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A B S T R A C T   

This article offers insight into the role of binders in the overall performance of a dual-ion battery (DIB). Replacing 
sodium carboxymethyl cellulose (CMC) with poly(vinylidene fluoride-co-hexafluoropropylene) (PVdF-HFP) en-
hances the interfacial stability of a graphite positive electrode in a DIB. Electrochemical testing combined with X- 
ray photoelectron spectroscopy (XPS) and operando pressure measurements highlight that PVdF-HFP suppresses 
parasitic reactions at the cathode-electrolyte interface (CEI), in sharp contrast with CMC. However, CMC causes 
less interfacial resistance and is hence beneficial in terms of rate capability.   

1. Introduction 

The graphite dual-ion battery (GDIB) is an emerging technology for 
stationary energy storage, with a unique operational mechanism 
entailing anion intercalation into a graphite cathode [1]. This feature 
translates into a cheap, safe and environmentally-benign cell chemistry, 
due to the elimination of transition metal oxides. Furthermore, capac-
ities in the order of 80–100 mAh g− 1 [2,3] combined with a high cell 
voltage (~4.5 V) result in an energy density suitable for stationary 
applications. 

Be that as it may, the high potentials required for anion intercalation 
in graphite cause electrolyte breakdown and Al current collector 
corrosion [4]. Parasitic reactions can be partly minimized when highly 
concentrated electrolytes (HCEs) and ionic liquids (ILs) are employed 
[5–7]. High salt concentrations increase electrolyte stability via exten-
sive solvent coordination towards Li+ [8,9] and suppress Al dissolution 
in the form of Al3+-anion complexes [10,11]. Nonetheless, HCEs provide 
only kinetic stabilization and do not entirely prevent side-reactions. In 
state-of-the-art Li-ion technologies, the negative and positive electrodes 
are usually protected by functional solid-electrolyte interface (SEI) and 
CEI layers, respectively, which ensure coulombic efficiencies (CEs) > 99 
% and long cycle life. The SEI formed on graphite anodes cycled in 
electrolytes based on LiPF6 and carbonate solvents is unarguably the 
most well-studied interphase and a main contributor to the commer-
cialization of LIBs [12]. On the contrary, CEI-studies on graphite cath-
odes remain still scarce [13–21]. 

Apart from electrolyte additives, functional binders that can enhance 
the stability of the SEI [22,23] or CEI layer are of interest for DIBs. 

Binders resulting in adequate active material surface coverage can 
suppress solvent decomposition [24] and mitigate solvent co- 
intercalation which, in graphite, causes destructive exfoliation [25]. In 
this regard, few studies have focused on binders for graphite cathodes in 
DIBs. The in situ dilatometric study conducted by Huesker et al. showed 
that coatings with CMC expanded to a greater extent than PVdF-based 
ones and led to particle detachment upon extended cycling [26]. Chan 
et al. examined the binder-dependent power characteristics of GDIBs. 
CMC-based graphite cathodes outperformed PVdF-based ones in rate 
capability tests (83 mAh g-1 vs 43 mAh g-1 at 500 mA g− 1), leading to the 
conclusion that fluorinated binders increase the interfacial resistance 
[27]. 

This work explores the relationship between binders and CEI sta-
bility. Two commonly used binders, CMC and PVdF-HFP, are studied 
using galvanostatic cycling, electrochemical impedance spectroscopy 
(EIS), Raman spectroscopy, operando pressure monitoring and X-ray 
photoelectron spectroscopy (XPS). It is revealed that, despite being 
viewed upon as an inactive component, the binder does substantially 
affect the interfacial stability and self-discharge properties in GDIBs. 

2. Experimental 

Electrode preparation. Cathodes were prepared by mixing 90 wt% 
natural graphite (Ted Pella) with either 10 wt% CMC (Leclanché) in a 
9:1 water: ethanol solution or with 10 wt% PVdF-HFP (Arkema®) in N- 
methyl-2-pyrrolidone (NMP). Mixing took place in a Retsch PM400 
shaker (30 min at 25 Hz) and slurries were cast on carbon-coated Al-foil. 
The mass loadings of CMC- and PVdF-HFP based electrodes amounted to 
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1.4 and 2.0 mg cm− 2, respectively. Electrodes were dried under vacuum 
at 120 ◦C for 12 h prior to use. 

Electrolyte preparation. Dimethyl carbonate (DMC, Sigma Aldrich) 
was dried over activated molecular sieves (3 Å) for 48 h and filtered 
through a 200 nm PTFE membrane. Lithium bis(fluorosulfonyl)imide 
(LiFSI, 99.9 %, Solvionic) was dissolved in DMC to prepare a 4 M 
concentrated electrolyte. 

Electrochemical characterization. Cycling took for the most part place 
in two- or three-electrode Li-graphite pouch-cells with a glassfiber 
separator impregnated with 150 μL of 4 M LiFSI in DMC. Galvanostatic 
cycling for ex-situ characterizations was performed at 20 mA g− 1, be-
tween 3.0 and 4.9 V vs Li+/Li, using a Neware battery cycler. Rate tests 
were performed at 50, 100, 200 and 500 mA g− 1. An MPG Biologic 
potentiostat was used for self-discharge and EIS tests. Spectra were 

collected in a three-electrode setup, for frequencies between 20 kHz and 
10 mHz and with a 5 mV amplitude. Spectra were collected 1) prior to 
cycling, 2) at the charged state (at 4.9 V vs Li+/Li), 3) after a 24 h open- 
circuit voltage (OCV) step and 4) after a constant-current constant- 
voltage (CCCV) discharge step (3.0 V vs Li+/Li). 

SEM/EDS. Micrographs were acquired with a Zeiss Merlin Micro-
scope at 3.0 kV acceleration voltage, 100 pA probing current and 6.7 
mm working distance. EDS maps were acquired with an X-Max 80 
mm2 silicon drift detector, at 6.0 kV, 500 pA and 8.5 mm. 

X-ray photoelectron spectroscopy. Cycled electrodes were rinsed with 
DMC, dried in the glovebox and transferred inertly to a Kratos Axis 
Supra+ spectrometer equipped with an Al anode. Acquisitions took 
place in floating mode with charge compensation and with a 15 mA 
emission current. The data was fitted in IgorPro after subtraction of a 

Fig. 1. In a) and b) voltage-capacity profiles of electrodes based on CMC and PVdF-HFP, respectively. In c), discharge capacity and coulombic efficiency data from 
the rate capability test. Plot d) shows the first cycle for CMC and PVdF-HFP electrodes charged to 4.9 V at 20 mA g− 1 and subjected to a 24 h self-discharge test. The 
numbering corresponds to distinct points on the cycling curve, at which EIS measurements were conducted: 1. charge, 2. 24 h self-discharge, 3. discharge and 4. after 
a CV-step following the discharge. The EIS spectra for these four different conditions and for the three first cycles are shown in e) for CMC and in f) for PVdF-HFP. 
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Shirley background and calibrated using the graphite C 1 s peak (284.0 
eV). 

Raman spectroscopy. A Renishaw® inVia Ramanscope with a 50-mW 
532 nm laser was employed to collect Raman spectra. A 50 X objective 
lens, 5 % laser power and 20 s exposure time were used during mea-
surements and a minimum of 8 spots were analyzed per sample. 

Operando pressure monitoring. Cell pressure was monitored by 
running measurements in a three-electrode PAT-cell (Li4Ti5O12 (LTO)- 
graphite with a Li reference), using the same cycling protocol as in the 
self-discharge tests. Cells were cycled in a climatic chamber at 30.4 ℃. 

3. Results and discussion 

The rate test results are presented in Fig. 1a-c. Electrodes with PVdF- 
HFP delivered higher discharge capacity (77 mAh g-1) at low specific 
currents (20 mA g− 1) compared to CMC (67 mAh g-1). At specific cur-
rents of 500 mA g− 1, the capacity of the PVdF-HFP electrode dropped to 
53 mAh g-1, while that of CMC increased (72 mAh g-1). The capacity 
decrease for PVdF-HFP was probably related to anion diffusion limita-
tions across the CEI. The steady performance of CMC at high rates 
indicated favourable kinetics and low interfacial resistance, as previ-
ously reported [27]. At 20 mA g− 1, electrodes with CMC exhibited a 
poor initial coulombic efficiency (iCE) of 63 %, which increased to 80 % 
over 5 cycles. PVdF-HFP electrodes exhibited an iCE of 83 % at the same 
rate, which subsequently rose to 96 %. The low CE originates primarily 
from electrolyte-consuming side-reactions on the graphite cathode and 
corrosion of the Al current collector. Aggravated degradation is 
observed at slow cycling rates which allow sufficient time for parasitic 
reactions to occur. Evidently, increasing the current to 500 mA g− 1 

improved the reversibility of anion intercalation with the CE reaching 
99 % for CMC and 97 % for PVdF-HFP. The binder affected the anion 
intercalation overpotential as well. Differential capacity (dQ/dV) curves 
(Fig. S2 & S3) showed that the initial intercalation onset voltage was 
located at 4.31 V for PVdF-HFP and 4.32 V for CMC. In both cases, a shift 
towards lower values was noted in the second cycle: 4.29 V for PVdF- 
HFP and 4.28 V for CMC. This is linked to the graphite activation, 
including interlayer expansion and improved electrode wetting [28]. 
When the current increased to 500 mA g− 1, the intercalation potential 
increased from 4.32 to 4.37 V for PVdF-HFP and from 4.29 to 4.31 V for 
CMC. Interestingly, the largest impact was observed during de- 
intercalation; while the dQ/dV curves for CMC remained fairly 
similar, the overpotential for PVdF-HFP increased by almost 0.4 V when 
the current rose from 20 to 500 mA g− 1. The worse performance shown 
by PVdF-HFP binder, after the rate test, was attributed to anion trap-
ping, as discussed later on (Fig. 3a). Such a limiting effect was not 
observed for long-term cycling at low specific currents (see Fig. S4). 

The binder influenced the self-discharge behavior of anion- 
intercalated graphite electrodes (Fig. 1d). Upon relaxation at open- 
circuit for 24 h, the potential of a charged graphite cathode with CMC 
binder dropped from 4.9 to 4.28 V, while that based on PVdF-HFP sta-
bilized at 4.72 V. In the subsequent discharge process, only 12 % of the 
expected charge could be extracted from the CMC-electrode, as opposed 
to 50 % for PVdF-HFP. The lower self-discharge observed in the case of 
PVdF-HFP could be caused by several factors, including its own oxida-
tive stability, as well as its ability to suppress the contact between the 
charged graphite cathode and electrolyte components that could be 
oxidized (e.g. the solvent). EIS measurements on three-electrode cells 
indicated differences in intercalation overpotentials in the presence of 
the two binders. In particular, the CMC-based electrode exhibited a 
lower charge transfer resistance as compared to the one containing 
PVdF-HFP (compare Nyquist plots marked “charge” and “OCV” in 
Fig. 1e-f). In addition, indications of differences in anion trapping effects 
were suggested by the “discharge” and “CV” EIS spectra. As the imagi-
nary (capacitive) impedance contribution appeared to be larger in the 
case of CMC-based electrodes, it was assumed that anion trapping was 
reduced as opposed to PVdF-HFP (Fig. 1e-f). 

XPS measurements on pristine and cycled electrodes (discharged to 
3.0 V vs Li+/Li) highlighted the binders’ influence on the evolution of 
the cathode surface chemistry (Fig. 2). The C 1s spectra of pristine CMC- 
based electrodes indicated good surface coverage of the graphite parti-
cles, as the -C–H/–C–C- (sp3-bonded carbon), -C–O-, -O–C–O- and 
-C(=O)O- signals were prominent at 285.0, 286.9, 288.4 and 289.6 eV. 
The less intense peak from sp2-hybridized carbon at 284.0 eV further 
confirmed that graphite particles were initially chiefly buried under-
neath the CMC binder. In the O 1s spectra, the peaks at 533.3 and 531.6 
eV corroborated the presence of -C–O– and C––O groups, respectively, 
while minor signals at 534.5 and 536.3 eV were assigned to C–O–H 
and Na KLL Auger peaks. In pristine electrodes containing PVdF-HFP the 
-C–H, -CH2CF2, -C-F, -CH2CF2 and -CF3 binder functionalities appeared 
at binding energies of 285.0, 286.0, 289.2, 290.7 and 293.5 eV, while 
-C–O- surface groups were still detectable at ≈ 287 eV. Still, the most 
intense contribution to the C 1s signal stemmed from sp2-bonded carbon 
(284.0 eV), suggesting that PVdF-HFP was not homogeneously distrib-
uted around the graphite flakes. This is in good agreement with previous 
literature, as PVdF-HFP has proven to preferentially adsorb onto the 
defective graphite edges [29]. Surface oxygen was detected at 531.8 and 
533.3 eV in the O 1s spectra, while the fluorine signal from PVdF-HFP 
was primarily located at 687.7 eV. 

Exposing CMC-based electrodes to the 4 M LiFSI in DMC electrolyte 
(OCV sample) led to differences in the C 1s and O 1s spectra (compared 
to the pristine sample), which were associated to electrolyte uptake. 
Notably, the -C–H signal increased for the OCV sample, indicating that 
DMC trace amounts might remain trapped in the electrode. O 1s signals 
due to DMC/ FSI traces were also observed. Peak splitting was noted in 
the F 1s spectra: the fluorine in FSI was detected at a binding energy of 
687.9 eV, while a secondary peak at 689.7 eV is suspected to be an 
electrolyte impurity. The ‘OCV’ electrode with PVdF-HFP exhibited 
similar changes to the CMC-based one, due to the contributions of the 
electrolyte to the C 1s, O 1s and F 1s spectra. 

Upon cycling, further changes incurred in both systems. In CMC- 
based electrodes, the -C–O-, -O–C–O- and -C(=O)O- signals 
decreased in relative intensity compared to the graphite substrate. In 
fact, the graphite signal was most intense in the C 1s spectra after the 
125th discharge, indicating that the organic component of the CEI layer 
(herein including contributions from the binder and electrolyte 
decomposition products) was thin and/or non-homogeneously distrib-
uted. The consistent decrease in binder-related signals in the C 1s core- 
level spectra is telling of partial CMC degradation, which may have its 
root in both electrochemical and mechanical processes. Furthermore, 
the appearance of an additional peak in the F 1s spectra of several 
samples (685.0–685.5 eV) indicated the growth of metal fluorides 
(possibly LiF and AlF3) on the graphite cathode and Al current collector 
and hence suggested the partial decomposition of the FSI anion. On the 
contrary, cycled electrodes containing PVdF-HFP displayed an increase 
in C 1s signals linked to the binder/ decomposed electrolyte, indicating 
the formation of an organic CEI layer. Minor changes were noted in the F 
1s spectra, indicating metal fluoride formation, alike that in the CMC- 
based electrodes. 

The graphite cathode morphology and binder distribution were 
tracked via SEM/EDS imaging (see Figs. S5–S8). In general, cycled 
graphite electrodes using either binder exhibited significant expansion, 
particularly visible at the flake edges. EDS mapping demonstrated the 
uniform distribution of CMC within both pristine and cycled electrodes, 
while some evidence of the selectivity of PVdF-HFP was presented as the 
F signal was most intense around the graphite particle contours. 

Ex situ Raman scattering analyses performed on the same, pristine 
and cycled samples (Fig. 3a) provided information on structural changes 
in the graphite cathode. Pristine graphite electrodes with either binder 
formulation exhibited a high degree of crystallinity and structural order. 
This is deduced by the relative intensity of the first order scattering 
bands located at ≈ 1346 cm− 1 (D-band) and ≈ 1580 cm− 1 (G-band). The 
G-band is representative of the simultaneous bond stretching of sp2- 
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bonded carbon atoms in the graphite rings, while the D-band reflects 
their respective breathing modes [30]. In many cases, an intense D–band 
suggests the presence of defects, including stacking faults, edge struc-
tures, local stresses and graphene layer deformation [31]. The first few 
charge–discharge cycles at low specific currents (20 mA g− 1) did not 
affect the graphite flake structure considerably (Fig. 3a, cycle 1–10), as 
obtained spectra were reminiscent of the pristine graphite. Generally, 

the D’-band intensity increased slightly, while few samples (e.g., the 
electrodes extracted after the 10th discharge) showed evidence of 
incomplete discharge/ anion trapping. The latter phenomenon is 
tracked through the appearance of the additional D’–band, located at a 
slightly higher wavenumber as compared to the G-band (initially 
≈ 1602 cm− 1). The peak-splitting of the G-band is well-documented and 
is associated to the staging phenomenon and introduction of intercalants 

Fig. 2. Surface chemistry of pristine, electrolyte soaked (OCV) and cycled graphite electrodes containing CMC (top) and PVdF–HFP (bottom). Electrodes were 
extracted after the 1st, 2nd, 10th and 125th cycles, at the discharged state (3.0 V vs Li+/Li). Survey spectra are provided to the left, followed by high-resolution C 1s, 
O 1s and F 1s spectra. The asterisk symbol (*) denotes species only encountered in the PVdF-HFP system. 

A. Kotronia et al.                                                                                                                                                                                                                               



Electrochemistry Communications 146 (2023) 107424

5

between graphene layers [32,33]. Subjecting electrodes with either 
CMC or PVdF-HFP binder to the long-term rate test described in Fig. 1c 
did nevertheless point out substantial differences between the two sys-
tems (Fig. 3a, cycle 125). While a low degree of disorder was maintained 
for the CMC-based electrode, the graphite cathode with PVdF-HFP 
exhibited a substantial increase in both the D and D’ bands, along 
with a shift of the D’-band towards higher wavenumbers (≈ 1617 cm− 1). 
This is in line with previous observations: the persisting, more resistive 
CEI in electrodes with PVdF-HFP, impedes anion de-intercalation and 
induces trapping. 

Self-discharge experiments were in addition repeated in a setup 
allowing for operando pressure monitoring (Fig. 3b-c). The pressure 
increase, ΔP, after two cycles amounted to 39 and 42 mbar in cells using 
electrodes with CMC and PVdF-HFP binder, respectively. After ac-
counting for differences in the mass loading of the two coatings, ΔP is 
adjusted to 9.9 and 7.4 bar g− 1

graphite for the CMC and PVdF-HFP systems, 
respectively. Any differences in the evolved gases would hence stem 
from the degradation of inactive components (e.g., the binder) and 
decomposition of electrolyte salt and solvent on the graphite cathode 
[15,34,35]. While no efforts were undertaken to identify the gaseous 
species here, previous findings suggest that carbonate solvent oxidation 
results predominantly in CO2 and CO [34,35], while FSI decomposition 
yields SOx species [36]. Ultimately, the comparatively larger 

(normalized) pressure increase observed in the case of CMC, further 
corroborates previous evidence questioning its capability to prevent the 
occurrence of parasitic reactions and graphite cathode self-discharge. 

4. Conclusion 

In summary, this study sheds light on how binders impact the per-
formance of graphite positive electrodes. Cycling at 20 mA g− 1 resulted 
in higher iCE for PVdF-HFP (83 %) compared to CMC (63 %), suggesting 
aggravated side-reactions for the latter. Upon further cycling, the CE 
rose to 96 % for PVdF-HFP and 80 % for CMC, while the discharge 
amounted to 77 mAh g− 1 and 67 mAh g-1, respectively. High-rate 
cycling (500 mA g− 1) led to decreased capacity for PVdF-HFP (53 
mAh g-1), while an increase (72 mAh g-1) was recorded for CMC. High 
rates supressed side-reactions, resulting in increased CE for both systems 
(97 % for PVdF-HFP and 99 % for CMC). Overpotential trends com-
plemented by EIS, indicated that PVdF-HFP formed a more resistive 
interface than CMC, which supressed side-reactions and self-discharge. 
Surface analyses and operando pressure measurements suggested 
worse CEI stability for graphite cathodes using CMC as opposed to those 
based on PVdF-HFP. Further studies are required to designate the exact 
causes behind the differences in CEI stability, in which focus must be 1) 
on the identification of gaseous and soluble side-products and 2) on the 

Fig. 3. In a), Raman spectra of pristine and cycled electrodes using CMC (top) and PVdF-HFP (bottom). Cycled electrodes were analysed at the discharged state, after 
the 1st, 2nd, 10th and 125th cycle. In b) and c), operando pressure measurements tracking gas evolution in the CMC and PVdF-HFP systems during the two first cycles. 
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evolution of the binders’ mechanical properties during cycling. 
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