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of Chemistry Interactions between ions and itinerant charges govern electronic processes ranging from the redox
chemistry of molecules to the conductivity of organic semiconductors, but remain an open frontier in
the study of microporous materials. These interactions may strongly influence the electronic behavior of
microporous materials that confine ions and charges to length scales comparable to proton-coupled
electron transfer. Yet despite mounting evidence that both solvent and electrolyte influence charge
transport through ion-charge interactions in metal-organic frameworks, fundamental microscopic
insights are only just beginning to emerge. Here, through electrochemical analysis of two open-
framework chalcogenides TMA,FeGesS;o and TMA,ZnGesS10, we outline the key signatures of ion-
coupled charge transport in band-type and hopping-type microporous conductors. Pressed-pellet
direct-current and impedance techniques reveal that solvent enhances the conductivity of both

materials, but for distinct mechanistic reasons. This analysis required the development of a fitting
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Accepted 13th October 2022 metho at provides a novel quantitative metric of concerted ion-charge motion. Taken together,
these results provide chemical parameters for a general understanding of electrochemistry in

DOI: 10.1039/d25c05090k nanoconfined spaces and for designing microporous conductors and electrochemical methods used to
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Introduction

Semiconductors with permanent microporosity radically
diverge from the performance and basic principles of conven-
tional electrochemical materials."* With pores on the scale of
Angstroms or nanometers, these materials fundamentally
challenge notions of electrochemical double layers and charge
storage,*® while offering diverse compositional diversity.” Such
extreme surface-to-volume ratios, and architectures composed
entirely of monolayers wrapped into a wide range of topologies,
offer a powerful platform for investigating next-generation
electrochemical technologies such as supercapacitors, electro-
catalysts, and gas-diffusion electrodes. Metal-organic frame-
works, open-framework metal chalcogenides, and microporous
metal oxides comprise important classes of materials with
opportunities in membranes, energy storage, and catalysis.**°
While studies into these systems continue to attract attention of
wide-ranging communities, their basic conductivity behavior
remains largely unexplored.

The mechanisms of charge transport and redox chemistry of
molecular materials become dictated by ion-charge interac-
tions when the distance between ions and charges approach
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Angstrom length scales.” For example, the movement of
protons governs charge transfer in molecules'*** and biological
systems'® such that the concerted motion of protons and elec-
trons (PCET) is thermodynamically favored over stepwise
proton and electron transfer. The redox chemistry of molecules,
conductive polymers, and colloidal nanocrystals”** also
becomes facilitated by ion pairing with redox-inactive metal
ions, such as Sc®* and Ca®>*.>*?® Beyond microporous semi-
conductors, electrodes with high surface-to-volume ratios, such
as 2D layered materials, exhibit redox chemistry and delocalized
charge transport sensitive to the presence of electrolyte.””*® Ion-
coupled charge transfer (ICCT) has been recently demonstrated
to influence the electron mobility of MOFs as well.**?** We
propose that ICCT must be considered in materials where
external ions, such as electrolytes, exist within Angstroms of
itinerant charges. Conceived classically, the influence of each
charge should scale as 1/re,&,, where r denotes the average inter-
charge distance, ¢, the operative dielectric constant, and ¢, the
permittivity of vacuum. Therefore, the design of electro-
chemical capacitors, batteries, and electrocatalysts based on
microporous conductors must consider these potentially strong
interactions because they all involve the mixed conductivity of
both ions and electrons.*

Open-framework metal chalcogenides (OFCs) offer an ideal
platform for studying the coupling of ions and electrons in
nanoconfined spaces. Like MOFs, these materials afford a wide
range of tunable structures through variable cluster sizes, the
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identity of the cluster elements and linking transition metal,
and the identity of the cations that balance the anionic
structures.***® Previously, we explored the electronic, magnetic,
and conductivity properties of the prototypical family of OFCs,
first reported by Yaghi et al.,* TMA,MGe,Q;o (Q: S and Se; M:
Fe*", Mn**, Co*", Zn>*, and Ni**).*” Scheme 1a displays a portion
of a prototypical microporous metal chalcogenide framework
and Scheme 1b highlights the close proximity of the delocalized
electron pathway (green) and the direction of cation movement
(pink). Importantly, these studies established that whereas the
Zn, Mn, Co, and Ni variants exhibit redox hopping-type, mixed
conductivity, the Fe analogue exhibits band-type electronic
transport. In particular, band structure calculations indicated
non-dispersive valence bands localized on sulfur sites, corrob-
orating the assignment of redox hopping between sulfurs as the
likely conduction mechanism. In contrast, the partial density of
states analysis of the Fe analogue revealed dispersive valence
bands delocalized across both the sulfur and Fe atoms. There-
fore, the contrast of Fe and Zn materials is convenient for
understanding the chemical parameters, such as solvent, that

Scheme 1 Representations of TMA,FeGe,S;o viewed along the (a)
[100] and (b) [101] directions. Proposed conduction pathways of
delocalized electrons and extra-framework cations are highlighted in
green and pink, respectively.
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govern ICCT and their impact on the two key forms of charge
transport.

Here, we report solid-state conductivity data showing that
this class of materials displays mixed ionic-electronic conduc-
tivity controlled by solvent. We hypothesize that solvent
untethers the motion of charges from ions by facilitating the
motion of ions and by screening strong ion—-charge interactions.
This effect enhances ambipolar diffusion and thus dramatically
improves electronic conductivity. These results, therefore,
present guidelines for rationalizing previous observations of
conductivity in microporous materials sensitive to environ-
mental conditions and establish design rules for controlling
basic charge transport mechanisms.

Results and analysis

Microcrystalline powders of open-framework chalcogenides
TMA,MGe,S;o (M = Zn and Fe) were prepared following modi-
fied synthetic procedures previously reported by Yaghi et al.,*
with phase purity verified by powder X-ray diffraction (PXRD)
(Fig. S1 and S2+t). To compare the distinct mechanisms of mixed
conductivity in the Zn and Fe variants, pressed pellets were
analyzed by chronoamperometry using stainless steel ion-
blocking electrodes while stepping the applied voltages
between —0.2 V and +0.1 V. Fig. 1 shows the current transients
for both materials when dry and after treatment with deionized
water. When dry, the Fe system exhibits steady current tran-
sients (Fig. 1a) consistent with the Fe system being a purely
electronic band-type conductor. Indeed, when considering the
current transient at —0.2 V, an electronic transference number
te of 0.97 and a minimal ionic contribution of ¢; = 0.03 is found.
By contrast, the dry Zn analogue (Fig. 1c) displays a non-ohmic
current response, indicative of ionic contributions (¢ = 0.15)
and, therefore, mixed conductivity. Furthermore, plotting the
steady-state current values versus applied voltage reveals
a pronounced hysteresis in the Zn system, but no hysteresis in
the Fe system (Fig. S57). Hysteresis in current-voltage (I-V)
curves on forward and reverse scans is commonly observed in
other classes of mixed conductors, such as conductive organic
polymers and perovskites, when analyzed with similar ion-
blocking electrodes, and has been attributed to low ion
mobilities.***' Indeed, fits of the initial current transient at
—0.2 V to the Cottrell relation yields an effective diffusion
coefficient of 1.3 x 107>° cm” s for the Zn system (Fig. S37).
This low diffusivity could be explained by poor mobility of bulky
TMA" in solid state, with transport limited by nearest neighbor
hopping through the lattice. Thus, these current-voltage data
corroborate our previous report that the Fe system conducts by
pure electronic transport, whereas the Zn system conducts both
cations and electrons.” Given that the Fe and Zn systems are
isostructural, the substantial difference in conductivity likely
arises from the materials possessing distinct transport mecha-
nisms. For the Zn system, redox hopping between clusters
necessitates ion movement to maintain charge neutrality,>»**>">¢
whereas charge carrier delocalization in the Fe system main-
tains charge neutrality through motion of both electrons and
holes.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Chronoamperometry traces of TMA,FeGe,S10 and TMA,ZnGeyS;o pressed-pellets under applied voltages spanning —0.2 V to 0.1 V when
dry (a and c), and after treatment with 10 pL of deionized water (b and d), respectively.

Given the proximity of TMA" cations to itinerant electrons in
both the Zn and Fe systems, we expected solvent addition to
facilitate TMA" movement and screen coulombic interactions
between the TMA® and electrons. We therefore varied the
solvent size and dielectric strength to explore these effects. The
influence of solvent was quantified via chronoamperometry
experiments, which were repeated following the treatment of
pressed pellets with deionized water. Unlike the dry Fe system,
the hydrated Fe system displayed a non-ohmic current response
(Fig. 1b). The corresponding ionic transference number
increases to 0.77. Fits to the Cottrell relationship for this
material yield an effective diffusion coefficient of 2.3 x 10"
em? s (Fig. S41). For the hydrated Zn system, ionic conduc-
tivity is enhanced (Fig. 1d), with the Cottrell relationship
producing an effective diffusion coefficient of 1.6 x 10™** cm?
s '—a ten-million-fold improvement compared to the dry Zn
system (Fig. S31). These diffusion coefficients are comparable to
diffusion coefficients found for PF, anions in metallocene-
modified (ZrsO;6H;6)(TBAPY), MOF systems (10~ ''-10""* cm?
S—l)'57

The steady-state
noamperometry across the hydrated Fe and Zn systems were
compared as a function of the applied voltage to determine
their DC (purely electronic) conductivities. Compared to DC
conductivities when dry, the hydrated Fe system increases from
0.11 to 0.93 uS cm™ ', whereas the hydrated Zn system increases
from 0.0011 to 1.2 pS cm™". Although the I-V hysteresis of the

currents obtained from  chro-

© 2022 The Author(s). Published by the Royal Society of Chemistry

hydrated Zn system persists, it decreases in magnitude
(Fig. S5t1). The hydrated Fe system exhibits an I-V curve
hysteresis not previously observed for the dry Fe system. The
larger hysteresis between steady-state current values observed at
—0.2 V on the forward and reverse scan for the Fe system (1.4
nA) versus the Zn system (1.1 pA) reflects the smaller diffusion
coefficient determined for the Fe system.

With the observation that water treatment improved the
electronic conductivity of both the Fe and Zn systems, we
explored the effect of solvents with a wide range of bulk
dielectric constants. Fig. 2 summarizes the pressed-pellet DC
conductivities after addition of solvent. Values were obtained
from linear fits to the plateaued time points of I-V profiles
collected at 2 mV s~ (Fig. S6 and S71). For a greater range of
bulk dielectric values, water/EtOH mixtures were employed in
precise ratios.*® In general, the DC conductivities of both the Zn
and Fe systems dramatically increases with increased solvent
dielectric strength. For example, these data indicate a ten-
thousand-fold improvement to the electronic conductivity of
the Zn system in the presence of formamide compared to the
dry pellet. The I-V curves resulting from these solvent-
dependent DC conductivities always exhibited non-linearity
for the Zn framework, typical of a diffusion-limited process,
(Fig. S77), whereas for the Fe system, the I-V curves appear
linear for solvents with low dielectric constants, such as DCM
and n-butanol, (Fig. S6T) but non-linear for solvents with high
dielectric constants, such as MeOH, acetone, or water (Fig. S67).

Chem. Sci., 2022, 13,12747-12759 | 12749
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Fig. 2 (a) Solvent-dependent DC conductivity values of TMAFeGeg4-

S10 and TMA,ZnGe,4S1o pressed-pellets obtained from linear fits to I-V
curves swept voltammetrically between —0.2 Vand 0.2V at 2 mV s~
In increasing order of bulk dielectric constants, the solvents included
hexanes, toluene, chloroform, DCM, THF, IPA, t-butanol, n-propanol,
acetone, ethanol, methanol, (EtOH : water mixtures spanning 9:1 to
1:9), water, and formamide. Dotted lines correspond to dry-pellet DC
conductivity values. Panels (b and c) represent the same data plotted
on a linear scale.

Solvent size also correlates with changes to DC conductivity
(Fig. S8T). Specifically, smaller solvents generally correspond to
higher conductivity values, helping to explain discrepancies in
the relationship between dielectric and conductivity. For
example, although #-butanol bears a larger bulk dielectric than
CH,CIl,, the former leads to lower DC conductivities. This
discrepancy could be attributed to its larger size (0.55 nm)

12750 | Chem. Sci., 2022, 13, 12747-12759
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compared to DCM (0.46 nm),* thereby impeding it from more
effectively entering the framework ~1 nm micropores, to
properly solvate TMA'. However, conductivity generally
improves when employing larger solvents unlikely to fit in the
pores. This improvement likely results from solvent interac-
tions with TMA" in the macropores that exist between particles
in the pressed pellet. In the case of the Fe system, DC conduc-
tivity scales roughly linearly with solvent dielectric strength
(Fig. 2b), especially when excluding outliers MeOH and water,
likely due to their comparatively smaller size that facilitate
improved packing in the micropores. The Zn system, however,
shows a strongly non-linear dependence for solvents having
a bulk dielectric constant >40 (Fig. 1c). Collectively, these results
suggest that for the Fe system, solvent serves to screen the
attractions between itinerant electrons and less mobile TMA"
cations, in accordance with a semi-classical coulombic inter-
action. For the Zn system, however, the non-linear relationship
could be ascribed to solvent facilitating the ambipolar diffusion
of hopping-type transport by improving ion transport, as has
been observed for the solvent dependent conductivity of mixed
conducting polymers.*

To further deconvolute the charge transport mechanism in
the Fe and Zn systems, electrochemical impedance spectros-
copy (EIS) was performed on dry and solvent-treated pressed-
pellets. Fig. 3 displays Nyquist plots for the Fe system with
data fitted to models based on the corresponding equivalent
circuit diagrams. The impedance response for the Fe system
when dry (Fig. 3a) produces a single semicircle as expected of
a pure electronic conductor.® The right-most x-intercept (1.13
MQ) gives the electronic resistance of the system, yielding an
electronic conductivity of 0.09 uS em ™!, comparable to DC
methods (0.05 uS cm ') (Fig. 2). Close inspection of the low
frequency (right side) of the spectrum reveals a slight distortion
of the semicircle that precludes fitting the impedance response
to a parallel combination of an electronic resistance and
idealized dielectric capacitance. We ascribe this distortion to an
additional parallel constant phase element (CPE). Attempts to
model this distortion to grain-boundary contributions—
commonly modeled as a parallel resistor and capacitor—proved
unsuccessful.®*** Constant phase elements are defined
primarily by their phase, n, with their total impedance (2)

described by Z = . When n = 1, the CPE describes an
o

1
()"Q
ideal capacitor, whereas n = 0 corresponds to a pure resistor,
and n = 0.5 denotes a semi-infinite diffusion-related process,
termed a Warburg element.®**® The phase that describes the
distortion for the Fe system is 0.37, suggesting ion-electron
interactions influence electronic conduction even when dry.
This CPE could be attributed to a distribution of contact resis-
tances,*” a distribution of conduction pathways through the
pellet,®** or a coupling constant between charge transfer
pathways.®*”® While dispersion of contact resistances and
conduction pathways are expected to affect the EIS response at
high frequencies, the dispersion observed in our systems
appears in the low-frequency region (right-side) of the Nyquist
plot. This dispersion likely reflects the ionic motion in the
impedance response of the bulk material and the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Nyquist plots of TMA,FeGe,S1o pressed-pellets when dry (a) and

after addition of DCM (b), n-propanol (c), and deionized water (d). Black

traces represent fits to the equivalent circuit diagrams shown in the figure. Crossed-out circuit elements denote elements that are too large to

adequiately fit to the impedance response.

inhomogeneous pore resistances.” Therefore, we ascribe this
circuit element to a CPE we term Qcoupling, Which describes the
electrostatic coupling between ions and charges. Previous
reports theorized that this effect impacts the bulk impedance
response of mixed conductors, but it is often neglected in circuit
fitting because dielectric responses are typically far larger than
any electrostatic coupling.®”°

By contrast, the Zn system displays an incomplete semicircle
even when dry (Fig. 4a). The x-intercept fit produces a high bulk
resistance of 48 MQ which corresponds to a conductivity of
0.002 uS cm ™. We ascribe this resistance to be predominantly
ionic in character. Fits to these data also suggest a significant
distortion to the low frequency (right side) of the first semi-
circle. In contrast to the Fe system, the CPE associated with this
distortion has n = 0.45. While the phase for the Fe system is too
distorted to definitively define its origin, for the Zn system this n

© 2022 The Author(s). Published by the Royal Society of Chemistry

can be ascribed to a a diffusion process. Furthermore, in
contrast to the Fe system, a CPE with n = 0.41 controls the
impedance response below 0.4 Hz. Microscopically, we attribute
this process to a “chemical capacitance” (Qchem) arising from
the hopping of electrons under the influence of TMA" concen-
tration gradients induced by the ion-blocking interfaces.®*”

The distorted impedance responses described by Qcoupling
observed for the dry Fe and Zn materials suggest distinct
manifestations of ICCT. Although typical analysis of mixed
conductors treats ions and electrons as separate charges with
independent resistances and, hence, parallel resistors, these
data suggest a partial convolution of the ionic and electronic
rails, which manifests in the CPE we label as Qcoupling-*"**"*
Furthermore, because Qcoupling for the dry Zn system fits to n =
0.45, these electrochemical process can be physically under-
stood as a diffusion process. In fact, the CPE can be readily

Chem. Sci., 2022, 13, 12747-12759 | 12751
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adequately fit to the impedance response.

exchanged for a Warburg element with little change to the fit
(Fig. S10t). This result implies cation-electron ambipolar
diffusion. Such Warburg-type responses have been observed for
porous electrodes where the movement of ions and electrons
are coupled.” In contrast, the Fe system shows n = 0.37, with
this dispersion in the diffusive response potentially due to
mean-field attraction from TMA" cations impeding the move-
ment of delocalized electronic carriers.

To better understand the mechanistic role of solvent in
a redox hopping-type system, EIS responses were recorded for
the Zn system after treatment with solvents spanning a range of
bulk dielectric values (DCM, n-propanol, and water; Fig. 4). In
general, with increased solvent dielectric strength, the Zn
system displayed decreased impedance across all frequencies
and a diffusion-related process dominates at low frequencies.
As with the dry Zn system, these data were fit best to a circuit

12752 | Chem. Sci., 2022, 13, 12747-12759

with a Qcoupling €lement attributable to cation-coupled electron
transport. With all solvents, the CPE bears an average phase of n
= 0.48 equivalent to a Warburg diffusion element, suggesting
charge transport proceeds by an ambipolar diffusion mecha-
nism, ie., by redox hopping compensated by diffusing TMA"
cations. Furthermore, the ionic resistances decrease with
solvents of greater bulk dielectrics, as observed by the position
of the intermediate x intercepts in the Nyquist plots. In addi-
tion, the electronic resistances also decrease with solvents of
greater bulk dielectrics, as calculated from circuit fits which
provide the second low frequency x intercept (Fig. 5). This result
implies solvent improves ambipolar diffusion and manifests in
decreases in Warburg coefficients for the Qcoupiing (Fig. 5) and
improved diffusion coefficients. Furthermore, fits for hydrated
Zn system included a contact resistance (R.) to ensure valid
interpretation of the impedance results. The R, found is 150 Q,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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in close agreement with the contact resistance found when
considering the impedance of the dry Zn system, 106 Q. This
result implies that solvent treatment does not dramatically
affect the ohmic contact between the electrode and pellet.

The low-frequency EIS response of the solvent-treated Zn
analogues can be modeled by the CPE Qchem, Which corre-
sponds to electron diffusion under the influence of a TMA"
gradient. For all solvent treatments, n > 0.5 for Qchem, With an
average phase of 0.56. Like Qcoupling, this phase can be physi-
cally understood as a diffusion process and in the context of the

a) i
10_5—5 Fe
[
@ 1077
o
0 407 Z
2 1073 "
R
108+
3 Dry Zn: 2x10°®
10_9 T T | T T T T | T T T T | T T T $
20 40
s Solvent Bulk Dielectric
1077
b) E
’g ]
\(7)_/10'6—:
[&] 3
Q 3
5 N
Q
S a7 Dry Fe: 9x10°
= 10 E s e
o ]
w ]
10wt
20 40 60
c) Solvent Bulk Dielectric
/(;J\ i D . -8
2 q ry Zn: 3x10
<)
< 1084
Q0 ]
O N
= 4
[0} 4
o
(@]
2 4
>
=
£ 1073

T T T T T T T T T T T T T T

T T T
20 40 60

Solvent Bulk Dielectric
Fig. 5 Solvent-dependent parameters fitted from EIS spectra
modelled by equivalent circuits shown in Fig. 3 and 4. (a) AC ionic
conductivity as a function of solvent bulk dielectric for the Fe and Zn
materials. (b) AC electronic conductivity as a function of solvent bulk
dielectric for the Fe and Zn materials. (c) High frequency Warburg

coefficients derived for TMA,ZnGe,S1o from the Qcoupling:

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

mixed conducting literature corresponds to equal charge carrier
concentrations of both electrons and ions.** This fact provides
further evidence for concerted ambipolar motion, where elec-
trons can only conduct with associated ion diffusion.

Based on the hypothesis that electronic conduction
improves because of improved ambipolar diffusion promoted
by increased ionic conductivity, the Zn system was treated with
an aqueous solution of TMABr. After treatment, the electronic
resistance further decreased to 8000 Q (Fig. S127). This result
suggests the increased availability of TMA' leads to greater
cation concentration gradients and stronger electric fields to
promote electron conduction.®* Furthermore, the ionic resis-
tance also decreases from 1300 Q to 30 Q, when considering the
150 Q Reontact- Furthermore, when modeling Qcoupling as a War-
burg element, we find a Warburg coefficient of 2.4 x 10° Qs "2
in comparison to 6.7 x 10° Q s~ 2 with just deionized water.
This result reflects the increased density of positive point
charges that can stabilize hopping electrons leading to
improved hopping.

Similarly, to better understand ICCT and the mechanistic
role of solvent in a band-type system, the EIS response of the Fe
system was recorded after solvent treatment (DCM, n-propanol,
and water depicted in Fig. 3). As with the Zn system, increased
solvent dielectrics leads to an overall decrease in impedance,
but due to a different mechanism. With nonpolar solvents such
as DCM, the asymmetry at frequencies below 10 kHz became
more pronounced and the low-frequency x-intercept reduced
from 1.13 MQ to 0.45 MQ. We interpret these changes to mean
an increase in charge coupling concomitant with a decrease in
DC conductivity. For more polar and higher dielectric materials,
such as n-propanol and water, a low frequency impedance “tail”
emerges, reminiscent of the chemical diffusion seen in the Zn
system (Qchem)- These solvents cause a reduction in the ionic
and electronic resistances of the Fe material. Whereas ionic
resistance can be found directly from the first x intercepts, the
electronic resistances were determined by fitting the spectra to
the circuit diagrams shown in Fig. 4. Like the Zn system, fits to
the hydrated response included R ontact, producing values of 200
Q that agree with R.ontace Of the dry Fe system (114 Q). Close
inspection reveals that the phase of Qcoupiing, the process
describing coupled electron-cation motion, becomes highly
distorted. Across all solvents, we observed an average n value of
0.33, with water treatment leading to the smallest phase of n =
0.15. Furthermore, when utilizing high dielectric solvents, the
low frequency CPE Qcpem also exhibits a highly distorted phase
that averaged to n = 0.31. These highly distorted CPE values
indicate that unlike the ambipolar diffusion of the Zn system,
electronic conduction dominates charge transport in the Fe
system,®* but under the influence of cation-electron interac-
tions that become frequency dependent with solvent and cation
motion. While solvent screens the interactions between iterant
charges, leading to a net decrease in electronic DC resistance
and AC resistance, the increase in ionic motion creates non-
uniform electric fields and electronic resistances, leading to
highly dispersive n values.” While electronic resistances were
fitted for the Fe system from circuit fits for most solvents, the
hydrated system was unable to be fitted to an electronic
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resistance due to the far lower ionic resistance. This result
contrasts with the hydrated Zn system, where improvements to
ionic conductivity led directly to a measurable improvement in
electronic conductivity, further supporting the claim that the
charge transport mechanism for the Zn material proceeds by
mixed, hopping-type transport.

Because concerted ion-charge motion improves the ther-
modynamic driving forces of charge transfer in related
systems,” we investigated the impact of solvent on charge
transport thermodynamics for the Fe and Zn systems.
Temperature-dependent DC conductivity values of the Fe
system after treatment with either o-dichlorobenzene or form-
amide reveals virtually no change in the activation barrier for
electron conduction (Fig. S14 and S15t). In contrast, the
temperature-dependent EIS response of the Zn system after
formamide treatment exhibits a lower activation barrier when
fitting both the first and second x intercept resistance (0.25/
0.30 eV vs. 0.44/0.37 eV), suggesting increased carrier density for
the Zn system (Fig. S137). Taken together, these results further
support the assignment of the Fe system as a band-type
conductor: the activation barrier remains unchanged because
solvent simply screens the coulombic attraction between elec-
trons and cations, leading to an improvement in the mobility of
the electronic charges, but without increasing charge carrier
density. For the Zn system, on the other hand, redox hopping
becomes more facile with improved ion diffusion, increasing
carrier density, and manifesting in a far lower activation barrier
then the Fe system.

Discussion

These results provide some of the first evidence that solvent
controls both ion and electron transport in a microporous
material. To summarize, the overall impedances of both the Zn
and Fe materials decrease as the dielectric strength of the
solvent increases, causing the purely electronic resistances to
decrease as well, yet for different microscopic reasons. Solvent
plays two roles mechanistically for both materials: decreasing
electronic resistance and improving ion diffusion, yet these
results suggest the relative importance of each role to the Fe
versus Zn materials depends on the charge transport mecha-
nism. For the band-type Fe material, the dominant role of
solvent is to screen resistive cation-electron interactions, while
for the hopping-type Zn material, solvent improves ambipolar
diffusion (at high frequencies) and generates large electric
fields (at low frequencies) leading to improved chemical diffu-
sion of electrons. The “screening” role of solvent for the Fe
material is evidenced by the roughly linear dependence of DC
conductivity versus dielectric strength, as expected for semi-
classical Coulomb interactions. Furthermore, fitting the EIS
data to the electron-cation coupling element Qcoupling led to
highly distorted phases more consistent with a resistive-based
process, rather than classical diffusion expected from a redox
hopping process. Lastly, the insensitivity of the charge transport
activation barrier to solvent suggests electronic conductivity
increases with solvent addition due to improved electron
mobility brought about by charge screening, rather than

12754 | Chem. Sci., 2022, 13, 12747-12759

View Article Online

Edge Article

improved ion diffusion aiding in a redox hopping process. In
contrast, the Zn system exhibits a decreased activation barrier
with solvent addition, which is consistent with a redox hopping
process, as solvent decreases the activation barrier for ionic
conduction.®®”*” The nonlinear dependence of DC conductivity
with solvent dielectric also corroborates a hopping-type ICCT in
the Zn material, as do the n ~ 0.5 phase angles for both Qcoupling
and Qchem from EIS fittings. Finally, the nature of the ICCT
process in the high frequency regime for the Zn material likely
involves concerted cation-electron motion. Scheme 2 summa-
rizes these conclusions. The TMA" provide shallow electrostatic
traps in the case of the Fe system, creating increased resistance
to the band-type conduction, whereas for Zn, they function as
deep traps necessitating concerted motion of both hopping
charges and mobile cations.

Although solvent interactions have been reported to impact
the conductivity of diverse classes of inorganic materials, this

shallow electrostatic traps

b)
Zn [9)

o, hopping %

deep electrostatic traps

Scheme 2 Conduction pathways for the band-type Fe (a) versus
hopping-type Zn (b) analogues.
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study provides unprecedented insight the mechanistic role of
solvent on charge transport in microporous systems. Because
ion diffusion dictates redox hopping mechanisms, as demon-
strated in MOFs, metal oxides,” and redox polymers,*>””
solvent-dependent ion diffusion has been explored. For
example, conductivity studies of the MOF Zr(3-hydroxy-2-[7-(4-
carboxy-2-hydroxyphenyl)-1,3,6,8-tetraoxo-3,6,7,8-tetrahydro-
1H-benzo[lmn][3,8]phenanthrolin-2-yl]benzoate) revealed that
diffusion coefficients derived from chronoamperometry
decreased with higher dielectric solvents.”” However, the scope
of the study was limited to few solvents and focused on just this
hopping-type material. However, anecdotal evidence abounds
for the solvent- and electrolyte-dependence of charge transport
in large-pore MOFs and COFs.>>**%7788 We contend that this
solvent dependence likely results from the pervasiveness of
hopping-type charge transport in MOFs. Furthermore, we
expect these effects to be magnified by nanoconfined ions. For
example, as the pore sizes of isostructural MOFs decrease,
reports have noted that diffusion coefficients of hexa-
fluorophosphate and tetrakis(pentafluorophenyl)borate anions
also decrease.* In the extreme limit (chemical bonding) of ion-
charge confinement where ions are close or equal in size to the
pore, such interactions could resemble PCET.** Elsewhere in the
literature, the conductivity of the semiconductor material Pb,-
Na, 5(OH), 5(2,3,6,7,10,11-hexakis(butyrylthio)triphenylene)
was reported to increase by 10 000-fold upon introduction of
water and when measured at high humidity, but without
explanation or comparison to other solvent treatments.** Simi-
larly, the conductivity of mesoporous NaSbS, was shown to
increase 1000-fold in humid air as opposed to vacuum,
although the exact mechanism remains unknown.>>7+77:8>
These results resemble evidence of ion-electron coupling in
organic semiconductors.” While conventional semiconductors
such as Si, CdSe, or GaP can be doped through substitution,
polymers require doping through redox chemistry that neces-
sitates charge-balancing ions.” The localization of these ions on
polymer backbones leads to electronic transport strongly
dependent on both solvent and electrolyte identity. Poly(3,4-
ethylenedioxythiophene)/poly(4-styrenesulfonate) has been re-
ported to increase in conductivity from 0.8 uS cm ™" in the dry
state to 80 uS cm ™ * with DMSO, with intermediate conductivi-
ties achieved with THF and other solvents of lower dielectric
strengths.’” Morris et al. explicitly attributed the effect to
dielectric screening of ion-electron interactions. Similarly, the
conductivity of the copolymer poly(3,4-
ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT:PSS)
increases from 1 S em ™" in the dry state to a maximum value of
1000 S em™ ! with DMF.®® Exposure to various solvents with
a range of dielectric strengths yielded PEDOT:PSS conductivi-
ties that were non-linear with dielectric strength, akin to the
data reported here for the Zn system. Portale et al. attributed
this enhancement to increased polaron delocalization, evident
from the intensified bipolaron optical feature following solvent
addition. Lastly, the seminal study on the metallically conduc-
tive polymer poly(benzimidazobenzophenanthroline) docu-
mented a 200-fold decrease in conductivity when doped with
ions, attributed to the formation of coulombic trap states.”” In
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contrast to the results report here, solvent addition induced
a 1000-fold diminishment of conductivity, which the authors
ascribed to a solvent-induced switch from a band-type to
hopping mechanism of charge transport. Evidence for this
claim pointed to an increase in the conduction activation
barrier from 0.07 eV when dry to 0.63 eV in the presence of
MeCN. In the case of the Fe system on the other hand, addition
of solvent maintains the activation barrier, suggesting the
charge transport mechanism remains band-type.

While ion-electron interactions have been well-documented
in polymer systems, this report is the first to quantify the
coupling strength of ion and electrons with electrochemical
impedance analysis. Scheme 3 summarizes the model
employed here and the expected ICCT behavior in band-type
versus hopping-type systems. For a band-type material, such
as the Fe analogue, we expect an impedance response shown in
dashed purple, arising from the presence of cations creating
a frequency-dependent resistance to the itinerant charges.
Hence, we term these materials “ion-limited conductors”. For
hopping-type systems, such as the Zn analogue, we expect the
impedance response shown in dotted red, which resembles the
behavior of an “ideal (non-coupled) mixed conductor”, but with
lower impedance across all frequencies and distorted semi-
circular features induced by ion-charge concerted motion.
The phase of the Qcoupiing CPE offers a means to distinguish
between concerted hopping-type mechanisms (n ~ 0.5) versus
band-type conduction impeded by ion interactions (n < 0.5).
While traditionally reserved for analyzing lower-frequency
regions of Nyquist plots, ie., the diffusion “tail”, such
Warburg-like circuit elements have been employed to describe
similar distortions present in porous polyamide films impreg-
nated by water and electrolyte.** This analysis, in combination
with solvent-dependent activation barriers, provides some of
the first evidence of redox-type hopping in microporous mate-
rials, although this mechanism is commonly invoked for MOFs,
such as Zr(3-hydroxy-2-[7-(4-carboxy-2-hydroxyphenyl)-1,3,6,8-
tetraoxo-3,6,7,8-tetrahydro-1H-benzo[lmn][3,8]phenanthrolin-2-
yl]benzoate).> Just as PCET provides lower-energy redox path-
ways in biological systems," the observation of concerted
charge transport in TMA,ZnGe,S;, suggests high energy inter-
mediates may be avoided in inorganic systems through ICCT.

Mixed conductors feature widely in electrochemical
(high w) w* (low w)
Ideal mixed E lon-coupled
g conductor conductor
E

Scheme 3 Generalized impedance response for an ideal mixed
conductor (black solid trace), an ion-coupled conductor (dotted red
trace; TMA,ZnGe,4S10), and ion-limited conductor (dotted blue trace;
TMAzFeGe4S]_0).
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technologies such as fuel cells, batteries, supercapacitors, and
electrocatalysts, where ions conduct to balance charges in
porous electrodes.* However, achieving both high ionic and
electronic conductivity remains an outstanding challenge. For
example, while LiFePO, possesses large solid state Li" diffusion
coefficients (10~° cm?® s~') the low electronic conductivity (10~°
S cm ?) necessitates conductive additives.***® In contrast,
traditional metal oxide electrodes possess higher electronic
conductivities (10 *-107® S cm™?), but are often hindered by
poor ionic transport.®” These results are therefore critical to the
design and analysis of microporous materials for energy storage
applications.

Conclusion

In conclusion, experimental comparison of TMA,FeGe,S;, and
TMA,ZnGe,S;, reveals electrochemical signatures of ion-
coupled transport and the mechanistic role of solvent in
controlling band-type versus redox hopping conductivity in
microporous materials. Non-linear responses in direct-current
sweep voltammetry and chronoamperometry indicate
diffusion-controlled hopping-type transport, whereas linearity
supports the assignment of band-type conduction. Electro-
chemical impedance spectra point to concerted ion-electron
hopping when constant phase elements fit to phase values of n
~ 0.5, whereas band-type electronic conduction appears
impeded by ion interactions when n < 0.5. This analysis
constitutes a novel method for quantifying ion-coupled
conduction. Taken together, these signatures present a micro-
scopic picture of how solvent controls ion-coupled transport in
two distinct forms of conduction: whereas solvent improves
electronic conductivity by screening ion-charge interactions in
band-type systems, it improves ambipolar diffusion in hopping-
type systems by accelerating ion transport. Although developed
with a model class of materials, these insights and methods
unify observations of solvent- and electrolyte-dependent
conduction already observed in wide-ranging classes of mate-
rials, while providing tools for designing electrochemical
systems in general.
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