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ABSTRACT:

Systematically tuning the conductivity of metal-organic frameworks
(MOFs) is key to synergizing their attractive synthetic control and po-
rosity with electrochemical attributes useful in energy and sensing tech-
nologies. A priori control of charge transfer is possible by exploiting the
solid-solution properties of MOFs together with electronic self-ex-
change enabled by redox pendants. Here we introduce a new strategy for
preparing redox-active MOF thin film electrodes with finely tuned redox
pendant content. Varying the ratios of alkyl-ferrocene containing redox-
active and inactive links during MOF synthesis enabled the fabrication
of electrodes with tunable redox conductivity. The prepared MOF elec-
trodes display maximum electron conductivity of 1.10 mS m™, with crys-
tallographic and electrochemical stability upon thousands of redox cy-
cles. Electroanalytical studies demonstrated that the conductivity fol-
lows solution-like diffusion-controlled behavior with non-linear elec-
tron diffusion coefficients consistent with charge-hopping and percola-
tion models of spatially fixed redox centers. Our studies create new pro-
spects in the design and synthesis of redox-active MOFs with targeted
properties for the design of advanced electrochemical devices.

Understanding charge transport in reticular materials like metal-or-
ganic frameworks (MOFs) creates opportunities for advanced device

#10and elec-

design in photovoltaics,' energy storage,” electrocatalysts,
trochemical sensors.””'* Of the many strategies proposed to impose
conductivity in MOFs, covalent incorporation of redox active mediators
(RAMs) into otherwise dielectric MOFs!*?? offers the advantage of high
modularity via synthesis, enabling systematic composition-property re-
lationship studies. This strategy takes advantage of a diversity of availa-
ble RAMs which display wide ranges of redox potentials and electron
transfer kinetics.??¢ In this manner, charge transport in MOFs through
the use of attached RAM is attributed to electron “hopping” mediated
by self-exchange reactions that result in diffusion of electrons within the
MOF, creating an electric current. By incorporating RAMs with known
fast self-exchange kinetics, it is possible to predesign MOFs that exhibit
high redox-based conductivity. Several strategies have been explored to
incorporate RAMs into MOFs, such as: non-covalent impregnation of
guest RAMs in the pores,'>!” using RAMs in single-linker MOFs,” and
via post-synthetic covalent tethering of RAMs at the defect sites of the
MOF.! 182922 Going forward, it is desirable to access a versatile syn-
thetic platform that enables homogeneous and systematic modification
of redox loading while preserving MOF structure. In this
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Figure 1. (a) Depiction of a MOF thin film electrode containing varied
amounts of redox active links that enable fast redox conductivity via re-
dox hopping. (b) Synthesis of MOF thin film electrodes with finely
tunes substitutional solid solution amounts of redox active links.

communication, we present a new strategy for tuning the redox conduc-
tivity of multivariate MOFs?” using the concept of substitutional solid
solutions (SSS),* by incorporating varied amounts of links containing
covalently bound RAMs that display fast electron exchange kinetics
(Figure 1a). For this purpose, we anchored w-alkyl-ferrocene groups in
the organic links of the zirconia based PEPEP-PIZOF-2 MOF,” and
prepared MOF SSS thin-film electrodes to observe how the electron
hopping between alkyl-ferrocene changes with varied ferrocene content.
This was achieved by simply varying the ratios of redox-active and inac-
tive links such as Fc and NR (Fc = alkyl-ferrocene containing link and
NR = non-redox active link, Figure 1b), respectively, leading to observ-
able changes in redox conductivity that resemble electrochemical behav-
ior in solution. Cyclic voltammetry (CV) and potential-controlled
chronocoulometry showed that the conductivity is diffusion controlled
and is dependent on the Fc link content. Since the ferrocene RAMs are
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covalently attached to the MOF, their long-range mobility is restricted,
thus the diffusion-controlled conductivity arises solely from electron ex-
change between ferrocene pendants. The prepared MOF thin-film elec-
trodes display the expected spectroelectrochemical response from the
ferricenium/ferrocene pair. Experimentation of MOF films for over
1,000 CV cycles in aqueous sulfuric acid demonstrated their chemical,
structural, and redox stability. Thus, the MOF-based SSS platform pre-
sented here is appropriate for fundamental charge transport studies and
MOF-based devices.

Thin films of MOFs with formula ZrsO4+(OH)4[Fc.NRy..]s contain-
ing varied SSS x input amounts of redox active linkers (Table S1) were
grown onto fluorine-doped tin oxide (FTO) substrates via solvothermal
synthesis in N,N-dimethylformamide (DMF) with ZrOCL and benzoic
acid for 48 h at 110 °C (Figure 1b). Treating the clean FTO substrates
by immersing them in a Fc solution for 24 h before solvothermal growth
ensured the formation of films with complete coverage and thicknesses
between S-7 ym, as determined by optical profilometry (Section S7).
Scanning electron microscopy coupled with electron dispersive X-ray
spectroscopy (SEM/EDXS) analysis of the films showed homogeneous
distribution of octahedrally shaped crystallites with homogeneously dis-
persed Fe throughout the film. The Zr/Fe ratio measured from EDXS
displayed a near 1:1 input/output incorporation of Fc links in the matrix
(Figure 2a). Powder X-ray diffraction in grazing incidence mode
(GIXD, Figure 2b) showed that the films are highly crystalline and iso-
tropic, and exhibit sharp diffraction lines that were assigned to the MOF
and FTO. High intensity peaks at low angle (4.08° 2-theta, CuKa) con-
firmed the formation of the Fd-3m cubic phase of PIZOF-2 throughout
the series. The thin-film growing media also produced bulk powders
that, after base digestion and '"H NMR spectroscopy analysis, exhibited
the same linker incorporation ratio as in the thin films. The bulk powders
exhibit high porosity, with N> adsorption uptakes and Brunauer-Em-
mett-Teller (BET) surface areas consistent with increased alkyl-ferro-
cene loading (Table S6) between 1922-1331 m?® g™. Interestingly, in-
creasing Fc content also results in change in isotherm type from meso-
porous in x = 0 mol%, to microporous in x = 100 mol% (Figure $24) as
result of pore filling by the alkyl-ferrocene pendants. The MOF powders
are also stable to humidity, retaining their crystallinity and BET surface
area even after H,O vapor adsorption cycles at 300 K (Section S9).

Cyclic voltammetry of the prepared MOF thin-film electrodes, (Fig-
ure 3a) shows a redox system undergoing linear diffusion. In contrast to
surface-confined redox species with instantaneously accessible RAMs,
which display symmetrical Gaussian-shaped peaks and a linear depend-

ence of peak current with scan rate,*

our MOFs display peak separation
and square-root dependence on scan rate (Figure 3b), characteristic of
a 1-dimensional diffusive system. We ascribe the larger peak splitting ob-
served in these CVs compared to an ideal diffusive system, i.e., 57 mV for
aone-electron exchange, as the sum of resistances derived from the non-
metallic character of the film. A fundamental difference between the be-
haviors of ferrocene dissolved in ZrsO+(OH)4[FcNR.c]Js MOFs and a
freely diffusing redox species in liquid solution is that the redox centers
in the former are spatially fixed, restricting the charge migration mecha-
nism to electron hopping between neighboring RAM sites. This condi-
tion allows for strong modulation of electron transport properties by
means of redox center loading, which in our case is controlled a priori by
the input ratios of Fc/NR linkers. Figure 3¢ shows the effects of Fcload-
ing in the ZrsO+(OH).[Fc.NR,..]s films on voltammetric peak currents
displaying non-linear trends, in strong contrast to the linear dependence
of peak current versus concentration in freely diffusive redox systems.*
UV-vis spectroscopy indicates that we can electrochemically oxidize a
substantial amount of ferrocene within the films, implying charge can

travel from the FTO through the rest of the MOF. After 15 min of oxi-
dative charging, films with high Fc content display a clear absorbance
peak near 630 nm (Figure 4a), indicating a change from ferrocene to fer-
ricenium ion. This absorbance peak coincides with a visible color change
in the more concentrated films from orange-yellow (ferrocene) to blu-
ish-green (ferricenium, Figure $8). Section SS in the SI contains the UV-
vis results of all the films.
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Figure 2. MOF film characterization. (a) Plot of the SSS input-output
mol% ratio of the Fc link incorporated in the thin film MOFs as deter-
mined by EDXS, evidencing 1:1 input-output incorporation. (b) GIXD
of MOF thin films grown on FTO substrates. Stars denote peaks corre-
sponding to FTO.

Changes in redox hopping dynamics resulting from redox center di-
lution were probed by evaluating the diffusion coefficient of charge
transfer (D.). In our MOF, we expect the distance that electrons need to
hop between sites to be higher for more dilute samples, causing D. values
to lower with decreasing Fc loading. To test this hypothesis, we meas-
ured diffusion coefficients of oxidative and reductive charging in the film
through chronocoulometry by subsequent oxidizing and reducing po-
tential steps. Anson plots,*! which graph charge collected versus square
root of time, were used to extract diffusion coefficients (Figure S9). We

used a model®

developed for redox-active polymeric films to predict
theoretical diffusion coefficients of charge transfer as a function of con-
centration (Figure 4c). This model derives diffusion coefficients in re-
dox pendant networks from charge transfer dynamics via the Dahms-

33-35

Ruff expression®3* with restricted physical diffusion of redox species

(Eq. 1), and the exchange kinetics expression (Eq. 2):

1
D, = s keernn? (1)
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Figure 3. Cyclic voltammetry data of Fc containing MOF electrodes. (a) Cyclic voltammograms at various Fc link content (scan rate of 20 mV s, in
0.1 M LiBF4 in MeCN and Pt counter electrode). (b) Peak current of the 100% Fc MOF electrode as a function of the square root of scan rate. (c) Peak
currents of the MOF electrodes as a function of their ferrocene content (scan rate of 20 mV's™).

where k. is the electron self-exchange rate constant, and ray is the aver-
age distance between nearest neighboring pendants, k”is the intrinsic fa-
cility of charge transfer between pendants, § is a characteristic length
representing electronic coupling strength in the medium, and o is the
contact radius of the pendant (see p. $27-28 for details). The model pre-
dicts that D. increases exponentially at low concentrations, eventually
becoming roughly linear. Values for k" and § were found by fitting the
theoretical curve to the experimental data points. The k’ value obtained,
1.2x107 s, is larger, but comparable to the rate observed on ferrocene
anchored to a metal electrode (k’ = 1.6x10°s1).36 The & value, 1.1 4, is
similar to the analogous distance-dependence constant for electron
transfer through saturated alkane chains.*”

The prediction that high pendant-pendant distance at low concentra-
tions causes sluggish charge diffusion aligns with percolation theory,
which applies to the conductivity of networks in which the nodes are a
random distribution of conductors (pendants) and insulators (unmodi-
fied linkers). Percolation theory predicts that there is some critical ratio
of conductors in a given network below which the network ceases to ef-
fectively conduct.” Indeed, the critical ratios for 3D networks related to
our MOF (isotropic cubic lattice with 6-12 nearest neighbors) are in the
range of 20-30 mol% Fc.* The redox conductivity of the MOFs was ob-
tained from the Einstein-Stokes equation for charged diffusive systems,
using the experimentally determined electron diffusion coefficients, re-
sulting in composition-dependent redox conductivity with a maximum
value of 0. = 1.10 mS m™ in the 100% Fc MOF (Figure 4c), comparable
to the intrinsic electron conductivity of undopedsilicon (1.56 mS m*).*

The structural and electrochemical stability of the prepared films was
probed by exposing the 100 mol% Fc MOF electrode to multiple CV
charge-discharge cycles in 0.1 M H2SO4(aq). After 1500 cycles (Figure
4d) the only observable change in the voltammogram is a slight shift in
peak current over time, related to improved wetting of the electrolyte.
GIXD of the cycled film showed very little changes in diffraction pattern
(Figure S30), evidencing retention of the MOF architecture.

We have demonstrated a new metal-organic framework design with
capabilities for fine-tuning of redox pendant concentration. This tuna-
bility was exploited to study the effect of redox pendant concentration
on electroactivity. Our results imply there is a set of parameters that de-
termine electrochemical accessibility in redox-modified MOF films:

pendant RAM concentration and self-exchange kinetics. Ongoing work
in our laboratories centers on establishing the impact of these charge
transfer dynamics on device performance and evaluating the interplay
between redox properties and access to MOF porosity in functional
films.
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Figure 4. Charge transport in redox-active MOF films. (a) UV-visible
absorption spectra of 100 mol% Fc MOF thin film before (orange trace)
and after oxidation (blue trace), evidencing the formation of ferricenium
ion. (b) Absorbance of ferricenium as a function of Fc content in the
MOF thin films. (c) Diffusion coefficient of electron transfer derived
from Anson plots as function of Fc content (orange symbols), compared
to modeled D, from Egs. (1) and (2) (blue line). (d) Cyclic voltamme-
try of a 100% Fc electrode in 0.1 M H2SO4 (ag) over 1500 cycles.
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Figure 1. (a) Depiction of a MOF thin film electrode containing varied amounts of redox active links that
enable fast redox conductivity via redox hopping. (b) Synthesis of MOF thin film electrodes with finely tunes
substitutional solid solution amounts of redox active links.
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46 in the thin film MOFs as deter-mined by EDXS, evidencing 1:1 input-output incorporation. (b) GIXD of MOF
47 thin films grown on FTO substrates. Stars denote peaks corresponding to FTO.
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Figure 3. Cyclic voltammetry data of Fc containing MOF electrodes. (a) Cyclic voltammograms at various Fc
link content (scan rate of 20 mV s-1, in 0.1 M LiBF4 in MeCN and Pt counter electrode). (b) Peak current of
the 100% Fc MOF electrode as a function of the square root of scan rate. (c) Peak currents of the MOF

electrodes as a function of their ferrocene content (scan rate of 20 mV s-1).
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Figure 4. Charge transport in redox-active MOF films. (a) UV-visible absorption spectra of 100 mol% Fc MOF
thin film before (orange trace) and after oxidation (blue trace), evidencing the formation of ferricenium ion.
(b) Absorbance of ferricenium as a function of Fc content in the MOF thin films. (c) Diffusion coefficient of
43 electron transfer derived from Anson plots as function of Fc content (orange symbols), compared to modeled
44 De from Eqgs. (1) and (2) (blue line). (d) Cyclic voltammetry of a 100% Fc electrode in 0.1 M H2S04 (aq)

45 over 1500 cycles.
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