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Abstract

Unravelling the underlying reasons for degradation mechanism of battery materials is of great
fundamental and practical importance. For a classical electrode consisting of an active material, a
conductive additive, and a polymeric binder, its capacity fading is commonly related with (i)
mechanical degradation of polymeric binder and/or (ii) structural and compositional degradation of
active materials. The former is more relevant for electrodes showing volume expansion and
represented by the progressive breakage of polymeric binder network during battery operation,
leading to the dissolution of the other two components into electrolytes. The latter is generally
reflected by an irreversible phase transition in active materials, which may affect the species

exchanged at the electrode/electrolyte interface and their interfacial transfer dynamics. By
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employing a coupled methodology pairing electrochemical techniques with piezoelectric probes
derived from quartz crystal microbalance (QCM), this work reports on the evolution of the
interfacial processes during electrochemical cycling and correlates to the performance degradation
of the electrodes. Shown on a LiCoO, (LCO) composite electrode as a model system, it was
revealed that bare Li* without a hydration sheath plays a dominant role in charge balance
irrespective of the aging degree of the electrode under the experimental conditions of this work.
However, Li" transfer is closely accompanied with free H,O molecules with a Li*:H,O ratio around
10:1 at a polarization state close to LCO redox potential (0.65 V vs. Ag/AgCI). This ratio persists in
all cycled electrodes with gradually faded interfacial transfer kinetics of Li* and H,O along cycling.
Such a fading in species interfacial transfer kinetics driven by the surficial evolution from LiCoO,
to CoO plays a major role in the electrode performance degradation during cycling.

Keywords

Aqueous Li-ion batteries, Lithium cobalt oxide, degradation mechanism, interfacial ion transfer,

EQCM
1. Introduction

Aqueous Li-ion batteries (Aqu-LIBs) continue to garner attention for grid-scale stationary energy
storage system (EES) due to the multiple merits of environmentally benign water-based electrolytes,
which outperforms their organic counterparts in terms of safety, cost efficiency, and ecofriendliness
[1-4]. Significant progress has been made to optimize electrochemical performance of Aqu-LIBs
constructed with commonly used cathode materials, such as LiCoO; [5], LiFePO, [6], and LiMn,04
[7]. This is exemplified by the introduction of highly concentrated electrolytes [7], electrode surface
engineering by coating with protective layers [8], and structural design using three-dimensional

electrodes [9], which, altogether, enables the feasibility of Aqu-LIBs with expanded voltage
3
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window, improved long-term cyclability, and fast charge transfer for practical applications. In spite
of recent improvements, a thorough understanding of the aqueous battery chemistry still remains
elusive, the electrode degradation is commonly related with the electrode’s mechanical fading and
irreversible structural modifications of active materials during cycling. However, the interplay
between the ion-solvent co-intercalation process and the electrode degradation is not entirely clear.
With the aim of shedding light on the operation and failure mechanisms, considerable efforts have
been devoted with a number of ex situ and in situ/operando analytical tools. Using these ex situ
characterization techniques (such as X-ray photoelectron spectroscopy (XPS) [10], atomic force
microscopy (AFM) [11], and transmission X-ray microscopy (TXM) [12]) restricts the realistic
information to be provided during an electrochemical process due to their intrinsic limitations, such
as disconnection from the circuit and resultant relaxation phenomena. When employed during
battery operation, in situ nuclear magnetic resonance (NMR) [13], in situ synchrotron and neutron
techniques [14], in situ vibrational spectroscopy (such as in situ FTIR and in situ Raman) [15], in
situ X-ray absorption spectroscopy (XAS) [16], and in situ scanning electron microscopy (SEM)
[17] provide valuable reai-time information regarding the structural, compositional and
morphological evolution of the battery components.

The other crucial information to be monitored during cycling is the evolution of interfacial
processes, such as the nature of the species transferred (solvated ions and/or bare ions), their
interfacial transfer kinetics or resistance, the number of available electrochemically active sites.
Additionally, of great fundamental importance but scarcely touched are the mechanical properties
of electrode upon cycling. Periodical ion insertion/extraction results in dimensional changes in

cycled electrodes, which are generally not entirely relaxed at the end of each cycle and tend to
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gradually accumulate in the bulk of electrodes [6, 18]. This leads to the loss of capacity due to the
progressive breakage of polymeric binder network, which concomitantly causes the contact loss
between active materials and conductive carbon additives, and even their dissolution into
electrolytes accompanied with modification of electrode/electrolyte interface (EEI). Within this
context, experimental techniques providing (i) in situ quantitative analyses on interfacial behavior
of species transfer and (ii) mechanical evolutions upon electrode cycling are highly desired.

Among the baseline characterization tools, electrochemical quartz crystal microbalance (EQCM)
[19-24] and its non-classical coupling with electrochemical impedance spectroscopy (EIS), the
so-called ac-electrogravimetry have been proposed as an effective probe for in situ capturing of
species interfacial transfer behavior in various electrodes since its emergence in 1986 [25]. By
virtue of coupling QCM with EIS and benefiting from this frequency-dependent measurement,
ac-electrogravimetry provides several additional information such as (i) the species transferred at
the interfaces to be identified by their molar mass and (ii) the interfacial kinetics of these species
estimated thanks to this time-resolved method. In addition to the coupled methods based on
gravimetric EQCM, multiharmonic EQCM with dissipation monitoring (EQCM-D) [26-30], has
demonstrated itself as an effective probe for gravimetric, morphological and mechanical analyses
for battery electrodes. Alike EQCM-D, the electroacoustic impedance is another QCM-derived
method which enables its use as a morphological and mechanical probe [31, 32]. Two viscoelastic
parameters of the electrode, i.e., the storage (G” ) and loss modulus (G”) can be estimated,
corresponding to the rigidity and viscosity of the electrode, respectively. Therefore, towards
elucidating the capacity fading of the battery electrodes during cycling, this work proposes an

approach combining EQCM, ac-electrogravimetry and electroacoustic impedance to study the
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LiCoO, composite electrode degradation in Li,SO, aqueous electrolyte as a model system for
Aqu-LIB via two perspectives: (i) mechanical degradation related with failure of polymeric binder
network. It should be mentioned that, although the binder degradation is not the main source for
LiCoO, electrode fading [33], its mechanical integrity should be carefully scrutinized in flooded
EQCM cells to rule out the possible changes in the composite electrode stiffness as a function of the
cycle number for the reliability of gravimetric EQCM. and (ii) structural degradation of active
materials affecting the processes occurring at the electrode/electrolyte interface (i.e., nature of the
species exchanged and their interfacial transfer dynamics).  The evolution of the interfacial
processes monitored by electrogravimetric methods is investigated not only in relation to the
electromechanical properties as a function of degree of aging of the electrodes, but also to the
results of compositional and structural property analyses performed on fresh and post-mortem
electrodes. The proposed combined methodology provides a deep insight into the interplay between
interfacial processes and LCO electrode degradation, studied as a model system, which then can be
used as a powerful analytical platform for other battery chemistries.

2. Experimental Section

2.1. Preparation of LCO composite electrodes

The LCO composite electrodes were prepared according to our previously reported procedure [34].
Briefly, LCO (synthesized according to a hydrothermal protocol [35], where CoOOH synthesized in
a former step was added into 0.5 mol/L LiOH in an autoclave and kept at 170 °C for 12 h), carbon
black (Sigma-Aldrich) and poly(vinylidene fluoride)-co-hexafluoropropylene (PVDF-HFP) (Solef®
21508, Solvay Solexis, Italy) with a weight ratio of 8:1:1 was mixed with N-methylpyrrolidone

(NMP) (Sigma-Aldrich) solvent in an agate mortar. The resultant suspension was drop-casted on the
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gold electrode (0.2 cm?) of the quartz resonator (9 MHz-AWS, Valencia, Spain) and dried at 80 °C
in an oven overnight. The mass loading was estimated by converting the microbalance frequency
change (Af) to mass change (Am) before and after casting process in air by Sauerbrey equation [36],
i.e., Af = -C;xAm, where C; is the experimental sensitivity factor of the quartz crystal resonator
determined through copper electrodeposition (C;=16.3x10" Hz.g™.cm?) [37]. Typical loadings in
this study were between 12 pg to 14 ug.

2.2 In situ electrogravimetric measurements

EQCM measurements were carried out with a three-electrode configuration using a lab-made QCM
system coupled with a potentiostat (Biologic SP200). LCO composite electrode deposited as a thin
layer on the quartz resonator (designated as LCO-loaded quartz) was used as the working electrode,
platinum grid as the counter electrode and Ag/AgCl (3 M KCI saturated with AgCl) as the reference
electrode. Unless otherwise specified, all potentials are vs. this reference electrode. Specifically,
cyclic voltammetry (CV) coupled with QCM was performed in 1 M Li,SO, at a scan rate of 0.5
mV-s™, with a potential window of 0.5 V and 0.9 V. The penetration depth of acoustic wave in the
present EQCM measurements is 189 nm (calculated by s = (5, /znf,p )", n_ and p_ are the
dynamic viscosity and density of electrolyte, n is overtone order, which is 1 in our case, f, is the
fundamental frequency) [27].

As displayed in Scheme 1, four CV cycles were run to get a stable and reproducible electrochemical
signature prior to and after cycling performance test (4™ cycle was used for analysis). The CV
response of a bare Au patterned quartz resonator is given in Figure S1 in Supporting Information

file. To evaluate the cycling performance, galvanostatic charge-discharge (GCD) coupled with

QCM measurements were performed at a current density of 0.075 mA cm™ (corresponding to ~
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1.1 A g™ based on the mass of LCO composite electrode, and a discharge rate of ~14 C; a rate of nC
corresponds to a full discharge in 1/n h). The electrogravimetric reliability of LCO composite
electrodes has been verified in our prior work by the ratio of the motional resistance change (ARp)
to microbalance frequency change (Af) for LCO-loaded quartz resonator (with respect to the bare
resonators) in 1 M Li;SO, [34], which gives a value of AR,/Af < 0.01 Q Hz™* (upper limit for 9
MHz resonators [38]). Additionally, the condition of the gravimetric sensing was also verified by
converting the recorded motional resistance change to full width at half height of the resonance
peak, AW (where AW /2 = AT, the half-width at half height of the resonance peak) [39]. The
calculated value for a bare and a loaded resonator in air and in 1M Li,SO, follows the condition of
|[AW| « |Af /n|. The details can be found in the Supplementary Information file (Equation S1 and
Table S1). For ac-electrogravimetric measurements [40-45], a four-channel frequency response
analyzer (FRA, Solartron 1254) and a lab-made potentiostat (SOTELEM-PGSTAT) were used. The
QCM was performed under dynamic regime, and the modified working electrode was polarized at a
selected potential (0.65 V, close to the CV peak potentials of LCO composite electrode, justified in
the Results and Discussion part) to which a sinusoidal small amplitude potential perturbation (80
mV) was superimposed. The frequency range was between 63 kHz and 10 mHz. The mass change,
Am, of the working electrode was measured simultaneously with the ac response, Al, of the
electrochemical system. The experimental electrogravimetric transfer function (TF), Am/AE(w), and
the electrochemical impedance, AE/Al(®), were obtained simultaneously at a given potential and
frequency modulation, f (pulsation, w=2=f). The AE/Al(®) was presented as the charge/potential TF,
AQ/AE(w), which is more convenient to decouple the contribution of the various charged species. In

charge/potential TF, each loop corresponds to one charged species, provided that their Kinetics of
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transfer are adequately different. The Am/AE(w) can identify both charged and uncharged species
and provide the parameters related to their interfacial transfer. Details of the methodology can be
found in previous papers [40-45].

2.3. Probing mechanical properties by electroacoustic admittance analysis

The electroacoustic admittance measurements were conducted by an Agilent 4294A impedance
analyzer coupled with a lab-made potentiostat (SOTELEM-PGSTAT) to track the electrode’s
viscoelastic changes at different degree of aging (fresh, 10-, 25-, 50-, and 100-time cycled states)
(Scheme 1). A lab-made software (Simad) was used to fit the experimental electroacoustic
admittance, Yexp(®), and theoretical one, Yi(w), of quartz resonator both in air and in solution. By
this way, the storage modulus (G ” ) and the loss modulus (G ”) of the LCO composite electrodes
can be extracted. The Granstaff-Martin’s model based on the transmission line modelling (TLM) is
used here [46]. Specifically, four parameters of the LCO composite electrode are considered in the
fitting process, i.e., film thickness (df), film density (o), G~ and G ” of the LCO composite
electrodes [47-50].

2.4. Morphological and structural characterizations

The morphological aspects of the LCO-coated quartz resonators were observed under vacuum
conditions using a field emission gun scanning electron microscope (FEG-SEM, Zeiss, Supra 55).
High resolution transmission electron microscopy (HRTEM) analysis was performed using a JEOL
2010 UHR microscope operating at 200 kV equipped with a TCD camera. X-ray photoelectron
spectroscopy (XPS) analyses were performed using an Omicron Argus X-ray photoelectron
spectrometer with monochromatized Al Ka excitation (1486.6 V) with a pass energy of 100 and 20

eV for acquisition of the survey and high-resolution spectra, respectively. In order to determine the



Journal Pre-proof

atomic surface composition, element peak intensities were corrected by Scofield factors [51] after
baseline subtraction using the Shirley method. The spectra were fitted by using Casa XPS v.2.3.15

software. Above mentioned analyses were performed on the both fresh and 100-time cycled

electrodes.
Fresh 10 GCD cycles 10-cycled +15 GCD cycles 25-cycled +25 GCD cycles 50-cycled +50 GCD cycles 100-cycled
electrode| E=—=0 | electrode| By | electrode | By | electrode | = | electrode
‘ First 4 EQCM cycles * Final 4 EQCM cycles |

Electroacoustic tests at 0.65 V |

FEG-SEM FEG-SEM
HRTEM * HRTEM
XPS

XPS

Ac-electrogravimetry tests at 0.65 V |

Scheme 1. lllustration of the measurement procedure to monitor the evolution of the LCO
composite electrode which involves EQCM, galvanostatic charge-discharge (GCD), electroacoustic
and ac-electrogravimetric tests during electrode cycling, as well as morphological and structural
analyses on the fresh and cycled electrode.

3. Results and discussion

3.1. In situ electrogravimetric study of LCO composite electrodes during cycling

The cycling performance of LCO composite materials was studied by employing a gold-coated
quartz resonator as a current collector to obtain (i) electrochemical signature simultaneously with (ii)
resonant frequency changes (Af) corresponding to an electrochemical reaction at the EEI. A capacity
fading of LCO composite electrodes with cycling was evidenced by the progressive shortening and
growing separation of the charging/discharging profiles with cycling (upper panel in Figure 1a).
Specifically, the charge/discharge behavior of 2-time cycled electrode shows one pair of plateau
regions between 0.64 and 0.67 V, and delivers a specific capacity of 91.4 mAh g* at 1.1 A g™,

which only remains 66.5% after 100 cycles. Such fast capacity degradation can be ascribed to a low
10
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loading of LCO composite materials (to obtain a thin coating for EQCM studies) and to the flooded
EQCM cell. The “floodness factor (Stiooq)” is defined as the ratio of the mass of the solution to the
mass of the immersed electrode [26], which is higher in the most EQCM research cells compared to
the non-flooded coin cells. The influence of Sseoq ON the solid/electrolyte interphase (SEI) formation
on LiyTisO1, electrodes were systematically studied by Dargel et al., for different electrolyte
compositions (LiTFSI, LiPFg, and LiPFs +2% vinylene carbonate dissolved in EC +DMC (ethylene
carbonate + dimethyl carbonate, 1:1 v/v)) [26]. The short time EQCM-D experiments revealed that
the quality of SEI on LTO electrode was enhanced following the order of LiPF6 < LiPF6 + 2%
vinylene carbonate << LiTFSI. An analogous trend was confirmed by the coin-cell experiments,
however, after many hundreds of cycles [26]. Thus, relatively high Sseeq in this EQCM study can
have an effect and accelerate the deterioration of reversible capacity of LCO composite electrodes
in aqueous electrolytes (Figure 1).

Additionally, benefited from the QCM coupling to electrochemical tests, the electrode mass changes
were also simultaneously - recorded during cycling (down panel in Figure 1a). The Li*
deintercalation out of and intercalation into the electrode (LiCoO; < Liy,C00, + XLi* + xe") is
reflected by a mass egress/ingress during charging/discharging process. Besides, consistent with the
capacity fading, a concomitant fading in exchanged mass is also observed during cycling. For
example, a total of ~ 290 ng can be exchanged during charging/discharging process for 2-time
cycled electrode, which only remains 191 ng after 100 cycles (34.5% loss). To further explore the
nature of the exchanged species during an electrochemical process, the average mass per mole of
electrons (MPE = F x (Am/AqQ)) was estimated from EQCM data. Theoretically, only one ionic
participant in charge compensation leads to the absolute MPE value as equivalent to its molar mass,

11
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with negative and positive signs for cations and anions, respectively. Figure 1b shows electrodes
with different degree of cycling present close MPE values with slight deviation between -8 g-mol™
to -6.5 g-mol™, indicating that the Li* (with an MPE of ~ -7 g-mol™) is the dominating species at the
EEI irrespective of the electrode degradation level. It is worth mentioning that, only around the
charge/discharge plateau potential, the MPE close to -7 remains roughly constant. This is because
the majority of Li" ions are exchanged during this potential range. However, the amount of the
exchanged Li" ions is significantly decreased out of the charge/discharge plateau potential. In this
case, the MPE can be sensitively affected by other species transfer. This is especially obvious when
the amount of exchanged Li* is low, which corresponds to the non-plateau capacity region. This
non-plateau region is mainly related to the beginning of charge and the end of discharge. The
possibility of the presence of other species, i.e., multispecies contribution to the charge

compensation process will be evaluated by using ac-electrogravimetric analyses.
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Figure 1. Galvanostatic charge-discharge curves coupled with QCM measurements leading to
simultaneously obtained mass changes of LCO composite electrode at 0.075 mA cm?™
(corresponding to ~ 1.1 A g™ based on the mass of LCO composite materials). (a) Comparison of
charge-discharge curves (upper panel) among 2nd, 10th, 25th, 50th and 100th cycle with
corresponding mass changes (down panel). (b) Average mass per mole of electrons (MPE)

calculated from EQCM data during charge-discharge process of electrodes at different cycled states.
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Figure 2. Comparison of CV curves (a) and simultaneously obtained mass responses (b, left panel)
and corresponding charge change (b, right panel) of fresh and aged electrode (100-time cycled
electrode) in 1 M Li,SO, solution at 0.5 mV s™. Panel (c) and (d) are the corresponding MPE values
of fresh and aged electrode, respectively, calculated from EQCM data.

Figure 2 compares the cyclic voltammetry (CV) profiles of LCO composite electrode prior to and
after charging-discharging measurements (fresh and 100-time cycled electrode). The CV profile of
fresh electrode shows one correlative couple of redox peaks between 0.65 and 0.70 V (Figure 2a)
that are identified in the = charging-discharging curves, corresponding to the
deintercalation/intercalation process of Li* ions. Such small peak separation of fresh LCO
composite electrode indicates a sufficient kinetics of electron transfer in fresh LCO composite
electrode on Au-coated quartz resonators and high Li* transfer kinetics at electrode/electrolyte
interface. After 100 charge-discharge cycles, a drastic decrease in current intensity with the enlarged
peak separation is observed, indicating deteriorated electrode kinetics during cycling [52]. This
resultantly leads to a smaller charge variation during one CV cycle from 4.1 mC to 3.1 mC (Figure
2b, left panel), and a decrease in Am from 297 ng for the fresh electrode to 226 ng for the 100-time
cycled electrode (Figure 2b, right panel), together with weakened reversible electrogravimetric

behavior between cathodic and anodic scan (different from the roughly overlapped Am-E curves for
14
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fresh electrode). Besides, both fresh and 100-time cycled electrodes present a comparable MPE of ~
-7.5 g-mol™ as identified in GCD tests, further indicating that the nature of exchanged species in
charge compensation process is likely to remain the same. Then, other possible reasons behind the
capacity decay observed in Figure 1 and Figure 2 are scrutinized in the following.

3.2. Investigation of the origin of the capacity decay in LCO composite electrode

The composite electrode degradation is commonly related with (i) mechanical fading, represented
by the breakage of polymeric binder network, loss of the contact between the particles (active
material/ conductive carbon) and resultant dissolution of active materials (macroscopic changes), (ii)
structural fading of active materials or (iii) changes of the electrode/electrolyte interface processes
(microscopic changes). Briefly, to assess the fault to capacity fading, three different hypotheses
related to (a) mechanical properties, (b) structural/morphological evolution and (c) interfacial
processes are scrutinized. The evolution of mechanical properties, structural/morphological
characteristics and interfacial processes as a function of cycling are monitored by the corresponding
investigation techniques: electroacoustic impedance, SEM-FEG, HR-TEM, XPS, EQCM and
ac-electrogravimetry measurements, as described in Scheme 1.

3.2.1 Monitoring macroscopic mechanical properties during electrochemical cycling by
electroacoustic impedance

To address the possible correlation between electrode capacity fading and its macroscopic
mechanical changes, the electrode’s viscoelastic changes during cycling was firstly studied by
tracking the evolution of two viscoelastic parameters, storage modulus (G ” ) and loss modulus
(G ”) (Figure 3) [31, 53-55]. A fitting example for fresh LCO composite electrode polarized at 0.65
V is presented in Figure 3a. It shows a good agreement between the real and imaginary part of

15
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experimental and fitted electroacoustic admittance, G and B, over the frequency. Following the
same fitting procedure, the mechanical evolution of the composite electrode is estimated (Figure
3b). G’ is ca. two times larger than G ” and both remain roughly constant during cycling, with
slight deviation from 2.07 to 1.97x10° N.m™, and from 1.26 to 1.10x10° N.m™, respectively. This
evolution is comparable to what has been observed in LiFePO, composite electrodes [53]. It implies
the rigidity and viscosity of LCO composite electrode remains almost constant during the
experiments performed in this study (100 cycles), which is in line with the results obtained for
another composite electrode, made of LiFePO, with PVDF binder tested in aqueous Li,SO4
electrolyte [54]. The progressive minor decrease of G ” and G ” (thus complex shear modulus as
well) indicates a very slight electrode softening probably due to the impregnation of electrode by
the electrolyte during cycling. Such slight softening is considered negligible and could not bring
significant effect on the gravimetric interpretation using Sauerbrey equation. It can thus be
concluded that LCO composite electrode remains rigid and capacity fading is not linked to the
electrode mechanical degradation in the current study. This result is in line with the fact that the
binder effect is much significant when large volume changes take place (i.e., Si electrodes or

insertion of Na" into FePQy).
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Figure 3. (a) Electroacoustic admittance measurements: experimental and fitted conductance and
16
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susceptance, G and B, over frequency for fresh LiCoO, composite electrode at 0.65 V. Fitting
parameters: G'= 2.34x10° N.m?, G" = 1.85x10° N.m, d;= 300 nm and ps = 3.1 g.cm™ (ps is kept
constant during fitting process). (b) Evolution of real (G) and imaginary (G") components of
complex shear modulus of LCO composite electrode during cycling. The error bar was obtained
from 3 electrodes with loading of 11.2, 13.8 and 14.0 pg, respectively.

3.2.2 Evolution of structural and compositional characteristics

The morphology of LCO composite electrode before and after electrochemical tests were firstly
compared by FEG-SEM (Figure 4). A good coverage of LCO composite materials on gold-coated
quartz resonator was observed for as-prepared electrode, which remained in 100-time cycled
electrode. Besides, higher-magnification images (Figure 4c and d) show no obvious morphology
change before and after cycling tests. This implies no significant dissolution of LCO composite
materials into the electrolyte occurs, indirectly confirming the well-remained polymeric binder
network during electrochemical tests in current study. This point was also verified by the roughly
constant frequency (with only 200 Hz variation) at different cycled electrode during electroacoustic
measurements. To get insight into how the structure and interfacial composition is affected by

cycling,

17
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Figure 4. FEG-SEM micrographs and morphological observations of as-prepared (a, ¢) and
100-time cycled (b, d) LCO composite electrode.

post-mortem analyses by HR-TEM and XPS (Figure 5) were further performed. Crystal planes with
a d-spacing of 0.47 nm were observed to extend up to the surface of as-prepared LCO composite
electrode (Figure 5a). However, a noticeable phase change was identified on the surface of
100-time cycled electrode (Figure 5b), which was reflected by a significant transition in crystal
plane spacing from 0.47 nm to 0.24 nm, corresponding to a phase transition from (003) planes in
bulk LCO to (111) planes in surface CoO [5]. To further elucidate the formation of CoO on the
surface of LCO during cycling, a surface-sensitive technique, XPS, was used. Ols spectrum of
as-prepared electrode displays three components, O-Co (~529.4 eV) from the LCO crystalline
network [56], the oxygen functional group C=0 and LCO surface O (~531.5 eV), and another
oxygen functional group C-O (~532.8 eV) (Figure 5c and d). The fraction of the Ols peak

corresponding to O—Co bond can be evaluated as the fraction of O-Co area under the O1s curve [5].
18
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This fraction is multiplied with the atomic percentage obtained from the O1s high resolution

spectrum to obtain the actual contribution of oxygen to the O—Co bond. The Co atomic percentage

is directly obtained from the Co2p high
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II: C=0 and LCO surface O
(38.3 atomie%)

1II: C-O (7.5 atomic %)
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Figure 5. (a) and (b) HRTEM images of as-prepared and final cycled LCO particle. XPS spectra for

O1s peaks in (c) fresh and (d) 100-time cycled LCO electrodes.
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resolution spectrum and summarized in Table S2. Then, the ratio of O:Co can be calculated. As
anticipated, the as-presented LCO composite electrode gives the O:Co value of ~ 1.57, close to the
theoretical value of 2 based on the stoichiometric LCO (LiCo00Oy). After 100 cycles, this ratio
decreases to ~ 1.19, approaching the theoretical value of 1 according to the stoichiometric CoO.
This indicates a gradual surficial modification from Co (**) to Co (**) occurring during electrode
cycling by converting LCO to CoO, which is in agreement with previous work on the degradation
mechanism of LCO electrode in aqueous electrolytes.[5] However, how exactly this surficial
evolution from LCO to CoO affects the Li" interfacial transfer behavior has never fundamentally
studied, which is primarily due to the limitation of well-suitable analytical tools. Therefore, a
deeper understanding of Li* transfer behavior at EEI during electrode degradation process is highly
desired. Additionally, the H,O molecules are commonly reported to accompany cations transfer by
“co-intercalation”,[57] [58] [59] but how H,O molecules participate in charge balance process (via
hydration sheath or in free form) during electrode degradation process remains another challenge.
To answer the aforementioned questions, ac-electrogravimetry demonstrates its advantages
benefiting from the frequency-dependent electrogravimetric measurement, which enables the
deconvolution of the species contributions with their transfer kinetics.

3.2.3 Monitoring the evolution of interfacial properties during electrochemical cycling by
ac-electrogravimetry

The effect of surficial LCO to CoO evolution on the Li* interfacial transfer behavior is investigated
by ac-electrogravimetry. By coupling QCM with EIS, ac-electrogravimetry, makes it possible to
disentangle the subtleties of interfacial transfer behavior of multi-species directly or indirectly

involved in the charge compensation process. During an electrochemical process, the charged
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species transfer is tracked by EIS, whereas both charged and non-charged species (such as free H,O
molecules) transfer can be gravimetrically identified by QCM [40, 41]. Correspondingly, two
important transfer functions (TFs), charge/potential TF (Ag/AE(w)) and mass/potential TF (Am/AE(
®)) are obtained. Derived from typical impedance (AE/Al(®)), AQ/AE(®w) TF only considers the
interfacial ionic species transfer in response to the potential perturbation, while the Am/AE(w) TF
corresponds to the mass response of the electrode including non-charged free solvent contribution
(Figure 6). Alike EIS analysis, a suitable configuration is needed to fit the ac-electrogravimetric
experimental data to get parameters related with species interfacial transfer behavior. To fit the
experimental data (AQ/AE(w) and Am/AE(w)) with theoretical expressions (Equation S3 and S4), a
configuration involving the transfer of cations (Li*), H,O molecules, and anions (SO4) is proposed
to achieve a good agreement between experimental and theoretical profiles both in terms of shape
and frequencies. It should be highlighted that the species determination is revealed according to
their molar mass (M;), which is involved in the electrogravimetric TF (Am/AE(w), Equation S4).
Three species (Li*, H,0, and SO,*) were identified in fresh electrode (Figure 6b). This is in line
with our prior work, in which the species interfacial transfer behavior in fresh LCO composite
electrode is studied [34].

With cycling, the transfer of these three species persists in electrodes with the different degree of
aging, as exemplified in 25- and 100-time cycled electrode (Figure 6d and f, respectively). Only a
progressive decrease in their quantities is observed, as reflected by the faded response in Ag/AE(w)
and Am/AE(w). Furthermore, benefited from this frequency-dependent measurement, the kinetics

information of species transfer is further investigated. In all electrodes with different aged states,
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Li* cations are exchanged in higher frequency region than H,O molecules and both present the

same flux
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Figure 6. Theoretical and experimental (a, ¢, d) AQ/AE(w) and (b, d, f) Am/AE(w) transfer functions

at 0.65 V vs. Ag/AgCl of the LCO composite electrode at different aged states (HF: high frequency;

LF: low frequency). Ag/AE(w) shows the contribution from the charged species without any

identification, whereas Am/AE(w) identifies charged and uncharged species with their atomic mass,
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as well as their kinetics of transfer.

direction. It is worth mentioning that, instead of hydrated Li* (Li*.nH,0), in which Li" cations and
free H,O molecules are exchanged in the exact same behavior (same concentration and Kkinetics),
Li* cations and free H,O molecules are exchanged independently but with close transfer kinetics,
since only one suppressed loop in Am/AE(w) TF is observed in Figure 6b, d and f. The close
interaction leads to the hypothesis that the H,O molecules assist the Li* ions transfer at the
LCOlelectrolyte interface. This finding is supported by a synchronous evolution in absolute relative
concentration changes peaking around redox potentials, as reported in our previous work [34].
Additionally, a very small amount of SO,* anions was detected at high frequencies (HFs) in Figure
6b, d and f, signifying a fast interfacial transfer kinetics with an opposite flux direction to Li* and
H,O transfer. The fast SO,* transfer behavior is likely related to their fast surface-controlled
electroadsorption process. The possible active sites for SO,* transfer are micropores or microrough
surface of the LCO composite electrode on the scale of penetration depth of acoustic wave (189 nm
for these EQCM measurements), in which carbon black (composite electrode contains 10 wt%) and
gold substrate surface (if accessible after coating with the LCO electrode) should be considered [34].
[34]. Figure 7a summarizes the transfer kinetics (K;) of electrodes at different aged states estimated
at 0.65 V. In this work, Li* exhibits a higher interfacial transfer kinetics than free H,O molecules
and both turn to decrease (particularly during first 25 cycles) in an almost parallel manner with
electrode cycling. Besides, alike the evolution of K;j, a synchronously decreased concentration
changes of each species (AC;j) with respect to the potential variation (AE), estimated through
Equation S2 and S5, is found between Li" cations and free H,O molecules (Figure 7b). Importantly,

the ratio of Li*:H,0O remains roughly constant irrespective of the electrode’s aging state, stabilizing

23



Journal Pre-proof

around 10:1 at the polarization state (0.65 V vs. Ag/AgCI) close to LCO redox peaks. This ratio
persists in all cycled electrodes with only progressively faded interfacial transfer dynamics of Li*
and H,0 along cycling. This is supported by a similar Li*:H,O ratio of around 7:1 identified in fresh
LCO composite electrode at the same polarized state in our previous work [34]. The difference of
Li*:H,O ratio in this work is probably related with the different electrochemical history: instead of
using potential window of 0.6-0.9 V in CV [34], this work extends to 0.5-0.9 V to visualize a more
complete CV profile. This indicates a close interaction between Li* cations and free H,O molecules
during interfacial transfer process remains irrespective of electrode aged states, and the faded K;jand
decreased quantities of Li* cations and free H,O molecules required in charge balance are resulted
from a gradual structural transition of active material (LLCQO) to passivation layer (CoO).

Overall, ac-electrogravimetry reveals that the global EQCM mass response is constituted of
3 different contributions, where the Li" is the dominant species. The nature of the species (SO4%,
Li*, and free H,O) exchanged at the EEI remains the same independent of the number of cycling,
but the species interfacial transfer becomes much slower, for instance, the transfer kinetics of Li" is
about 10 times lower after 100 cycles (Figure 7a). In Figure 7b, the |[AC{/AE]| ratio values indicate
that the anion (SO,%) contribution is minor, with a factor of ~100 as compared to the cation (Li*),

and the main contribution is related to this latter.
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number for SO,%, Li*, and H,O participating in the electrochemical process.

4. Conclusion

A thorough analysis expanding from the mechanical and interfacial properties to the
structural/compositional changes was performed to-unravel the reasons behind the capacity fading
of composite electrodes in Aqu-LIBs. Shown on a classical LCO cathode material in Li,SO,4 as an
example, QCM derived coupled methods (EQCM, ac-electrogravimetry, and electroacoustic
impedance spectroscopy) were employed to study the influence of electrode cycling on its
electrochemical, interfacial and mechanical property evolution. Our work revealed that instead of
macroscopic mechanical degradation, the electrode capacity fading in present work is mainly
ascribed to the structural degradation of LCO active material. Indeed, the structure at the nanoscale
is altered and surface composition showed a certain evolution from LCO to CoO, as evidenced by
HRTEM and XPS, respectively. Then, the effect of the surficial composition changes on the
interfacial charge transfer properties (specifically the electrical double layer where the ions
desolvation and then the transfer occur) was investigated. Our study shows that the structural
evolution of the interface does not affect the nature of species exchanged at the electrode/electrolyte

interface during charge balance, but significantly slows down their interfacial transfer dynamics (for
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instance a kinetics-decreasing factor of ~10 for Li* at a fresh EEl compared to a 100-time cycled
EEI) as attested by ac-electrogravimetry. This work provides a further understanding on the origin
of the capacity decay, revealing that the compositional changes of the active material during
electrode degradation slow down the EEI dynamics. The methodology can be employed to study
other active material/electrolyte compositions and can be an effective approach for evaluating the
strategies for alleviating the capacity loss such as surface coatings of active materials.
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