
Journal of Electrochemistry Journal of Electrochemistry 

Manuscript 3446 

In situ diffuse reflectance spectroelectrochemistry of cathode In situ diffuse reflectance spectroelectrochemistry of cathode 

materials in lithium-ion batteries materials in lithium-ion batteries 

Author #1 

Author #2 

Author #3 

Author #4 

https://jelectrochem.xmu.edu.cn/journal


ARTICLE
Invited Contribution from Award Winners of the 21st National Electrochemistry Congress in 2023

In situ Diffuse Reflectance Spectroelectrochemistry
of Cathode Materials in Lithium-ion Batteries

Lu-Lu Chen, Hao-Ran Li*, Wei-Yi Liu, Wei Wang*

State Key Laboratory of Analytical Chemistry for Life Science, School of Chemistry and Chemical Engineering, Nanjing University,
Nanjing 210023, China

Abstract

Developing in situ spectroelectrochemistry methods, which can provide detailed information about species trans-
formation during electrochemical reactions, is very important for studying electrode reaction mechanisms and
improving battery performance. Studying real-time changes in the surface of electrode materials during normal
operation can be an effective way to assess and optimize the practical performance of electrode materials, thus, in situ
and in operando characterization techniques are particularly important. However, batteries are hard to be studied by in
situ characterization measurements due to their hermetically sealed shells, and there is still much room for battery
characterizations. In this work, a specially designed battery based on the structure of coin cells, whose upper cover
was transparent, was constructed. With such a device, acquisition of diffuse reflectance spectra of electrode materials
during charging and discharging was realized. This not only provided a simple measurement accessory for diffuse
reflectance spectroscopy (DRS), but also complemented in situ characterization techniques for batteries. Taking
commonly used cathode materials in lithium-ion batteries (LIBs), including LiFePO4 (LFP), NCM811 and LiCoO2

(LCO) as examples, we managed to find out the response relationships of different electrode materials to visible light
of different wavelengths under ordinary reflectance illumination conditions. Heterogeneity of different cathode ma-
terials on interaction relationships with the lights of different wavelengths was also revealed. This work demonstrated
the capability of guiding wavelength selection for different materials and assessing electrochemical performances of in
situ diffuse reflectance spectroelectrochemistry. By combining electrochemistry with diffuse reflectance spectroscopy,
this work made an effective complementary for spectroelectrochemistry.
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1. Introduction

In recent years, there has been a rapid increase
in the demand for electric vehicles, thus the
requirement for batteries also grows dramatically
[1]. Therefore, great efforts have been made in
developing new battery systems and optimizing
existing battery systems [2]. Improving the per-
formance of batteries relies on accurate evaluation
of electrochemical performance of electrode ma-
terials inside the batteries. Various characteriza-
tion techniques have been developed and applied
to the studies on electrode materials [3,4]. Among

all these techniques, in situ methods are particu-
larly favored. Compared to well-established ex situ
methods, in situ methods enable measurements
without disassembling the batteries and even
while the batteries are functioning under real
working conditions [5]. This largely prevents the
possible misleading caused by the lack of original
chemical environments.
To evaluate the electrochemical performance

of electrode materials under working conditions,
electrochemical techniques such as cyclic voltam-
metry (CV) [6], galvanostatic charge/discharge
(GCD) [7], and electrochemical impedance
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spectroscopy (EIS) [8] are generally adopted. Based
on these electrochemicalmethods, by combining the
electrochemistry with the spectroscopy together, a
field known as spectroelectrochemistry [9] has been
developed. These methods, such as infrared spec-
troelectrochemistry (IR-SEC), Raman spectroelec-
trochemistry (Raman-SEC) [10], have beenproven to
be effective on studying electrode materials and
interfacial processes. While these methods are
powerful and have been devoting the battery in-
dustry with a number of considerable discoveries,
their high requirement on advanced detectors, and
instrumental modifications that are possible only in
specialized labs have limited their applications to a
wider range. Despite the great success in IR-SEC
and Raman-SEC, there are still some fundamental
spectroscopic techniques that have been underused.
One example among them is ultraviolet-visible (UV-
Vis) spectroscopy, and recently, it has been used to
distinguish battery-type, pseudocapacitive and
electrical double-layer charge storage processes [11].
Another example is the diffuse reflectance spec-
troscopy (DRS) [12]. As a spectroscopicmethod,DRS
also reveals the information of chemical species
changing during electrochemical reactions, and it
has been utilized to study electrodematerials [13,14].
It offers a rapid and non-destructive testing that re-
quires little additional sample preparation with
simple and straightforward optical setups. These
advantages make it suitable to be combined with in
situ electrochemical measurements.
In the present work, we proposed a specially

designed battery based on the structure of coin cells
[15] that enables in situ DRS measurements during
charging and discharging. Since LIBs are the most
widely used type of batteries [16,17], and the per-
formance of cathode materials majorly affects the
entire batteries, thiswork took three types of cathode
materials that are commonly used in LIBs [18e20] as
examples. With the battery mentioned above, in situ
diffuse reflectance spectroelectrochemistry (DRS-
SEC) measurements for half-cell systems carrying
LFP, NCM811 and LCO as working electrodes were
carried out. By monitoring the spectral changes
during charging and discharging in real time, dif-
ferences of the wavelength under which materials
exhibited the greatest changes on optical intensity
were quantitively revealed. This could provide
guidance for the wavelength selection of the detec-
tion light for other kinds of spectroelectrochemistry
measurements. Furthermore, by analyzing the
spectra under different states of charge (SOC),
various spectral features on different materials were
extracted and their correlation to batteries responses
is discussed. It was anticipated that DRS-SEC could
be an effective way to study electrode materials

under working conditions in real time, which holds
potential for evaluating theperformance of electrode
materials and revealing mechanisms of electro-
chemical processes.

2. Experimental section

2.1. Materials and reagents

All cathode materials used as the working elec-
trode were purchased from Guangdong Canrd
New Energy Technology Co., Ltd. The electrolyte
was 1 mol$Le1 LiPF6 in DMC:EC (1:1 v/v). Glass
coated with 100 nm copper was used as the current
collector of the specially designed batteries. Such
conductive and transparent glass was fabricated
with magnetron sputtering system (PVD75 Proline
SP, Kurt J. Lesker). The specially designed battery
shells were fabricated by local manufacturers. All
batteries were assembled in a glovebox filled with
high-purity argon (Ar) gas (�99.99%).

2.2. Optical setup and electrochemicalmeasurement

The optical system of dark-field microscopy was
performed on an orthoptic microscopy (Nikon,
eclipse LV-N) equipped with a 20� objective (nu-
merical aperture ¼ 0.4, working distance ¼ 19 mm).
The light sourcewas reflectedbyabeamsplitter, then
the well-focused spot passed through the objective
lens and irradiated on the cathode materials across
theopticalwindowof thespeciallydesignedbatteries.
Finally, the reaction beam was reflected upward and
collected by the camera. The laser beam in the spec-
tral calibration experiments was provided by NKT
Photonics. In the DRS experiments of three types of
electrodematerials, halogen lampwas selected as the
light source. The spectrograph (spectral range:
400e1000 nm) was purchased from Specim and was
connected directly to the microscopy as a module. A
CCD camera (Manta G-917B, AVT) with an ultra-
large format (3384 � 2710 pixels, 3.69 mm/pixel) was
used to record time-lapsed images of spectra. All
GCDexperimentsofhalf-cellswereperformedwitha
potentiostat (CHI760e, CH Instruments, Inc.). A
standard half-cell structure, where fresh lithium
served as the reference and counter electrodes, and
cathode materials served as the working electrode,
was employed in all GCD experiments.

3. Results and discussion

3.1. Realizing in situ diffuse reflectance spectra
measurements

Figure 1a schematically illustrates the experi-
mental apparatus, which consists of an up-right
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dark-field microscopy [21] for recording spectral
changes, a spectrograph, and a specially designed
battery for observing cathode materials in real
time. Halogen lamp was used as the light source
because it provided a bright white illumination
with good continuity. The light source was
reflected upward into the camera through the
spectrograph, and the camera collected a series of
time-lapsed images as shown in Fig. 1b.
In order to observe electrode materials during

the electrode reaction processes, a half-cell based
on the structure of coin cells with a transparent
window was constructed. A half-cell structure was
employed because this work aimed to study cath-
ode materials. In the half-cells, fresh metal lithium
worked as the reference electrode and counter
electrode, while cathode materials worked as the
working electrodes. The specific structure of the
half-cell is shown in Fig. 1c. First of all, a special
donut-shaped mold was fixed to a circular glass
(diameter ¼ 4 cm), and then this combination was
coated with copper. By doing so, the glass was
copper-coated everywhere but the mold by
magnetron sputtering coater, so a smaller circle in
the center of glass (diameter ¼ 0.5 cm) remained
transparent (without copper). It was equivalent to
open an optical window for the half-cell. Next, the
fresh metal lithium, separator, and cathode mate-
rials were put under the conductive glass respec-
tively, which were all in a round shape. In order to

observe the cathode materials, the centers of the
metal lithium and the separator were both perfo-
rated. Thus, the cathode materials were able to be
monitored with light. Cathode electrodes in this
half-cell needed no special treatments. This means
that both homemade and commercially available
cathode electrodes can be kept in a good working
condition. Finally, the fresh metal lithium was in
contact with the conductive glass which served as
the negative current collector, and cathode elec-
trodes were attached to the stainless-steel plate to
ensure that a conductive circuit was formed inside
the battery. The both sides of the conductive glass
and stainless-steel plate were all bound with
conductive tapes to connect the potentiostat. The
shells made of anodic aluminum alloy were
secured with countersunk screws and the half-cells
were all assembled in an Ar-filled glovebox.
As shown in Fig. 1d, the fresh lithium was

selected as the reference in the half-cell system. In
contrast with the cathode materials, the fresh
lithium with nearly white color was considered to
absorb little visible light. When the light source
irradiated on the lithium, the optical intensities of
the reflected light and incident light could be
considered as equivalent. On the contrary, the
testing cathode materials which were black in color
should absorb the visble light. Hence, the reflected
light intensity was less than the incident light in-
tensity. To quantify the light that is absorbed by

Fig. 1. (a) Schematic illustration of the experimental apparatus. (b) Raw spectral images obtained from the camera through the spectrograph. (c)
Detailed illustration of the battery structure used in the experiments. (d) Schematic diagram showing how the intensities of the incident light (I0)
and the reflected light (I ) are defined. (e) The spectra extracted from spectral images varied with chemical reactions. The black line marks the fully
discharged state of LFP (SOC ¼ 0%) and the red line stands for the fully charged state (SOC ¼ 100%).
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the materials, the absorbance of cathode materials
is calculated by the following equation:

Abs¼ log10

I0
I

ð1Þ

where I0 and I represent the optical intensity of
incident light and the optical intensity of reflected
light, respectively. Since the structural changes of
the cathode materials caused the changes of their
refractive index during reaction processes, I varied
continuously and thus led to the spectral alteration
through reactions. And for the same type of cathode
material, the thickness that light travelled through
the sample may be considered as the same, so the
optical paths are not discussed in this work. Fig. 1e
shows spectra under different SOC. When the half-
cells are fully charged, their SOC values are defined
as 1, i.e., SOC ¼ 100% [22]. On the contrary,
SOC ¼ 0% when batteries are fully discharged.
The combination of the spectrograph and the

camera was calibrated by acquiring spectral im-
ages of the laser at different wavelengths. Lasers at
540, 660, 800 and 900 nm, were selected as the light
source and irradiated the fresh lithium respec-
tively. The raw spectral images collected from the
camera are shown in Fig. 2a. Every spectral image
consisted of 3384 � 338 pixels because the images
were processed with binning in the y-direction to
enhance the signal-to-noise ratio (SNR). Vertical
axis of every spectral image represented the spatial
distribution of the sample site, while horizontal
axis stood for wavelengths. Then four optical in-
tensity curves of four lasers at different wave-
lengths were obtained, which were from the
vertical spatial distributions of spectral images.

Optical curves were all normalized in order to
show the correspondence between optical intensity
and pixel position, as shown in Fig. 2b (red dashed
lines). Pixel position of spectral center with every
wavelength was obtained by Gaussian-fitting with
ordinary least square regression (blue lines). It can
be seen that wavelengths had a good linear rela-
tionship with pixels (Fig. 2c), so every pixel of
spectral images corresponded to one slim band of
wavelength.

3.2. Guiding wavelength selection of detection light
for different materials

Three commercially available cathode electrodes
in LIBs were assembled respectively into half-cells,
and were tested by GCD at 1C. Commercially
available cathode electrodes have uniform distri-
bution of active particles and are therefore suitable
to be used to study spectra of whole electrode.
Here, LiFePO4 half-cell was taken as an example
(NCM811 and LCO were the same in terms of
lithiation and delithiation mechanisms), its
charging and discharging reactions were
expressed as:

LiFePO4 � xLiþ � xe�¼xFePO4 þ ð1� xÞLiFePO4

ð2Þ

FePO4þxLiþ þ xe� ¼ xLiFePO4 þ ð1� xÞFePO4

ð3Þ
The charging and discharging processes of LFP

were actually the lithiation and delithiation pro-
cesses. In the charging process (oxidation reaction),
lithium-ion came out from the lattice of LFP

Fig. 2. (a) Spectral images of laser at different wavelengths. (b) Optical intensity extracted from the spectral images on the left. Experimental data
(red dashed lines) was obtained by irradiating the reference with lasers at different wavelengths. The center of each spike was obtained by
Gaussian-fitting with ordinary least square regression (blue lines). (c) Linear relationship between wavelengths and pixels.
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(delithiation reaction), and subsequently crossed
the separator through the electrolyte to reach the
anode material (which is metal lithium in half-cell
systems), as shown in equation (2). While in the
discharging process (reduction reaction),
conversely, lithium-ion came out from the anode
material, crossed the separator to reach the cath-
ode electrode and finally entered into the lattice of
LFP (lithiation reaction), as shown in equation (3).
After one charge-discharge cycle, lithium-ion
moved back and forth between the cathode and
anode electrodes to form the so-called “rocking
chair battery”. Movement of lithium-ion caused
structure transformation of cathode materials,
which inevitably induced changes of DRS.
Figure 3a, d, g show the real-time DRS data of

LFP, NCM811 and LCO, respectively, during
charging and discharging. Firstly, it can be seen
that DRS curves of these cathode materials are
largely different, confirming the authenticity of
DRS measured by this in situ method. In this way,
different types of cathode materials can be identi-
fied by DRS. Secondly, DRS responses are changed
with different stages of reactions. Fig. 3b, e, h show
the typical spectra of LFP, NCM811 and LCO
under different SOC conditions. It can be seen that
all half-cells had good reversibility through one
charge-discharge cycle.
Absorbance range (DAbs) is defined as the

absorbance difference between the fully charged
state and fully discharged state at every single

wavelength band. As shown in Fig. 3c, LFP had the
largest absorbance range at 515 nm, indicating that
LFP would respond most sensitively to the beam at
515 nm. Similarly, when a monochromatic light
source at 629 nm is used to irradiate the NCM811, it
will have the largest change in optical intensity
(Fig. 3f). Upon a light source at 727 nm being cho-
sen to irradiate the LCO, the largest change in op-
tical intensity will be observed (Fig. 3i). As shown
above, the absorbance range curves can be used to
guide the optimization of monochromatic beam in
subsequent studies of each cathode material. By
combining electrochemistry with diffuse reflectance
spectroscopy, more qualitative and quantitative
information about the processes occurring at the
cathode electrodes can be obtained.

3.3. Various spectral features exhibiting on
different materials

Since the DRS spectra of the cathode materials
exhibited broadband and peakless absorption
features, the weighted average of wavelength tak-
ing absorbance as the weights is employed by the
following equation:

Weighted average of wavelength¼
P

l$AbsðlÞ
P

Abs
ð4Þ

where l represents the central wavelength of the
wavelength band and Abs(l) is the absorbance

Fig. 3. All DRS curves of (a) LFP, (d) LCO and (g) NCM811 under different SOC conditions during GCD test at 1C; Three typical spectra of (b)
LFP, (e) NCM811 and (h) LCO; The corresponding absorbance range curves of (c) LFP, (f) NCM811 and (i) LCO.
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corresponding to the single wavelength band. This
makes it possible to extract one wavelength band
which can statistically stand for the average energy
state of the materials for further analysis. As shown
in Fig. 4a, the weighted average wavelength of
cathode materials was calculated and is marked.
The weighted average wavelength during dis-
charging varied for different cathode materials. In
Fig. 4b the weighted average wavelength exhibited
a blue shift from 746 nm to 708 nm for LFP. This
phenomenon is related to band gap changes of
materials during reactions. When the LFP half-cell
was totally discharged, FePO4 became LiFePO4,
and then its band gap increased. It caused LiFePO4

to absorb more photon energy, thus the spectra
were blue-shifted, which was consistent with pre-
vious report [23]. In addition, the weighted average
wavelength sharply decreased at 3.3 V, which
corresponded to the charging platform of LFP and
was related to phase transition through the reac-
tion. Similarly, as shown in Fig. 4c, the weighted
average wavelength of NCM811 decreased from
730 nm to 707 nm through discharging process. For
both LFP and NCM811, the weighted average
wavelengths are blue-shifted during lithium pro-
cess, but LCO showed a different behavior. The
weighted average wavelength of LCO firstly
decreased from 708 nm to 704 nm, and then turned
back to 708 nm at a turning point (3.8 V) where the
interfacial phase transition happened. Also, the
degree of change for the weighted average wave-
length was much smaller than those of LFP and

NCM811. To clarify, the cut-off voltages of these
three types of cathode materials were determined
by their respective material properties.

4. Conclusions

In this work, a specially designed battery was
constructed based on the structure of coin cells to
visualize spectral changes of cathode materials
during reactions. The electrodes in batteries
required little treatments, and both homemade
and commercially available electrodes can be kept
in good working conditions. Accordingly, in situ
DRS-SEC measurements were carried out with the
three types of cathode materials, namely, LFP,
NCM811 and LCO, for LIBs, obtaining the real-
time absorption spectra of the testing electrode
materials. This approach not only provided a
simple measurement accessory for diffuse reflec-
tance spectroscopy, but also complemented in situ
characterization techniques for LIBs. Subse-
quently, the heterogeneity of different cathode
materials on interaction relationships with the
lights of different wavelengths was revealed. It was
found out that the responses of different electrode
materials to visible light of different wavelengths
are closedly related under ordinary reflectance
illumination conditions. By analyzing the DRS
data, the absorbance range curves are proposed to
use as guide for the selection of wavelength of
monochromatic detection beam for each material
in future optical imaging studies. This work

Fig. 4. (a) A typical DRS spectrum and its corresponding weighted average wavelength. The weighted average wavelength changing curves of (b)
LFP, (c) NCM811 and (d) LCO under discharging process.
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combined electrochemistry with diffuse reflectance
spectroscopy, achieving an effective complemen-
tary for spectroelectrochemistry.
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