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The formation of the solid electrolyte interphase (SEI) on HC
composite electrodes plays a crucial role in enhancing the
performance and operational stability of sodium (Na+) ion
batteries. It has been demonstrated that for HC anodes
improved electrochemical performance, e.g., increase in cou-
lombic efficiency (CE) and improved rate performance have
been achieved in ether-based electrolytes. Here, we investigate
spray-coated HC composite electrodes charged at low and high
current rates in 1 M sodium hexafluorophosphate (NaPF6) in
diglyme using half-cell experiments. The pristine and cycled HC
anodes were examined in terms of conductivity and their
electrochemical properties after cycling. In 1 M NaPF6 ether-

based electrolyte, the spray-coated HC composite electrodes
(film thickness approx. 22.0 μm with an active mass loading of
approx. 2.0 mgcm� 2) reached a discharge capacity of
431 mAhg� 1 at 0.1 C that stays constant for 40 cycles, which is
substantially higher than that obtained in carbonate-based
electrolytes. We investigated the formed interphase using
conductive atomic force microscopy (c-AFM), scanning electro-
chemical microscopy (SECM), X-ray photoelectron spectroscopy
(XPS) and time-of-flight secondary-ion mass spectrometry (ToF-
SIMS), revealing distinct differences for longer cycling and at
varying current rates which indicates that the properties of the
formed SEI layers are influenced by the formation conditions.

Introduction

Sodium-ion batteries (SIBs) have gained among the post-lithium
battery chemistries, significant interest not only due to concerns
regarding potential supply risks for lithium, which may be in
future even more a concern given the expanding field of
applications for lithium-ion batteries (LIBs) in transportation and
electricity sectors.[1] Recent progress in SIBs is demonstrated by
a significant body of literature addressing half-cell and full-cell

studies but also by recent commercialization e.g., by companies
and start-ups such as CATL (China), HiNa Battery Technology
(China), Tiamat (France) and Faradion (UK) that are already
producing cells. In terms of cost and resource analysis, SIBs offer
interesting perspectives for the future.[2–4] While on the negative
side, hard carbon (HC) composite electrodes[5] are predom-
inantly used as other carbonaceous materials have insufficient
storage capability for sodium, both polyanionic and layered
electrode materials are used as cathodes.[6] We recently
evaluated spray-coating as a method to produce thin film HC
composite anodes with different compositions, controlled mass
loading and thickness demonstrating high coulombic
efficiency.[7] Spray-coating limits the mechanical stress, allows
control of thickness and mass loading and gives access to the
modification of substrates with various geometries by applying
masks.

Similar to LIBs, the formation of a solid electrolyte
interphase (SEI) plays a pivotal role in the overall performance
of SIBs. A comprehensive understanding of the SEI formation
on HC composite electrodes is still elusive, as the nature and
composition of the SEI is dependent on many factors including
the electrolyte formulation including its ionic conductivity,
electronic resistance, stability and viscosity.[8] The SEI formation
and composition in SIBs is more dynamic compared to LIBs,
given a higher solubility of the SEI components[9,10] and differ-
ences in mechanical properties.[11] SEI formation is also strongly
dependent on cell conditions and temperature.[12]

A critical challenge in developing new cell chemistries is the
capacity loss during cycling, which is often related to maintain-
ing a stable SEI layer without electrolyte depletion,[13] structural
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collapse of the active material[14] and electrode contact loss.[15]

The effect of the used sodium salt such as sodium hexafluor-
ophosphate (NaPF6), sodium bis(trifluoromethane-
sulfonyl)imide (NaTFSI) and sodium perchlorate (NaClO4) on the
SEI formation on HC was systematically investigated using
different mixtures of alkyl carbonates, which revealed that the
coulombic efficiency (CE) in the first cycles was strongly
influenced by the nature of the anions.[16,17] The main
components of the SEI were found to be double alkyl
carbonates and linear carbonates exhibiting higher electro-
chemical reactivity (i. e., side reactions) towards HC. Also, the
thermal stability for a given solvent was reported to be
dependent e.g., on the used salt,[18] which is also in agreement
with previous findings.[19]

In SIBs, the commonly used salts are NaClO4 and NaPF6 in a
mixture of alkyl carbonate-based[20] or ether based solvents.[21,22]

Glymes (R-[OCH2CH2]n-OR) as solvents have lately been studied
for SIBs,[23–27] and recently also for Na� S batteries.[28] 1,2-Dimeth-
oxyethane (monoglyme) and 1-methoxy-2-(2-methoxyethoxy)
ethane (hereafter referred to as diglyme) are stable amphiphilic
solvents,[29] with an electrochemical stability window of e.g., 0–
4.4 V vs. Na+/Na (with NaPF6).

[21] Furthermore, glyme-based
electrolytes are advantageous given their low viscosity, com-
paratively low vapor pressure, and good chemical and thermal
stability.[29] SEI formation on HC has been controversially
discussed in the literature for NaPF6 in diglyme.

[21,30–32] While
there are studies reporting a rapid capacity fading in half-cells
with HC anodes, which was assumed is related to an unstable
SEI,[21] other groups reported a beneficial thin SEI layer,[30] or no
SEI layer on HC.[31] Recently, a study reported that diglyme is
beneficial for forming a thin SEI with low internal resistance on
HC anodes (vs. Na+/Na) in 1 M NaPF6 in diglyme when
compared to 1 M NaPF6 in EC:DEC electrolyte.

[32]

The characterization of the SEI on hard carbon anodes often
involves techniques like electrochemical impedance spectro-
scopy (EIS)[33] providing information on charge transfer and SEI
resistance, transmission electron microscopy (TEM)[34] for high-
resolution imaging or X-ray photoelectron spectroscopy (XPS)[35]

providing information of the chemical composition. Scanning
probe microscopy such as atomic force microscopy (AFM) has

been used to map morphological changes, whereas electro-
chemical SPM techniques like scanning electrochemical micro-
scopy (SECM) provide information on electron transfer in
solution. For example, conductive (c)-AFM offers the benefit of
visualizing electronic conductivity, providing information on the
homogeneity and electronic insulating properties of the formed
interphase. (c)-AFM has been employed at electrode materials
used in LIBs to study for example the conductive/insulating
properties of single-walled carbon nanotubes (SWCNTs) based
anodes,[36] Ni0.1625Mn0.675Co0.1625CO3 (NMC)

[37] and LiNi1/3Mn1/3Co1/
3O2 (NMC) cathodes

[38] after cycling. SECM[39] was so far mainly
used for LIBs.[40–42] Only recently, our group investigated HC
composite electrodes using combined AFM-SECM.[43]

Here, we present electrochemical studies as well as c-AFM
and SECM measurements of pristine and cycled HC composite
electrodes using a half-cell configuration in 1 M NaPF6 in
diglyme at different cycling conditions and current rates (0.1 C
to 5 C). Information on the storage and diffusion-controlled Na+

insertion processes were investigated via bulk electrochemical
studies, whereas electronic conductivity and electron transfer
kinetics derived from SECM provide insight into heterogeneity
and properties of formed layers. The composition of the SEI was
further analyzed by XPS and time-of-flight secondary-ion mass
spectrometry (ToF-SIMS).

Results and Discussion

Electrochemical Results

Figure 1a shows the first three cycles of spray-coated HC
composite electrodes cycled in 1 M NaPF6 in diglyme using a
half-cell configuration. Similar half-cell studies have been
reported in the literature,[21,32] and the observed behavior is in
good agreement with previous studies. During the first cyclic
voltammogram (CV) (black curve, started at 2.0 V vs. Na+/Na), a
peak at 0.8 V vs. Na+/Na indicates electrolyte decomposition. At
lower potentials (0.25 V–0.01 V vs. Na+/Na), Na insertion and
pore filling of Na ions into HC composite electrode occurs.[44]

During the subsequent two cycles (overlapping red and blue

Figure 1. Electrochemical performance of spray-coated HC composite electrodes in 1 M NaPF6 in diglyme. a) Cyclic voltammograms (CVs), scan rate 0.1 mVs
� 1,

b) Galvanostatic discharge-charge curves at different cycles, current rate 0.1 C (current density, 20 mAhg-1).
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curves), the current response exhibits a decrease. The HC
composite electrode might undergo reversible electrochemical
reactions, which may lead to the formation of a thin[32] and
stable SEI layer[21] during the first cycle.

The first discharge-charge curve of the HC at 0.1 C displays
a difference in the voltage profile implying electrolyte decom-
position or initial parasitic reactions consuming Na+ ions as
depicted in Figure 1b. During the first cycle, an initial coulombic
efficiency (CE) of approximately 65% is observed. Subsequent
cycling led to an increase in CE to 95% (5th cycle), 96% (10th

cycle), 97% (20th cycle) and 97% (40th cycle), respectively, which
we attribute to the stabilization of the SEI layer during cycling.
Interestingly, a capacity retention of almost 99% was observed
after 40 cycles.

We further examined capacity changes under different
current rates to investigate the differences in electrochemical
Na+ storage in 1 M NaPF6 in diglyme. The 1

st, 5th and 10th cycles
of 0.1 C and 5 C current rate cycled samples are shown in
Figure S1. The first cycle displays a different voltage profile
when compared to the 5th and 10th cycle, which we associate
with the formation of a SEI layer in the first discharge cycle
(Figure S1). During the initial discharge cycle at 5 C current rate,
an increase in capacity of 509 mAhg� 1 was observed. This
capacity increase is attributed to the rapid transfer of Na+ ions
at this high current rate, which was also previously observed by
Yin et al.[32] However, the following cycles (5th and 10th cycle)
show a clear decrease in capacity to around 430 mAhg� 1. The
observed capacity drop at the high current rate may be related
to the fact that the electrolyte decomposition occurs more

rapidly than the solvents can reach the electrode surface.[45,46]

Similar capacity values were observed for 0.1 C rate without
decreasing capacity values from 1st to 5th and 10th cycles
(Figure 1b). Overall, the HC samples cycled at high current rate
in 1 M NaPF6 in diglyme electrolyte reveal that there is a
complex reciprocation between current rates, SEI layer forma-
tion, Na+ ion transfer, and electrolyte decomposition in SIBs.

The insertion of Na+ ions into HC composite electrodes was
investigated via CV using different scan rates (0.05, 0.1, 0.2, 0.4,
0.6, 0.8 and 1 mVs� 1) in 1 M NaPF6 in diglyme, as shown in
Figure 2. From the scan-rate dependent CVs, the ratio of
diffusion- and surface-controlled processes can be obtained as
previously shown for HC anode electrodes.[32] The charge
storage capacity obtained from the CVs can be divided into two
parts: diffusion-controlled capacity and surface-controlled ca-
pacity (capacitance). The ratio between the two processes can
be obtained by analyzing the relationship between the current
(I) and the scan rate (ν) from the CVs recorded at different scan
rates using the following Equation (1).[47,48]

I vð Þ ¼ a n b (1)

A b-value of 0.5 reflects diffusion-controlled behavior,
whereas a value of 1.0 implies a capacitance-controlled
mechanism. Figure 2b displays a plot of log (icathodic) vs log (ν)
with b=0.63, illustrating that the HC composite electrodes
exhibit surface and diffusion-controlled processes, as previously
reported for HC derived from phenolic resin.[32]

Figure 2. (a) Cyclic voltammograms with sweep rates of 0.05, 0.1, 0.2, 0.4, 0.6, 0.8 and 1 mVs� 1. (b) b-Values (slopes) obtained from logarithmic plots of the
peak current (icathodic) vs. the scan rate, coefficient of determination R

2=0.99, (c) Normalized capacity contribution ratio of capacitive and diffusion storage of
the HC electrode at different scan rates in 1 M NaPF6 in diglyme.
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The current response at different scan rates (0.05, 0.1, 0.2,
0.4, 0.6, 0.8 and 1 mVs� 1) was used to obtain the capacitive
contribution to the current response, as shown in Equations (2)
and (3).[49,50]

I vð Þ ¼ k1 v þ k2 v1=2 (2)

I vð Þ
v1=2
¼ k1 v

1=2

þ k2 (3)

Where ν, i (ν), ν1/2, ν, k1, and k2 are the scan rate, current at a
given potential,and coefficients reflecting the contribution
fraction from the surface-controlled and bulk (diffusion)-con-
trolled processes. The linear fitting of the i (v)/v1/2 and v1/2 yields
the k1 value. The grey marked area in the bar diagram shown in
Figure 2c are the contributions of k1v (surface-controlled charge
storage) for scan rates of 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, and 1 mVs� 1,
which reflect 56, 64, 71, 78, 81, 83 and 85% of the overall
capacitance for the HC composite electrode, respectively. With
increasing scan rate to 0.4, 0.6, 0.8 and 1 mVs� 1, the surface-
controlled charge storage became more dominant, which is in
agreement with previous studies for HC vs. Na+/Na in 1 M
NaPF6 in diglyme.

[32] This behavior may account for the higher
specific capacity observed for the 1st cycle at high current rate
(5 C) visible in Figure S1b.

The surface morphologies of individual HC particles of the
cycled composite electrodes were analyzed using AFM in non-
contact mode in dependence of cycling numbers and current
rates, as shown in Figure S2. The mean surface roughness (Sa) of
single particles after 1, 5, 10, 20, and 40 cycles show no
significant changes (Figure S3). Similarly, for the Sa values of the
HC electrodes cycled at various current rates (0.5 C, 1 C, 2 C, 3 C,
4 C, and 5 C), no significant change was observed, (Figure S4).
To minimize artifacts, only small areas with one or few HC

particles have been investigated to obtain possible surface
roughness changes of HC particles.

c-AFM

In the following, c-AFM images of the pristine and cycled HC
composite electrodes were recorded to map changes in the
electronic conductivity of the HC anodes, which indicates the
formation of an electronically blocking interphase after the 1st

cycle. Despite the challenges of possible artifacts when
investigating real battery electrodes with high surface
roughness,[36] c-AFM maps e.g., of single HC particles provide
nanoscale spatial information on electronic conductivity. Hence,
to minimize artifacts, again only small areas with one or few HC
particles have been investigated. Figure S5 shows a secondary
electron image (scanning electron microscopy, SEM) of the
pristine HC composite electrode which allows to estimate the
size of the differently oriented particles (purple: CMC/CC, grey:
HC). Figure S6 shows larger topography and conductivity image
(scan area, 20×20 μm2) of a pristine HC composite electrode. c-
AFM analysis was conducted of small areas with single or few
HC particles. Figure 3 depicts the topography and conductivity
images of pristine HC composite electrode and after cycling at
different cycling periods. The observed changes in conductivity
of the pristine sample may be associated to changes in the
contact area between the conductive tip and sample given the
morphology and orientation of the HC particle in the composite
material or binder moieties at the HC particles. To mitigate this
source of artifacts, the composite electrodes could be em-
bedded and polished,[51] however thus may alter the behavior
and is challenging for larger electrodes used here in the half-
cell studies. We recently demonstrated for an embedded and
polished sample cycled in NaClO4/propylene carbonate that

Figure 3. C-AFM images of HC composite electrodes before and after cycling in 1 M NaPF6 in diglyme, topography of (a) Pristine, (b) 1 cycle, (c) 10 cycles and
(d) 40 cycles. Corresponding conductivity image of (e) pristine, (f) 1 cycle, (g) 10 cycles and (h) 40 cycles. Applied potential: 0.5 V.
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conductivity domains observed for cycled samples are attrib-
uted to the formation of an insulating SEI on the HC particles.[43]

Despite possible artifacts on the non-embedded samples, we
observed a significant change in electronic conductivity after
the composite electrodes were cycled, particularly after the first
cycle. The electronic conductivity dropped by 96�2% (from
1.01�0.16 nA to 0.04�0.02 nA (eight different spots were
evaluated per sample) after the first cycle, which indicates that
a uniform electronically blocking layer was formed. The
observed small areas of high conductivity (Figure 3f) may be
associated to artifacts of the small features with significant
height change. Interestingly, in the following cycles, mixed
conductivity of the HC particles was observed. After 10 cycles, it
appears that the HC particles are only partly blocked and the
observed high conductivity at the edge of the particle (upper
part in Figure 3g) is probably related to artifacts, whereas after
40 charge-discharge cycles, clearly mixed conductive and non-
conductive areas are visible, which may be attributed to the
formation of an inhomogeneous SEI layer. Individual conduct-
ing HC particles show a reduced conductivity compared to the
pristine one (0.27�0.08 nA, 73�11% decrease), which may be
associated with partial dissolution of the formed SEI at longer
cycling. This is in line with the literature, where challenges of
forming a stable SEI at HC anodes is discussed given the higher
solubility of inorganic SEI components in SIBs compared to
LIBs.[52] SEI constituents e.g., inorganic (non-conductive) com-
pounds, like Na2CO3 or NaF were also observed in the XPS
spectra (Figure 6). These compounds were reported in the
literature using diglyme electrolyte in a system comprising a
bulk Bi cathode.[27] As shown in Figure S7b, the HC anode cycled
at a current rate of 5 C exhibits an inhomogeneous insulating
layer after 10 cycles, comparable with the electrode shown in
Figure 3h (40 cycles at 0.1 C). The current decreased for the
anode cycled at 5 C to 0.48�0.16 nA, (55�17% decrease
compared to the pristine electrode). We also conducted a
Pearson correlation analysis to interpret dissimilarities in the
AFM images to ensure the absence of artifacts.[36] The contribu-
tion of abnormal current signals to the current map is low
indicated by a narrow and straight line (Figure S8).

Scanning Electrochemical Microscopy (SECM)

Although SIBs are amongst the most developed post-Li ion
batteries, so far there are only a quite limited number of SECM
studies on SIBs reported in the literature[43,53] when compared to
LIBs.[41,54–61] In contrast to c-AFM, SECM is a non-contact SPM
technique and the measurements provide information on local
heterogeneities of electron transfer kinetics at the electrode
surface, which may not be accessible with bulk electrochemical
measurements. The local electron transfer kinetics at pristine
and cycled HC composite electrodes (0.1 C) was investigated via
SECM in feedback mode using ferrocene as redox active species.
For a pristine HC composite electrode (Figure 4a), the, at the tip
oxidized redox active species, can be re-reduced at the
conductive electrode surface, when the tip is positioned close
to the sample surface. This results in a local increase in

concentration of the redox mediator within the small gap
between the SECM tip and sample surface, which leads to an
increased faradaic current at the SECM microelectrode (positive
SECM feedback effect). The normalized current responses
indicate a homogeneous reactivity of the mapped surface area
(IT/IT∞ >1, where IT/IT∞, reflects the ratio of the current at the
specific distance and diffusion-limited current at quasi-infinite
distance to the sample). The observed variations in the current
may to some extent be related to the surface morphology as
the image was recorded in constant height mode, scanning the
microelectrode (radius, rT=1.5 μm) in a fixed tilt-corrected plane
across the sample surface. Given the surface roughness and the
size of the SECM microelectrode, there may be some convolu-
tion of topographical effects with the observed current. Sa
values of single particles are in the range of hundred nm
(Figure S3–S4), however for larger areas (100 μm×100 μm) as
investigated via SECM, Sa values of 3.04�0.98 μm (n=3) have
to be considered. To avoid the potential effect of surface
roughness, also current-distance curves[62] (approach curves,
where the normalized distance L=d/rT is the ratio of distance d
and rT) were recorded at different spots of the HC composite
electrodes (Figure 4e–h). The theoretical approach curves are
displayed at red solid curves. Locations where approach curves
were recorded are marked as ‘+ ’ (black) in the SECM image of
the pristine sample (Figure 4a). Figure 4e shows an exemplary
experimental approach curve (black dotted line) with the
corresponding standard deviation (shaded grey areas of the 8
curves recorded at the different spots).

The obtained positive feedback response at different
positions of the HC composite electrode is attributed to the
conductive nature of the HC particles and conductive carbon.
Given the size of the UME and the fact of overlapping diffusion
profiles at randomly aligned HC particles, individual particles
are not resolved. In contrast to the pristine electrode, the
recorded faradaic current is significantly decreased in the SECM
image of the composite electrode recorded after one cycle
(Figure 4b). We attribute this decrease in faradaic current to the
decomposition of the electrolyte forming an insulating SEI layer
at the anode surface,[55] which is in line with the c-AFM data
shown in Figure 3b and f. The blocking nature of the formed
layer is also evident in the approach curves, again recorded at 8
different locations (marked with ‘+ ’), which all exhibit hindered
electron transfer (Figure 4f, shaded gray area shows again the
corresponding standard deviation). Interestingly, for the HC
composite electrode, which was cycled 10 times, an increase in
electron transfer was obtained across the imaged sample area,
as depicted in Figure 4c. This increase may be attributed to the
partial dissolution of the SEI layer, which is also evident in the
corresponding approach curves, as illustrated in Figure 4g
(again, the grey shaded area reflects the standard deviation
taking all recorded curves into account). Similar phenomena
have been documented in recent studies at Si� C anodes for
LIBs,[55] which revealed the heterogeneity of the SEI layer
formation on the Si� C anode after a few cycles. After 40 cycles,
the SECM image reveals mixed responses. The recorded
approach curves showed both positive (marked as black ‘+ ’,
n=5) and negative feedback currents (marked as red ‘+ ’, n=4)
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Figure 4. SECM feedback mode images and approach curves recorded at marked areas: (a) SECM image of a pristine HC composite electrode. Marked points
indicate locations where approach curves were recorded. (e) Experimental approach curves at pristine HC composite electrode (black) and corresponding
theoretical fit (red), standard deviation is shown as shaded grey area (n=8). (b–d) SECM image of cycled HC composite electrode (0.1 C): (b)1 cycle, (c) 10
cycles and (d) 40 cycles in 1 M NaPF6 in diglyme, marked points indicate the locations where approach curves were recorded with negative feedback (red) and
with positive feedback (black). (f–h) Experimental approach curves revealing negative and positive feedback (black) with corresponding fits (red) of the cycled
HC composite electrode. The standard deviation is shown as shaded grey area.
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at different spots of the HC composite electrode (Figure 4h,
grey shaded areas reflect the standard deviations). It appears
that a heterogenous SEI layer was formed after 40 cycles, which
is in excellent agreement with our c-AFM data (Figure 3h).
These measurements were repeated with two other sets of
newly prepared spray-coated HC composite electrodes (using
two different sets of slurries). As shown in Figure S9 and S10,
the same trend was observed. The samples which were
objected to 1 cycle showed significantly hindered electron
transfer, whereas after 10 cycles, it appears that the SEI layer is
dissolved as positive feedback is observed. The samples, which
were cycled 40 times show mixed behavior, again pointing
towards a heterogeneous SEI layer.

From SECM approach curves, quantitative data on the
effective heterogeneous rate constant of electron transfer can
be derived, which has been shown for e.g., graphite anodes for
LIBs.[58,63] The quantitative kinetic values are obtained by fitting
experimental approach curves to corresponding theoretical
expressions.[64] The dimensionless heterogeneous rate constant
parameter k can be derived from Equation 4.[65]

IT L; RG; kð Þ � ICT Lþ
1
k
; RG

� �

þ

IInsT L; RGð Þ � 1
1þ 2:47 RG0:31 L kð Þ 1þ L0:006 RGþ0:113k� 0:0236RGþ0:91ð Þ

(4)

The k values for the pristine electrode are significantly
higher compared to the obtained values after 1 cycle (pristine:
k=1.75�0.11 (n=8), 1 cycle: k=0.37�0.22 (n=8)). After 10
cycles, the HC composite electrode reveals an increase of k=

1.29�0.19 (n=8), which may indicate the dissolution of the SEI
formed during the first cycles, leaving a thin SEI layer, which still
allows electron transfer to reduce the redox mediator at the
electrode surface. The measurements were repeated at different
areas showing the same trend (data not shown). After 40 cycles,
mixed electron transfer kinetics at the cycled HC composite
electrode is observed with k=1.12�0.04 (n=5) for the positive
approach curves and k=0.38�0.18 (n=4) for the negative
approach curves.

The corresponding effective heterogeneous kinetics con-
stant keff (keff ¼ k

D
r ) was extracted using a diffusion coefficient

for ferrocene of D=2.24 ·10� 5 cm2s� 1[66] and SECM tip radius,
rT=1.5 μm. The keff value of the cycled HC composite electrode
applying 1 cycle is 0.0559�0.0328 cm2s� 1) compared to the
pristine electrode with keff=0.2612�0.0161 cm

2s� 1. After 10
cycles, the HC composite electrode shows an increase in keff of
0.1927�0.0283 cm2s� 1, when compared to 1 cycle, possibly
due to the dissolution of the inorganic SEI components (see
also XPS data displayed in Figure 6b). The keff values for the HC
composite electrode after 40 cycles are 0.1680�0.0066 cm2s� 1

for the positive feedback approach curves and 0.0571�
0.0271 cm2s� 1 for negative feedback approach curves. Hence, it
seems that the SEI undergoes changes over longer cycling,
resulting in more heterogeneous layers characterized by both
insulating and conducting areas, which is again in agreement
with the performed c-AFM measurements. Approach curves
were recorded at two additionally cycled HC composite electro-

des (see Figure S9 and 10, spots are marked with crosses). The
derived keff values are summarized in Figure 5 and the k and keff
in Table S1.

XPS Analysis

We also investigated the chemical composition of the pristine
and cycled HC composite electrodes by XPS and the obtained
fits of the spectra for the detected elements are shown in
Figure 6. The survey spectrum of all samples is shown in
Figure S11. The assigned peaks are presented in Table S2. The
C1s spectrum of the pristine electrode is consistent with data
from the literature for CMC mixed with CC[67] with the addition
of a CF3 peak at 293.5 eV. Fluorocarbon contamination of the
pristine electrode is discussed in detail in the Supporting
Information (see Figure S12). The sample displays a small Na1s
peak at 172 eV, which is attributed to the sodiated CMC. After
one cycle, the sp2 hard carbon peak is significantly smaller and
shifts from 284.4 eV to 283.4 eV, indicating the formation of an
SEI layer and sodiation of the hard carbon.[19,68,69] The F1s
spectrum consists of three peaks, including components at
687.9 eV and 684.4 eV, in addition to the smaller C� F peak at
288.9 eV. The peak at 684.4 eV is assigned to NaF formation,
while the peak at 687.9 eV is commonly associated with PF6

�

anion or partial decompositions of the salt. Stoichiometric
analysis of the relative peak intensities suggests that about one
third of the sodium signal of the sample can be ascribed to
NaF, while the identity of the remainder depends on the nature
of the phosphorous-containing NaPF6 decomposition products.
A pair of P2p peaks appear, at 137.6 eV and 132.9 eV
respectively. The peak at 137.6 eV is generally ascribed to
NaPF6, though this is not distinguishable from PF5 or other
similar decomposition products, and is commonly labelled as
NaxPFy.

[17] The peak at 132.9 eV is characteristic for phosphate,
the identity of which is not precisely defined in the literature.

Figure 5. Bar diagram of the effective heterogeneous kinetics constant keff
values for pristine and cycled HC composite electrodes. Error bars reflect
values retrieved from the recorded approach curves of three different
samples cycled 1, 10 or 40 times.
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Luo et al.[70] and He et al.[71] ascribe the 137 eV peak to
NaxPFyOz. also giving the possible decomposition path. Pan
et al.,[68] and Eshetu et al.[17] report XPS data with the NaxPFyOz
peak occurring at a higher binding energy and ascribe the peak
around 133 eV to simple phosphate.

After 40 cycles, the F1s NaF peak is significantly decreased,
and a C1s carbonate peak at 289.9 eV is visible, suggesting that
Na2CO3 has replaced NaF and phosphate as the primary surface
sodium component of the SEI.[19,67] The hard carbon peak at
283.5 eV is of slightly higher magnitude than the sample after 1
cycle, indicating again that the formed SEI layer is heteroge-
neous for longer cycling. Additionally, an anomalously large
quantity of NaxPFy is observed (the F :P ratio of roughly 3 :1),
whereas the phosphate peak is entirely absent after 40 cycles.

The XPS spectra of the sample cycled at 5 C (10 cycles) do
not reveal any features directly attributable to the increased
cycling rate. The spectra are very similar to those of the sample
after 1 cycle, though with a notably smaller hard carbon peak
(C1s), which indicates an increased thickness of the SEI layer.
The smaller NaF and phosphate peaks and larger Cl2p and Na1s
peaks may be attributed to further NaCl formation from
possible KCl contamination (see Supporting Information).

ToF-SIMS

Pristine samples and samples cycled with different parameters
(0.1 C for 1 and 40 cycles and 5 C for 10 cycles) were also
analyzed by static time-of-flight secondary ion mass spectrom-
etry (ToF-SIMS). Hereby, the sample surface is probed with a
very low dose of so-called primary ions that cause a collision
cascade at the sample surface. Some of the particles that leave
the surface because of the impact are ions, which are collected
by an electrical field, separated in a mass analyzer according to
their mass to charge ratio and finally detected. More back-
ground information to the application of this method in battery
research was recently published by Lombardo et al.[72]

The obtained mass spectra are depicted in Figure 7. In
Figure 7a, the spectrum of the pristine sample is shown
consisting only of peaks that can be assigned to hydrocarbons,
and oxygenated hydrocarbons originating from the partly
adsorptive covered hard carbon particles as well as from the
oxygen containing binder. The negligibly small F� signal in the
ToF-SIMS spectrum of the pristine sample points towards that
the observed contamination in the XPS data originate from the
transfer process to the XPS instrument, which is different for
the composite electrodes and the individual components. In
contrast to XPS, where the detection limit is in the sub percent
range, ToF-SIMS is very sensitive (ppm range) for fluorine. Most

Figure 6. XPS spectra of the pristine and cycled HC composite electrodes in 1 M NaPF6 in diglyme. (a) Pristine, (b) 1 cycle, (c) 40 cycles and (d) 5 C (10 cycles).

Wiley VCH Dienstag, 13.02.2024

2499 / 339202 [S. 8/13] 1

Batteries & Supercaps 2024, e202300482 (8 of 12) © 2024 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

Batteries & Supercaps
Research Article
doi.org/10.1002/batt.202300482

 25666223, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/batt.202300482 by K
arlsruher Institut F., W

iley O
nline L

ibrary on [26/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



mass fragments extracted from the surface of cycled hard
carbon samples in negative ion mode can be attributed to the
chemical compounds NaCl and NaF. As stated in the Supporting
Information, contaminations like chlorine (Cl) may have been
introduced by the counter electrode (Na) containing potassium
(K) (up to 500 ppm) and Cl (up to 100 ppm) according to the
manufacturer’s data sheet. These components must be pro-
duced during cycling on the electrode surface and accumulated
on the SEI surface. The overall differences in the ToF-SIMS
spectra of differently cycled samples, Figure 7(b–d), are rather
small. Comparing the relative intensities of fragments corre-
sponding to the low-m/z hydrocarbons CHx

� and C2Hx
� , similar

values are observed in the spectra while the intensities of
heavier hydrocarbon fragments drop significantly with the cycle
number.

The remaining of the former can be attributed to unavoid-
able surface adsorption from the glove box atmosphere. The
heavier hydrocarbon fragments originate obviously from the
formed SEI layer, which slightly changes its composition during
the cycling process. Since information on SEI thickness is not
easily accessible, it cannot be ruled out that in the case of an
SEI only a few monolayers thick, these signals come from the
hard carbon underneath. However, the minor changes of signal
intensities of the inorganic components as well as the XPS data
indicate a thicker (several nm) and covering SEI layer. The
conservation of the relative intensities for all cycled samples is
observable for the fragments Cl� and NaCl2

� . The fragments can
be assigned to reaction products of the conductive salt, the

chlorine impurities, and the electrolyte. The main difference
between all spectra is related to the variation of the relative
intensity of the fragments F� and Na3F4

� , respectively. .
However, this may be accredited to statistical irregularities. It is
assumed in the literature that the lateral SEI composition is
inhomogeneous.[68]

Measurements in positive ion mode reveal Na2O, NaOH and
Na2CO3 as major chemical components at the sample surface as
depicted in Figure S13. Here, the relative intensities for the
shown fragments increase with an increasing number of cycles
but also for the sample cycled at 5 C. This leads to the
assumption that the SEI composition changes slightly during
cycling and Na2CO3 is continuously being formed. The change
of the SEI composition is in line with the obtained SECM data.

Conclusions

We investigated the performance of spray-coated HC composite
anodes in 1 M NaPF6 in diglyme, using bulk electrochemical,
microscopic, spectroscopic and spectrometric methods. Cycling
at different current rates had no substantial influence on the
surface roughness of the HC particles of the cycled HC
composite electrodes, as shown by AFM results. The Sa values
indicate good stability of the electrodes under the studied
conditions. The c-AFM and SECM measurements give insight
into local heterogeneity of the formed SEI in dependence of the
cycling number. Although c-AFM is conducted in air and is a
contact SPM technique, the data of both studies reveal quite
similar results, indicating a homogenous coverage of individual
HC particles after 1 cycle and partial dissolution after further
cycling. However, it should be noted that the XPS data indicate
a steadily increasing SEI layer thickness up to 40 cycles, as
judged by the sodiated HC peak. The changes in the reversible
charging and discharging processes at higher current rate (5 C)
and longer cycles (40 cycles) are related to the formation of
Na2CO3 and NaF components, which could be identified by
chemical analysis using XPS and ToF-SIMS. To our best knowl-
edge, there is no SPM study on the stability of the SEI cycled in
1 M NaPF6 in diglyme at HC composite electrodes cycled in half-
cell configuration, yet. Hence, our studies shine some light on
the dynamics of the SEI formation during the first 40 cycles.

Experimental Section

Materials

HC active material was obtained from Kuraray (Kuranode 5 μm
(type II), Japan), acetonitrile, diglyme, sodium carboxymethyl
cellulose (CMC) and tetrabutylammonium hexafluorophosphate
(TBAPF6) were obtained from Sigma Aldrich, Germany. Sodium and
ferrocene (Fc) were purchased from Alfa Aesar, Germany. Carbon
black conductive carbon (CC) was purchased from Cabot Corpo-
ration (Vulcan XC72R, USA).

Figure 7. Comparative ToF-SIMS surface spectra in negative secondary ion
mode of (a) pristine, b) 1 cycle, c) 40 cycles, and d) 10 cycles (5 C). The
spectra are being displayed as line spectra with respect to the average peak
areas of 5 measurements per electrode normalized to the total ion intensity.
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Electrode and Electrolyte Preparation

HC composite electrodes were prepared by spray-coating.[7] In
short, Na-based CMC was dissolved in water, CC and HC mixed in
the corresponding ratio (85% active material, 5% binder, 10% CC)
and added to the solution. After stirring the solution for 48 h at
50 °C, isopropyl alcohol (70%,�98%) was added and the mixture
was filled into the spray-gun. 3 passes were applied, and the spray-
coated electrodes were dried overnight at RT and then vacuum
dried at 80 °C for 12 h leading to a film thickness of 22.0�0.5 μm
(n=3) of the composite electrode. The electrolyte for galvanostatic
cycling was prepared using 1 M NaPF6 in anhydrous diglyme. The
redox mediator solution for the SECM experiments was prepared
using 0.01 M Fc/0.1 M TBAPF6 in acetonitrile.

Electrochemical Tests

HC composite anodes with a mass loading of 2.0�0.1 mg cm� 2

(n=3) were used and mounted in a Swagelok cell assembled in an
Ar-filled glove box (MBraun, O2 <0.1 ppm, H2O <0.01 ppm) in a
two-electrode configuration using a Na-metal cathode and a glass-
fiber separator (Whatman, GF/F). Electrochemical tests were
performed on a battery testing station using a BCS-805 Biologic
battery test system (Biologic BS-805, Biologic, France) at room
temperature (25 °C) in galvanostatic mode between 0.01–2.0 V vs.
Na+/Na at 20 mAg� 1. Cyclic voltammetry (CV) was performed in the
potential range of 0.01–2.0 V vs. Na+/Na at a scan rate of 0.05, 0.1,
0.2, 0.4, 0.6, 0.8, and 1 mVs� 1. For characterization steps after
cycling, the electrodes were carefully rinsed with dimethyl
carbonate (DMC) which was shown to not alter the surface
composition[20] and dried at 80 °C for 20 minutes.

Atomic Force Microscopy

The HC composite electrodes before and after cycling were
analyzed using an AFM (Park NX10, Park Systems, South Korea)
located in an Ar-filled glove box (MBraun, O2 <0.1 ppm, H2O
<0.1 ppm). AFM probes (NCL, Nanosensors, Switzerland) with a
resonant frequency of 190 kHz, a nominal tip radius of 10 nm and a
nominal spring constant of 48 Nm� 1 were used in non-contact
mode at a scan speed of 0.4 Hz to determine the surface roughness
values. The force constant of each cantilever was determined prior
to the measurement using the thermal noise method.[73] Roughness
parameters before and after cycling were calculated from 5 x 5 μm2

areas (five different spots of one sample (512×512 pixel)). c-AFM
was performed using conductive diamond coated cantilevers
(Bruker AD-2.8-AS-3U, France) with a resonant frequency of 65 kHz,
a nominal tip radius of 10 nm and a spring constant of 2.8 Nm� 1

with an applied bias of 0.5 V in contact mode. The measured area
for the surface conductivity measurements was 20×20 μm2 for the
HC composite electrodes. 0.5 μm2 areas were selected and the
current values on individual particles for the small areas were
averaged. AFM images were analyzed using Parks imaging process-
ing tool for SPM data (XEI 5.2, Park Systems, South Korea) and
MountainsSPIP (version 9.1.9908, Digital Surf, France).

Scanning Electrochemical Microscopy

Approach curves and SECM maps of pristine and cycled HC
composite electrodes were recorded in feedback mode in 0.01 M Fc
in MeCN/0.1 M TBAPF6. A Pt UME (r=1.5 μm) served as a working
electrode, an Ag/AgCl as a reference electrode and a Pt wire as
counter electrode. All measurements were performed with the
Sensolytics SECM software (version 2.2.3.3 Sensolytics, Germany)
with an applied potential of 0.5 V vs. Ag/AgCl. Maps of

100×100 μm2 were recorded with an increment of 3 μm and a
scanning speed of 2 μms� 1. Different random assigned locations
were chosen to perform approach curves with an approach speed
of 2 μms� 1. Approach curves were analyzed using the model of
Amphlett and Denault either for insulator or conductors[65] using
MiRa (Version 2.0, G. Wittstock, University of Oldenburg, Germany).

XPS Measurements

XPS measurements were performed for cycled HC composite
electrodes with a near ambient pressure (NAP)-XPS (Specs Envir-
oESCA, Germany). The NAP-XPS is part of the platform for
accelerated electrochemical energy storage Research (PLACES/R) at
Helmholtz Institute Ulm.[74] Spectra of another pristine electrode
and of the individual compounds (HC, CC, CMC and NaPF6 powder
samples) were taken with a commercial UHV system (SPECS) with a
base pressure of 2×10� 10 mbar using a monochromatized X-ray
source (SPECS XR50 M, Al� Kα and Ag� Kα, FOCUS 500 X-ray
monochromator) and a hemispherical analyzer (SPECS, DLSEGD-
Phoibos-Has3500). Fine spectra (n=10) were taken to capture the
C1s, O1s, F1s, Na1s, P2p, Cl2p and K2p lines. CasaXPS (version
2.3.23, Japan) software was used to fit the data for all fits.

Secondary Ion Mass Spectrometry

Electrodes for ToF-SIMS analysis were handled under argon
atmosphere in a glove box and transported in a transfer shuttle
(VCT 500, Leica Microsystems, Germany) under inert gas conditions
to the SIMS machine. Static ToF-SIMS measurements were
performed in positive and negative ion mode using a ToF-SIMS M6
machine (IONTOF, Germany), which is equipped with a 30 keV Bi
nanoprobe as analysis gun. A pulsed Bi3

+ primary ion beam
scanned a surface area of 100×100 μm2 with 128×128 pixels at a
cycle time of 100 μs until a dose density of 1.00×1013 ions/cm2 was
reached. Charge compensation was carried out with a low energetic
electron flood gun. The achieved mass resolution was better than
m/Δm=6,000 (FWHM) at m/z 92.92 (NaCl2

� ) in negative ion mode
and better than m/Δm=5,000 (FWHM) at m/z 80.96 (Na2Cl

+) in
positive ion mode. For data analysis SurfaceLab (version 7.2,
IONTOF GmbH, Germany) was used by which the surface spectra
were calibrated to the mass signals of the fragments CH� , C2H3

� ,
CH3O

� , C2H3O
� , C4H3O

� and C6H5
� for the spectra in negative ion

mode. For the spectra in positive ion mode the same fragments
with the respective polarity were used: CH+, C2H3

+, CH3O
+, C2H3O

+,
C4H3O

+ and C6H5
+.
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In this article, the performance of
spray-coated HC composite anodes in
1 M NaPF6 in diglyme using bulk elec-
trochemical, microscopic, spectro-
scopic and spectrometric methods is
reported. Scanning probe microscopy
data reveal a homogenous SEI

formation after 1 cycle and partial dis-
solution after further cycling.
Chemical analysis using XPS and ToF-
SIMS confirms the formation of
inorganic SEI components Na2CO3 and
NaF.
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