, PV was paired with a niobium 
tungsten oxide LIB (NbWO||Li); explanations on its reason and specifics are discussed below.

Designing integrated silicon photovoltaic cells with batteries for >-100  °C operation poses significant 
challenges due to contrasting temperature effects: while PV efficiency improves at low temperatures, LIB 
performance declines significantly15. At ULTs, LIBs experience sluggish Li-ion movement, increased internal 
resistance, and electrolyte limitations, leading to reduced capacity and power output16. Recent advancements 

Fig. 1.  Pictorial motivation and potential testing usage for integrated photovoltaic-Li-ion battery system.
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in PV materials, including silicon-based, organic, and perovskite solar cells, have improved efficiency and 
stability, with perovskite cells achieving a record efficiency of 29.15 %, surpassing traditional crystalline silicon 
technology17.

Addressing these challenges requires innovative approaches in materials science, battery chemistry, and 
system design, such as LT manufacturing processes and novel interconnection techniques to reduce silver 
consumption and avoid lead-containing materials. The Integrated Photovoltaic and Battery (IntPB) system 
represents a significant advancement in testing hybrid energy sources for extreme environments, enabling 
simultaneous evaluation of photovoltaic cells and batteries at ULTs down to -100  °C. Its flexible design 
accommodates various energy generation and storage technologies, while a unique voltage matching circuit 
optimizes performance across a wide temperature range. The IntPB demonstrates consistent performance from 
80 °C to -105 °C, with battery charge capacity values within 10 % of the energy delivered by the PV, providing 
crucial data for developing energy systems for space exploration and other extreme applications.

Experimental setup for IntPB
The IntPB was designed for ultra-low temperatures and sized to hold a PV and a battery, either coin or pouch cell, 
with a glass window to allow for PV illumination with a light source. A small PV cell (polycrystalline silicon 5 V, 
30 mA) was used and irradiated by a light source to determine the open circuit voltage (VOC) and short-circuit 
current (ISC)5. A 9 W and 32 W LED grow light, which provide a light spectrum similar to that of the sun, were 
used to irradiate the when connected to a coin cell or to a pouch cell, respectively18. The test chamber was custom 
made by INSTEC per our design requirements. It is an aluminum clam shell with a glass window on top with 
the top and bottom parts being held together with 4 screws and a silicon gasket to allow for a hermetic seal to be 
formed. There are two sets of feedthrough ports, one for liquid nitrogen (LN2) and the other for argon gas, with 
the Ar gas being critical to keeping the gas in the chamber free from water vapor and any ice crystals when the 
system is cooled. Eight electrical throughputs are provided for data acquisition measurements (voltage, current, 
and temperature), charging, discharging, and to tune the open-circuit PV voltage to match the maximum LIB 
voltage to prevent overcharging. The PV and LIB are positioned atop the platen that is temperature regulated 
with LN2 or heating coils controlled by the INSTEC temperature controller. The setup of the custom INSTEC test 
chamber and temperature controller is shown in Fig. 2.

Fig. 2.  Setup of Test Chamber, Temperature controller, and LN2 connections.
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The temperature of the test chamber is controlled by an INSTEC controller in line with the LN2 cooling tubing 
before entering the test chamber. Inside the INSTEC chamber there is a stainless steel block, which the PV and 
LIB sit on top, that have channels bored into it, similar to a heat exchanger, allowing LN2 to be pumped through 
it, directly cooling through conductive heat transfer A proportional–integral–derivative controller regulates the 
temperature using feedback from a thermocouple that measures the stainless steel block’s surface temperature by 
adjusting the LN2 scroll pump’s speed, the rate at which it pumps LN2 from the 30 L dewar through the INSTEC. 
For ULTs, the test chamber’s exterior was insulated in a box with FiberFrax to decrease the amount of heat 
transfer losses from its exterior while argon gas is pumped inside the sealed INSTEC chamber to prevent and 
water vapor from condensing and freezing on the cold surfaces of the stainless steel block, PV, and LIB.

To allow the LIB coin cell to be charged by the PV and discharged by an Arbin test channel, the setup shown 
in Fig. 3 was developed where a voltage divider circuit was used to adjust the open-circuit voltage of the PV to 
that of the LIB’s maximum voltage. In the circuit, two Schottky diodes are used one connected after the positive 
terminal of the PV, D1, to prevent backflow of current during charging with the second one, D2, preventing the 
LIB from discharging through R2 once the battery is fully charged. In reference to Eq. 1 a voltage divider is used 
to set the charging voltage to a value matching the LIB’s cutoff voltage, ~ 3.0 V for NbWO||Li, through adjusting 
the ratio between R1 and R2. A Schottky diode, specifically was chosen over other diodes due to its lower forward 
voltage drop which is kept at around 0.47 V for the entire range of charging currents used in this work. The value 
given in Eq. 1 is then used as an estimate, along with final testing/adjustments being made, with the battery still 
disconnected, to account for small variations in resistor accuracy and contact resistance inside the breadboard19.

	
VBattery = (V P V − VD1 )

(
R2

R1 + R2

)
� (1)

Only the PV and LIB are placed in the test chamber, the other components are externally connected by the 
electrical throughput ports. To mitigate noise in measurements, all test and monitoring leads were shielded and 
grounded to a single Earth-ground point. A digital ammeter is connected between the diode D2 and the positive 
terminal of the LIB to measure current for calculating capacity. Initial setup had unshielded wires without a 
common ground, yielding fluctuating amperage readings as shown in Figure S1. To monitor the LIB’s voltage, 
as shown in the zoomed in image of Fig. 2, the LIB was connected with four leads, two of each for the positive 

Fig. 3.  PV/LIB hybrid interface circuit.
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and negative terminals of the LIB. One pair (1 positive and 1 negative) are used for the regular pass through 
of current for the charging circuit, while the other pair is used to monitor the voltage of the battery in real 
time using a separate Arbin galvanostatic battery cycler that can record the LIB’s voltage without affecting the 
charging of the battery. All circuitry except for the ammeter and the PV/LIB, are contained on the breadboard 
in Fig. 3. The operation of the PV/LIB hybrid source was assessed in this fashion. PV and discharged LIB was 
placed on the INSTEC chamber plate and connected. Chamber was secured and connected to LN2 and Ar. Then 
the LIB was connected to an Arbin cycler channel and to the breadboard components. The light source was 
then turned on to illuminate the PV with the digital ammeter measuring the charging current and the Arbin 
cycler monitoring the LIB’s voltage. This was left on until the LIB’s voltage had reached its cutoff voltage and the 
charging current had decreased to ~ 1/30 of its initial value.

Once the LIB is fully charged, the LIB is manually disconnected from the charging circuit by detaching the 
positive and negative cables that connect the INSTEC probes to the breadboard. The battery is then discharged 
through the Arbin galvanostatic battery cycler at a constant current roughly equivalent to the average charge 
current that the battery experienced during charging. The discharge capacity can then be compared to its charge 
capacity to show that the system works for both charging and discharging at ULT. For future work, the Arbin 
battery cycler enables the discharge procedure to be customizable to match a desired load curve that actual 
systems would pull over time so that systems could be directly tested on their ability to power their desired 
applications.

Characterization of photovoltaic cell
Since the cutoff voltage of the chosen LIB (NbWO||Li) is 3.0 V, a 5 V PV was selected to account for roughly 2 V 
of additional drop across the diodes and resistors. However, as the PV’s voltage and current vary as a function 
of temperature, these values need to be gathered so that a proper R1 and R2 can be chosen at each temperature 
to ensure that the charging voltage the battery experiences is kept constant at ~ 3 V. To determine these values, 
the PV was disconnected from the charging circuit and replaced with a Gamry potentiostat with the photon flux 
kept constant via holding the light source at a constant distance and luminosity throughout the experiment. At 
each temperature the PV’s current response to an applied electrical potential that is swept between − 0.5 V and 
a potential 0.3 V above the PV’s VOC, the PV’s potential when it is measured without a load is shown in Fig. 2a 
as the Light IV curves.

Typically, PV cells generates electricity more effectively at lower temperatures for the same amount of 
sunlight because of (i) the increased bandgap energy (electron potential between electrons in the valence band 
and holes in the conduction band is increased) in the silicon semiconductors, (ii) enhanced mobility of charge 
carriers (electrons and holes have reduced recombination rate and phonon scattering), and (iii) larger increase in 
effective voltage than its subsequent decrease in current leads to a larger max power and fill factor (FF).

In Fig. 4a, the PV’s light curves depicts the voltage and current operating values of the polycrystalline silicon 
PV at temperatures 30 oC apart between 80 oC and − 130 oC, with the y-intercept representing the maximum 
possible current, ISC, and the maximum possible voltage, VOC. For PN junction SCs, as temperature increases its 
ISC increases while its VOC decreases with this relationship being reversed as temperature decreases. At increased 
temperatures, the amplitude of a bond’s vibration is increased causing for an effective larger interatomic spacing 
which result in the band gap for a material decreasing. The band gap is affected by the interatomic spacing as 
when the distance between atoms increases the potential seen by the electrons in this material decreases which 
results in a decrease of the band gap at elevated temperatures20,21. From Fig. 4a this results in the VOC increasing 
from 4.1 V to 7.3 V and the ISC decreasing from 2.84 mA to 2.69 mA between 80 oC to -130 oC. Increased 
temperature also results in an increase in the carrier, electron-hole pair, concentration causing for an increase 
in the amounts of photocurrents produced at elevated temperatures. This effect also causes PV’s dark current, 
the current generated from the diffusion of minority carriers to recombination sites, to increase due to the 
strong temperature dependence for this current. The dark current (Fig. 4b) is affected by three main factors the 
temperature, diffusivity of the minority carriers, and the lifetime of the minority carrier with the two properties 
other than temperature being more affected by the specific material chosen in the PV22. This relation can be 
expressed in Eq. 1, where the dark current (jo) is written in terms of the material properties and temperature:

	
jo =

[
4
(2π eme

h2

)3
] [

µ hµ e

Lhσ e
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e
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(
−eVg
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In Eq. 1 the terms to the left of the temperature expressions are constants, found from the specific material 
properties that have only minor correlations with temperature, so an increase in temperature causes a rise in the 
dark current. While this leads to an overall increase in the net current from the PV, js, the ratio of js to jo decreases 
for a given illumination intensity22,23. This is important as this decrease is what results in the PV’s VOC decreasing 
with an increase in temperature as described in Eq. 222:

	
VOC = js

kT

e
ln(1 + js

jo
)� (2)

When different trends from this equation are analyzed due to the small increase in total current, js, compared to 
the more significant decrease in the ratio of total current to dark current this results in a net decrease in VOC as 
temperature increases. This is shown in Fig. 4a as the temperature has a greater effect on the PV’s VOC than on its 
ISC, with the ISC increasing by only 0.05 mA from − 130 to 20 oC. Generally, the ISC is more affected by the ability 
of the PV to trap light and utilize longer wavelengths of light rather than its Eg. For the VOC there was a larger, 
roughly linear increase of VOC with decrease in temperatures as it increased from 5.1 V at 20 oC to 7.25 V at -130 
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oC. The VOC and IPV give bounds that the PV has to operate at a given temperature. From this data, the optimal 
operating potential can be determined in Fig. 4c where at the 20 oC the light IV curve along with its’ power 
curve (P = IV), is plotted to determine the PV’s best operating conditions (VMaxP, IMax) that leads to maximum 
net power. Figure 4d plots the PV’s maximum power as a function of temperature along with its resulting FF, 
values determined in Eq. 3.

	
F ill F actor (F F ) = VMaxP ∗ IMax

VOC ∗ ISC
� (3)

The FF represents the ratio of the maximum power to the product of its maximum voltage and current, with 
a valve close to 1 representing that the curve approximates a square. Figure  4d shows that as temperatures 
decrease both the maximum power and FF increase with the largest values being generated at -130 oC. However, 
interestingly while the PV’s power curve follows an approximately linear increase with decreasing temperature 
the FF begins to plateau around − 70 oC with it approaching an asymptote of 0.77 at -130 oC. Figure 4e shows that 
the PV is working properly as at higher voltages above the VOC the two curves overlap a phenomenon which is 

Fig. 4.  Photovoltaic’s: (a) Light IV curves measured between 80 oC to -120 oC; (b) Dark IV VOC and current 
as a function of temperature; (c) Max Power curve at 20 oC; (d) Max power and fill factor as a function of 
temperature; (e) Single temperature comparison of light and dark IV curves.
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expected due to the light IV curves being a superposition of the natural ‘dark’ currents that are produced in the 
PV along with the current produced when light is applied to the PV. As the current generated with light is applied 
shifts the current to the 4th quadrant, at voltages above the VOC the two curves should gradually overlay again24.

Overall, this means that the PV’s exhibit a higher efficiency at lower temperatures due to it minimizing 
thermal loses while enhancing the PV’s energy conversion. At lower temperatures less of the light is converted 
to heat while the charge mobility of its electrons and holes is increased, more efficient, due to the decrease 
number of charge carriers leading to less scattering from the various collisions between charge carriers25–27. 
When combined with the reduced lattice vibrations along with increased band gap at decreased temperatures 
this results in increased carrier lifetimes, resulting in a larger VOC, lower ISC and an increased maximum power.

Characterization of PV-LIB hybrid energy source
Coin cells were made with Li-metal anodes, NbWO cathodes and an electrolyte using 1 M LiFSI in cyclopentyl 
methyl ether (CPME) were chosen13. This electrochemistry was specifically designed for ULTs. The electrolyte’s 
low freezing point (-140 oC) and low desolvation energy allows for enhanced bulk and interfacial Li+ transport 
when compared to other typical electrolytes13 The NbWO cathode’s rapid Li+ diffusion allows the cell to cycle 
at temperatures below − 60 oC. Typical electrode materials like graphite, lithium iron phosphate, and lithium 
nickel manganese cobalt oxide have sluggish Li+ kinetics for solid-state diffusion during the intercalation/de-
intercalation process at LTs that create large overpotentials inside the cell resulting in very low-capacity retention 
and rate capability at these temperatures13. The chosen electrode material for this work, NbWO, is a type of 
pseudocapacitive charge storer as it enables Li+ to be rapidly stored on the surface through surface-controlled 
reactions, along with enhanced solid-state transport through its open framework and large pentagonal channels. 
This combined system was shown to have superior ULT capability, allowing for up to 75 mAh g− 1 at -100 oC13.

Before charging the LIB at a given temperature the PV’s VOC was used to calculate the necessary R1,2. With 
the current charging circuit, the cells are charged at a constant voltage, meaning that the charging voltage is kept 
fixed at the battery’s cutoff voltage with the battery’s voltage slowly increasing along with its state of charge. This 
configuration results in the highest current to the battery being delivered initially with this current fading as 
the battery’s voltage approaches its cutoff voltage before decreasing to ~ 0 A at longer durations as the internal 
resistance inside the battery prevents further charging28. To ensure that the cell was not shorted by delivering 
too high a current, the initial current could be decreased by decreasing the photon flux from the light source 
along with increasing the values of R1 and R2, while keeping the ratio constant, to ensure that the initial current 
didn’t exceed C/2 for the battery. The type of charging protocol approximates a trickle charge, so at decreasing 
temperatures the time needed to fully charge the battery increases. In Fig. 5a-e the time needed to charge the 
battery increases from 11 h at 80 oC to 44 h at -105 oC. Though not desired for this testing, the system could be 
modified to allow for a quicker charge, but this would require integrated circuitry and a controller that could 
more accurately control the current to match other charging protocols like with a constant current charge.

Fig. 5.  Galvanostatic charge of the IntPB: (a-e) Charging of the prepared NbWO||Li cell at constant voltage at 
80, 50, -60, -80, -105 oC.
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Figure 6a show the same cell being discharged directly after its charge at a constant current. At all temperatures 
the charge and discharge capacities were within 5–10 % with this difference mainly arising from the different 
charging/discharging procedures. The capacity values are tabulated in Fig. 6b. This provides evidence that the 
combination of PV and LIBs is a viable alternative to pre-existing technology for energy storage/generation 
at ultra-low temperatures. At all tested temperatures, an approximately 8  % difference between the energy 
input versus energy output indicated minimal energy loss. In addition to these results in Figure S2 additional 
charging/discharging data was gathered at -120 oC which had minimal capacity of around 6 mAh g− 1. In 
recent publication, Gouder and Lotsch discusses the integration of photovoltaic cells29 with energy storage 
systems, highlighting the performance evaluations of solar batteries under varying conditions. It emphasizes 
the significance of simultaneous energy conversion and storage, which is essential for real-world applications, 
particularly in extreme environments. The study provides insights into the performance of these integrated 
systems at lower temperatures, enhancing their applicability in decentralized energy storage solutions.

Conclusion
A combined IntPB for testing the efficiency of storing and discharging capacity at various temperatures has 
been presented. The apparatus is easily modifiable to fit a variety of energy storage solutions and size demands, 
is low-cost, and is the first fully combined system that allows for both the PV and the LIB to be tested at the 
same temperature within a range of -180 °C to 300 °C. This system will allow for integrated testing of PVs and 
energy storage solutions like LIBs to be evaluated at their actual operating temperatures rather than only at room 
temperature. These tests are critical for understanding their applicability and fully testing their performance at 
extreme temperatures when deployed in Arctic or outer space conditions. Currently, the IntPB has allowed for 
a novel cell chemistry designed for ULTs to be charged at a wide range of temperatures from 80 °C to -105 °C 
before being discharged at the same temperature. This setup allows for reliable testing as the charge and discharge 
capacities of the battery are within 5 % of each other. The apparatus will be used to conduct further experiments 
into the combination of more novel energy generation and storage technologies at various temperatures by 
replacing the PV with other more experimental solar cells like perovskite-based PVs or betavoltaic cells and 
alternative chemistries for the LIB. Along with testing alternative energy generation technologies, this system 
will also be used to rigorously test the system’s capability of meeting exact load and power demands at various 
temperatures.

Experimental Section/Methods
Electrolyte Prepartion  1 M LiFSI in CPME electrolyte was prepared by dissolving LiFSI (187.1 mg) in CPME (1 
mL) under argon atmosphere. Both materials were sourced from Sigma Aldrich.
Electrode Materials: NbWO material were synthesized using a thermal solid-state reaction of NbO2 (Alfa Aesar) 
and WO2(Alfa Aesar). Before thermal treatment both precursors were thoroughly mixed to ensure homogeneity 
at the proper stoichiometric ratio (18:16) before being pressed into a pellet. This pellet was then heated inside a 
crucible at 1200 oC for 24 h in an air atmosphere to obtain the final product, NbWO.

Electrochemical characterization  CR2032 half-cells were assembled in an argon-filled glovebox using NbWO 
electrodes, lithium metal foil (150 μm thick), Celgard 2500 polypropylene separator, and 1 M LiFSI in CPME 
electrolyte. The cells were cycled between 1.0 and 3.0 V vs. Li/Li+ using an Arbin BT2000 cycler with Phoenix 
leads connected to a customized cooling plate.

Fig. 6.  (a) Galvanostatic discharge of the LIB through the Arbin cycler at 80, 50, -60, -80, -105 oC; (b) 
Tabulated charge and discharge capacities at each temperature.
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PV materials  The PVs used to charge the Li||NbWO coin cells were manufactured by Aoshike, 5  V 30  mA 
53 mm x 30 mm mini solar panels. These PVs were irradiated with a GE 9 W LED grow light with reGrow Light 
LED Indoor Flood Light Bulb, Balanced Light Spectrum.

Data availability
A data availability statement: All data generated or analyzed during this study are included in this published arti-
cle and its supplementary information files. The datasets used and/or analyzed during the current study available 
from the corresponding author on reasonable request.
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