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Characterization of Structural and Electronic Transitions
During Reduction and Oxidation of Ru(acac); Flow Battery
Electrolytes by using X-ray Absorption Spectroscopy

Jonathan F. Kucharyson, Jason R. Gaudet, Brian M. Wyvratt, and Levi T. Thompson*®

Metal acetylacetonates possess several very attractive electro-
chemical properties; however, their cyclabilities fall short of tar-
gets for use in nonaqueous redox flow batteries. This paper
describes structural and compositional changes during the re-
duction and oxidation of ruthenium(lll) acetylacetonate
[Ru(acac);], a representative acetylacetonate. Voltammetry,
bulk electrolysis, and insitu X-ray absorption spectroscopy
(XAS) results are complemented by those from density func-
tional theory (DFT) calculations. The reduction of Ru(acac), in
acetonitrile is highly reversible, producing a couple at —1.1V
versus Ag/Ag ™. Insitu XAS and DFT indicate the formation of
[Ru(acac);]” with Ru—O bonds lengthened relative to Ru(acac)s,

1. Introduction

One of the major hurdles facing the integration of electricity
derived from renewable resources into the grid is their tempo-
ral variability."” As a result, significant emphasis has been
placed on the development of large-scale energy-storage
devices. In addition to allowing the controlled distribution
of renewable energy? large-scale energy storage could
enable higher efficiencies for existing energy generation
technologies.”

Although a number of energy-storage technologies are
being investigated,” redox flow batteries (RFBs) have been
demonstrated to have a unique combination of attractive char-
acteristics including long lifetimes, owing to their decoupled
power and energy, and the potential to reach high energy
densities.”” RFBs consist of solvated active species (electrolytes)
that are stored in reservoirs to prevent self-discharge.”’ These
electrolytes are pumped past electrodes that are separated by
a membrane. During charging, one of the electrolytes (catho-
lyte) is oxidized and the other (anolyte) is reduced. The reverse
occurs during discharge. For the purposes of clarity in this
paper, the catholyte (oxidation) reaction will be referred to as
the positive couple, and the anolyte (reduction) reaction will
be referred to as the negative couple. All commercially avail-
able RFBs are based on aqueous electrolytes and, although
they have been demonstrated to have long cycle lives,” the
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nearly all of the charge localized on Ru, and no ligand shed-
ding. The oxidation of Ru(acac); is quasireversible, with
a couple at 0.7 V. The initial product is likely [Ru(acac);]*; how-
ever, this species is short-lived, converting to a product with
a couple at —0.2 V, a structure that is nearly identical to that of
Ru(acac); within 3 A of Ru, and approximately 70% of the
charge extracted from Ru (balance from acetylacetone). This
non-innocence likely contributes to the instability of
[Ru(acac);] ". Taken together, the results suggest that the stabil-
ities and cyclabilities of acetylacetonates are determined by
the degree of charge transfer to/from the metal.

electrochemical window of water (1.23 V) results in relatively
low energy densities and high cost. Darling et al. have indicat-
ed that an active species of sufficiently low molecular weight
and high cell potential could enable nonaqueous RFBs that
meet the aggressive Department of Energy goal of $100 per
kWh.”) Many nonaqueous solvents including acetonitrile allow
for much higher potentials than water, in some cases as high
as 5V

A variety of metallo-organic®?® and organic complexes®>*
have been investigated for use as active species in non-
aqueous RFB electrolytes. Metal acetylacetonates such as
V(acac); and Cr(acac); are particularly attractive, as they are ca-
pable of multielectron transfers, in some cases with redox cou-
ples that are separated by more than 2 V,**?2¥ and their solu-
bilities can be manipulated over more than four orders of
magnitude through functionalization of the acetylacetone
backbone.” Cycling solutions of metal acetylacetonates in
acetonitrile reveals significant capacity fade that is often attrib-
uted to irreversible ligand shedding and/or irreversible oxida-
tion reactions."”7'*2"2 Chromium(lll) bipyridine complexes
have six redox couples over a 2V window and solubilities ap-
proaching 1m."? The multielectron transfer capabilities have
been linked to non-innocence (redox activity) of the bipyridine
ligands. When cycled in an H-cell, however, solutions of
Cr(bpy); in acetonitrile reach less than 30% of their theoretical
capacities, and significant capacity fade occurs."” Wei et al.
were able to cycle a ferrocenium complex
[Fe(CsHs),CH,N(CH;),CH,CH;1 N(SO,CF;), in a flow cell for 100
cycles with 95% capacity retention at 0.1 M. When cycled at
0.8 M concentrations, however, significant capacity fade oc-
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curred during the first 20 cycles.*" The same group recently re-
ported reduced capacity fade for the same complex at 1.2m
for 500 cycles in a static cell."® The cause of the fade, in most
cases, has not been investigated and consequently is not well
understood. Although cyclic voltammetry (CV) of these metal-
lo-organic and organic complexes often demonstrates promis-
ing fundamental attributes, none possess sufficient cycle lives,
in particular at the high concentrations needed for commercial
applications.

Research described in this paper uses in situ X-ray absorp-
tion spectroscopy (XAS) to investigate the cause of instabilities
for metal acetylacetonate-based electrolytes. XAS is one of the
more powerful techniques for characterizing the electronic and
physical structures of materials under in situ conditions. This
technique utilizes high-energy X-rays that can be tuned to
excite core electrons of a selected element. The resulting spec-
tra consist of two regions: the X-ray absorption near-edge
structure (XANES), which can be used to quantify the oxidation
state of the element being investigated, and the extended X-
ray absorption fine structure (EXAFS), which can be used to de-
termine structural details. Apblett et al. recently reported the
use of XAS to monitor the oxidation state and structural
changes of an Fe-based ionic liquid (Fe[(OHCH,CH,),NH]-
(CF3S05),).5 Partial charging was observed, but the exact oxi-
dation state changes were not determined because of mixing
issues within the cell. They also reported that the Fe—O bonds
were lengthened during oxidation, as expected based on the
anionic oxygens, but no bond lengths changes were detected
during reduction. It is possible that side reactions occurred, as
the electrolyte and cell were prepared while in contact with
air.® To the best of our knowledge, this is the only report of
the use of XAS to characterize a nonaqueous RFB electrolyte.

Although the cost and limited solubility of ruthenium(lll)
acetylacetonate [Ru(acac);] prevent it from being utilized as
a commercial RFB active material, it does represent an interest-
ing case study for understanding how the structures and
charge distributions are affected by electrochemical oxidation
and reduction. Owing to the weak X-ray absorption of acetoni-
trile at the Ru K edge (22 keV), transmission measurements
through a functioning cell can probe the Ru without excessive
signal loss through matrix absorption. Ru(acac); was also se-
lected because its properties are similar to those of the other
metal acetylacetonates, and the cause for fade is unknown.
Chakbarati et al. reported that, although Ru(acac); undergoes
two quasireversible redox reactions over a 2 V window in ace-
tonitrile, less than 12% state of charge (SOC) was achieved
during charge/discharge experiments.”” This suggests that
products formed during CV were different from those formed
during charge/discharge experiments, or that the initial prod-
ucts converted to other species. Insitu XAS will allow us to
characterize these species. XAS was performed in specially de-
signed electrochemical cells that allowed us to track changes
in the structural and electronic properties of solvated Ru(acac),
while the material was being electrochemically oxidized or re-
duced, and isolated from air.

Our experimental protocol started by using CV to determine
the voltage ranges to be used during oxidation and reduction
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of the Ru(acac); electrolytes. We then used bulk electrolysis
(BE) to change oxidation states of the electrolytes. During BE,
the electrolyte was held at a constant potential until a given
degree of oxidation or reduction (i.e. SOC) was achieved, or
until the current decayed to essentially zero. When possible,
the BE was carried out in steps of 0.2 electrons per molecule.
The resulting materials were characterized by using CV and
XAS. In attempts to completely reduce Ru(acac);, the electro-
lyte was held at —1.5V; subsequently, it was held at —0.7 V to
fully reoxidize the electrolyte. In attempts to completely oxi-
dize Ru(acac);, the electrolyte was held at 0.8 V; subsequently,
it was held at 0.4V to reduce the electrolyte. In situ XAS was
performed in an air-tight Teflon-lined BE cell with windows to
allow the X-ray beam to travel through the electrolyte. The ex-
perimental results were complemented by DFT structure opti-
mization calculations using Gaussian 09, with Multiwfn for orbi-
tal density quantification.?**” Together, the results allowed us
to define the structural and compositional properties of the
electrolyte and determine the cause for degradation of the
Ru(acac),;-based electrolytes.

2. Results and Discussion
2.1. CV and Standard Potentials

The cyclic voltammogram of Ru(acac); in acetonitrile is illustrat-
ed in Figure 1. Voltammograms of Ru(acac); solutions have
been previously reported to include two quasireversible cou-
ples separated by approximately 1.77 V* and, as seen in
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Figure 1. Cyclic voltammogram of 0.01 m Ru(acac), in acetonitrile with 0.1m
TBABF,.

Table 1, we observed similar results. Furthermore, the standard
potentials generated by the DFT calculations were consistent
with the experimental results. Figure 1 also reveals a minor
couple at —0.2'V versus Ag/Ag™ that was not previously re-
ported. The origin of this feature will be discussed later.

The diffusion coefficient for Ru(acac), in acetonitrile was de-
termined by using the Randles-Sevcik equation,?*?>2*?% and
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Table 1. Standard potentials (E;) and diffusion coefficients (D,) deter-
mined through CV and DFT calculations. The standard potentials in V
versus Ag/Ag ™.

E,, negative couple [V] E, positive couple [V D, [10°cm?s™']
v DFT cv DFT v

Ru(acac); —1.11 —1.09+0.02 0.68 0.73£0.09 6.1+0.8

the results are listed in Table 1 (see Figures S1-S3 for scan-rate
plots). This diffusion coefficient was within error of that for
other acetylacetonate complexes,”® which is not unexpected
given their structural similarities. Although CV provides useful
information regarding the short-term products of redox reac-
tions, BE allows for the characterization of longer-term species
that are more relevant to battery operation.

2.2, Structural Changes During Reduction and Oxidization

During BE, to completely reduce the Ru(acac); solution,
0.95 electrons per molecule could be charged to the cell
before the current decayed to zero, and 0.89 electrons per
molecule could be extracted during the subsequent oxidation
(see Figure S4). The small difference in the number of electrons
is primarily attributed to cross-over, as voltammograms before
and after BE were similar (Figure 2). Based on the literature,”””
the reaction associated with the couple at —1.1 V is [Eq. (1)]:

[Ru(acac);] + e « [Ru(acac)s]” (1)

The results suggest that [Ru(acac);]™ is not subject to further
changes with time (i.e. it has a long shelf life). Also note that
the couple at —0.2 V remains a very minor feature in the vol-
tammogram and is inactive at the potentials used for BE.

During BE, to completely oxidize the Ru(acac); solution,
1.11 electrons per molecule could be extracted from the cell
before the current decayed to zero, but only 0.08 electrons per
molecule could be charged to the cell during the subsequent

—
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Figure 2. Cyclic voltammograms of Ru(acac); electrolyte before (black), after
reduction then oxidation (—1.5V then —0.7 V) (red) and oxidation then re-
duction (0.8 V then 0.4 V) (blue).
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reduction. The resting potential shifted from 0.7 to —0.2V. In
fact, the dominant couple in the CV after BE (Figure 2) is at
—0.2V; consequently, BE at 0.4 and 0.7V would have little
effect on the electrolyte. The principal reaction associated with
the couple at 0.7 V has been reported to be [Eq. (2)]:*”

[Ru(acac);] < [Ru(acac);]" +e” (2)

Although the short-term product could be [Ru(acac);]™
based on CV, results from BE suggest a different long-term
product that yields a redox couple at —0.2 V. This product is
not the free ligand, as the oxidation of acetylacetone is irrever-
sible, occurring at approximately 0V versus Ag/Ag*.*® The
peak height of the product suggests a diffusion coefficient
that is comparable to that for Ru(acac); in acetonitrile and,
based on the Stokes-Einstein equation,® this species is similar
in size to Ru(acac);. The reversibility of the species giving rise
to the couple at —0.2V was characterized by reducing the
electrolyte at —0.5V, and subsequently oxidizing it at 0.4 V.
The BE of this species was very irreversible. The emergence of
this species would explain the difficulties reported previously
in attempts to completely discharge cells employing
Ru(acac),.””

EXAFS spectra of the electrolytes before and after BE are
shown in Figure 3, along with illustrations of the relevant pho-
toelectron paths. Each peak represents a half-path: the dis-
tance a photoelectron travels from the Ru atom to one or
more scattering electrons and then back to the same Ru atom,
divided by two according to convention. For single-scatterer
paths, this is simply the distance from the Ru atom to the scat-
tering atom; whereas, for two-scatterer paths, this is half the
perimeter of the triangle formed by the scatterers and Ru. The
peak at 1.6 A corresponds to the approximate 2 A path of
a photoelectron to the six-fold oxygen nearest neighbor (R1).
The peak at 2.5 A corresponds primarily to the path of a photo-
electron to the approximate 3 A path of the six-fold carbon
second-nearest-neighbor (R2), overlaid with the triangular half-
path from the Ru around these same O and C atoms (R3,
where the perimeter of this Ru—O—C triangle is 2R3). By using
the Demeter software package, these three paths were gener-
ated from a DFT-optimized Ru(acac); and fit to the experimen-
tal data. Before BE, the Ru—O bond distance (R1), the second-
nearest-neighbor Ru—C distance (R2), and the Ru—O—C triangle
(2R3) were found to be 2.02+0.01 A, 2.94:£0.02 A, and 6.2+
0.1 A, respectively (see Table S3). These distances indicate an
O—Ru—C angle of 14°. The amplitude of this fit [where 1 repre-
sents Ru(acac); and 0 represents a Ru atom with no local struc-
ture] was 1.0+£0.1 and the variance of these bond distances
was found to be ¢>=0.003+0.001 A, which is the expected
value at room temperature; these values held during the
entire course of the experiments.

The electrochemical reduction of Ru(acac); causes the Ru—O
bond (R1) to lengthen from 2.02 to 2.05 A; subsequent oxida-
tion causes the bond length to retract to its initial value
(Figure 4). The average bond length varied linearly with the
charge added or extracted per molecule. Although we expect
these distances to represent two unique species—Ru(acac),
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Figure 3. a) R-space EXAFS of Ru(acac); before BE and following reduction and oxidation (k-weight=2). Peaks at 1.6 and 2.5 are primarily formed from the il-
lustrated photoelectric paths in (b). The peak at 3.3 A consists of a large number of ligand paths which could not be deconvoluted.

2061 2 Ondatione . = s

- 'y
ot = Reduction

:'; 2.05F = Subsequent // .
5-:3 Oxidation )’

= 2.04F A g
z A

A 203} o ]
L) | "

g 20t . e .
m A > T—‘ﬁ’“g\g
o 201} | ]
1

=)

/o 2.00L— L

00 02 04 06 08 10 12
Electrons per Molecule

Figure 4. Changes in Ru—O bond length (Ru—O first shell) for Ru(acac),
during BE, as determined by using in situ EXAFS.

and Ru(acac);”—the change in bond distances between them
was too small to deconvolute into separate paths. Instead, the
bond length was taken as an average for these species. Varia-
tions in the bond length determined by using EXAFS were
consistent with those calculated by DFT (Table 2). The opti-
mized structure, XYZ coordinates, and bond-length changes
can be found in Figure S5 and Tables S1 and S2 in the Support-
ing Information. The acetylacetonate ligand is negatively
charged and, as the complex is reduced, the Ru—O bond
should lengthen, owing to repulsive forces; the opposite
should occur with an increasing oxidation state. Interestingly,

Table 2. Measured (EXAFS) and computed (DFT) bond-length changes
after reduction and oxidation of Ru(acac),.

Average Ru—O bond-length change [Ru(acac);]™' [Ru(acac);] ™
experimental [A] 0.0340.01 —0.01+0.01
computed [A] 0.043 —0.042
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variations in R2 and R3 path distances were less than the esti-
mated uncertainties, indicating minor changes in the corre-
sponding bond lengths, if any. The uncertainties for R2 and R3
are 0.02 and 0.05 A, respectively, so the photoelectron path
length is likely changing, but within error. Alternatively, the
ligand is distorted to allow for a slight increase in R1, without
changing R2 or R3. The full set of EXAFS data are provided in
the Supporting Information (Table S3) along with a representa-
tive fit (Figure S6). Recall that there were minimal changes in
the electrochemistry observed from cyclic voltammograms col-
lected before and after BE to reduce Ru(acac); (Figure 2). The
reversible Ru—O bond changes are consistent with those
findings.

When Ru(acac); was electrochemically oxidized, the Ru—O
bond length (Figure 4) decreased by less than 0.01 A; the small
change was linear with the charge extracted. As was found
during the reduction of Ru(acac);, the amplitude of each
EXAFS path does not deviate from 1.040.1; ligand shedding, if
any, was less than 10%. This result is apparently inconsistent
with the voltammograms, which indicated significant changes
in the electrochemistry (Figure 2) and presumably the structure
of Ru(acac); upon oxidation. Based on the DFT calculations,
a bond-length change of 0.04 A should occur when Ru(acac),
is oxidized to [Ru(acac);]*, providing further evidence for a spe-
cies other than [Ru(acac);]". The EXAFS spectra allowed us to
rule out the formation of RuO, (1.9 A Ru—O bond), a Ru acety-
lacetonate dimer (2.6 A Ru—Ru bond), or Ru metal (2.5 A Ru—
Ru bond) as products.”” As our EXAFS measurements in the
3-6 A range do not include enough data to deconvolute the
large number of overlapping photoelectron paths generated
by the acetylacetone ligand, we do not expect to observe any
changes on the ligand 3 A from the Ru atoms. We have tenta-
tively concluded that the structural and compositional changes
occurred on the acetylacetone ligand, beyond the sampling
range of EXAFS. The changes were irreversible and the result-
ing complex produces a couple at —0.2 V versus Ag/Ag™. Ru
XANES will provide important information regarding relative
contributions of the Ru and the ligand to the electrochemistry.
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Nevertheless, additional characterization will be required to
provide a highly detailed description of the species.

2.3. Charge Distribution During Reduction and Oxidation

The ligands on metal acetylacetonates are typically considered
to be redox innocent, that is, they do not contribute to the
electrochemistry.*" By tracking the oxidation state of Ru, we
can determine the degree of innocence or non-innocence. One
would expect the Ru oxidation states to change by +1 if only
the metal participated. The change in the charge on Ru follow-
ing BE of Ru(acac); was quantified by tracking edge shifts in
the in situ XANES spectra (see Figure 5). The Ru edge shifted
to lower energy during reduction and to higher energy during
oxidation, and these shifts were reversible. For both reactions,
the post-edge features did not change significantly. A shift of
+1.25 eV corresponds to a +1 change in the oxidation state
of Ru (Figure 6a) based on the correlation of edge shifts for
known standards (results for the standard samples can be
found in Figure S7). Given this correlation, the oxidation state
of Ru decreases from 2.2+0.2 to 1.0 £0.2 during the reduction
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of Ru(acac); (Figure 6b). In other words, most of the electro-
chemistry is attributed to Ru. Also note that XANES spectra
after reoxidizing the reduced Ru(acac); (returning to zero elec-
trons per molecule) were nearly identical to those for the fresh
electrolyte.

Following electrochemical oxidation of Ru(acac);, the oxida-
tion state of Ru increases from 2.2+0.2 to 29+40.2, or a net
change of 0.7 +0.2. The results indicate that, although most of
the electrochemistry can be attributed to the Ru, significant
charge (ca. 30+20%) is extracted from other constituents of
the complex, namely the ligands. Given differences in products
for the reduction and oxidation reactions, one might conclude
that the stability of Ru(acac); is correlated with the degree of
charge that is stored on or extracted from Ru.

Experimentally determined changes in the oxidation states
were compared to the quantified HOMO and LUMO densities
determined from the DFT calculations (Table 3). A complete list
of the orbital densities for each atom at each charge state for
Ru(acac); can be found in the Supporting Information
(Table S4). In all cases, DFT calculations indicate less of the orbi-
tal density to be on the metal than determined from the

T T T
Before BE
Oxidation

o
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o
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Figure 5. a) Full and b) edge XANES of Ru(acac), solutions following reduction and oxidation through BE.
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Figure 6. a) Edge shifts for standards and charged species associated with reduction and oxidation reactions (determined from standards) and b) XANES-esti-
mated oxidation states of samples during reduction (black/blue) and oxidation (red).
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Table 3. Changes of oxidation state for Ru in Ru(acac); during oxidation
and reduction determined from XANES. The results are compared to the
fraction of the orbital density determined from DFT calculations.

Method Reduction Oxidation
XANES —1.24+0.2 0.7+0.2
DFT —0.67 0.53

XANES results; this is not unexpected, as DFT is known to dis-
tribute charge throughout a complex.®® Regardless, DFT pre-
dicts more of the orbital density to be on Ru during reduction
of Ru(acac), than during oxidation, which is in agreement with
the experimental results. The orbital densities for each atom
type determined from the DFT calculations are shown in
Figure 7. For the oxidized Ru(acac), electrolyte, more of the or-
bital density is on the oxygen atoms than for the reduced
Ru(acac), electrolyte, and likewise for the carbon atoms, specif-
ically those that are part of the conjugated ring portion of the
acetylacetone ligands.

a
Ru
67%
b (0]
26%
C
19%
H
2%

Figure 7. Neutral Ru(acac), orbital density by atom type for a) LUMO and
b) HOMO.

Both XANES and EXAFS of the oxidation reaction indicate
that the side reaction likely occurred on the conjugated por-
tion of the ligands. K-edge XANES typically generates a pre-
edge peak, except when this is suppressed by inversion sym-
metry (e.g. octahedral) around the metal; this is a common
method of quantifying transitions from octahedral (no pre-
edge) to tetrahedral (strong pre-edge) environments in metals.
In the case of Ru, a weak pre-edge shoulder is expected at
22118 eV for non-inversion-symmetric species.*? The lack of
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this feature in oxidized Ru(acac); (Figure 5) indicates octahedral
symmetry is maintained. Insights derived from results present-
ed in this paper are being used to functionalize the acetylace-
tone to mitigate side reactions.

3. Conclusions

The experimental and computational results presented in this
paper indicate the reversible reduction of Ru(acac); to
[Ru(acac);]” in acetonitrile, with essentially all of the charge lo-
calized to the metal center and the Ru—O bond length increas-
ing on reduction and contracting during reoxidation. The oxi-
dation of Ru(acac), in acetonitrile appeared to initially produce
[Ru(acac);]", which converted to another species through
chemical or electrochemical processes. Approximately 70% of
the charge was extracted from the Ru atom and approximately
30% from the acetylacetone ligands. Collectively, the results
suggest that, although the short-term product of Ru(acac); oxi-
dation could be [Ru(acac);]*, the long-term product has six-
fold Ru—O bonding with octahedral symmetry, has a structure
that is identical to Ru(acac); up to 3 A from Ru, has a Ru oxida-
tion state of 2.9+0.2, and produced a couple at —0.2 V versus
Ag/Ag™, which was found to be irreversible during BE. The re-
sults also indicate that stability and cyclability are functions of
the degree of charge transfer with the metal center. Additional
research will determine if this behavior is common to other
metal acetylacetonates as well as other complexes.

Experimental Section
Cyclic Voltammetry

CV was performed by using a PGSTAT302N Autolab potentiostat. A
10 mL, three-electrode electrochemical cell, fabricated in-house,
was used for these experiments. The three electrodes consisted of
a 0.07 cm? glassy carbon disk working electrode (BASi), a Ag/Ag +
quasi-reference electrode (BAS filled with 0.01 m silver tetrafluoro-
borate in acetonitrile (Sigma Aldrich), and a 23 cm long platinum
wire counter electrode (ALS). The working electrode was polished
by using 9 and 0.3 um aluminum oxide polishing paper (Fiber In-
strument). Electrolyte solutions were prepared inside an Ar-filled
VAC glove box, and all CV scans were conducted inside the same
glove box.

Bulk Electrolysis

BE was performed by using a PGSTAT100 Autolab potentiostat
with a chronoamperometric method. Holding potentials were
chosen to isolate individual redox couples but avoid expected side
reactions. A 10 mL, glass cell consisting of two equal volume work-
ing and counter chambers separated by a class P5 (1.0-1.6 um
pore size) glass frit (Adams&Chittenden) was fabricated in-house.
The working electrodes were made from reticulated vitreous
carbon sheets with 60 pores per inch (ERG Aerospace) that were
cut into rectangular strips (ca. 1x1x5 cm?®). 0.07 cm? glassy carbon
working electrodes were used for in situ CV measurements, which
were polished by using 9 and 0.3 pm aluminum oxide polishing
paper (Fiber Instrument). A Ag/Ag” quasi-reference electrode
(BASi) filled with 0.01m silver tetrafluoroborate in acetonitrile
(Sigma Aldrich) was used as the reference electrode, and a 23 cm
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long platinum wire (ALS) was used as the counter electrode. Two
Teflon stirrer bars were used to mix the counter and working solu-
tions during the experiments, and stirring was temporarily stopped
during CV measurements. For Ru(acac);, constant voltage BE was
performed at a concentration of 0.1m active species with 0.5m
TBABF, in acetonitrile. The same electrolyte was used in the coun-
ter chamber (equal volume as the working chamber). To character-
ize the oxidation reaction, the materials were evaluated following
BE at 0.8 and 0.4V versus Ag/Ag™. To characterize the reduction
reaction, the materials were evaluated following BE at —1.5 and
—0.7 V versus Ag/Ag ™. A current cut-off of 1 mA was used for both
reactions as cross-over occurs in the cell and a current lower than
1 mA would not be reached. Samples before and after BE were di-
luted to 0.01 m active species with 0.1 M TBABF, in acetonitrile and
cyclic voltammgrams were collected.

X-ray Absorption Spectroscopy

XAS experiments were performed at beamline 10-BM (MRCAT) of
the Advanced Photon Source, Argonne National Laboratory. Beam
size was set at 0.5x0.5 mm and experiments were conducted in
transmission mode with gas ionization chambers. XANES analysis
consisted of observing changes in edge shift as well as transitions
from one species to another, as calculated through linear combina-
tion fitting (LCF) to known standards.

X-ray collection was taken from 200 eV below the K edge of Ru
metal (Ru K E,=22117 eV) to approximately 1200 eV above the
edge (ca. 18 A™") with each measurement taken over the course of
30 min. EXAFS analysis was completed by using the AUTOBK algo-
rithm with a spline range of 0-18 A, Rbkg = 1.0, and a normaliza-
tion order of 3. The EXAFS range was found to be excellent to
18 A™' and a Fourier transform was made by using 3<k<16 A™".

Measurement of Ru standards of Ru metal, Ru(acac),, tris(triphenyl-
phosphine) ruthenium (Il) dichloride (TTP-RuCl,), RuO,, and RuCl,
were taken in polycarbonate cuvettes (liquid samples) or ground
to a fine powder and loaded into polyimide tape packets (solid
samples).

A BE cell was placed in the beamline such that a 1 cm length of
electrolyte could be measured in transmission mode (edge step ca.
0.7). The negative and positive reactions were tested separately by
conducting BE of the individual half-reactions charged from 0%
(“before electrolysis”) to the maximum electrons per molecule in
steps of 0.2, and subsequent discharge, with XAS measurement
taken at each step. The BE experiment was conducted by using
the same method as described above when using the Teflon cell.
For the reduction reaction, the electrons per molecule were deter-
mined by using the open-circuit potential and the Nernst equation.
For the oxidation reaction, the open-circuit potential was not a reli-
able method of determining the electrons per molecule, owing to
the side reaction changing the open-circuit potential. Monitoring
of current during each step demonstrated negligible changes in
the oxidation state of the electrolyte while XAS was being
collected.

Density Function Theory Calculations

Structure optimization calculations were performed for the neutral
and charged species by using the B3LYP functional with the 6-
314+ G(d) and LANL2DZ basis sets. All minimized structures were
confirmed through vibrational frequency calculations. The B3LYP
functional with the 6-31-+G(d) basis set has previously been
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shown to be effective at determining the standard potentials of
both ionic liquids and quinoxaline derived complexes,®**! and
similar DFT calculations have been shown to correctly predict the
reduction standard potentials of various metal-acetylacetonate
complexes. In previous metal-acetylacetonate studies, no oxidation
potentials, structural changes during charge/discharge, or charge
states were presented.*” The LANL2DZ basis set has been used for
complexes similar to Ru(acac); to effectively determine the charge
of the metal versus the ligand for neutral species by using natural
population analysis (NPA), and calculating molecular orbital ener-
gies." First, the predicted standard potentials were calculated by
using the highest occupied molecular orbitals (HOMO) and lowest
unoccupied molecular orbitals (LUMO) values of the neutral species
in acetonitrile by using the polarizable continuum model (PCM). A
linear correlation found by Cheng etal. for 295 organic com-
plexes™ was used to convert the calculated HOMO and LUMO en-
ergies to the positive and negative standard potentials, respective-
ly. The optimized structures with different charges were compared
to determine any significant changes in bond lengths and angles
to compare with the XAS results.

To quantify the HOMO and LUMO density for the complex, Mul-
tiwfn, a multifunctional wavefunction analyzer developed by Bei-
jing Kein Research Center for Natural Sciences was utilized, using
the Hirshfeld method.®”

Cell Design

A custom Teflon cell was built for use in the insitu XAS experi-
ments run at Argonne National Lab, constructed in the Physics ma-
chine shop at the University of Michigan. The cell consisted of
three parts: a working electrode chamber, a counter electrode
chamber, and a block used to seal a P5 glass frit (Adams & Chitten-
den) between the two electrode chambers. The dimensions of the
counter and working electrode cavities were designed to ensure
that the liquid heights were equal when using 5 mL of solution in
both chambers. The counter electrode chamber (shown on the left
side of all explosion diagrams in Figure 8 consists of a 2" cavity of
0.625" diameter. At the top of the cavity was threading for a 1/2"
NPT fitting, where a Pt wire counter electrode was secured using
a '/,” Swagelok ultra-Torr fitting. A 0.9 cm diameter hole was cut
into the cavity with an expanded diameter (to 1 cm diameter) at
the edge to house a #12 viton O-ring. In the middle connecting
block, a 1 cm diameter hole was cut 8 mm into the 1 cm slab, with
the last 2 mm consisting of a reduced hole of 0.9 cm diameter to
house a #12 viton O-ring. The working electrode chamber

@%

0, 0
o, P e
= \u

Figure 8. Explosion diagrams of the bulk electrolysis cell used in the in situ
X-ray absorption experiments. From left to right: counter electrode block,
connected block, working electrode block.
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(Figure 9) consisted of a large rectangular cavity to house the
working and reference electrodes, and a 1 cmx 1 cmx1 cm cavity,
which acted as the viewing area for X-rays. 7.5 mm diameter holes
were cut into the sides of the 1x1x1cm’ cavity, leaving Teflon
walls that were approximately 250 pm thick, which acted as “win-

Working

Electrode
[ —
| Reference

O T/ Electrode
250pm
/’
- Te flon
Windows

O O
\

Figure 9. Schematic of working electrode chamber.

dows” for the X-rays while maintaining an air-tight seal. The work-
ing electrode chamber was sealed against the connecting block by
using a #26 Viton O-ring, housed in an O-ring cutout. The working
electrode, a 1x1x5 cm? strip of 60 pore per inch reticulated vitre-
ous carbon (ERG Aerospace) attached to a wire by using silver
epoxy and a 7 mm glass tube, was secured at the top of the work-
ing electrode chamber by using a 1/4" Swagelok ultra-Torr fitting
with an 1/8” NPT outlet. The reference electrode (Ag/Ag™) was sim-
ilarly secured by using a 1/4” ultra-Torr to 1/8” NPT Swagelok fit-
ting at a 30° angle to the bottom face, aimed at contacting the
top of the liquid in the cell. Prior to the experiments at Argonne
National Lab, the cell was validated at UM by performing BE on
a 0.1m Ru(acac); with 0.5m TBABF, in acetonitrile solution, with
similar results obtained in the glass BE cell (Figure 10). Further-
more, cyclic voltammograms were obtained to ensure no peaks as-
sociated with water or unknown products were found following air

Figure 10. Assembled BE cell.
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exposure to the Teflon cell for 12 h, which is well in excess of the
time required for the BE experiments.
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