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In Situ (Operando) Electrochemical Dilatometry as a
Method to Distinguish Charge Storage Mechanisms and
Metal Plating Processes for Sodium and Lithium lons in

Hard Carbon Battery Electrodes

Ines Escher, Guillermo A. Ferrero, Mustafa Goktas, and Philipp Adelhelm*

In situ (operando) electrochemical dilatometry (ECD) provides information
on the expansion/shrinkage of an electrode during cell cycling. It is shown
that the ECD signal can be used as descriptor to characterize the charge
storage behavior of lithium and sodium ions in hard carbon electrodes. It is
found that sodium storage in hard carbons occurs by a three-step mecha-
nism, namely 1) insertion, Il) pore filling, and 111) plating. Step Il can be seen
from a sudden increase in electrode thickness for potentials below around
36 mV versus Na*/Na and is assigned to plating on the hard carbon surface.
Interestingly, this last step is absent in the case of lithium which demon-
strates that the storage behavior between both alkali metals is different. The
plating mechanism is also supported by reference experiments in which bulk
plating is enforced. Bulk plating on hard carbon electrodes can be detected
more easily for sodium compared to lithium. It is also found that the type of
binder strongly influences the dilatometry results. A comparison between the
binders sodium salt of carboxymethyl cellulose and poly(vinylidene difluoride)

compared to LIBs. While research on cath-
odes is focused on Mn- and/or Fe-rich
compounds, a peculiarity for anodes is that
graphite, the most common anode in LIBs,
shows only a marginal capacity.'¥ This is
because sodium-rich binary graphite inter-
calation compounds (Na,C) are, in contrast
to other alkali metals, thermodynamically
instable.l?! A way around this problem is to
co-intercalate solvent molecules along with
sodium ions but the capacity for battery
application still needs to be improved.P!
Because of this, much research is dedi-
cated to the so-called hard carbons, which
show a redox potential close to Na*/Na and
a storage capacity, depending on the exact
type of hard carbon, typically between
150 and 350 mAh g l0l9¢4 Even higher
values of 478 mAh g are possible for

shows that the use of the former leads to notably smaller first electrode

expansion as well as a higher initial Coulomb efficiency.

1. Introduction

Sodium-ion batteries (SIBs) are among the most promising alter-
natives to lithium-ion batteries (LIBs).! The main driving force
for developing SIBs is to develop energy stores based on more
abundant elements with only little penalty in energy density
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tailorrmade carbons as recently demon-
strated by Kamiyama et al.’!

Considering the charge storage of
sodium ions in hard carbon, generally
two regions in the voltage profile can be distinguished: I) a
sloping region until around 0.1 V and II) a plateau region at
lower voltage (<0.1 V). Despite numerous publications on
sodium storage in hard carbon electrodes in recent years, the
related storage mechanism is still a matter of debate. The most
important reason for this is the structural complexity of hard
carbons which aggravates their analysis and the comparison
between different studies. While graphite is the thermody-
namically stable and hence fully crystalline structure of carbon
under ambient conditions (ideally only sp? hybridization), hard
carbons show a lot of disorder (typically sp? and sp® hybridi-
zation in various ratios depending on the degree of disorder),
they are porous (open and closed porosity) and contain other
elements (mostly H, O, N, S) as impurities or, if intentionally
added, as dopants. Structural models can be used to describe
the carbon microstructure though it remains impossible to
include all possible parameters.®! Another aspect that compli-
cates the discussion is that there is no consistent use of the
relevant terminology. Generally, three different mechanisms
are used to discuss the sodium storage in hard carbon: 1) inser-
tion in graphitic domains,”l which includes the intercalation
between graphene sheets with a higher interlayer distance
compared to graphite (0.335 nm);l'4e8! for interlayer distances
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above 0.4 nm, the term adsorption rather than insertion is sug-
gested;!”) 2) adsorption on defects!'¢¢821%, including the adsorp-
tion on heteroatoms;!"®'" and 3) filling of pores('¢<1?l in addition
to the formation of quasi-metallic clusters.3] The extent of the
different sodium storage mechanisms depends on the exact
properties of carbon material used. Once the electrode poten-
tial drops below 0 V versus Na*/Na, plating of bulk sodium and
dendrite growth takes place as fourth mechanism.[*

One of the most accepted mechanism, first published by
Stevens and Dahn, is that the sloping region in the voltage
profile corresponds to sodium-ion insertion in the graphitic
domains and the plateau region corresponds to pore filling.["!
This assumption was further proved and corroborated by using
X-ray methods (small angle X-ray scattering, wide angle X-ray
scattering) and Raman spectroscopy.>12>1% On the other hand,
Zhang et al. did not observe an insertion mechanism based on
X-ray diffraction measurements. They claimed that the sloping
region can be correlated to an adsorption on heteroatoms (>1 V)
and on the surface of the graphene sheets (1-0.1 V). According
to them, a filling of mesopores is taking place in the plateau
region.l”] Another mechanism was suggested by Cao et al. who
ascribed the sloping region to the storage of sodium ions on the
surface of small graphitic clusters (adsorption) and the plateau
region to the insertion in the graphitic region by using theo-
retical calculations.!® Different groups supported this mecha-
nism by investigating the influence of synthesis parameters
on the voltage profilel®®! and/or using different additional
characterization techniques like X-ray diffraction (XRD),!%
NMR  spectroscopy,'®®! electron paramagnetic resonance
spectroscopy,®?! as well as theoretical calculations.'”] Overall,
most of the studies distinguished the storage mechanism into
two regions that are clearly visible in the voltage profile.[3>1>17-1%]

In addition, other studies subdivide the final plateau again
into two regions: an upper voltage plateau that provides mostly
the majority of the capacity and a lower voltage plateau that
contributes to a minor fraction. The upper plateau is ascribed
to insertion between the graphene layers®2% whereas the lower
plateau is correlated to pore filling®*?% with gradual change of
the chemical state of adsorbed sodium to sodium metal [

In the case of lithium, the voltage profile of the ion intercala-
tion into hard carbon can mostly be divided into two regions
(sloping and plateau) as well. Herein, the storage mechanism
is also still under debate and different mechanisms for the
sloping region like insertion between graphene layers!!® or
adsorption'?! are proposed. For the plateau region, insertion
between the layers,'"?! adsorption on single layer graphene
sheets,??l as well as lithium-ion storage via pore filling,% espe-
cially the formation of quasi-metallic clusters?3 or lithium
metal?! within those pores are proposed. A major difference
between the use of hard carbons in LIBs and SIBs is the cor-
relation between the plateau capacity and the carbonization
temperature. While for SIBs the plateau capacity increases with
increasing carbonization temperature, for LIBs the plateau
capacity goes through a maximum at 1300 °C.’]

From the above paragraphs, it is clear that the storage behavior
of hard carbons is intrinsically complex and understanding of
the underlying processes requires insight from several analyt-
ical tools. In situ or operando XRD would be the natural choice
but the large disorder of hard carbons aggravates the analysis.

Adv. Mater. Interfaces 2022, 9, 2100596 2100596 (2 of 9)

INTERFACES

www.advmatinterfaces.de

Here, we apply in situ electrochemical dilatometry (ECD) as
a method to follow the sodiation/desodiation of hard carbon
electrodes and compare the results to the analog reaction with
lithium. The method probes the change in electrode thickness
during cycling (“breathing”) which can be linked to different
storage mechanisms and phase transitions.?®! The method is
often referred as in situ method but it is important to realize
that the actual mode of operation is operando, i.e., the electrode
thickness is continuously measured (typically during a constant
current experiment). The device operates with a three-electrode
geometry which mitigates potential issues due to the metal
counter electrode.”’] In addition, diglyme was used as electro-
lyte solvent in this study as it shows a favorable solid electrolyte
interphase (SEI) formation as well as better charge delivery in
hard carbon electrodes.*" Recently, we demonstrated that ECD
can be used for studying sodium storage in a specialized hard
carbon structure.?!! However, we were not able to fully inter-
pret the data due to the lack of more systematic data and the
missing comparison to the analog experiment with lithium. In
addition, the type of binder also influences the ECD signal, as
recently shown for graphite electrodes by our groupl?*? as well
as having an effect on the cycling behavior of hard carbon elec-
trodes as proven by Dahbi et al.?’! This study therefore also
includes a comparison for the two common binders, sodium
salt of carboxymethyl cellulose (CMC) and poly(vinylidene
difluoride) (PVDF). An overview of our major findings regarding
the storage mechanisms is shown in Scheme 1.

2. Results and Discussion

The hard carbon used in this study was provided by Kureha
Corporation and has been developed for battery applications.
Information on the specific carbon (Carbotron P(J)) can be
found in Figure S1 (Supporting Information). The ECD experi-
ments were conducted using an ECD-3-nano device from El-
Cell. The cells were galvanostatically cycled at a current density
of 10 mA g in a climate chamber at 25 °C. The variation in
electrode thickness was recorded using a capacitive sensor, the
detection limit is <5 nm. A solution of 1 M NaPF; or 1 m LiOTf
in 2G was used as electrolyte. The electrodes contained 85 w/w
active material, 10 w/w binder, and 5 w/w conductive carbon
black (see the Experimental Section for more details).

2.1. Initial Cycle and Influence of Binder

The initial charge/discharge cycle as well as the dilatometry experi-
ments strongly depend on the type of binder, as shown in Figure 1
for PVDF and CMC. As can be observed in Figure 1a,b, the poten-
tial profiles showed a sloping region until 0.1 V followed by a pla-
teau region when the potential is below 0.1 V. Differences on the
thickness and potential profiles can be clearly observed between
hard carbon and graphite, as can be compared with the previous
studies published by our group.%3<30 A periodically increase
and decrease of up to 100% during cycling was measured for the
graphite electrode due to the well-known co-intercalation reac-
tion of sodium ions with ether-based electrolytes.[262¢3031 Since
the hard carbon electrodes consist of locally ordered regions, one
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Scheme 1. Schematic illustration of the main results regarding the different storage mechanisms of sodium and lithium ions in hard carbon.

could imagine that a certain co-intercalation reaction also takes
place here. However, as can be shown in Figure 1, this is not the
case and a maximal electrode expansion of 6.1% in the first cycle
is detected here, i.e., solvent co-intercalation is unlikely. Com-
pared to the increase observed for the graphite electrodes, it can
Dbe inferred that sodium ions can be introduced into this expanded
graphite lattice without the need of a co-intercalation reaction.
This phenomena will occur when the interlayer distance is higher
than 0.36 nm,””) and therefore it will allow the use of hard carbon
electrodes with carbonate-based electrolytes as well [8>12232]

More importantly, the data clearly show the dramatic influ-
ence of the type of binder. While the initial thickness increment
for the PVDF-based electrode is 6.1%, only 0.8% is recorded in
case of CMC. A similar behavior is observed for lithium cells
(4.5% versus 1.9%) likewise the results obtained for graphite
electrodes.? These results can be ascribed to the higher toler-
ance against internal mechanical stress by the nonfluorinated
binders compared to fluorinated ones (e.g., PVDF).33!

In addition, the initial Coulomb efficiency (ICE) in the first
cycle for the electrodes made with PVDF is lower compared
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Figure 1. In situ electrochemical dilatometry experiments of hard carbon with two different binders (a,c) PVDF, b,d) CMC) in sodium-ion batteries
(10 mA g7). Loading and initial thickness without current collector of Na_PVDF 2.2 mg cm2, 33.3 um, Na_CMC 2.6 mg cm™2, 46.3 um. Three-electrode
set-up with sodium as counter and reference electrode. 1 M NaPFg in diglyme as electrolyte. a) and b) Hysteresis plot of the 1st cycle and capacity loss,

c) and d) electrode potential and thickness change of five cycles.
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Figure 2. In situ electrochemical dilatometry experiments of hard carbon with two different binders (a,c) PVDF, b,d) CMC) in lithium-ion batteries
(10 mA g™). Loading and initial thickness without current collector of Li_PVDF 1.9 mg cm, 30.3 um, Li_CMC 1.6 mg cm™2, 34.3 um. Three-electrode
set-up with lithium as counter and reference electrode. 1 m LiOTf in diglyme as electrolyte. a) and b) Hysteresis plot of the 1st cycle and capacity loss,

c) and d) electrode potential and thickness change of five cycles.

to the ones made with CMC (Na_PVDF: 35% and Li_PVDF:
28% versus Na_CMC: 67% and Li_CMC: 61%, see Figures 1
and 2). The high initial thickness increase and the low ICE
are the result of side reactions that appear stronger in case
of PVDF electrodes. The lower ICE of PVDF-based elec-
trodes can be also corroborated in rate capability tests per-
formed in a two-electrode set-up shown in Figures S2 and
S3 (Supporting Information). As previously observed by
Dahbi et al., the electrolyte decomposition is suppressed
in the case of CMC, while a loosening of the hard carbon
particles occurred when fluorinated binders are used due
to defluorination of the binder material. Unlike their work,
an improvement effect was here found for both SIBs and
LIBs.?% The difference is likely due to the different types of
solvents used in both studies (propylene carbonate versus
diglyme) which lead to a different SEI formation.**l

2.2. Differences between Lithium and Sodium Storage

The storage mechanism was further elucidated from the
second cycle of the in situ ECD experiments using PVDF as
binder material as the data were more reproducible over mul-
tiple cycles. Figures 3 and 4 display the potential profiles and
the change in electrode thickness for the sodium and lithium
cells. The figures also show derivative plots of the thickness
change (dl/dQ versus Q), which show more clearly differences
during the measurement. In this manner, it is possible to dis-
tinguish between different regions.

Adv. Mater. Interfaces 2022, 9, 2100596 2100596 (4 of 9)

The potential profile of the sodium cell consists of a
sloping region above 0.1 V and a plateau region below 0.1V,
as commonly known from literature.l'4%] The thickness vari-
ation profile can be divided into three regions: I) a very rapid
and dynamic thickness increase (varying values for dl/dQ
but all >0), that correlates with the sloping region in the
potential profile (green region); II) a region with constant
and more intermediate increase (dl/dQ very small) that cor-
responds to the plateau region in the potential profile (blue
region); and III) again a more rapid increase near the cut-off
potential (d//dQ > 0) (purple region). This three-step mecha-
nism was also found by Alptekin et al.[?®! for carbons carbon-
ized up to 1500 °C. While this indicated that the behavior is
general, we also note that we did not observe the third step
starting from 1700 °C.[281

The interesting point now is that, in contrast to literature
that reports similar mechanisms for lithium and sodium,16:3%]
our data show clear differences between both alkali metals. In
the voltage profile, no plateau region is visible for lithium cells
and the sloping region is prolongated (see Figure 4), whereas
a clear division between two regions is visible for sodium cells
in the original graphs (see Figure 3) as well as the deriva-
tive curve (Figure S4, Supporting Information). Although the
derivative plots show the changes of the slope in a clearer
way, almost no difference can be seen for lithium (Figure S5,
Supporting Information). Even though the absence of the pla-
teau region was already described in literature,®>13¢] it might
appear when lower current densities are used or/and an addi-
tional constant voltage step is applied at the end.['!
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Figure 3. In situ electrochemical dilatometry experiments of hard carbon with PVDF as binder in sodium-ion batteries (second cycle, 10 mA g™"). Three-
electrode set-up with sodium as counter and reference electrode. 1 M NaPFg in diglyme as electrolyte. a) Electrode potential and thickness change,

b) derivative of the thickness change, and c) proposed sodium-ion storage

With regards to the thickness change, the results for sodium
and lithium are very comparable despite their different ion
sizes.’’l The main difference is the absence of thickness
increase near the cut-off potential for the LIBs.

2.3. Linking Dilatometry Data to Storage Mechanisms
and Metal Plating

Figures 3 and 4 clearly show that the different storage mech-
anisms in hard carbons can be followed by ECD measure-
ments and that there are clear differences between lithium
and sodium in the low voltage region close to 0 V versus A*/A.
While ECD does not provide direct evidence for the chemical
state of lithium or sodium in the electrode, the method oper-
ates in operando mode and results may be linked to existing
storage mechanisms proposed in literature. This means that
in the case of sodium (Figure 3), the rapid thickness increase
within the sloping potential region (green region, region I) can
be linked to the insertion of sodium ions into graphitic domains
(except the very first part of region I which might be due to
strong interaction of sodium ions with heteroatoms rather than
insertion). The rather small thickness increase within the pla-
teau region at around 0.1 V (blue region, region II) could be
then well explained with a pore filling mechanism. This is very
reasonable because filling void space likely leads to less expan-
sion compared to insertion between the graphene sheets in the
graphitic domains. These two regions can be also distinguished

Adv. Mater. Interfaces 2022, 9, 2100596 2100596 (5 of 9)

mechanism.

in the case of lithium. Although no clear potential plateau is
visible in this case, the ECD data suggest an overall comparable
storage mechanism for lithium and sodium within regions
Iand II.

Region III (purple region) only appears in case of sodium
which means the ECD data suggest an additional storage mech-
anism. Compared to region II, this region is characterized by
a faster electrode expansion (shrinkage) during discharging
(charging). We therefore link this region to plating (strip-
ping) of sodium on the surface of the hard carbon. A similar
behavior has been observed when CMC is used as binder (see
Figures S6 and S7 in the Supporting Information). The fact
that the plating takes place slightly above 0 V versus Na*/Na
(underpotential deposition) could be due to two reasons: first,
the plated sodium is unstable compared to bulk sodium which
could be the case for confined or nanoscopic structures; second,
the electrode potential is locally already below 0V, i.e., the con-
ditions for bulk plating are reached.

Alvin et al®d and Bommier et al.?%l have already pro-
posed an adsorption in pores mechanism on this last region.
Both suggested a conversion from sodium ions to sodium
metal at lower voltage values and therefore correlated the last
region to a sodium-atom deposition on the surface of pores2%?
or the change of the adsorbed sodium ions in micropores to
sodium metal below 0.1 V.8 Jin et al. also divided the voltage
profile in three separate parts using galvanostatic intermittent
titration technique experiments and correlated the last step
between 0.03 and 0.01 V to the formation of sodium clusters in

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. In situ electrochemical dilatometry experiments of hard carbon with PVDF as binder in lithium-ion batteries (second cycle, 10 mA g™"). Three-
electrode set-up with lithium as counter and reference electrode. 1 m LiOTf in diglyme as electrolyte. a) Electrode potential and thickness change,
b) derivative of the thickness change, and c) proposed lithium-ion storage mechanism.

pores.?®! This is in line with Lee et al. who proposed the for-
mation of quasi-metallic nanoclusters at the end of discharge
by using in situ XRD, ex situ field-emission transmission elec-
tron microscope, and ex situ X-ray photoelectron spectroscopy
depth profiles.[3Y]

A straightforward question is, how the increase in electrode
thickness in region III compares to the situation of an ideal
plating (= planar plating of sodium). The absolute expansion of
the electrode in region III (sodiation) amounts to 0.14 um with
0.0412 mAh of charge being stored. A charge of 0.0142 mAh cor-
responds to a sodium volume of 3.66 x 10 mm?, i.e., planar
plating of sodium would ideally increase the electrode thickness
by 0.47 um (see the Supporting Information for details). As the
experimental value is lower, we assume that most plating takes
place within the porous electrode structure. Note that several
types of porosity (open, closed, or interparticular porosity) may
account for this. Battery electrodes show a porosity of around
20-60%, depending on how they are processed which mitigates
the expansion/shrinkage due to electrode reactions. A similar
behavior has been observed for the expansion of Sn particles
within a porous graphite electrode. In this case, the electrode
expansion is also significantly smaller compared to what would
be expected from the alloy formation.®!

To further support the hypothesis that sodium plating takes
place in region III, reference measurements with ECD were
made for lithium and sodium cells for which bulk plating was
forced by taking the electrode potential below 0 V. Results can
be seen in Figure 5. In line with the results discussed in the

Adv. Mater. Interfaces 2022, 9, 2100596 2100596 (6 of 9)

previous section, the sodium cells show a sudden thickness
increase starting at around 0.03 V, the beginning of region III.
This thickness increase continues further with the same speed
until the nucleation barrier for bulk plating is reached. From
then on, the electrode expands further but the behavior is
notably different to region III. This behavior is not observed in
case of lithium, indicating that the underpotential metal plating
in region III is specific to sodium. Moreover, the results show
that bulk plating is more easily detectable in case of sodium
compared to lithium.

The amount of charge that is stored in the lower plateau
region counts to 30% of the whole plateau capacity, mostly
values from 4% to 23% were shown in other publications using
different characterization techniques. 32202

It has to be mentioned that this third region is neither visible
in the normal potential profile nor in the derivative curve of the
potential which means that there is barely an energetic differ-
ence between both mechanisms.

3. Conclusion

This study shows that different charge storage mechanisms in
hard carbon for lithium and sodium can be followed by in situ
ECD. For sodium, a three-step mechanism is confirmed. In the
sloping region (region I, insertion), the electrode expansion
is dynamic and fast. In the plateau region (region II, pore
filling), the expansion is slower and relatively constant. Close

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. Plating experiment followed by in situ electrochemical dilatometry of hard carbon with PVDF as binder in sodium-ion batteries as well as
lithium-ion batteries. Three-electrode set-up with sodium or lithium as counter and reference electrode, both cells precycled. 1 m NaPFg or 1 m LiOTf
in diglyme as electrolyte. a) Electrode potential and thickness change, b) enlargement of the curve for the sodium-ion battery, and c) enlargement of

the curve for the lithium-ion battery.

to the cut-off potential, however, the electrode expansion
increases again, while no apparent differences in the potential
profile are observed. This indicates a change in mechanism
albeit with very similar thermodynamic driving force (pore
filling followed by metal plating on the hard carbon surface).
Most importantly, this additional process is only visible in case
of sodium. Analog experiments with lithium did not show
such a third region, indicating that the reaction mechanism
for both alkali metals is different in this region, but similar in
regions I and II.

Using CMC in comparison to PVDF as binder material
shows a reduced electrode expansion in the first cycle as well as
a higher ICE value, indicating more side reactions in the case
of PVDF.

4. Experimental Section

Electrode Preparation: The electrodes were made from 85 w/w hard
carbon Carbotron P(J) from Kureha Corporation, 5 w/w carbon black
(IMERYS) as conductive additive, and 10 w/w binder. If PVDF (PI-
KEM Ltd.) was used as binder, N-methylpyrrolidone (Sigma-Aldrich)
was used as solvent, in the case of CMC (PI-KEM Ltd.), an aqueous
solution was used. Electrodes were casted with an initial thickness of
300 um, dried overnight on air, punched to the appropriate size (10 and
12 mm), and dried again at 110 °C under vacuum overnight. Electrode
thicknesses were measured with a digital thickness dial gauge from
Kafer Messuhrenfabrik GmbH.

Electrochemical Measurements: In situ ECD experiments were
conducted with an ECD-3-nano cell from EL-CELL GmbH. This three-
electrode set-up contained the alkali metal (sodium from BASF
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and lithium from Rockwood Lithium) as counter (12 mm diameter)
and reference electrodes and the hard carbon electrode as working
electrode (10 mm diameter). 1 m LIOTf (99.995% trace metal basis,
Sigma-Aldrich) in diglyme (Sigma-Aldrich, predried with 4 A molecular
sieve) and 1 M NaPFg (>99%, Sigma-Aldrich) in diglyme were used as
electrolyte, around 250 uL was used for each cell. Galvanostatic charge
and discharge experiments with potential limitation (GCPL experiments)
were conducted at a Biologic SP-50 battery cycler at 25 °C. The potential
limit was set to 0.005-2.5 V versus Na*/Na or Li*/Li and a current of
10 mA g was applied. For the plating experiments, the cut-off voltage
was set to —0.1 V and the experiments were stopped when continuous
plating was observed. Abbreviations used in the discussion related to
the used alkali metal and binder (e.g., Na_PVDF).

The rate capability tests were conducted as two-electrode experiments
in coin cells with the hard carbon electrode as working electrode and the
particular alkali metal as counter electrode. Two glass microfiber filters
(GF/A) from Whatman (diameter of 16 mm) were used as separator
and were soaked with 100 puL of the electrolyte. GCPL experiments were
carried out at a Biologic BCS 805 with a voltage window of 0.005-2.5 V
versus Na*/Na or Li*/Li. Current rates of 10, 30, 50, 100, 200, 500, 1000,
2000, and again 10 mA g™ were used and five full cycles were conducted
for each current rate.

Physical and Chemical Characterization: Scanning electron microscope
(SEM) images were taken with a scanning electron microscope (Phenom
Pharos Desktop SEM, Phenom World) using an accelerating voltage
of 15 kV and a secondary electron detector. XRD measurements were
performed with a D2 Phaser instrument from Bruker. A Cu X-ray tube
(30 kV, 10 mA) was used to conduct the experiments between 15° and 35°,
using a step width of 0.05°. The nitrogen sorption isotherm was measured
at —196 °C using a Quantachrome AUTOSORB-1. The pore volume as
well as the pore size distribution was calculated applying the quenched-
solid density functional theory method to the adsorption data, assuming
a slit pore model. The Brunauer-Emmett-Teller (BET) surface area was
calculated from a multipoint BET measurement in the relative pressure
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range of 0.06-0.3. Elemental analysis was measured using a Euro EA
3000 from EuroVector S.PA., values shown were the mean values of two
measurements.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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