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ABSTRACT: Photoenhanced batteries, where light improves the
electrochemical performance of batteries, have gained much
interest. Recent reports suggest that light-to-heat conversion can
also play an important role. In this work, we study Prussian blue
analogues (PBAs), which are known to have a high photothermal
heating efficiency and can be used as cathodes for Li-ion batteries.
PBAs were synthesized directly on a carbon collector electrode and
tested under different thermally controlled conditions to show the
effect of photothermal heating on battery performance. Our PBA
electrodes reach temperatures that are 14% higher than reference
electrodes using a blue LED, and a capacity enhancement of 38%
was achieved at a current density of 1600 mA g~'. Additionally,
these batteries show excellent cycling stability with a capacity retention of 96.6% in dark conditions and 94.8% in light over 100
cycles. Overall, this work shows new insights into the effects leading to improved battery performance in photobatteries.
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Recently, there has been an increased interest in studying In this paper, we seek to leverage the fact that PBA can be
the effect of shining light on battery electrodes with the used as an LIB cathode and at the same time be heated
view to either increase performance metrics such as the rate efficiently using a photothermal effect. These temperature
capability or capacity or to directly harvest light energy and changes are monitored by a combination of electrochemical
store it. ~ However, shining light on these photobatteries impedance spectroscopy (EIS) and thermocouples. Under
changes their temperature, and recent work has shown that the illuminated conditions, we observe temperature increases,
effect of heating on electrochemical enhancement has been reductions in the cell impedance, and improvements in the
underestimated.” If one’s goal is to increase battery rate charging rate of the battery. Furthermore, when the battery was
performance or capacity using light, then maximizing the light- cycled under illumination, the charge/discharge capacity was
induced heat generation is a suitable strategy. In this paper, we increased by 14.0% and 37.9% at specific currents of 100 and
leverage the fact that some Li-ion battery (LIB) cathode 1600 mA g~' respectively. These combined measurements
materials are known to have a high photothermal heating show how photothermal heating can be leveraged to increase

efficiency.” Prussian blue analogues (PBAs) have gained the electrochemical performance of PBA cathodes in LIBs.

substantial attention in rechargeable batteries. Notably, these As depicted in Figure la, our photothermal LIB cells
materials exhibit a specific capacity of 170 mAh g~' for the comprise a window that allows light to reach the PBA coated
Prussian white Na,FeFe(CN), in sodium-ion batteries and 190 on carbon felt. Here, Prussian blue serves as the active material,
mAh g~ for Li,FeFe(CN)g in Li-ion batteries.® In addition, while carbon felt functions as the current collector. In our
several studies have shown that PBA analogues are efficient at €Xp erime.nts, we use CRZO?’Z CF’in cells in Whi.Ch a hole has
photothermal heating, arising from their ability to absorb light been. drilled, .and a w1nd.ow 18 mlosunted usmng a process
in the visible or near-infrared (NIR) spectrum efficiently and described previously (see Figure S1)."” The carbon felt current

convert that absorbed energy into nonradiative heat as a result

of electronic transitions within the structure. Because of this, Received: February 12, 2024
PBA nanoparticles have found applications in biomedical Revised:  July 8, 2024
applications, such as photothermal therapy for cancer treat- Accepted:  July 8, 2024

Published: July 19, 2024

ment.””"® A very recent paper also reported a Prussian blue
solid-polymer-based electrolyte in a solid-state LIB, where
photothermal effects are used to improve Li ion diffusion.'*
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Figure 1. (a) Schematic of a photothermally enhanced PBA/Li half-cell. (b) SEM image of solution-grown Prussian blue on CF as the
photocathode. (c) XRD pattern. (d) Determination of the bandgap of ~2.55 eV by using a Tauc plot.

collector is connected to the CR2032 cap and provides electric
conductivity in the region where the glass window is located,
and it also allows for ion transport because of its porous
structure that is filled with electrolytes.

The PBA was synthesized on the carbon current collector by
a hydrolytic precipitation method using K;Fe(CN)j as a single
iron source (see the Experimental Section in the Supporting
Information). Distinct from the rapid coprecipitation method,
this approach allows for a uniform coating of nanosized
Prussian blue cubes of about 400 to 600 nm on the carbon felt,
as shown in Figures 1b and $2.'®' The X-ray diffraction
(XRD) plot of Prussian blue is presented in Figure I,
revealing a face-centered-cubic (fcc) phase ( space group
Fm3m)."® Figure 1d displays the Tauc plot derived from the
UV—vis spectrum in Figure S3, showing a bandgap of
approximately 2.55 eV, which is similar to the literature
value of 2.62 eV."”

Before testing our PBA in a battery cell, we verified its
optical response as a photodetector using a planar
interdigitated electrode configuration, as shown in Figure S4.
Unlike batteries, these photodetectors can be operated without
any carbon additive, which we used to ensure that the
photothermal properties of PBA itself are probed rather than
those of carbon additives. Under different bias voltages, we
systematically observed an increase in response current when
the PBA photodetector was illuminated (see Figure S4). In
Figure S4b, the observed rise in maximum current with an
elevated bias of the device is noteworthy, and it occurs without
any noticeable shift in the curve, unlike the photocarrier
generation. As a result, this effect is solely due to heat
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generation in the PBA by photothermal effects, and this is the
first indication that the PBAs are a suitable material for
studying photothermal effects in batteries.

To explore changes in the electrochemical behavior of the
PBA photocathodes, we first measured cyclic voltammograms
in light and dark conditions at scan rates ranging from 0.1 to
1.0 mV s™" over the potential window of 2.0 to 4.2 V. The light
source employed had a wavelength of 470 nm with an intensity
of 128 mW cm™. As depicted in Figure 2a, two distinct
cathodic peaks labeled Peak 1C and Peak 2C are evident at
approximately 3.5 and 2.9 V, respectively. Additionally, two
corresponding anodic peaks labeled as Peak 1A and Peak 2A
are observed at around 3.0 and 3.7 V, respectively. These peaks
correspond to subsequent two-step Li* insertion reactions
reported previously in the literature:'®

Fe’*[Fe*"(CN),] + Li* + ¢~ 2 LiFe’*[Fe’*(CN),]
(1)

LiFe>*[Fe’*(CN)] + Li* + ¢~ = Li,Fe’*[Fe’*(CN),]
(2
In comparison to the dark condition, both cathodic peaks
and anodic peaks exhibit slight shifts to higher and lower
voltages, respectively, in the illuminated cyclic voltammetry
(CV) curve, as illustrated in Figure 2b. The shifts are observed
from 2.86 to 2.89 V for the 2C cathodic peaks and from 3.01 to
2.99 V for the 2A anodic peaks. By calculating the total sweep
area of the CV curves, an ~28.7% enhancement of the total
area is observed in illuminated conditions with a 1.0 mV s~
scan rate, as shown in Figure 2c. Similar trends are evident at
different scan rates of 0.4, 0.5, 0.6, and 0.8 mV s™! (see Figure
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Figure 2. (3, b) CV curves at different scan rates (0.1 to 1.0 mV s™!) between 2.0 and 4.2 V in both dark and illuminated conditions. (c) CV curves
at 1.0 mV ! in dark and illuminated conditions. (d) Diffusion constant analysis in dark and illuminated conditions.

S5). The Li* diffusion constant under both dark and
illuminated conditions was investigated by utilizing the peak
current densities at the cathodic peak of ~2.9 V and the anodic
peak of ~3.00 V, spanning a scan rate range from 0.1 to 1.0
mV s™'. The Li* diffusion constant (D) was calculated using
the formula provided below:*’

0.5
F

i, = 0.4463F(—) C9"°AD"* = K§*°D**

? RT

in which

F %S
K = 0.4463F (—) CA
RT

where iy, F, T, C, 9, A, and D represent the peak current,
Faraday constant, absolute temperature, initial concentration in
mol cm™3, scan rate in V s}, electrode area in cm? and
diffusion constant in cm® s™', respectively. Based on linear fits
of the slopes of plots of peak current versus the square root of
the scan rate under both dark and illuminated conditions, as
shown in Figure 2d, the Li* diffusion constants exhibited an
increase of ~52% under light for both anodic and cathodic
reactions.

Next, we carried out galvanostatic cycling experiments using
specific current densities ranging from 100 to 1600 mA g~
under both dark and illuminated conditions. It was observed
that under illumination, the specific capacity increased from
161.0 to 183.5 mAh g_l, representing a 14% increment, at a
specific current density of 100 mA g~', as shown in Figure 3a.
At a specific higher current density of 1600 mA g~', the
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capacity rose from 99.8 to 137.6 mAh g~', indicating a
substantial 38% increment, as illustrated in Figure 3b. The
galvanostatic discharge—charge capacities at the specific
current densities of 200, 400, and 800 mA g71 under both
dark and illuminated conditions are provided in Figure S6.
Figure 3¢ shows the summary of the GCD tests, our Photo-
LIBs demonstrate remarkable rate performance and stability
under both dark and illuminated conditions. EIS measure-
ments were also performed from 10 mHz to 100 kHz with a
voltage amplitude of 10 mV at 50% state of charge (SOC), as
illustrated in Figure 3d. Under illumination, the measurements
showed a 65% reduction in charge transfer resistance, which
decreased from 715 to 250 €. The equivalent circuit for the
EIS plot can be found in Figure S7. The post-mortem SEM
images of photocathodes after lithiation and delithiation
(Figure S8) show that PBA remains attached to the carbon
fiber current collector.

Next, we analyze the effect of light on the cell temperature.
It is challenging to embed temperature probes inside batteries,
and therefore, we implemented an impedance-based temper-
ature measurement method.”" In this approach, we first let a
battery equilibrate in a climate chamber at temperatures
ranging from 18 to 38 °C, and subsequently, we carried out
EIS measurements at 50% SOC. As shown in Figure 4a, the
real part of the impedance at 100 kHz (log) increases with
increasing inverse of temperature in a roughly linear trend, as
reported in previous studies.”’ The fitting equation is described
as

E,/RT

R(f, T) = Ry + ke

col

https://doi.org/10.1021/acs.nanolett.4c00752
Nano Lett. 2024, 24, 9147-9154


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c00752/suppl_file/nl4c00752_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c00752/suppl_file/nl4c00752_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c00752/suppl_file/nl4c00752_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c00752/suppl_file/nl4c00752_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c00752?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c00752?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c00752?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c00752?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c00752?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

(a)

—— Light
—— Dark
at 100mAg™’

4.0

3.54

3.04

Potential (V vs. Li/Li")

254

20 T T T T T T T T
0 20 40 60 80 100 120 140 160 180

Specific capacity (mAh/g)

( ) 220
c m Darkcharge v Dark discharge
2004 " Light charge v Light discharge unit:mAg™
= 100 100
g 180 /¥ ey
E 200 200
2160 {wwypn¥¥P¥R 40 400 gyyyyveeee
8 . ww¥ew 800 800 ¥¥wmy
Grao{  TPvem PR 1600"TEE gy,
o Yawgy VO
&é_ 120 4 Yover oyyy
2} -
100
80 T T T T T T T T T

Cycle number

(b) ,
—— Light
4.0 9\ — park
at 1600mAg™
i
4
=3 354
]
>
2
© 3.0
€
2
<]
o
254
20 T T T T T T
0 20 40 60 80 100 120 140
Specific capacity (mAh/g)
1000
(d)
Dark
—— Dark (Fitting)
Light
800 4 — Light (Fitting)
600
g
N
400
200
0

T T T T T
0 200 400 600 800 1000 1200
Z'(Q)

Figure 3. (a) Galvanostatic discharge—charge curves at 100 mA g~' in dark and illuminated conditions. (b) Galvanostatic discharge—charge curves
at 1600 mA g™' in dark and illuminated conditions. (c) Rate performance tests of the photo-LIBs in dark and illuminated conditions. (d) EIS
measurement of a photo-LIB obtained after the second galvanostatic discharge cycle to 3.0 V (50% SOC) in the frequency range of 10 mHz to 100

kHz at 10 mV amplitude under dark and illuminated conditions.

where k is the pre-exponential constant factor, E, is the molar
activation energy, R is the gas constant, and R is the
resistance of the collector. This equation consists of a typical
Arrhenius characteristic part and a constant resistance for the
cell parts.”” It should be noted that lower frequencies tend to
show complicated dependencies on SOC and were therefore
avoided in this anellysis.21’23’24 Next, we carried out the same
impedance-based analysis under illumination at different light
intensities and converted the 100 kHz impedance (see Figure
S9b) to temperature using the calibration curve (Figure S9a),
resulting in Figure 4b, which shows linearity within the limited
temperature window tested.

Chronoamperometry tests were then conducted at various
light intensities, as illustrated in Figure 4c. In these
measurements, the cells were fully discharged to 2.0 V.
Subsequently, a constant charging voltage of 3.2 V (~50%
SOC) was applied to the cells while the charging current was
measured under light with different intensities. With an
increase in light intensity, a higher initial charging current
was observed (Figure 4c), which is in agreement with the
lower impedance observed above under illumination. A very
similar increase in current was observed with increasing
temperature, as shown in Figure S10. These increases in charge
rate under illumination can be compared by integrating the
area below the current—time curve and dividing it by the time
interval and mass loading. As depicted in Figure 4d, the
charging rate exhibits an exponential increase with temper-
ature, in agreement with Arrhenius-type behavior. The very
similar changes in chronoamperometry under elevated temper-
ature and illumination again suggest that photothermal heating
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is a dominating effect in these cells.”” The small differences
between the temperature and illuminated cells could be due to
measurement errors as well as localized inhomogeneous cell
temperature or other light-induced effects.

Next, we compare galvanostatic tests at different temper-
atures carried out in temperature-controlled incubators with
the tests described above carried out under different light
intensities. Both charge and discharge capacity rise with
increasing temperature, as shown in Figure S11. The batteries
tested with a 128 mW cm™ blue LED at 40 °C (ie., the
corresponding temperature based on EIS measurements)
(Figure Sa) show a similar increase in capacity (difference
less than 10 mAh g™ '). To further elucidate the photothermal
effect, we illuminated the cell with a red (630 nm) and a blue
(470 nm) LED, both with an intensity of approximately 130
mW cm™2 The spectra of both light sources are shown in
Figure S13. As shown in Figure Sb, the specific capacity when
using a red LED was 11.6% lower compared to the blue LED.
This may correspond to the blue LED being above the
bandgap energy, leading to more efficient photothermal
heating compared to using a red LED. To compare the effect
of light wavelength on the temperature increase, we estimated
the internal temperature by using EIS measurement, as shown
in Figure Sc. This again shows a higher increase in temperature
using photothermal heating compared to using the red LED
(the impedance at 100 kHz as a function of red LED light
intensity and temperature is shown in Figure S12). Next, we
measured the increase in temperature during a light-on/off
cycle by continuously measuring the impedance at 100 kHz, as
shown in Figure S14, which we then converted to temperature
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as shown in Figure Sd. This further confirms that PBA
electrodes reach higher temperatures under blue LEDs. In
order to further understand the importance of PB regarding
the photothermal conversion, a UV—vis spectrometer with an
integrating sphere was used to measure the diffuse-reflectance
spectra for bare CF and CF/PBA electrodes, as shown in
Figure S1S5a. This shows that CF with Prussian blue
nanoparticles reflects less light than bare CF in the UV—vis
range tested here. The temperature increases under light for
CF and CF/PB electrodes were also measured in air using a
thermocouple to further validate the impedance-based method
discussed above, and as shown in Figure S16, these
measurements are consistent with the discussion above.
Overall, these results indicate the importance of photothermal
heating on light-enhanced batteries. Photocharging and
photothermal effects can easily be confounded, and more
work is needed to unravel these contributions in photo-
batteries.

To investigate the effect of photothermal heating on the
lifetime of our batteries, we cycled three PBA cells for 100
cycles (200 mA g™') at room temperature, at 40 °C, and under
illumination (blue LED, 128 mW cm™2), and we observed
similar capacity retentions of 96.6%, 95.4%, and 94.8%,
respectively (see Figures S17—S19). Some of the poor initial
Coulombic efficiency of the cycling performance could be due
to side reactions in carbon felt.”® The difference in nominal
charge and discharge voltage (polarization) of the cells over
100 cycles is shown in Figure S20. The results show that
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heating the cell reduces the cell impedance, as expected from
our EIS data, but they also show that over time the polarization
in the cell under illumination grows faster (total increase of
55.6%) than that in the control cell heated to 40 °C (total
increase of 39%). The latter suggests that light induces
additional degradation processes, which we studied by XPS
and XRD post-mortem analysis. As shown in Figures S21 and
S22, we did not observe any noticeable differences in PBA
cathodes cycled under different conditions, which suggests that
the increase in polarization observed during these experiments
might be due to light-induced reactions with the electrolyte.
In this work, we studied the photothermal effects of light-
enhanced PBA cathodes for Li-ion batteries. PBAs are known
to have high photothermal heating efliciency and can be used
as a cathode in Li-ion batteries and are therefore an interesting
model system to study these effects. We implemented an
impedance spectroscopy method to measure the temperature
of the cell under illumination and found that photothermal
heating yields improvements in battery performance that are
consistent with control experiments carried out in a climate
chamber. Our PBA electrodes reach temperatures that are 14%
higher than reference electrodes using a blue LED, and
capacity enhancement of 38% was achieved at a current density
of 1600 mA ¢ '. Additionally, we observed good cycling
stability, with capacity retentions of 96.6% under dark
conditions and 94.8% in light over 100 cycles. The possibility
of light-induced degradation processes was further examined
through XPS and XRD analysis. Despite no observable
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under dark with the corresponding temperature derived from the EIS measurement. (b) Galvanostatic discharge—charge curves at 100 mA g~
under blue and red LEDs. (c) Estimated internal temperature from EIS measurements as a function of light intensity for both red and blue LED.

(d) Heating and cooling curves of CF/PB under blue and red LEDs.

differences in cathodes, increased polarization may result from
light-induced reactions with the electrolyte, suggesting
potential avenues for further study to extend the battery
lifespan. Overall, this work contributes to advancing the
understanding of the intricate mechanisms governing the
interaction between light and battery performance and helps
better explain improvements in electrochemical performance
observed in photobatteries.
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for Nyquist plots for the EIS measurement (Figure S7);
SEM images of the PB/CF photocathode after lithiation
and delithiation (Figure S8); Impedance at 100 kHz as a
function of temperature and light intensity (blue LED)
(Figure S9); Chronoamperometry curves at different
temperatures during constant-voltage hold charging at
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3.2 Vvs Li/Li* (Figure S10); Galvanostatic discharge—-
charge curves at 100 mAg™" at a range of temperatures
(Figure S11); Impedance at 100 kHz as a function of
light intensity (red LED) and measured oven temper-
ature and estimated internal temperature as a function of
light intensity (red LED) (Figure S12); Spectra of the
blue and red LEDs (Figure S13); Impedance at 100 kHz
during a continuous light on/off cycle for blue LEDs at
128 mW cm™2 and red LEDs at 131 mW cm™2
impedance at 100 kHz as a function of temperature for
the CF/Li half-cell, and impedance at 100 kHz during a
continuous light-on/off cycle for the blue LED at 128
mW cm™® for the CF/Li half-cell (Figure S14);
Reflectance spectra and heating and cooling curves of
bare CF and CF/PB electrodes under blue LED (Figure
S15); Heating and cooling curves of CF/PB and bare
CF under blue and red LEDs (Figure S16); Galvano-
static charge—discharge curves at the specific current
density of 200 mA g~' under dark conditions at 26 °C at
selected cycles and long-term cycling stability of the
photo-LIBs under dark conditions at 26 °C at 200 mA
g '. (Figure S17); Galvanostatic charge—discharge
curves at the specific current density of 200 mA g’
under dark conditions at 40 °C at selected cycles and
long-term cycling stability of the photo-LIBs under dark
conditions at 40 °C at 200 mA g~'. (Figure S18);
Galvanostatic charge—discharge curves at the specific
current density of 200 mA g~ under light conditions at
26 °C at selected cycles and long-term cycling stability
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of the photo-LIBs under light conditions at 26 °C at 200
mA g '. (Figure S19); Differences between nominal
charge and discharge voltage (AV) as a function of cycle
number under dark at 26 °C, dark at 40 °C, and light at
26 °C (Figure S20); XPS spectra of the characteristic Fe
2p peaks under dark at 26 °C, dark at 40 °C, and light at
26 °C before and after cycling (Figure S21); XRD
patterns of PB/CF electrodes under dark at 26 °C, dark
at 40 °C, and light at 26 °C before and after cycling
(Figure S22) (PDF)
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