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ergy storage performances of
metal–organic frameworks by controlling
microstructure†

Jamie W. Gittins, a Chloe J. Balhatchet, a Simon M. Fairclough b

and Alexander C. Forse *a

Metal–organic frameworks (MOFs) are among the most promising materials for next-generation energy

storage systems. However, the impact of particle morphology on the energy storage performances of

these frameworks is poorly understood. To address this, here we use coordination modulation to

synthesise three samples of the conductive MOF Cu3(HHTP)2 (HHTP ¼ 2,3,6,7,10,11-

hexahydroxytriphenylene) with distinct microstructures. Supercapacitors assembled with these samples

conclusively demonstrate that sample microstructure and particle morphology have a significant impact

on the energy storage performances of MOFs. Samples with ‘flake-like’ particles, with a pore network

comprised of many short pores, display superior capacitive performances than samples with either ‘rod-

like’ or strongly agglomerated particles. The results of this study provide a target microstructure for

conductive MOFs for energy storage applications.
1 Introduction

To tackle the climate crisis, a switch to low-carbon technologies,
including renewable energy sources and electric vehicles, is
urgently required. The development of improved energy storage
devices is crucial to facilitate this change.1 In recent years,
metal–organic frameworks (MOFs), characterised by their
combined high intrinsic porosities and electrical conductivities,
have emerged as one of the most promising electrode
materials for next-generation energy storage devices.2–10 Several
such MOFs have displayed encouraging performances in
supercapacitors with a wide range of electrolytes, exhibiting
specic and areal capacitances on par with or exceeding those
of state-of-the-art commercial carbon materials.11–16 This has
raised the prospect of using MOFs in commercial devices, and
their well-dened structures make them promising model
electrode materials for structure–performance studies.

Many MOFs can be synthesised with a range of different
particle morphologies and pore networks, as well as different
degrees of particle agglomeration.17,18 While signicant work
has examined the impact of pore structure on the capacitive
performances of porous carbon materials and other families of
electrically conductive MOFs, little work has been performed to
niversity of Cambridge, Lenseld Road,
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rgy, University of Cambridge, 27 Charles

mation (ESI) available. See

19
understand how morphology impacts the performances of
layered MOFs in supercapacitors.19–22 This has hindered the
development of layered MOFs for energy storage applications,
with potential performance gains to be had from optimising the
microstructure. One notable exception is the work of Dincă
et al., which studied the inuence of sample microstructure on
the capacitive performance of Ni3(HITP)2 (HITP ¼ 2,3,6,7,10,11-
hexaiminotriphenylene) in three-electrode cells with 1 M KOH
in water electrolyte.23 This study suggested that samples with
smaller length-to-width aspect ratio particles (‘atter’ crystals)
and weaker particle agglomeration display superior capacitive
performances compared to samples with both larger length-to-
width aspect ratio particles and greater agglomeration.
However, this work primarily relied on batch-to-batch variation
to synthesise different samples. This resulted in relatively small
differences in observed microstructure, with a variation in the
length-to-width aspect ratio over the range of 2.7–12.1, and
small changes in agglomeration. Inspired by this study, we were
interested in systematically synthesising layered MOFs with
a broader range of controlled microstructures, and then using
these to comprehensively study the impact of sample micro-
structure on electrochemical performance.

One way to systematically control the microstructure of
MOFs is using coordination modulation.24,25 Modulators, which
have the same/similar chemical functionality as the organic
linker molecule, inuence the equilibrium governing the self-
assembly process of MOFs by disrupting the formation of
coordinative bonds between the linker molecules and the metal
ions. Therefore, modulators help to regulate the rate of frame-
work extension and particle growth, thus controlling the nal
© 2022 The Author(s). Published by the Royal Society of Chemistry
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morphology and degree of agglomeration of the resulting
materials. Varying the modulator is therefore an efficient way to
systematically change the microstructure of MOFs, and can be
used to obtain greater differences in microstructure than batch-
to-batch variation alone. This method has been successfully
employed in previous studies to determine the impact of
particle morphology on the physical properties of other
MOFs.26–28

Drawing on the above, this work uses coordination modula-
tion to synthesise three samples of the layered conductive MOF
Cu3(HHTP)2, (HHTP ¼ 2,3,6,7,10,11-hexahydroxytriphenylene),
each with distinctly different microstructures. This approach
leads to greater differences in sample microstructure than
previous work on this topic, with a variation in the length-to-
width aspect ratio over the range of ca. 0.01–37. Through this,
we present a detailed study into the inuence of microstructure
on the capacitive performance of Cu3(HHTP)2 in symmetric
supercapacitors with both an organic and ionic liquid electrolyte.
These studies conclusively show that sample microstructure has
a signicant impact on the energy storage performances of
layered MOFs. Samples with weakly agglomerated ‘ake-like’
particles, with very small length-to-width aspect ratios (<1),
perform best in MOF supercapacitors. These samples, with pore
networks comprised of many short pores, display greater rate
capabilities with organic electrolytes and signicantly higher
specic capacitances with ionic liquid electrolytes compared to
samples with strongly agglomerated ake crystallites and weakly
agglomerated ‘rod-like’ particles.
2 Results & discussion

To investigate the inuence of microstructure on the
energy storage performance of Cu3(HHTP)2, three samples of
Cu3(HHTP)2 were synthesised with ammonia, dimethylforma-
mide (DMF) and pyridine as modulating agents, respectively
(Fig. 1). It has been well studied that varying the identity of the
Fig. 1 Scheme for the hydrothermal synthesis of Cu3(HHTP)2 samples f
different modulators. The structure of Cu3(HHTP)2 is shown on the left. Th
extended 3D pore network.

© 2022 The Author(s). Published by the Royal Society of Chemistry
modulator is an effective way to regulate particle morphology
and agglomeration, with the different modulators thought to
lead to distinct framework growth mechanisms due to differing
interactions with the Cu(II) ions and organic linker molecules in
the reaction mixture.24 Ammonia, DMF and pyridine were
chosen as the modulating agents for this study as previous work
indicated that these modulators would produce samples
with distinctly different microstructures, including in both
particle morphology and the degree of agglomeration.17,18 This
allowed for a more robust investigation into the inuence of
microstructure on the capacitive performance of layered MOFs
than previously possible. Examining and rationalising the
formation mechanisms of these frameworks is beyond the
scope of this work.

The formation of Cu3(HHTP)2 with each modulator was
conrmed by powder X-ray diffraction (PXRD) (Fig. 2a and b).
The PXRD patterns of ammonia, DMF and pyridine-modulated
Cu3(HHTP)2 (A-CuHHTP, B-CuHHTP, and C-CuHHTP,
respectively) each displayed intense diffraction peaks in the
lower 2q region, indicative of relatively high crystallinity of the
as-prepared frameworks. However, the XRD patterns hinted at
potential differences in the stacking of the two-dimensional
sheets between the three samples. The patterns from A-
CuHHTP and C-CuHHTP showed relatively good agreement
with simulated XRD patterns of Cu3(HHTP)2 subunits with both
the P6/mmm space group, with eclipsed cofacial AA-stacking of
the layers, and the C2/m space group, with near-eclipsed stag-
gered AA-stacking (i.e., a constant stacking shi of the sheets)
(Fig. 2c, d and SI Table S1†). Broadening of the diffraction
peaks, potentially due to the presence of stacking defects,
prevented distinguishing between the two models for these
samples. However, the diffraction pattern of B-CuHHTP showed
signicantly better agreement with that of the near-eclipsed
stacking model. This can be clearly seen by examining the low
2q diffraction peaks. Distinct peak splitting is seen in this
region for B-CuHHTP, closely resembling the peak splitting
rom 2,3,6,7,10,11-hexahydroxytriphenylene and a Cu(II) precursor with
is MOF is formed of p-d conjugated 2D sheets, which stack to form an

Chem. Sci., 2022, 13, 9210–9219 | 9211
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Fig. 2 (a) Experimental XRD patterns from A-CuHHTP, B-CuHHTP and C-CuHHTP compared to the simulated XRD patterns from Cu3(HHTP)2
with both eclipsed and near-eclipsed stacking sequences, and (b) zoomed view to show the differences in peak splitting between the three
samples. (c) and (d) Structural models of Cu3(HHTP)2 with hexagonal eclipsed and monoclinic near-eclipsed crystal structures, respectively.
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observed in the simulated pattern for the near-eclipsed model
(Fig. 2b). This splitting was not conclusively seen in the
diffraction patterns of either A-CuHHTP or C-CuHHTP. This
suggests a potential increased stacking shi of the layers when
Cu3(HHTP)2 is synthesised in the presence of DMF, consistent
with previous observations.17 This indicates that modulator
identity can inuence the stacking sequence of these materials,
an exciting phenomenon which has not been noted previously.
Future work is needed to further examine the impact of
modulator identity on the structures of layered MOFs.

Following crystal structure characterisation, scanning
electron microscopy (SEM) images conrmed differences in
microstructure. A-CuHHTP was formed of weakly agglomerated
‘ake-like’ particles, with diameters of 0.5–2.9 mm and
thicknesses of 30–110 nm based onmeasurements on a range of
different particles seen in SEM images (Fig. 3a and SI Fig. S1,
Table S2†).18 This gives a length-to-width aspect ratio for this
sample of 0.01–0.23. Transmission electron microscopy (TEM)
conrmed that the pores run perpendicular to the face of the
akes, showing that particles of A-CuHHTP have a pore network
made up of many short pores (Fig. 3b and SI Fig. S2†). This
illustrates that using ammonia as a modulator in the synthesis
of Cu3(HHTP)2 leads to inhibited crystal growth in the c crys-
tallographic direction and enhanced growth in the ab plane. In
marked contrast, samples of B-CuHHTP showed weakly
agglomerated ‘rod-like’ particles, with diameters of 110–340 nm
and lengths of 0.5–4 mm observed in SEM images (Fig. 3c and SI
Fig. S3, Table S3†). TEM images, and the determination of the
fringe spacing in these, conrmed that the pores run parallel to
the length of the rods (Fig. 3d). This veries that employing
DMF as a modulator leads to a signicant increase in growth in
the c crystallographic direction, with a length-to-width aspect
ratio of 1–37 estimated from SEM images.17 This results in
a pore network of relatively long pores and few pore openings,
contrasting with that of A-CuHHTP. Interestingly, comparing
9212 | Chem. Sci., 2022, 13, 9210–9219
the fast Fourier transform (FFT) image from this sample with
simulated FFT images from Cu3(HHTP)2 with both eclipsed and
near-eclipsed stacking sequences supports the XRD analysis
that B-CuHHTP has near-eclipsed layer stacking (SI Fig. S4†).
While both A-CuHHTP and B-CuHHTP displayed weak particle
agglomeration, C-CuHHTP exhibited a strongly agglomerated
microstructure of ca. 0.5–1 mm spherical clusters of nanoscale
‘ake-like’ particles (Fig. 3e). Due to the thickness of the
agglomerates, TEM imaging was unable to examine the pore
network in this sample. These results conrm that coordination
modulation is an effective means to reliably obtain layered
MOFs with distinctly different sample microstructures. It must
be noted, however, that all samples displayed relatively large
polydispersities, with a range of length-to-aspect ratios
observed for the crystallites in each sample. Future work should
focus on developing new synthesis methods to produce samples
with more uniform particle dimensions.

To further assess differences in the physical properties of the
samples, additional characterisation was conducted. Electrical
conductivity measurements showed no obvious differences
with a value of approximately 0.002 S cm�1 recorded for each
sample, within the literature range for polycrystalline samples
of Cu3(HHTP)2 (SI Table S4†).3,15,29 Elemental analysis showed
that each sample had approximately the expected stoichio-
metric ratio of Cu to HHTP, further demonstrating successful
synthesis of the framework with each modulator (SI Table S5†).
However, nitrogen-containing impurities were present in both
A-CuHHTP and C-CuHHTP. Importantly, extended washing
of these samples (ca. 14 days in MeOH under N2) resulted
in negligible reduction in nitrogen content. This suggests
that the nitrogen-containing impurities, hypothesised to be
small amounts of ammonia and pyridine, respectively, are
incorporated into the framework during crystal formation. As
noted above, additional work is required to understand the
growth mechanisms of layered conductive MOFs in more detail,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) SEM and (b) TEM images of A-CuHHTP; (c) SEM and (d) TEM images of B-CuHHTP; and (e) SEM images of C-CuHHTP. These illustrate
the differences in microstructure and three-dimensional pore network between the samples.
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including why certain modulators are incorporated into the
crystal structures of layered MOFs.

Finally, the porosity and Brunauer–Emmett–Teller (BET)
areas were evaluated using 77 K N2 sorption isotherms (SI
Fig. S5†). BET areas of 759 � 32, 314 � 11, and 293 � 33 m2 g�1

were recorded for A-CuHHTP, B-CuHHTP, and C-CuHHTP,
respectively. The BET area for A-CuHHTP is in line with that
reported previously for this material, while these are the rst
reported values for B-CuHHTP and C-CuHHTP.11 These results
show that A-CuHHTP has a greater nitrogen-accessible porosity
than both B-CuHHTP and C-CuHHTP. Pore size distribution
analysis showed that all samples had well-dened pore sizes of
14–16 Å (SI Fig. S6†). This agrees well with the crystallographi-
cally expected value of 16 Å, and illustrates that all samples have
the anticipated micropore structure.

Following characterisation of the samples, electrode lms
composed of Cu3(HHTP)2, acetylene black and PTFE in the ratio
85 : 10 : 5 were fabricated, as in previous studies.22,30 SEM
imaging conrmed that the microstructures observed in
powdered samples were broadly maintained following lm
formation (SI Fig. S7†). The energy storage performances of
A-CuHHTP, B-CuHHTP, and C-CuHHTP were then investigated
by assembling symmetric supercapacitor cells with both an
organic electrolyte, 1 M NEt4BF4 in acetonitrile (ACN), and
an ionic liquid electrolyte, EMIM-BF4. All cells with a given
electrolyte were assembled with similar electrode mass
loadings where possible to allow for fair comparison, and the
contributions of both acetylene black and PTFE to the
capacitive performance were removed (SI Table S6 and Fig. S8†).
Neat pellets of Cu3(HHTP)2 displayed poor performances in
supercapacitors, most likely caused by the lower electrical
conductivity of Cu3(HHTP)2 compared to similar layered frame-
works, and thus could not be used in this study (SI Fig. S9†).

With 1 M NEt4BF4/ACN electrolyte, cyclic voltammetry (CV)
experiments at a scan rate of 10 mV s�1 showed quasi-
© 2022 The Author(s). Published by the Royal Society of Chemistry
rectangular traces and conrmed a stable voltage window of
ca. 1 V for all samples of Cu3(HHTP)2, consistent with our
previous work for this layered framework (Fig. 4a).11 However,
voltammograms from B-CuHHTP and C-CuHHTP exhibited
consistently smaller areas, indicating lower charge storage on
this timescale for samples with either ‘rod-like’ or strongly
agglomerated particles relative to those with weakly agglomer-
ated ‘ake-like’ particles. Galvanostatic charge–discharge (GCD)
experiments between 0–1 V at a range of current densities
further probed the performances of the three samples.

Despite the initial CV results, A-CuHHTP and B-CuHHTP
exhibited similar specic capacitances, Cg, at low current
densities (129� 2 and 127� 5 F g�1, respectively) (Fig. 4b). This
suggests that both A-CuHHTP and B-CuHHTP have pore
structures which are freely accessible to organic electrolyte ions
at long charging times. This result seemingly contradicts the N2

sorption isotherm data, which suggested a larger accessible
surface area for A-CuHHTP. As reported previously, this
suggests that BET areas are not always an accurate predictor of
the electrolyte ion accessible surface area, and therefore the
capacitance, of porous materials.31,32 A possible reason for the
lower BET area of B-CuHHTP is that residual solvent molecules
or other impurities may be partially blocking the pores of the
‘rod-like’ crystals. Such blockages would have a more signicant
impact on the measured BET area of B-CuHHTP than A-
CuHHTP due to the different average pore lengths of the two
samples. However, diffusion of ions during electrochemical
cycling may displace these solvent molecules, freeing up surface
area that was previously inaccessible. This would result in
similar electrochemically accessible surface areas for the two
samples, and thus similar energy storage performances at slow
charging rates. In contrast, C-CuHHTP displayed a signicantly
lower specic capacitance of 36 � 6 F g�1 at 0.05 A g�1, sup-
porting previous reports that strongly agglomerated micro-
structures have lower energy storage performances compared to
Chem. Sci., 2022, 13, 9210–9219 | 9213

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc03389e


Fig. 4 Characterisation data from symmetric supercapacitors assembled with A-CuHHTP, B-CuHHTP, and C-CuHHTP composite electrodes
and NEt4BF4/ACN electrolyte. (a) CVs obtained at a scan rate of 10mV s�1 up to a final cell voltage of 1 V, with the arrow indicating the direction of
scanning. (b) Specific capacitance versus current density graphs from charging up to 1 V, with results shown for two independent cells for each of
the three materials. Cg values were determined using only the mass of active Cu3(HHTP)2 material in the supercapacitors. (c) Nyquist plots from
EIS, and (d) zoomed view to show the high and intermediate frequency domains in greater detail. Plots of (e) normalised C0 against log(f), and (f)
normalised C00 against log(f), calculated from EIS data.
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samples with weaker particle agglomeration.22,23 This is likely
due to limited ionic diffusion through the spherical agglomer-
ates, resulting in poor ion accessibility to the crystallites at the
centre of the agglomerates.

Cells constructed with B-CuHHTP consistently recorded
lower rate capabilities across the same current density range (Cg

retention of 40 � 4% between 0.025–1 A g�1) than those
assembled with A-CuHHTP (Cg retention of 60 � 1%) (Fig. 4b
and SI Fig. S10†). This is consistent with the results from
CV experiments above, which have current densities of between
0.3–0.5 A g�1, and demonstrates that short charging times
lead to poor energy storage in ‘rod-like’ particles. Consideration
of the different pore structures of the two samples can explain
this difference in behaviour. For the ‘ake-like’ particles of A-
CuHHTP, the pores run perpendicular to the face of the
akes, resulting in many short pores. This creates an easily
accessible pore network with short diffusion paths through
the particles. In contrast, the ‘rod-like’ particles of B-CuHHTP
have pores which run parallel along the length of the crystals,
resulting in fewer, longer pores. This reduces accessibility
to the full pore network at short charging times as the
diffusion paths through the particles are longer. As a result,
lower current densities and longer charging times are needed
to allow electrolyte ions to access the entire pore volume in
9214 | Chem. Sci., 2022, 13, 9210–9219
B-CuHHTP. C-CuHHTP also displays a very low rate capability
over the same current density range (17 � 2%), supporting the
above conclusion that strong agglomeration of the MOF
particles further reduces pore accessibility.

To test the above hypothesis, electrochemical impedance
spectroscopy (EIS) was performed on the cells (Fig. 4c, d and SI
Fig. S11†). Typically, the Nyquist plots of supercapacitors
show three distinct domains. (i) At high frequencies, the
supercapacitor behaves as a pure resistor and a semi-circular
response may be seen depending on cell assembly. The radius
of the semi-circle and its initial intercept with the
real axis primarily depend on the contact and bulk
electrolyteresistances, although some authors state that
charge-transfer resistance can also contribute to this
domain.33–35 (ii) The intermediate frequency domain is
characterised by a linear line at ca. 45� relative to the Re(Z) axis,
which has been assigned to the penetration of the electrolyte
into the pore network of the electrode and the corresponding
transition to diffusion-limited electrolyte transport. A shi of
this domain to lower frequencies and higher real impedances
suggests more limited ionic mass transport and slower electric
double-layer formation.36,37 (iii) At low frequencies, a linear
response is observed, attributed to the capacitive behaviour of
the electric double-layer formed at the electrode/electrolyte
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Characterisation data from symmetric supercapacitors assembled with A-CuHHTP, B-CuHHTP, and C-CuHHTP composite electrodes
and EMIM-BF4 electrolyte. (a) CVs obtained at a scan rate of 10 mV s�1 up to a final cell voltage of 1 V, with the arrow indicating the direction of
scanning. (b) Specific capacitance versus current density graphs from charging up to 1 V, with results shown for two independent cells for each of
the three materials. Cg values were determined using only the mass of active Cu3(HHTP)2 material in the supercapacitors. (c) Nyquist plots from
EIS, and (d) zoomed view to show the high and intermediate frequency domains in greater detail. Plots of (e) normalised C0 against log(f), and (f)
normalised C00 against log(f), calculated from EIS data.
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interface. An ideal supercapacitor displays a vertical line in this
domain, and the extent of variation from this theoretical
response indicates non-ideal capacitive behaviour, which may
bedue to poor ionic accessibility andmovement.33,36,38 Curvature
of the response in this domain can indicate a high resistance
to ion movement within the electrode pores or faradaic
contributions to charge storage.

Cells constructed with both A-CuHHTP and B-CuHHTP
exhibited similar high frequency responses as expected, with
semi-circular responses and measured internal resistances of
ca. 7.3 and 6.2 U, respectively. However, those constructed with
B-CuHHTP displayed a low-frequency response with a greater
variation from the idealised vertical line. This indicates poorer
movement of the electrolyte ions through the ‘rod-like’
crystallites of B-CuHHTP than the ‘ake-like’ crystallites of
A-CuHHTP. This supports the above hypothesis and conrms
that ‘ake-like’ particle morphologies, as in A-CuHHTP,
are desirable for higher capacitive performance with organic
electrolytes, with the pore network allowing for easier access
and motion of electrolyte ions. This supports previous
observations with two-dimensional porous carbon
nanosheets.39,40

Additional support for this hypothesis is seen by examining
how both the real capacitance (C0) and imaginary capacitance
© 2022 The Author(s). Published by the Royal Society of Chemistry
(C00) vary with frequency (Fig. 4e and f). For a supercapacitor, the
plot of C0 against log(f) tends to a plateau at low frequencies as
the maximal capacitance is reached.35,36 Failure to plateau
suggests incomplete ion accessibility of the pore volume and
imperfect charge storage. The plot of C00 against log(f) typically
goes through a maximum at a characteristic frequency, fo. This
denes a time constant so, the characteristic relaxation time of
the system (i.e., theminimum time to discharge all of the energy
from a device with an efficiency of more than 50%).35,41 A shi of
so to higher values suggests slower ionic movement in the
material. Plots of C0 and C00 against log(f) for A-CuHHTP and
B-CuHHTP conrmed lower ionic accessibility and movement
through the pore structure of the ‘rod-like’ crystals, with
B-CuHHTP failing to reach a C0 plateau or exhibit a maximum in
C00. This supports the above Nyquist plot interpretation. Future
work to directly observe the diffusion of NEt4BF4 within each
sample, as has been performed previously for porous carbons,
would further conrm these ndings.41–43 Finally, while cells
assembled with C-CuHHTP displayed low internal resistances
on-par with those of A-CuHHTP and B-CuHHTP (2.5 U),
signicant curvature of the high frequency response was
observed. This is further evidence for high resistance to ion
movement through agglomerated microstructures.
Chem. Sci., 2022, 13, 9210–9219 | 9215
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To examine the inuence of sample microstructure with
a wider range of commercially-relevant electrolytes, cells were
assembled with undiluted EMIM-BF4 (6.3 M), an ionic liquid
commonly used in supercapacitors. Similar to experiments
with organic electrolytes, CV experiments with EMIM-BF4 at
10 mV s�1 conrmed a stable voltage window of ca. 1 V for all
Cu3(HHTP)2 samples (Fig. 5a), and B-CuHHTP and C-CuHHTP
once again exhibited lower charge storage on this timescale.
However, GCD experiments revealed notable differences in
behaviour with EMIM-BF4 compared to the organic electrolyte.
While a specic capacitance of 57 � 2 F g�1 was recorded for
A-CuHHTP at low current densities, similar to previously
reported values for related frameworks with this electrolyte,
both B-CuHHTP and C-CuHHTP displayed signicantly lower
specic capacitances of 8 � 2 and 3 � 1 F g�1, respectively
(Fig. 5b).44 This is in contrast to the performance with organic
electrolytes, where both A-CuHHTP and B-CuHHTP exhibited
similar specic capacitances at low current densities. To
determine if this was a kinetic effect, cells were charged at a very
low current density of 0.0025 A g�1 to allow additional time for
ionic diffusion and exchange (SI Fig. S12 and Table S6†). Once
more, the specic capacitance of A-CuHHTP was much greater
than both B-CuHHTP and C-CuHHTP. Strikingly, this suggests
that there is signicantly lower penetration of EMIM+ and BF4

�

ions into the pore structures of these samples compared
to A-CuHHTP. This conrms the superior performance of
‘ake-like’ particle morphologies with pure ionic liquid
electrolytes.

EIS studies were used to probe the accessibility of EMIM-BF4
into the MOF electrodes by examining the intermediate
frequency domain. Whilst this domain is clearly identiable in
the EIS spectrum of A-CuHHTP, with a transition frequency of
3.4 Hz, it is almost absent from the spectra of B-CuHHTP and
C-CuHHTP (Fig. 5c and d). This unusual behaviour, which was
reproducible for three independent cells (SI Fig. S13†),
combined with the low observed capacitances, suggests that
movement of the ionic liquid through the pore networks of
these two samples is severely impeded. This leads to a high
proportion of EMIM+ and BF4

� ion electrosorption occurring on
the external surface area for B-CuHHTP and C-CuHHTP,
limiting charge storage in these systems and leading to low
capacitances (Fig. 5b). Further support for this hypothesis is
seen in plots of C00 against log(f) (Fig. 5e and f). Short so values of
0.6 and 1.5 s are recorded for B-CuHHTP and C-CuHHTP,
respectively, consistent with rapid discharge from particle
surfaces. The differences in microstructure discussed above,
together with the increased viscosity of the ionic liquid, are the
likely cause of the lower ionic accessibility and mobility of
EMIM-BF4 for these samples. Future work to examine the
adsorption of ions within these porous materials is needed to
conrm this hypothesis.

3 Conclusions

In this study, we successfully showed that sample microstructure
has a signicant impact on the energy storage performance of the
layered MOF Cu3(HHTP)2. Weakly agglomerated ‘ake-like’
9216 | Chem. Sci., 2022, 13, 9210–9219
particles displayed superior energy storage performances in
supercapacitors with both organic and ionic liquid electrolytes
compared with samples with either weakly agglomerated
‘rod-like’ or strongly agglomerated particles. GCD and EIS studies
conrmed that this is due to improved ion accessibility
and dynamics within the pore structure of the ‘ake-like’
particles, which have many short pores. The use of coordination
modulation enabled a much greater variation in microstructure
than was possible in previous work on this topic, with a variation
in the length-to-aspect ratio from 0.01 to 37 recorded in this
work. Therefore, our work is the rst to comprehensively reveal
the impact of sample microstructure on the energy storage
performances of layered MOFs.

Ultimately, these results show that weakly agglomerated
‘ake-like’ particle morphologies with very small length-to-
width aspect ratios (<1) are best for MOF supercapacitors.
This result will guide the synthesis of future MOFs for a wide
range of energy storage applications.
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A. Jänes and E. Lust, Inuence of the Solvent Properties on
the Characteristics of a Double Layer Capacitor, J. Power
Sources, 2004, 133(2), 320–328, DOI: 10.1016/
j.jpowsour.2004.03.026.

39 X. Zheng, J. Luo, W. Lv, D.-W. Wang and Q.-H. Yang, Two-
Dimensional Porous Carbon: Synthesis and Ion-Transport
Properties, Adv. Mater., 2015, 27(36), 5388–5395, DOI:
10.1002/adma.201501452.

40 K. Yuan, T. Hu, Y. Xu, R. Graf, G. Brunklaus, M. Forster,
Y. Chen and U. Scherf, Engineering the Morphology of
Carbon Materials: 2D Porous Carbon Nanosheets for High-
Performance Supercapacitors, ChemElectroChem, 2016,
3(5), 822–828, DOI: 10.1002/celc.201500516.

41 M. Dvoyashkin, D. Leistenschneider, J. D. Evans, M. Sander
and L. Borchardt, Revealing the Impact of Hierarchical Pore
Organization in Supercapacitor Electrodes by Coupling Ionic
Dynamics at Micro- and Macroscales, Adv. Energy Mater.,
2021, 11(24), 2100700, DOI: 10.1002/aenm.202100700.

42 L. Borchardt, D. Leistenschneider, J. Haase and
M. Dvoyashkin, Revising the Concept of Pore Hierarchy for
Ionic Transport in Carbon Materials for Supercapacitors,
Adv. Energy Mater., 2018, 8(24), 1800892, DOI: 10.1002/
aenm.201800892.

43 A. C. Forse, J. M. Griffin, C. Merlet, J. Carretero-Gonzalez,
A. R. O. Raji, N. M. Trease and C. P. Grey, Direct
© 2022 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1016/j.electacta.2020.135617
https://doi.org/10.1016/j.electacta.2020.135617
https://doi.org/10.1016/j.est.2021.103627
https://doi.org/10.1039/D1FD00028D
https://doi.org/10.1002/anie.200901177
https://doi.org/10.1039/D0SC01356K
https://doi.org/10.1021/jacs.1c00136
https://doi.org/10.3389/fchem.2021.674566
https://doi.org/10.3389/fchem.2021.674566
https://doi.org/10.1021/cg300297p
https://doi.org/10.1021/cg300297p
https://doi.org/10.1002/adma.201704291
https://doi.org/10.1038/s41560-017-0044-5
https://doi.org/10.1038/s41560-017-0044-5
https://doi.org/10.1021/acs.langmuir.6b00523
https://doi.org/10.1021/acs.langmuir.6b00523
https://doi.org/10.1039/C3TA10906B
https://doi.org/10.1039/C3TA10906B
https://doi.org/10.1021/acs.jpcc.7b10582
https://doi.org/10.1039/C0EE00261E
https://doi.org/10.1002/CSSC.201100571
https://doi.org/10.1016/j.electacta.2010.01.003
https://doi.org/10.1016/j.electacta.2010.01.003
https://doi.org/10.1149/1.1543948
https://doi.org/10.1016/j.jpowsour.2004.03.026
https://doi.org/10.1016/j.jpowsour.2004.03.026
https://doi.org/10.1002/adma.201501452
https://doi.org/10.1002/celc.201500516
https://doi.org/10.1002/aenm.202100700
https://doi.org/10.1002/aenm.201800892
https://doi.org/10.1002/aenm.201800892
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc03389e


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

1/
5/

20
24

 7
:3

8:
47

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Observation of Ion Dynamics in Supercapacitor Electrodes
Using in Situ Diffusion NMR Spectroscopy, Nat. Energy,
2017, 2(3), 16216, DOI: 10.1038/nenergy.2016.216.

44 S. Bi, H. Banda, M. Chen, L. Niu, M. Chen, T. Wu, J. Wang,
R. Wang, J. Feng, T. Chen, M. Dincă, A. A. Kornyshev and
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