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A B S T R A C T

IR spectroscopy can be a non-destructive and straightforward probing tool in the battery research. However, its application has been limited due to the difficulties
related to the handling and interpretation of ex situ samples along with the lack of widely applicable in situ and operando cells. Herein, we show a simple, operando ATR-
IR two electrode pouch cell with an IR-transmissive silicon window and discuss its advantages and limitations. This setup is applied to the study of the poly-
anthraquinone (PAQ) reaction mechanism in Li- and Mg-organic batteries. During the reduction/oxidation process of the PAQ, not only the conversion of both C

–

–O
groups into C–O– species is observed, but also the formation of an intermediate semiquinone radical anion as an intermediate product. Furthermore, continuous
measurement of IR spectra allows visualization of the gradual solid-electrolyte interphase (SEI) buildup on the cathode during cycling.
1. Introduction

To speed up the development of novel battery technologies (Li-rich,
Na-ion, metal (Li, Ca, Mg, Al)-organic, metal-sulfur, metal-air batteries)
[1–5], we need to develop new and improve current battery character-
ization techniques. An ideal battery characterization would be straight-
forward, non-invasive, non-destructive and optimized to probe specific
battery chemistry. It should provide information about the electro-
chemical mechanism, degradation of the electrodes and electrolyte
during prolonged cycling and allow real-time (operando) monitoring of
the battery state-of-health. Ultimately, the developed operando tech-
niques should enable real-time monitoring of the batteries and real-time
detection of the battery degradation in their nascent state. This will be a
major step towards the battery life extension and possible application of
self-healing functionalities within the batteries [6].

In order to gain the information about the battery reaction mecha-
nism, different spectroscopic techniques have already been applied,
among others X-ray diffraction (XRD), X-ray absorption (XAS), nuclear
magnetic resonance (NMR), transmission and scanning electron micro-
scopy (TEM and SEM), Raman spectroscopy, ultraviolet–visible (UV–Vis)
and IR spectroscopy [7–11]. One of the distinct advantages of IR spec-
troscopy is that the instruments are relatively inexpensive and broadly
available. However, IR spectroscopy is underutilized in the battery
research due to several reasons. Interpretation of data obtained from ex
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situ samples can be quite complicated, because certain changes appear as
weak and unspecific IR signals. Decomposition of ex situ samples in
ambient or even under inert atmosphere complicates sample transfer and
handling. Additionally, if not performed carefully, removal of the excess
electrolyte from the cycled electrodes can be quite strenuous and cause
degradation of the samples [12].

A solution to avoid these issues is use of electrochemical cells that
enable in situ or even operando measurements. Operando measurements
have a specific benefit of a continuous measurement of the IR spectra
during the battery operation. In contrast with ex situ and in situ, the
operando visualizes also transitional changes that can be overlooked
during ex situ or in situ investigation. Typically, such setups require
specially constructed electrochemical cells that minimize IR absorption
by the bulk electrolyte and maximize the signal coming from the working
electrode/electrolyte interface. Most often this is achieved by designing
beaker cells, where working electrode is separated from the IR light
guiding elements by a thin layer of electrolyte [13,14]. Another option is
to coat the ATR crystals of the IR spectrometers directly with working
electrodes and design electrochemical cells around them [15–17].
However, usage of beaker cells can affect the electrode/electrolyte ratio
by significantly increasing the electrolyte amount for several times which
introduces transport limitations between a thin working electro-
de/electrolyte layer and the bulk electrolyte. Design of new cells incor-
porating ATR crystals can be both time-consuming and costly, which
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makes their use interesting only for groups specialized in IR spectros-
copy. Nevertheless, IR spectroscopy has demonstrated to be a straight-
forward, non-invasive, non-destructive and a universal technique to
examine different battery chemistries [9,17–19], formation of a SEI [20]
and electrolytes dynamics [16] during battery operation. IR spectroscopy
examines the vibrational energy levels of molecular structure. Thus, it is
very sensitive to the changes within the molecules involved in electro-
chemical process. The pioneering IR investigation of electro-
de/electrolyte interface was performed in the early eighties by Bewick
and Pons [21,22]. Nowadays, the IR spectroscopy is found to be a useful
characterization tool to probe different battery chemistries among post
Li-ion batteries [9,17,18,20]. Recently, an improved method to probe the
electrochemical mechanism of the organic cathodes within the
metal-organic batteries was developed based on a new operando ATR-IR
cell with Si wafer window, which allows measurements of the IR spectra
during battery operation [9].

Herein we show a step forward in the operando ATR-IR application
through measurements on polyanthraquinone cathode (PAQ) in Li- and
Mg-organic battery. During the reduction/oxidation process of PAQ not
only the transformation of both C––O groups into C–O– occurs, but also
intermediate semiquinone radical anion is identified. Additionally, we
discuss also limitations of the setup connected with the probing of the
cathode backside, which are demonstrated through the study of the
anthraquinone (AQ), which is a small and soluble organic molecule.
During prolonged cycling formation of an SEI on the cathode surface is
also visualized.

2. Material and methods

2.1. Synthesis

Anthraquinone (AQ) (99%) was purchased from commercial source
(Fluka) and used without further purification. Polyanthraquinone (PAQ)
was synthesized from the 1,4-dibromoanthraquinone monomer through
cross-coupling polymerization [23]. The prepared polymer was purified
by precipitation from chloroform (CHCl3). Afterwards, short-chain olig-
omers were removed from the product during Soxhlet extraction in
methanol. Final yield of the synthesis was 84%. More details about the
synthesis can be found in SI.

2.2. Electrochemical characterization

The cathode composite was prepared by mixing active materials,
Printex XE2 (Degussa) carbon black and PTFE binder in a mass ratio of
60:30:10. The self-standing composite was pressed on a carbon-coated Al
mesh at 500MPa. The Li cells were assembled in a spectro-
electrochemical operando ATR-IR cell with a Li metal foil (FMC, thick-
ness 500 μm) anode, Whatman GF/A glass fiber separator and 1M LiTFSI
(TFSI-bis(trifluoromethane)sulfonimide) in dimethoxyethane:1,3-
dioxolane (DME:DOL) (1:1 vol %) as electrolyte. The cell was cycled in
a potential window from 1.5 to 3 V vs Li/Liþ for Li-PAQ and from 1.5 to
3.5 V vs Li/Liþ for Li-AQ with a current density of 50mA g�1 (C/5 rate).
For the Mg-PAQ cell, Mg metal foil (Gallium Source, 99.95%, 50 μm)
anode, Whatman GF/A glass fiber separator and 0.4MMg(TFSI)2 0.4M
MgCl2 in tetraglyme: 1,3-dioxolane (TEG:DOL) (1:1 vol %) as electrolyte
were used. The spectro-electrochemical cell was cycled in a potential
window from 0.5 to 2.5 V vs Mg/Mg2þ with a current density of
50mA g�1 (C/5 rate). The galvanostatic intermittent titration technique
(GITT) was conducted on Li-AQ and Li-PAQ at C/5 current density in a
potential window from 1.5 to 3.5 V and 1.5 to 3 V vs Li/Liþ, respectively.
The current was stopped every 20min and the cell was left at open-circuit
voltage (OCV) to relax until dE/dt reached less than 10mV h�1.

2.3. IR characterization

The spectro-electrochemical operando ATR-IR cell was prepared in a
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two electrode pouch cell with a Si wafer (El-Cat Inc., 500 μm thickness,
polished on both sides) [9]. The ATR-IR measurements were done on
Bruker Vertex 80 equipped with a Specac Silver Gate Ge crystal ATR and
a liquid nitrogen cooled mercury cadmium telluride (MCT) detector. The
spectra were collected in absorbance mode with 64 scans at a resolution
of 4 cm�1 in the range from 4000 to 500 cm�1. The IR spectra were
collected in operando mode with a series of repetitive scans every 2min
during galvanostatic cycling of the batteries with a current density of
50mA g�1 (C/5 rate). The atmospheric compensation was performed on
the IR spectra in OPUS version 7.8 software. The ATR difference spectra
were obtained by subtracting the initial spectrum before the start of the
electrochemical characterization from the obtained IR spectrum at a
specific point of the discharge/charge.

2.4. Energy dispersive X-ray spectroscopy of ex situ cathodes

Three electrodes were examined, one soaked in Mg electrolyte
overnight and two cycled electrodes. Among cycled electrodes, one was
discharged to 0.5 V vs Mg/Mg2þ, while the other one was recharged back
to 2.5 vs Mg/Mg2þ. Afterwards, cells were taken back to the glove-box,
where they were disassembled under inert atmosphere. All the elec-
trodes were washed two times in 3ml of dimethoxyethane (DME) for
10min. Then they were dried for 2 h on vacuum at room temperature and
transferred into scanning electron microscope with a vacuum transfer
chamber to prevent exposure to the air atmosphere. Energy dispersive X-
ray spectroscopy was performed on field emission SEM Carl Zeiss Supra
VP 35 at 20 kV accelerating voltage.

3. Results and discussion

3.1. Spectro-electrochemical operando ATR-IR cell

The developed ATR-IR Si wafer pouch cell, where Si wafer window is
inserted in the pouch cell foil on the working electrode side (Fig. 1) [9,
24], has several benefits over conventional spectro-electrochemical cells.
The cell is basically the same as a typical lab pouch cell, which removes
concerns connected with transport limitations from the beaker cells.
Moreover, it can operate at low or even lean electrolyte conditions. Si
wafer is relatively robust and can be easily sealed on the cell with the use
of the thermo-bond film. The pouch cell also allows use of different
current collectors. This becomes important for investigation of post-Li
batteries, where in certain cases electrolytes are corrosive and
non-compatible with typical current collectors (Al, Cu, stainless steel, Ni)
[25]. Pouch cells can be easily manufactured with corrosion resistant
metals like Pt, Au, Mo or W. Excellent sealing of the pouch cells enables
measurements in the ambient atmosphere for several days or even weeks
and removes the need for placing IR spectrometer inside the glove box
(Fig. S1).

One of the limitations of this Si wafer pouch cell is that IR spectra
contain additional signals coming from the thin layer of SiO2 present on
the Si wafer surface with intense bands at 1107 cm�1 due to Si–O–Si
antisymmetric stretching vibration and Si–O–Si bending vibration at
615 cm�1 (Fig. S2). The intensities of the bands are between 0.1 and 0.2
absorbance unities for 1107 cm�1 and 0.2 and 0.3 absorbance unities for
615 cm�1. This corresponds to approximately 80–60% and 60-50% of
transmitted light. However, these bands can be effectively removed
through subtraction procedure together with other electrochemically
inactive bands (binder, electrolyte), which visualizes only IR bands that
undergo changes during battery operation [9,24]. Another, more severe
limitation is the fact that the electrode is being probed from the backside,
i.e. electrode side opposite to the separator. This is not an issue in the case
of sufficient IR penetration depth into the electrode or if the electro-
chemical performance of the electrode is homogenous along the whole
thickness. However, in the case of soluble active materials, this can
introduce certain artefacts. Thus, we decided to investigate the electro-
chemical mechanism of AQ cathode, which is a small, soluble molecule,



Fig. 1. Schematic representation of ATR-IR pouch cell on Ge ATR crystal.
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in Li-AQ battery and also to determine IR penetration depth theoretically
(SI).

Operando ATR-IR of AQ cathode showed surprising results (Fig. 2). IR
spectra remained almost the same through the whole discharge plateau
and the changes in difference IR spectra appeared only towards the end of
the discharge. Even then, changes occurred in highly incremental way
with the biggest changes at the end of the cycle. However, the changes
still confirm the reduction of carbonyl bond at 1672 cm�1 and appear-
ance of new –C‒O‒ band at 1378 cm�1 upon discharge, which shows
good agreement with literature reports [9,26]. Behavior in the charge
was similar with most intense changes at the start of the cycle and
increasingly smaller changes in the second half of the charge. At the end
of charge small decrease of carbonyl band could still be detected, most
likely as a consequence of a local decrease in AQ concentration due to
dissolution. We can conclude that the observed IR active changes still
correspond to the actual electrochemical mechanism. However, the
measured IR spectra at the backside of the cathode are not representative
for the whole cathode and cannot be time correlated with electro-
chemical cycling. Such behavior is caused by dissolution of AQ, which
causes inhomogeneity in electrode performance along its thickness and
limited penetration depth of our ATR-IR setup. To verify results of con-
stant current experiment, we performed characterization of AQ cathode
in galvanostatic intermittent titration technique (GITT), which revealed
similar behavior, only changes of IR bands occurred a bit sooner during
specific cycle step (Figs. S3 and S4).

Probed thickness (dp) of our electrode is defined by the penetration of
Fig. 2. Operando ATR-IR characterization of Li-AQ battery during first cycle. a) Diff
galvanostatic cycle of AQ cathode at the C/5 current density in 1M LiTFSI DOL:D
measurement points of IR spectra. (For interpretation of the references to colour in
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the evanescent wave. This is, in general, determined by the wavelength
of the light (λ), angle of incidence (θ) and refraction indices of the Si
wafer (n1) and the probed medium (n2) according to equation (1) (for
details see SI).

dp ¼ λ

2π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n21 sin

2 θ � n22
p (1)

High refractive index of Si (n1¼ 3.42) means that penetration depth is
relatively low and is somewhere in the range from 0.16 to 1.06 μm
(detailed calculation can be found in the SI). Estimated thickness of our
electrodes was up to 150 μm (Fig. S5), which means that we probed only
a small part of the electrode. In the case of insoluble polymers, where
cathode active material does not dissolve, this is not a problem, but in the
case of soluble AQ cathode it leads to significantly delayed IR spectral
response. This limitation should be taken into account, especially when
dealing with soluble active materials.

3.2. Electrochemical performance and operando ATR-IR analysis of Li-
and Mg-PAQ battery

To demonstrate the straightforward application of the operando ATR-
IR spectroscopy to non-soluble active materials, we have investigated the
polyanthraquinone (PAQ) performance in Li- and Mg-organic battery.
PAQ is an antraquinone (AQ) family polymer prepared by a cross-
coupling polymerization. It exhibits both good capacity retention and
rate capability in both Mg and Li batteries [27,28]. However, maximum
erence spectra of AQ cathode during first cycle in Li battery. b) Corresponding
ME (1:1 vol%). Red circle marks in the galvanostatic curve correspond to the
this figure legend, the reader is referred to the Web version of this article.)



Fig. 3. a) Discharge capacity for PAQ in Li (red) and Mg (blue) battery at a
current density of 50mA g�1 (C/5), b) galvanostatic discharge/charge cycles for
the Li-PAQ battery at a current density of 50mA g�1 (C/5), and c) galvanostatic
discharge/charge cycles for the Mg-PAQ battery at a current density of
50mA g�1 (C/5). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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practical capacities in Li and Mg electrolytes are significantly different.
Maximum practical capacity in Li battery is close to the theoretical value
(260mAh g�1) [27], while the maximum capacity in Mg is considerably
lower, only slightly above 50% of the theoretical one (133mAh g�1)
[28]. This suggests that the electrochemical mechanism might change
from Li to Mg battery or that the performance of PAQ is worse in Mg
electrolyte. Our electrochemical tests suggest that the difference between
the two electrolytes is smaller. PAQ cathode could reach 219mAh g�1 of
capacity in the Li electrolyte and 148mAh g�1 of the capacity in Mg
electrolyte (Fig. 3). In both systems PAQ cathode exhibits a single voltage
plateau at 2.1 V and 1.4 V in Li and Mg battery, respectively. In the first
cycle the discharge capacity of Mg-PAQ battery is limited due to high
polarization of the cell originating from Mg anode, which is a conse-
quence of partial Mg anode passivation by a TFSI‒ anion [29]. This po-
larization is especially pronounced during the start of the cycling and
causes the discharge voltage to drop below 1.0 V at the start of the first
discharge. Although, the polarization of Mg cell significantly decreases
after the first cycle, it remained significantly larger compared to the
Li-PAQ also in latter cycles.

While both systems exhibit a single slightly sloped voltage plateau, it
is not clear if anthraquinone groups within the polymer undergo a one-
step two electron or a two-step one electron reduction and if there is
any difference between the two electrolytes. The operando investigation
of Li-PAQ cathode polymer during cycling (Fig. 4) reveals not only
decrease of carbonyl bond at 1668 cm�1 and appearance of new ‒C‒O‒

Liþ band at 1374 cm�1 like in previous reports [9,26], but also additional
peaks at 1493 and 1397 cm�1. These two bands start to appear imme-
diately after the start of the discharge and have the highest intensity in
the middle of both half cycles.

Bands observed at 1493 and 1397 cm�1 belong to the semiquinone
radical anion [30], which is the intermediate product of PAQ reduction,
after polymer accepts one electron per active AQ group (Scheme 1).

Presence of semiquinone radical anion bands has already been
observed in the IR analysis of the AQ dissolved within the electrolyte in
specially designed cell for a liquid IR characterization [30]. However, it
was never confirmed in a practical battery setup, where due to the lack of
operando techniques only ex situ results with limited resolution and
reliability were investigated [26,31]. To inspect the nature of semi-
quinone radical anion we performed operando ATR-IR measurements
under GITT mode (Figs. S6 and S7). GITT characterization revealed that
semiquinone bands are stable under open circuit conditions. Hence,
semiquinone radical anion is an equilibrium species. During discharge
also –C––C‒ stretching vibration at 1592 cm�1 decreases. Furthermore,
changes in the ring vibrations including C–C stretchings and in-plane
C–H bendings can be seen as a decrease of the intensity for vibrations
at 1327, 1308, 1251 and 1117 cm�1 and increase of the intensity for
vibrations at 1069 and 1047 cm�1 upon discharge. At the end of the first
cycle we can also observe formation of the SEI layer on the cathode as low
intensity IR peaks at 1350, 1325, 1182, 1054 cm�1 that belong to the in
and out of phase antisymmetric SO2 stretchings, symmetric SO2 and C–F
stretchings and antisymmetric S–N–S stretching, respectively. These vi-
brations imply presence of TFSI‒ anion or its constituent groups in the
cathode SEI. These SEI peaks become even more apparent, when we
subtract the spectrum before the start of the cycling from the spectrum at
the start or the end of the 6th cycle (Fig. S8). The subtraction reveals
increased intensity of these peaks and also significant inclination in the
background below 1300 cm�1 [32,33].

The main question regarding the Mg-PAQ battery is if the divalent
nature of a magnesium ion changes the reaction mechanism of the PAQ
cathode. In the first cycle the discharge capacity is limited due to high
polarization of the cell mentioned before, but the operando ATR-IR still
visualizes identical IR spectra changes (Fig. S9) as in latter cycles (Fig. 5).
However, the difference between obtained capacities in first (99mAh
g�1) and third (132mAh g�1) discharge, increases intensity of IR changes
during third cycle. Thus, we focus our analysis on the third cycle. Oper-
ando ATR-IR investigation in Mg electrolyte demonstrates that PAQ
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reduction proceeds through the same steps as in Li electrolyte. First,
formation of the semiquinone radical anion and formation of the dianion
at the end of discharge (Scheme 1).

There is a small shift of the IR bands for both semiquinone radical
anion, which appears at 1483 and 1386 cm�1, and the IR band of the final
dianion, which is also slightly upshifted to 1376 cm�1, compared with
the ones from the Li analogue. Moreover, differences between the



Fig. 4. Operando ATR-IR characterization of Li-PAQ battery during first cycle. a) Difference spectra of PAQ cathode during first cycle in Li battery. b) Corresponding
galvanostatic cycle of PAQ cathode at the C/5 current density in 1M LiTFSI DOL:DME (1:1 vol %). Red circle marks in the galvanostatic curve correspond to the
measurement points of IR spectra. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Scheme 1. Electrochemical mechanism of PAQ reduction proceeds as a two-step one electron reaction through formation of semiquinone radical anion.

Fig. 5. Operando ATR-IR characterization of Mg-PAQ battery
during third cycle. a) Difference spectra of PAQ cathode
during third cycle in Mg battery. b) Corresponding galvano-
static cycle of PAQ cathode at the C/5 current density in
0.4MMg (TFSI)2 0.4 M MgCl2 TEG:DOL (1:1 vol %). Red
circle marks in the galvanostatic curve correspond to the
measurement points of IR spectra. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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changes in Li and Mg batteries are visible in the finger print region of the
IR spectra (Figs. 4 and 5), where ring vibrations of C–C stretching and in-
plane C–H bending are present. In the Mg-PAQ battery a formation of a
new reversible peak at 1188 cm�1 during the discharge and charge is
observed. The ring vibration changes in the finger print suggest a
conformational changes of the PAQ polymer due to the interaction with
Mg2þ ions [9]. ATR-IR spectra demonstrate that reduction of PAQ in Mg
electrolyte is complete and proceeds in two-step one electron reduction
into PAQ dianion. Two-steps reaction means that the cation that serves as
a counter ion for semiquinone radical anion is either monovalent or
bivalent Mg cation that interacts with two single charge semiquinone
radical anions. First hypothesis is in good agreement with the recent
report, where it was shown that in the Mg-organic batteries tested in
MgCl2 containing electrolytes, MgClþ species can serve as counter ions
[34]. MgClþ role as counter ion has a negative effect on the overall en-
ergy density of the battery sinceMgCl2 containing electrolyte can become
the capacity limiting factor. To confirm the exact electrochemical nature
of the Mg counter ion involved in the reduction of PAQ we com-
plemented our measurements with the EDS analysis of ex situ PAQ
electrodes (Table S1). No Mg or Cl was detected on the electrode that was
soaked in the Mg electrolyte overnight, while Mg and Cl could be
detected in both discharged and charged Mg electrodes. However, the
amount of both elements was around 10 times higher in the discharged
than in charged electrode; residual Mg and Cl in charged electrode can be
explained by the incomplete first charge of the PAQ cathode. The atomic
ratio between the Mg and Cl is 2.5 and 2.9 in the discharged and charged
electrode, respectively. The measured ratios mean that discharged PAQ is
not coordinated exclusively with Mg2þ or MgClþ, but both at the same
time. With approximately 75% of the reduced anthraquinone groups in
the discharged PAQ being coordinated by Mg2þ and 25% of the groups
coordinated by the MgClþ. This in fact means that Mg2þ cations most
likely coordinate also semiquinone radical anions. Moreover, after the
end of the first and especially third cycle, we can observe broad peaks of
cathode SEI at 1316, 1183 and 1050 cm�1 and again inclination of the
background below 1300 cm�1, similar to the formation of SEI in Li bat-
tery (Fig. S8).

4. Conclusion

Use of the Si wafer window in the two electrode pouch cells enables
simplified operando ATR-IRmeasurements in ambient conditions without
the need to construct new and sophisticated ATR-IR battery cells.
Furthermore, it enables measurement conditions (electrolyte amount,
separators, current density) that are same as in laboratory pouch cell
setup, which simplifies correlation between the electrochemical results
obtained in lab cells and operando measurements. Limitations of this cell
are connected with the probing of the electrode backside and demon-
strated in the case of Li‒AQbattery employing small AQ cathodematerial,
soluble in electrolyte. A big time delay is observed between the electro-
chemical activityofAQcathodeand itsATR-IR spectra. Pouchcellwith the
IR-transmissive Si wafer window is further utilized for identification of
electrochemical mechanism of PAQ in Li and Mg batteries, where for the
first time presence of the intermediate semiquinone radical anion is
detected during discharge in both battery systems. Presence of semi-
quinone radical anion inMgelectrolyte could support recentfinding about
MgClþ storage in Mg‒organic batteries in MgCl2 containing electrolytes.
However, our EDS investigation of ex situ cathode reveals that while both
MgClþ andMg2þ storage are taking place in our Mg-PAQ battery, Mg2þ is
the dominating species, which also interacts with the intermediate semi-
quinone radical anion. The presentedmethod can be further elaborated to
the studyof theSEI formation andeffect of thedifferent additives as shown
by detection of the gradual SEI build up on the cathodes during initial
cycles. Being both powerful and simple characterization method for
elucidation of electrochemical mechanism and degradation, we can
anticipate that theoperandoATR-IRpouch cellwith a Siwaferwindowwill
find broad applicability in the battery community and beyond.
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