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Two homologous covalent triazine frameworks (CTFs) have been developed for the first time as anode
materials for high performance K-ion batteries (KIBs). The two-dimensional sheet-like structure as well
as the regular channels in CTFs enable the process of intercalation/deintercalation of K-ions into/from
the CTF interlayers reversibly. Particularly, a size effect of the porous structure is found to dominate the
K-ion storage behavior. CTF-0 with a smaller pore size displays a higher K-ion storage capacity than
CTF-1. Molecular simulations reveal the operation mechanism, showing that the depotassiation process
in CTF-0 is exothermic while the depotassiation in CTF-1 is endothermic, which makes the
deintercalation of K-ions from CTF-0 more feasible than from CTF-1 and contributes to the higher
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Introduction

The huge demand for rechargeable Li-ion batteries (LIBs) in
a variety of application scenarios such as powering electronic
devices and vehicles leads to a heavy reliance on LIBs.“?
However, the scarcity and uneven global distribution of
commercially viable lithium resources have seriously hindered
the long-term and widespread development of LIBs, which calls
for alternative abundant energy storage devices, such as Na-ion
(NIBs) and K-ion batteries (KIBs).** In comparison to lithium
resources which occur at a concentration of 0.0017 wt% in the
Earth's crust, the abundance of sodium and potassium
elements is 2.36 wt% and 2.09 wt%, respectively. Unlike NIBs
which have gained widespread attention, KIBs have been less
explored over a long-term period.”® It is noteworthy that in
addition to the natural substantial reserves of element K, KIBs
deliver a high energy density attributed to the lower negative
redox potential of K/K" (—2.93 V vs. the standard hydrogen
electrode (SHE)) compared with Na/Na® (—2.71 V vs. SHE).°
Thus, KIBs are promising next-generation batteries that will
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performance organic anode materials by structural modulation at the molecular scale.

provide clean energy with high capacity and at low cost.* ™"
Nevertheless, the larger ionic radius of K' than Li" and Na' leads
to a significant volume change for the intercalation-type elec-
trode materials. The conversion electrodes will be subjected to
structural deterioration as well as poor cycling stability during
the potassiation/depotassiation process, which is especially
severe in KIBs. Therefore, exploring novel anode materials
suitable for K-ion storage is urgently needed for KIBs.**"”
Owing to their merits of being inexpensive and sustainable,
organic compounds are perceived to be ideal electrode mate-
rials for high-energy density and low-cost energy storage
devices."" Furthermore, in contrast to inorganic anode mate-
rials, the supramolecular assembly of organic materials is
mainly sustained by van der Waals interactions rather than
covalent or ionic bonds, which is beneficial for a larger inter-
layer spacing to accommodate the bigger sized K" with insig-
nificant lattice deformation. Thus, considerable efforts have
been made to explore highly efficient organic electrodes appli-
cable in KIBs.**?** Among organic materials, two-dimensional
(2D) covalent organic frameworks (COFs) represent a special
class of layered materials with high crystallinity and
porosity.**?* Due to the diversity of building blocks, dimen-
sional adjustability and designability of extended structures, 2D
COFs are becoming an appealing option as electrode mate-
rials.”*** Sakaushi and co-workers have reported a bipolar
covalent triazine framework (CTF) electrode composed of
aromatic rings in a honeycomb structure for high-performance
sodium-organic energy storage devices.*® When exfoliated 2D
CTFs were explored as anodes for NIBs, high capacities and
excellent rate capabilities were achieved, owing to their robust
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Fig. 1 lllustration for the formation of CTFs based on trimerization
reaction of carbonitriles and the corresponding potassiation/depot-
assiation process in CTFs with different pore sizes. (a) CTF-0; (b) CTF-1.

conjugated porous structure.*® Furthermore, the well-defined
covalent frameworks offer a uniform electrochemical environ-
ment which is critical for the investigation of the intercalation/
deintercalation mechanism in K-ion storage. Nevertheless, K-
storage anode materials based on COFs have rarely been
investigated. It remains a challenge to exploit COFs as anode
materials for KIBs with high capacity and long-term cycle life,
and the intrinsic rules regulating the electrochemical perfor-
mance of COFs are still elusive.

Herein, CTFs,*”*® a distinct and emerging class of COFs, have
been exploited as anode materials for KIBs, and they store K-
ions through the intercalation/deintercalation mechanism
with high rate capability and long cycle life. Since CTF-0 and
CTF-1 possess similar chemical compositions and topological
structures (Fig. 1), the K-ion storage performance of CTF-0 and
CTF-1 has been evaluated and compared simultaneously, not
only to fabricate a high-performance rechargeable battery, but
also to gain an insight into the mechanism of K-ion storage.
Notably, the electrochemical performance is closely related to
the pore size of the frameworks. CTF-0 with a smaller pore size
displays better energy storage performance than CTF-1. The
higher percentage of the diffusion-controlled process of K-ion
storage and the larger apparent diffusion coefficient of CTF-
0 according to the kinetic analysis both contribute to the
better electrochemical performance. Furthermore, the dramatic
size effect of the porous structure on the process of
intercalation/deintercalation of K ions is revealed by molecular
mechanistic simulations. It is exothermic when K" is extracted
from the interlayers of CTF-0 in the charging state, which
facilitates the depotassiation process and is beneficial for
a higher reversible capacity.

Results and discussion
Physical characterization of the CTFs

The preparation of the CTFs was performed in molten ZnCl, at
400 °C for 40 h using either 1,3,5-tricyanobenzene (CTF-
0 networks) or p-dicyanobenzene (CTF-1 networks) as the
precursor according to a previously reported protocol.**** In
order to gain an insight into the long-range order in CTFs,
powder X-ray diffraction (PXRD) and Fourier transform infrared
(FT-IR) measurements were carried out. The PXRD pattern of
CTF-0 in Fig. 2a displays a diffraction peak at 26 near 14°, arising
from reflections from the (100) plane. According to the d spacing
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Fig. 2 Structural and morphological characterization of CTF-0. (a)
PXRD patterns; (b) FT-IR spectra (TCB stands for the monomer 1,3,5-
tricyanobenzene); (c) AFM image and height profile along the black
line; and (d) N, adsorption isotherms collected at 77 K and (inset) the
pore size distribution. The relative pressure (P/Pg) range for determi-
nation of the CTF-0 BET surface area is from 2.0124 x 1072 to 2.0034
x 107%

between the (001) diffraction planes (26°), the - stacking
interlayer space of CTF-0 is calculated to be 3.4 A. Possible two-
dimensional structures were fabricated, where the layers of CTF-
0 could stack either in an eclipsed or staggered manner. The
simulated PXRD pattern according to the eclipsed AA stacking
structure matches well with the experimental result. Thus,
a framework belonging to the hexagonal space group (P6/m) with
unit cell parameters of a = b = 7.3 A and ¢ = 3.4 A is proposed for
CTF-0 (inset in Fig. 2a). Additionally, the trimerization reaction
is further confirmed by FT-IR spectroscopy (Fig. 2b).

The absence of the characteristic absorption peak of the
carbonitrile band at 2249 cm ™' provides direct evidence for
a successful polymerization reaction, in combination with the
appearance of strong peaks at 1316 cm™ " and 1528 cm ™"
responding to triazine rings. The FT-IR measurements confirm
an almost complete conversion under the present conditions.
Atomic force microscopy (AFM) investigations reveal that CTF-
0 displays clear lamellar features (Fig. 2c), indicative of layer-
by-layer stacked two-dimensional sheets within the CTF. The
thickness of the exfoliated CTF-0 nanosheets is about 3 nm.

Meanwhile, the porosity of CTF-0 was determined by N,
adsorption/desorption isotherm measurement at 77 K (Fig. 2d).
The sample exhibits a type I isotherm, suggesting the presence
of microporous materials with a BET surface area of 446 m*> g~ "
According to the pore size distribution plot, a narrow peak
located at 0.5 nm is found, which accords with the pore width
evaluated from the simulated model of CTF-0. The trimerization
of 1,3,5-tricyanobenzene monomers generates a relatively dense
organic framework with ultramicropores (<7 A).** Some meso-
porous structures seem to exist in CTF-0, and they may have
originated from some inter-crystal voids formed in the big
aggregates.

Ccor-

This journal is © The Royal Society of Chemistry 2019
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On the other hand, CTF-1 with a larger pore size, which is
condensed by p-dicyanobenzene was also explored. CTF-1
shows very similar characteristics to CTF-0 (Fig. S2t). Consid-
ering the (001) peak emerging at 26.3° in the diffraction pattern,
the interlayer distance of CTF-1 is deduced to be 3.4 A. Likewise,
the layers of CTF-1 sheets prefer to assemble in an eclipsed
manner. The resulting periodicity is supposed to reflect
a hexagonal unit cell (a = b = 14.6 A and ¢ = 3.4 A). Particularly,
as confirmed by nitrogen adsorption experiments, micropores
of ca. 1.5 nm, which are larger than those in CTF-0, dominate in
CTF-1, facilitating research on pore-size dependent K-ion
storage behavior.

Electrochemical characterization

A critical challenge in developing high-performance KIBs is
overcoming the large volume expansion induced structural
deterioration of the electrode material when K" with a larger
ionic radius than Li" and Na' is inserted/extracted into/from the
electrode. This disqualifies the majority of outstanding LIB
anode materials from being used in KIBs. The conjugated
crystalline CTFs exhibit porosity and a periodic interlayer
spacing of 0.34 nm, which raises hope that they will be capable
of offering fast and smooth diffusion channels for K" with
minimum lattice distortion. Hence, we developed the CTF
anode materials for KIBs to evaluate their energy storage
performance.

The electrochemical properties of CTF-0 and CTF-1 are dis-
played in Fig. 3. Fig. 3a shows the typical charge and discharge
curves of CTF-0 and CTF-1 for the first several cycles at a current
density of 50 mA g~ Both of the CTFs exhibit a flat plateau at
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around 1.4 V during the first cycle, which is ascribed to the
formation of a solid electrolyte interphase (SEI) film.**** And no
obvious plateaus are observed in the following cycles for both
CTFs. The irreversible cathodic peaks of the CTFs at about 1.4 V
vs. K'/K during the first scan in cyclic voltammetry (CV) tests
(Fig. S37) are also consistent with the charge and discharge
curves. Notably, CTF-0 displays almost twice the reversible
capacity compared to CTF-1. Fig. 3b illustrates the cycling
performance of the CTFs at a current density of 100 mA g~ . The
specific capacity of CTF-0 attenuates from 154 mA h g~ to
113 mA h g~ ' after 200 cycles. In contrast, the specific capacity
of CTF-1 is retained at around 60 mA h g~ ' with slight variation.
Additionally, CTF-0 not only possesses higher charge specific
capacity but also retains higher coulombic efficiency (CE) in the
initial several cycles. The higher CE of CTF-0 is also confirmed
by the results of comparative CV tests in Fig. S3,T where it can be
seen that CTF-0 exhibits a less obvious irreversible peak than
CTF-1. Fig. 3c further compares the rate capabilities of the CTF
materials. The specific capacities of CTF-0 are 152, 135, 114, 99,
84,72 and 63 mA h g~ " at current densities of 0.05, 0.1, 0.2, 0.3,
0.5, 0.7 and 1 A g, respectively. However, the corresponding
reversible capacities of CTF-1 are 73, 63, 52, 46, 39, 35, and
31 mA h g7, respectively. It is supposed that CTF-0 delivers
a higher reversible capacity than CTF-1.

In order to elucidate the reason why the K-ion storage
performance differs along with the variation of pore size of
CTFs, CV tests were conducted to study the kinetic process at
scan rates of 0.1, 0.2, 0.3, 0.5 and 1 mV s~ ! and the results are
provided in Fig. S4a and b.T The results reveal that the peak
current (7) of the CTFs is not proportional to the square root of
the scan rate (v), suggesting that both faradaic and non-faradaic
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Fig.3 (a) Discharge/charge curves of the initial and the 10" curves at a current density of 50 mA g~%; (b) cycling performance of CTF-0 and CTF-
1; and (c) rate capabilities of the CTFs. CV curves and the corresponding pseudocapacitive fractions illustrated by the purple region in (d) CTF-
0 and (e) CTF-1. The EIS spectra of (f) CTF-0 and (g) CTF-1 before cycling and at the 15t and 50" cycles.
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reactions occur in the K-ion storage process, and the following
equations are used to qualitatively understand the reaction
mechanism**¢

i=a’ (1)
log(i) = blogv + loga 2)

where a and b are both constants. When b = 0.5, the K-ion
storage process is mainly diffusion controlled. As b = 1, pseu-
docapacitive behavior dominates the K-ion storage process. The
calculated b values for CTF-0 are 0.67 (peak 1) and 0.56 (peak 2),
respectively, while they are 0.63 (peak 3) and 0.86 (peak 4) for
CTF-1, respectively (Fig. S4ct). Based on the calculations, the
anodic process corresponding to depotassiation of CTFs is
associated with both diffusion and capacitive behavior. Never-
theless, the cathodic process corresponding to potassiation of
CTF-0 is diffusion-controlled, which is quite different from the
cathodic process of CTF-1 dominated by pseudocapacitive
behavior.

Moreover, the calculation of the capacitive contribution at
different scan rates is done on the basis of the formula given
below:

1= klv + kQVO‘S (3)

where k; and k, are constants and kv and k,° stand for the
capacitive and diffusion contributions, respectively. As illus-
trated in Fig. 3d and e, the capacitive contributions in CTF-
0 and CTF-1 are 48.4% and 84.1% at a scan rate of 1 mv s,
respectively. Fig. S4f summarizes the capacitive contributions
of the CTFs at different scan rates. It further confirms that the K-
ion storage process of CTF-0 is controlled by diffusion behavior
to a larger extent while that of CTF-1 is dominated by pseudo-
capacitive behavior, and these behaviors are independent of the
scan rate. The intrinsic dissimilar K-ion storage mechanism in
terms of the kinetic analysis could partially explain the differ-
ence in the specific capacity of the CTFs.

The results of electrochemical impedance spectroscopy (EIS)
tests of the CTFs in Fig. 3f and g demonstrate that the initial
impedance of CTF-1 is apparently lower than that of CTF-0. This
is also in accordance with the experimental results for the
electronic conductivity of the CTFs, where CTF-1 possesses
higher electronic conductivity than CTF-0 in the pressure range
of 2 to 20 MPa (Fig. S51). However, CTF-1 possesses higher
impedance compared with CTF-0 after cycling. The phenom-
enon that the evident impedance increases after the first cycle of
CTF-1 is in accordance with the CV test results in Fig. S3.f
Results of further investigation of equivalent circuit fitting of
the CTFs after 50 cycles are illustrated in Fig. S6a.T In terms of
the specific fitting data after 50 cycles in Table S1,T the resis-
tance of the SEI film (Rgg;) of CTF-0 is apparently smaller than
that of CTF-1, which is also consistent with the strong reduction
peak of CTF-1 at the first cycle in Fig. S3.1 Based on the inclined
line in the Warburg region, the apparent potassium ion diffu-
sion coefficient (D,pp) can be calculated using the equation

given below:*"*®
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where R represents the gas constant, T denotes the absolute
temperature, A is the surface area of the anode electrode (1.13
cm?), n is the number of electrons per molecule involved in the
reaction, F denotes the Faraday constant, C is the shuttle
concentration of potassium ions in the lattice, and ¢ stands for
the Warburg factor deduced through the linear fitting between
Z.. and the square root of the angular frequency (w) as shown
below:

Z,o(OF Ziy) & g2, (5)

The liner fitting and the corresponding apparent K ion
diffusion coefficient of the CTFs are depicted in Fig. S6b and
Table S2,T respectively. The D,p, value of CTF-0 is 2 orders of
magnitude higher than that of CTF-1, which coincides with the
prominently superior rate capability of CTF-0. Similar results
can also be obtained from galvanostatic intermittent titration
technique (GITT) tests (Fig. S71), which further demonstrates
that the CTF-0 has a higher D, value than CTF-1.

Molecular mechanistic simulations

Given the above issues, detailed molecular mechanistic simu-
lations were performed to explore the intrinsic mechanism for
the pore size controlled K-ion storage performance. In order to
understand the intercalation position of K' in the crystalline
CTF, several tentative stacking possibilities were proposed: (1)
K' resides in the center of the channel; (2) K" is biased towards
the nitrogen of the triazine in the channel; (3) K" is located on
the benzene in CTF-0; and (4) K' is located on the triazine in
CTF-0. The molecular structures and the corresponding calcu-
lated interaction energies are summarized in Fig. S8.f When the
K resides in the center of the pore channel and in the middle of
the interlayers, the composite architecture possesses the lowest
energy, indicative of a thermodynamically optimal structure.
Fig. 4 depicts the comparative molecular models as the K" is
intercalated into the CTFs. Due to the ultramicropores in CTF-0,
only one K' can be accommodated in the pore channels
(Fig. 4a). And the K" intercalation process induces an increase
in structural energy (simulated enthalpy change AH =
6.05 kcal mol ). In contrast, when the K" is intercalated into
the interlayers of CTF-1, the structural energy reduces corre-
spondingly, as illustrated in Fig. 4b. Moreover, the larger pores
in CTF-1 are capable of accommodating up to six K' ions
(simulated enthalpy change in potassiation AH =
—7.32 keal mol™"). From a comparison of the structural ener-
gies before and after K" intercalation, it is concluded that the
process of intercalation of K' into the interlayers of CTF-0 is
endothermic while the process of intercalation into CTF-1 is
exothermic. Conversely, deintercalation of K* from CTF-0 is
exothermic, which implies an easier depotassiation process.
However, deintercalation of K from CTF-1 proceeds with diffi-
culty since the process of depotassiation from CTF-1 is endo-
thermic. As a result, the KIBs with CTF-0 as the anode material
deliver a higher reversible capacity than those with CTF-1.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Simulated K* storage mechanisms in CTF-0 (a) and CTF-1 (c) materials. AH represents the enthalpy change in the corresponding
potassiation (Pot.) or depotassiation (Depot.) process. XPS spectra of C 1s of CTF-0 (b) and CTF-1(d), corresponding to the pristine anode after
being immersed in electrolyte, in the discharged state of 0.01 V and in the charged state of 3.0 V, respectively.

To further verify the intercalation/deintercalation mecha-
nism, X-ray photoelectron spectroscopy (XPS) investigations
were conducted. The peaks of the three carbon species located
at283.3 eV, 284.8 eV and 286.3 €V in the C 1s spectrum of the as-
prepared CTF-0 anode after immersion in electrolyte are
assigned to C=C, C-C of the benzene ring and C=O0 in the SEI,
respectively (Fig. 4b). Notably, the C=C groups disappear when
the battery is discharged to 0.01 V, owing to the increased
randomness of the CTF framework caused by the potassiation
process.** Then the intensity of the C=C and C-C peaks
recovers in the following charge process, implying a release of
K*. Thus, the intercalation/deintercalation of K™ into/from CTF-
0 is supposed to be reversible. In contrast, as for CTF-1, while
the area ratio of C=C and C-C species reduces in the dis-
charged state, it remains nearly constant after the battery is
charged to 3 V as depicted in Fig. 4d, which demonstrates that
the deintercalation of K' from CTF-1 is difficult, leading to
a poor reversible capacity. At this point, the molecular mecha-
nistic simulations along with the XPS analysis have shed light
on the K-ion storage mechanism in CTF-0 and CTF-1.

In addition, the theoretical capacity of a material is deter-
mined by the number of charge carriers and the molar weight of
the specific material.*® It can be calculated using the following
formula (with mA h g~" units):

nxF

C= 3.6 xM (©)

This journal is © The Royal Society of Chemistry 2019

where n; represents the number of electrons exchanged in the
electrochemical process, corresponding to the number of K*
ions involved in the intercalation/deintercalation process and M
stands for the molar weight of the active material in the anode.
Bringing the experimental charging capacity from the first cycle
into the formula above, it is supposed that 0.9 K" was extracted
from each of the layered K-ion storage sites located in the pore
channel of CTF-0, suggesting a nearly complete deintercalation
of K" from CTF-0 in the charged state. However, only 1.0 K"
which is far less than the theoretical K-ion storage amount (6
K') was deintercalated from a structural unit of CTF-1. This
phenomenon also confirms that CTF-0 possesses a superior
reversible capacity to accommodate K relative to CTF-1. That is,
the size effect of the porous structure dominates the process of
intercalation/deintercalation of K' and further affects the
specific capacity when CTFs act as anode materials for KIBs.
Through modulating the pore size in CTFs at the molecular
scale, their electrochemical performance could be optimized.

Conclusions

In essence, two homologous CTFs with different pore sizes were
developed as anode materials for high-performance KIBs.
Benefiting from the porosity and van der Waals-bonded inter-
layers of CTFs, the intercalation/deintercalation of K ions does
not cause serious volume change or deformation of the frame-
work, contributing to the high rate capability and long cycle life.
Specifically, the electrochemical performance dramatically
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relies on the pore size of the CTFs. As the deintercalation of K
ions from CTF-0 with smaller pores is exothermic, the depot-
assiation process could proceed more easily. The ultra-
micropores in CTF-0 are conducive to the reversible
intercalation/deintercalation of K ions and account for the
enhanced electrochemical performance. Our results provide an
important insight into the mechanism of K-ion storage and
rational design of COF anode materials for KIBs with superb
energy storage performance.
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