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Abstract

Initially proposed by Lovric and Scholz to explain redox reactions in solid-phase voltammetry,
the Scholz model’s applications have expanded to redox in various materials. As an extension of
the Cottrell equation, the Scholz model enabled the quantification of electron hopping and ion
diffusion with coefficients, D. and D, respectively. Research utilizing the Scholz model indicated
that, in most cases, a huge bottleneck is resulted from the ion diffusion which is slower than electron
hopping by orders of magnitude. Therefore, electron and ion motion can be tuned and optimized to

increase the charge transport and conductivity through systematic investigations guided by the



Scholz model. The strategy may be extended to other solid-state materials in the future, e.g., battery
anodes/cathodes. In this perspective, the applications of the Scholz model in different materials will
be discussed. Moreover, the limitations of the Scholz model will also be introduced, and viable

solutions to those limitations discussed.

Solid-state electrochemistry enables the study of almost any compound or material with three-
dimensionally distributed, highly-concentrated redox centers,'” regardless of the conductivity of
oxidized or reduced forms and film thickness.>* The study of varied materials in this manner is
possible because the electrochemical properties can be easily measured by loading the materials
onto the surface of an electrode, even in trace amounts. There are numerous methods to achieve the
immobilization of solid samples to electrodes, including electrophoretic deposition,”® abrasive
stripping,’ electrochemical deposition,® and direct growth of particles.® Mixing the solid sample
with carbon paste or conductive polymers to form a composite electrode system is also employed.*

In solid-state electrochemistry, conduction is often observed as the combination of two
processes: the movement of electrons between redox centers and the diffusion of counterbalancing
ions to maintain a neutral charge. The electron hopping process, sometimes called redox conduction
or self-exchange, is triggered by the electrolytically-generated concentration gradients arising
mixed-valence redox centers in the bulk material.' Each of these two processes, ion diffusion or

electron self-exchange, could become a potential bottleneck of the redox reaction due to the



necessity for keeping electroneutrality: the movement and accumulation of the faster species
generates an electrical field, which accelerates the slower species and decelerates the faster one.”'°
The Cottrell equation is widely used in electrochemistry to measure diffusion (or mass transport)

control over the rate of electrolysis. In the Cottrell equation (eq. 1),
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current is dependent on t'?

because of the depletion of electroactive species near the electrode
surface region.'' In this equation, # is the number of electrons transferred in the reaction, Dy, is
the apparent diffusion coefficient, /" is Faraday’s constant, 4 is the area of electrode, ¢ is time, and
c is the concentration of redox active species.'*!* This equation has been widely used to quantify
Dy, and solve various diffusion-related questions in many research fields, including the ion
diffusion rate in solutions, diffusion-controlled electrophoretic deposition, redox hopping process
in conductive polymers, across molecularly-sensitized metal oxide surfaces, and through MOFs,
and more. >

While the Cottrell equation has been invaluable for electrochemical diffusion considerations,
its weaknesses have become more apparent recently. D,,, combines the counter ion diffusion
coefficient (D;) and electron transfer coefficient (D.) and, therefore, lacks any acknowledgment of
their individual contributions to the overall rate.” As aforementioned, electron hopping and
counterion diffusion are interdependent and mutually restrictive processes. Thus, the slower
process will become the rate-determining step for the overall process. Since optimizing the rate-

determining step is the most efficient way to enhance the overall rate, it is essential to have a method

that can separate the two interdependent coefficients and identify whether the rate is hindered by



electron transport or ion diffusion. The Scholz model can be used to achieve this goal and help
deepen the understanding of redox hopping processes. In this perspective, we will discuss the
foundational principles and assumptions of the Scholz model, experimental evidence supporting

these assumptions, and practical applications of the Scholz model, along with its shortcomings.

Scholz Model. The Scholz model was first proposed to illustrate the electrochemical
phenomenon in the voltammetry of microparticles (VMP).?> As expected for a theoretical model,
assumptions are made to constrain the model so that it may be solved. In the Scholz model, the
main assumption is that ion insertion can only happen through the sidewall of a crystal (0,y,z and
x,0,z planes) parallel to the electrode surface (Figure 1a).’ Ion insertion from the top (X,,Zmax)
perpendicular to the electrode surface is forbidden because it will lead to the charging of the
particle-solvent interface, which cannot be directly compensated by the electrons from the
electrode-crystal interface.’
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Figure 1. (a) Electron and ion movement in a solid crystal following assumptions made
by the Scholz model and (b) I/t vs. \/t curve with the three stages in the Scholz model.



The other key assumptions include: (1) the concentrations of the oxidized and reduced forms of
electrochemically active species at the three-phase junction are governed by the Nernst equation
and at thermodynamic equilibrium, and (2) the electrons move in the z-direction only
(perpendicular to the electrode-crystal interface).

The ion insertion process can be divided into three distinct stages in the Scholz model: Stage A
is at the onset of applied potential, in which both ion and electron diffuse unhinderedly along the
interface of electrolyte and crystal into a quasi-semi-infinite space; Stage B is after all redox centers
on the electrolyte-particle interface are reduced/oxidized, the reaction zone begins to penetrate the
crystal bulk in this stage; and Stage C represents the very end of the reaction, treated as more than
99% of the redox centers are reduced/oxidized.>*’ The way to identify the three stages is through
the I/t vs. v/t curve (Figure 1b): the maximum of I/t vs. v/t curve correspond to the moment that
all the redox centers at the electrolyte/crystal interface are converted, which marks as the end of
stage A and the beginning of stage B. Stage C is generally excluded from the analysis because it is
dominated by purely ion diffusion. >’

Through the application of grid modeling and Fick’s law, an equation describing the relationship
between current response and time after a potential jump was developed for Stage A. By fitting
experimental chronoamperometry (CA) curves with the relationship, the D;and D, of Stage A can

be quantified. The relationship is as follows,
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where u is the length of the three-phase junction, xy and z represents the hopping distance of
each step in the x-direction and z-direction, respectively, V,, represents the molar volume, F is the
Faraday constant, D. and D; represent the electrons hopping coefficient and ion diffusion
coefficient, respectively. ¢ is defined as p=FE/RT(E-Ej) here, where E is the applied step-in potential
of chronoamperometry and Ey represents the formal potential (E”, often estimated from the half-
wave potential, £;) derived from CV.

To solve the factors at the start of stage B, eq. 3 and 4 are applied.
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where H is the height of the particles, #.rand /.., represent the characteristic time and the current
at that time, respectively. t..r and Iy, are easily identified as they are the values that correspond to
the maximum point in the Iy/t vs. v/t curve. These equations can readily be applied to define the
D, and D; parameters relevant to bulk conduction.

One important consideration is the relationship between the Scholz model and the Cotrell model
and under what conditions each is derived. While both are derived from Fick’s laws, there are clear
differences in the physical meanings of the diffusion coefficients. To see the relationship, we use
the Stage A hopping behavior, Equation 2. The standard form of Cottrell equation assumes a planar
electrode, where electrons are confined to the electrode surface, i.e., they are not a diffusing species
and D, = 0. If we assume D, = 0 in the Stage A equation, we are left with the following relation,

Equation 5,
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where, the uAz, term refers to the surface confined electrochemical active area around the three-

phase boundary, and it is comparable to the A in the Cottrell equation, which represents the area of
1 1 . . .

electrode. In the — term, the ,_ means the concentration of redox centers in the particle,

o) »

while the { can be transformed into —=¢%— which represents the ratio of reduced state
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of the redox center, by simply use the definition of ¢. Therefore, the meaning of i {m} is
the concentration of reduced redox center, and it is comparable to the C term in the Cottrell
equation. Therefore, the Scholz model in the electron confined case is equivalent to the Cottrell
equation®?’” Therefore, when one applies the Cottrell equation to a redox hopping system — there is
no direct relationship between D,,, and D./D;. Indeed, the Cottrell equation assumes only one
diffusing species, and thus, the resultant D,,, for a redox hopping approach has little physical
meaning. That said, the Cottrell equation is used widely in redox hopping systems due to the ease
of mathematical modeling and the realization that empirically the resultant D,,, agrees with
expected trends. Indeed, in work of the Morris group, where both models were applied to the same
system, the trends in D,,, agree well with that of D, and D;.*’ That said, the lack of physical
meaning to the D,,, highlights the power of models like that of Scholz to provide a molecular
context for redox hopping.

Metal Oxide Reduction. One of the most critical assumptions of the Scholz model is that the
reaction starts at the three-boundary, which has been widely observed and used to explain

electrochemical processes in solid-state materials, e.g., metal oxides.”®* The first observation of

the three-phase boundary was demonstrated by Scholz through the reduction of lead oxide to lead.



In situ atomic force microscopy was applied to monitor the real-time reduction of a single a-PbO
particle (Figure 2a).’' The electrochemical reduction was performed on a gold electrode and in 1
M KCI electrolyte. Due to the volume difference between litharge (a-PbO) and metallic lead, the
reduced metallic region will shrink and show an obvious interface, i.e., the reaction front. The
reaction front region consists of lead ions and lead atoms, as well as water molecules and hydroxyl
ions, which can be treated as a diffuse heterogeneous interface. By tracking the movement of the
reaction front, the real-time progress of the reaction was visibly detected, and it was treated as

robust evidence to prove the three-phase boundary assumption in the Scholz model.
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Figure 2. (a) Atomic force micrograph of an a-PbO crystal one a gold electrode in 1M KCl
electrolyte after reduction for 1 s (b) 2-D crystal cross-section perpendicular to the reaction

front. Reprinted with permission from ref. 31. Copyright 2001 Elsevier.



Interestingly, it was found that the reduction process starts from just one side of the detected
particle instead of starting from the entire three-phase (PbO| electrolyte| gold electrode) junction of
the particle (Figure 2(b)). The author proposed a few explanations for such a phenomenon: adhesion
of the particle to the gold surface only occurred at the side of the reaction front, or the particle
exhibited vastly anisotropic nucleation through an uncontrolled structural phenomenon. Therefore,
the contact between the redox-active particle and the electrode is paramount to the measured
behavior, and variability in electrode-particle contact may introduce random error in measured
values. Specifically, the number of “active” particles (represented as N in the model) depends on
the contact. In previous research utilizing the Scholz model, measuring the number of cuboids could
become a problem. For instance, in the cases of mechanically transferring materials to the electrode,
the way to determine N is from the weight of transferred materials, the dimension of cuboids, and
the density.*>*® However, the number of “active cuboids” is unknown because of the uncertain
contact conditions and aggregation of the cuboids.

To solve the problem, the information derived from CA can help. By integrating the area under
the CA curve, the total charge transferred in the electrochemical process can be obtained.’
Knowing the concentration of the redox centers, the molar volume of the material, and the
dimension of particles, the number of “active” cuboids can be derived. Such a method is especially
suitable for materials with pre-determined redox center density, for example, MOFs with redox
center at certain sites.

lonic Liquids. lonic liquids (IL) are attractive materials because of their unique properties,

including inflammability and nonvolatility, and have numerous applications, including batteries,



fuel cells, and capacitors.'® Even though ILs are in the liquid state, mixing ILs with solvents in
which they are immiscible results in the formation of IL drops on an electrode surface. These
droplets behave similarly to tiny crystals as the properties and electrochemistry of specific IL
droplets are similar to redox-active particles. Therefore, the electrochemical processes in IL can be
rationalized by the Scholz model just like other redox-active solids.*’

In the work of Schroder, the oxidation of protonated and unprotonated ionic liquids (para-
N,N,N',N'- tetrahexylphenylenediamine (THPD) and para-N,N,N’-trihexylphenylene- diamine
(TriHPD)) was performed.’” The deprotonated forms of the two ILs are electronic and ionic
insulators, while the protonated forms are conductors for both. As deposited, the ILs are
deprotonated and insulating. After a potential is applied, ion insertion into the IL is driven by the
formation of an electric field at the electrode-droplet interface. The conductive phase is formed as
the insertion process propagates. It was assumed that the reaction zone advanced as the conductive
product formed, like that predicted by the Scholz model originally for porous solids (Figure 3a).
For these reasons, these ILs were treated as an analog to the redox-active solids for electrochemical
analysis.

When the ionic liquid exists as droplets distributed on the electrode surface or as a film not fully
covering the electrode, it was found that the electrochemical oxidation was initiated at the three-
phase junction (electrode | oil (ionic liquid) | aqueous solution).’” After the electrochemical
oxidation, the colored radical cation of TriHPD formed a ring about the IL droplet, which was seen
via light microscopy (Figure 3b). However, the reaction was fully inhibited when the unprotonated

ionic liquids were studied as a continuous film covering the whole electrode surface. The authors



concluded that the absence of a defined 3-phase boundary under full-film conditions attenuated

oxidation. The implications of such findings, if proven to be consistent across other materials, are

immense. Specifically, they would point to the need for grain boundaries to promote conductivity

in redox hopping materials.
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Figure 3. (a) A schematic showing the advance of reaction zone (b) Photographic image
of a stamp imprint of the interlayer of unprotonated TriHPD (left) and protonated TriHPD
(right) after applying a potential of 0.5 V vs. SCE for 60 s. The bright region is the
unreacted ionic liquid TriHPD, and dark region is the colored TriHPD radical cation

species. Reprinted with permission from ref. 37. Copyright 2001 American Chemical

Society.).

While the observation of the 3-phase reaction front in IL is powerful, full quantitative
application of the Scholz model is limited in the IL case. The charge transfer process includes the
transition from an insulator to a conductor, which ultimately introduces a new or second 3-phase
boundary as the process progresses. Moreover, the hopping distances, Ax and Az, are not well-
defined in such amorphous materials. Thus, a defined three-dimensional structure is paramount to

the realization of the full potential of the Scholz model.



Organic Dyes. Human society has used organic dyes for thousands of years to achieve long-
lasting coloration of fabrics. The natural properties of organic dyes make most of them redox-
active. Indeed, the redox activity of organic dyes is used to produce, purify, and stabilize the dyes.
The redox activity also makes the electrochemical characterization of ancient dyes possible.*®
Electrochemical analysis of organic dyes is generally performed in an aqueous solution, in which
the dominant diffusive ion species is the proton. Therefore, in the Scholz analysis of organic dyes,
the coefficient D;is often replaced by the proton diffusion coefficient, Dy, in the literature.’>

Similar to previously described systems, the three-phase boundary was observed in the organic
dye nanoparticles by AFM.*' More importantly, organic dyes represent a system amenable to
quantitative analysis by the Scholz model. For example, electrochemical investigation of Maya
Blue, a famous indigo-based pigment with high stability widely used in ancient wall paintings,
provided insight into the oft-debated structure of the dye. One of the hypotheses is that Maya Blue
consists of indigo molecules intercalated into the microporous tunnel of the inorganic mineral
matrix.* To provide insight into the structure of Maya Blue, electrochemical characterization was
performed by Doménech, et al., and the results of Maya Blue were compared with those of pure
indigo, the precursor of Maya Blue.'**® By using the Scholz model, D, and Dy of Maya Blue
particles were calculated to be (2 £1)x10” cm?/s and (2 + 1)x10™® cm?/s, respectively. In indigo, D.
(3x107 cm?/s) is faster than that in Maya Blue, while Dy (3x107'° cm?/s) is slower. The faster

proton insertion rate in Maya Blue is consistent with the previous hypothesis of a porous structure

in Maya Blue, which provides a favorable environment for the ion diffusion process. Additionally,



the I\t vs. t curve from the CA study of Maya Blue particles was found to be smoother than that
of indigo particles, which also provides information about the internal structure. Compared to the
porous Maya Blue particles, poor ion transport across indigo nanoparticles limits the electroactive

region to the external grain area and thus, leads to the fast decay of current in CA after ..

Metal-Organic Frameworks (MOFs). Metal-organic frameworks are a family of composite
materials composed of metal nodes and organic linkers. MOFs represent a rapidly growing field of
solid-state materials that are known for their ordered structures, high specific surface area, high
porosity, and facile structural tunability.*** The development of electrically/electrochemically
active MOFs for applications such as thermoelectronics, photovoltaics, semiconductors, capacitors,
and electrochemical catalysts is a growing area of research.*> Having a highly ordered and periodic
geometric structure, redox-active MOFs are an excellent platform for the application of the Scholz
model.

The proposed electron transfer mechanisms in MOFs include the through-bond pathway,
through-plane pathway, through-space pathway, guest-promoted, and, relevant to Scholz, redox
hopping.*® Even though redox hopping has a relatively slow charge transfer rate among the
aforementioned mechanisms, it has a unique advantage: the ease of MOF manipulation and design.
Unlike the three “pathway” mechanisms which rely on the orbital overlap between metal ion and
linker or the m-m stacking, redox hopping has lower requirements for the MOF backbone: as long
as the MOF contains redox active centers, no matter if the redox center is the metal ion/cluster, the

linker, or both, redox hopping is operative. For MOFs with no native redox centers, redox hopping



can also be realized by post-synthetic incorporation methods, e.g., solvent-assistant ligand

incorporation (SALI).*!

Table 1. Literature D,,, values

MOF Redox Dapp Ref.
Couple (cm?/s)

Ir-Ui0-66 [V 1012 3
Fc-MOF-808 Fc'° 1012 6
Fc-NU-1000 Fc*° 1011 6,7,20
Fc-NU-1003 Fc™0 101 6
Hemin-UiO-66 Fe"P/Fe'P | 107 26
Hemin-UiO-66 Fe'P/Fellp | 1010 54
PCN-222 Fe'P/Fe™P | 1012 55
MOF-525 Fel''P/Fe'P | 10712 24,35
NU-902 Fe"'P/Fe"P | 10772 55
PCN-225 Fe'P/Fe'™P | 1012 53
CoPIZA Co''P/Co'P | 10 23
NU-1000 py"™” 1070, 107
[Ru(tpy)(dcbpy)OH2]**- | Ru™! 107 14
UiO-67
Zr(dcphOH-NDI) NDI”~ 107 52

Redox hopping in MOFs has been studied in earnest since 2014, and the D, derived from the
Cottrell equation is treated as an important indicator of the charge transport properties of MOFs

(Table 1).67:13:14.20.23.24515% The Cottrell equation has been applied to systems with different pore



sizes, different counter ions, different defect levels, different 3D structures, and different
crystallographic orientations of MOFs.

The role of channel alignment was demonstrated by comparing the D,,s for vertically and
horizontally aligned MOF particles (with respect to an underlying conductive substrate) (Figure
4).3 NU-1000 prepared via solvothermal methods and electrophorectic deposition demonstrate
different particle alignments. Specifically, a solvothermally prepared film results in NU-1000
particles that extend along the c-axis from the electrode surface. Whereas films prepared via
electrophoretic deposition result in particles that lay down on the electrode along the @,b planes.
CA analysis of films prepared via the two formation methods found that the D,,, in NU-1000 is
anisotropic, i.e., 300 times higher along c-axis direction than that in @,b plane. According to
classical Marcus theory, the self-exchange rate for electrons should increase when the distance
between hopping centers is decreased. The governing factor of anisotropy in NU-1000 was
attributed to the difference in linker-to-linker distance and electronic coupling in different

directions, which is a direct consequence of NU-1000’s lower crystalline symmetry.

Droppingic) >> Dnopping(a-5)
Figure 4. The anisotropic charge transfer along c-axis and in a,b plane of NU-1000.

Reprinted from ref. 53. Copyright 2019 American Chemical Society.



A similar phenomenon is borne out in studies of MOFs with different concentrations of redox-
hopping centers. For example, the concentration of redox-hopping centers (and by proxy the
distance and electronic coupling between those centers) was explored in [Ru(tpy)(dcbpy)OH,]**-
Ui0-67 (tpy = 2,2':6',2"'-terpyridine, dcbpy = 5,5'-dicarboxy-2,2'-bipyridine) thin films."* As the
concentration was increased from ~1 x 10'° mol/cm? to 1 x 10 mol/cm?, a shift from surface-
limited electrochemistry to redox hopping through the entire film was observed. The same
phenomenon was explored in post-synthetically modified UiO-66 films with Hemin as a redox
active center.”® Interestingly, the Hemin@UiO-66 sample with the lowest defect density exhibited
the highest D,,, (4 x 10” cm?/sec, compared to 0.36 x 10” cm?*/sec at the highest defect density).
The authors rationalized the observation from the localization of the Hemin molecules throughout
the 3D framework. At low defect densities, the Hemin was hypothesized to be primarily located on
the external surface of the MOF particles. Whereas, at high defect density, a more homogeneous
distribution of Hemin throughout the 3D structure was possible. Thus, the distance between the
hopping centers is smallest for the low defect density material and the fastest hopping rate observed.
It is important to note that in classic redox hopping behavior for molecules attached to the surface
of metal oxide nanoparticles, the observation of a percolation threshold, defined as the critical
concentration needed to support a hopping mechanism, is often observed through a detailed
concentration analysis."®*® In such experiments, once the critical concentration is reached a
dramatic increase in the D,,, is observed. In both concentration-dependent studies discussed here,
a percolation threshold was not observed in MOFs and points to the complexity that the 3D

distribution of redox centers imparts in observed behavior.



As mentioned, the Cottrell equation and, thus D, lack the ability to separate the contributions
from electron diffusion and ion diffusion.” The disentanglement of D, and D; becomes a necessity
to rationally deepen the understanding, improve the charge transfer, and optimize the design of

redox-active MOFs. The Scholz model provides a possible means to achieve this goal.
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Figure 5. A Schematic showing the formation of copper metal laminas intercalated in the
MOF after reduction. The blue dots and green rods represent for copper nodes and organic
linkers, respectively, and the brown chunks represents the metallic copper with a laminar

structure. Reprinted with permission from ref 57. Copyright © 2006 Elsevier.

The Scholz model was first applied in the work of Domenech et al.,”’ to demonstrate the
electrochemical reduction of the metal nodes of a MOF. A negative potential was applied to a
copper-based MOF, and the native Cu* node was reduced to Cu" and, subsequently, Cu’. Upon
reduction to Cu’ the nodes decomposed and formed metallic copper particles. The copper metal

particles formed laminas intercalated in the framework (Figure 5). The laminar structure of metallic



copper was attributed to the charge transfer following preferential direction, which was rationalized
by the direction of electron and ion motion set forth by the Scholz model. In addition, the orientation
of the metal laminas (perpendicular to the electrode surface, in the electron hopping direction)
suggests that electron hopping is much faster than ion diffusion. Even though this work did not
give quantitative analysis regarding redox hopping, it did support the applicability of the Scholz
model to MOFs and indicate that the electron hopping is much faster than the ion diffusion in the
system.

The first quantitative application of the Scholz model was carried out by Celis-Salazar et al. for
metallocene-doped NU-1000 (M-NU-1000).” It was found that the D.s of doped M-NU-1000s
increased in the following the order ferrocene < ruthenocene < osmocene, which is consistent with
the self-exchange rate of the M*'/M*" (M=Fe, Ru, Os) couples. Meanwhile, D; was found to be
dependent on three factors: MOEF’s pore size, counter ion size, and the ion-pairing ability (discussed
in the following paragraphs). Importantly, in all quantitative studies to date, the D, values are higher
than that of D; often by several orders of magnitude. Thus, it is the diffusion of ions that limits the
overall redox hopping conductivity in MOFs.

The ability to quantify D. and D; as a function of the Scholz model stages enabled further
confirmation for the difference in hopping rate as a function of redox active molecule distribution.
As previously discussed, Dy, analysis of UiO-66@Hemin samples indicated that molecules
restricted to the surface of the particles are reduced and oxidized faster than those in the interior of
the MOF particle. For M-NU-1000 MOFs, the D, values were three- to four- orders of magnitude

faster during Stage A (when the exterior of the MOF is oxidized) versus Stage B (when molecules



in the MOF interior are oxidized). The observation was attributed to the reduced degrees of freedom

available to the interior metallocene centers and consequently, a more fixed and larger distance

between the redox active molecules.
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Figure 6. (A) The schematic of MOF modified with redox hopping center on the metal
nodes (B) PXRD pattern of unmodified MOF and MOFs modified through post-synthetic
method (SALI). Reprinted with permission from refs 7. Copyright © 2019 American

Chemical Society.

The relationship between dimensional properties of ferrocene (Fc)-doped MOFs and charge
transfer were explored by Cai et al..° It was found that increases in pore size from 15 to 47 4 for a
series of Fc-doped MOFs, Fc-MOF-808, Fc-NU-1000, and Fc-NU-1003, (Figure 7) lead to a
negative effect on electron hopping. Indeed, the electron transfer rate constant (ke-xop, derived from
ke_nop = %, where r is the hopping distance) decreased from ~3 x 107 s™' t0 0.90 x 10" s in Stage
A and ~8 x 10° s ' to 2 x 10*s™" in Stage B. Like the concentration effect, the increase in the

hopping distance between redox centers as a function of pore size would result in decreased



electronic coupling. Conversely, the increase in pore size had a positive effect on the ion diffusion
process due to the larger transport channels available. The values for ;s increased 1-2 orders of
magnitude while pore size increased (e.g., 0.5 s to 43 s! for tetrakis(pentafluorophenyl)borate ion,
TFAB"). Overall, the D,,,s derived from the Cottrell equation of the three MOFs were found to
increase with the MOF’s pore size, indicating that the enlargement of pore size improves the overall
rate of redox-hopping process and providing support that the ion diffusion is the rate-determining
step. A similar observation was observed for a series of topologically variant porphyrin MOFs,>>

supporting the application of the principle over a wide range of MOFs with different redox active

centers and incorporation methods.
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Figure 7. Schematic structures of MOF-808, NU-1000, and NU-1000 showing the change
in size of the hexagonal pores. Reprinted with permission from refs 6. Copyright © 2020

American Chemical Society.

The effect of ion size was also explored in NU-1000 and Fc-NU-1000. For native NU-1000,

switching the counter ion from hexafluorophosphate (PF¢) to tetrakis[3,5-bis(trifluoromethyl)



phenyl] borate (BARF") engenders a two- to four- fold decrease in D, for solvothermally-prepared
films.” The diameters of PFs and BARF- are 5 4 and 15 4, respectively, and the pore sizes of NU-
1000 are ~30 A4 for hexagonal pores and 12 A for triangular pores. Therefore, one could attribute
the difference in D, to the relative ratio of the anion to the pores with smaller anions transporting
through the pores faster. However, in Fc-NU-1000 films, the trend observed was the opposite.
Specifically, tetrakis(pentafluorophenyl)borate ion (TFAB’) has higher D; than
hexafluorophosphate ion (PFs).” The observation was attributed to the weaker ion-paring
interaction between TFAB™ and the metallocene center, even though TFAB™ is bulkier than PF¢.
The comparison of the behavior of NU-1000 to that of Fc-NU-1000 implicates a complicated
balance between the size of the counter-balancing ion and its ion pairing ability. The conditions
under which each parameter dictates behavior require further investigation. Further investigation is
particularly relevant given that EPD-prepared NU-1000 films did not show dependence on the size
of the counterion.

While there have been several studies that qualitatively or quantitatively applied the Scholz
model to comprehend electrochemical phenomena in solid-state materials, it is important to
recognize that a theoretical model cannot account for all experimental nuances. Two of the major
limitations elaborated throughout this review are: (1) the importance of the particle electrode
contact, and (2) the complications that arise from non-homogeneous distributions of redox centers.

As observed in the a-PbO case, the connection between the particles and the electrode is
paramount to observed redox processes. Specifically, poor electrode contact was hypothesized to

cause in-homogeneous reduction of the a-PbO, i.e., from only one three phase boundary. The



limitation exposes the importance of the resistance at the particle-electrode interface and that in the
application of the Scholz model, one must assume that to be low in comparison to in-particle
transport. If that were not the case, the CA response would simply report on that interfacial
resistance — and little-to-no useful data about in-particle redox hopping would be uncovered. The
effect is particularly important and relevant to film preparation methods that are uncontrolled, e.g.,
solvothermal growth of MOF particles and EPD deposition of MOF particles. Expanding beyond
the electrode-particle interface, resistance effects at particle-particle interfaces for multi-layer films
would also complicate analysis by the Scholz mode. Therefore, care should be taken for deposited
films to be thin, at a minimum, and single particle thick, if possible.

As a natural extension to a controlled particle-electrode contact, the dimension of the three-phase
junction of the particles must be known and well-defined to calculate the D. and D;. For MOFs,
like NU-1000, MOF-808, and PCN-222, with controlled growth or deposition geometries, the
particles naturally have preferred face(s) that contact the electrode. Thus, the length of the three-
phase junction is well-defined and can be determined via microscopy easily. However, for MOFs
with more complicated morphologies, determining the dimensions of the three-phase junction is
difficult. For example, in the Zr- or Hf-based MOF DUT-67, with both regular hexagonal and
square crystal planes, the length of three-phase junction is unclear (Figure 8).*” Considering the
increasing number of MOFs utilized in electrochemistry and over 30,000 known MOF structures,
the need to measure the electrochemical responses of more complex MOF structures is imminent.

One possible solution is to use the weighted average length of all possible three-phase junctions.



Depending on the method of deposition, the weighted average may change but it is still possible to

be determined by SEM images.

1pum EHT= 5.00kV Signal A= SE2
— WD = 50mm Mag= 790KX  System Vacuum= 1.61e-006 mbar

Figure 8. Representative SEM images of Hf-DUT-67 showing the regular hexagonal and
square faces. Reprinted with permission from refs 60. Copyright © 2023 American

Chemical Society.

Redox hopping research on MOFs has brough to the forefront the expected dependence of
electron hopping on the distance between active sites. Indeed, it was shown that molecules on the
surface of particles, as observed in Stage A of the Scholz progression, exhibit higher D.s than those
in the MOF interior. Therefore, materials with non-crystallographic arrangements (and potential

even those with crystallographic arrangements) of redox active species should display a distribution



of D, (and D;) values, a fact that builds significant error into reported values. A more rigorous

analysis would account for and report the distributions — is it a Gaussian distribution? A stretched

exponential function? Efforts should be placed on the development of synthetic conditions to

promote reproducibility in structure, including post-synthetically added molecules. Additionally,

characterization methods that can accurately visualize the distribution of such additives should be

advanced.

The earliest and arguably most powerful support for the Scholz model came from visualization

of the three-phase boundary and propagation pathways for ions/electrons. That said, two of the

materials exploited for this purpose, metal oxides and ionic liquid, are not pure redox-active solids.

The conduction mechanism in each requires the generation of another reaction front or conductive

pathway — through metal deposition or protonation. Additionally, the primary method used for

reaction tracking — AFM — is not readily applicable to electrochemically-stable MOFs. AFM

required a volume difference before and after the redox reaction, which is not common in all solid-

state materials. For example, in the organic dye, Maya Blue, the rigid matrix nature leads to

negligible volume change during the redox reaction. Therefore, AFM is not a practical way to

monitor the real-time redox process happening in many materials.

In the IL example, visual microscopy was used to visualize the initiation of reactivity at the three-

phase boundary. The expansion of such spectroscopic visualization methods that cannot only

provide snap-shot support for three-phase boundaries and propagation, but also have the potential

to be expanded to real-time tracking are of particular interest for future development. Through

visualized redox reactions, the complications described above, e.g., inconsistency of the electrode-



particle interface and potential multi-layer propagation, can be accounted for through experimental

design. Measurement of numerous particles via a visualization method may also provide a more

quantitative view of the role of inhomogeneous redox active molecule inclusion.

To summarize, the Scholz model has provided explanations for various phenomena regarding

electrochemical processes in solid-state materials and analogous systems. Moreover, it provides

both a qualitative framework for scientists to rationalize observations relevant to the propagation

directions for electron and ion motion in redox solids, but also, a quantitative method to determine

the impact of ion and electron motion to overall conductivity. So far, the findings derived from the

Scholz model that contribute to the fields understanding of redox hopping include:

(1) Redox hopping processes originate and propagate from the electrode-particle-solvent, or

three-phase boundary. The direction of propagation depends on whether electron transport

(horizontal to the electrode) or ion transport (perpendicular to the electrode) is rate limiting.

(2) Application of the Scholz model can be used to decipher the three-dimensional nature of a

material. As demonstrated with organic dyes, the porous structure of Maya Blue was confirmed by

comparison of the hopping rate to a non-porous analog.

(3) The three-phase boundary is necessary for redox conduction, as demonstrated in ionic liquids.

The results imply that grain boundaries or individual particles may be required for redox hopping

to be operative.

(4) In redox-hopping MOFs, ion diffusion is the bottleneck for the charge transfer process in all

the systems explored to date. Indeed, the difference between D, and D; is orders of magnitude.



(5) The pore size of MOFs can affect both D, and D;. Nevertheless, in most cases, considering
that D; is orders of magnitude smaller than D., larger pore size leads to higher overall charge
transport performance.

These findings highlight the impact analysis by the Scholz model has in redox hopping
material design. That said, there are numerous additional avenues for future exploration, such as:
Can the application of the model be expanded to other redox active solids, i.e., battery materials
and/or perovskites? Can we eliminate or correct deviations resulting from these heterogeneities in
electrode contact or redox-active molecule distribution through visualization methods? Can we
apply the model a priori to predict the redox hopping behavior of MOFs based on the information
on the redox center, MOF structure, and morphological features of MOFs? The answers to these
questions will lead to a broader application of the Scholz model, a deeper understanding of redox
hopping processes and, consequently, more strategies to improve charge transfer in porous

materials.
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