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ABSTRACT: Developing techniques for real-time monitoring of the complex and dynamic environment in lithium-ion batteries is
crucial for optimal use of the cells and to develop the next generation of batteries. In this work, we demonstrate the use of fiber optic
evanescent wave (FOEW) sensors for monitoring lithium iron phosphate (LFP) composite cathodes in pouch cells. The fiber optic
sensors were placed on top of the LFP electrodes, and the pouch cells were found to cycle well with significantly improved
electrochemical performance compared to fully embedded fibers in Swagelok cells. Galvanostatic, voltammetric, and pulsed current
techniques demonstrated that the optical response correlated well with the capacity, and a clear difference in sensor response was
seen when the sensors were placed at the surface of composite electrodes compared to fibers embedded in the cathode. The optical
response from LFP at different rates was also investigated, but no apparent influence on intensity output was found even though
polarization was observed in the voltage profiles at higher currents. It was also demonstrated that the electrolyte itself functioned as a
fiber cladding and that the salt concentration in the electrolyte did not influence the optical signal. In addition, given the short
penetration depth of the evanescent waves, the sensor response is most likely dominated by the surface conditions of electrode
particles near the sensing region. These findings provide further insight into the application and performance of FOEW sensors
integrated into batteries, as well as the possibility of developing low-cost fiber optic sensors for battery monitoring under working
conditions.

KEYWORDS: cyclic voltammetry, evanescent waves, fiber optic sensors, GITT, LiBOB, LiMn2O4, lithium iron phosphate,
lithium-ion batteries

■ INTRODUCTION

With the growing demand for renewable and sustainable power
sources and the surge in consumer electronics and electric
vehicles, the modern society faces major technological
challenges in the field of electrochemical energy storage.
Many of the challenges to develop safer, more efficient, and
longer-lasting batteries at low costs stem from the intricate
electrical, chemical, and mechanical interplay associated with
the insertion and extraction of lithium ions in the battery
electrodes.1 While these processes add to the complexity of
lithium-ion batteries (LIB), their aging mechanisms are even
more difficult to understand.2,3 Degradation processes are
poorly understood, and the dynamic environment is difficult to
predict since battery aging may be a gradual process over time

or a rapid deterioration of battery performance that leads to
sudden and unexpected failure. In addition, aging processes do
not occur separately but are rather coupled with each other,
making battery management challenging.4 As soon as battery
cells are assembled, degradation initiates and harmful processes
can only be suppressed before batteries eventually become
unreliable or fail. How batteries are operated also significantly
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affects the performance and degradation, and several factors,
such as currents used, state of charge (SOC), depth of
discharge (DOD), cell imbalance, extreme temperatures,
mechanical stress, and storage conditions influence battery
lifetime.2,4,5 This presents considerable challenges related to
control and monitoring of batteries and battery modules,
especially for hybrid and electrical vehicles which require high
safety and reliability.
A reliable battery management system (BMS) by which LIBs

can be monitored and controlled accurately and efficiently is
necessary to suppress aging processes and thermal issues as
well as to provide safer and more efficient batteries with longer
cycle life. However, the complicated processes in batteries are
difficult to observe by direct measurements, and input data
available for battery management in present BMSs are based
on parameters such as voltage, current, pressure, and external
cell temperature, which do not provide detailed information
about the internal cell chemistry. Some of these parameters can
be measured online, although they are subject to signal noise,
disturbance, or uncertainty since information is not typically
recorded at the individual cell level, resulting in inaccurate
estimation and prediction of SOC and state of health (SOH).4

The main challenges with existing BMSs lie in the lack of
chemical information and poor understanding of the internal
cell behavior and degradation processes, battery uniformity,
and cell balancing.6 With LIBs approaching their performance
limits, the need for new characterization techniques that can be
used under real working conditions to better understand the
complex and dynamical internal behavior of LIBs and
accurately monitor, estimate, and regulate key functionalities
are of increasing interest.7 Integration of smart battery sensors
that can be used to directly describe the chemical and
electrochemical reactions at the individual cell level are
emphasized in the research initiative Battery 2030+ Roadmap
of Europe, as one of the main research areas having a major
impact on improving and developing future batteries.8 New
sensor techniques such as optical fiber-based sensors that can
be integrated directly into the interior of cells are suggested as
promising diagnostic tools that could provide a BMS with
additional information not available through conventional
input parameters. Such information would be relevant for all
components comprising the battery cell. For cathode materials,
this is especially interesting as they typically limit the lithium
storage capacity in LIBs. Furthermore, the flat voltage profile of
lithium iron phosphate (LFP) cathodes complicates conven-
tional SOC estimates based on the voltage. This motivates the
present work on LFP cathodes using fiber optic evanescent
wave (FOEW) sensors, which among other types of optical
fiber sensors are identified as viable candidates for use in future
smart battery sensing systems, where the need for miniatur-
ization and integration of sensors are crucial for further
advancement. Other fiber optical sensor alternatives and a
general description of their operating principles as well as
important aspects to consider for practical implementation are
summarized in reviews by Su et al.9 as well as recently by Han
et al.10

To date, a relatively few examples have been presented on
batteries with FOEW sensors. Ghannoum et al. investigated
the reflectance of extracted graphite electrodes as a function of
wavelength at different stages of lithiation and observed a
correlation with SOC. Graphite electrodes in full cells were
further investigated using embedded FOEW sensors in
customized Swagelok cells, where the change in the trans-

mitted optical signal measured during lithiation showed a
similar correlation with SOC as with reflectance spectrosco-
py.11 Ghannoum et al. later showed the feasibility of
embedding FOEW sensors into graphite electrodes in modified
Swagelok and pouch cells for potential use in SOC
estimation.12,13 In a following publication, they also demon-
strated the possible use of FOEW sensors for monitoring
battery degradation by evaluating the slope of the optical
transmittance signal during charge cycles.14 Three different
peaks were found, each of which was correlated with graphite
intercalation stages. Where the optical signal deviated from
these peaks, capacity fading was observed. We recently
demonstrated the possibility of using FOEW sensors for real-
time monitoring of LFP cathodes in modified Swagelok cells.15

Using both reflection- and transmission-based fiber optic
sensors, we showed that the optical signal was linked to the
cycling of the battery, and cyclic voltammetry further
confirmed that the changes in the optical signal originated
from the oxidation and reduction of iron in the LFP.
Modrzynski et al. also studied the LFP cathode with FOEW
sensors based on the potential-dependent change in trans-
parency of indium tin oxide (ITO) which was added to the
cathode.16 Furthermore, the challenges and obstacles with the
commercial implementation of FOEW sensors for monitoring
SOC in LIBs, with a focus on reproducibility and sensitivity,
were discussed in recent work.17

In this study, we extend the characterization of fiber optic
sensors based on evanescent waves to monitor LFP cathodes in
pouch cells, which are closer to a commercial application.
Constant current and cyclic voltammetry experiments were
employed to link changes in intensity to the oxidation and
reduction of iron in LFP when the optical fiber was positioned
at the surface of the composite cathode in the pouch cells. The
galvanostatic intermittent titration technique (GITT), on the
other hand, revealed significant differences compared to fully
embedded fibers in Swagelok cells, during both current pulses
and open-circuit conditions. Additional details from the
charging rate, position of the sensor, and the electrolyte salt
concentration are also discussed.

■ EXPERIMENTAL SECTION
Electrode Preparation and Battery Assembly. Lithium iron

phosphate electrodes for use in pouch cells were prepared by mixing a
slurry containing 85 wt % nanosized carbon-coated LFP (LFP-P2,
Süd-Chemie), 10 wt % conductive carbon black (Super C65, Imerys),
and 5 wt % PVdf (Kynar Flex 2801) in N-methyl-2-pyrolidone (NMP,
Sigma-Aldrich) using an MM 400 mixer mill (Retsch). The mixed
slurry was cast onto conductive carbon-coated aluminum foil (18 μm
thick, Denko), using a four-sided film applicator and then
subsequently pre-dried at room temperature. Circular electrodes
with a diameter of 12 mm were punched out before drying the
electrodes at 120 °C for 24 h in a Büchi vacuum oven inside an argon-
filled glovebox. The active material mass loading varied between 2.47
and 2.70 mg cm−2. The total mass of the electrode used in the
modified Swagelok was 17.5 mg corresponding to an active mass of
12.38 mg cm−2.

LFP powder from the same manufacturer was used to prepare the
positive electrodes for the modified Swagelok cells where the fiber
optic sensors were fully embedded in the electrode. To be able to fully
embed the fiber optic sensor in the positive electrode, electrodes were
prepared by mixing the nanosized and carbon-coated LFP with
conductive carbon black (Super C65, Imerys) in an 80:20 weight ratio
without any binder as was presented elsewhere.15 The electrode
powder mixture was mixed at 300 rpm for 30 min and subsequently
dried at 120 °C for 24 h under vacuum prior to battery assembly. The
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negative electrode used for both pouch and Swagelok cells consisted
of 0.45 mm thick and 15 mm in diameter metallic lithium chips
(China energy Lithium Co., Ltd). For the modified Swagelok cell, 12
mm in diameter electrodes were punched out from the Li chips. The
electrolyte was prepared using Lithium bis(oxalato)borate (LiBOB)
salt (Chemetall) which was dried at 120 °C for 24 h in a vacuum oven
(Büchi) inside an argon-filled glovebox and subsequently dissolved in
a solvent mixture of ethylene carbonate (EC, BASF) and diethyl
carbonate (DEC, Novolyte technologies) in equal proportions by
volume to obtain a 0.8 M electrolyte solution. The concentration of
0.8 M is due to the limited solubility of LiBOB (less than 1.0 M) in
nonaqueoues solvents, especially with linear carbonates.18−21 Pouch
cells with spinel LiMn2O4 (LMO) cathodes were prepared in the
same way as with the LFP but with an electrode composition of 90 wt
% LMO, 5 wt % conductive carbon black, and 5 wt% PVdf.
Half-cells with fiber optic sensors inserted in a transmission

configuration were assembled in either pouch cells or custom
modified Swagelok cells using 20 and 13 mm in diameter disks of
glass fiber separators (Whatman, GF/A), respectively. The fiber optic
sensors used with the Swagelok configuration were entirely embedded
in the positive electrode and the optical sensors were inserted through
an opening at the side of the cell (the detailed assembly configuration
has been presented elsewhere).15 As for the pouch cells the fiber optic
sensors were placed at the surface of the positive composite electrode
and a thermoplastic film was added around the edges on each side of
the pouch cell, away from the cell stack so that it would sandwich the
optical fiber and ensure a hermetic seal. Pouch cells were prepared
outside the glovebox where current collectors were welded to the
pouch material and fiber optic sensors were pre-attached. Aluminum
and copper foils were used as current collectors for LFP and lithium,
respectively. The final battery cell assembly was carried out inside an
argon-filled glovebox, and the cell was sealed on the three remaining
sides using a vacuum sealer (C100, Multivac).
Electrochemical Characterization. All electrochemical experi-

ments were carried out using a multichannel potentiostat/galvanostat
(VMP2, Biologic) and were performed in a cleanroom environment
with a controlled room temperature of 21 ± 1 °C. Constant current
cycling was performed in the potential range of 2.7−4.2 V vs Li+/Li
and the different C-rates were calculated based on the mass of active
material in the positive electrode with a practical specific capacity of
150 mAh g−1. For pouch cells with LMO cathodes, constant current
cycling was performed between 3.0 and 4.3 V vs Li+/Li at a cycling
rate of 0.2C calculated from the mass of active material and a practical
capacity of 120 mAh g−1. The same potential range was used in cyclic
voltammetry experiments on LMO using a scan rate of 40 μV s−1. The
galvanostatic intermittent titration technique (GITT) was performed
on both modified Swagelok and pouch cells with a constant current
corresponding to 0.1C in 1 h intervals or until the upper or lower
cutoff potential was reached. The relaxation period was set to 1 h. A
potential limitation for the working electrode was used to execute the
next sequence. If the potential was greater than 3.8 V after the open-
circuit period, the discharge procedure was initiated. Likewise, if the
potential was less than 3.1 V after the open-circuit period during
discharge, it switched to the charge procedure. A low applied current
corresponding to 0.1C was used to cycle the Swagelok cells to reduce
the influence from polarization due to the high mass loading, absence
of binder, and calendaring. To further minimize polarization and
increase the electronic conductivity in the positive electrodes used in
Swagelok cells, a larger percentage of carbon additive was added to
the active material. Cyclic voltammetry experiments were performed
using scan rates of 40, 60, 80, and 100 μV s−1. The LFP-lithium half-
cells were scanned between 2.7 and 4.2 V vs Li+/Li.
Optical Characterization and Setup. A computer was

connected to a commercially available optic unit (Insplorion AB)
equipped with a stabilized tungsten−halogen light source and a UV−
vis−NIR spectrometer in the optical-electrochemical sensor setup.
Using a fusion splicer (FITELNINJA NJ001, Furukawa Electric Co.,
Ltd.), two standard step index multimode optical fibers (FG105LCA,
Thorlabs) with core diameter 105.5 μm and cladding diameter 125
μm were spliced to both ends of a coreless optical fiber (FG125LA,

Thorlabs) of 125 μm in diameter and 12 mm in length to prepare the
fiber optic sensors. Prior to splicing, the polymer buffer of the
multimode optical fiber was mechanically removed with a fiber
stripper and the ends were cut with a high precision cleaver (FITEL
S326A). The sensing region is based on a coreless optical fiber, which
is a pure silica glass rod with a polymer buffer that was softened with
acetone and gently removed and cleaned with Kimtech science
precision wipes (Kimberly−Clark) and isopropanol. This allows the
evanescent field confined at the interface between the pure silica glass
rod and the surrounding medium to interact with the electrolyte-
soaked LFP electrode.

The fiber optic sensor was connected to the spectrometer and the
broadband light source via multimode patch cables with standard FC/
PC to SMA905 connectors, and the battery was connected to the
potentiostat/galvanostat. While cycling the batteries, white light was
launched into the waveguide and optical data was collected in real
time with the spectrometer. The sampling period for all optical-
electrochemical measurements was set to 30 s, and for the electrolyte
solution experiments, 5 s was used. A charge-coupled device (CCD)
detector was used to collect spectra in the region of 500−900 nm.
The spectra were averaged over 200 spectral acquisitions and were
subtractively normalized according to ΔI/I0 = (I − I0)/I0, where I is
the intensity measured continuously throughout cycling at each
wavelength and I0 is the intensity at each wavelength at the beginning
of each cycle when the electrode is fully lithiated. Before
normalization, any contribution from dark noise was subtracted
from the collected transmission intensities. To further reduce noise
and increase precision without distorting the optical signal, a
Savitsky−Golay filter was used as a post-processing technique.

■ RESULTS AND DISCUSSION
In this work, two battery configurations with integrated fiber
optic evanescent wave sensors were used, a modified Swagelok
cell with fully embedded sensors which has been described in
detail elsewhere,15 and a pouch cell with the sensors placed at
the surface of the positive electrode. Both battery config-
urations used fiber optic sensors in transmission configuration,
where the input and output ends of the optical sensor are
connected to the light source and detector, respectively, using
standard fiber optic connectors. The modified Swagelok cell
offers some advantage on a laboratory scale as it is easier to
fully embed the optical sensor within the positive electrode, to
increase the interaction with the electrode material and
minimize variations in pressure on the electrode from the
optical fiber. Different battery chemistries could also be
evaluated without too much effort in preparing and optimizing
slurries from which electrodes would have to be coated,
punched to correct size, and dried. On the other hand, the
main disadvantage is that the modified Swagelok cell is far
from a commercial application and more challenging to
prepare and hermetically seal. A tight seal around the input and
output ends of the optical fiber is crucial to avoid electrolyte
from leaking out and degradation of the cell due to exposure
from water and oxygen. For practical application of FOEW
sensors in commercial LIBs and battery modules, Swagelok
cells, for obvious reasons cannot be used and the pouch cell is
far more suitable in terms of long-term cycle life, reliability,
energy density, flexibility, uniformity, and consistency.
Furthermore, the pouch cell showed improved electrochemical
performance and significantly lower capacity fade and ohmic
losses over multiple cycles compared to the Swagelok cell.
As described in the Experimental Section, the fiber optic

evanescent wave sensor was integrated into a pouch cell with
the sensing region placed at the surface of the positive LFP
composite electrode. The pouch cell results were first
compared to cycling data obtained previously using modified
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Swagelok cells at 0.1C, and the sensors were then further
evaluated at different currents to examine the possible effect of
polarization and rate dependency on the optical sensor
response. Figure 1 demonstrates the voltage and corresponding
optical response for one full cycle with the fiber optic sensor in
the pouch cell configuration at a cycling rate of 0.1C, measured
at wavelengths ranging from 500 to 900 nm. The specific
capacity reached about 150 mAh g−1 and the voltage profile
exhibit a flat plateau at about 3.46 V vs Li+/Li as expected with
the lithium iron phosphate used in this study. The change in
intensity during charge and discharge shows a sigmoidal
appearance, and the intensity increases as LiFePO4 is
delithiated, forming FePO4, and decreases as it is lithiated,
forming LiFePO4 again. The different wavelengths also
separate during charge and reach slightly different amplitudes
with a tendency for higher intensity output toward shorter
wavelengths (500−550 nm), but no definitive wavelength
dependence is observed. During discharge, the intensity
decreases and the different wavelengths return to approx-
imately the same level as in the beginning of charge.
Previous measurements by our group using modified

Swagelok cells with fiber optic sensors fully embedded in
LFP followed the same sigmoidal trend with higher intensity
output toward shorter wavelengths. The intensity, on the other
hand, showed almost twice as high amplitude compared with
the response from composite electrodes in the pouch cells
(both cycled at 0.1C).15 This is most likely related to the
amount of active material in contact with the sensing region of
the optical fiber. When embedded, the electrode material fully
surrounds the sensing region in the Swagelok configuration,
compared to the pouch cell where only a portion of the fiber is
interacting with the positive electrode. As a result, the number

of interactions along the sensor should be less with the
composite electrode used in the pouch cell configuration. The
number of reflections per unit length along the sensor region,
and hence the attenuation of light in the fiber, relates to the
sensitivity and would thus be higher per unit length when it is
fully embedded.22−25 This conclusion is also supported by
Ghannoum et al. who observed a larger response with FOEW
sensors when embedded in graphite electrodes compared to
placing them on top of the surface of the electrodes.12

Consequently, more of the electrode material is able to
modulate the light guided through the optical fiber via total
internal reflection (TIR) by interacting with the evanescent
waves formed at the core−medium interface. Some light may
also escape through refraction or scattering events at the
interface between the fiber core and the surrounding medium
due to surface defects and irregularities of the optical fibers if
conditions of TIR are not fully met.26 A trend of slightly higher
optical response from LiFePO4 composite electrodes toward
shorter wavelengths during charge and discharge was also
observed by Arai et al. who showed that the charged phase,
FePO4, shows higher brightness compared to the lithiated
LiFePO4 using an electrochemical window cell and a confocal
optical system.27 The measured reflectivity of LFP during
charge and discharge was converted to intensities of red, green
and blue color where blue light with representative wave-
lengths of 470 ± 30 nm showed a higher output signal. The
authors also presented, based on theoretically obtained
refractive index and extinction coefficient of LiFePO4 and
FePO4, that the calculated reflectivity was higher for the
delithiated phase compared to LiFePO4, especially at lower
wavelengths in the range of 400−500 nm, which is in line with
our observations.

Figure 1. Constant current cycling of an LFP-lithium half-cell with a fiber optic sensor incorporated in a pouch cell. The intensity is measured in
real time while cycling the cell between 2.7 and 4.2 V vs Li+/Li. The applied current corresponds to 0.1C, and the voltage response is shown as a
function of capacity during (a) charge and (b) discharge. The corresponding change in intensity is shown in (c) and (d), respectively.
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The voltage profile of five cycles during charge at 0.1C is
shown in Figure 2a, and their corresponding change in
intensity output can be seen in Figure 2c at a wavelength of
500 nm. The results show that the optical response is
reproducible over multiple cycles. In Figures 2b and S1, the
influence of an increased charging rate on the voltage and
capacity is demonstrated (the rate test was carried out using
cycling rates of 0.1C, C/5, and C/3). At higher currents, less
charge is delivered before the predetermined cutoff potentials
are reached due to polarization. From Figure 2b, toward the
end of charge, there is a clear increase in concentration
polarization due to mass transport limitations of Li+ out of the
LFP particles. What can also be observed with higher currents
is a slight increase in ohmic losses across the whole voltage
curve as these are directly proportional to the current. The
corresponding optical response from the charging rates is
displayed in Figure 2d (also at the wavelength of 500 nm). The
currents used in the rate experiment could be considered
moderate; however, although the polarization is clearly visible
in the voltage curves, it is not reflected in the optical response.
On the basis of these results, there does not seem to be an
apparent rate dependence of the optical response of the FOEW
sensor. This is reasonable as the same reactions occur at the
surface of the particles regardless of the rate. However, as will
be discussed further below, other surface conditions may be
important at higher cycling rates.
For realization of fiber optic evanescent sensors in

commercial LIBs, the pouch cell is closer to a practical
application and more suitable for long-term cycling. The

results above using pouch cells and composite electrodes were
well in line with the ones previously obtained with fully
embedded optical fibers. Furthermore, the pouch cell
configuration offered better electrochemical performance in
terms of reproducibility and reduced polarization and
significantly lower capacity fade over multiple cycles compared
to the Swagelok cell.
Cyclic voltammetry (CV) was used in our previous study to

further verify the connection between the optical signal from
the fiber optic sensors with the oxidation and reduction of iron
in LFP.15 In cyclic voltammetry, the charge and discharge is
controlled by varying the potential linearly as a function of
time between two potential limits. As the potential is scanned,
oxidation and reduction of iron in LFP give rise to a current
(excluding charging of the double layers and potential side
reactions). When oxidation or reduction of the positive
electrode is completed, the current drops to essentially zero.
In the CV experiments in our previous work, it was
demonstrated that the intensity increased when iron was
oxidized during charge and that the intensity output decreased
as iron was reduced back to Fe2+ upon discharge, in line with
the constant current experiments. In the voltage region where
the oxidative and reductive current is close to zero, the optical
signal remained unchanged. The previous CV experiments also
revealed a small but pronounced initial decrease in intensity at
the beginning of oxidation and a corresponding small increase
in the intensity at the onset of reduction, observed with fully
embedded fiber optic sensors in modified Swagelok cells.
Electrochemically, the same reactions occur in the positive

Figure 2. Constant current cycling of an LFP-lithium half-cell with a fiber optic sensor integrated in a pouch cell. The intensity is measured in real
time while cycling the cell between 2.7 and 4.2 V vs Li+/Li. The voltage response as a function of the charge capacity during five cycles is presented
in (a) using a rate of 0.1C. The corresponding optical response is shown in (c). Three different cycling rates were used for the rate test, and the
voltage response during charge at 0.1C, C/5, and C/3 can be seen in (b), and the corresponding optical response is shown in (d).

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.1c03304
ACS Appl. Energy Mater. 2022, 5, 870−881

874

https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c03304/suppl_file/ae1c03304_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c03304?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c03304?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c03304?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c03304?fig=fig2&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.1c03304?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


electrode during charge and discharge when applying either
cyclic voltammetry or constant current cycling, which also
suggests that the optical end result should be similar. The small
variation in intensity at the onset of oxidation and reduction
was, however, unexpected and was not reflected in the
voltammetric current either. Cyclic voltammetry was therefore
also performed with the pouch cell configuration to compare
the optical response between the two different cell
configurations, as well as the influence of the different sensor
positions relative to the electrode.
For comparison, cyclic voltammetry was performed on a

pouch cell using the same scan rate of 40 μV s−1. The LFP-
lithium half-cell was scanned between 2.7 and 4.2 V vs Li+/Li
and a typical voltammogram of LiFePO4 is shown Figure 3a.

As expected, the optical signal from the fiber at the surface of
the composite electrode alternates between two intensity levels
as presented in Figure 3b. The intensity increases when LFP is
oxidized and remains unchanged at a plateau when most of the
LFP is oxidized before it begins to decrease once the current
drops below zero, where FePO4 is reduced back to LiFePO4.
After a complete cycle of oxidation and reduction, the intensity
returns to the same level. The maximum oxidative current
occurs at 3.58 V as can be seen in Figure 3a and when the
potential scan is reversed, a maximum reductive current is
obtained at 3.33 V. Compared to the constant current
measurements shown in Figures 1 and 2, the magnitude of
the change in intensity output during oxidation or reduction is
about the same. A tendency of higher intensity output toward
shorter wavelengths is also observed in the CV experiment.
Most noticeably, there is no small initial decrease in intensity
at the beginning of oxidation of LFP as well as a corresponding
initial increase at the onset of reduction as was previously
observed with the fully embedded fiber optic sensors in the
Swagelok cells. As will be discussed further below, this suggests
that the initial variations for the latter are linked to differences
in cell configuration and different electrode compositions since
the same type of LFP was used. In the modified Swagelok cell,
the sensor is fully embedded in a matrix of LFP and carbon
additive, whereas in pouch cells, composite LFP electrodes are

used, where the sensor is located at the surface of the
electrode. The amount of carbon additive in the positive
electrode is also higher in percentage in the Swagelok cell
configuration. An increased amount of carbon was used to
minimize the effect of polarization due to reduced particle
contact and the higher mass loading used in the Swagelok cell
to fully embed the sensor in the electrode. However,
polarization and ohmic losses are higher compared to the
pouch cells, which may play a role in the differences in optical
signal between the two configurations. Cyclic voltammetry on
LFP was also performed with increasing scan rates of 60, 80,
and 100 μV s−1 and the result can be seen in Figures S2−S4
(the maximum current obtained using 100 μV s−1 corresponds
to a charging rate of approximately 2C). The increasing scan
rates showed no apparent effect on the intensity output,
consistent with the results presented in Figure 2d. In addition,
preliminary results using composite electrodes with spinel
LiMn2O4 (LMO) as active material in pouch cells demonstrate
a material-specific response from the fiber optic sensor as
shown in Figures S5 and S6. From the voltammogram
presented in Figure S6, it can clearly be seen that the optical
signal coincides with the oxidative and reductive current peaks
corresponding to the change in oxidation state between Mn3+

and Mn4+ and the redistribution of lithium ions occupying
tetrahedral sites in spinel LiMn2O4.

1,28 The optical response is
significantly different compared to that of LFP and for example
decreases with two distinct optical peaks upon lithium
extraction, in contrast to LFP which shows a sigmoidal
increase in intensity output during lithium extraction. During
reduction of LMO, a reversed optical response can be seen
where the intensity increases and the two distinct peaks
reappear, corresponding to the reductive current peaks in the
voltammogram. Further work may provide valuable insights
into operational issues such as manganese dissolution into the
electrolyte which affects cycle life and the practical use of this
cathode material but is outside the scope of this work.
Nevertheless, the significantly different LMO results further
support that the changes in intensity are linked to the oxidation
and reduction of active material in the positive electrodes.
A galvanostatic intermittent titration technique (GITT)

experiment was performed with both pouch and modified
Swagelok cells. The procedure consists of multiple current
pulses, each followed by a relaxation period at open-circuit
potential (i.e., where no current flows through the cell) and is
typically used to gain thermodynamic, mass transfer, and
kinetic information from electrode materials.29,30 Herein, it is
used to further investigate the initial variations at the beginning
of charge and discharge of LFP previously observed with the
fully embedded fiber optic sensors in modified Swagelok cells.
Compared to the experiments above, GITT is also useful for
evaluating how the optical signal responds to the relaxation
period at open-circuit potential. The constant current pulses
correspond to a cycling rate of 0.1C and were applied during 1
h intervals until the upper or lower cutoff potentials were
reached. The 1 h intervals for current pulses and subsequent
relaxation periods were found to be appropriate to ensure that
the changes in optical response would clearly be seen. Figure 4
shows that when positive current pulses are applied to oxidize
LFP in the pouch cell, the intensity increases, which is
consistent with the constant current and CV measurements
shown above. When the applied current is interrupted, the
potential in Figure 4 drops quickly by a value proportional to
the IR-drop and then slowly continues to decrease (a detailed

Figure 3. CV of LFP in a pouch cell LIB. The potential was scanned
between 2.7 and 4.2 V vs Li+/Li with a scan rate of 40 μV s−1 while
measuring the intensity in real time. (a) Potential sweep and the
resulting current and (b) the corresponding change in intensity as a
function of time.
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figure is presented in Figure S7). The corresponding optical
response is more or less immediate and levels out in a distinct
plateau and increases again, once the next current pulse is
applied. The overall potential increases during the charging
sequences until the upper cutoff potential of 4.2 V is reached.
The increase in intensity during positive current pulses
progresses until the cell is close to fully charged and the
optical signal levels out and remains relatively unchanged even
when the current is reapplied, although these pulses are
comparably shorter due to the potential reaching the potential
limitation more rapidly. The intensity remains at this level until
a negative current pulse is applied during discharge. On
discharge, the Li-ion concentration in the positive electrode
increases again and optically, a reversed behavior is observed,
where the intensity decreases during negative current pulses
and levels out in a flat plateau during the relaxation periods as
can be seen in Figures S8 and S9. Based on the plateaus during
relaxation at open-circuit potential, no internal redistribution
of Li ions in the LFP particles was clearly observed via the
optical response. Lithium redistribution is, on the other hand, a
slow process; for a LiFePO4-graphite battery, it may take
several hours to reach a steady state, and relaxation periods in
the order of 10 h to allow full relaxation are typically reported
for GITT experiments.31,32

The GITT experiment with the Swagelok configuration
revealed interesting differences. From Figure 5, it is clear that
the overall intensity increases during the charging step;
however, the optical signal behaved differently both during
the current pulses and the following open-circuit periods
compared with that of the pouch cell. The increase in intensity
is not immediate with the Swagelok cell but rather shows a
small initial decrease in intensity for about a third of the
current pulse, followed by an increase in intensity throughout
the rest of the pulse. The opposite was observed for the
discharge step, as demonstrated in Figure S10. This
phenomenon has previously been observed with the fiber
optic sensor fully embedded in the positive electrode of
modified Swagelok cells in both constant current and cyclic
voltammetry experiments, but is not present in any of the
pouch cell measurements where the sensor is placed at the

surface of LFP electrodes. What is also clear from Figures 5
and S10 is that the intensity continues to change during about
one-third of the open-circuit period. Although no current is
forced through the cell, the intensity continues to increase at
open-circuit potential during the positive current pulse and
gradually levels out throughout the rest of the relaxation
period. During the negative current pulse, the opposite occurs
and the intensity continues to decrease during the correspond-
ing relaxation period before leveling out.
The GITT experiments thus further demonstrate that there

is a significant difference in optical results between a fully
embedded sensor and a sensor placed at the surface of an
electrode in a pouch cell. Moreover, the GITT experiments
show that the intensity also continues to change during the
open-circuit period for the Swagelok cell. During open-circuit
potential, when no current flows through the cell, no ohmic or
activation polarization is present, which suggests that a
diffusion process may be a part of the explanation. Solid-
state diffusion inside the LFP particles is unlikely to explain the
observations because of the very low diffusion constant for Li
ions in LFP (10−10 to 10−16 cm2 s−1 is reported in the
literature33−36), and also because this was not observed in the
pouch cell experiments. Salt concentration gradients in the
electrolyte may form during battery operation but the currents
used are rather low. On the other hand, this may be more
important for the many times thicker powder electrodes used
in the Swagelok cells due to the increased diffusion length, and
it is likely that lithium transport is limited.33 The larger amount
of conductive carbon additive used in the electrode
composition of the modified Swagelok cell might also have a
more complex role in the optical behavior of LFP that is not
yet fully understood. Zhang et al. showed that the addition of
carbon to LiFePO4 contribute to an increased background
absorption as well as shift or even eliminate optical features in
the absorbance spectra of LiFePO4 obtained by UV−vis−NIR
diffuse reflectance.37 On the other hand, optical features in the
absorption spectra of delithiathed FePO4 became less
pronounced with the addition of carbon but were largely
unaffected and the absorption edges did not shift positions or
disappear in the spectra.

Figure 4. GITT potential curve during charge of the positive LFP
electrode in the pouch cell configuration as a function of time. A rate
of 0.1C was applied, where each charge pulse is set to 1 h followed by
a 1 h relaxation period. The intensity is measured with wavelengths
ranging from 500 to 900 nm in real time with the fiber optic sensor
integrated in the pouch cell while cycling the cell between 2.7 and 4.2
V vs Li+/Li.

Figure 5. GITT potential curve during charge of the positive LFP
electrode in a modified Swagelok cell as a function of time. A rate of
0.1C was applied where each charge pulse is set to 1 h followed by a 1
h relaxation period. The intensity is measured with wavelengths
ranging from 500 to 900 nm in real time with the fiber optic sensor
integrated in the pouch cell while cycling the cell between 2.7 and 4.2
V vs Li+/Li.
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Although the explanation for the results in Figure 5 is not
entirely clear, previous measurements using fully embedded
sensors in modified Swagelok cells also showed significantly
higher ohmic and concentration polarization compared to
coated electrodes in pouch cells, which also increased upon
cycling. This further points toward that the initial intensity
variations observed in this configuration and cell composition
are related to mass transfer limitations in the vicinity of the
optical fiber. It is also possible that the fully embedded fiber
optic sensor itself could influence the mass transport of Li ions
in the electrode during cycling.
To investigate if the electrolyte composition influences the

intensity output from the optical fiber sensor and possibly to
gain insight into the initial variations in intensity on charge and
discharge observed with the Swagelok configuration, an
experiment was set up where the LiBOB salt concentration
was varied. Because ionic concentration gradients are formed
during battery operation, the Li-ion concentration in the
electrolyte is expected to deviate from the initial concentration
near the active material.38−40 Concentration gradients between
the electrode surface and the bulk of the electrolyte should,
however, dissipate rapidly during the relaxation period in a
GITT experiment. The diffusion coefficient of lithium in most
common battery electrolytes are typically in the order of 10−5

to 10−6 cm2 s−1.39,41−43 It would then, for example, take about
80 s to diffuse a distance of 125 μm (the thickness of the fiber
optic sensor).
The fiber optic sensor was prepared in transmission

configuration in the same way as when used in either pouch
or modified Swagelok cells and then fitted in a polypropylene
container with the sensor region fully confined within the
container as illustrated in Figure S11. Spectra were collected
every fifth second using wavelengths ranging from 500 to 900
nm. A baseline in air where no transmission loss to the
surrounding medium is expected (since air has a significantly
lower refractive index of 1.0002924 at 589.3 nm44 compared to
that of the sensor, 1.458965 at 589.3 nm45) was established
during 5 min of spectral acquisition before adding 0.8 M
LiBOB in EC:DEC (1:1 v/v), completely immersing the
optical sensor in the electrolyte solution. The intensity was
subtractively normalized using the initial intensity output
obtained in air as a reference point. Figure S12 shows that the
relative change in intensity from air to 0.8 M LiBOB in EC/
DEC after 5 min is less than 0.4%. The minimal loss in
intensity of the light guided in the optical fiber by TIR shows
that the electrolyte does not affect the sensor output
significantly and that the electrolyte serves as an effective
cladding as the light remains confined in the optical fiber.
The influence of salt concentration on the optical sensor was

examined by stepwise decreasing the concentration in steps of
0.1 M in the range of 0.8−0.2 M LiBOB by adding stock
solution of the solvent mixture to the initial solution in 5 min
intervals. Figure 6 shows the normalized intensity as a function
of salt concentration (the intensity was subtractively
normalized using the initial concentration as a reference
point). The result shows no change in intensity output with
the change in salt concentration other than merely inconsistent
fluctuations in intensity of about ±0.25%. Our experimental
results are in good agreement with the findings of Ghannoum
et al. who used a similar approach to measure the
transmittance under varying salt concentration in a common
Li-ion battery electrolyte of LiPF6 in a solvent mixture of EC
and DEC.11 In contrast, Nedjalkov et al. described the use of a

fiber optical Bragg grating sensors for measuring variations in
electrolyte composition of a standard 1 M LiPF6 in EC/DEC
Li-ion battery electrolyte.46 They inscribed an additional Bragg
grating to the surface of a single-mode optical fiber as well as
reduced the cladding to monitor changes of varying salt
concentrations of LiFP6. The wavelength shift of the Bragg
sensor was correlated with changes in refractive index,
obtained with a refractometer in the range of 1.4065 at 0.0
M LiPF6 to 1.4010 at 1.1 M LiPF6. On the other hand, we used
a different lithium salt in our experiments, but nonetheless, our
results showed no influence of varying salt concentration on
the optical response of the fiber optic sensor.
Given the result of the electrolyte experiment, it is more

likely that the solvent dominates the influence on the optical
properties of the electrolyte as the concentration of solvent
molecules is many times larger compared to the salt and may
also have a greater impact on the refractive index if altered to
different ratios than minor variations in salt concentration. It
should also be remembered that the significant change in
refractive index between air and the electrolyte solution only
resulted in a loss of less than 0.4% of intensity output. It is
therefore not likely that a shift in LiBOB concentration itself
during battery operation is responsible for the initial variations
in intensity at the onset of charge or discharge of LFP observed
in the GITT experiment with modified Swagelok cells. In
addition to a negligible absorption of the electrolyte in the vis−
NIR range, the solvent composition is not expected to change
much during battery operation unless significant decomposi-
tion or electrolyte degradation occurs, which is not observed in
any of the electrochemical experiments. The results from the
electrolyte experiment lend further support to the GITT
experiments indicating that the optical response is primarily
linked to the optical properties of the active material in the
composite electrode.
The intensity of the evanescent waves confined at the

interface between the fiber core and the surrounding medium
decays exponentially with distance away from the surface into
the medium and falls to near zero at distances in the range of
incident wavelengths.24,47 The short penetration depth
suggests that placing the sensor at a distance greater than
order of incident wavelengths from the surface of the
composite electrodes would result in a drastically decreased
or no signal at all during battery cycling. To verify that, pouch
cells with integrated fiber sensors were assembled in LFP-
lithium half-cells following previous procedure but with the
optical sensor sandwiched between two layers of glass fiber

Figure 6. Intensity output as a function of LiBOB salt concentration.
The intensity is illustrated as a relative intensity change at wavelengths
ranging from 500 to 900 nm with 0.8 M LiBOB in EC/DEC (1:1 v/v)
as a reference point.
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separators, each 260 μm thick. The pouch cells were cycled at
0.2C, and the result can be seen in Figure 7. Constant current
cycling revealed that there is no sensitivity toward changes in
the optical signal during charge and discharge of LFP, i.e., the
sigmoidal intensity change previously observed is no longer
present. This demonstrates that there is a significant change in
optical response when the sensor is entirely embedded in the
positive electrode, placed at the electrode surface, or placed
between separators.
Extraction and reinsertion of lithium ions from the host

crystal lattice of LFP changes the electronic structure, which is
closely linked to the optical properties and the optical band
gap of the cathode material.48 The optical band gap defines the
lowest energy required for a photon to be absorbed and form
an electron−hole pair. Several values of the optical band gap
for LiFePO4 and FePO4 have been reported in the literature
using both experimental and computational approaches. Zhou
et al. measured the optical band gap using UV−vis−NIR
diffuse reflectance spectroscopy and showed that the optical
band gap of LiFePO4 was approximately 3.8−4.0 eV which also
showed good agreement with simulated band gaps.49 Zaghib et
al. obtained a similar value of 3.84 eV for the optical band gap
of LiFePO4, which was determined experimentally by UV−vis
diffuse reflectance. The band gap of chemically delithiated
FePO4 was also measured and reported to be 1.88 eV.48 Later
on, Furutsuki et al. focused on the electrochromic response
upon (de)lithiation in LixFePO4 using UV−vis diffuse
reflectance and ab initio calculations.50 They observed an
increase in the experimental absorption of LiFePO4 at about
4.8 eV and considered this as the band gap but significant
absorption was not seen before 5.8 eV. The band gap of FePO4
was determined to be close to 3.0 eV. In addition, they also
demonstrated that inducing a Li0.6(Fe0.6

2+Fe0.4
3+)PO4 solid

solution resulted in an increased absorption across the entire
visible region of the absorption spectra. The increase in
absorption was attributed to intervalence charge transfer
transition in the Fe2+/Fe3+ mixed valence state. Zhang et al.
used UV−vis−NIR diffuse reflectance and electron energy loss
spectroscopy to further evaluate the band gaps of LiFePO4 and
FePO4, suggesting that the band gap should be closer to 6.34

eV for LiFePO4 and 3.2 eV for FePO4.
37 Furthermore, their

investigation also found evidence of surface lithium depletion
using X-ray photoelectron spectroscopy (XPS) and Raman
spectroscopy as about half of the Fe ions at the surface of
LiFePO4 were determined to be Fe3+. Lithium depletion
together with the influence of carbon addition on the
absorption spectra of LiFePO4 indicated a surface-related
absorption. It was suggested that the presence of a solid
solution Lix(Fex

2+Fe1−x
3+)PO4 outer layer, different from the

phase pure core LiFePO4 particles, is likely to induce
absorption caused by intervalence charge transfer transition,
which has previously been demonstrated experimentally by
Furutsuki et al. to cause increased absorption across the visible
region for Li0.6(Fe0.6

2+Fe0.4
3+)PO4 solid solution.50 Zhang et al.

further argued that a similar situation occurs on the surface of
the LiFePO4 particles because the Fe2+/Fe3+ mixed valence
state introduces localized impurity states within the band gap
of LiFePO4.

37 Comparing this with our findings from the fiber
optic sensor and the fact that the penetration depth of the
evanescent field is short, it is likely that the sensor primarily
probes particles or particle surfaces very close to the sensor,
and that the surface conditions of the particles, as opposed to
the bulk, likely determines the optical response during
transformation between LiFePO4 and FePO4. In fact, recent
work by Li et al. showed that a solvent-mediated surface
diffusion primarily governs the rate of phase transformation in
LixFePO4 and that lithium ions migrate along the solid−liquid
interface without leaving the solid solution Li0.5FePO4
particles.51

Most of the optical band gaps reported in the literature
above show that the main absorption of LiFePO4 and
delithiated FePO4 occurs in the ultraviolet region and that
LiFePO4 and FePO4 have little absorption in the visible range,
with some reports of optical band gap in the visible region for
FePO4.

48 The fiber optic sensors used in this work operate in
the visible and near-infrared wavelength region, which may
limit the sensitivity of the sensor toward changes in the optical
properties of LFP. However, the UV−vis−NIR absorbance
spectrum obtained by Zhang et al. indicated a gradual increase
in absorption in the region of 1.7−4 eV (corresponding to

Figure 7. Constant current cycling of an LFP-lithium half-cell with a fiber optic sensor sandwiched between two glass fiber separators in a pouch
cell. The current corresponds to 0.2C, and the voltage response as a function of time is given in (a) for six cycles. In (b), the corresponding
intensity output is monitored while the cell is cycled between 2.7 and 4.2 V vs Li+/Li.
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730−310 nm) before the onset of the main absorbance edge.37

The intermediate absorption was attributed to localized Fe 3d
impurity states in the band gap of LiFePO4 induced by the
presence of the mixed valence states of Fe2+ and Fe3+. In a
more recent study by the same group, the intermediate
absorption of LiFePO4 was shown to decrease after grinding
the samples, exposing more Fe2+ from the particle core, further
pointing toward a surface-related absorption.52 It should also
be noted that absorbance spectra of LiFePO4, obtained by
diffuse reflectance show a higher absorption intensity
compared to delithiated FePO4.

37,52 Similar findings were
also observed in the absorbance spectra demonstrated by
Furutsuki et al., where the absorbance decreased after chemical
delithiation from Li0.6FePO4.

50 This is consistent with the
optical response of the FOEW sensors presented in the current
work, when extracting and reinserting lithium during either
constant current or cyclic voltammetry experiments, where the
intensity output increased upon delithiation relative to
LiFePO4.

■ CONCLUSIONS
Real-time battery monitoring with fiber optic sensors is still in
its early stages, and further development, as well as efforts to
improve sensitivity, are necessary. However, because of their
simplicity in construction and lower interrogation system costs,
FOEW sensors are a viable candidate for providing a low-cost
fiber optic sensor to be integrated into a BMS. In addition,
integrated optical sensors may be used to gain valuable insight
that can assist in the development of new materials for next-
generation batteries as well as to optimize current cell
chemistries. The fiber optic characterization of lithium iron
phosphate in this work was further extended to composite
electrodes within pouch cell LIBs, which are more suitable for
commercial application. Pouch cells with fiber optic sensors
were compared with previously used Swagelok cells and
showed significantly improved electrochemical stability with
lower polarization. The optical signal correlates well with
capacity and the intensity increases when LiFePO4 is oxidized
and decreases once FePO4 is reduced back to LiFePO4.
Different cycling rates were also investigated, but no apparent
influence on the optical signal was found, even though
polarization was clearly visible in the voltage profiles. GITT
experiments provided optical information under open-circuit
potential and showed that the optical signal levels out during
relaxation and responds more or less immediately when the
current pulse is reapplied. GITT experiments also point toward
a limited transfer of lithium ions in the case of the modified
Swagelok configuration with sensors fully embedded in the
positive electrode. Electrolyte experiments confirmed that the
electrolyte serves as a cladding and that concentration
gradients in the electrolyte itself are not expected to influence
the optical signal. It was also demonstrated that there is a clear
difference in sensor response when the sensor is fully
embedded in the positive electrode (Swagelok configuration),
placed on the surface of composite electrodes, or positioned
between separators. The optical signal is therefore likely
dominated by the surface condition of particles near the sensor
region. Preliminary results on spinel LiMn2O4 cathodes also
demonstrated a material-specific response that differed
significantly from that of LFP. FOEW sensors could be used
to obtain direct information from the interior of individual cells
that is not accessible through conventional parameters such as
current, voltage, and temperature that may help to improve the

accuracy and capability of present BMSs to monitor and
predict battery health and performance or suspend harmful
operation.
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