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Synergistic effect of covalent bonding and physical 
encapsulation of sulfur in the pores of a microporous COF to 
improve cycling performance in Li-S batteries 
Sergio Royuela,[a,b] Joaquín Almarza,[a,c] María J. Mancheño,[a] Juan C. Pérez-Flores,[d] Enrique G. 
Michel,[e,f] María M. Ramos,[b] Félix Zamora,[f,g,h,i] Pilar Ocón,*[c] José L. Segura*[a] 

Abstract: Lithium-sulfur batteries stands out as a promising 
technology for energy storage owing to a combination of favorable 
characteristics including a high theoretical gravimetric capacity, 
energy density, inexpensive character and environmental benignity. 
Covalent organic frameworks (COFs) are a rapidly developing family 
of functional nanostructures which combine porosity and crystallinity 
and which have been already used in this kind of batteries to build 
sulfur electrodes by embedding sulfur into porous COFs in order to 
enhance cycle lifetimes. In this contribution, we go one step forward 
and we use a COF endowed with vinyl groups in order to graft sulfur 
to the COF skeleton through inverse vulcanization. The main aim of 
the article is to show the synergistic effect of covalent bonding and 
physical encapsulation of sulfur in the pores of the COF in order to 
alleviate the fatal redox shuttling process, to improve the cycling 
performance and to provide faster ion diffusion pathways. In addition, 
it is shown how the material with covalently bound S provides better 

electrochemical performance under demanding and/or changeable 
charge conditions than a parent analogue material with sulfur 
physically confined but without covalent linkage.  

Introduction 

The use of Li-ion rechargeable batteries (LIB) has enabled the 
wireless revolution of portable electronics and offers good 
prospects for accelerating the development of battery electric 
automobiles.[1] Lithium-Sulfur (Li-S) rechargeable batteries are a 
particular type of Li-ion batteries which are currently receiving a 
great deal of attention due, among others, to the competitive 
values of theoretical gravimetric capacity (above 1600 mA h g-1) 
and energy density (above 2500 W h kg-1).[2] Additional features 
that make this family of batteries especially attractive are their 
relatively inexpensive character and their environmental 
benignity taking into account the natural abundancy and 
nontoxicity of sulfur. In this respect, it is worth pointing out that a 
large amount of the world's sulfur is obtained from gas and 
petroleum sources as a secondary product in the 
hydrodesulphurization process in the petroleum refining 
industry.[3] However, there are still some challenges that Li-S 
batteries have to face before they become a realistic and cheap 
energy supply. Thus, the internal diffusion of soluble polysulfide 
intermediates in the organic electrolytes during the processes of 
charge and discharge has been identified as the main cause of 
the so-called redox shuttling process which is responsible for 
the still limited cycle lifetimes in Li-S batteries.[4] 

In this regard, the physical confinement of elemental sulfur 
within porous media has been proposed as a strategy to 
minimize the redox shuttling process.[5] With this aim, 
macromolecular microporous systems with precisely defined 
pore sizes can be used in order to simultaneously facilitate the 
aprotic electrolyte permeation as well as the diffusion of ions. In 
fact, it has been already shown in Li-ion rechargeable batteries 
that structuring microporous polymer framework electrodes with 
both easy electron transfer and Li+ diffusion is of great 
significance.[6] However, the total confinement of sulfur within 
these porous architectures is technically unattainable and 
therefore a certain dissolution of the soluble polysulfide 
intermediates during the battery cycling cannot be ruled out.[7]  

Binding sulfur and carbon through strong covalent bonds has 
been recently identified as an efficient strategy in order to avoid 
this problem with the soluble polysulfide intermediates.[8] With 
this aim, Pyun and co-workers [8b, 8c] have developed the 
“inverse vulcanization” strategy to prepare sulfur-rich 
copolymers as active cathode materials for Li-S batteries. The 
strategy involves the bulk radical copolymerization of suitably 
functionalized monomers in the presence of molten sulfur at a 
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temperature above that in which the radical ring-opening 
polymerization of S8 takes place. Furthermore, Park et al.[9] and 
Choi et al.[10] prepared three-dimensionally interconnected 
polymers with high sulfur content based on triazine moieties 
linked through sulfur chains. These novel macromolecular 
systems in which the polysulfide intermediates are confined and 
covalently attached to the porous polymer networks have been 
used for the fabrication of Li-S batteries with high specific 
capacities and excellent capacity retention during cycling.[9] This 
work shows the benefits of covalent binding sulfur and carbon 
through strong covalent bonds in this kind of porous systems in 
order to improve cycling performance. 

Therefore, it is clear the need to develop organic frameworks 
with ordered pore structures that enable regular sulfur 
distribution, with large voids for sulfur loading, and that allow 
robust sulfur binding in order to achieve efficient and reliable Li-
S batteries. In this context, covalent organic frameworks (COFs) 
exhibit structures that can be controlled with atomic precision by 
connecting multidentated organic building blocks through 
dynamic covalent-bond formation. Among them, COFs linked in 
two dimensions (2D-COFs) are of great interest because π-
stacking between the 2D-COF layers allows a predictable and 
deliberate organization of the functional organic building blocks 
into insoluble, high-surface porous polymer networks. When the 
2D-COF layers are arranged with an eclipsed stacking, 1D 
defined nanoscale porous channels are generated that run 
alongside the stacking direction.[11] 

Due to the unique characteristics of COFs, in the last recent 
years scientist from many different areas including synthetic 
chemists and materials scientists have jumped into the field 
developing a variety of materials with applications in areas such 
as catalysis, storage and separation of gases, separation from 
solutions, optoelectronics, drug delivery or sensing among 
others.[12] In this respect, it is worth mentioning that 2D-COFs 
have also found applications in the field of electrochemical 
energy storage[13] where 2D-COFs have been used not only as 
active materials[14] but also as hosts for active materials[10, 15] in 
rechargeable Li-ion batteries. 

Recent research of Ai, Wang and coworkers showed that the 
distinctive oriented porous channels of 2D-COFs are suited to 
be impregnated with sulfur (i) because the aggregation of sulfur 
is restricted and (ii) specially because the diffusive loss of 
soluble polysulfide intermediates can be efficiently 
suppressed.[16] Furthermore, the post-synthetic modification 
(PSM) of 2D-COFs with sulfur has been also addressed in order 
to produce materials that have been efficiently used as cathodes 
in Li-S batteries.[17] Thus, PSM has revealed as an efficient 
strategy in order to complement the unique characteristics of the 
ordered porous structure of COFs and broaden the scope of 
their functionalities.[18]  

In this article: (i) we reproduce the synthesis of a porphyrin-
based 2D-COF (H2P-COF, Figure 1)[15a] with a regular pore 
structure and large void spaces as host material for sulfur 
storage; (ii) we describe the synthesis of a new analogous 2D-
COF (H2P-COF-BATA, Figure 1) endowed with accessible allyl 
moieties in the nanochannels. This novel COF allows for sulfur 

loading by diffusion upon heating at 120 ºC followed by robust 
C-S binding through the inverse vulcanization process with
thermal activation at 185 ºC. The inverse vulcanization process
involves the bulk radical copolymerization between sulfur and
the allyl groups in the COF's channels at a temperature above
that in which the radical ring-opening polymerization of S8 takes
place.

The electrochemical performances of the COF used as host 
material for sulfur as well as the inverse-vulcanized COF have 
been investigated in coin-type half-cells. The main aim of the 
article is to study the combined effect of covalent bonding and 
physical encapsulation of sulfur in the pores of COFs in order to 
improve the cycling performance, to provide faster ion diffusion 
pathways and to alleviate the redox shuttling process in Li-S 
batteries. 
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Figure 1. Chemical structure of H2P-COF and H2P-COF-BATA. 
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Scheme 1. Synthesis of H2P-COF-BATA and S@H2P-COF-BATA. a: oDCB/nBuOH/AcOH 3 M 1:2:0.3, 120 ºC, 6 d. b: Elemental sulfur, (i)120 ºC/overnight, (ii) 
185 ºC/8 h, (iii) 185 ºC/2 h. 

Results and Discussion 

For the design of the sulfur host materials several aspects 
were considered. Firstly, we have used porphyrin-based COFs 
because of the characteristic efficient π-π stacking of the 
porphyrin moiety which provide robust COF skeletons with 
eclipsed stacking alignments and suitable nanochannels for 
sulfur loading.[19] Therefore we chose 5,10,15,20-tetrakis(4-
aminophenyl)-21H,23H-porphyrin (TAPP) as the tetragonal unit. 
Secondly, hydroxyl functionalities in 2,5-
dihydroxyterephthalaldehyde (DHTA) have shown the ability to 
form O-H···C=N interactions with the imine nitrogen leading to a 
planarization of the COF structure and a higher crystallinity.[20] 
Additionally, this monomer can be easily modified to 2,5-
bis(allyloxy)terephthalaldehyde (BATA) in order to endow the 
cavities of the COF with reactive allyl moieties, which can be 
used to trap sulfur in the COF pores. Therefore, we choose a 3:1 
mol ratio of DHTA/BATA to obtain a new COF, hereafter named 
H2P-COF-BATA, with high stability and reactive groups suitable 
for sulfur immobilization (Scheme 1). This DHTA/BATA  ratio is 
enough to graft sulfur to the COF. Furthermore, adding more 
allyl substituents in the pore would compromise the porosity of 
the networks and therefore would produce inefficient sulfur 
incorporation. A COF formed only by TAPP and DHTA, without 
the allyl moieties (H2P-COF), was also synthetized to study the 
effect of the covalent grafting of polysulfides to the COF 

The formation of the imine-based H2P-COF-BATA was 
confirmed by 13C CP-MAS solid-state NMR spectrum, Fourier 
transform infrared spectroscopy (FTIR), powder X-ray diffraction 
(PXRD), nitrogen adsorption isotherm measurements (Figure 2) 
and X-ray photoelectron spectroscopy (XPS) (Figures 3, S2-S7). 
The 13C Cross Polarization Magic Angle Spinning (CP-MAS) 
solid-state NMR spectrum of H2P-COF-BATA (Figure S8) shows 

a group of signals corresponding to the sp2 carbon atoms of the 
material and confirms the formation of the imine bond by the 
characteristic signal at δ 163 ppm, which corresponds to the 
chemical shift of the -C=N carbon. The FTIR spectrum shows 
the disappearance of the characteristic bands of the starting 
materials, i.e. the carbonyl bands at 1668 and 1679 cm-1 from 
the aldehydes and the NH2 stretching band at 3300-3400 cm-1 
from the amines; in addition, it can be observed the emergence 
of the characteristic stretching vibration of the C=N bond at 1614 
cm-1. After sulfur incorporation, the main absorption bands of
H2P-COF-BATA remain unchanged and a new band is observed
at 670 cm-1 assigned to the vibration of the C-S bond (Figure
2b).[17a, 21] Similar results were observed for H2P-COF, the
characteristic 13C NMR C=N signal at δ 163 ppm, the
disappearance of the carbonyl and amine FTIR bands and
appearance of the C=N vibration, but, as expected, no C-S bond
was observed after sulfur impregnation (Figures S1a, S9).

The chemical bonding nature in H2P-COF and H2P-COF-
BATA upon sulfur treatment has been also investigated by XPS 
of C1s, N1s and S2p. In addition, synchrotron-based XPS spectra 
of S2p have been investigated. The XPS N1s spectra of S@H2P-
COF and S@H2P-COF-BATA (Figures S2, S3) reveal the 
existence of two components, a main one with a binding energy 
(BE) of 400.0 eV and a minor one with a BE of 398.4 eV. In 
agreement with previous findings,[22] the two components can be 
attributed to the three types of nitrogens found in S@H2P-COF 
and S@H2P-COF-BATA, the main one to the pyrrole-type and 
the imine-type, whose N1s BEs are 400 eV and 399.3 eV 
respectively, and the minor one to the aza-type, whose N1s BE is 
near 398 eV. The intensity ratio of 2.5 (3+2/2) is in agreement 
with this interpretation. The XPS C1s spectra of S@H2P-COF 
and S@H2P-COF-BATA (Figures S4, S5) reveal a peak that can 
be deconvoluted in three components with binding energies of 
285.0, 286.5, and 288.9 eV. The binding energy of 285.0 eV can 
be associated to -C=C-, while those of 286.5, and 288.9 eV can 
be attributed to the different components of the C-N bonds: the 



former to the imine and pyrrole N and the latter to the aza N. 
The relative intensities of the three C1s components are in 
agreement with the expected abundance of each type of C bond 
in S@H2P-COF and S@H2P-COF-BATA.[10] An additional 
component in the C1s core level at a higher BE of 292.1 eV is 
due to the organic polymer used to prepare the pellet suitable for 
analysis in UHV. The minor amounts of vinyl linkages in the 
COF accounts for the negligible contribution of a signal 
corresponding to the C-S bonding, which cannot be appreciated 
in the spectrum. 

Figure 2. a) FTIR of DHTA, BATA and TAPP monomers, H2P-COF-BATA 
and S@H2P-COF-BATA. b) Detailed comparison of the FTIR spectra of H2P-
COF-BATA (black) and S@H2P-COF-BATA (red) showing the C-S stretching 
vibration at 670 cm-1. c) XRD of H2P-COF-BATA (black), S@H2P-COF-BATA 
(red) and elemental sulfur (orange). d) Argon adsorption isotherms of H2P-
COF-BATA (black) and S@H2P-COF-BATA (red). 

On the other hand, the two components of the S2p doublet (3/2 
and 1/2) are separated approximately by 1.2 eV. The XPS S2p 
spectra for both S@H2P-COF and S@H2P-COF-BATA (Figures 
S6, S7) show at least two of these doublets, one with energy 
around 164.3 eV and a second one around 168.9 eV. The 
doublet at 164.3 eV can be assigned to the formation of S-S 
bonds in sulfur chains formed after thermal treatment.[8c, 17a] The 
additional doublet around 168.9 eV can be attributed to the 
characteristic sulfate species formed by oxidation of sulfur in 
air.[23] Again, the minor amounts of vinyl linkages in the material 
accounts for the negligible contribution of a signal corresponding 
to the C-S bonding which cannot be appreciated in the spectrum. 

In order to detect the contribution corresponding to the linkage 
of sulfur to the COF networks we have investigated the 
synchrotron-based XPS spectrum of S2p for S@H2P-COF-BATA. 
The spectrum obtained (Figure 3) can be deconvoluted into 
three peaks. Besides the sulfate species near 168.2 eV, two 
additional doublets are observed. The main doublet at 164.3 eV 
can be attributed to the S2p1/2 and S2p3/2 of C-Sn-C chain (n = 5, 
6) bonds in sulfur.[23b, 24] An additional doublet is observed at a
lower BE of 162.2 eV. This component and its lower BE confirm

the successful anchoring of the linear polysulfides with radical 
chain ends, which attack the vinyl units to form the C-S bonds.[8c] 
The fraction of sulfur atoms bonded to C atoms is approximately 
a 30 % of the total S atoms detected under these conditions. 
The fraction of S atoms bonded to C can be used to estimate the 
number of C atoms bonded to them. Taking into account the 
different photon energies used, the cross sections of C1s and S2p 
at these energies, and the electron-analyzer transmission 
function, the calculation shows that C atoms bonded to S are 
approximately a 1 % of all carbon atoms with C=C bonds. 

Figure 3. S 2p peak for the S@H2P-COF-BATA sample (hν = 850 eV). 
Numbers identify the different components (black lines): 1 (S-S bonds in sulfur 
chains), 2 (C-S bonds) and 3 (sulfate). Each component corresponds to an S 
2p doublet (dashed lines). Black dots are experimental points and the red line 
is the results of fit. 

PXRD of both H2P-COF-BATA and H2P-COF showed an 
identical profile with an intense peak at 3.8 º as well as a smaller 
one at 7.4 º (Figure 2c, S1b). These correspond to the (100) and 
(200) reflections of a tetragonal (P4/m) unit cell with cell
parameters a = b = 25.6 Å, c = 4.0 Å and α = β = γ = 90 º, as
reported in previous works.[19b, 20, 25] As expected, the
introduction of the small allyl moiety did not bring about any
significant change in the diffractogram, indicating that the
framework's structure remains unaltered. Similar results have
been previously observed with the introduction of different
functionalities in COFs' pores,[26] including propargyl[25, 27] or
azidomethyl[28] moieties. After sulfur grafting, PXRD of S@H2P-
COF-BATA and S@H2P-COF showed a featureless pattern,
indicating that sulfur was highly dispersed inside the COF pores.
The disappearance of the diffraction signals in COF/S
composites has been observed for other COFs composed of
light-weight elements in which the sulfur is highly dispersed in
the COF matrix.[29] It deserves to be noted that the H2P-COF
diffraction peaks are recovered after removal of sulfur from the
composite, indicating that the crystal structure of the COFs is
stable after sulfur infiltration.

The porosity of the materials was studied by argon adsorption 
isotherms at 87 K. H2P-COF-BATA and H2P-COF showed a 
type I isotherm with a significant uptake in the low-pressure 



region (Figures 2d, S1c), which is characteristic of microporous 
materials. In fact, pore size distributions determined by nonlocal 
density functional theory (NLDFT) of both materials showed 
profiles centered at 1.42 nm for H2P-COF-BATA and 1.51 nm 
for H2P-COF (Figure S12). The Brunauer-Emmett-Teller (BET) 
surface area and pore volume for H2P-COF-BATA were 
calculated to be 435 m2 g-1 and 0.187 cm3 g-1, respectively, and 
decreased to 34 m2 g-1 and 0.014 cm3 g-1 after sulfur 
incorporation. On the other hand, impregnation of sulfur into 
H2P-COF decreased its BET surface area from 490 to 38 m2 g-1 
and its pore volume from 0.187 to 0.014 cm3 g-1. 

Thermogravimetric analysis (TGA) showed that H2P-COF-
BATAand H2P-COF are stable up to 400 ºC. The thermogram of 
the impregnated samples showed a new loss starting at 190 ºC, 
corresponding to sulfur elimination (Figure S13). From these 
data the sulfur incorporations were calculated to be 10 % for 
H2P-COF-BATA and 8 % for H2P-COF. 

Finally, all the materials were examined by scanning electron 
microscopy (SEM) revealing a flake-like morphology. This 
texture was maintained after sulfur impregnation and no bulk 
sulfur was observed (Figure S14). Elemental maps obtained by 
energy-dispersive X-ray (EDX) analysis exhibited a 
homogeneous distribution of C, N and O in H2P-COF-BATA and 
H2P-COF, which can be attributed to the skeleton of the 
frameworks. The mappings of S@H2P-COF-BATA and S@H2P-
COF showed the presence of sulfur with a similar distribution to 
that of C, N and O, (Figures S15, S16) confirming its successful 
incorporation into the pores of the COFs. 

Figure 4a shows the cyclic voltammetry (CV) comparison 
profiles of cells with S@H2P-COF and S@H2P-COF-BATA 
cathodes vs. lithium anode at 0.1 mV s-1 as well as in the 
increasing range from 0.1 to 1.0 mV s-1 in the 2.70 to 1.80 V 
voltage range. For S@H2P-COF, two cathodic peaks appear (A 
and B in Figure 4a) located at 2.35 and 2.10 V in agreement with 
the conversion of S8 towards long-chain lithium polysulfides 
Li2Sn (n = 8, 4) and their further reduction to Li2S2/Li2S, 
respectively.[17a, 30] An anodic process follows with the 
development of two peaks (C and D in Figure 4a) at 2.31 and 
2.43 V corresponding with the reversible oxidation from 
Li2S2/Li2S to S8. Similar processes can be found for S@H2P-
COF-BATA, although its peak positions, 2.30 and 2.00 V in 
discharge and 2.37 and 2.45 V in charge, respectively, show 
redox processes with lower reversibility in comparison to that of 
S@H2P-COF.[14] 

These results are also consistent with the discharge/charge 
curves depicted in Figure 5. When the CV scan rate was 
increased, peaks B and C gradually overlap (Figure 4b and c), 
owing to a severe polarization during the lithiation/delithiation 
process. 

Figure 4. (a) Cyclic voltammetry for S@H2P-COF (blue) and S@H2P-COF-
BATA (red) vs. Li+/Li at 0.1 mV s-1. (b) Cyclic voltammetry for S@H2P-COF at 
increasing rate from 0.2 V to 1 mV s-1 in the 2.7 to 1.8 V voltage range. (c) 
Cyclic voltammetry for S@H2P-COF-BATA at increasing rate from 0.2 V to 1 
mV s-1 in the 2.7 to 1.8 V voltage range. 

Figure 5a shows the discharge-charge curves of the S@H2P-
COF cathode at a current rate of 0.1C in the voltage range of 
1.8-2.7 V. Specific capacity and current rate referred to capacity 
values are obtained based on the sulphur mass and the 
theoretical specific capacity of a lithium-sulphur battery, 1675 
mA h g-1. During the first reduction, the S@H2P-COF cathode 
shows a two-staged potential profile with a short pseudo-plateau 
at 2.35 V and a longer one at a lower potential, 2.10 V, which is 
assigned to the reduction from sulphur to high-order lithium 
polysulfides (Li2Sn, 4 < n < 8) and the further reduction to solid 
lithium polysulfide Li2S2 and Li2S, respectively. Following the 
charge process, two charge pseudo-plateaus are found at 
potentials of ≈ 2.25 V and ≈ 2.37 V, characterizing the inverse 
conversion of Li2S2 and Li2S to Li2Sn (4 < n < 8) and finally to S8. 
Figure 5b shows the corresponding coulombic efficiency and 
discharge capacity for this lithium-sulfur cell in the same 
conditions described above. These results show an increasing 
efficiency up to a modest value close to 90 % of the theoretical 
one and exhibit a trend to stabilize a discharge specific capacity 
around 900 mA h g-1 after 100 cycles, with a significant 
dispersion of values. This behavior could be attributed to the 
shuttle effect, especially noteworthy at low charge current 
densities, as in the current example.[31] 



Figure 5. Galvanostatic discharge/charge electrochemical profile of S@H2P-
COF (a) and S@H2P-COF-BATA (c). Cycle stability and Coulombic efficiency 
of S@H2P-COF (b) and S@H2P-COF-BATA (d) at 0.1C in the 2.7 to 1.8 V 
voltage range vs. Li+/Li. 

The same electrochemical characterization is depicted in 
Figure 5c and 5d for S@H2P-COF-BATA showing similar 
features to those found for S@H2P-COF. The electrochemical 
discharge/charge processes show two main peaks at 2.30 and 
2.05 V for reduction and 2.30 and 2.39 V for oxidation, 
corresponding to the S8 conversion steps towards Li2S2/Li2S and 
their corresponding reversible ones. This cell yields around 1600 
mA h g-1 during the first discharge cycle, close to the theoretical 
performance of the S@H2P-COF battery, 1675 mA h g-1. On the 
other hand, Figure 5d exhibits the cycling performance of the 
S@H2P-COF-BATA cathode, with a discharge capacity around 
900 mA h g-1 and a coulombic efficiency close to 95 % after 100 
cycles. In this case, although cycling values are close to those 
found for S@H2P-COF, a remarkable improvement during 
extended cycling regarding the electrochemical stability is 
observed, indicating a significantly depressed shuttle effect of 
the polysulfide intermediates. 

The cell performance assessment is broadened by the 
stepwise increase of the current rate every ten cycles (Figure 6). 
In the first cycle, at 0.1C, 0.2C and 0.5C, S@H2P-COF and 
S@H2P-COF-BATA batteries deliver a specific capacity of 975, 
520 and 150 mA h g-1 and 1200, 550 and 190 mA h g-1 of their 
corresponding rates, respectively (Figure 6a and 6c). It is worth 
mentioning that when the charge/discharge rate returns to the 
initial 0.1C rate, S@H2P-COF and S@H2P-COF-BATA cells 
exhibit 810 and 1100 mA h g-1 specific capacities, respectively. 
Therefore, the organic framework of S@H2P-COF-BATA 
provides not only higher capacity and cycle ability performance 
in its corresponding Li-S battery, but also improves the rate 
capability. 

Figure 6. Galvanostatic discharge/charge electrochemical profile of S@H2P-
COF (a) and S@H2P-COF-BATA (c) at different scan rates. Discharge 
capacity at different scan rates, 0.1C, 0.2C, 0.5C, 1.0C and 0.1C, of S@H2P-
COF (b) and S@H2P-COF-BATA (d) in the 2.7 to 1.8 V voltage range vs. Li+/Li. 

These results suggest that the covalent linkage of the sulfur 
intermediates into the nanopores of S@H2P-COF-BATA inhibits 
sulfur release due to solubilization more effectively and, 
consequently, improves both the shuttle effect and the cycling 
performance of the battery. 

Additionally, electrochemical impedance spectroscopy (EIS) 
characterization was carried out in order to gain knowledge 
about the electrochemical features of both S@H2P-COF and 
S@H2P-COF-BATA materials under progressive degradation 
due to working conditions. Thus, EIS measurements were 
developed upon cells with starting material before cycling, after 
100 cycles at 0.1C and after cycling at different scan rates 
(Figure 7). 

In general, the impedance spectra (Nyquist plot) show a 
depressed semicircle in the high-medium frequency and an 
oblique line in the low frequency region. The intercept on the 
real axis at high frequency represents the ohmic resistance 
including the electrolyte and all internal/external half-cell 
contacts. The semicircle at high-medium frequency is related 
with the transfer through the solid-electrolyte interface (SEI) and 
charge transfer resistance of the electrolyte/active material 
interface and the sloping line at low frequency is related to the 
Li-ion diffusion in the solid material.  

Experimental data were analysed using Rs(CPE1[RCTW]) as 
the equivalent circuit that describes the processes involved in 
the study (see inset in Figure 7), according to the Boukamp's 
notation.[32] 

The equivalent circuit considers RS as the electrolyte ohmic 
resistance; RCT in parallel to CPE1, both refer to the 
corresponding ionic resistance and constant phase element due 
to the solid-electrolyte interface, SEI, and the charge-transfer 
resistance of the active material. It appears as a high-medium 
frequency arc (106-20 Hz). In all cases, the capacity of the 
material has been simulated with a constant phase element 
given the characteristics of nanostructured electrodes, i.e. their 



porous structure and the high roughness of the interface. Finally, 
below 20 Hz a ≈ 45 º leaning line is identified as a Warburg 
impedance element, Zw, corresponding to a semi-infinite 
diffusion region and related to the Li ionic diffusion into the 
material. 

Figure 7. Nyquist plot of S@H2P-COF (a) and S@H2P-COF-BATA (b) at 
different conditions: initial (black lines), after 100 cycles at 0.1C (red lines) and 
after 100 cycles at different scan rates (blue lines). 

The EIS spectra regarding the non-cycled cells show no 
significant differences, suggesting that the covalent binding of 
sulphur within the organic framework does not play a 
fundamental role at this stage. For Rs and CPE1, the values are 
2.3 and 3.3 Ω for S@H2P-COF, and 5.8·10-5 and 4.3·10-5 F cm-1 
for and S@H2P-COF-BATA, respectively. 

However, the resistance values obtained in RCT, 15.7 and 24.1 
Ω for S@H2P-COF and S@H2P-COF-BATA, respectively, are 
significantly different. Indeed, the process in S@H2P-COF-
BATA initially appears to be kinetically disfavoured compared to 
that of S@H2P-COF. At lower frequencies, 0.1-0.01 Hz, a 
straight line with 45 º slope appears on the Nyquist plot, which is 
related with the semi-infinite dimension of the diffusion layer in 
the pore. This capacitive behaviour can be due to the 
accumulation of Li ions inside the solid.  

After the continuous cycling at 0.1 C, 100 cycles, there is an 
increase in Rs which is attributed to the viscosity increase as a 
result of the presence of lithium polysulfides in the electrolyte. 
Furthermore, the electrochemical processes involved in the 
medium frequency element, RCT increases up to 97.5 and 69.7 
Ω for S@H2P-COF and S@H2P-COF-BATA, respectively, being 
more significant the change observed for S@H2P-COF. 
Therefore, the kinetic of the charge/discharge reaction improves 
considerably upon cycling for S@H2P-COF-BATA, which has to 
be attributed to an increase of specific area and/or shortening of 
the ion transport pathways. Additionally, the CPE1 value in 
S@H2P-COF changes up to one order of magnitude towards a 
more capacitive process, leading to higher difficulty in the 
related charge transfer process, due to a better development of 
the electrochemical double layer resulting from the adsorption 
process in the electrode-electrolyte interface. In general, the 
variation of these elements could probably be related with the 
dispersion of specific capacity values in the S@H2P-COF battery 
as previously commented.  

On the other hand, after variable scan rate test, the RCT 
increases for both electrodes while it remains lower than that 

observed for continuous cycling at 0.1C; values of 50.9 and 43.5 
Ω for S@H2P-COF and S@H2P-COF-BATA are obtained, 
respectively (EIS fitting data in Supporting Table 2). The same 
considerations as those highlighted above in terms of 
improvement of the charge transfer process kinetics are 
assumed, but now an additional hint regarding a higher 
improvement as consequence of the variable charge/discharge 
current must be included. Again, S@H2P-COF increases its 
capacitive behaviour according to the CPE1 value. 

The estimation of Li+ diffusion coefficients (DLi) for both 
cathodes can be developed from the analysis of the Zreal and the 
angular frequency (ω) components of the Warburg element. This 
evaluation is based on Fick's laws for semi-infinite linear 
diffusion model[33] according to: 

𝑍𝑍𝑟𝑟𝑟𝑟 =  𝑅𝑅CT + 𝑅𝑅𝑠𝑠 +  𝜎𝜎𝜔𝜔−12   (𝐸𝐸𝐸𝐸. 1) 

𝐷𝐷𝐿𝐿𝐿𝐿 =  
𝑅𝑅2𝑇𝑇2

2𝐴𝐴2𝑛𝑛4𝐹𝐹4𝑐𝑐2𝜎𝜎2
 (𝐸𝐸𝐸𝐸. 2) 

𝑍𝑍𝑊𝑊 =  𝜎𝜎𝜔𝜔−12 + 𝜎𝜎(𝑗𝑗𝜔𝜔)−
1
2   (𝐸𝐸𝐸𝐸. 3) 

being: R, the ideal gas constant, 8.314 J (mol K)-1; T, the 
ambient temperature, 298 K; A, the electrode area, ≈ 0.5 cm2; n, 
the number of electrons transferred per molecule during the 
reaction (1e- per Li+/Li process); F, the Faraday constant, 
96485.3 C mol-1; c, the concentration of Li+ in the electrolyte (1 
M); and σ, the Warburg coefficient. 

From the linear slope of the graphical representation of Zreal vs. 
ω-1/2 in the low frequency region, DLi+ value is obtained (Figure 8). 
According to these results, starting DLi+ of the S@H2P-COF-
BATA electrode is larger than the one corresponding to S@H2P-
COF. Comparing DLi+ values after continuous cycling, they 
decrease in both cases. More significantly, DLi+ in C rate mode is 
lower for S@H2P-COF than for S@H2P-COF-BATA, which 
maintains the same order of magnitude than the initial one. This 
evolution for DLi+ values in both compounds is in agreement with 
the values previously highlighted regarding the changes in 
specific capacity after continuous cycling and C rates mode, 
respectively. 

Figure 8. Z real as a function of w-1/2 for S@H2P-COF (a) and S@H2P-COF-
BATA (b). Black: before cycling; blue: C rates mode; red: continuous cycling 
at 0.1C. 



As expected, we have observed a general trend to decrease 
battery performance during the tests, being especially 
remarkable in the case of C rates mode for S@H2P-COF 
electrode. Therefore, the S@H2P-COF-BATA electrode provides 
better performance under demanding and/or changeable charge 
conditions than the S@H2P-COF one. 

S@H2P-COF-based cathodes show inferior diffusion 
properties upon cycling, independently of the chosen test mode. 
The general worsening of the kinetic and diffusion parameters 
leads to an increase of the cell polarization, with the consequent 
performance loss. However, the presence of the covalent C-S 
bonds improves the sulphur use and provides faster ion diffusion 
pathways, mitigating the dissolution of polysulfide species into 
the electrolyte. 

Conclusions 

A novel porous, crystalline, porphyrin-based COF endowed with 
reactive allyl moieties (H2P-COF-BATA) has been synthesized. 
H2P-COF-BATA was subsequently inverse-vulcanized with 
sulfur, which provides an efficient method not only to physically 
confine polysulfides in the microporous channels but also to 
covalently bind them to the COF skeleton. For comparison 
purposes, polysulfides have been physically confined but without 
covalent linkage into an analogous COF yielding S@H2P-COF. 
Both materials have been used as cathodes for rechargeable 
lithium-sulfur batteries. 
S@H2P-COF and S@H2P-COF-BATA electrodes offer a general 
view of ageing upon cycling what is interpreted in terms of 
capacity loss and DLi+ decreasing as result of the kinetic and 
diffusion parameters deterioration. On the other hand, chemical 
modification of S@H2P-COF leading to S@H2P-COF-BATA-
based electrodes provides an obvious electrochemical 
performance improvement, especially significant under variable 
charge/discharge conditions. Such modification provides a new 
prospect material as electrode for sulphur batteries.  
Considering the current amount of covalently bonded S in the 
COF cavity, battery performance is expected to significantly 
increase using a more efficient sulphur incorporation method to 
the COF. 

Experimental Section 

Materials and methods 
The following reagents were commercially available and were used as 
received: o-DCB, n-butanol, sulfur, carbon Super P, 
polytetrafluoroethylene (PTFE), lithium bis(trifluoromethanesulfonyl)imide 
(LiTFSI), 1,3-dioxolane and 1,2-dimethoxyethane. 2,5-
dihydroxyterephtaldehyde (DHTA)[34] and 5,10,15,20-tetrakis(4-
aminophenyl)-21H,23H-porphyrin (TAPP)[35] were synthesized according 
to the literature. The new 2,5-bis(allyloxy)terephthalaldehyde (BATA) 
was prepared according to the procedure described in the Supporting 
Information. 

1H NMR and 13C NMR spectra were recorded on a 300 MHz 
spectrometer. Chemical shifts are reported in ppm and referenced to the 
residual non-deuterated solvent frequencies (CDCl3: δ 7.26 ppm for 1H, 
77.0 ppm for 13C). 13C Cross Polarization Magic Angle Spinning (CP-
MAS) NMR spectra were recorded on a 400 MHz spectrometer Wide 
Bore (probe: 4 mm MAS WB DVT). The sample rotation frequency was 
12 kHz and a 2.5 mm ZrO2 rotor was used. Infrared spectra were register 
on a Bruker Alpha-T ATR-FTIR spectrometer on a diamond plate. 
Powder X-ray diffraction measurements were carried out with X'PERT 
MPD with conventional Bragg-Brentano geometry using monochromatic 
Cu Kα1 radiation (λ = 1.5406 Å) in the 2θ = 2°-40° range. Argon 
adsorption-desorption isotherms were measured at 87 K on an AutoSorb 
equipment (Quantachrome Instruments). Samples were previously 
degassed under high vacuum (<10-7 bar) for 4 h at 120 ºC for H2P-COF 
and H2P-COF-BATA and at 60 ºC for S@H2P-COF and S@H2P-COF-
BATA. Thermogravimetric analysis was performed on a TGA-Q-50 
instrument on a platinum plate, heating the samples under nitrogen 
atmosphere at a heating rate of 10 ºC min-1. Scanning electron 
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) 
were carried out using a JEOL JSM 6335F scanning electron microscope. 
The sample was dispersed over a slice of graphite adhesive and coated 
with gold by sputtering. 
X-Ray Photoelectron Spectroscopy (XPS) experiments were performed
in two different ultrahigh vacuum (UHV) chambers. In the first one, Mg
Kα radiation excites core level photoelectrons, which are detected using
a Specs Phoibos-150 electron analyzer with a constant pass energy of
20 eV. The second UHV chamber is located at the BACH beamline,
receiving synchrotron light from the Elettra storage ring in Trieste (Italy).
S2p core level spectra were obtained using a photon energy of 850 eV
and a Scienta R3000 electron analyzer. In this chamber, the polarization
plane of the light was horizontal and coincided with the measuring plane.
In both setups, the electron analyzer axis was fixed and coincided with
the surface normal. The core level binding energies were calibrated using
as references the binding energies of C 1s and Au 4f in contact with the
sample. The line shape of core levels was fitted using a Shirley
background and asymmetric singlet pseudo-Voigt functions. The fit was
optimized using a Levenberg-Marquardt algorithm with a routine running
in IGOR Pro (WaveMatrix Inc.).[36] The quality of the fit was judged from a
reliability factor, the normalized χ2.

Synthesis 
H2P-COF was prepared according to a literature procedure with slight 
modifications.[27] TAPP (200 mg, 0.30 mmol) and DHTA (99 mg, 0.60 
mmol) were loaded into a Pyrex tube alongside 15 mL of an o-DCB/n-
BuOH/3 M AcOH (1:2:0.3) mixture. The tube was degassed via three 
freeze-pump-thaw cycles, flame sealed and heated at 120 ºC for 6 days. 
The resulting precipitate was filtered off, washed exhaustively with 
methanol, acetone and THF and dried under vacuum at 120 ºC overnight, 
yielding a purple precipitate (258 mg, 93 %). 
Similarly, H2P-COF-BATA was synthetized by loading TAPP (203 mg, 
0.30 mmol), DHTA (75 mg, 0.45 mmol) and BATA (37 mg, 0.15 mmol) 
into a Pyrex tube to which were added 15 mL of an o-DCB/n-BuOH/3 M 
AcOH (1:2:0.3) mixture. The tube was degassed via three freeze-pump-
thaw cycles, flame sealed and heated at 120 ºC for 6 days. The resulting 
precipitate was filtered off, washed exhaustively with methanol, acetone 
and THF, and dried under vacuum at 120 ºC overnight, yielding a purple 
precipitate (275 mg, 94 %). 
S@H2P-COF-BATA and S@H2P-COF were prepared by the melt-
diffusion strategy. H2P-COF-BATA or H2P-COF were mixed with 
elemental sulfur in a 1:1 weight ratio and grinded uniformly in an agate 
mortar. The mixtures were transferred into a round bottom flask and 
heated at 120 ºC overnight under an argon atmosphere, so sulfur can 
diffuse into the COFs pores, and then at 185 ºC for an additional 8 hours 
causing sulfur to undergo radical polymerization with the accessible allyl 



groups in the pores of H2P-COF-BATA. Finally, the materials were 
heated at 185 ºC under argon flow to remove surface sulfur. 

Electrochemistry 
All electrochemical experiments were carried out using 2032 coin-cell 
type batteries with lithium foil as both anode and reference electrode. 
The sulfur cathode was prepared by mortar mixing the corresponding 
active material with carbon Super P (TIMCAL) and PTFE (Aldrich) as 
binder in a 60:30:10 weight proportion. The active material (host material) 
has low conductivity and a large amount of the conductive carbon (30 %) 
was used. After drying at 80 ºC for 12 h, the electrode material is 
pelletized into 8 mm diameter pellets (and ≈ 8 mg active material). Cells 
were assembled in an Ar filled glove box using microporous 25 µm 
thickness Celgard membrane (2325 Celgard) as separator. 
Approximately 1 mL of 1 M LiTFSI (99.95 %) in 1,3-dioxolane (DOL) and 
1,2-dimethoxyethane (DME) (DOL:DME in 1:1 volume ratio, Aldrich, 
99.9 %) electrolyte was added to the cells. The galvanostatic 
discharge/charge tests were performed in the voltage range of 1.80-2.70 
V at different C/n rates (being “n” the number of hours to reduce/oxidize 1 
Li) using an Arbin Instruments BT2143 workstation. Experiments were 
done at room temperature, without isothermal setup conditions. Similarly, 
Electrochemical Impedance Spectroscopy (EIS) and Cyclic Voltammetry 
(CV) were conducted using Autolab electrochemical system II
PGSTAT30 (Ecochemie) impedance analyzer. EIS measurements were
carried out at open circuit potential in the frequency range between 100
kHz and 1 mHz with an applied voltage of 0.01 V using a two-probe
method. ZView 3.1 software (Scribner Ass.) was employed to assess the
results. CV measurements were carried out in the 1.80-2.70 V voltage
range at different scan rates, from 0.1 to 1 mV s-1.
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