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ABSTRACT: Redox intercalation involves coupled ion-electron
motion within host materials, finding extensive application in
energy storage, electrocatalysis, sensing, and optoelectronics.
Monodisperse MOF nanocrystals, compared to their bulk phases,
exhibit accelerated mass transport kinetics that promote redox
intercalation inside nanoconfined pores. However, nanosizing
MOFs significantly increases their external surface-to-volume
ratios, making the intercalation redox chemistry into MOF
nanocrystals difficult to understand due to the challenge of
differentiating redox sites at the exterior of MOF particles from the
internal nanoconfined pores. Here, we report that Fe(1,2,3-
triazolate), possesses an intercalation-based redox process shifted
ca. 1.2 V from redox at the particle surface. Such distinct chemical
environments do not appear in idealized MOF crystal structures but become magnified in MOF nanoparticles. Quartz crystal
microbalance and time-of-flight secondary ion mass spectrometry combined with electrochemical studies identify the existence of a
distinct and highly reversible Fe*"/Fe*" redox event occurring within the MOF interior. Systematic manipulation of experimental
parameters (e.g, film thickness, electrolyte species, solvent, and reaction temperature) reveals that this feature arises from the
nanoconfined (4.54 A) pores gating the entry of charge-compensating anions. Due to the requirement for full desolvation and
reorganization of electrolyte outside the MOF particle, the anion-coupled oxidation of internal Fe®" sites involves a giant redox
entropy change (i.e, 164 J K™ mol™'). Taken together, this study establishes a microscopic picture of ion-intercalation redox
chemistry in nanoconfined environments and demonstrates the synthetic possibility of tuning electrode potentials by over a volt,
with profound implications for energy capture and storage technologies.

Bl INTRODUCTION

Metal—organic frameworks (MOFs) attract intense scientific
interest in the field of electrochemical energy storage and
conversion' ~ because their tunable pore sizes and large

charge storage has also been observed in two-dimensional
layered birnessite, where nanoconfined intercalation environ-
ments decrease contact distances between cations and the
materials.'® In comparison, MOFs provide even greater

surface areas allow facile transport of electrolytes and provide a
high density of electroactive sites for driving electrochemis-
10,11 yioes . .
try. Distinct from the electrochemical reactions of
conventional nonporous electrodes, electrolyte species inter-
calate into the nanoconfined pores of MOFs to compensate
redox events in an ion-coupled charge transport mecha-
(o 1215 . . A
nism. Previous studies of porous materials indicate that
nanoconfined environments alter the identity of solvated and
intercalated electrolyte species, which, in turn, dictates the
resulting electrochemical performance.'®™"? For instance,
reducing the pore apertures of carbon-based materials below
the diameters of solvated electrolytes greatly improves the
electrode capacitance by forcing closer contact between ions
and the carbon surface.'® Similar enhancement of capacitive
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opportunities to manipulate nanoconfined environments by
altering the diverse set of available organic linkers to precise
length scales and chemical compositions.””*' A fundamental
understanding of redox chemistry within MOF pores would
have direct implications for the design of wide-ranging
electrochemical technologies involving intercalation redox
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Figure 1. Fe(TA), nanoparticles. (a) Idealized representation of a 16-nm Fe(TA), nanoparticle based on the bulk crystalline structure. (b)
Secondary building unit (SBU) cluster of Fe(TA),, showing the Fe>*/Fe®* redox centers. (c) SEM images of 17-nm Fe(TA), nanoparticles and the

synthetic method to Fe(TA), nanoparticles using 1-mIm as a modulator.
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Figure 2. EQCM measurements of Fe(TA), nanoparticle thin films. (a) CV (red) and mass change (blue) of Fe(TA), nanoparticle film collected
at a 10-mV/s scan rate using 0.1 M tetrabutylammonium tetrafluoroborate (TBABF,) as electrolyte in acetonitrile. Scan directions are indicated by
arrows and only the mass change in the anodic scan direction is shown. The spin-coating amount of 17-nm Fe(TA), nanoparticles onto EQCM

crystal is ca. 4.0 pg (i.e., ca. 21 nm in film thickness). (b) Mass change at the redox feature of 1.2 V vs Fc

0/+ a5 a function of nanoparticle volume for

Fe(TA), films prepared by different sizes of nanoparticles. Mass change is compared in the single-nanoparticle level due to the various loading

amounts of Fe(TA), films prepared by four different nanoparticle sizes.

events, such as batteries, bioelectronics, and capacitors.
However, although recent reports have studied the impact of
MOF pore sizes on the dynamics of ion intercalation (mass
transport),”* nanoconfinement effects remain heretofore unex-
plored. Few if any MOF studies have considered that pore
sizes smaller than electrolyte solvation diameters pose
considerable energetic barriers to intercalation in comparison
to surface-based redox. Furthermore, such distinct interior vs
exterior redox behavior should become pronounced when the
accessible surface of MOF exteriors and interiors become
comparable, as with MOF nanocrystals.”® Interestingly, MOF
nanocrystals exhibit improved ion-transport dynamics in
contrast to the bulk alternatives”* and permit greater synthetic
control over particle morphology and self-assembly,”*~**
opening fundamental investigations into structure—redox
relationships. Conductive MOF nanocrystals with redox-active
sites and nanoconfined pore environment therefore offer a
unique platform for understanding intercalation chemistry in
general.

Herein, we report the impact of nanoconfined pores on the
ion-intercalation redox chemistry of Fe(TA), (TA = 1,2,3-
triazolate) MOF nanoparticles (Figure lab). Due to the size
mismatch between solvated BF,” anions (ca. 10 A in

acetonitrile)” and the diameter of Fe(TA), pores (ca. 4.54

A),*” an electrochemical potential of 1.2 V vs Fc*

is required
for the complete desolvation and intercalation of BF,™ anions
(ca. 3 A)'° into the Fe(TA), nanopore to drive Fe?*/Fe**redox
reactions. By comparison, at the exterior surface of the
particles, the Fe**/Fe’* redox reactions, coupled with BF,~
adsorption, occur at ca. 0 V vs Fc”*. Although redox within the
particles demands cooperative desolvation and intercalation,
this exterior process only requires the partial desolvation of
BF,” anions and solvent reorganization akin to typical
electrical double layers. Furthermore, controlling experimental
factors (e.g, film thickness, electrolyte species, solvent, and
reaction temperature) reveals that nanoconfinement leads to
vastly different redox properties of ion-intercalation Fe**/Fe**
chemistry inside Fe(TA), pores compared to the particle
surface. In particular, a giant entropy change (i.e,, ~160 J K™
mol™") accompanies the BF,” intercalation redox chemistry
within the Fe(TA), pores that rivals the largest redox entropies
of any known molecular or solid-state systems, and provides
strategies for harnessing entropy to design electrochemical
energy devices.
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Figure 3. ToF-SIMS of spatial distribution of boron and TBA" cations in an Fe(TA), film after applying different voltages. (a) ToF-SIMS depth
profile of TBA* within Fe(TA), film after applying (i) —1.0 V vs Fc”*, (ii) 0.2 V vs Fc”*, and (jii) 1.4 V vs Ec”*. (b) ToF-SIMS depth profile of
boron within Fe(TA), film after applying (i) —1.0 V vs Ec”*, (i) 0.2 V vs B¢, and (iii) 1.4 V vs Fc”*. Both boron and TBA* signals are
referenced to the Pt signal from the QCM crystal surface. The gray area represents the surface region of Fe(TA), film that is defined by the spatial
distribution of the TBA" signal. The spin-coating amount of 17-nm Fe(TA), nanoparticles to those three EQCM electrodes was controlled to be
ca. 5.5 pg (i.e, ca. 60 nm in film thickness) to obtain more depth-dependent data.

B RESULTS AND DISCUSSION

Identification of Intercalation vs Exterior Interfacial
Redox Chemistry. Fe(TA), nanoparticles of varying sizes
were synthesized following our recent work,”" by adding
different amounts of 1-methylimidazole as a “modulator” to the
reaction mixtures (Figure lc).32 Scanning electron microscopy
(SEM) analysis of the prepared materials indicated average
nanoparticle sizes of ca. 17, 24, 41, and 83 nm (Figures 1c and
S1, and DLS results in Table S1). Powder X-ray diffraction
(PXRD) patterns of the nanoparticles confirmed they
possessed the expected crystal structure of the low-spin
Fe(TA), phase (Figure S2). The recent study of Fe(TA),
nanocrystals reported cyclic voltammogram (CV) traces with
multiple quasi-reversible features spanning more than a volt in
electrochemical potential’® and implied these originated from
Fe?*/Fe*" redox couples, despite the crystal structure
suggesting all Fe sites exist in similar environments. If the
large difference in potential stems from the small pores (ca.
4.54 A in diameter)”® creating distinct surface vs interior redox
chemistry, Fe(TA), offers a powerful platform for under-
standing intercalation redox chemistry inside the nanoconfined
environment of porous materials.

Figures 2a and S3 show the CV trace of an Fe(TA), film
prepared by spin-coating ca. 4.0 ug of 17-nm nanoparticles
onto a quartz crystal microbalance electrode. It exhibits
multiple voltammetric features in the potential range from
ca. —0.4 to 1.4 V vs Fc”* with a notably sharp and reversible
feature at ca. 1.2 V vs Fc”*, as reported previously.31 Scanning
between different potential windows confirms that the

reversibility of this sharp feature corresponds to a distinct
redox event independent of the others (Figure S4). In control
studies, CV traces of a Zn(TA), nanocrystal film (Figure SS)
lacked redox signatures, confirming that the voltammetric
features of Fe(TA), films arise from Fe®*/Fe’* redox events.
Such large differences in electrochemical potential typically
require significant alterations to a coordination sphere.”® For
instance, the Fe*"/Fe*" redox potential occurs at ca. —0.7 V vs
SCE in the tris-catecholate siderophore,”® while the redox
potential appears at ca. 1 V vs SCE for Fe centers coordinated
with N-heterocyclic ligands phenanthroline or 2,2’-bipyridyl.*®
Accordingly, the ca. 1 V difference between the voltammetric
features of the Fe(TA), film suggests that despite crystallo-
graphically similar Fe sites, the Fe*"/Fe®" redox waves must
involve very different chemical environments.

Sharp and reversible “butterfly” signatures akin to double-
peaked features in Figure 2a have been reported previously for
CV traces of noble-metal electrodes, such as Pt. These sharp
features have been attributed to disorder—order phase changes
and other forms of solvent/electrolyte restructuring with
surface adsorbates (e.g,, SO 4"~ or OH, 4~ layers).*® In these
processes, the phase change of surface adsorbates maintains a
constant mass since all species are already adsorbed.
Accordingly, we monitored the potential-dependent mass
variation of an Fe(TA), film using in situ electrochemical
quartz crystal microbalance (EQCM) electrodes. A significant
mass increase and decrease were observable at the 1.2 V
feature in the anodic and cathodic CV direction, respectively
(Figures 2a and S6), excluding the possibility that the 1.2 V
voltammetric feature is attributable only to a rearrangement of
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the absorbates on the Fe(TA), film surface. It should be noted
that no redox features at ca. 0 and 1.2 V are found on the blank
EQCM electrode (Figure S7), excluding substrate interference
and confirming that the redox features indeed originate from
Fe(TA), film. Additionally, we find that the current density of
the 1.2 V voltammetric feature relates proportionally to (scan
rate)*® (Figure S8a,b). This scan rate dependence suggests that
the redox event at ca. 1.2 V vs Fc”* is mainly a diffusion-
controlled process that requires the intercalation of anions into
the film.>” By comparison, the current density of the 0 V redox
peak is proportional to (scan rate)®® (Figure S8c), indicating
that the 0 V voltammetric feature is a surface-adsorption-
controlled process.

We further studied the mass change of the 1.2 V signature
on the other three Fe(TA), films prepared by spin-coating ca.
4.0 ug of 24-nm, 5.7 ug of 41-nm, and 0.7 ug of 83-nm
nanoparticles onto the quartz crystal electrode, respectively
(Figure S9). The mass increase at the 1.2 V feature (ie., in the
anodic scan direction) exhibits a linear relationship with the
volume (Figure 2b) rather than the surface area of Fe(TA),
nanoparticles (Figure S10), confirming that the 1.2 V redox
feature originates from the intercalation of electrolyte ions into
Fe(TA),. Because the mass increase coincides with the redox
feature, we propose that the intercalation occurs concomitantly
with the Fe®*/Fe®" redox event inside the nanoconfined pore
environment. Similarly, as shown in Figure SI11, the mass
increase at the 0 V feature relates linearly with the volume of
the nanoparticles. However, the slope of this relation for the
1.2 V feature is larger than the corresponding slope for the 0 V
feature by a factor of ca. 6.4, consistent with the 12 V
originating from events within the larger volume of the
nanoparticle rather than the smaller volume of the Debye layer
shell at the particle exterior. Therefore, these scaling
relationships corroborate that the Fe*"/Fe®" redox features in
the potential range from ca. —0.4 to 0.2 V vs Fc”* involve the
adsorption of BF,™ anions on the Fe(TA), surface, whereas the
1.2 V vs Ec”* feature involves intercalation within the particles.

To further identify the origin of the 1.2 V feature, time-of-
flight secondary ion mass spectrometry (ToF-SIMS) was
employed to map the spatial distribution of both BF,™ anions
and tetrabutylammonium (TBA*) cations via sputtering
through the Fe(TA), film. Given that bulky TBA* cations
cannot intercalate into the pore of Fe(TA), nanoparticles, the
spatial distribution of TBA" cations was used as the reference
to identify the surface region of Fe(TA), film in ToF-SIMS
results (denoted as the gray area in Figure 3a(i,iiiii)). After
applying a potential of —1.0 V vs Fc”* to Fe(TA), film, the
depth-dependent boron signal, originating from the bond
cleavage of BF,™ anions during the surface sputtering, was only
detected within the surface region (Figure 3b(i)). This result is
consistent with the spatial distribution of TBABF, electrolyte
under a negative applied potential, where both BF,” anions
and TBA" cations remain at the surface of the Fe(TA), film.
Furthermore, ToF-SIMS revealed a boron signal only in the
surface region when applying 0.2 V vs Fc”* to Fe(TA), film
(Figure 3b(ii)). This result indicates that the voltammetric
Fe?*/Fe® features in the potential range from ca. —0.4 V to 0.2
V vs B+ originate from the adsorption (anodic current) or
desorption (cathodic current) of BF,™ anions at the exterior Fe
sites. By contrast, after applying a potential of 1.4 V vs Fc®*,
the boron signal was observable even at depths within the
Fe(TA), film (Figure 3b(iii)), confirming that the intercalation
(anodic current) or deintercalation (cathodic current) of BF,~

anions into the Fe(TA), pore indeed occurs at the 1.2 V Fe**/
Fe*" redox feature. Further integration of the F and Fe features
in X-ray photoelectron spectroscopy (XPS) shows that the
ratio of F:Fe approaches 2:3 (Figure S12) after applying a
potential of 1.4 V vs Fc”* to the Fe(TA), film. Because F only
originates from BF,” anions in the electrochemical system, we
further use the F amount to quantify the boron content based
on the stoichiometry of BF,”. This analysis provides an Fe:
BF,” ratio of ca. 1: 0.2, similar to the previously reported value
(ie, 1:0.33).%

The structural stability of an Fe(TA), film cast onto an
EQCM substrate was studied after redox cycling and BF,~
intercalation. Figure S13 and Table S2 show XRD data
collected directly on a spin-coated Fe(TA), film following
electrochemical experiments. Although XRD intensities
decrease compared to the powder signal due to the significant
mass difference between film samples (ca. 4—S pg) and
powder samples (on the order of mg), we nevertheless observe
the characteristic peak of Fe(TA), at around 9° for the film
sample. This XRD feature at around 9° remains for the
Fe(TA), film after the 6 cycles of CV scans, suggesting that the
Fe(TA), structure retains stability after redox cycles.
Furthermore, the characteristic peak at 9° becomes less
observable after holding the potential at 1.4 V vs Fc”* for
30 min to achieve BF,” intercalation. We propose that BE,~
intercalation distorts the Fe(TA), structure, decreasing
structural crystallinity and the XRD intensity. However, this
structural distortion reverses, as evidenced by the increase of
the XRD intensity of the Fe(TA), characteristic feature at
around 9° once BF,” anions de-intercalate from the pore (i..,
XRD pattern of Fe(TA), after CV in Figure S13b). This
conclusion is corroborated by a previous study, where bulk
Fe(TA),(BF,), (x = 0, 0.09, 0.22, 0.33) displayed a similar
XRD pattern of as-prepared Fe(TA), after the chemical
oxidation of Fe(TA), with thianthrenium tetrafluoroborate.*”
Structural stability was also studied using ATR-FTIR
performed directly on the Fe(TA), film supported on the
EQCM substrate after electrochemical experiments. Two
vibrational features were detected at ca. 842 and 746 cm™!
on the as-prepared Fe(TA), film (Figure S14). According to
our previous study,’® these two vibrational features are
assigned to C—H or N—N vibrational modes of the Fe(TA),,
and observable following CV experiments and after holding the
potential at 1.4 V vs Ec”’* for 30 min. We also found that the
vibrational feature at 842 cm™ in the as-prepared Fe(TA), film
red-shifts to 839 cm™' after holding the voltage at 1.4 V vs
Fc”* for 30 min to allow BF,” intercalation (Figure S14). Such
a 3 cm™' vibrational shift suggests the change of chemical
bonding in Fe(TA),, corroborating a structural distortion after
BF,” intercalation. Previous studies have reported BET surface
areas for bulk Fe(TA), and nanoparticles, where type II
isotherm values of 336.5 mz/g for bulk and 104.8 mz/g for
nanoparticles.”"*> We expect that the surface area and unit cell
volume of Fe(TA), remain unchanged on the electrode
support, due to the fact that the Fe(TA), film is prepared by
the spin-coating of nanoparticles onto the inert Pt substrates,
rather than combining with a polymeric binder that could clog
pore space, such as Nafion. Thermogravimetric analysis (TGA)
was also performed and is plotted in Figure S15. It should be
noted that similar two decomposition events were also
reported previously for Fe(TA),(BE,)os5.°~ As a control,
Figure S15b shows that the decomposition temperature of
TBABF, powder is ca. 352.5 °C, suggesting that the first event
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at ca. 238.8 °C for Fe(TA), film after BF,” encapsulation is
attributable to the decomposition of Fe(TA), film (Figure
S15a). Taken together, these results suggest that BF,”
intercalation decreases the stability and crystallinity of Fe(TA),
films, but that this effect is reversible and similar to behavior in
the bulk.

To test the explanation of ion-coupled charge transfer and
distinct Fe**/Fe®* redox couples at the particle exterior and
interior, we monitored mass changes and charge accumulation
within the Fe(TA), film. Specifically, as potentials sweep
anodically the electrode mass should increase with BF,”
adsorption and intercalation to maintain charge balance.
Indeed, Figures 2a and S16a show continuous mass increase
and accumulation of positive charge within the Fe(TA), film in
the anodic CV direction. Interestingly, in contrast to the stark
mass change observed in Figure 2a, the integrated charges
exhibit a gradual increase without a significant change at the
redox feature of 1.2 V vs Fc”* (Figure S16b). Previous studies
into metal oxides,*’ nanoporous carbon,*® and 2D MXenes®*'
demonstrate that the potential-dependent mass-to-charge
ratios provide deep insight into the mechanism of ion
intercalation. For instance, the apparent molecular mass
(M,)) of a species can be measured by eq 1

AQ (1)
where z represents the number of electrons and F is Faraday’s
constant. From M,/ the solvation number (1) of BF,” anions
involved during the intercalation/deintercalation process can
be determined via eq 2

M, — M, (BF,)

" M, (solvent) (2)

where M (BF,”) denotes the molecular weight of BF,™ anions
and M,(solvent) is the molecular weight of solvent (e.g,
acetonitrile). If the BF,” anions intercalate into Fe(TA),

nanopores without a solvation shell, the theoretical slope of

i—g is ca. 0.9 (i.e., obtained under the assumption of n = 0 and

M, = M,(BF,7)). Figure S4 shows that the “butterfly”
intercalation feature at ca. 1.2 V vs Fc”* consists of a prewave
and a sharp peak. A similar feature has been observed at Pt
surfaces, where the initial wave was assigned to surface
electrolyte adsorption and the sharp peak was attributed to the
disorder—order phase changes of adsorbates.””*’ For the
“butterfly” intercalation features of Fe(TA), film ca. 1.2 V vs

Ec*, Figure 4 shows that the 2—3 slope in the initial region is
ca. 0.5 (denoted as the orange line), smaller than the
theoretical slope of 0.9. This result suggests that the initial

feature arises from anion desolvation, while the sharp peak
corresponds to BF,” intercalation into the nanopores.

Furthermore, the i—g slope of the sharp peak feature increases
to ca. 1.0 (denoted as the red line in Figure 4). The similarity
between the i—g value of the sharp feature and the theoretical

slope (i.e, ca. 0.9) clearly demonstrates that BF,” anions
intercalate into the nanoconfined Fe(TA), pores after
complete desolvation. In addition, the i—g value for the BF,~

deintercalation redox (i.e., 1.2) is nearly identical to the ratio
for intercalation redox (i.e., 1.0), further indication of a highly

1.0

----- Theoretical (n = 0) — Intercalation Redox 0
Desolvation S

{—Surface Redox

0.8 4

0.6

Am (ug)

0.4

0.2 4

0.0

3.0
AQ (mC)

Figure 4. Film-thickness-dependent redox chemistry in Fe(TA), film.
(a(i)) AFM measurements of Fe(TA), film prepared by spin-coating
4.0 pg of 16-nm nanoparticles, showing a film thickness of 21 + 5 nm.
(ii) Schematic of BF, -induced surface and intercalation redox events
within 21-nm-thick Fe(TA), film. (iii) CV scans in a narrow potential
window from —0.9 V to 0.3 V vs Fc”*. (iv) CV scans in a narrow
potential window from 0.7 to 1.4 V vs Ec”*. (v) AE variation of
intercalation redox feature in a 21-nm-thick Fe(TA), film. (b(i))
AFM measurements of Fe(TA), film prepared by loading S.5 ug of
16-nm nanoparticles, showing the formation of a 60 + 6 nm thickness
film. (ii) Schematic of BF, -induced surface and intercalation redox
events within 60-nm-thick Fe(TA), film. (iii)) CV scans in a narrow
potential window from —0.9 to 0.3 V vs Fc”*. (iv) CV scans in a
narrow potential window from 0.7 to 1.4 V vs Ec”*. (v) AE variation
of intercalation redox feature in a 60-nm-thick Fe(TA), film. (c(i))
AFM measurements of Fe(TA), film prepared by loading 4.0 ug of
25-nm nanoparticles, showing the formation of a 53 & 8 nm thickness
film. (ii) Schematic of BF, -induced surface and intercalation redox
events within 53-nm-thick Fe(TA), film. (iii) CV traces in a narrow
potential window from —0.9 to 0.3 V vs Fc”*. (iv) CV traces in a
narrow potential window from 0.7 to 1.4 V vs F¢”’*, (v) AE variation
of intercalation redox feature in this $3-nm-thick Fe(TA), film.

reversible BF,” intercalation and deintercalation process also
corroborated by mass variation in EQCM measurements

(Figure S6). By comparison, the slope of i—g for the BEF,”-

adsorption-induced surface redox feature is ca. 0.2 (denoted as
the green line in Figure 4), far below the theoretical value (i.e.,
0.9). This analysis illustrates that when initially applying a
positive electrochemical potential the adsorption of BF,”
anions also induces the desorption of solvents and TBA'
cations from the Fe(TA), film surface. On the other hand,

the experimental 2—2 ratio for the BF, -desorption-induced

surface reactions equates to ca. 0.1, similar to the value of 0.2
for adsorption, likely due to the readsorption of TBA* cations
and solvents to the Fe(TA), film surface following desorption
of BF,™ anions.

Taken together, the potential-dependent mass and charge
variations and the electrochemical ToF-SIMS studies demon-
strate that the voltammetric features in the range from ca. —0.4
to 02 V vs Fc”* arise from surface Fe?*/Fe’* oxidation
triggered by the partial desolvation and adsorption of BE,~
anions to the Fe(TA), film (Scheme lab), whereas the
voltammetric feature at 1.2 V vs Fc”* originates from the
BF, -intercalation-induced Fe®"/Fe®" redox chemistry in the
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Scheme 1. BF, -Induced Surface and Intercalation Redox
Chemistry in an Fe(TA), Film. (a) Fe(TA), Film in
TBABF, Electrolyte in Acetonitrile under Open-Circuit
Voltage (OCV). (b) BF, -Induced Fe®*/Fe** Redox via the
Partial Desolvation and Adsorption of BF,” Anions on the
Surface Fe Sites. (c) BF, -Induced Fe**/Fe>* Redox
Induced by the Complete Desolvation and Intercalation of
BF,” Anions into the Nanoconfined Fe(TA), Pore”

% E12 V vs Fc

20V vs Fel(

“Note: green, orange, gray, red, blue, and purple dots represent Fe’*,
Fe*, C, F, N, and B atoms, respectively. The blue cloud-shaped area
represents the solvation shell of electrolyte ions.

nanopores of Fe(TA), nanoparticles (Scheme 1(c)). Given
that the solvated BF,” anions (diameter of ca. 10 A in
acetonitrile) exceed the size of the Fe(TA), cavity (diameter of
ca. 4.54 A), a large potential of 1.2 V vs Fc”" is required to
achieve the complete desolvation of BF,™ anions and to create
a sufficient electrochemical potential across the film to drive
intercalation of desolvated BF,” anions (diameter of ca. 3 A)
into the nanoconfined pores.

To begin unraveling the complex supramolecular chemistry
involved in the intercalation process, we conducted DFT
calculations using the climbing image nudged elastic band (CI-
NEB) method to understand energetic barriers of BF,” anions
moving between nanopores in Fe(TA),. Notably, BF,”
surrounded by solvent molecules far exceeds the pore sizes
and thus could not be modeled. We calculated an intercalation
energy of —116.23 kcal/mol, indicating a highly stable
intercalated complex. When using continuum dielectric
(implicit solvent) model, we found an activation barrier of
BF,” intercalation from one nanopore to another of ca. 19.28
kcal/mol or ca. 0.84 eV. When calculated in vacuum, a similar
intercalation energy barrier (ie, 20.22 kcal/mol or ca. 0.87
eV) was determined. The full computed energetic profile and
representative structures of initial, transition, and final states
are included in Figure S17. This large energy barrier of 0.84 eV
further supports our claim that the redox feature at 1.2 V vs
Fc%* arises from additional electrochemical potential required
to drive the intercalation of BF,™ anions into the nanoconfined
Fe(TA), pores.

Factors Controlling Anion Intercalation Redox Chem-
istry within Fe(TA), Nanopores. To study the impact of
interparticle and inner-particle diffusion on the anion-coupled
redox processes of Fe(TA),, films of varying thickness and
particle sizes were investigated by first spin-coating ca. 4.0 yg
of 17-nm Fe(TA), nanoparticles onto a quartz crystal
electrode. Atomic force microscopy (AFM) indicates that the
nanoparticles self-assemble into a film with a thickness of ca.

21 = S nm (Figure Sa(i)), suggesting the formation of
monolayer Fe(TA), films (Figure Sa(ii)). CV traces of this
Fe(TA), film were collected in narrow potential windows to
isolate the surface and ion-intercalation redox features.
Repeated cycles of this monolayer film showed unchanging
current densities and peak-to-peak separations (AE) for both
the surface and ion-intercalation redox features (Figure
Sa(iii,iv)), indicating good kinetic reversibility. Increasing the
spin-coating mass of 17-nm Fe(TA), nanoparticles to 5.5 yg
led to an Fe(TA), film with a thickness of 60 + 6 nm (Figure
5b(i)), which corresponds to ca. four-particle layers (Figure
Sb(ii)). Although the surface redox reaction feature exhibits
kinetic reversibility (Figure Sb(iii)), the intercalation chemistry
at 1.2 V vs Fc”* gradually becomes sluggish as evidenced by
the increase of AE (from ca. 49 to 58 mV) in the CV scans
(Figure Sb(iv)). This increase in AE together with the current
density decrease of the 1.2 V redox feature illustrates that
increasing the film thickness hinders the intercalation and
deintercalation dynamics of BF,” anions, and further
suppresses the ion-intercalation redox reactions inside the
nanoconfined pore environment.

To explore the effect of particle size on the kinetics of
intercalation chemistry, a 53 + 8-nm-thick Fe(TA), film (i.e,
ca. two-particle layers) was prepared by loading ca. 4.0 pug of
24-nm Fe(TA), nanoparticles onto the quartz crystal electrode
(Figure Sc(ijii)). As shown in Figures Sc(iii) and S19, the use
of larger 24-nm nanoparticles left the thermodynamic (i.e.,
E ;) and kinetic properties (i.e., AE) of the surface redox
reactions unchanged. By contrast, a more significant current
density decrease and AE increase (i.e., from ca. 84 to 132 mV)
were detected for the BF, -intercalation redox feature (Figure
Sc(iv)) compared to the changes observed for a similar
thickness film made from 17-nm Fe(TA), nanoparticles. We
attribute this size effect to the BF,” traveling farther distances
in the nanoconfined environment of the 24-nm nanoparticles
(Figure Sc(ii)) compared to the shorter distances within a
similar thickness film formed by more assembled 17-nm-
nanoparticle layers, where more interparticle space exists for
the BF,” intercalation (Figure Sb(ii)). A longer inner-particle
intercalation pathway could lead to sluggish intercalation and
deintercalation dynamics of BF,” anions and severely hinder
the intercalation redox reaction inside the film made by 24-nm
Fe(TA), nanoparticles. Taken together, these studies illustrate
that the mass transport of BF,” anions into Fe(TA), has a
more significant impact on the intercalation redox feature at
1.2 V vs Fc”* compared to the surface redox when increasing
the Fe(TA), film thickness since BF,™ anions remain accessible
to surface Fe sites regardless of the film thickness.

Given that the small pore sizes of Fe(TA), impose a large
electrochemical barrier to redox at the interior Fe sites, the
impact of electrolyte identity was explored. While keeping
BF,” as the counter anion, replacing TBA" cations with the
smaller trimethylamine (TMA®) cations induced a positive
shift of the intercalation redox feature from 1.23 V vs Fc%* to
127 V vs F”* and a positive shift for the surface redox
features from 0.02 V vs Fc”* in TBABF, to 0.04 V vs Fc”* in
TMABF, (Figure 6a). We interpret these cation-dependent
electrochemical studies as demonstrating that strong ion
pairing between cations and BF,” anions hinders the ion
intercalation and the corresponding redox reactions of the
Fe(TA), film. Furthermore, the use of LiBF, as the electrolyte
greatly reduced the current density of both intercalation and
surface redox features (Figure 6a). In addition to the intense
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Figure S. Film-thickness-dependent redox chemistry in an Fe(TA), film. (a(i)) AFM measurements of Fe(TA), film prepared by spin-coating 4.0
ug of 17-nm nanoparticles, showing a film thickness of 21 + S nm. (ii) Schematic of BF, -induced surface and intercalation redox events within 21-
nm-thick Fe(TA), film. (iii) CV scans in a narrow potential window from —0.9 to 0.3 V vs Ec”’*. (iv) CV scans in a narrow potential window from
0.9 to 1.5 V vs Ec”*. (b(i)) AFM measurements of Fe(TA), film prepared by spin-coating 5.5 ug of 17-nm nanoparticles, showing a film thickness
of 60 + 6 nm. (ii) Schematic of BF, -induced surface and intercalation redox events within 60-nm-thick Fe(TA), film. (iii) CV scans in a narrow
potential window from —0.9 to 0.3 V vs Fc”*. (iv) CV scans in a narrow potential window from 0.9 to 1.5 V vs Fc”’*. (c(i)) AFM measurements of
Fe(TA), film prepared by loading 4.0 ug of 24-nm nanoparticles, showing the formation of a 53 + 8 nm thickness film. (ii) Schematic of BF,-
induced surface and intercalation redox events within $3-nm-thick Fe(TA), film. (iii) CV traces in a narrow potential window from —0.9 to 0.3 V
vs B”*. (iv) CV traces in a narrow potential window from 0.9 to 1.5 V vs Fc%*,

ion pairing between the smallest Li* cations and BF,” anions, sufficient electrochemical potential (ca. 1.2 V vs Fc”*).
Li* may also chemisorb on Fe(TA), and thereby prevent the Instead, we found that when employing the larger ClO,~
adsorption/intercalation of BF,” to redox-active Fe centers. anions (ca. 4.8 A in diameter) the current density greatly
EQCM measurements with LiBF, display a mass decrease in reduces at the ion-intercalation redox feature compared to the
the anodic CV direction before both surface and intercalation surface redox features (Figure 6b), suggesting that the
redox features (Figure S20). We propose that such a mass intercalation process becomes blocked if electrolyte ions
decrease is mainly attributable to the Li* desorption from the exceed the size of the Fe(TA), nanopores. Indeed, the use
Fe(TA), film. The desorption of Li" frees a portion of the Fe of the even larger PF,~ anions (ca. 5.0 A in diameter) as
centers, allowing the adsorption/intercalation of BF,” anions electrolytes causes this ion-intercalation redox feature to
to trigger the Fe*”/*" redox chemistry in Fe(TA),, which is completely disappear (Figure 6b). The disappearance of the
evidenced by the redox wave and the mass increase that occur intercalation redox feature induced by replacing the BF,”
after the Li*-desorption-induced mass decrease (Figure S20). anions with the larger PF,~ anions while keeping TBA'
Overall, the significantly reduced current density of both constant as the counter cations demonstrates that the 1.2 V
intercalation and surface redox features when using LiBF, as redox feature in Fe(TA), voltammograms originates from the
electrolytes suggests that only small amounts of Li* can be intercalation/deintercalation of anions rather than TBA'
released from Fe(TA),, while the majority of Fe centers are cations. In addition to the intercalation redox feature, the
still “poisoned” by strongly bonded Li* cations. surface Fe?*/Fe>" redox reactions at ca. 0 V vs Fc”* also
Similarly, we explored the impact of anion size in relation to exhibit anion (e.g, BF,”, PF;~, ClO,”, Br~ and Cl7)-
the Fe(TA), nanoparticle pore size in controlling the dependent behavior (Figures 6b and S21). In a previous
intercalation redox chemistry. Given the comparable size capacitance study, the double-layer structure of the Pt(111)-
between desolvated BF,™ anions (ca. 3 A in diameter) and the aqueous electrolyte interface was shown to depend on the
cavity of Fe(TA), nanoparticles (ca. 4.5 A in diameter), BF,~ electrolyte identity.** Accordingly, we propose that the anion-
anions can intercalate into the nanoconfined pores under the dependent changes to the ca. 0 V vs Fc”" features arise from
G https://doi.org/10.1021/jacs.2c12846
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Figure 6. Electrolyte-dependent electrochemical studies of Fe(TA), nanoparticle film. (a) Cation-dependent CV measurements of 17-nm Fe(TA),
nanoparticle film. (b) Anion-dependent CV measurements of 17-nm Fe(TA), nanoparticle film. Note: CV scan is collected at a 10-mV/s scan rate
in acetonitrile and the electrolyte concentration is 0.1 M. The loading amount of 17-nm Fe(TA), nanoparticle is controlled to be ca. 4.0 ug on

QCM crystals.

distinct double-layer structures at the Fe(TA), surface—
electrolyte interface, altering the interaction between anions
and surface Fe sites and leading to the ion-specific surface
redox chemistry.

To probe the anion effect further, small quantities of
TBAPF, (i.e, mM scale) were titrated into a 0.1 M TBABF,
electrolyte solution containing a 17-nm Fe(TA), nanoparticle
film. Figure 7a shows that even small additions of PF4~
hindered intercalation-based redox inside the Fe(TA), nano-
pores, evidenced by the continuous decrease of current density
at 1.2 V vs Fc”*. In addition, the AE of BF, -intercalation
redox feature also increased to a greater degree than the AE
increase of the surface redox features, indicating sluggish BF,~
intercalation dynamics in the presence of the larger PF, anions
(Figure S22). A similar “poisoning effect” on ion-intercalation
redox chemistry in Fe(TA), film was also observable by
titrating small amounts of TBACIO, into the TBABF,
electrolyte solution (Figure S23). These titration experiments
suggest that the presence of larger PF,~ and ClO,” anions
blocks BF,” intercalation into the nanoconfined pore of
Fe(TA), particles and therefore suppresses the intercalation
redox chemistry. Indeed, EQCM detected a more severe mass
decrease at the intercalation redox feature at 1.2 V vs Fc®*
compared to the mass decrease at a surface redox feature
around 0 V vs Fc%* (Figure 7b). The blocking effect of larger
PF4™ anions on the BF,” intercalation further hinders the ion-
coupled charge transport for Fe**/Fe®" redox events inside the
nanoconfined pores as evidenced by the continuous decrease
of charges accumulated at the intercalation redox feature
(Figure 7b). Furthermore, electrochemical impedance spec-
troscopy (EIS) was utilized to probe fundamental aspects of
the charge transfer and the mass transport in BF,™-
intercalation-induced Fe®*/Fe’* redox event. EIS spectra
were collected on a 17-nm nanoparticle Fe(TA), film after
each titration step (Figure 7c). The data were fitted to a
parallel combination of the capacitance and the charge transfer
resistance with a finite-space Warburg, as has been used to
model ion transportation in porous materials.*’ The fitting

results indicate a significant increase in the ion-transport
resistance (Ry) compared to the charge transport (R.) by
titrating PF¢~ anions into a BF,” electrolyte mixture with an
Fe(TA), film (Figure 7d). This EIS study confirms that the
continuous decrease of intercalation redox current in titration
experiments originates from the PF -anion-induced sluggish
BF,” intercalation dynamics into nanoconfined Fe(TA), pores.
Taken together, titration experiments along with anion-size-
dependent and film-thickness-dependent investigations togeth-
er illustrate that the mass transport of anions defines the rate-
determining step of Fe?*/Fe** redox reaction inside nano-
confined Fe(TA), pores.

Given the importance of desolvation to the BF, -
intercalation-induced redox chemistry and BF, -adsorption-
induced surface reactions, we investigated the impact of
solvent identity on the redox properties of an Fe(TA), film. In
addition to acetonitrile, CV traces were collected for an
Fe(TA), film in 1,2-difluorobenzene. Since 1,2-difluoroben-
zene is a chemically inert and noncoordinating solvent,** we
expected that lower potentials would be required to drive the
complete desolvation and intercalation of BF,~ anions into the
Fe(TA), pore compared to acetonitrile. Indeed, Figure S24
shows a ca. 150-mV cathodic shift of E;/, of BF, -intercalation
redox reaction inside the Fe(TA), nanopores when using 1,2-
difluorobenzene. Since the potential of ca. 1.2 V vs Fc”*
exceeds the potential window of many commonly used
solvents, we focused our study of solvent effects on the
surface redox properties of Fe(TA), film at ca. 0 V vs Fc”*. As
with the intercalation redox reaction, the E;/, of the BF, -
adsorption-induced Fe?"/Fe’* redox feature also shifts cathodi-
cally by switching acetonitrile to 1,2-difluorobenzene (Figure
S25). Interestingly, as summarized in Figure S25, the surface
redox features were highly dependent on all studied solvents
(e.g., acetonitrile, dichloromethane, tetrahydrofuran, and 1,2-
difluorobenzene) as evidenced by different E,/, and current
densities. We hypothesize that distinct solvents with different
dielectric constants and donor abilities alter the structure of the
electric double layer on the Fe(TA), film surface, impacting
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Figure 7. Electrolyte-dependent redox properties in an Fe(TA), nanoparticle film. (a) CV measurements of a 17-nm Fe(TA), nanoparticle film
during titrating TBAPF, into a 0.1 M TBABF, acetonitrile electrolyte. (b) Mass (hollow circle) and charge (solid circle) changes of a 17-nm
Fe(TA), nanoparticle film during titrations of TBAPF; into a 0.1 M TBABF, acetonitrile electrolyte. (c) Nyquist plot of ion-intercalation redox
chemistry within an Fe(TA), film during titration experiments at an applied potential of intercalation redox feature. Rcy represents the charge
transfer resistance. W stands for the finite-space Warburg element used to model the behavior of ion transport within MOFs in the low-frequency
region of the impedance spectra. Ion-transport resistance, Ry, is obtained from the finite-space Warburg. The frequency of EIS measurements
spanned from 4.5 kHz to 60 mHz. (d) Change of charge-transfer and ion-transport resistances of ion-intercalation redox chemistry within Fe(TA),
film during titration experiments. Note: the loading amount of 17-nm Fe(TA), nanoparticles is controlled to be ca. 4.0 ug on QCM crystals.

the adsorption of BF,” anions on surface Fe sites and leading
to the solvent-dependent Fe**/Fe®" redox features. Overall, our
studies confirm that the solvent identity serves as a critical
factor in the microscopic picture of both surface reactions and
the ion-intercalation redox chemistry inside the nanoconfined
Fe(TA), pores.

Redox Entropy of Anion Intercalation within Nano-
confined Fe(TA), Pores. Large changes in entropy often
accompany redox reactions within electrodes coupled to ion
intercatalation,”” which can be measured using the following
equation

]

oT  nF (3)

where g—i is the temperature coefficient, E is the equilibrium

voltage, T is the temperature, n is the number of charges
participating in the reaction, F is Faraday’s constant, and AS is
the entropy change of reaction (see the SI for detailed
equations and parameters). Accordingly, CV traces of an

Fe(TA), film using TBABEF, as electrolytes in acetonitrile were
recorded under variable-temperature conditions. Figure 8a
shows that increased temperatures induce an anodic shift of
E, ), for the BF, -intercalation redox feature, corresponding to
a temperature coefficient and entropy change of 1.7 + 0.2 mV/
K (Figure 8c) and ca. 164 J K™ mol™, respectively. In
contrast, E, /, of the surface redox feature shifts in the cathodic
direction with increasing temperature (Figure 8b). The
corresponding temperature coefficient and the entropy change
were —0.7 + 0.2 mV/K (Figure 8c) and —67.6 J K™! mol™},
respectively.

The opposite signs of reaction entropy and the temperature-
dependent E,;, variation suggest distinct behaviors between
the intercalation redox reaction inside the nanopores and the
redox chemistry at the Fe(TA), film surface. The anodic shift
of E,, for intercalation-based redox suggests that the increase
of reaction temperature disfavors the oxidation of Fe** to Fe®"
inside the nanopores. Given that Figures 4 and 5 suggest the
mass transport of BF,™ into the nanoconfined pores dominates
the rate-determining step and that BF,” intercalation occurs
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Figure 8. Temperature-dependent redox properties of an Fe(TA), film. (a) Temperature-dependent CV of a 17-nm Fe(TA), film, showing the
change in the redox feature at 1.2 V vs Ec%*. (b) Temperature-dependent CV traces of a 17-nm Fe(TA), film, showing the change of the redox

feature at 0 V vs Fc”*

. Note: CV scans were collected at a 10-mV/s scan rate in 0.1 M TBABEF, in acetonitrile. The loading amount of 17-nm

Fe(TA), nanoparticle was controlled to be ca. 4.0 ug on EQCM crystals. (c) Temperature-dependent E, ), variation of both intercalation redox and
surface redox reactions for a 17-nm Fe(TA), film. (d) Temperature-dependent mass change of both surface redox and intercalation reactions for a

17-nm Fe(TA), film.

after desolvation (n = 0), we monitored the temperature-
dependent mass changes to Fe(TA), films at the intercalation
redox feature. A continuous mass decrease and an increase of
mass transport (i.e., BF,” intercalation) resistance were
detected with increased reaction temperatures (Figures 8d
and S26), suggesting that higher temperatures suppress the
intercalation of BF,” anions into the Fe(TA), nanopores. A
possible contributing factor could be that enhanced metal—
ligand dynamic bonding at elevated temperatures®®*® might
induce additional phonon scattering that interferes with BF,~
intercalation. According to an ion-coupled charge transport
mechanism, a hindered BF,” intercalation step should also
prevent the charge transfer process. Indeed, EIS data indicate
that raising the reaction temperature significantly increases the
charge transfer resistance (Figure S26), confirming that the
reduced BF,” intercalation prevents the charge transfer to
drive Fe®*/Fe** redox chemistry inside the Fe(TA), nano-
pores. As a result, a more positive applied potential is required
to further drive the BF,” intercalation to trigger Fe®'/Fe®"
redox reaction inside the nanoconfined Fe(TA), pores when
increasing the reaction temperature (Figure 8a). On the other

hand, the insertion of BF,” from the electrolyte into the
nanoconfined MOF channels involves a huge reduction in the
number of microstate configurations, suggesting that the
intercalation of BF,” is an entropically disfavored process.
Given the increase of temperature hinders the intercalation
process, more BF,” anions remain in the electrolyte, due to the
far greater density of microstates when solvated, leading to a
giant positive reaction entropy change. Similar entropy changes
have been reported previously in lithium- and sodium-ion
batteries during the ion-intercalation step.*”*”>

By comparison, raising the temperature did not cause an
obvious mass decrease (Figure 8d) at the surface redox
features, thereby excluding BF,~ desorption as the origin of the
cathodic shift of E,,. Previous reports have shown that
acetonitrile solutions exhibit strong layering and orientational
ordering in the electric double layer at electrode—electrolyte
interfaces.”” Accordingly, we propose that acetonitrile partially
desolvates from BF,” anions during the surface Fe®'/Fe®*
redox event to create a more well-ordered electric double layer
at the nanocrystal exterior. This solvent-electrolyte ordering at
the Fe(TA),—electrolyte interface leads to a negative redox
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entropy (Figure 8c). Meanwhile, EIS data indicate that
elevated temperatures reduce the resistance of BF,~ transport
from the bulk electrolyte to surface Fe sites of Fe(TA), film
(Figure S27). This result corroborates the microscopic picture
that BF,™ anions more easily access surface Fe sites to facilitate
Fe®"/Fe®" redox chemistry, leading to a cathodic shift of E, /, of
the surface redox feature at higher temperatures (Figure 8b).

B OUTLOOK AND CONCLUSIONS

In future studies, surface-specific spectroscopic methods in
combination with computational methods will unravel the
complex supramolecular chemistry governing the electrolyte
restructuring and adsorption at the Fe(TA), external and
internal surfaces. Given the unique feature of Fe(TA),
possessing different forms of “surface”, such studies into
Fe(TA), nanoparticles will provide general insight into anion-
dependent and solvent-dependent surface redox chemistry. In
situ electrochemical X-ray absorption spectroscopy (e.g.,
EXAFS and EXANS) and Raman investigations will also
prove useful in understanding the influence of metal—ligand
reversible bonding®®** and the evolution of structural defects
in Fe(TA), nanoparticles during the ion-intercalation redox
chemistry. Furthermore, because the nanoconfinement-in-
duced complete desolvation of BF,” minimizes the distance
between BF,” and interior Fe(TA), surface sites, we anticipate
promising pseudo-capacitance behavior from Fe(TA), nano-
particles. Indeed, preliminary measurements indicate perform-
ance comparable to recent MOF electrodes (Figure $28).""
The giant redox entropy of Fe(TA), nanoparticle films
provides a roadmap for expanding voltage windows of batteries
and other energy storage devices without altering the
composition of the electrode, and for designing thermoelectric
materials as Seebeck coefficients depend proportionally on
entropy. In addition, realizing the full potential of MOFs as
intercalation materials will involve guest molecules with
properties that enhance the behavior of the parent MOF.
For example, metallacarboranes with high robustness, the
ability to accommodate metal atoms, electron-delocalized
skeletal bonding, and superchaotropic behavior have been
utilized as guest molecules to manipulate MOF properties. For
instance, nickel(IV) bis(dicarbollide) was incorporated in a
zirconium-based NU-1000 MOFs to improve the electrical
conductivity.”" Lithium cobalt(IIl) bis(dicarbollide) was also
incorporated in a MILS3(Al) framework to enhance Li-ion
conductivity.’> Future efforts will focus on integrating
metallacarboranes and other next-generation ions as guest
molecules into nanoconfined pores to further manipulate and
improve the electrochemical properties of MOFs for energy
applications and storage.

In summary, these results illustrate that nanoconfined
environments govern the ion-intercalation redox chemistry of
Fe(TA), nanoparticles. The gating effect of pores smaller than
solvated electrolyte requires additional electrochemical poten-
tials exceeding one volt to drive the complete desolvation and
the intercalation of BF,~ anions into the pore compared to the
partial desolvation and adsorption of BF,” anions on the
Fe(TA), surface. The further manipulation of experimental
factors (e.g,, film thickness, electrolyte species, solvents, and
the reaction temperature) reveal that the redox properties of
ion intercalation into the nanoconfined environment of
Fe(TA), pores differ from the surface redox reactions, despite
all Fe sites being crystallographically similar. The mass
transport of BF,” anions determines the kinetic and

thermodynamic aspects of Fe?*/Fe** redox chemistry inside
the Fe(TA), nanopores, while the surface Fe?*/Fe*" redox
depends strongly on solvent and electrolyte identity. As a
quantitative metric of the nanoconfinement effect, a giant
entropy (ie, 164 J K™' mol™') is observed for the BF, -
intercalation-induced Fe?*/Fe3* redox reaction, due to the
cooperative desolvation and intercalation of BF,” anions.
These fundamental studies establish a microscopic-level
description of ion-intercalation redox chemistry inside the
nanoconfined pores of conductive MOF nanoparticles and
porous materials for electrochemical intercalation chemistry in
general.
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