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ABSTRACT: Anion sensing technology is motivated by the
widespread and critical roles played by anions in biological systems
and the environment. Electrochemical approaches comprise a major
portion of this field but so far have relied on redox-active molecules
appended to electrodes that often lack the ability to produce
mixtures of distinct signatures from mixtures of different anions.
Here, nanocrystalline films of the conductive metal−organic
framework (MOF) Cr(1,2,3-triazolate)2 are used to differentiate
anions based on size, which consequently affect the reversible
oxidation of the MOF. During framework oxidation, the
intercalation of larger charge-balancing anions (e.g., ClO4

−, PF6−,
and OTf−) gives rise to redox potentials shifted anodically by
hundreds of mV due to the additional work of solvent reorganization
and anion desolvation. Smaller anions (e.g., BF4−) may enter partially solvated, while larger ansions (e.g., OTf−) intercalate with
complete desolvation. As a proof-of-concept, we leverage this “nanoconfinement” approach to report an electrochemical ClO4

−

sensor in aqueous media that is recyclable, reusable, and sensitive to sub-100-nM concentrations. Taken together, these results
exemplify an unusual combination of distinct external versus internal surface chemistry in MOF nanocrystals and the interfacial
chemistry they enable as a novel supramolecular approach for redox voltammetric anion sensing.

■ INTRODUCTION
Anions serve diverse and important roles in biological,1,2
electrochemical,3−7 and environmental systems.8−10 Their
impacts on health are critical and may be either beneficial or
acutely toxic. For example, NO3

− is a major component of
agricultural fertilizer, but it also spawns algae blooms that
endanger marine wildlife and access to safe drinking
water.11−13 These fertilizer sources often also introduce
ClO4

−, which is highly soluble and stable in water and which
disrupts the healthy function of thyroids by blocking I−

transport.14−16 Myriad technologies have been developed,
therefore, to detect and differentiate anions in biological and
environmental media. Fluorescent, colorimetric, anion-respon-
sive gel, and electrochemical materials comprise most anion
sensors, where selective supramolecular guest−host interac-
tions trigger on−off material behavior, such as turn-on
fluorescence or voltammetric shifts to redox potentials.17−19

Among these technologies, electrochemical anion sensing
attracts intense interest due to its inherent affordability,
sensitivity, and scalability, with commercial products capable of
nanomolar detection.20 However, most electrochemical anion
sensors function only in nonpolar organic solvents. In addition,
analyzing mixtures of anions, such as those found in biological

and environmental samples, poses considerable challenges.
Selective adsorption of certain ions can block access from other
anions, while detecting mixtures of signals from mixtures of
anions remains an outstanding challenge.
Supramolecular chemistry governs the guest−host inter-

actions of electrochemical anion sensing technologies.20−23

Finely tuned van der Waals, secondary bonding, and other
noncovalent interactions have been engineered into the sensor
molecules that functionalize electrode surfaces. However, this
approach suffers from the water instability of most sensor
molecules, and it lacks control over the long-range supra-
molecular chemistry of the electrode−analyte interface.
Extended solids with intrinsic conductivity and redox-active
sites offer a potential alternative. Due to their well-ordered
porous structures, ultrahigh surface areas, synthetic tunability,
and compositional diversity,24−26 metal−organic frameworks
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(MOFs) achieve state-of-the-art performance in technologies
based on guest−host chemistry, including carbon capture,27−30

chemical separations,31−34 ion transport,35−39 and water
harvesting from dry air.40,41 Conductive MOFs42 have found
widespread applications as sensors leveraging chemiresis-
tive,43−45 fluorescent,46−49 or colorimetric behavior.50 A recent
report even suggests conductive MOFs may produce mixtures
of voltammetric signals from mixtures of analytes, although the
underlying mechanism has yet to be elucidated.51 Recent
studies of conductive MOF nanoparticles (nanoMOFs) of
Fe(1,2,3-triazolate)2 (Fe(TA)2) demonstrated significantly
enhanced solution processability of nanoMOFs into function-
alized electrodes compared to bulk powder.52 These studies
also revealed that the 4.5 Å pore apertures of Fe(TA)2 caused
the redox potential of interior Fe sites to anodically shift over
1.2 V compared to the oxidation of external Fe sites due to the
energetics of solvent reorganization and BF4− desolvation,
whereas intercalation of the larger anions PF6− and ClO4

− was
blocked entirely. As a result, we could not fully explore the
impact of electrolyte ion size on the thermodynamics, kinetics,
and mass transport processes governing ion intercalation redox
chemistry within Fe(TA)2 nanoMOFs and its practical
applications. We hypothesized that thin films of conductive
nanoMOFs with larger pores would permit redox intercalation
of larger anions but at distinct thermodynamic potentials
owing to anion-specific sterics and desolvation processes.
Redox-active thin film electrodes with such nanoconfined
pores could allow reversible electrochemical detection of
mixed-analyte solutions at potentials specific to anion size and
solvation and redox intercalation energetics.
Among the family of M(TA)2 materials originally reported

as bulk material,53−56 only Cr(TA)2 and Fe(TA)2 were both
redox-active and electrically conductive. In our attempts to
nanosize this family of materials, we successfully prepared
Zn(TA)2 and Cd(TA)2 nanoparticles but found them to be
electronic insulators and lacking in redox activity (Figure S1).
Although its single-crystal structure is not known, DFT

calculations suggest, as detailed below, that Cr(TA)2 possesses
larger pore apertures compared to Fe(TA)2, which is
consistent with the structure determined by powder X-ray
diffraction reported by Long et al.55 Here, we report
electrochemical anion sensors based on conductive thin films
of porous Cr(TA)2 nanocrystals (Figures 1a,b) capable of
detecting mixtures of anions as distinct, reversible, and
reproducible voltammetric signals separated by hundreds of
millivolts. The Cr(TA)2 sensors operate under aqueous
conditions and repeated cycling with nanomolar detection
limits. On a fundamental level, the sensing mechanism involves
a redox-coupled anion intercalation process sensitive to the
anion size, desolvation and redox intercalation thermody-
namics, offering a distinct form of supramolecular chemistry
for designing advanced sensor technologies.

■ RESULTS AND DISCUSSION
The synthesis of Cr(TA)2 and Fe(TA)2 nanoparticles followed
the previously reported routes, where 1-methylimidazole (1-
mIm) functioned as a “modulator” to reduce particle sizes
below 100 nm.53−55 Powder X-ray diffraction (PXRD) patterns
confirm that the crystallites possess the expected crystal
structures of low-spin Cr(TA)2 and Fe(TA)2 phases (Figure
1c,d). Scanning electron microscopy (SEM) analysis indicate
average nanoparticle size of ca. 25 nm for Cr(TA)2 and 17 nm
for Fe(TA)2, respectively (Figure 1e,f). A previous study
reported that triflate (OTf−) anions from the Cr(OTf)2
precursor remain inside the pores of bulk Cr(TA)2 even
after extensive washing procedures.55 Accordingly, we
conducted X-ray photoelectron spectroscopy (XPS) on the
as-prepared Cr(TA)2 nanocrystals and detected a sulfur (S)
signal from OTf− anions (Figure S2). Further XPS analysis
shows that the ratio of Cr/S approaches ca. 1:1, much higher
than the reported value (i.e., 1:0.33) in bulk Cr(TA)2.55 We
hypothesize that distinct from bulk where OTf− anions mainly
exist within the pores, nanosizing Cr(TA)2 crystals significantly
increases the external surface area and allows for the

Figure 1. Cr(TA)2 and Fe(TA)2 nanoparticles. (a) Secondary building unit (SBU) cluster of M(TA)2, M = Fe or Cr. (b) Idealized representation
of Cr/Fe(TA)2 pore structure based on the bulk crystalline structure. PXRD patterns and Rietveld refinement fittings for (c) Cr(TA)2 and (d)
Fe(TA)2 nanoparticles. SEM images of (e) 25 nm Cr(TA)2 and (f)17 nm Fe(TA)2 nanoparticles.
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adsorption of additional OTf− to external surface defects.
Similarly, the chloride (Cl) XPS feature from FeCl2 precursors
is also evident in as-prepared Fe(TA)2 nanocrystals, suggesting
the existence of Cl− anions within the nanopores (Figure S3).
Nevertheless, Rietveld refinement performed from an idealized
Fe(TA)2 crystal model without the inclusion of Cl− anions
produced a good match with the experimental XRD patterns
(Figure S4 and additional discussion in SI).
Due to the difficulty of probing MOF nanocrystal internal

pores by experimental methods, density functional theory
(DFT) calculations were performed for atomic-level insights
into the local pore environments. As shown in Figure S5a,
DFT-computed structures indicate distances of C−C and H−
H are 11.5 and 3.4 Å, respectively, inside Fe(TA)2 nanopores,
respectively. By comparison, DFT results show that OTf−
anions inside Cr(TA)2 nanopores lead to a larger pore as
evidenced by an extension of the C−C and H−H distances to
12.1 and 3.8 Å, respectively (Figure S5b).
Redox-Induced Anion Intercalation within Cr(TA)2

and Fe(TA)2 Nanocrystals. To understand the impact of
pore size on redox intercalation energetics, nanoparticle thin
films of Fe(TA)2 and Cr(TA)2 were investigated by cyclic
voltammetry. As shown in Figure 2a, the BF4−-intercalation-
induced Fe2+/3+ chemistry of Fe(TA)2 nanocrystal films
exhibits a notably sharp and reversible redox feature at ca.
1.2 V vs Fc0/+, as reported previously.52 Because solvated BF4−

anions (diameter of ca. 10 Å) exceed the ca. 3.4 Å pore
diameter of the Fe(TA)2 nanopore (i.e., as defined by the H−
H distance in Figure S5a), the large potential of 1.2 V vs Fc0/+
originates from the additional driving force for complete
desolvation and intercalation of bare BF4− anions (diameter of
ca. 3 Å).52 Surprisingly, the sharp and reversible redox feature
cathodically shifts to ca. −0.6 V vs Fc0/+ in Cr(TA)2
nanocrystal films (green curve in Figure 2a). Scan-rate-
dependent CV studies indicate that the current density of
this −0.6 V voltammetric feature relates to the squared root of
scan rate (Figure S6a), identifying the origin of this redox
feature as a diffusion-controlled process (see Figure S6b for
additional data and discussions about scan-rate-dependent CV
studies into surface Cr redox feature). In situ electrochemical
quartz crystal microbalance (EQCM) electrodes also detected
a significant mass increase at the −0.6 V redox peak (Figure
S7), further associating this redox feature with the mass
transport of BF4− anions into the Cr(TA)2 nanocrystal pores.
Cycling the scans causes both current and mass-to-charge ratio
changes to increase progressively until ca. 20 scans (Figure
S8). During this cycling, the redox peak cathodically shifts ca.
50 mV, suggesting that redox intercalation becomes more
favorable. This result suggests that the Cr(TA)2 films require a
conditioning period, likely due to the need for native OTF− to
be removed for maximum BF4− intercalation (see Supporting
Information for additional details). Overall, the significant
cathodic shift of the BF4− intercalation redox feature from ca.
1.2 V vs Fc0/+ in Fe(TA)2 to ca. −0.6 V vs Fc0/+ in Cr(TA)2
nanoparticle film suggests much more favorable transport of
BF4− anions into the pores of Cr(TA)2 nanocrystals.
Analysis of the differing CV peak shapes for the Fe and Cr

materials provides insight into mechanistic differences between
the two intercalation processes. Specifically, whereas the
feature at ca. 1.2 V vs Fc0/+ in Fe(TA)2 consists of a prewave
(i.e., in the potential range of ca. 1.0−1.2 V vs Fc0/+) and a
sharp peak, only a sharp feature exists for Cr(TA)2 at ca. −0.6
V vs Fc0/+ (Figure 2a). The prewave observed with Fe(TA)2

was assigned previously to adsorption and desolvation of BF4−

anions prior to intercalation into the nanoconfined pores.52
Accordingly, the absence of a prewave for the Cr(TA)2
nanoparticle film indicates that BF4− anions intercalate without
complete desolvation. To investigate interfacial BF4− transfer
further, we monitored the mass and charge changes at the
intercalation redox events for both Cr(TA)2 and Fe(TA)2
nanoparticle films using in situ EQCM. Previous studies
reported that the apparent molecular mass (Mw′ ) of a species
can be measured by eq 1:

M zF m
Qw =

ikjjjj y{zzzz (1)

where z represents the number of electrons and F is Faraday’s
constant. From Mw′ , the solvation number (n) of BF4− anions
involved during the intercalation/de-intercalation process can
be determined via eq 2:

Figure 2. EQCM studies of Cr(TA)2 and Fe(TA)2 films. (a) CV
traces of Cr(TA)2 and Fe(TA)2 nanoparticle films. (b) Mass change
vs charge change in Cr(TA)2 and Fe(TA)2 films during CV
measurements. The black line represents the potential region for
BF4−-intercalation-induced redox inside the nanopores of Cr(TA)2
and Fe(TA)2 nanocrystals. Only the mass change vs charge change in
the anodic scan direction is shown. Note: CV traces and mass-to-
charge ratio are collected using EQCM electrodes and 0.1 M
tetrabutylammonium tetrafluoroborate (TBABF4) as electrolyte in
acetonitrile. The spin-coating amount of 17 nm Fe(TA)2 nano-
particles onto the EQCM crystal is ca. 4.0 μg, and the spin-coating
amount of 25 nm Cr(TA)2 nanoparticles onto the EQCM crystal is
ca. 3.4 μg. CV is collected at a 10 mV/s scan rate.
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Figure 3. Anion-dependent intercalation redox chemistry inside Cr(TA)2 nanopores. (a) Anion-dependent CV measurements of Cr(TA)2
nanoparticle films. (b) Mass change of a Cr(TA)2 film in the potential region of intercalation redox with (i) BF4−, (ii) ClO4

−, (iii) PF6−, and (iv)
OTf−. (c) Mass-to-charge ratio at the intercalation redox event with (i) BF4−, (ii) ClO4

−, (iii) PF6−, and (iv) OTf− into a Cr(TA)2 film. (d) DFT
calculation of anion transport energy inside Cr(TA)2 nanopores Note: CV traces, mass variation, and mass-to-charge ratio are all collected using
EQCM electrodes and 0.1 M electrolytes in acetonitrile. The spin-coating amount of 25 nm Cr(TA)2 nanoparticles onto EQCM crystal is ca. 3−4
μg. CV is collected at a 10 mV/s scan rate.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.4c06669
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/jacs.4c06669?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c06669?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c06669?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c06669?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c06669?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


n
M M
M

(BF )
(solvent)

w w 4

w
=

(2)

where Mw(BF4−) denotes the molecular weight of BF4− anions
and Mw(solvent) is the molecular weight of solvent (e.g.,
acetonitrile).57−59 If the BF4− anions intercalate into either
Cr(TA)2 or Fe(TA)2 nanopores without a solvation shell, the
theoretical slope of m

Q
should be ca. 0.9 (i.e., obtained under

the assumption of n = 0 and Mw′ = Mw(BF4−)). As shown in
Figure 2b, the slope of m

Q
(ca. 1.0) at the intercalation feature

of Fe(TA)2 nanocrystals approaches the theoretical value
expected for the complete desolvation process. By contrast for
Cr(TA)2, we observed a m

Q
slope of ca. 1.2 (see Figures 2b

and S7 for the mass change on Cr(TA)2 film during CV
measurements). This m

Q
value exceeds the theoretical value of

complete desolvation (i.e., ca. 0.9), indicating that BF4− anions
transfer into nanopores with acetonitrile molecules (i.e., a
partial desolvation interfacial transfer mechanism) and there-
fore Cr(TA)2 nanocrystals possess larger nanopores as
compared to Fe(TA)2. Furthermore, DFT calculations using
the climbing image nudged elastic band (CI-NEB) method
determined an energetic barrier of 0.54 eV for BF4− anions
transporting between the nanopores of Cr(TA)2 (Figure S10),
compared to a larger barrier of ca. 0.84 eV for Fe(TA)2.52
Inspired by prior work of using vibrational spectroscopy to
probe dynamic bonding environments within MOFs under
external stimulus,60,61 Cr(TA)2 and Fe(TA)2 nanoparticle thin
films were monitored by in operando Raman spectroscopy
under the relevant electrochemical conditions (Figure S11 and
see Supporting Information for additional details). The far
greater red shift of the slope of the Cr(TA)2 triazolate
vibrational modes compared to that of Fe(TA)2 (31 cm−1/V vs
13 cm−1/V) suggests greater bond flexibility in the Cr system,
which may facilitate the intercalation process. These EQCM,
theoretical, and spectroscopic results demonstrate that the
pore enlargement further reduces the gating effect on the entry
of BF4− anions, resulting in a massive potential shift in the
intercalation redox feature from ca. 1.2 V vs Fc0/+ in Fe(TA)2
to ca. −0.6 V vs Fc0/+ in the Cr(TA)2 nanocrystal film.
The surface redox peak for the Fe(TA)2 film also shifts from

0 V vs Fc0/+ to ca. −1.1 V vs Fc0/+ for the Cr(TA)2 film (Figure
2a). This 1.1 V cathodic shift observed for Cr(TA)2 compared
to Fe(TA)2 originates from the more “active” low-spin Cr2+/
Cr3+ redox chemistry compared to the low-spin Fe2+/Fe3+
redox activity. The 1.8 V shift observed in the intercalation
redox peak between Fe(TA)2 (1.2 V vs Fc0/+) and Cr(TA)2
(−0.6 V vs Fc0/+) is therefore attributable to two factors: the
difference in redox activity between Cr and Fe centers (ca. 1.1
V) and the nanoconfinement effect leading to differences in
intercalation redox potential between the smaller Fe(TA)2
pores and the larger Cr(TA)2 pores (ca. 0.7 V). Notably, the
0.7 V shift due to pore size is significant in the context of
electrochemistry. For example, a 180 mV difference in redox
potentials between two molecules would result in an electron
transfer between them going to 99.9% completion, based on
the Nernst equation. This result highlights the crucial role of
pore size in determining the thermodynamics of ion-
intercalation redox chemistry within MOF nanopores.
Anion-Dependent Intercalation Redox Chemistry

within Cr(TA)2 Nanocrystals. To explore the impact of

electrolyte identity in controlling the intercalation redox
chemistry within the pore of Cr(TA)2 nanoparticles, we
substituted BF4− anions for larger anions ClO4

−, PF6−, and
OTf−, while keeping bulky tetrabutylammonium (TBA+) as
the countercation due to its weaker ion pairing strength on
influencing anion intercalation into Cr(TA)2 nanopores than
Li+ cations (Figure S12). Figures 3a and S13 show a large
anodic shift to the E1/2 of the intercalation redox feature from
ca. −0.6 V vs Fc0/+ to ca. −0.1 V vs Fc0/+ upon switching the
anion identity from the smallest anion BF4− to increasingly
larger ClO4

−, PF6−, and OTf−. Scan-rate-dependent CV studies
indicate that the current density of these anion-dependent
sharp voltammetric features all relate to the squared root of
scan rate (Figure S14), identifying the origin of ClO4

−-, PF6−-,
and OTf−-induced redox features as a diffusion-controlled
process. To further identify the origin of this anion-dependent
intercalation redox behavior, we recorded m

Q
and the

corresponding solvation number (n) when using each anion.
Figure 3c exhibits a continuous decrease in the n value for
larger-size anions. In particular, the n value becomes negative
for the OTf−-intercalation-induced redox, suggesting that the
transfer of OTf− anions requires both the complete desolvation
and removal of solvent molecules (i.e., acetonitrile) from the
pores. Moreover, EQCM experiments reveal that the mass-
change hysteresis during anion intercalation (mass increase)
and de-intercalation (mass decrease) broadens with the use of
larger anions, suggesting that mass transport dynamics become
more sluggish with increasing anion size (Figure 3b). Such
anion-size-dependent mass transport dynamics is further
supported by the larger ΔE value of the intercalation redox
feature with increasing the anion size (Figure S15). DFT CI-
NEB calculations further revealed that the larger anions result
in a higher transport energy barrier within Cr(TA)2 nanopores
(Figures 3d, S16, S17, and S18). For instance, the mass
transport barrier increases from ca. 0.54 eV for BF4− to ca. 0.83
eV for the larger OTf− anions. These anion-dependent
variations in solvation shell and transport energy barrier
together demonstrate that the use of larger anions intensifies
the nanoconfinement effect within the Cr(TA)2 pores, gating
the interfacial anion transfer and therefore thermodynamically
and kinetically disfavoring the interior anion-coupled redox
chemistry. Scheme 1 depicts the difference in these processes,
where the more favorable redox-coupled intercalation of BF4−

involves a solvation shell, whereas the anodically shifted
intercalation of OTf− requires complete desolvation, greater
solvent reorganization, and a larger redox entropy change. We

Scheme 1. Representation of Cr(TA)2 Pores before (left)
and after Oxidation-Induced Anion Intercalation (right)
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also noticed that the current density of the ClO4
−-transfer-

induced Cr redox peak exhibits greater symmetry compared to
other anions with similar structure and size (e.g., BF4−). This
difference is likely due to the distinct guest−host interactions
between oxygen-containing anions and fluoride-containing
anions during their intercalation and de-intercalation processes
inside Cr(TA)2 nanocrystals.
To investigate whether mixtures of signals could be detected

from mixtures of anions, small quantities of TBABF4 (i.e., mM
scale) were titrated into a 0.1 M TBAOTf acetonitrile solution
containing a 25 nm Cr(TA)2 nanoparticle film. Figures 4a and
S19a show that the addition of BF4− anions results in a new
redox feature cathodically shifted from ca. −0.46 V vs Fc0/+ to
ca. −0.6 V vs Fc0/+ as the concentration of BF4− anions
increases from 1.5 mM to 0.1 M (see additional discussions
about electrochemical titration studies in SI). The consistency
of this −0.6 V feature after titration of 0.1 M TBABF4 with the

E1/2 in pure TBABF4, along with its BF4−-concentration-
dependent current density, clearly demonstrate that the new
redox feature originates from interfacial BF4

− transfer.
Interestingly, the redox signature observed at ca. −0.1 V vs
Fc0/+ in pure OTf− shifts to −0.4 V vs Fc0/+ after the addition
of 0.1 M BF4− (Figures 4a and S19b). This result suggests that
the presence of BF4− promotes the OTf− intercalation redox
chemistry within Cr(TA)2 nanoparticles. Based on the above in
situ electrochemical Raman studies, we hypothesize that
intercalated BF4− anions promote a structural distortion inside
Cr(TA)2 nanocrystals that enhances subsequent intercalation
of OTf− anions. As a control, we observed that the E1/2
position of the BF4− intercalation redox feature at ca. −0.6 V vs
Fc0/+ remains unchanged when titrating TBAOTf into a 0.1 M
TBABF4 solution (Figure 4b). This result suggests that the
initial presence of BF4− determines the local pore environment
and it remains unchanged in the presence of OTf− anions,

Figure 4. Intercalation redox chemistry of Cr(TA)2 nanoparticle films in the presence of multiple anions. (a) CV measurements of a Cr(TA)2
nanoparticle film during titration of TBABF4 into a 0.1 M TBAOTf acetonitrile electrolyte. (b) CV measurements of a Cr(TA)2 nanoparticle film
during titration of TBAOTf into a 0.1 M TBABF4 acetonitrile electrolyte. (c) CV measurements of a Cr(TA)2 nanoparticle film during titration of
both TBABF4 and TBAClO4 into a 0.1 M TBAOTf acetonitrile electrolyte. (d) CV measurements of a Cr(TA)2 nanoparticle film during titration
of TBAClO4 into a 0.1 M NaBArF4 acetonitrile electrolyte. Note: CV traces are collected using Cr(TA)2 nanoparticle films on glassy carbon
electrodes. CV is collected at a 10 mV/s scan rate.
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leading to the OTf−-titration-independent E1/2 value for the
BF4− intercalation redox feature.
To explore the possibility of detecting mixtures with three

anions, two subsequent titrations were performed. First,
TBAClO4 was titrated into a 0.1 M TBAOTf electrolyte
solution. As shown in Figures 4c, S20, and S21, the presence of
ClO4

− introduces a distinct redox feature and a cathodic shift
to the OTf− intercalation redox feature. At ClO4

− concen-
trations of 0.1 M, the ClO4

− and OTf− redox intercalation
peaks merge into a single broad feature with an E1/2 value of ca.
−0.4 V vs Fc0/+. These results suggest that the presence of
ClO4

− and the structural changes it induces to the MOF pore
cause the redox intercalation of ClO4

− and OTf− anions to
become electrochemically similar. Interestingly, titrating 0.1 M
BF4− anions, as a third component, into a 0.1 M TBAOTf and
0.1 M TBAClO4 electrolyte solution induces another distinct

redox feature at −0.5 V vs Fc0/+ (Figure 4c) The observed E1/2
value differs from the −0.6 V vs Fc0/+ feature observed for pure
BF4− solutions. We attribute this difference to the interaction
of the three distinct anions disfavoring the transport of BF4−

anions into Cr(TA)2 pores. Interestingly, the addition of BF4−

anions decreases the current density of the ClO4
−/OTf−

intercalation redox features and causes them to split into two
distinct waves (Figure 4c). We propose that BF4− intercalation
sufficiently alters the Cr(TA)2 to facilitate ClO4

− intercalation
over OTf−. This hypothesis is supported by the cathodic shift
of the ClO4

− intercalation redox feature from −0.33 V vs Fc0/+
in a 0.1 M ClO4

− and 0.1 M OTf− electrolyte solution to
−0.35 V vs Fc0/+ after the additional titration of 0.1 M BF4−

anions. Meanwhile, the E1/2 of the OTf− intercalation redox
remains unchanged before and after the addition of BF4−

anions. Taken together, these anion-dependent investigations

Figure 5. Anion sensing using Cr(TA)2 nanocrystals in aqueous media. (a) Structural stability test of Cr(TA)2 nanoparticle film in water via
multiple CV measurement cycles. (b) Trace-dependent E1/2 of the intercalation redox feature and trace-dependent current density of the
intercalation and de-intercalation redox feature. (c) Sensing of ClO4

− anions using a Cr(TA)2 nanoparticle film in aqueous solution by CV
measurements and (d) the variation of E1/2 for the intercalation redox feature during titrations of KClO4 into a 0.1M KOTf aqueous electrolyte
solution. Note: CV traces were collected using Cr(TA)2 nanoparticle films on glassy carbon electrodes. CV traces were collected at a 10 mV/s scan
rate. Potassium cations are used as countercations during anion-dependent titration experiments.
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indicate that the presence of one type of anion influences the
microscopic mechanism and, hence, the electrochemical
potential of intercalation for another anion.
These results suggest that each anion produces a unique

redox intercalation feature resulting from supramolecular
chemistry specific to the anion. To test this interpretation,
titrations were performed starting from [BArF4]− anions. Due
to the large van der Waals diameter of ca. 16 Å in contrast to
the Cr(TA)2 pore aperture of 3.8 Å (i.e., as defined by the H−
H distance in Figure S5b), a redox intercalation feature would
only be expected upon introduction of sufficiently small
anions. Indeed, the voltammetric response of 25 nm Cr(TA)2
thin films in 0.1 M BArF4− anions shows no redox intercalation
response, whereas a feature appears upon titration of 10 μM
ClO4

− (Figure 4d). Increased concentrations cause a cathodic
shift of the redox wave, suggesting that the intercalation
energetics become more favorable. The higher concentration
detection limit in the presence of BArF4− suggests that
although this bulkier anion does not intercalate, it discourages
intercalation of smaller anions perhaps by blocking access to
pores. Nevertheless, these results confirm that electrochemical
sensing of anions by this approach involves a turn-on
mechanism sensitive to the specific energetics of anions to
enter MOF pores. If the mechanism depends on the availability
of MOF pores to anions, then we surmise sub-nM detection
limits should be possible with appropriate electrochemical
equipment to measure such low current densities.
Electrochemical Anion Sensing in Aqueous Media.

The anion-coupled redox intercalation chemistry of Cr(TA)2
nanocrystal thin films provides a novel platform for designing
supramolecular acceptors for electrochemical anion sensors in
biologically and environmentally relevant conditions. The U.S.
Environmental Protection Agency (EPA) classifies ClO4

− as a
leading pollutant threatening environmental and food safety.
Figure S22 shows that the intercalation redox feature of the
Cr(TA)2 nanocrystal film in 0.1 M TBAOTf acetonitrile
solution undergoes a cathodic shift in the presence of only 50
nM ClO4

−. This ClO4
−-induced shift to E1/2 may be reversed

after poising the film at a potential of −1.5 V vs Fc0/+ for 20
min to de-intercalate ClO4

− anions from the pores (Figure
S23). These tests confirm that the Cr(TA)2 nanocrystal film is
highly sensitive and reusable for electrochemical ClO4

−

sensing. In addition to organic solvents, Cr(TA)2 nanoparticle
films also exhibit remarkable structural stability in aqueous
media, as evidenced by the stable E1/2 position of the
intercalation redox peak and its repeatable current densities
during the long-term CV cycles in a 0.1 M KOTf aqueous
solution even after one-month immersion in aqueous media
(Figures 5a,b and S24, and see additional discussions in SI).
This result holds significant implications for the practical
applications of Cr(TA)2 in the field of anion sensing in
aqueous solutions. Additionally, given that water is typically
found in the environment with a pH range of 6.5 to 8, we
investigated the structural stability of Cr(TA)2 nanoMOFs
across this pH range in aqueous media. As demonstrated by
PXRD results in Figure S25, the characteristic PXRD peak of
Cr(TA)2 at around 9° remains unchanged after 1 week of
immersion in solutions with varying pH. This stability suggests
that the structure of Cr(TA)2 nanoMOFs is not significantly
impacted by the typical pH range of natural water environ-
ments. Similar to the detection limit of ClO4

− in acetonitrile
solvent, the ClO4

−-induced shift is detectable upon adding 100
nM ClO4

− to 0.1 M KOTf aqueous solutions (the linear

detection range of ClO4
− extends from 100 nM to 10 μM in

aqueous media in Figure 5c). Moreover, Figure 5d exhibits a
linear relationship between E1/2 and ln[ClO4

−], suggesting that
the intercalation redox feature of Cr(TA)2 follows a Nernstian
response to the concentration of ClO4

− anions in aqueous
solution (i.e., E1/2 (mV) = (−0.8 ± 0.07) ln[ClO4

−]). This
relationship, consistent with the above titration experiments,
confirms the active participation of ClO4

− anions in the Cr
redox chemistry of Cr(TA)2 nanocrystals within the nano-
confined pores.
Commercially available ClO4

− sensors often suffer from
interference from halides (Cl−, Br−, I−), nitrates, and other
larger multivalent anions (SO4

2−, PO4
3−) in aqueous media.

While the presence of ClO4
− induces a distinct E1/2 shift in the

intercalation peak of the Cr redox feature, halide anions (Cl−,
Br−, I−) cause a gradual decrease in the current density of the
Cr(TA)2 intercalation peak only at concentrations exceeding
10−20 μM (Figures S26−S29). The lack of distinct and sharp
redox features related to halide intercalation into Cr-MOF
nanopores suggests that halide anions do not experience a
gating effect within the Cr(TA)2 nanopores, and therefore
exterior and interior Cr redox sites are indistinguishable from
each other. The halide-reduced current density of the
intercalation redox feature inside Cr-MOF originates from
the fast mass transport dynamics and the strong binding
tendency of halide anions into the interior Cr active sites,
poisoning interior Cr centers. Similarly, we did not observe the
sharp and reversible redox feature from Cr(TA)2 nanoMOFs
induced by NO3

− intercalation, suggesting that the NO3
−

anions will not influence the use of Cr(TA)2 for ClO4
−

sensing (Figure S30). Larger multivalent anions, such as
SO4

2−, also lack a sharp redox feature akin to the intercalation
Cr redox signatures described above (Figure S31). As
compared to monovalent ions, multivalent ions possess higher
interfacial desolvation energies and slower transport dynamics
both at the material/electrolyte interface and inside the solid-
state materials. Consequently, we propose that instead of
participating in the intercalation redox chemistry, solvated
sulfate and phosphate anions block the entry of Cr(TA)2
nanopores and prevent the anion-intercalation-induced Cr
redox chemistry (see additional results and discussions about
using Cr redox chemistry of Cr(TA)2 nanocrystals for other
anion sensing in SI).
For other forms of anion sensors, measuring direct current at

a fixed potential (I−V curves) becomes considerably more
complex when the target solution contains over three different
small anions. This complexity arises from all anions
contributing to double-layer charging currents at specific
applied potentials. Unlike conventional supramolecular sensors
that rely on ion−host intercalation, our approach leverages the
combined effects of nanoconfinement and ion-gating within
the Cr(TA)2 nanopores to achieve exceptional ClO4

− sensing
selectivity. This unique strategy leads to distinct cyclic
voltammetry responses (i.e., anion-induced distinct E1/2 shift
in the intercalation peak of the Cr redox feature) for ClO4

−

compared to other anions.

■ CONCLUSION
In summary, we report a method of electrochemical anion
sensing based on conductive films of nanoparticles with pore
apertures comparable to anion diameters. Distinct from the
previous reports of Fe(TA)2 that intercalated BF4− anions only
if fully desolvated, replacing Fe with Cr centers enables the
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intercalation of a wider range of anions (e.g., BF4−, ClO4
−,

PF6−, and OTf−) due to its enlarged pores, as revealed by
spectroscopic and theoretical evidence. Such an increase in the
pore size permits partially solvated BF4− anions to intercalate
at potentials shifted from ca. 1.2 V vs Fc0/+ in Fe(TA)2 to ca.
−0.6 V vs Fc0/+ in Cr(TA)2. Moreover, the use of larger anions
continuously increases the anion gating effect inside the
nanoconfined Cr(TA)2 pores, leading to the transition from
solvated BF4− transfer to complete desolvation and inter-
calation of OTf− anions, and an anodic shift of redox potentials
by over 500 mV. We further utilize this anion-dependent redox
chemistry inside Cr(TA)2 pores to successfully sense ca. 100
nM ClO4

− anions in aqueous solutions with month-long
structural stability. Additionally, these sensors may be reused
after applying a negative voltage to de-intercalate ClO4

−. Our
work represents the first instance of an anion sensor that can
detect multiple anions simultaneously. We highlight the key
advantages of Cr-nanoMOFs as a ClO4

− sensor compared to
commercially available options due to their superior selectivity
(i.e., Cr-nanoMOFs show distinct cyclic voltammetry
responses to different anions, leading to minimal interference
during ClO4

− sensing), structural stability of Cr-MOF in
aqueous solution and therefore long product lifetime,
sustainable recycling time, and low detection limit (see
additional comparison and discussions about the advantage
of Cr(TA)2 sensor compared to commercially available options
in the SI). Taken together, our studies provide a clear
understanding of how the cooperation between pore environ-
ment and anions determines the nanoconfinement gating effect
that controls interfacial ion-coupled redox processes, while
positioning Cr(TA)2 nanocrystals as a novel alternative for
supramolecular transducers for redox voltammetric anion
sensing.
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