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The functionalization of electrode surfaces is a useful approach
to gain a better understanding of solid–electrolyte interphase
formation and battery performance in lithium-ion batteries
(LIBs). Electrografting and deprotection of alkyl silyl protected
ethynyl aryl diazonium salts on graphite electrodes were
performed. Furthermore, electrografting of aryl diazonium salts
carrying functional groups such as amino, carboxy and nitro,
and their influence on the electrochemical performance in LIBs
were investigated. The drawbacks of electrografted and

especially deprotected samples were evaluated and compared
to corresponding in situ grafted samples. While electrografted
samples tend to lower the delithiation capacities, in situ grafted
samples, except amino groups, reveal higher capacities. Ethynyl
(TMS) shows improved capacities at 1 C and better capacity
retention compared to the pristine graphite electrode. Addi-
tionally, the Coulombic efficiency of the first cycle was
enhanced for in situ grafted samples.

Introduction

Up to date, graphite is still the most commonly used anode
material in commercial lithium-ion batteries (LIBs).[1–3] The
formation of a so-called solid electrolyte interphase (SEI) on the
surface of the graphite electrode determines the cycling
stability of LIBs. The SEI forms during the first few cycles due to
electrolyte decomposition at low potentials (<1 V vs. Li+/Li).[4]

Modifying the surface of the active material is a promising
approach to introduce certain functionalities to understand
how different surface groups affect the SEI formation and hence
battery performance.[5]

The grafting of aryl diazonium salts (ADS) to a variety of
surfaces, including carbon-based materials has been extensively
studied.[6–12] Leroux and Hapiot[13] reported that the grafting
density of electrografted ethynyl diazonium salts on glassy
carbon can be tuned by varying the size of the protecting
group. Further, they found that a trimethylsilyl (TMS) protecting
group is already bulky enough to prevent multilayer formation.
Grafting of ADS has already been used to modify graphite
electrodes in LIBs. In a previous work, Moock et al.[14] success-
fully electrografted and deprotected a TMS protected ethynyl
ADS on a graphite electrode. They achieved enhanced capacity
and cycling stability compared to a graphite-based reference

system. Pan et al.[15] accomplished enhanced capacity and
cycling stability for graphite electrodes in LIBs by grafting a
nitro ADS to graphite powder. In another study by Verma and
Novák,[16] different grafting methods of a carboxy ADS were
investigated. They found that aqueous in situ grafting leads to
thinner surface layers compared to electrografting, which are
advantageous to retain capacity and cycling stability in the
battery. This study demonstrates that the grafting method must
be considered to evaluate the influence of functional groups on
the performance of the cell.

Although these findings have proved successful modifica-
tions of graphite electrodes with ADS and partly enhanced the
electrochemical performance in LIBs, the results must be
adapted to application-oriented electrode systems in terms of
the electrode composition. Comparing the impact of different
grafting methods and functional groups of ADS with the
literature is difficult since different graphitic materials and
binders were used in different cell types and setups. In the
state-of-the-art literature, the electrodes consisted of 90% w/w
graphite as active material and 10% w/w binder. Commercial
electrodes additionally contain a conductive carbon additive
(usually <10 %w/w)[17] to achieve better particle-particle con-
tact and guarantee sufficient electron conductive pathways in
the electrode.[18–20] For example, Moock et al.[14] presented an
electrode, which lost 44% of its initial capacity after only ten
cycles at C/20, but commercial graphite electrodes can with-
stand more than 1000 cycles. Adding conductive additive could
already lead to improved capacity and cycling stability of the
used graphite electrodes. The influence of ADS modifications
on realistic graphite electrode compositions remains to be
evaluated. Furthermore, Pan et al.[15] and Verma and Novák[16]

used a two-electrode graphite/lithium metal setup for electro-
chemical cycling. A three-electrode cell setup is more precise as
the processes on the Li-metal are excluded and will not
superimpose the effects originating from the grafted surface
groups. Besides electrode composition and cell setup, the
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charge/discharge current for electrochemical measurements
varies from C/20 to C/10. The performance at higher currents is
not investigated at all.

However, Moock et al.,[14] Pan et al.[15] and Verma and
Novák[16] provide useful information about the relation of
diazonium phenyl grafted graphite and their electrochemical
performance in LIBs in their particular experiments. What these
works do not reveal, is if these findings are applicable to a
uniform experimental setup and still show the same effects. For
example, do hydrophilic groups perform better than hydro-
phobic? Is the choice of the grafting method crucial for groups
other than carboxy as well? Or are reduced functional groups
advantageous in general? In order to provide comparable
values to these questions, we investigated electro- and in situ
grafting of ethynyl (hydrophobic, reducible), amino (hydrophilic,
not reducible), carboxy (hydrophilic, reducible) and nitro groups
(hydroneutral, reducible) to better understand the effects of
grafted ADS on electrochemical performances of graphite
electrodes for LIBs. Ethynyl groups are protected with an alkyl
silyl protecting group for the grafting step. To determine
whether the distance between deprotected ethynyl groups is of
importance, two different sized alkyl silyl protecting groups are
under study for electrografting experiments. The surface
composition and morphology were studied using X-ray photo-
electron spectroscopy (XPS) and scanning electron microscopy
(SEM). The electrochemical performance was evaluated using a
three-electrode setup with realistic electrode composition. The
influence of the grafting method and the corresponding
influence of each functional group are addressed.

Results and Discussion

Electrografting of alkyl silyl protected ethynyl aryl diazonium
salts

Graphite electrodes were used as substrates for electrografting
experiments according to a method displayed in Scheme 1. The
electrografted electrodes are referred to as TMS and TIPS,

whereas the deprotected electrodes are labelled as ethynyl. To
distinguish the ethynyl groups from each other, the protecting
group from which they derived is added in brackets, giving
ethynyl (TMS) and ethynyl (TIPS). Silicon in alkyl silyl protecting
groups works as a marker to confirm successful electrografting
via XPS (Figure 1a). The appearance of Si 2p peaks at a binding
energy of 100.5 eV (Si 2p3/2) in TMS and TIPS corresponding to
silicon linked to carbon suggests that the electrografting of the
protected ethynyl moiety was performed successfully.[14] The
silicon content for TMS (3.2 at%) is higher than for TIPS
(1.4 at%), which is attributed to the higher distance between
the molecules caused by the more steric demanding TIPS
group. As expected, Si 2p peaks in ethynyl (TMS) and ethynyl
(TIPS) disappeared after the deprotection of the ethynyl moiety.
The SEM images of the reference and all modified electrodes
(Figure 1b) show conductive additive particles and a fibrous
structure on the graphite surface of the pristine, TMS and TIPS
samples, which is assigned to the PVdF binder.[21] However, in
the images of ethynyl (TMS) and ethynyl (TIPS) additional spots
are visible on the electrode surface, whereas ethynyl (TMS)
shows visibly more spots than ethynyl (TIPS). The spots most
probably evolve during the deprotection process. To investigate
the electrochemical performance of ethynyl (TMS) and ethynyl
(TIPS) compared to the pristine electrode, a three-electrode
setup was used. The electrochemical cycling performance and
Coulombic efficiencies are presented in Figures 1c and d,
respectively. The delithiation capacities decrease for the
modified samples at low rate, whereas constant capacity values
are observed for the pristine graphite electrode (Figure 1c). A
massive drop in capacity from 335 mAhg� 1 to 97 mAhg� 1

appears for the modified samples when applying a higher
current. This drop (71%) is much higher than for the pristine
(28%), which gives reason to assume slower intercalation
kinetics due to blocked intercalation channels for the modified
electrodes. Moreover, the ethynyl (TIPS) values at 1 C fluctuate,
indicating inhomogeneous SEI formation, which may be
attributed to the creation of “pinholes” on the surface as
described in literature.[13] In addition, efficiencies in the first
cycle of both samples noticeable dropped by 10% compared to

Scheme 1. Electrografting of alkyl silyl protected ethynyl aryl diazonium salts to graphite electrodes.
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pristine, indicating more irreversible side reactions during the
first lithiation (Figure 1d). Although, the difference in efficiencies
at C/10 compared to the pristine is not as drastic as in the first
cycle, the consumption of lithium-ions due to side reactions is
more distinct for the modified samples (Figure 1d, inset). We
assume that the formed SEI is not stable, as side reactions
proceed even after 5 cycles. However, after two cycles at 1 C
the efficiencies are comparable to the pristine electrode.

We investigated whether the spots appearing on the
surfaces of ethynyl (TMS) and ethynyl (TIPS) could also
contribute to the poor performance. Therefore, a pristine
electrode and bare graphite powder were treated with the
deprotection agent (TBAF 0.1 M in THF) and characterized by
SEM (Figure 2a). Since the surface of treated graphite powder is
free from spots but the treated electrode is not (Figure 2a), the
spots originate from a decomposition of the PVdF binder. To
further investigate this phenomenon, we conducted XPS
measurements of pristine PVdF powder and PVdF treated with

deprotection agent. Figure 2b shows the C 1s and F 1s XPS
spectra of the two corresponding powders. The C 1s regions
were deconvoluted into four peaks: C� C/C� H at 285.0 eV, CH2/
C� O at 286.6 eV, COO/CHF at 288.5 eV and CF2 at 290.9 eV.[22]

CH2 and CF2 refer to the bonds in PVdF, of which the intensities
drastically decrease after treatment with TBAF. The peak in the
F 1s region at around 687.9 eV represents CF2 in PVdF, which
decreased after deprotection. Moreover, two additional peaks
at 683.8 eV for fluoride and 686.1 eV for CHF can be observed
for the deprotected sample. C 1s and F 1s spectra of the
corresponding electrodes can be found in Figure S1. It is
notable that during the preparation of the PVdF (TBAF) sample,
we observed that the originally white PVdF powder immedi-
ately turns to black when immersed in the deprotection agent
(Figure S2). This observation and the XPS results confirm our
assumption that side reactions occurred when the PVdF
containing electrode was treated with deprotection agent. This

Figure 1. (a) Si 2p spectra and (b) SEM images of pristine, electrografted and deprotected electrodes; (c) electrochemical cycling stability at C/10 for 5 cycles
and 1 C for 45 cycles and (d) corresponding Coulombic efficiencies of the pristine and deprotected electrodes.
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is in line with the electrochemical results demonstrated in
Figure 2c–d. The graphite electrode, which was solely treated
with TBAF exposes a decrease of delithiation capacity and
efficiency in the first cycle in comparison to the pristine
electrode. These observations point out that a treatment with
TBAF causes a visible change of the electrode surface and
decomposition of the binder, resulting in poor electrochemical
performance. The effect of binder decomposition could likely

affect the impact of the grafted surface groups. To avoid side
reactions with PVdF, all experiments were repeated using CMC/
SBR instead of PVdF. However, SEM and XPS reveal decom-
position of CMC binder most likely due to deacylation after
treatment with deprotection agent,[23] which negatively influen-
ces the electrochemical performance of the electrodes as well
(Figures S3–S4). Since the role of the binder is to ensure good
particle-particle cohesion and particle-current collector adhe-

Figure 2. (a) SEM images of pristine and with TBAF treated graphite electrode and graphite powder; (b) C 1s and F1s spectra of pristine and with TBAF treated
PVdF binder; (c) electrochemical cycling stability at C/10 for 5 cycles and 1 C for 45 cycles and (d) corresponding Coulombic efficiencies of pristine and with
TBAF treated graphite reference electrode.
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sion to enable stable cycling, it is not surprising that binder
decomposition results in poor electrochemical performance.
Nonetheless, capacities of ethynyl (TMS) and ethynyl (TIPS) are
even lower compared to the TBAF treated pristine electrode,
which proposes an additional influence of the electrografting
process and/or the ethynyl functionality. Therefore, additional
functional groups were investigated.

Electro- and in situ grafting of functionalized aryl diazonium
salts

To avoid binder decomposition by a deprotecting agent, ADS
with amino, carboxy and nitro moieties were electrografted to
graphite electrodes (Scheme 2). The electrografted samples are
referred to as amino, carboxy and nitro. In this case, no
secondary deprotection step is needed after grafting. Surface
analyses via XPS and SEM are displayed in Figure S5. The
characteristic N 1s peaks for amino and nitro groups as well as
O 1s peaks for carboxy groups confirm successful grafting of
the salts. Looking at the influence of these groups on the
electrochemical behavior, it can be seen that all electrografted
samples show reduced delithiation capacities, especially at a
higher current (Figure 3a). Even though the electrodes were not

treated with an additional deprotecting agent, the capacities
are not improved compared to Ethynyl (TMS) and Ethynyl
(TIPS). A reasonable explanation for this behaviour is the radical
mechanism of electrografting.[24] Due to the absence of a
protecting group, the formation of dense multilayers is more
likely, which may block the graphite surface and hinders
lithium-ion intercalation. The thick layer could also inhibit
electrolyte penetration and change the porosity of the
electrode and therefore lead to lower capacities.[25] The initial
capacity loss for carboxy and amino are close to the pristine
electrode, whereas it increases for nitro (Figure 3b). The
efficiencies of amino in the following cycles are similar to the
pristine and nitro. Especially carboxy shows reduced efficiencies
at C/10. After the current change, amino and nitro show
efficiencies similar to the pristine, whereas for carboxy the
efficiencies are still below the pristine after 10 cycles. The
addition of functional groups via electrografting is expected to
lead to a more reactive surface, which would promote more
side reactions upon cycling, especially for reducible functional
groups.[16]

To preserve free intercalation channels, another modifica-
tion method was tested. Functionalized aryl anilines were mixed
with diazotization reagent and graphite powder in an acidic
aqueous solution. Since the corresponding ADS are in situ

Scheme 2. Electrografting of amino, carboxy and nitro aryl diazonium salts to graphite electrodes.

Figure 3. (a) Electrochemical cycling stability at C/10 for 5 cycles and 1 C for 45 cycles and (b) corresponding Coulombic efficiencies of pristine and
electrografted amino, carboxy and nitro electrodes.
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formed and grafted to the graphite powder, this method is
referred to as in situ grafting (Scheme 3).[26] Since for in situ
grafting the graphite powder is modified before the preparation
of the electrode, deprotection of TMS can be done without
decomposition of the binder. The resulting electrodes are
referred to as TMS, ethynyl (TMS), amino, carboxy and nitro.
Again, the appearance of a Si 2p peak for TMS and subsequent
disappearance after deprotection confirms successful grafting
via the in situ method (Figure 4a). For the amino and nitro
groups, nitrogen works as marker molecule. The N 1s peak of
amino which is observed after in situ grafting was fitted with
two components of � N< at 399.3 eV[27] and N= at 400.7 eV.[27]

For the Nitro sample, an additional N 1s peak at 405.7 eV[28]

corresponding to � NO2 appears as expected. For Carboxy, both
O 1s spectra were deconvoluted by a peak of COO at lower
binding energy and a peak of C� O at higher binding energy.
Despite the shift in binding energy due to the charging effect,
the intensity of COO and C� O peaks increased after in situ
grafting, indicating that the electrode was successfully modi-
fied.

None of the in situ grafted samples shows the fiber-like
structure of PVdF in the SEM images (Figure 4b). Carboxy shows
a morphology similar to the pristine, whereas ethynyl (TMS),
nitro and amino look like they are covered by a film, which
supports that multilayer formation also occurs by using this
method (Figure 4b). However, the spots observed for electro-
grafted ethynyl (TMS) do not appear for in situ grafted ethynyl
(TMS), which confirms the side reactions of TBAF with PVdF.

Compared to the electrografted samples, in situ grafted
samples, except amino, show higher delithiation capacities,
(Figure 5a). Amino shows a drastic capacity decrease and
delivers almost no capacity at higher current, hence, the
Coulombic efficiency of >100% is not meaningful, as the
material is not electrochemically active anymore and the charge
transfer cannot be attributed to electrochemical storage
processes. The very low capacity (less than 13 mAhg� 1) stems

from capacitive storage which in this case is not regular. Amino
groups being activating substituents may cause different
grafting behaviour and different electrochemical performance.
The capacity of the carboxy sample is comparable to the
pristine sample. Ethynyl (TMS) has still a higher capacity
(245 mAhg� 1) and cycling stability than the pristine
(238 mAhg� 1) after ten cycles. This trend is preserved up to
45 cycles with a capacity retention of 84% for ethynyl (TMS)
compared to 70% for the pristine. This means that fewer
lithium-ions are consumed for SEI formation and are therefore
further available for (de)intercalation. However, at C/10 the
capacities drop after the first cycle, due to an increase of side
reactions. Even though the efficiencies in the first cycle are
higher than for the pristine, this trend changes in the following
cycles at low current (Figure 5b). This was also noted for
electrografted samples and attributed to increased reactivity of
the surface due to an incorporation of functional groups.

SEI formation includes the reduction of electrolyte compo-
nents and subsequent precipitation of decomposition products
on the electrode’s surface.[29] In situ grafted samples show the
presence of the ethylene carbonate (EC) reduction peak at
~0.8 V[30] (except amino), whereas this peak is suppressed or
even absent for electrografted samples (Figure 6a,c,d, insets).
Despite the consumption of lithium-ions during EC reduction,
the in situ grafting increased the initial Coulombic efficiency for
nitro (88%), carboxy (89%) and ethynyl (TMS) (90%) compared
to electrografted analogues (82%, 86% and 76%, respectively)
and also slightly compared to the pristine graphite (87%). It is
well known that additives like vinylene carbonate (VC) stabilize
the SEI due to polymerization effects.[31] It is likely that triple
bonds polymerize as well and therefore influence the properties
of the SEI, which can be observed for ethynyl (TMS). We expect
that the polymerization is not finalized during the low rate
cycling, but already sufficiently developed to enhance the
performance at high rates. We do not observe an enhanced
rate capability for the electrografting process as the groups are

Scheme 3. In situ grafting of amino, carboxy, nitro and ethynyl (TMS) aryl diazonium salts to graphite electrodes.
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probably arranged too dense and therefore inhibit the insertion
of lithium-ions.

Differential capacity plots of the first cycle (Figure 6a)
additionally show that the lithium-ion transport is much more
affected by ethynyl (TMS) than ethynyl (TIPS), given that the
reduction peaks are broadened and shifted to lower potentials.
After removing the protecting group, there is no difference in
the chemical structure of ethynyl (TMS) and ethynyl (TIPS), but
the amount of ethynyl groups on the surface is higher for

ethynyl (TMS). The rigidity of the dense grafted ethynyl groups
and the resulting network during reduction seems to alter the
lithium-ion transport. This effect is attenuated if the ethynyl
groups are grafted less dense as in ethynyl (TIPS). However, the
transport during oxidation is also affected by ethynyl (TIPS) in a
similar manner as by ethynyl (TMS), which means the ethynyl
group and the resulting decomposition products affect lithium-
ion transport in general for samples prepared by the described

Figure 4. (a) N 1s, O 1s and Si 2p spectra and (b) SEM images of pristine, in situ grafted (and deprotected) electrodes.
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synthesis route. Differential capacity plots of the 10th cycle
confirm this (Figure 6b).

Broadened and to lower potential shifted reduction peaks in
the first cycle are also observed for nitrogen-containing amino
and nitro groups (Figure 6c) what also intensifies in the
10th cycle (Figure 6d). However, for carboxy groups, the reduc-
tion peaks are slightly shifted to higher potentials and still very
sharp. Even though those peaks deteriorate in the 10th cycle
(Figure 6d), they are more pronounced than those of amino
and nitro electrodes. Due to multilayer formation, a high
number of functional groups is available on the electrode
surface, also it is very likely that the grafted layer is thicker than
for the ethynyl groups. The resulting SEI film alters the lithium-
ion transport, which intensifies over cycling (Figure 6d). There-
fore, the results from Figure 6a–d affirm our assumptions made
earlier for the capacity and efficiency decrease in Figure 1c–d
and 3a–b.

For in situ grafted samples, all reduction peaks in the first
cycle are sharp and shifted to higher potentials, except amino
(Figure 6e). The reduction peaks of amino are broadened and
shifted to lower potentials in the first cycle, whereas in the
10th cycle just a flat line is observed, since amino does not
deliver any capacity at this point anymore (Figure 6f). For the
other samples even at the 10th cycle, the reduction peaks are
preserved unlike for electrografted samples. Lithium-ion trans-
port is even enhanced for ethynyl (TMS), given the sharp peaks
which are shifted to lower/higher potentials during reduction/
oxidation, respectively. Although, in situ grafting does not
prevent multilayer formation, the grafted layer is not as dense
and thick as it is for electrografted samples, which seems to
have a positive impact on lithium-ion transport. However, the
performance of carboxy and nitro electrodes still is inferior to
the pristine at low and high current. Additional surface analysis
is needed for a deeper understanding of the effect originating
from the in situ grafted functional groups. However, Figure 6
reveals that the more the EC reduction peak is suppressed, the
more the lithium-ion transport is negatively affected at low and
high rate. This concerns especially the electrografted samples,

whereas the in situ grafted samples show defined EC reduction
peaks and better lithium-ion transport at low and high rate.
These findings correlate with the observed capacity values of all
samples.

These results reveal that the grafting process highly
influences the electrochemical performance of the functional-
ized electrodes. A main difference between the two grafting
methods is that during in situ grafting solely the active material
graphite is modified, whereas during electrografting the
conductive additive and even the binder are impaired. The
observation of binder degradation caused by side reactions
with the deprotection agent reinforces this assumption. The
combination of possible grafting on inactive materials (con-
ductive additive and binder) and dense multilayer formation (as
discussed earlier) seems to have a bad impact on the electrode-
electrolyte interface and result in poorer performance. As stated
by Shodiev et al.,[25] the porosity and pore network organization
have a great impact on the penetration of the electrode with
electrolyte. By covering graphite and conductive additive with a
thick functionalized layer, the penetration with electrolyte could
be impaired and influence the SEI formation. Adhesion proper-
ties of the binder to the current collector and graphite could
also be affected. However, additional analytic characterization is
needed to investigate the resulting SEI properties.

Conclusions

Various functionalized aryl diazonium salts were used to
successfully modify graphite electrodes via electro- and in situ
grafting. In the case of alkyl silyl protected ethynyl aryl
diazonium salts, the deprotection agent TBAF caused side
reactions with PVdF as well as CMC/SBR binder. The resulting
decomposition negatively affected the electrochemical per-
formance of the modified electrodes for their application in
LIBs. However, other functional groups such as amino, carboxy
and nitro, for which no deprotection step is needed, show poor
electrochemical performances as well. This was associated with

Figure 5. (a) Electrochemical cycling stability at C/10 for 5 cycles and 1 C for 45 cycles and (b) corresponding Coulombic efficiencies of pristine and in situ
grafted (deprotected) electrodes.

ChemElectroChem
Research Article
doi.org/10.1002/celc.202101434

ChemElectroChem 2022, e202101434 (8 of 11) © 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH

Wiley VCH Dienstag, 18.01.2022

2299 / 232883 [S. 8/12] 1



multilayer formation during electrografting. Therefore, in situ
grafting was studied as an alternative technique. The in situ
modified graphites show better electrochemical cycling per-
formance, increased Coulombic efficiency in the first cycle and
faster lithium-ion intercalation kinetics. Ethynyl (TMS) even
increased the capacity to 238 mAhg� 1 at 1 C and shows
capacity retention of 84% after 45 charge-discharge cycles,
meaning more lithium-ions are available for (de)intercalation.

This work demonstrates that not only the functional group itself
but also the method of formation must be considered to reveal
the impact of functional groups at graphite electrodes for
lithium-ion batteries. Concerning the introductory questions,
we conclude that the hydrophilicity of the functional group
does not determine the performance and a non-reducible
group such as amino does not guarantee superior efficiencies.
The preparation method, on the other hand, is of crucial

Figure 6. dQ/dV plots of the first and 10th cycle of pristine and (a), (b) electrografted ethynyl (TMS) and ethynyl (TIPS); (c), (d) electrografted electrodes amino,
carboxy, nitro and (e), (f) in situ grafted amino, carboxy, nitro and ethynyl (TMS).
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importance. Especially for the design of a covalent artificial SEI,
the selection of eligible terminal groups and how several
building blocks are included in the artificial network are of great
significance. We provided insight into the design of suitable
anchor groups via diazonium chemistry and the challenges of
surface modification methods. Ethynyl groups offer good
possibilities for post-functionalization via alkyne Click
chemistry.[11,32,33] The layered surface could be customized in
terms of pore size and polarity to further improve SEI formation
and lithium-ion (de)intercalation and help to reduce irreversible
capacity loss.

Experimental Section

Electrode Preparation

90% w/w graphite (Mechano-Cap 1P1, H.C. Carbon) and 3% w/w
conductive additive C65 (C-NERGY) were pestled and dry-mixed at
1000 rpm in a speedmixer (DAC150.1 FVZ, Hauschild). Dimethyl
sulfoxide (DMSO) was added dropwise, and the dispersion was
mixed at different speeds between 1500 and 3000 rpm before 7%
w/w polyvinylidene fluoride (PVdF) binder dissolved in DMSO was
added. Mixing the dispersion for 10 min at 800 rpm gave a viscous
paste that was subsequently coated on copper foil with a doctor
blade (wet thickness 200 μm, dry thickness 120 μm�5 μm). The
coating was dried at room temperature overnight, at 120 °C for 8 h
and finally at 120 °C in vacuum overnight.

Surface Modifications

Electrografting (on basis of [24] and [14])

All experiments were performed in an Ar-filled glovebox. Electro-
grafting of ADS was performed in glass cells with rectangular cut
pieces (approximately 15×35 mm) of pristine graphite electrodes
as working electrode, a platinum mesh as counter electrode and
Ag/AgNO3 (0.1 M) as reference electrode. A solution of 0.1 M
tetrabutylammonium tetrafluoroborate (TBATFB) in acetonitrile was
used as electrolyte. To calibrate the reference electrode, platinum
was used as working and counter electrode in a 1 mM solution of
ferrocene. Cyclic voltammetry was performed for 5 cycles between
� 0,4 V and 0.4 V vs. Ag/AgNO3 at a 20 mV/s scan rate.

General procedure for reductive electrografting of ADS

The corresponding aryl diazonium salt was dissolved in the
electrolyte to receive a 0.01 M solution. A constant potential of
� 0.6 V vs. Ag/AgNO3 was applied for 1 h to graft the aryl diazonium
salt onto the graphite surface. After the grafting process, the
working electrode was immersed in acetonitrile for 10 min and
rinsed with acetonitrile to wash away any residues.

General procedure for in situ grafting of ADS (on basis of [26])

8.3 mmol of the corresponding aniline, 8.3 mmol sodium nitrite
and, subsequently, 10 ml of concentrated hydrochloric acid were
added to a dispersion of 1 g graphite in 50 ml water. After stirring
overnight, the dispersion was filtered and washed thoroughly with
water and acetone. For the deprotection of 4-[(Trimeth-
ylsilyl)ethynyl]benzenediazonium tetrafluoroborate the grafted
powder was stirred in a solution of 0.1 M TBAF in THF for 30 min

before the deprotected powder was filtered and washed with THF.
All powders were dried under vacuum and used for electrode
preparation as described earlier.

General procedure for deprotection of grafted alkylsilyl
protected ethynyl ADS

To deprotect the alkyne moiety of ADS, electrografted electrodes
were immersed in a 0.1 M solution of tetrabutylammonium fluoride
(TBAF) in tetrahydrofuran (THF) for 30 min with occasional swaying
of the solution. Subsequently, the deprotected electrodes were
immersed in THF for 10 min and rinsed with THF afterwards to
wash away any residues. In situ grafted graphite powders were
stirred in a solution of 0.1 M TBAF in THF for 30 min before the
deprotected powder was filtered and washed with THF.

Cell Assembly

Electrochemical measurements were performed in a three-electrode
setup in a custom-built polyether ether ketone (PEEK) cell with
spring loaded titanium pistons as described in.[34] Cell assembly was
performed in an Ar-filled glovebox. Working electrodes and lithium
metal counter electrodes were punched to 12 mm discs with a
13 mm glassfiber separator (GF/D, Whatman) in between. Lithium
metal was used as reference electrode. The cells were filled with
1 M LiPF6 in a 50 :50 % v/v mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC) electrolyte (LP30, BASF).

Electrochemical Measurements

All measurements were carried out in climate chambers at 25 °C
using a VMP3 potentiostat (Biologic). Galvanostatic Cycling with
Potential Limitation (GCPL) measurements were performed be-
tween 0.01 V and 1.80 V vs. Li+/Li with C/10 for 5 cycles followed by
45 cycles with 1 C.

Scanning Electron Microscopy

Scanning electron microscopy (SEM) measurements were con-
ducted by a thermal field emission scanning electron microscope
(FESEM, Carl Zeiss SMT AG) at an acceleration voltage of 5 kV. The
samples were fixed on a steel sample holder by using sticky tape.

X-ray Photoelectron Spectroscopy

X-ray photoemission measurements were performed using a K-
alpha or K-alpha+ XPS spectrometer from Thermo Fisher Scientific.
The samples were illuminated with monochromatic Al-Kα X-rays
with a spot size of about 400 μm. The photoelectrons were
detected with a hemispherical 180 dual focus analyzer with 128
channel detectors. To prevent any localized charge buildup, the K-
Alpha charge compensation system was employed during analysis,
using electrons of 8 eV energy and low-energy argon ions. The
Thermo Avantage software was used for data acquisition and
processing.[35] The spectra were fitted with one or more Voigt
profiles (binding energy uncertainty: �0.2 eV). All spectra were
referenced to the C 1s peak of hydrocarbon at 285.0 eV binding
energy controlled by means of the well-known photoelectron peaks
of metallic Cu, Ag, and Au.
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terioration of the electrochemical per-
formance.

M. Bauer, Dr. K. Pfeifer, X. Luo, H.
Radinger, Prof. Dr. H. Ehrenberg,
Dr. F. Scheiba*

1 – 12

Functionalization of Graphite
Electrodes with Aryl Diazonium
Salts for Lithium-Ion Batteries

Wiley VCH Dienstag, 18.01.2022

2299 / 232883 [S. 12/12] 1


