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ABSTRACT: Organically synthesized porous carbon (OSPC) is a
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subclass of conjugated microporous polymer materials that have onestep New method
shown potential applications as anodes in ion batteries. However, a >Tgscale
i _vieldi i i Old method
challer.lgmg, low-yielding, multls.tep synthe.:tlc rot.lt.e (the A method) Multlple stesat small scale
has hindered further exploration of this exciting family. Here, OSPCs —
OSPC-1 has been synthesized via an alternative, efficient one-pot ‘._ Fast charging
method from commercially available reagents (the B method), bl derlrites - 7
High capacity Commercially available

hereafter referred to as OSPC-1b in contrast to OSPC-1a, where it
is synthesized via the A method. Characterization revealed the
same polymer structure and the highest surface area to date of an OSPC (or OSPC analogue) family member for OSPC-1b with 909
m® g~'. OSPC-1b was tested as an anode for Li-ion batteries, demonstrating the same high capacity, fast charging, resistance to
degradation, and inhibition of the formation of dangerous lithium dendrites as OSPC-la. Furthermore, the electrochemical
properties of OSPC-0 were evaluated for the first time, agreeing with previously predicted values, giving scope for the design and
targeting of specific properties.

KEYWORDS: conjugated microporous polymers, porous materials, amorphous materials, acetylene frameworks, anode materials,
lithium ion batteries

B INTRODUCTION

Microporous organic polymers (MOPs) are a diverse class of
materials that exhibit excellent stability and versatile function-
ality. MOPs encompass several subclasses including hyper-
cross-linked polymers (HCPs)," conjugated mlcroporous
polymers (CMPs),”* polymers of 1ntr1n51c microporosity,*

and covalent triazine-based frameworks.” The wide range of

Organically synthesized porous carbon (OSPC) generated
significant interest due to its performance as an anode in
lithium-ion batteries (LIBs). Though it demonstrated a
considerably greater capacity for energy storage than graphite
at both low and high current densities, it drew the most
attention for its high resistance to degradation upon cycling.
Even after cycling at currents as high as 3000 mA g~' for 500

synthetic strategies for generating MOPs allows for the
development of robust and tailored properties for specific
applications.

CMPs are an important subclass of MOPs with applications
across many areas including gas uptake,® solid-state electrolytes
for fuel cell technologies,” and as a nanoporous super-
capacitor.”” The amorphous three-dimensional framework of
CMPs contains microporosity originating from inefficient
packing of the polymer chains. This combination of high
porosity and electronic activity makes CMPs promising
materials for energy storage and conversion technologies.

A new member of the conjugated microporous polymer
family is organically synthesized porous carbon one (OSPC-
1)'? constructed entirely from sp® carbon nodes linked via sp
carbon atoms in a three-dimensional network; the chemical
structure is shown in Figure la. While the framework is built
entirely with carbon atoms, like diamond or graphite, its
synthesis and properties are closer to a porous polymer, and so,
we place it firmly within this family, as shown in Figure 1b.

© XXXX The Authors. Published by
American Chemical Society

- ACS Publications

cycles, no reduction in capacity and, crucially, no formation of
lithium dendrites was observed in the OSPC-1-based cells,
whereas both were seen in the conventional graphite half-cells.
This was a significant finding because dendrite formation in
commercial LIBs is a major safety concern.'”'” Furthermore,
many new anode materials designed to outperform graphite
suffer from poor cycling stability.> An expansion of the OSPC
family of materials has been explored through computational
methods,'”"> with several family members showing potential
for exceptional electrochemical properties. These include an
increase in the predicted lithium-ion storage capacity but,
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Figure 1. (a) Chemical repeat structure of OSPC polymer materials, OSPC-0 and OSPC-1. (b) How OSPCs fit into the family of MOP materials.
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Figure 2. (a) Schematic of the multistep Method A to make OSPC-1a and the one-pot Method B to produce OSPC-1b and (b) reaction scheme

for Method B for OSPC-1.

importantly, also include family members with predicted high
lithium diffusion properties, a key challenge for producing fast-
charging batteries. Silicon- and germanium-based analogues of
OSPC-1 have recently been published.'®'” The tetraethynylsi-
lane and germane monomers are substantially more stable than
the substituted methane monomer used to make OSPC-1,
although they still require multiple synthetic steps under an
inert atmosphere.'®'”

However, there have been no reports of the synthesis of
OSPC-1 since the initial publication. This is likely due to the
complexity of the low-yielding six-step synthetic procedure
reported to access OSPC-1, hereafter referred to as the
multistep method (Figure 2, Method A, OSPC-la). In
contrast, synthesis of the single acetylene strut 3-D porous

carbon (analogous to a predicted OSPC family member named
OSPC-0) was recently reported via a simple one-pot method
from commercially available materials, hereafter referred to as
the one-pot method."®

In this work, we show that the method reported to
synthesize OSPC-0 can be extended to the synthesis of
OSPC-1 (OSPC-1b, Figure 2, Method B) and that OSPC-1’s
electrochemical properties are preserved despite the greatly
simplified synthesis. We also expand the electrochemical
testing to OSPC-0, which also shows electrochemical proper-
ties that are in line with the properties predicted through
> This, therefore, opens the OSPC
family of materials for further exploration of their exciting

computational methods.’
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potential as electrode materials and further provides a route for
their commercial application.

B RESULTS AND DISCUSSION

Structural Properties of OSPC-Ob and OSPC-1b.
OSPC-0 and OSPC-1 have been synthesized here according
to Method B, the one-pot synthesis, outlined in the Supporting
Information, and purified using standard methods.'® They are
hereafter named OSPC-Ob and OSPC-1b, respectively.
Although both materials share the same short-range node-
strut structure, given the different polymerization methods
used, the respective networks grow through different pathways
and have different terminating end groups. OSPC-la is
terminated with hydrogen end groups, whereas OSPC-1b is
terminated with a mixture of bromine atoms and silyl groups,
which may influence the resulting electrochemical properties
(as shown in Figure 2). Further, the properties of chemically
identical microporous polymers can vary significantly when
made in different solvents and even more when made through
different cross-coupling reactions.'””” An OSPC-1 network
made by attaching nodes to struts one by one, as happens for
the one-pot Method B, could therefore have vastly different
properties from one made by joining presaturated nodes
together, as happens for the multistep Method A.

To assess the influence of the solvent on Method B, we first
used diphenyl sulfone (DPS), as originally reported, and a
range of alternate solvents were considered, as shown in Table
S1. As DPS is solid below 128 °C, difficulties were
encountered during extraction and purification of the product.
However, all alternative solvents tried had lower boiling points,
which could be responsible for the lower yields observed when
compared to DPS under otherwise identical conditions. It was
concluded that DPS was optimal and so was used in the
synthesis of all OSPC samples described here.

Calculating the yield of OSPC materials is challenging. The
theoretical product comprises carbon alone, so the presence of
unreacted end groups in the observed structure would lead to
the observed yield being greater than the theoretical. Thus, a
direct comparison of chemical yields between methods A and
B is difficult. The overall yield of the longest linear sequence of
steps for method A is 17%, which excludes the synthesis of
chlorotriethylsilylacetylene, a major component of the
monomer synthesis.

Using method B, gram quantities of OSPC-1b were obtained
in a single step from tetrabromomethane and 1,4-bis-
(trimethylsilyl)butadiyne in high yields (84% based on the
abundance of noncarbon elements observed at the surface of
OSPC-1b by XPS, see Section S10). This represents a
significant improvement over method A, and considering the
prevalence of end groups is likely to be greater at the surface
than in the bulk structure we can consider this to be a lower
bound. As described in Section S4.5, OSPC-1b is at least 20
times less expensive to synthesize than OSPC-la in raw
materials alone, and the simplicity of the method (no inert
atmosphere required, single reaction vessel) offers significant
potential for scaling up to commercial production.

The amorphous and insoluble nature of these materials
makes their structural characterization challenging, and so, a
holistic approach of relevant characterization and computa-
tional techniques was used from which the structure can be
inferred. For porous amorphous materials, solid-state NMR
(ssNMR) and or IR/Raman were used to confirm the short-
range chemical structure, and gas sorption analysis was used to

assess the porosity.”' ~>* XPS analysis was used for OSPC-1a to
confirm the presence of only sp- and sp*-hybridized carbon
atoms within the structure. XPS was undertaken here on the
resulting OSPC-0b and OSPC-1b samples, with a summary
shown in Figure 3a and the full details in Section 10 of the

OSPC-0b OSPC-1b
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Figure 3. Characterization data of OSPC-Ob (left) and OSPC-1b
(right). (a) Fitted C 1s XPS spectra. The peak at 284.7 €V is assigned
to sp> carbon, the peak at 285.2 eV is assigned to sp carbon, and the
peak at 286.7 eV is assigned to carbon bonded to bromine end
groups. (b) Solid-state *C NMR spectra with peaks labeled;
nonlabeled peaks are spinning sidebands, as confirmed by analysis
at a higher spinning speed shown in Figure S3 and (c) Raman spectra.

Supporting Information. The C 1s peak at 285 eV was
common to all spectra and was deconvoluted into three
subpeaks. In accordance with previously reported data, the
peak at ~284.7 eV was assigned to a carbon node with sp?
hybridization, the peak at x285.2 eV was assigned to a carbon
strut with sp hybridization, and the peak at ~286.7 eV was
assigned to carbon bonded to the Br end groups. As previously
observed with OSPC-1a, the differences between the observed
and expected ratios of C sp* and C sp can be explained by the
elevated abundance of end groups and greater exposure at the
material’s surface. Survey XPS spectra were collected for
OSPC-0b and OSPC-1b, which reported elemental abundance
percentages in line with expectations (Tables SS and $6).
ssNMR spectra of OSPC-Ob and OSPC-1b are shown in
Figure 3b and matched well with previously reported
spectra.'”'® For OSPC-0b, we observed a split peak at ca.
133 ppm, which we attribute to the acetylene C sp struts. The
splitting is due to the acetylene strut within the bulk of the
polymer network being more shielded, while the acetylene C
sp struts at or near the polymer network’s surface are less
shielded. The peak at 54 ppm was assigned to the C sp* nodes.
Similarly, for OSPC-1b, we assign the peak at 133 ppm to
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acetylene C sp struts, and the peak at 54 ppm is assigned to the
C sp’ nodes. The peak at 0 ppm is assigned to residual
trimethylsilyl protecting groups from the monomer, as
suggested by the XPS wide data (Figure S10).

Raman spectroscopy data of OSPC-0b and OSPC-1b in the
600—1800 cm™* range are shown in Figure 3¢, and wide-range
data are found in Figure S4. Both materials showed two
distinct peaks at 1358 and 1580 cm™', assigned to C sp
stretching, similar to those observed in OSPC-1a,"* further
corroborating the XPS data. Although peaks appear at similar
locations to the D and G peaks reported in graphite and
graphitic materials, it is not appropriate to assign them as such
as they originate from different Raman interactions.”®”’
OSPC-0 has an additional peak at 800 cm™" which, following
computational analysis detailed in Section S6, we attribute to
sp’—sp stretching at the node centers. Scanning electron
microscopy (SEM) images of OSPC-0b and OSPC-1b showed
similar microstructural properties to those materials previously
published and are shown in Figure S11."% The nitrogen uptake
isotherms were collected for two samples of both OSPC-0b
and OSPC-1b and are type II/IV in appearance, as shown in
Figures 4 and S8. Analysis of the nitrogen uptake isotherm for
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Figure 4. (a) Nitrogen uptake isotherms and (b) pore size
distribution plots for OSPC-1b (blue) and OSPC-0 (black). Surface
areas of 909 and 261 m? g™' were obtained from the analysis of the
OSPC-1b and OSPC-0 uptake isotherms shown here, respectively.

OSPC-1b using the BET equation gave surface areas of 726
and 909 m? g™/, similar to that reported for OSPC-1a (766 m*
g”') and for the silicon node OSPC analogue (779 m*
g ).'”'® The germanium node OSPC analogue was
synthesized as a thin film on copper, so BET surface area
data were not reported.'” For OSPC-Ob, analysis of the
nitrogen uptake isotherm using the BET equation reported
surface areas of 261 and 473 m” g™/, in agreement with the
value predicted through computational simulation.'*'> CHNS
analysis and EDX were also performed, with data reported in
Sections S9 and S11 in Supporting Information.
Electrochemical Properties of OSPC-0b and OSPC-1b.
Coin cells with OSPC-1 and OSPC-0 electrodes were prepared
according to section S1.7, with each test run on different
cells.** Galvanostatic charge/discharge (GCD) cycling in the
0—2 V voltage window at 200 mA g~ of OSPC-1b and OSPC-
Ob anodes is shown in Figure Sa,b, respectively. Large initial
discharge capacities of 4000 and 3500 mA h g/, attributed to
solid electrolyte interphase (SEI) formation, were observed for
both materials.'” The observed irreversible initial capacities
(ICE) corroborate the larger currents with respect to the
subsequent cycles observed in the cyclic voltammetry (CV)
data, as shown in Figure Sc (OSPC-1b) and Figure Sd (OSPC-

0b). After the first charge, the voltage profiles of OSPC-1b and
OSPC-0b showed reversible slopes upon cycling. We should
note, however, the presence of two cathodic peaks at 1 and 1.5
V in the first sweep for OSPC-0b, which shifted to 0.7 and 1.7
V, respectively, and are not reversible in subsequent cycles.

The load curves and CV data are very similar to those
reported for OSPC-1a, suggesting that OSPC-1b and OSPC-
Ob store energy likewise through electrochemically and
geometrically noneclluivalent Li sites over a spectrum of
interaction energies.'">* "> We do not see the typical plateau
associated with lithium intercalation in graphite and corre-
sponding redox peaks; therefore, we infer that Li uptake occurs
through an alternative mechanism.”’ Heasman et al."
rationalized the uptake mechanism and ICE for OSPC-la
through irreversible and reversible binding of lithium ions to
the sp® carbon node. This irreversible binding leads to a
reduction in cell efficiency in the first cycle. Graphite exhibits a
similar loss in efficiency at a similar current due to irreversible
lithium ion uptake into the SEI, reported at 28%.>° Due to the
similarities of the electrochemical characterization for OSPC-
1b and OSPC-0b, we assign the same mechanism here %413
After 200 cycles, the discharge capacities for OSPC-1b and
OSPC-0b were 502 and 440 mA h g™, respectively.

We attributed these differences to the different polymer-
ization route used in the one-pot synthesis compared to the
six-step synthesis reported, as well as the narrower voltage
window used in this work. As the different polymerization
route results in different end groups that contain bromine and
trimethyl silicon, which will be most prominent at the edges of
the network, the surface chemistry could be altered, affecting
the SEI composition. These end groups are residual from the
synthesis and comprise less than 5% of the network.

Achieving high energy densities under a range of charging
conditions is an important aspect of the lifetime of commercial
batteries. Capacity fade due to structural degradation while fast
charging as well as the ability to fast charge as a battery are
prominent issues for commercial LIBs. The excellent long-term
capacity retention as well as the absence of observable lithium
dendrites under different electrochemical regimes is a stand-
out feature of OSPC-1a."

For a battery system to be fast charging, high capacity must
be observed with a current density of 1000 mA g~ or above."®
A useful capacity observed at 7500 mA g~ is considered to be
exceptional with a previously reported state-of-the-art system,
such as modified graphite and graphene nanocomposites,
having capacities between 300 and 350 mA h g™' after 10
cycles at 4000 mA g'*' To assess the fast-charging
performance of the OSPC systems, we performed rate
capability testing and compared the results to the graphite
performance. We investigated the rate capability of OSPC-1b,
OSPC-0b, and commercial graphite (for reference) at current
densities from 75 to 7500 mA g_l, as shown in Figure 6a.
OSPC-1b exhibited reversible capacities of 393, 347, and 309
mA h g at current densities of 1500, 3750, and 7500 mA g,
respectively. Figure 6b shows that OSPC-1b retained over half
of its initial 577 mA h g™' capacity measured at 75 mA g~ at
all current densities tested and recovered 94% of its initial
capacity after the third cycle through the waterfall plot. This
compares well with OSPC-la, which reported a specific
capacity of 356 mA h ¢! at a current density of 3000 mA g™
and with fast charging optimized carbon-based LIB anode
materials.'>*>*> OSPC-0b performed slightly less well than
OSPC-1b, with reversible capacities of 284, 239, and 201 mA h
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g~ at current densities of 1500, 3750, and 7500 mA g,
respectively, compared to a capacity of 396 mA h g™' at a
current density of 75 mA g~'. The capacity retention
percentages of OSPC-0b were lower than those of OSPC-1b
at all capacities tested, with the difference increasing with
increasing current density. Computational assessment of the
diffusion of lithium ions in OSPC-0 and OSPC-1 networks
suggested that the diffusion rate of lithium will be lower in
OSPC-0 than in OSPC-1 due to the denser more rigid network
and smaller pore sizes."” The results here appear to back this
prediction as we would expect that fast charging would be
more challenging in a system with slower diffusion rates, as is
observed for OSPC-0.

Long-cycling data (up to 1000 cycles) were collected for
OSPC-1b, shown in Figure Sc, showing exceptional reversi-
bility at a current of 200 mA g~". This long-term resistance to
capacity fade is consistent with electrochemical data for OSPC-
1a," albeit slightly lower capacities were obtained for OSPC-
1b than for OSPC-1a, which was previously reported in the
literature, where a deficit of 200—250 mA h g™' was observed
after 100 cycles. The recently reported silicon OSPC analogue
had a slightly higher capacity than OSPC-1a at around 900 mA
h g at 200 mA g' with similar long-term cycling
performance, but the other silicon node networks reported
along with it had capacities more in line with OSPC-0b. This is

in line with the reported surface areas for the materials.'® The
germanium OSPC analogue has capacities almost an order of
magnitude higher than OSPC-1a, also with strong capacity
retention that was tested to over 8000 cycles at high current
density. However, the reaction procedure was modified to
build the network as a thin film on copper foil, so it is not
directly comparable to measurements on OSPC-la and 1b
powders.'

A lithium plating experiment was carried out to induce the
Li electrodeposition that can occur during overcharging to
directly test OSPC-1’s resistance to Li plating in the absence of
other variables.'**** Dendrites from metallic lithium are
deposited on the anode surface, reducing the ability to store
charge in the material. These can further grow across the
cathode, resulting in a short circuit and leading to potentially
catastrophic failure of the battery. Figure 7 shows SEM images
of the overdischarged electrodes. In the used graphite sample,
we can see ball- or pebble-like features at a 50 ym scale, which
can be seen across the surface at the 500 ym scale. In the
OSPC-1b samples, these features are substantially smaller and
less prevalent. For reference, pristine electrodes are shown in
Figure S16. We attribute the presence of these ball- or pebble-
like deposits to electrodeposited lithium metal in a globule or
moss-type morphology. Mossy lithium is a precursor to
dendrite growth, which we observe in the graphite cells so
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Figure 6. (a) Discharge capacity of OSPC-1b (black) and OSPC-0b (red) during the rate capability test. The cells were cycled 15 times at 75 mA
g~! for initial conditioning and then three times through a waterfall pattern of 10 cycles at 375, 750, 1500, 3750, 7500, and 75 mA g~*. (b) Capacity
retention of OSPC-1b (orange) and OSPC-0b (green), relative to their initial capacity across the waterfall pattern at 75, 375, 750, 1500, 3750,
7500, and 75 mA g ™. (c) Long-term cycling performance of an OSPC-1b cell showing discharge capacity in the 0—2 V voltage window vs Li+/Li at
a current density of 200 mA g™' over cycles 2 to 1000.

its absence on OSPC-1b suggests resistance to dendrite stress test’s conditions, as well as the presence of a lithium
growth. To further probe the resilience of OSPC-1b electrodes, metal impurity phase.

equivalent OSPC-1b and graphite cells were subjected to a

stress test cycling pattern of 1000 cycles at S000 mA g~'. After B CONCLUSIONS

this, they were examined by XRD to capture a more bulk view
of the electrode surface than is possible with SEM, and the
results are shown in Figure $15.>” For the OSPC-1b anode, we

In conclusion, we have shown that the OSPC family of
materials can be synthesized through a simple and fast one-pot
method from commercially available reagents, giving larger

see some graphitization after the stress test but no metallic yields of material with respect to OPSC-la. Further, the
lithium. For the graphite anode, we see severe degradation of resulting materials, OSPC-Ob and OSPC-1b, show exceptional
the graphite lattice from intercalated lithium and the effect of electrochemical properties, especially their fast-charging
repeated intercalation and deintercalation of lithium from the performance and outstanding resistance to degradation and
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.\ OSPC-1b7 "

Figure 7. SEM images of OSPC-1b and graphite after overdischarging
at 5000 mA h g™ for 6 min.

lithium deposition. OSPC-Ob has been electrochemically
characterized for the first time showing good lithium-ion
uptake properties. This opens a robust strategy for the design
and targeting of OSPC materials with specific electrochemical
properties. The existence of a more practical route creates new
opportunities for exploration, including the performance with
other metal-ion battery systems, and to further expand the
family of OSPC materials.

B MATERIALS AND METHODS

Bistrimethylsilyl acetylene (99%), cesium fluoride (99%), and
DPS (99%) were obtained from Alfa Aesar. Bistrimethylsilyl
butadiyne (98%) was obtained from both Alfa Aesar and
Manchester Organics. Carbon tetrabromide (99%) and
dichlorobenzene (99%) were both obtained from Sigma-
Aldrich. N-Methyl-2-pyrrolidone was obtained from Fisher
Scientific. All chemicals were used as purchased unless
otherwise stated. Microwave vials were obtained from Biotage.
Commercial graphite electrodes were obtained from MTI. The
stainless-steel reactor and insert were obtained from
BAOSHISHAN UK.

General procedure for the synthesis of OSPCs: Bis-
(trimethylsilyl)acetylene or bis(trimethylsilyl) diacetylene (2
equiv), carbon tetrabromide (1 equiv), CsF (S equiv), and
DPS (2.5 g per equiv) were combined in a container and
sealed. The mixture was heated to 250 °C overnight and then
cooled to 150 °C, and dichlorobenzene (S mL per equiv) was
added to loosen the crude product. The black precipitate was
filtered out and suspended in NaOH solution (2 M) overnight.
The black solid was collected by filtration and washed with
water (25 mL) and then purified by Soxhlet extraction with
methanol overnight. The product was then dried under
vacuum overnight to give OSPC-1 or 0 as a black powder.

XPS analysis was performed on a Kratos Analytical Axis
Supra using a monochromated Al Ka source. Solid-state NMR
(ssNMR) was performed on a Bruker AVANCE III HD 700
Wb using a 3.2 mm probe. Raman spectra were obtained using
the Raman InVia System (Renishaw plc, Wooton-Under edge

U.K.) with a 532 nm laser with a power of 15 mW. SEM and
EDX were performed on a JEOL JSM-7800F fitted with an X-
Max50, large area S0 mm” silicon drift detector (SDD) from
Oxford Instruments. Polymer surface areas and pore size
distributions were measured by nitrogen adsorption and
desorption at 77.4 K using a Micrometrics 3-Flex adsorption
analyzer.

The electrochemical performance of the studied materials
was evaluated using stainless steel CR2032 coin cells (Tob
New Energy) with Li metal as the reference and counter
electrodes, 1 M LiPF¢ in EC/DMC (1:1 w/w %) as the
electrolyte, and a 17 mm Whatman micro glass fiber separator.
The active material was mixed with carbon black (Super P)
(99% Alfa Aesar) and polyvinylidene binder (PVDF Kynar,
99% Alfa Aesar) in a ratio of 5:4:1 at loadings of ca. 0.5 mg
ecm™2 GCD measurements were performed on a Neware
battery cycler under the stated conditions. CV was carried out
in the voltage window 0—3 vs Li"/Li at a scan rate of 10 mV
s™! performed on a potentiostat (VMP300, Biologic).
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