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ABSTRACT: Understanding the molecular-level properties of electrochemically-active ions at ~ operating electrode-elec-
trolyte interfaces (EEI) is key to the rational development of high-performance nanostructured surfaces for applications in
energy technology. Herein, an electrochemical cell coupled with ion soft landing is employed to examine the effect of “atom-
by-atom” metal substitution on the activity and stability of well-defined redox-active anions, PMoxW,,.«O,0> (x =0, 1, 2, 3,
6, 9, 12), at nanostructured ionic liquid EEI. A striking observation made by in situ electrochemical measurements and
further supported by theoretical calculations is that substitution of only (1-3) tungsten by molybdenum atoms in the
PW,,0,.3> anions results in a substantial spike in their first reduction potential. Specifically, PMo;W,0,03 showed the high-
est redox activity in both in situ electrochemical measurements and as part of a functional redox supercapacitor device,
making it a “super-active redox anion” compared to all other PMo,W,,.<O,> species. Electronic structure calculations
showed that metal substitution in PMo,W,,<0,0> causes the lowest unoccupied molecular orbital (LUMO) to protrude out
locally making it the “active site” for reduction of the anion. Several critical factors contribute to the observed trend in redox
activity including: (i) multiple isomeric structures populated at room temperature, which affect the experimentally-deter-
mined reduction potential, (ii) substantial decrease of the LUMO energy upon replacement of W atoms with more electro-
negative Mo atoms, (iii) structural relaxation of the reduced species produced after the first reduction step. Our results
illustrate a path to achieving superior performance of technologically-relevant EEIs in functional nanoscale devices through
understanding of the molecular-level electronic properties of specific electroactive species with “atom-by-atom” precision.
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Mechanistic understanding of molecular-level processes
taking place at nanostructured electrode-electrolyte inter-
faces (EEI) is important to the development of clean and
sustainable electrochemical technologies for applications
in energy generation and storage as well as water and
chemical separation and purification.”> However, the com-
plexity of operating EEI makes it difficult to obtain an ac-
curate molecular-level description of charge transfer kinet-
ics, which affect the observed reduction/oxidation poten-
tials. One of the major challenges is understanding the ef-
fect of different charge and ion transfer pathways (diffu-
sion, migration and convection) and ionic interactions on
the activity and stability of the EEL.®7 Several in situ and
operando electrochemical and physical characterization
approaches combined with theoretical modeling have
been used to study molecular mechanisms at operating
EEIs.®89 For example, photon- and neutron-based scatter-
ing, nuclear magnetic resonance, infrared spectroscopy
and electron microscopy-based approaches®'> have been
developed to study EEIs with a particular emphasis on in-
vestigating processes that are detrimental to the perfor-
mance of EEI in electrochemical devices.

Another promising research direction is focused on
preparation of precisely-defined EEI with exquisite control
over the ions of interest, which enables understanding of
the intrinsic activity of electroactive species at operating
conditions. Soft landing of mass-selected ions enables the
uniform deposition of complex ions with specific composi-
tion, charge state, and kinetic energy.3>° Soft landing also
provides atomically-precise control over the chemical
properties of the EEI that cannot be achieved using con-
ventional electrode preparation methods.?4 For example,
soft landing was used to achieve superior performance of
solid-state EEIs comprised of redox active PMo,,0,,> pol-
yoxometalate (POM) on carbon nanotube (CNT) elec-
trodes compared to those prepared using ambient solution
dropcasting and electrospray deposition.> The superior
performance of the solid-state EEI prepared by ion soft
landing was attributed to uniform deposition of POM ani-
ons and complete elimination of strongly-coordinating in-
active counterions and solvent molecules that negatively
alter the stoichiometry and chemistry of active ions at the
EEIL

In situ characterization of EEI is key to understanding
structure-function relationships that underlie the rational
design of improved EEI for a broad range of electrochemi-
cal technologies. For example, Anderson et al. examined
the electrochemical activity of size-selected platinum clus-
ters soft landed on glassy carbon electrodes using a spe-
cially-designed in-vacuum liquid cell.>2¢ They demon-
strated substantial electrode damage during electrochemi-
cal cycling following exposure of the supported clusters to
air and water, indicating the importance of the in situ
measurements.>  We recently introduced an experi-
mental approach for in situ electrochemical characteriza-
tion of ions soft landed on solid-state EEI either in vacuum

or at a controlled partial pressure of a reactive gas.?" 2324 28
This approach employs thin nanostructured ionic liquid
membranes (IL) with excellent ion transport properties,
which may be specially designed for studying either redox
or reactive electrochemistry at EEI. For redox electrochem-
istry, we showed that the in situ electrochemical cell com-
bined with ion soft landing facilitates molecular-level un-
derstanding of electron transfer processes occurring in re-
dox-active PMo,,0 . The oxygen reduction reaction (ORR)
activity of mass-selected ~Pt;, clusters was also studied as
a model system for reactive electrochemistry. Collectively,
these studies demonstrated the advantages of characteriz-
ing electrochemical processes at well-defined EEIs pre-
pared using ion soft landing under carefully-controlled
conditions.

Our previous studies indicate that the structure and
electronic properties of electroactive species play an im-
portant role in determining their activity at EEL. Herein, we
report a study of the effect of the chemical composition of
Keggin POM anions on the properties of well-defined EEI.
Keggin POM anions are stable metal-oxide clusters with
multielectron redox activity (e.g., PMo0,,0,*" can accept up
to 24 electrons without losing its structural integrity).?o
These distinctive properties of POMs make them promis-
ing materials for applications in rechargeable batteries, re-
dox-active electrodes for electrochemical separations such
as water purification, and photo-/electro-chromic de-
vices.# 283! Using gas-phase anion photoelectron spectros-
copy, Waters et al. demonstrated that the highest occupied
molecular orbital (HOMO) of PW,,0, is stabilized by
035 eV in comparison to PMo,,0,> suggesting that
PMo,,0,0> is more reactive and less stable than PW,,0,,3"3
This experimental observation agrees with theoretical cal-
culations.3334 [Hereafter, the abbreviations W,,POM and
Mo,,POM will be used to refer to the single metal analogs
PW,,0,0> and PMo,,O,03, respectively, and Mo,,«W, POM
will be used to refer to PMo,,,W,0,03 (x = 0,1, 2,3, 6,9, 12)
species]. Based on this previous work it is plausible that
specific mixed-addenda molybdenum-tungsten POM ani-
ons (i.e, PMoW,0,,) may offer the combined ad-
vantages of both higher redox activity and stability.3538
We hypothesized that investigation of atom-by-atom sub-
stitution of molybdenum with tungsten in the PMo,,0,>
anion may identify a more stable and reactive mixed-ad-
denda POM, which will be beneficial for the development
of high-performance and stable energy storage devices.

To test this hypothesis, we used a combination of the
in situ electrochemical cell, ion soft landing, and density
functional theory (DFT) calculations to examine and
model the electrochemical properties of mass-selected
POM anions at nanostructured EEIs. We demonstrate a
pronounced and unexpected effect of the stoichiometry of
mixed-addenda POM anions on their redox activity and
stability at the operating EEI. A dramatic increase in the
reduction potential of the MoyW,,.x POM anions was ob-
served when only one tungsten atom was replaced by a mo-
lybdenum atom and a similar increase was propagated for
the next 2 and 3 metal substitutions. Strikingly, we found
both experimentally and through theoretical calculations
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that Mo;W, POM shows the largest structural relaxation
among all mixed addenda POM, which makes it the most
oxidizing species. Collectively, our results demonstrate
that high-performance nanostructured electrochemical in-
terfaces may be rationally designed by combining in situ
electrochemical characterization of precisely-selected
electroactive species at EEI with a high-level theoretical
description of their electronic properties. We anticipate
that this molecular-level approach, made possible by ion
soft landing, will play an increasing role in the develop-
ment of future high performance energy technologies.

RESULTS AND DISCUSSION

REDOX ELECTROCHEMISTRY OF MIXED-ADDENDA
PMoxW12-xO40>

A mixed-stoichiometry distribution of Mo,,«Wx POM ani-
ons obtained by electrospray ionization mass spectrometry
(ESI-MS) of a solution prepared with a molar ratio of 1:1 of
Na;(PMo0,,0,0) to Nay(PW,,0,,) is presented in Figure 1.
Soft landing was used to deposit a precisely-controlled
amount of triply-charged mixed-addenda POM anions of
selected stoichiometry (x = o, 1, 2, 3, 6, 9, 12) on the in situ
electrochemical cell to study the redox properties of these
anions as a function of metal substitution in the absence of
complications arising from contaminants, solvent, coun-
terions, and other POMs. Unless specified otherwise,
1x 10" ions were deposited in each soft landing experiment.

The cyclic voltammograms (CVs) of selected mixed-ad-
denda MoxW,,« (x = 3) POM anions are compared with
those of their single metal analogs - Mo,POM and
W,POM, in Figure 2a. The overall trend in the first elec-
tron reduction potentials for a range of mixed-addenda
POM anions obtained from both calculations and experi-
mental results are plotted with respect to Mo content in
Figure 2b. The reduction potentials are given relative to the
potential for W,POM. The measured reduction potential
of W,,POM is -100 mV vs Ag. Therefore, the experimental
reduction potentials of all mixed-addenda POMs shown in
Figure 2b are shifted by +100 mV. CVs and the reduction
and oxidation potentials of all the redox steps of the mixed-
addenda POM anions studied in this work are presented in
the SI section (Figure S2-S12).

Both the theoretical and experimental results show that
the reduction potentials of the mixed-addenda POMs do
not vary monotonically with an increasing number of sub-
stituted Mo atoms. Rather, a substantial increase in the
first reduction peak potential of ~ 600 mV was observed for
the Mo,W,, anion compared to W,,POM, in which a W¢*
ion was substituted by Mo®*. The substantial change in-
duced in the 1* redox potential is associated with the fact
that the electron added to the mixed-addenda POM anion
in the reduction step is localized on the Mo center, since
Mo*%* in a fully oxidized POM has a greater electron affinity
than W6+ 343%Indeed, in both Mo,,POM and W,,POM, all of
the metal centers have an equal probability to accept addi-
tional electrons during reduction. However, when a W6+
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ion is replaced by a Mo® as in W;;MoPOM, the additional
electron has a higher probability of going to the Mo-cen-
tered orbital. In other words, the more electronegative
Mo®* decreases the LUMO energy level of the W;;MoPOM
making it more easily reducible compared to W,,POM.33
Interestingly, the reduction potential of W,MoPOM is very
close to that of M0,,POM and even ~50 mV higher. A sim-
ilar increase in the first reduction potential of 550, 620, 600
and 570 mV was also observed for Mo,W,o, Mo;W,, MosWs
and Mo,W,; POMs with respect to W,,POM. DFT calcula-
tions provide insight into the factors that contribute to the
experimentally-observed trend in reduction potentials
with Mo substitution. In particular, we found that the con-
tribution of multiple isomeric structures, the solvent ef-
fect, and the extent of structural relaxation after electron
transfer to POM must be accurately described in the mod-
eling to obtain good agreement between the experimental
and calculated reduction potentials. These factors are dis-
cussed in detail below.

(a,b) = PMo,W,0,,*/ Mo,W,*
(a,b) = PMo,W, 0,*/ Mo,W,*

(7,5)

Abundance

600 800 1000 1200 1400
m/z

Figure 1. Representative negative mode ESI mass spectrum
of a mixed-addenda POM solution prepared with molar ra-
tio of 11 of Na;(PMo,,0,,) and Nay(PW,,0,,), showing the
presence of triply (blue text labels) and doubly (red text
labels) charged mixed-addenda POM anions with a distri-
bution of stoichiometries (PMo0,,Wy0,o™, X = 0-12; n=3,2);
the bracket notation (a,b) designates the number of mo-
lybdenum (a) and tungsten atoms (b), respectively in the
mixed-addenda POM anions.

First, we consider the contributions of different isomers
that are populated at room temperature.34 There are
many possible locations to substitute W with Mo when
more than one Mo is introduced into the W,,POM frame-
work. For example, for x = 0, 1and 12 there is only one low-
energy isomer per anion, whereas for x = 2, 3, 6 and 9, the
number of possible isomers per anion is 5, 13, 46, and 13,
respectively. Two series of calculations were performed to
evaluate the reduction potentials of mixed-addenda POM
shown in Figure 2b: i) using the structures with lowest cal-
culated free energy (red points) and ii) using the structures
of isomers that are most populated at room temperature
(blue squares). In the latter case, the theoretically-calcu-
lated population of each isomer was estimated using the
Boltzmann distribution from the free energies computed
in the EMIMBF, ionic liquid solution and the degeneracy
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of each distinct isomer (Table S1). The present DFT calcu-
lations reproduce well the relative reduction potentials ob-
tained experimentally. In particular, as shown in Figure 2b,
the trend for the calculated potentials is fully consistent

— W,, POM
12 (a)
02l Mo,W, POM
m’ng —— Mo,, POM
o i
3 0.0 1 j
el ‘Vf * *
[¢b]
= -0.2 r
S
)
-0.4 CctiCe : Cobaltocenium/Cobaltocene
" (internal reference redox couple)
-15 -10 -05 00 05 1.0
Potential, V vs. Ag
15

—a— Experimental (relative V vs. W ,POM)

1.2 {—=— Calculated (highest population isomer) (b)
--O-- Calculated (most stable isomer)
0.9 -

0.6

0.3 ‘ Pure Mo,,POM

0.0 ®-—Pure W, ,POM

Relative 15T Reduction Potential V)

0 2 4 6 8 10 12
XxinPMoW,,

-2.5
—=— LUMO
—®— AEyertical (C)
-3.04 —a— Aon|red
> =" ACox|red
5 -3.51
<5}
c
L
4.0
-4.5

0 2 4 6 8 10 12
X in PMo, Wy,

Figure 2. (a) CVs of selected soft landed mixed-addenda
POM anions, W,,POM, Mo;W,, MosWs and Mo,,POM.
Scan rate: 10 mV s™. Approximately 1 x 104 ions were depos-
ited in each case. The first reduction peak in each CV is

highlighted with an asterisk (*) (b) Comparison of the ex-
perimental reduction potentials of the first reduction step
obtained from the CVs and those calculated theoretically
for a range of mixed-addenda POM anions relative to the
reduction potential of WPOM. Both the experimentally
observed potentials vs. Ag bulk (open symbols) and the
values relative to W12POM (filled symbols) are shown for
comparison; (c¢) Comparison of the calculated lowest un-
occupied molecular orbital (LUMO) energies of the fully
oxidized MoyW,, (x = 0, 1, 2, 3, 6, 9, 12) POM anions (iso-
mers with highest population) with respect to the reduc-
tion electronic energies, vertical reduction energies, and
Gibbs free energy associated with the first reduction step.

with the experimental values when they are based on the
isomers with highest populations. For the x = 2 and 3 spe-
cies, the most stable structures also correspond to those
with greatest population. In contrast, the isomer popula-
tion in PMogWs is distributed due to a large number of iso-
mers, with the highest population of any one isomer only
reaching 11.8%. The low degeneracy (ng = 4) of the isomer
MosWs-1 (Figure 3 and Table S1) has led to an equal popu-
lation (11.8%) with respect to isomer MosWe-29 that is
about 1 kcal-mol™ higher in energy (ng = 24).

The first reduction potential of the most stable MosW5s
isomer is calculated to be 580 mV, which is 150 mV lower
than that of the most populated MosWs isomer (737 mV)
in solution and even smaller than the potential computed
for Mo,W; (650 mV). Therefore, it is important to note that
the computed values obtained using the most stable iso-
mer do not reproduce the experimentally observed trend
in reduction potential. It follows that the redox properties
simulated for the anion MosWgare more reliable when the
isomer population is taken into account. The only excep-
tion was Mo,W;, for which the most stable and highest
populated isomers showed almost the same reduction po-
tentials.

THEORETICAL  INVESTIGATION  OF  ELECTRONIC
STRUCTURE CHANGES OF PMoxWi2+Qa0>" vs. REDOX
PROPERTIES

To further understand the relevance of selected POM
structures to their redox properties, we performed a de-
tailed analysis of the five isomers of the representative an-
ion Mo,W,, (Figure S13 and Table S2). The relative stability
of the five isomers depends on the surrounding electrolyte
media. Hence, in the gas phase, isomer-2, also known as
isomer (1,5) is the most stable. However, in ionic liquid so-
lution, isomer-4 (1,7) becomes the lowest in energy. If the
calculations are performed in water, the anions are much
more stabilized because of the higher dielectric constant of
the solvent. As shown by the values in Table S2, the reduc-
tion potential depends on the isomer in a range up to 8o
mV according to present calculations in ionic liquid media.
The computed reduction potentials for isomers (1,2), (1,5)
and (1,12) of Mo,W,, are found to be even more oxidizing
than the neighboring anion Mo,W,,, whereas the reduction
potential computed for isomer (1,7), the most stable and
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highest populated isomer in solution, is fully consistent
with the experimental value. Therefore, it is reasonable to
propose that isomer (1,7) may be dominant for the anion
Mo,W,, present in the experiment.

PMo,W-2 (MS)

PMo,W;-6 (MP)

Figure 3. Ball-and-stick representation of the most stable
calculated structures for mixed-addenda POM anions
(MoxW,,4, x = 1, 2, 3, 6, 9). For x = 6 and 9 the most popu-
lated (MP) isomer is different than the most stable (MS)
one and both structures are shown in the figure. The iso-
mer number according to Table S1 numeration is given in
bold. Color code: Mo (Cyan), W (blue), P (orange), O (red).

Next, we examine the calculated frontier molecular or-
bitals and other structural and electronic factors that affect
the redox properties of different POM anions. The oxidiz-
ing ability of the substituted POM anions depends on the
nature and energy of the LUMOs (Figure 4). Due to the
higher electron affinity of the molybdenum ion, the substi-
tution of W¢* by Mo®* stabilizes the relative energy of the
LUMO from -3.29 eV in W,,POM to -3.72 €V in Mo,W,..
The LUMO of Mo,W,, has a larger participation (47%) of
Mo(d) orbitals in comparison to the delocalized contribu-
tion of metal in pure W,,POM and Mo,,POM. This implies
that the electron added to Mo,W,, should be efficiently lo-
calized on the Mo center. With increasing numbers of Mo
centers in the range of mixed-addenda POM, it is observed
that the energies of the LUMOs are slightly changed with-
out a clearly defined pattern, as shown in Table S3 and Fig-
ure 2c¢. The LUMO energies are fully consistent with the
calculated vertical reduction energies, in which only the
electronic contribution is included and the geometry is not
relaxed after 1e” reduction of the fully oxidized POM (Table
S3 and Figure 2b). Therefore, the energies of the LUMO
and the vertical reduction energies do not explain why
Mo;W, and Mo,W,, are the most oxidant anions in this
study.
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PMO]W” PM03W9
(-3.72 eV) (-3.63 ¢V)
?
~  PMogW,

The most stable  Highest population%
(-3.48 eV) (-3.78 eV)

The most stable Highest population%
(-3.63 eV) (-3.73 eV)

Figure 4. 3D representation of the LUMOs calculated for
the mixed addenda POM anions (MoxWp,« x =1, 2, 3, 6, 9).
The corresponding LUMO energies are shown in parenthe-
ses.

In contrast, when the structures of the anions are allowed
to relax after 1e- reduction, the energies involved become
substantially more negative (from -0.44 to -0.66 €V) in Mo
substituted anions and only shift by —0.21 eV in the pristine
PW,POM. The structural differences between polyoxo-
tungstates and polyoxomolybdates for oxidized and re-
duced anions have been reported previously.> It is worth
mentioning that among all these species, Mo;W, shows the
largest structural relaxation and becomes one of the most
oxidant species according to the electronic energy
(AEoxred). When the additional terms that contribute to the
free energy are considered, the energy changes are much
less important in absolute values, but collectively, they
transform Mo;W, to the anion with the most negative free
energy (—4.46 eV). As a result, Mo;W, is predicted to have
the most positive electron reduction potential (798 mV
(Table S3) ) in the series of mixed-addenda POM anions
examined in this study, which is in agreement with the ex-
perimental findings (Figure 2b). Our results indicate that
accurate description of the first reduction potentials of
POM anions using DFT calculations must take into ac-
count the electronic properties of the isomeric structures
that are populated at the temperature of the experiment,
solvent stabilization of the fully oxidized anion, and struc-
tural relaxation of the reduced species after 1e” reduction.

MULTI-ELECTRON PROPERTIES OF PMoxW12-xQa0>"

The above discussion of the effect of mixed POM stoichi-
ometry on the first reduction potential provides valuable
information about the interplay between structure, elec-
tronic effects, and solvent stabilization in these systems. In
order to obtain additional insights into the multi-electron
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properties of mixed-addenda POM anions, each of the ox-
idation and reduction peaks observed in the CVs of all
mixed-addenda POM anions were analyzed. The total
number of electrons transferred in each redox step was cal-
culated from the charge obtained by integrating each peak
using Faraday’s law (see SI section for details on calcula-
tions). The cumulative number of electrons transferred se-
quentially along the redox steps during oxidation and re-
duction scans of mixed-addenda POM anions with ~ 1 x 104
soft landed ions is presented in Figures 5a and 5b, respec-
tively. The total number of electrons transferred during CV
scans of Mo,,POM is greater than that of W,,POM confirm-
ing that Mo,,POM is more redox active than W,,POM. It is

(a) —=— Moy,

=
o
L

during oxidation, x 104
o

Cumulative

-15 -1.0 0.5 0.0 0.5 1.0
Potential, V

Number of electrons transferred

(b) S

—&— MogW,
—e— MogWg
—v— Mo,W,
—&— Mo,W,,
—*— Mo, Wy,
—— le

=
&1
L

during reduction, x 10
o

Cumulative

Number of electrons transferred

-15 -1.0 05 0.0 05 1.0
Potential, V

Figure 5. Cumulative number of electrons transferred dur-
ing (a) oxidation and (b) reduction scans of a range of soft
landed mixed-addenda POM anions on the in situ electro-
chemical cell. Total number of POM soft landed in each
case is 1 X 10 ions.

also interesting to note that Mo,,POM exhibits a higher
number of electrons transferred in the first three redox
steps, whereas it is the opposite case for W,,POM which
has a higher number of electrons transferred in the last re-
dox steps. In contrast, the mixed-addenda anions showed
a more steady increase in the number of electrons trans-
ferred as a function of potential. Overall, Mo;W, showed
the highest number of electrons transferred among all

other mixed-addenda POM anions which further corrobo-
rates the superior redox activity of this species in compar-
ison with other POMs observed experimentally and calcu-
lated theoretically in this study.

REDOX-SUPERCAPACITOR
STABILITY

Based on the observed trend in the redox activity of POM
anions and on the known trend in their stability reported
in the literature, we hypothesized that specific mixed-ad-
denda POM anions containing only a few Mo atoms may
increase the performance of a redox-supercapacitor device
compared to that possible with pure W,,POM or Mo,,POM.
To test this hypothesis, we fabricated redox-supercapaci-
tors by soft landing 1 x 10 anions of a range of mixed-ad-
denda POMs onto CNT electrodes. The electrodes were as-
sembled into supercapacitor devices and tested using Gal-
vanostatic charge-discharge (GCD) as described in the ex-
perimental section. The first and last three cycles of GCD
curves of all mixed-addenda anions are presented in the
Figure Si4. The total specific capacitance of mixed-ad-
denda anions before and after 1000 cycles of GCD measure-
ments between o to1V at a rate of 8 A/g is shown in Figure
6. The total specific capacitance presented in this figure is
the sum of the Faradaic capacitance derived from the redox
activity of POM anions and non-Faradaic capacitance

PERFORMANCE  AND

500
o450 B First cycle

T 400 | I After 1000 cycles
(D

2 350+

©

i

Q

©

o

]

o

(&)

=

(&)

[«B}

o

(9]

2 3 6
X in Mo,W,.,

Figure 6. Comparison of the total specific capacitance be-
fore (black bars) and after (blue bars) 1000 GCD cycles per-
formed between o to 1V at a rate of 8 Ag™ observed with
redox supercapacitor devices containing a range of soft
landed mixed-addenda POM anions. Total number of
POM soft landed in each case is 1 x 10'4 ions.

derived from the electrolyte ions at the CNT electrode (~112
+12 F/g). The non-Faradaic capacitance is the same for the
series of redox supercapacitors examined in this study. It
follows that the observed trend in the total capacitance
shown in Figure 6 is attributed to the differences in redox
activity of different POM anions.
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Consistent with observations obtained from the in situ
electrochemical measurements, the device fabricated us-
ing W,,POM shows the lowest capacitance across the series
of mixed-POM anions. For example, the total specific ca-
pacitance of the Mo,W,, device is 370 F/g which is ~115 %
higher than that of the W,POM device (~ 174 F/g). All
other mixed-addenda anions Mo,W,. (x = 2, 3, 6, 9, 12)
exhibit a similar total specific capacitance in the initial cy-
cles even though the specific capacitance of Mo;Wj is
slightly higher than the others. After 1000 GCD cycles, the
capacity retention of mixed addenda Mo W,,« anions was
found to be 95.3%, 97.1 %, 97.5%, 97.7%, 93.6%, 88.1%,
84.3% for x = 0, 1, 2, 3, 6, 9 and 12, respectively (Figure 5).
W_,,POM shows higher capacity retention than Mo,POM
which is consistent with the previously established obser-
vation that W,POM is more stable than Mo,POM.>
Furthermore, the capacity retention is higher for Mo,W,.«
(x =1, 2 and 3) than their single-addendum analogs. Mean-
while, Mo;W, exhibits the highest capacity retention.
These observations establish that substitution of Mo atoms
in W,,POM anions plays a substantial role in the formation
of a superior redox-active anion (Mo;W,) with higher re-
dox activity than single metal POMs. The results presented
in this study demonstrate that the intrinsic properties of
redox-active species obtained from in situ electrochemical
experiments provide the basis for the rational design of
high-performance electrochemical devices. Ion soft land-
ing provides a controlled way to deposit well-defined re-
dox-active species for in situ characterization of their in-
trinsic properties at EEI. Meanwhile, complementary elec-
tronic structure calculations provide detailed insights into
the variation in structure and electronic properties of POM
anions in the electrolyte solution with substitution of ad-
denda atoms, which helps rationalize the observed trend
in redox activity of mixed-addenda POMs. Theoretical re-
sults revealed substantial variation in the reduction poten-
tials of different isomers of mixed-addenda POM anions
and demonstrated that the most populated isomers at ex-
perimental conditions are not always the most stable spe-
cies. In addition to electronic effects, structural relaxation
of the anions after 1e” reduction was found to be a key fac-
tor determining the special properties of the Mo;W, anion,
which was found to be the most oxidant species in the se-
ries of POM anions examined in this study.

CONCLUSION

In this work, we examined the redox electrochemistry of
mass-selected mixed-addenda MoxW,,« POMs with pre-
cisely-defined stoichiometry (i.e., x = 0, 1, 2, 3, 6, 9, 12) ex-
perimentally and computationally. An in situ electrochem-
ical cell combined with soft landing of mass-selected ions
provided detailed insights into the redox activity of elec-
troactive species at operating EEIs. Our joint experimental
and theoretical findings establish that a single substitution
of a W atom by Mo is sufficient to substantially alter the
electronic structure of Keggin W,,POM.

We found that substitution of a single W¢* with Mo®%* in
W, POM resulted in a dramatic increase in the 1t redox po-
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tential making the mixed-addenda POM species substan-
tially more redox active than W,,POM. Furthermore, we
estimated the total number of electrons transferred se-
quentially during the redox steps observed in the CV scans.
In situ electrochemical measurements showed that Mo,W,
has the highest redox potential and transfers the largest
number of electrons making this anion the most oxidant
species in the range of mixed-addenda POM anions stud-
ied. These experimental observations are supported by
complementary theoretical calculations of the structures
and reduction potentials of the mixed addenda POMs in
the ionic liquid electrolyte. Theoretical calculations also
show that single substitution of a W atom by Mo is sulffi-
cient to substantially alter the electronic structure of the
Keggin W,,POM. Consistent with the experimental data,
the tri-substituted anion (MosW,) is calculated to be more
oxidant than the other members of the series. The superior
redox properties of this anion are attributed to the large
relaxation energy associated with the 1e- reduction step.
The high-level theoretical calculations, therefore, provide
information on the critical factors that affect the redox ac-
tivity of a range of mixed addenda POMs. These include:
(i) the relative stability and population of multiple iso-
meric structures of POMs at experimental conditions,
which affect the reduction potential, (ii) decrease of LUMO
energy after replacement of W atoms with more electro-
negative Mo atoms, (iii) stabilization of the redox-active
species by solvation in the electrolyte solution (ionic lig-
uid, water), and (iv) structural relaxation of the redox spe-
cies occurring after 1ereduction.

Finally, we demonstrate that the molecular-level under-
standing of the intrinsic redox activity of the mixed-ad-
denda POM anions may be directly translated to the com-
plex operating environment of redox supercapacitor de-
vices. Specifically, the superior stability characteristic of
W,,POM and the higher capacitance of Mo,,POM. In par-
ticular, redox supercapacitors prepared by soft landing
MoW,.« (x = 1, 2, 3) onto technologically-relevant CNT
electrodes showed higher specific capacitance and capacity
retention compared to other mixed addenda species with
the most redox active Mo;W, species producing the high-
est-performing supercapacitor device. These combined
atomic-level insights allowed us to design a high-perfor-
mance stable EEI in an energy storage device using Mo;W,
as a “super electroactive anion” of this class of Keggin
POMs. The molecular-level insights into the processes oc-
curring at EEI obtained from this work will aid the design
of improved sustainable electrochemical energy technolo-
gies.

METHODS

PREPARATION OF MIXED-ADDENDA POM  ANIONS
The mixed-addenda MoxW,,« (x = 0, 1, 2, 3, 6, 9, 12) anions
were prepared in a one-pot synthesis using specific molar
ratios of salts of PM0,,O,, : PW,,0,, (1:11, 2110, 3:9, 111, 9:3)
as detailed in SI section II.4-42
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IN SITU ELECTROCHEMISTRY OF MASS-SELECTED MIXED-
ADDENDA POM ANIONS

The intrinsic redox activity of mixed-addenda POM ani-
ons was evaluated by cyclic voltammetry (CV) measure-
ments acquired on soft landed triply-charged anions de-
posited directly onto specially-designed in situ thin film
electrochemical cells integrated in our custom-built ion
soft landing instrument (See SI section III, IV and V and
Figure S1).>» 444 Distinguishable redox peaks originating
from both the Cc/Cc* (internal reference redox couple) and
the deposited anions were observed in the CVs. To correct
for the additional electrode polarization of the metallic Ag
reference electrode (RE), the obtained CV curves were
manually adjusted to maintain the reduction potential of
Cc/Cc* at a value of -1.52 V. Furthermore, to correct for the
difference between the reference potential determined by
CV measurements and potentials predicted using theoret-
ical calculations, the corrected potentials in all CVs were
further adjusted so that the first electron reduction peak of
PW,,POM was at o V. This process makes the first electron
reduction peak potential of PW,,POM a reference potential
for all CVs and related analysis presented in this work.

THEORETICAL CALCULATIONS OF ELECTRONIC
STRUCTURES AND REDUCTION POTENTIALS OF MIXED-
ADDENDA POM ANIONS

The reduction potentials of the range of mixed-addenda
POM anions were theoretically determined by computing
the free energy associated with the process shown in equa-
tions 1-3. All calculations were performed in the Gauss-
ianog code with the B3LYP functional under the tight con-
vergence criteria and the ultrafine grid. 4547 See SI section
VI for the detailed description of computational methods
employed in theoretical calculations presented in this
work.

POM,3(aq) + ne- >~ POM,eq*(aq), 298.15 K - (1)
AGOX re
Enug = _(n—;d_ Esug) - (2)

where AGoyjred is the free energy change of the reduction
process, F is the Faraday constant, and Esyg is the potential
corresponding to the absolute free energy of the half-reac-
tion shown in equation (3).48

YH.(g) > H*(aq)+1e (AGsue = +4.24 €V, Esug=—4.24V) - (3)

To estimate the isomer distribution of calculated POM
structures, the weight (pop%) of each type of structure for
a given x was computed by considering the free energy of
each type of structure and the number of isomers using
equation (4):

—AG;
pop% = BT 4 100% —(4)

2i ng; e kg

where ng; is the degeneracy that is defined as the number
of different atom substitutions leading to identical geo-
metric isomers, AGi is the relative free energy to the most
stable type of structure for a given x, T is the temperature
with 298.15 K, and kg is the Boltzmann constant. A data set
collection of the computational results is available in the
ioChem-BD repository and may be accessed via
https://doi.org/10.19061/iochem-bd-2-23.4

PERFORMANCE EVALUATION OF REDOX
SUPERCAPACITORS FABRICATED USING MIXED-ADDENDA
POM ANIONS

Redox supercapacitor devices were fabricated by sand-
wiching an 1-ethyl-3-methylimidazolium tetrafluoroborate
and poly(vinylidene fluorideco-hexafluoropropylene)
(EMIMBF4 / PVDF-HFP) ionic liquid based electrolyte
membrane between two 1 x 1 cm as-prepared soft landed
electrodes. The specific capacitance of the as-prepared re-
dox supercapacitor device was determined using Galvanos-
tatic charge/discharge experiments (GCD) (See Section
VII).

ASSOCIATED CONTENT

Supporting Information. The SI section consists of descrip-
tions of experimental and theoretical methods, cyclic voltam-
mograms of soft landed MoxWp.(x = 0, 1, 2, 3, 6, 9, 12), calcu-
lated geometries of the five distinct isomers of anion Mo,W,,,
list of degeneracies, relative free energies and population of
each isomer, computed values for the five distinct isomers of
the PMo,W,,0,03 anion, and calculated free energies and elec-
tronic energies associated with the first electron reduction
step for the range of mixed addenda POMs studied in this
work.
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