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mechanical stress, allowing an anisotropic packing of the

ABSTRACT: Covalent organic frameworks (COFs) crystallites, similar to graphite. We used the archetypical COF-
usually crystallize as insoluble powders, and their 5,"* which packs in a hexagonal crystal system with two degrees of
processing for suitable devices is thought to be limited. freedom: a = b and ¢ (Figure 1a), where the covalently bound
We demonstrate that COFs can be mechanically pressed sheets lay along ab (Figure 1a, green arrows) and stack along ¢
into shaped objects having anisotropic ordering with (Figure 1a, blue arrow) through 7—z interactions. This hexagonal
preferred orientation between hkO and 00! crystallographic

planes. Five COFs with different functionality and a COF-5

symmetry exhibited similar crystallographic behavior and unit cell stacking

remarkable stability, indicating the generality of this oo A
processing. Pellets prepared from bulk COF powders ‘t_d’ﬂ <35
impregnated with LiClO, displayed room temperature “x S

conductivity up to 0.26 mS cm™" and high electrochemical

o

stability. This outcome portends use of COFs as solid-state b d
electrolytes in batteries. Parallel Perpendicular
X-rays dT V‘T
. 1 . . \\:\\‘I dyy, \I 71"1./:0
( : ovalent organic frameworks (COFs) are increasingly — —
interesting in materials chemistry due to their potential
application in photovoltaics,2 electrochemical devices,” and gas ¢ oo €
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storage.” Two-dimensional (2D) COFs typically crystallize as o
stacked sheets that precipitate as insoluble powders, assumed to vy\ A T
be unprocessable.5 Cylindrical shape, narrow pore system size, \y\ jL\
and chemical stability make 2D COFs ideal candidates for ] e ——
applications where unidirectional mass transport is desired, such \~/_///\

as transport of ions under electrochemical potentials. We

explored the crystallographic and ionic transport features of 2D ’/\ \‘ﬂ\\
COF powders that were mechanically pressed into pellets with a 2MPa / L 2wea

high degree of crystallographic anisotropy. We demonstrate that
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this method could be applied to different COFs with diverse
functionalities (boronate, boroxine, f-ketoenamine, triazine) and c - " o - p =
symmetries (hexagonal and tetragonal) and used to prepare 2-theta (degrees) 2-theta (degrees)

COFs for large devices, such as solid-state fast-ion conductors for
Li ions. Highly aligned porous 2D COFs can be specifically

Figure 1. (a) Unit cell of COF-S illustrating the stacking and
orthogonality between d;, and dyy plane normal vectors. (b) COF

tailored to conduct Li ions at ultrafast rates for use as electrolytes pellet oriented parallel to the optical axis. (c) PXRD of a COF-S pellet in
in all-solid-state batteries. parallel mode at varying uniaxial pressure. (d) COF pellet oriented

Thin films of 2D COFs can be prepared by either addition of perpendicular to the optical axis. (e) PXRD of a COF-S pellet in
flat substrates to the crystallizing mixture® or mechanical perpendicular mode at varying uniaxial pressure. The 001 peak is shown
delamination of powders7 and obtained as highly aligned 200 in the inset and is expanded 50 times for clarity; d” corresponds to the

nm thick samples. Preparation of macroscopic COF samples with optical axis normal vector and d to the hkl plane normal vector.

crystallo§raphic alignment for large devices has not been
realized.” We hypothesized that the weak 7—z interaction Received: May 31, 2016
between the layers of the COF allows easy slipping under Published: July 14, 2016
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packing allows for two sets of Bragg planes: hk0 and 00/, which are
orthogonal to each other and are the signature for any anisotropy
in the diffraction pattern. We prepared bulk powders of the COF,
and a typical powder X-ray diffraction (PXRD) pattern of the
fully isotropic powder is shown in Figure 1c,e (dark blue trace).
When samples of the COF powder were pressed into pellets
using a uniaxial hydraulic press, an apparent loss of crystallinity
was observed when the diffractogram was measured with the
pellet resting on its round side parallel to the optical axis (Figure
1b, hereafter parallel mode), which is also parallel to the unijaxial
press at increasing uniaxial pressure (Figure 1c). Surprisingly, the
broad diffraction peak at 26° 20, which corresponds to the 001
Bragg reflection, was predominantly observed when the pellet
was pressed >12 MPa. Turning the pellet 90°—resting on its
edge (Figure 1d, hereafter perpendicular mode)—resulted in a
pattern that displayed the expected low-angle hk0 peaks in COF-
S (Figure le). Moreover, the intensity of the 001 peak decreased
with increasingg uniaxial pressure (Figure le, inset). According to
Bragg theory,” to observe diffraction in an isotropic powder, the
djy normal vector must be parallel to the optical axis normal
vector, d* (Figure 1b), in which all Bragg planes fulfill this
condition. This is the case for the 00! planes (along the c axis) in
parallel mode but not for the hkO (along the ab axis). If these hk0
planes are aligned perpendicular to d”, they will not diffract.
When the pellet is aligned in perpendicular mode, the d,, vector of
the k0 planes are aligned with the d” and are therefore able to
diffract. This suggests that there is an anisotropic orientation
induced by mechanical pressing, where the 00! planes are the only
ones that fulfill the diffraction condition when the pellet is in
parallel mode and the hkO planes when the pellet is in
perpendicular mode. This behavior is known in powder
diffractometry as preferred orientation and is observed in large
crystals with a very anisotropic crystallite shape'® and in thin
films."'

This pressure-induced crystallographic preferred orientation
was observed in other 2D materials that stack through van der
Waals interactions, but only in inorganic materials at very high
pressures.'” However, this is the first time it is measured in
organic porous framework materials. Preferred orientation in
COFs is a very attractive feature because inducing alignment will
result in alignment of the cylindrical pores. We hypothesized this
phenomenon is inherent in all layered 2D COFs; therefore, we
explored the effect of uniaxial pressing in other 2D COF bulk
powders with different functionality and crystal symmetry.
Powder samples of hexagonal COF-1 (boroxine),'* TpPa-1
COF (fB-ketoenamine),"”” CTF-1 (triazine),"* and tetragonal
ZnPc-BBA COF (boronate)'> were pressed into pellets and
crystallographic behavior similar to that in COF-5 was observed.
All four COFs displayed the expected preferred orientation
(Figure 2). When the pellets were in parallel mode, all COFs
displayed an intensity increase along the 001 reflection (002 for
COF-1) and attenuation of the 100 peaks. In COF-1, some
residual intensity was observed in the 110 reflections; however,
the intensity of the 002 peak is significantly enhanced, and even
some non-orthogonal /0! reflections remain (such as 101 and
201), consistent with their alignment with respect to the optical
axis. In perpendicular mode, all COFs displayed the correspond-
ing hkO peaks with attenuation of the 00! reflections. COF-1
displayed an obvious difference in peak width. This peak width is
aresult of anisotropic crystallite size and strain. A negative control
was performed by pressing a 3D COF (COF-102'°) into a pellet,
where a complete loss of crystallinity was observed in either pellet
orientation, suggesting that only 2D COFs exhibit this property.
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Figure 2. PXRD patterns of COFs with multiple functionality (top) in
powder (bottom) and pellets in both orientations (middle). Pellets
pressed at 12 MPa (CTF-1 pressed at 15 MPa). Preferred orientation of
the 100 and 001 (002 for COF-1) reflections is indicated with arrows.

Grinding a pellet into a powder resulted in complete recovery
of the diffraction peaks (Figure 3a), indicating the stability of the
COF under mechanical stress. As noted in Figure 1c,e, gradual
broadening of the diffraction peaks was observed with increasing
uniaxial pressure and after regrinding the pellets. Le Bail
refinement of the diffraction patterns elucidated the crystalline
domain size and strain present in the powder, pellets, and ground
pellet along the ab and c¢ unit cell directions (Figure 3b)."”
Pressing the COF-S powder into a pellet decreases the crystalline
domain size by 75%, but only along ab, with no significant change
along c. This decrease in size is independent of applied pressure,
and domain size is preserved after grinding a pellet pressed at 12
MPa. The most interesting feature is the change in crystalline
strain. A gradual increase in strain is observed along both
directions with increasing uniaxial pressure, up to ~25% along cat
12 MPa; this strain arises from deviations in the interplanar
distances of the sheets due to applied mechanical stress. This
strain is relieved when the pellet is ground back into a powder and
is an important trait that could affect the mechanical properties
and performance of 2D COFs. Morphological changes of the
COFs at the mesoscopic scale were also followed via SEM, where
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Figure 3. (a) PXRD of COF-$ as powder before mechanical pressing
(purple), as pellet in parallel mode (red) and after grinding of the pellet
(blue), indicating the crystalline stability after mechanical stress. (b)
Crystalline domain size and strain of COF-$ at varying uniaxial pressures,
as determined from line width analysis using Le Bail refinement, showing
the effects of the mechanical stress.'”
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a drastic change in sample morphology was observed. COF
samples change their particle shape from globular agglomerates
of COF crystallites in the powder (Figure S31) to highly
anisotropic sheet-like features in the pellet (Figure S32). The
sheets are perpendicular to the compression, supporting the
crystallographic preferred orientation.

This alignment will make COFs applicable where pore
orientation is vital (ie., in the transport of charged species in
electrochemical devices). This is the case because the pore of the
COF is constrained by the arrangement of layers in the unit cell;
any alignment of the COF unit cell induces change in pore
orientation. The effect of the mass transfer within the pores of the
compressed COFs was studied to provide insight into the
alignment of the cylindrical pores, more specifically, with ionic
transfer, thus exploring the applicability of COFs as solid-state
electrolytes for use in safer and more efficient all-solid-state Li-ion
batteries."® COFs have been utilized as solid electrolytes for
proton conduction;'” however, there are only a few studies on
conductivity of larger cations in organic frameworks. Powders of
COF-5 and TpPa-1 COFs were immersed in 1 M LiCIO,/THF
for 48 h to impregnate the Li salt into the COF, with observed
loading of 3.77 mol % Li* to COF (i.e., based on B/Li ratio) from
elemental analysis.'” Evaporation of excess solvent after removal
from the Li solution by filtration and thorough rinse provided dry
COF powder that was pressed into pellets under 4 MPa uniaxial
pressures. EIS was performed on the pellets of LiClO,-
impregnated COFs to study their use as solid-state electrolytes
for Li-ion batteries.'” In both cases, a Nyquist behavior was
observed (Figure 4a), where the plot of the real component (Z’)
versus the imaginary component (Z”) of the complex impedance
function displays a semicircular shape followed by a spike.”’
Conductivity of the solid electrolyte can be determined from this
plot, where the resistance of the electrolyte is the real component
of the impedance at high frequencies, resulting in ionic
conductivities of ¢ = 0.26 and 0.15 mS cm ™" for COF-5 (Figure
4a) and TpPa-1 (Figure S25), respectively, at room temperature.
Pellets of nonimpregnated COFs displayed no Nyquist behavior,
indicating that the conductivity observed is due to LiClO, in the
material. Variable-temperature studies on the COEF-S pellet
allowed bulk activation energy to be determined for ionic
conductivity (E,) using a linear Arrhenius plot (Figure 4b), with
E, =37 + 4 meV. Conductivity is within the recommended range
for actual devices”' and competitive with other materials such as a
spiroborate-based COF (6= 0.03 mS cm™"),** borate amorphous
organic porous polymers (¢ = 0.27 m$S em™),* metal—organic
frameworks (6= 0.31 mS cm™),** and other inorganic materials
such as LiPON and LiGePS (6= 8.8 X 10™*t0 12.0 mS cm™) at
room temperature.”” Note that E, of LiClO -impregnated COF-5
is significantly smaller than that of the previously mentioned
materials, which implies that the conductivity is less dependent
on the temperature in the measured range. Compared to highly
conducting LiGePS ceramics, COFs offer more versatile
synthesis under milder conditions.

Electrochemical stability of the LiClO,-impregnated COF-5
pellet was measured in an asymmetric two-electrode Lil
LiClO,(COEF-5)lsteel cell utilizing cyclic voltammetry (CV)."”
Besides a small amount of Li deposition/dissolution at negative
potentials, the CV displays a featureless trace between —1.0 and
10. V vs Li*/Li® (Figure S26) up to 100 cycles, surpassing the
stability observed in the LiGePS ceramics.”® High ionic
conductivity, low temperature, and high electrochemical stability
make COF-S a competitive candidate for solid electrolytes in
rechargeable Li-ion batteries.
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Figure 4. Complex impedance function (a) and Arrhenius plot (b) of
COF-5 impregnated with LiClO,; conductivity at room temperature and
activation energy are indicated. (c) Static "Li ssNMR spectra of COF-5
impregnated with LiClO, (purple), compared to pure LiClO, (green).
(d) Saturation recovery plot from "Li ssNMR spectra (7 kHz, magic
angle spinning) of COF-S impregnated with LiClO,, (purple) vs pure
LiClO, (green). T relaxation time constant in each material reveals the
differences in mobility of the "Li ions."”

To further evaluate the dynamic behavior of Li* within the
COF, we measured the "Li static solid-state nuclear magnetic
resonance (ssNMR) spectrum of the LiClO,-impregnated COF-
S (powder) compared to LiClO,(s). Figure 4c displays the
spectrum of solid LiClO, (green) to illustrate the spectroscopic
behavior of Li* in a solid matrix with very limited mobility. A
broad signal is observed in the spectrum as a result of solid-state
dipole—dipole and quadrupolar couplings between Li sites.
Determination of the T relaxation time of LiClO, by saturation—
recovery pulse sequence with magic angle spinning (Figure 4d)
resultedina T} = 2426 + 131 s. This large value is commensurate
with very nonmobile "Li species, as expected for a nonconducting
solid salt.”® The presence of more mobile "Li species results in
diminishing the effect of the solid-state couplings, yielding
narrow 'Li NMR signals as observed in the LiClO -impregnated
COE-S (Figure 4c, purple) compared to solid LiClO,,. Saturation
recovery experiments resulted in relaxation times of T} = 1.91 +
0.05 s, about 4 orders of magnitude smaller than that in solid
perchlorate salt. The presence of sharper signals and much
smaller T| shows dynamic behavior of the Li* cation in solid
COF, implying high ionic mobility within. A crucial question
regarding LiClO,-impregnated COEF-5 is whether the Li is
located within the pores or bound to the surface. Isotropic “Li
MAS NMR spectrum of Li-treated COF-$ exhibits only a single
resonance (Figure S41), indicating the presence of only one
environment for ’Li. Previously described T, measurements
indicate that this environment is highly mobile. These results are
inconsistent with rigidly bound surface Li and imply that LiCIO,,
is located within the pores.

Another question that remains is the effect of mechanical
treatment on the porosity of the materials. Pressing COF-S into
pellets results in samples that exhibit no porous behavior to N,
gas. Mechanical processing’* in COFs results in decrease or loss
of porous behavior, an effect of the disturbance of a long-range
pore structure due to the sliding of layers. There is a slow diffusion
effect of the N, into the pellet due to the limited gas accessibility
to the pores arising from the mechanical pressing. Impregnation
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of the COF powder with LiCIO, before mechanical processing
results in the isotherm shape and pore size distribution of COF-$§
but with much less absolute uptake (~7%, Figures $27-S30),"
indicating effective impregnation of the Li salt within the COF, as
the salt clogs the pores and increases the effective mass. Once the
COF is impregnated, apparent loss of porosity to gas is
inconsequential to Li* conduction. Immersion of a non-
impregnated COF-S pellet in 1 M LiClO,/THF results in no
Nyquist behavior. In fact, such pellets rapidly return to powder
form. Thus, impregnation of the COF with Li salts is vital while
still porous, before the mechanical processing,

We determined that pressing 2D COF powders into pellets for
device fabrication in solid-state electrolytes results in an
anisotropic crystallographic ordering of the sheets. We studied
the effect of the uniaxial pressure on the alignment and domain
size of the crystallites, elucidating the structural stability of the
prepared COFs even after regrinding the pellets. We observed
that this crystallographic alignment is a property applicable to 2D
COFs of different molecular functionality and crystallographic
symmetry, that the crystallographically aligned materials display
fast Li-ion conductivity and dynamics within the COFs and
exceptional electrochemical stability to Li. Further efforts to
study Li-ion mobility, formation of passivation layers, Li*
transport number, and incorporation into battery assemblies
are currently ongoing.
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