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The evolution of emission background within Li-ion half-cells was
monitored using operando fluorescence lifetime imaging micro-
scopy. Fluorescence lifetimes were spatially mapped on graphite
electrodes during lithiation and delithiation within two electrolyte
formulations containing either a Li[PF¢] or Li[ClO,4] salt, which high-
lighted differing emission characteristics associated with salt stability.

The demand for Li-ion cells is predicted to reach 2600 GWh by
2030, which has initiated significant effort to develop longer-life
cells." Therefore, understanding key chemical processes occurring
within the cell during operation in real time is of significant
importance and a wide variety of ex situ and operando methods
have been utilised to study these in great detail.>* Raman
spectroscopy is one such method being used extensively to moni-
tor the surface region and interfaces upon electrode materials and
local structural changes under potential control.>™*° Over the years,
studies have commented on the changing emission background
during ex situ and operando Raman measurements, highlighting
the varying fluorescent properties of species within the electrolyte
and those present at the electrode surface.'*® To understand the
origin of the emission background in Li-ion cells, a preliminary
in situ investigation utilising fluorescence lifetime imaging micro-
scopy (FLIM) comparing an uncycled and cycled graphite electrode
showed a range of fluorescence lifetime processes.'*
Fluorescence lifetime is the measure of time an electron is in
an excited state by monitoring the time taken for the fluorescence
to decay to 36% of the original value."” FLIM generates lifetime
values on a pixel-by-pixel basis to create 2D and 3D images of the
fluorescing species and has seen extensive use in the biological
sciences where samples are either endogenous or able to be tagged
with fluorescent species from uranium oxidation to important
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biomolecules, but has yet to be applied to electrochemical
systems.'®?® FLIM has the advantage that the measurement,
unlike steady-state optical fluorescence microscopy, allows for the
monitoring of changing environments by exploiting differences in
excited state fluorescence lifetime as a function of the species
environment, and therefore, the addition of a dye is not always
necessary where autofluorescence is present. FLIM is capable of
distinguishing between differing fluorophores independent of the
intensity (and wavelength) of fluorescence of the fluorophores,
allowing for the detection of multiple species simultaneously.'”*®
By being able to detect multiple species at once, FLIM provides the
opportunity to monitor fluorescence changes that occur at poten-
tials associated with the formation of the solid electrolyte inter-
phase (SEI). The SEI comprises a heterogenous mixture of reaction
products (e.g., inorganic salts: LiF, Li,O, and Li,CO; and organic
compounds: polymers/polycarbonates which form on graphite
electrodes in Li-ion cells). The SEI acts as an important barrier to
further electrolyte reduction, whilst allowing Li* transport.*"*>

Fluorescence can be used to monitor cross talk between
electrodes, an example of this is the use of operando steady-state
optical fluorescence microscopy for the study of lithium sulfur
(Li-S) cell chemistry.*>** Where polysulfide shuttling in Li-S cells
and the distribution of the polysulfide species within the cell has
been investigated. In this work, operando electrochemical FLIM is
demonstrated to spatially image the fluorescence lifetime of a
graphite composite electrode within a Li-ion half-cell vs. lithium
metal under potential control to spatially monitor changes in
fluorescence lifetimes as function of potential.

FLIM was carried out on a Li|graphite half-cell within an
operando spectroelectrochemical cell configuration, Fig. 1. The
cell was composed of a free-standing graphite working electrode,
glass fibre separator soaked with electrolyte, and a Li metal disk
as the counter and reference electrode, Fig. S1. Two different
electrolytes were selected for study: 1 M Li[PF¢] in ethylene
carbonate (EC): dimethyl carbonate (DMC) (1:1 v/v) and 1 M
Li[ClO,] in EC: DMC (1:1 v/v). Li[ClO,] containing electrolytes
tend to not have any significant background emission when
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Fig. 1 Experimental setup. FLIM measurements are taken while simulta-
neously cycling the cell. The detector measures the decay in the intensity
which is then converted to a population histogram and 2D colour map.

probed via Raman spectroscopy and have been used as model
electrolytes.”'® Conversely, a Li[PFs] containing electrolyte is
selected due to the previously described, well-documented Raman
baseline increases as well as being a standard salt in commercial
Li-ion cells."* As the Li[ClO,] containing electrolyte is not expected
to generate fluorescing species, it is used as a control for compar-
ison to Li[PFs] during the FLIM measurements.

During operando FLIM measurements, the electrode was
initially discharged from an open circuit potential (OCP) of
2.9 Vs, Li'/Li at 0.2C to 5 mV vs. Li'/Li, with a potential hold at
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5 mV until the current had decayed to half the set C-rate (1C =
372 mAh g, based on the theoretical capacity of graphite to
form LiC), followed by a charge step to 1.5 V vs. Li'/Li at 0.2C,
Fig. S2. FLIM measurements were performed simultaneously by
taking an image every 5 minutes, with an exposure time of 1
minute. Measurements and imaging were acquired using an
inverted Nikon Ti-E microscope attached to a Nikon EC2
scanning unit. Microscopy images and FLIM measurements
were acquired with a 10x (numerical aperture (NA) 0.3) or 100 x
(NA 0.9) air objectives providing spatial resolutions of 800 and
300 nm?, respectively. Samples were illuminated with a diode
pulsed laser, 40 ps, 405 nm wavelength operating at 80 MHz
(BDS-SM, Becker and Hickl GmbH). A 450 nm long pass edge filter
(Thorlabs) was used to eliminate the laser line. The scanning
system, laser, and detector (PMC150) were linked via a single
photon counting module (SPC150, Becker and Hickl GmbH) with a
pixel dwell of 5 ps. Average fluorescence lifetimes were extracted
using SPCImage software (version 9.0.73.0), Fig. S3, and a Python
script was written to extract the photon count, Fig. S4.

Initially, a cell that deployed Li[ClO,] as the electrolyte salt
was monitored during cycling using the FLIM instrument. At
OCP (ca. 2.9 V vs. Li'/Li), the electrode exhibited low fluores-
cence with a photon count of 48000 counts, Fig. S5, and the
observed fluorescence had a short average lifetime of 350 ps,
Fig. 2a. After cycling had been completed, Fig. 2b, no significant
change in the lifetime distribution was observed and no new
areas of the image displayed further fluorescence. Comparing
the histograms of the population of decay lifetimes from before
and after cycling, Fig. 2c, the general shape and size of the
histogram was maintained. Operando FLIM measurements were
collected whilst the potential was varied under galvanostatic
control on the graphitic electrode. The average excited state
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Fig. 2 FLIM analysis of the cell using a 1 M Li[ClO,] EC/DMC (1:1 v/v) electrolyte. FLIM images of the surface of the electrode (a) before and (b) after
cycling. (c) Histogram of the population of fluorescence lifetimes and (d) the change in the average lifetime of a function of electrochemical cycling.
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lifetime of each measurement can be tracked as the electrode is
cycled and is displayed in Fig. 2d with the voltage profile for
lithium intercalation and extraction. Throughout cycling, the
average lifetime fluctuates between a minimum of 310 ps and a
maximum of 410 ps with no discernible pattern emerging
during cycling. This shows, during cycling, species that affect
fluorescence lifetime are not being created or consumed. At the
end of cycling, the average lifetime remains stable (330-400 ps)
during prolonged relaxation of the cell, Fig. S6. A change in
photon count was recorded during cycling, Fig. S5. These are
not significant enough (maximum variation of 500 counts) to
indicate any change in the concentration of fluorescing species.
For the electrolyte containing Li[PF,] as the salt, the initial
FLIM measurement showed a decay histogram that was similar
in shape to the initial FLIM measurement with the Li[ClO,] as
the electrolyte salt, Fig. S7. Note, whilst the Li[ClO,] FLIM
measurement was performed at a tenth of the magnification,
the photon counts of both experiments are similar, Fig. S5.
Images of FLIM measurements before cycling and after
cycling, Fig. 3a and b, show significant changes for the Li[PF¢-
based electrolyte. Fluorescence lifetimes become longer combin-
ing with the appearance of new areas becoming fluorescent,
which indicates changes in species present on the electrode.
The lifetime histogram collected post cycle, Fig. 3¢, shows the
species present have tended towards longer lifetime and with a
greater range of lifetimes, indicating multiple species are present
at the surface of the electrode, consistent with research showing
that that SEI formation produces an inhomogeneous layer.*"
Tracking the average lifetime of the fluorescent species as
the cell was cycled, Fig. 3d, there is an initial systematic rise in
the average lifetimes from 200 to 350 ps, which coincides with
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the potential relating to electrolyte solvent reduction as part
of the SEI formation (from below 2 V down to 0.8 V vs. Li'/Li).
After the initial increase, the lifetime of species stabilises
around 350 ps until the delithiation of graphite begins.

After this, the measured lifetime once again increases and
rises to 450 ps. At the stage 2/stage 1 boundary (ca. 450 minutes)
to the end of charge (ie., fully delithiated) the fluorescence
lifetime fluctuated between 350-500 ps. The fluctuations indicate
a dynamic process occurs during charge with species being both
created and consumed that concurs with previous observations.>>
This can be further observed in Fig. S8, where individual fluores-
cence lifetime distributions presented as a function of the depth
of lithiation show a greater change during the lithiation step
between the two cells. Following a discharge-charge cycle, the
cell was left to relax at OCP, Fig. S4, during which the lifetime
decreases from 500 ps to between 400-425 ps and remains in this
range. Additionally, the photon count, Fig. S6, remains relatively
stable throughout cycling which was also observed with Li[ClO,]-
based electrolytes.

Importantly, changing the fitting model for the Li[PF,] system,
by adjusting the instrument response function, Fig. S9, repro-
duces the general pattern of the result - with a shift in the actual
lifetime to longer lifetime by ca. 300 ps - lending confidence to
the result.

The change in fluorescence lifetime of the cell deploying Li[PF]
supports previous observations through Raman spectroscopy that
Li[PF] reaction products generated during electrochemical cycling
fluoresce.''>*° The outcomes from this initial FLIM investigation
highlights how future studies could be designed to observe correla-
tion between fluorescence lifetimes and cell performance, and if
fluorescence lifetime could be an indicator of the state of health of
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Fig. 3 FLIM analysis of the cell using a 1 M Li[PFg] EC/DMC (1:1 v/v) electrolyte. FLIM images of the surface of the electrode (a) before and (b) after cycling.
(c) Histogram of the population of fluorescence lifetimes and (d) the change in the average lifetime of species as a function of electrochemical cycling.
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a Li-ion cell. The methodology provides an opportunity to resolve a
key question on whether these side reaction products observed
through fluorescence changes are detrimental to Li-ion cell perfor-
mance, or just an inconvenience for monitoring cell chemistry via
Raman microscopy.

While FLIM can show changes are occurring at the region
around the porous electrode, identification of species is not
possible using FLIM alone. However, the combination of this
methodology with a fluorescence suppression methodology, for
example a combined Kerr-gated or time gated Raman spectroscopy-
FLIM technique may be able to elucidate the chemical nature in
the future. FLIM could also be used to study SEI evolution due to
lithium plating or elevated cell temperature.

Operando FLIM has been shown to be an effective method
for monitoring the evolution of fluorescence lifetimes at the
graphite/electrolyte interface during early electrochemical
cycling. By combining FLIM with electrochemical cycling for
operando study of the battery electrode surface, changes in the
fluorescence lifetime of species and the generation of new long
lifetime species were observed and correlated to electrochemi-
cal processes including SEI formation and evolution. Addi-
tional work will be required to understand how fluorescence
lifetimes vary over successive cycles to relate to cell/electrode
health and within a greater variety of electrolytes. At this
current time, identification of species is not possible and will
form the bulk of future studies combining with other techni-
ques, such as Kerr-gated Raman. However, these current find-
ings demonstrate the suitability of FLIM for operando studies of
electrochemical systems and creates a further avenue to deter-
mine the role these low concentration fluorescing species have
on a variety of battery chemistries and electrolytes.
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