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Spectroelectrochemistry of Vanadium Acetylacetonate and
Chromium Acetylacetonate for Symmetric Nonaqueous Flow
Batteries
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Chromium acetylacetonate, or Cr(acac)z, is a promising active species for high-energy-density symmetric redox flow batteries
because the neutral complex supports multiple charge-transfer reactions with widely separated redox potentials. Voltammetric and
spectroelectrochemical measurements were performed to probe the mechanism of the first electrochemical disproportionation of
Cr(acac); — i.e., the cell reaction associated with the two redox couples immediately adjacent to the equilibrium potential of a
freshly prepared nonaqueous Cr(acac)s solution. Substantially different limiting currents are observed for the positive and negative
half-reactions, suggesting that at least one deviates from the similar outer-sphere single-electron transfer mechanisms proposed
earlier. Spectroelectrochemical chronoamperometry suggests ligand dissociation in the negative reaction, and consequent structural
reorganization of the Cr(acac); complex. Vanadium acetylacetonate was investigated for comparison, and no ligand dissociation was
observed. A negative half-reaction mechanism consistent with the voltammetric and spectroelectrochemical data is proposed, and
used to rationalize observations of charge/discharge behavior in cycling Cr(acac)s cells.
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As researchers have identified the economic benefits that large-
scale energy storage delivers to the grid, research into redox flow
batteries (RFBs) has expanded.! In efforts to increase energy density
or decrease active-species loading, researchers have targeted nonaque-
ous RFB chemistries, which can produce operating potentials outside
the stability window of water.>™ Several nonaqueous chemistries are
based on transition-metal-centered coordination complexes.>*-°

Chromium acetylacetonate, or Cr(acac);, appears especially
promising as an RFB active species: it has five accessible redox states,
and there is a wide voltage separation between the first reduced and
first oxidized states of the neutral complex. The Cr(acac); complex has
also been used for catalysis'® and as a standard for atomic absorption
spectra.!! Whereas vanadium acetylacetonate, or V(acac)s, appears to
support outer-sphere electron transfer for both single-electron addi-
tion and withdrawal in certain nonaqueous electrolytes, and to undergo
both charge exchanges with relatively facile kinetics,'? the voltammet-
ric response of Cr(acac); is harder to interpret. Experimental efforts
to clarify the electrochemistry of Cr(acac); have been challenging be-
cause the reaction mechanism apparently varies with the choices of
solvent, supporting electrolyte, and working electrode.'>~"”

The literature describing nonaqueous Cr(acac); electrochemistry
does not provide a consensus about the mechanisms for either the
first reduction or first oxidation of the neutral complex. The elec-
trochemical response during reduction depends heavily upon sol-
vent, with different behavior observed in dimethylsulfoxide,'!>!819
N,N-dimethylformamide,'® dichloromethane,'* acetonitrile,'>'7?° and
others.!> Various mechanisms have been proposed for the first re-
duction, but the first oxidation mechanism has only received signif-
icant attention since Cr(acac); was proposed for nonaqueous RFB
applications.>?!

Most reports of Cr(acac); electrochemistry describe experiments
performed with Hg electrodes, which have been observed to form
complexes with acac™ ions.”?> When the nonaqueous electrochemistry
of Cr(acac); was compared between Hg and Pt working electrodes,
experiments using Hg suggested the presence of three distinct reduc-
tion events, whereas those with Pt only indicated one.'” The Cr(acac);
complex oxidizes at relatively high potentials, which have only been
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probed with solid electrodes because they are beyond the oxidation
potential of Hg.>?!

The choice of supporting electrolyte is also known to affect the
electrochemical behavior of B-diketonate coordination complexes.
When supported by alkali and alkaline-earth-metal salts, the cations
coordinate with acac™ ligands harvested from the M(acac); and
shift equilibrium reduction potentials; this coordination does not oc-
cur in the presence of tetracthylammonium cations, however.!62324
Tetraalkylammonium salts have consequently been preferred as sup-
porting electrolytes for nonaqueous RFB research.

Nonaqueous RFB cells based on several metal/organic coordi-
nation complexes have been hypothesized to charge and discharge
via single-electron disproportionation and comproportionation mech-
anisms, respectively,>>%% but the chromium system exhibits unex-
pected charge/discharge behavior in light of this proposed electro-
chemistry. The present study aims to illuminate the chemical or elec-
trochemical processes responsible for the unusual cycling responses
of Cr(acac); cells.

Linear-sweep voltammetry (LSV) experiments with microelec-
trodes, similar to those performed by Shinkle et al.'”> with V(acac);
solutions, show that the redox activity of Cr(acac); is inconsistent with
a single-electron disproportionation mechanism: there appears to be
a charge imbalance between the first oxidation and the first reduc-
tion half-reactions. Spectroelectrochemistry supports the previously
proposed simple outer-sphere mechanism for V(acac);, while experi-
ments with Cr(acac); provide evidence of ligand dissociation during
the first reduction.

A new mechanism for Cr(acac); reduction is proposed that is
consistent with the voltammetric and spectroelectrochemical obser-
vations. The alternative mechanism suggests a different overall cell
reaction for RFBs involving Cr(acac);, which can affect expecta-
tions for charge/discharge performance and solution metrics such as
theoretical maximum energy density. Clarification of the reduction
mechanism could inform the uses of Cr(acac); as an electrocatalyst
or standard as well.

Experimental

Chromium acetylacetonate (99.99%, Sigma-Aldrich, USA), ace-
tylacetone (H(acac), 99%, Sigma-Aldrich, USA), and vanadium
acetylacetonate (98 %, Strem Chemicals, USA) were used as delivered.
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Figure 1. Schematic diagram and photograph of the spectroelectrochemical
cell.

Tetraethylammonium tetrafluoroborate (TEABF,, 99%, Alfa Aesar,
USA) was recrystallized in methanol following the procedure of
Rolfe et al.>> and dried under a nitrogen atmosphere. All solutions
were prepared in an argon-filled glove box (OMNI series, Vacuum
Atmospheres, USA) with oxygen and water contents under 1 ppm.
Anhydrous acetonitrile (99.8%, Sigma-Aldrich, USA) was dried over
molecular sieves in the glove box for more than 24 hours before being
used to prepare solutions.

Metal microelectrodes for voltammetry were fabricated by en-
capsulating platinum wires (99.9%, 100 wm diameter, Alfa Aesar,
USA) in molten soda-lime-glass tubing, then grinding the ends after
cooling to expose the metal surface. Electrode areas were verified
using voltammetry in aqueous potassium ferricyanide solutions, as
described by Kucernak et al.?

LSV was performed using three-electrode electrochemical cells
in the glove box, which were connected to an Autolab PGStat 302N
potentiostat (Metrohm, USA) via electrical feed-throughs in the glove
box wall. Experiments were performed in a three-chamber cell with
the counter, reference, and working electrodes in separate chambers.
All working electrodes were polished wet with alumina slurry (5 wm,
then 0.05 wm, Pine Instruments, USA) and dried between experi-
ments. A coiled 0.3 m length of Pt wire (99.99%, 0.5 mm diameter,
Alfa Aesar USA) was used as the counter electrode in all cases.
Voltammetry was performed relative to a nonaqueous Ag/Ag™ refer-
ence electrode (BASi Inc., USA) comprising a silver wire submersed
in a solution of 0.01 M AgNO; (99%, BASI Inc., USA) and 0.1 M
TEACIO, (90%, Alfa Aesar, USA) in acetonitrile (ACN). The ref-
erence electrode was ionically connected with the working solution
through a fritted junction involving an intervening solution of 0.05 M
TEANO; (97%, Fluka, USA) in ACN. After running an LSV exper-
iment in the negative (for reduction) or positive (for oxidation) direc-
tion away from a potential of 0 V vs. Ag/Ag™, the voltage was swept
back across the same range, but in the reverse direction, to look for
hysteresis in the current response. All linear-sweep voltammograms
showed minimal hysteresis; results presented graphically below show
both the forward and reverse voltage sweeps for every experiment.

Spectroelectrochemical experiments were performed in a custom
cell, which was fabricated in-house and is depicted in Figure 1. A
1-mm pathlength quartz cuvette was fused to an airtight glass cell body
via a quartz/glass gradient. A Pt-mesh working electrode accessed
the electrolytic solution occupying the quartz cuvette while a Pt-
disc (3 mm diameter) counter electrode completed the circuit from a
sidearm in the glass cell body. Another sidearm allowed access for
the nonaqueous Ag/Ag* reference electrode. To clean the Pt mesh,
it was rinsed with ultrapure water, subsequently rinsed with acetone,
and dried; the Pt disc was cleaned using the aforementioned polishing
procedure.
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Chronoamperometric electrolysis was performed using an Ag/Ag™
reference electrode containing a solution of 0.01 M AgNO; and 0.1
M TEACIO, in ACN. The spectroelectrochemical cell was assembled
and filled with the test solution in the glove box; the electrode ports
were then sealed using screw tops containing o-rings before being
transferred out of the glove box and into a spectrophotometer for
experiments. Prior to beginning chronoamperometry, a cyclic voltam-
mogram was collected to determine the suitable range of applied
potentials. Spectra were gathered using ThermoFisher Genesys 10S
UV-Vis (Fisher, USA) and Cary 40 (Agilent, USA) spectrophotome-
ters to quantify UV-visible and near-infrared absorption, respectively.
The general procedure involved observing the absorbance spectrum
of the pristine solution at its open-circuit potential (OCP), followed
by collection of spectra after applied chronoamperometric electroly-
sis for 30, 60, 120, 240, and 480-second intervals. Unless otherwise
specified, the spectra reported here illustrate absorbance data collected
after the last electrolysis interval (after 930 total seconds of applied
potential). A baseline spectrum obtained from a 0.025 M solution of
TEABF, in ACN has been subtracted from all the data reported here
to isolate effects due to other solutes.

Charge-discharge experiments were performed in a two-chamber,
10 cm long cylindrical glass cell, similar to the one described earlier
by Shinkle et al.?’” Electrolytic solutions were contained within two
12.5 mL chambers, which were continuously stirred by Teflon-coated
magnetic stir-bars. A Celgard 4560 membrane was used to separate
the positive and negative cell chambers. The separator was rinsed
with ACN before use and allowed to soak within the loaded cell for
24 hours before beginning experiments. The electrodes employed in
the charge/discharge experiments were graphite slabs (GraphiteStore,
U.S.), offering 2.54 cm? of contact surface to each solution. Galvanos-
tatic charge/discharge experiments were performed using a solution of
0.05 M Cr(acac); and 0.5 M TEABF, in ACN. The charge/discharge
scheme entailed a 0.39 mAcm™ charging current density to deliver
30% of the theoretical maximum state of charge (SOC) assuming 1-
electron disproportionation or 4.1 V — whichever came first — and a
0.039 mAcm™2 discharging current density down to a 0.5 V cutoff.
All charge/discharge experiments were performed in the argon-filled
glove box.

Voltammetry Results

Whereas V(acac); displays facile electrochemical kinetics for both
oxidation and reduction,>'? redox of Cr(acac); is apparently less re-
versible, as the cyclic voltammogram presented in Figure 2 confirms.
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Figure 2. Cyclic voltammograms of Cr(acac); in supporting electrolyte
(black) and supporting electrolyte alone (gray): 500 mVs~! scan rate, Pt work-
ing electrode, 299 K, Ar atmosphere.
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(A cyclic voltammogram of TEABF,-supported V(acac); in acetoni-
trile has been reported previously by Shinkle et al.”’) For the half-
reaction centered around 1.2 V vs. Ag/Ag™, no significant reduction
peak is visible, whereas the corresponding oxidation peak is sharply
defined. In an effort to clarify the cyclic voltammetry, LSV was per-
formed using disk microelectrodes at a sweep rate of 1 mVs~'. Use of
microelectrodes makes diffusion transients very short, so that liquid-
phase mass transport can be taken to reside in a pseudo-steady state
at all times. An ancillary benefit of the small electrode area is that
the overall conversion of the active species is small during a voltage
sweep, so solution properties change minimally over the course of an
experiment.

Microelectrode LSV data for V(acac); was gathered in the past
by Shinkle et al., who used it to determine kinetic parameters such
as exchange-current density and symmetry factor for the two redox
couples flanking the OCP of freshly prepared TEABF,-supported
V(acac); solutions in acetonitrile.'> The model from that study is
based on an assumption that the metal complex undergoes an outer-
sphere, single-electron disproportionation, i.e., it identifies the redox
events on either side of the OCP with a [V(acac);]”*! couple (at 0.45 V
vs. Ag/Ag™) and a [V(acac);]™""° couple (at —1.77 V Vs. Ag/Ag™).

As discussed by Shinkle et al.,'? the microelectrode LSV response
of a complex that disproportionates electrochemically differs from tra-
ditional LSV experiments that probe isolated half-reactions. During
microelectrode LSV of disproportionation complexes, current is ex-
pected to be near zero at the OCP of the pristine solution, and nonzero
currents are observed at the equilibrium potentials of the positive
and negative couples involved in the disproportionation. Generally
the current falls (or rises) to a negative (positive) limiting current
as the potential traverses past the first redox couple below (above)
the OCP. If the pristine complex is the limiting reactant and the
number of electrons involved is identical in both the positive and
negative half-reactions, then the limiting currents achieved at low
and high potentials during LSV are expected to be equal and op-
posite. Consistent with the hypothesized outer-sphere single-electron
electrochemical disproportionation, microelectrode LSV experiments
with solutions of 0.01 M V(acac); and 0.05 M TEABF, in ACN
exhibited approximately equal and opposite limiting currents for the
first positive and negative couples adjacent to the OCP of the pristine
solution.

Reduction and oxidation LSV data for solutions of 0.01 M
Cr(acac); supported by 0.05 M TEABF, in ACN are shown in Figure
3. Figures 3a and 3b each present three voltammograms of freshly
prepared solutions using three different platinum microelectrodes in
independent experiments. The Cr(acac); voltammograms are non-
hysteretic and show appreciable currents at the equilibrium potentials
of both the first negative and first positive redox couples, at —2.17 V
and 1.20 V vs. Ag/Ag+, respectively. The current reaches a limiting
value of if = —4.2 mAcm~? when sweeping past the first negative
couple and i;” = 6.3 mAcm™2 when sweeping past the first positive
couple. Instead of the similar magnitudes one would expect based on
the V(acac); electrochemistry,’ these limiting currents differ substan-
tially, having an approximately 2:3 ratio (4.2/6.3 = 0.67) between the
first negative and first positive couple.

On the basis that tetraethylammonium salts have been observed to
be passive in other M(acac); redox reactions,'®>?* it is appropriate
to work under the assumption that the neutral complex is the only
solution-phase reactant when it first oxidizes or reduces. In that case
general reaction mechanisms can be proposed for the first negative
and first positive couples,

aCr(acac); + be™ = reduction products [1]

cCr(acac); = oxidation products + de™ [2]

where a, b, ¢, and d are positive integers. Since the reacting molecule
is the same in both half-reactions, the maximum diffusion-limited
reactant fluxes have the same magnitudes. Thus the limiting currents
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Figure 3. Linear-sweep voltammograms at 1 mVs~!' probing a) the first re-
duction and b) the first oxidation of 0.01 M Cr(acac)s and 0.05 M TEABF4
in ACN on Pt at 299 K under an Ar atmosphere. Each panel presents three
data sets; each data set includes both a forward and reverse voltage sweep.
Horizontal dashed lines indicate zero current, as well as the magnitudes of
limiting currents, which are labeled i,j' and i .

relate through the stoichiometric constants in Reactions 1 and 2,

c a lic] b
s - L
— iy | == i |,or— = —. [3]
d ‘ L| b { L |l]jr| ad
Given the observation that |i| | = %|if |, this constraint affords four

possibilities for the half-reaction stoichiometries: a = b and c/d = 2/3;
a=cand b/d=2/3;c=dand bla =2/3; or b=d and c/a = 2/3.

One mechanism consistent with the observed limiting currents —
and perhaps the simplest — is a disproportionation in which both the
reduction and oxidation involve the exchange of multiple electrons
with a single Cr(acac); molecule (¢ = ¢ =1, b = 2, and d = 3).
This would entail reducing a Cr[III] complex to Cr[I] while oxidizing
another Cr[III] complex to Cr[VI], which is unlikely: examinations of
the first reduction of Cr(acac); on various electrodes and in various
supporting solutions have not yielded any reports of multiple-electron
first reductions.'>!>1"-20 Additionally, a mechanism where the Cr[III]
complex oxidized to Cr[VI] would be anomalous in light of the re-
sponses of other M(acac); complexes, which appear consistent with
single-electron oxidations.>*

Both dimerization of the complex or the chromium within it
and ligand-dissociation processes allow mechanisms consistent with
Equation 3 in which b/d # 2/3. UV-visible/near-IR spectrophotometry
was used to explore these possibilities.
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Figure 4. UV spectrogram of 0.003 M acetylacetone and 0.025 M TEABF,,
in ACN before (black) and after (gray) chronoamperometric reduction at -2.4
V vs. Ag/Ag™ for 450 seconds.

Spectroelectrochemistry Results

The spectroelectrochemical cell was first used to probe the hy-
pothesis that the products in Reactions 1 and 2 involve species
with bonds between two chromium atoms. Literature regarding other
transition-metal dimers suggests that absorption signatures of dimer-
ization would be expected in the near infrared.?** Solutions with
active-species concentrations ranging from 0.001 M to 0.05 M were
electrolyzed chronoamperometrically at —2.4 and 1.5 V vs. Ag/Ag™"
following the procedure described in the Experimental section. No
changes in absorbance were observed in the 1000-3500 nm IR spec-
trum; chromium dimerization was therefore excluded as a possibility
in further study.

An alternative series of spectroelectrochemical experiments was
executed to assess the possibility of ligand dissociation. Several re-
ports have suggested that ligand dissociation may be involved in the
electrochemical response of Cr(acac); redox couples *'>2!3! Spec-
troscopic signatures of acetylacetonate were collected from a solu-
tion of 0.003 M acetylacetone — abbreviated as H(acac) — and 0.025
M TEABF, in acetonitrile by electrochemically inducing hydrogen
evolution on the spectroelectrochemical cell’s platinum working elec-
trode. That is, an applied potential was used to drive electrolysis,
shifting the H(acac)/(acac)™ equilibrium according to the cell reaction

H (acac) = H* + (acac)™, [4]

which follows from the two half-reactions>?
2H" +2¢~ = H, [5]
2H (acac) + 2e~ = H, + 2(acac)™. [6]

As Figure 4 shows, absorption associated with (acac)™ is centered in
the UV region around 290 nm, whereas H(acac) absorbs near 270 nm.
Additionally, bubble formation was observed at the platinum working
electrode when held at reducing potentials, consistent with the hypoth-
esis that H, gas is evolved by the electrolysis. Even at the low con-
centrations used for the experiment, absorbance at some wavelengths
reached the maximum measurable limits of the spectrophotometer
(>3): the detection of H(acac) absorption appears saturated from 260—
280 nm, while acac™ detection appears saturated from 275-295 nm.
Despite the saturation, the absorbance wavelengths are consistent with
previous literature regarding the electrochemical formation and UV
analysis of (acac)™.%2*

Solutions of V(acac); or Cr(acac); supported by 0.025 M TEABF,
in acetonitrile were subjected to chronoamperometric electrolysis to
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Figure 5. Change in absorbance of 0.005 M a) V(acac)s and b) Cr(acac)s in
0.025 M TEABF;-supported ACN upon reduction (light gray) and oxidation
(dark gray). The inset shows a baseline absorbance spectrum collected before
the application of potential.

illustrate how the absorbance varies during the first reduction or ox-
idation of the pristine complexes. Experiments with 0.005 M active-
species concentrations in the support, shown in Figure 5, revealed
absorbance shifts in the visible spectrum, which were consistent with
the perceptible color changes observed for both solutions as electroly-
sis progressed. Brown solutions of vanadium species reduced to black
and oxidized to blue, whereas violet solutions of chromium species
reduced and oxidized to deeper violet colors.

The absorption peak associated with the vanadium center, whose
spectroscopic behavior is known to vary substantially with charge state
in aqueous solutions,® shows significantly larger changes in visible
absorbance with the duration of applied potential than the chromium
solution does. For the pristine solutions of neutral complexes, both
visible absorbance profiles were found to be consistent with those
reported in literature.**3¢ Experiments with 0.001 M solutions allowed
spectroscopic behavior in the UV region to be analyzed, providing
insight into ligand dissociation.

Change in the absorbance of V(acac); in the UV spectrum is illus-
trated in Figure 6. There is a strong absorbance plateau centered at 285
nm for the neutral complex, which is associated with the coordinated
acac moiety, and the absorbance shifts little after either electrolysis.
Since there are no significant increases in absorbance in the free acac™
region of the spectrum, V(acac); yields little evidence of ligand disso-
ciation. This observation is consistent with previous hypotheses:*’ the
reaction mechanisms for both the positive and negative couples asso-
ciated with V(acac); are probably simple outer-sphere single-electron
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Figure 6. Change in UV absorbance of 0.001 M V(acac); in 0.025 M
TEABF,-supported ACN after reduction at —2.05 V vs. Ag/Ag™ for 930 sec-
onds (light gray) and oxidation at 0.65 V vs. Ag/Ag™ for 930 seconds (dark
gray). The inset shows a baseline absorbance spectrum collected before the
application of potential.

transfers. The combination of significant visible spectroscopic shifts
and lack of change in absorbance associated with free acac™ during
electrolysis suggest that: exchanged electrons originate from vana-
dium in the V(acac); chemistry; the acac ligand in V(acac); maintains
a similar atomic spacing as free acac™ ions; and electrons can be
added or removed from the stabilized metal center without stressing
the octahedral ligand configuration.

By contrast, Figure 7 shows that the UV absorbance spectrum of
Cr(acac); undergoes substantial changes as electrolysis of the complex
progresses. Absorbance saturation was observed from 200-220 nm,
but data outside that region is informative. As the inset in Figure 7
shows, the spectrum before electrolysis lacks the strong absorbance
peak at 290 nm associated with the acac™ moiety. This absorption
spectrum in the UV region is consistent with the previous report by
Barnum, with peak locations at 255 nm, 270 nm, and 332 nm; all three
peaks also exhibit extinction coefficients, €, consistent with Barnum’s
reported range of log;o(e* 1 cmM) between 4.0 and 4.5.>* The lack
of absorbance at 290 nm in the spectrum gathered for the pristine
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Figure 7. Change in UV absorbance of 0.001 M Cr(acac)sz in 0.025 M
TEABF;-supported ACN after reduction at —2.4 V vs. Ag/Ag™ for 930 sec-
onds (light gray) and oxidation at 1.5 V vs. Ag/Ag* for 930 seconds (dark
gray). The inset shows a baseline absorbance spectrum collected before the
application of potential.
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Figure 8. Change in UV absorbance of 0.001 M Cr(acac); in 0.025 M
TEABF,-supported ACN after being held at OCP (-0.12 V vs. Ag/Ag™) for
930 seconds (dark gray) and when left disconnected, with reference electrode
replaced by glass plug, for 930 seconds (light gray). The inset shows a baseline
absorbance spectrum collected before the application of potential.

solution held at its OCP implies that the metal-ligand bond constrains
the structure of the acac™ ligand more in Cr(acac); than in V(acac)s.

Upon electrolysis, the Cr(acac); spectra change significantly for
both the positive and negative couples. The reduction reaction pro-
duces a large absorbance increase from 260-310 nm, with a peak at
290 nm, suggesting the increased concentration of free ligand in the so-
lution. The oxidation reaction has a lower-magnitude, mixed-polarity
absorbance differential over the same window, which is consistent
with reorganization after a change in redox state. Additionally, both
the positive and negative couples exhibit decreased absorbance near
330 nm. This suggests that the absorbance peak at 330 nm is associ-
ated with the Cr[III] in the Cr(acac); molecule, since it decreases in
both instances of conversion to different redox states. Previous studies
of neutral Cr(acac); UV absorption attributed the peak at 330 nm to
the Cr[III]-to-acac™ charge-transfer band.>* The observed decrease of
absorbance at 330 nm in the present experiments corroborates that at-
tribution: redox reactions, which either change the valence state of Cr
or alter the energetics of the Cr—acac™ bond, eliminate the absorbance
at 330 nm.

To test whether the changes in absorbance observed during both
oxidation and reduction of the pristine Cr(acac); complex arose from
intrusion of ambient air or reference-electrode electrolyte leaking into
the working-electrode chamber, two experiments were performed,
the results of which are shown in Figure 8. For one experiment, the
cell’s OCP, which was identified to be —-0.12 V vs. Ag/Ag™ during
a galvanostatic hold at 0 A, was applied as the chronoamperometric
potential. For the other, a completely electrically disconnected cell
was fabricated, in which the reference electrode was replaced by a
glass rod. These time-lapse controls suggest that the influences of
time held at OCP or time in contact with the reference electrode
are minimal. Both the cell held at OCP and the fully disconnected
cell show relatively small increases in absorbance in comparison to
both the experimental noise and the increases found to accompany
electrolysis.

The spectroelectrochemical observations suggest that ligand dis-
sociation occurs during the reduction of Cr(acac);. Upon reduc-
tion [Cr(acac);]” has a d* electron configuration, isoelectronic with
Mn(acac);, which is known to have lower symmetry due to its first-
order Jahn-Teller distortion.’” This symmetry-lowering molecular
distortion likely gives rise to the dissociation. Consequently, Reac-
tion 1 is expected to produce free acac™ as a reaction product. The
increased complexity of this electrochemical reaction renders exami-
nation of microelectrode LSV data by the method used for V(acac);
LSV'? uninformative, since the model for vanadium redox kinetics
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assumes that the first oxidation and first reduction are both single-
electron outer-sphere reactions. Additionally, the formation of acety-
lacetonate products during Reaction 1 suggests that its reverse involves
several species, which could include the electrode, chromium coordi-
nation complexes in various forms with various redox states, and the
free ligand. A true reverse reaction during discharge would require at
the very least that two liquid-phase species come together at the elec-
trode, rather than the single species that performs electron exchange
in the V(acac); system.

In light of the fact that the electrolytic reduction of Cr(acac);
appears to drive ligand dissociation, tethering ligands together chem-
ically might improve reversibility of its disprortionation. As well as
maintaining physical proximity of the ligand, this ‘caging’ of the
chromium center may decrease the propensity for geometric reorga-
nization of the complex and inhibit ligand substitutions by the solvent.

The observed spectroelectrochemical response combines with the
LSV results to suggest a more refined mechanism for the cell reaction
in a flow battery based on Cr(acac);. Ligand dissociation in the neg-
ative couple (Reaction 1), confirmed by spectroelectrochemistry, and
the 2:3 electron stoichiometry suggested by microelectrode LSV are
consistent with the half reactions

3Cr(acac); +2e~ = Cr (acac);r + 2[Cr(acac);]~ + (acac)™ [7]

Cr(acac); = [Cr(acac);]" +e”. [8]

Reaction 8 is a simple outer-sphere mechanism, but Reaction 7 in-
volves three molecules of the neutral complex, which participate in a
two-electron transfer. Although some products of Reaction 7 involve
areduced form of the complex, others leave the metal in an unchanged
oxidation state with a different ligand configuration. The oxidation of
ferrous acetylacetonate, where three Fe(acac), molecules combine to
form two Fe(acac); molecules and a free Fe’* cation,™® provides a
precedent for a redox phenomenon like the one proposed in Reaction
7. A diffusion coefficient of 2.5 x 10~ cm? s™! can be calculated for
Cr(acac); using the stoichiometry of Reaction 8 and the familiar ex-
pression for the limiting current at a disk microelectrode. Urbanczyk
et al. calculated a value of 1.8 x 10 c¢cm? s™! in their polarographic
studies of the first reduction of Cr(acac); solutions in acetonitrile,
assuming a mechanism for Reaction 1 with a = b = 1.5 If a reac-
tion with b/a = 2/3 is assumed when processing the data, consistent
with Reaction 7, the diffusivity of Urbancyzyk and colleagues would
become 2.7 x 1073 cm? 5!, in close agreement with the present result.

Given the evidence of ligand dissociation and the mechanistic
complications arising from the presence of more than one reduction
product, LSV and UV-visible absorbance measurements cannot elim-
inate the possibility that more than one acac™ ligand dissociates from
the Cr[IlI] center in Reaction 7. Additionally, with the observation
of ligand dissociation, evidence against a disproportionation mech-
anism in which both the reduction and oxidation involve multiple
electrons (a = ¢ =1, b =2, and d = 3) is less decisive. It would still
be anomalous among M(acac); complexes for Cr(acac); to support
a first oxidation involving a three-electron exchange or a reduction
involving two electrons, but further study is needed to corroborate the
details of Reactions 7 and 8.

Previous studies of chromous acetylacetonate, Cr(acac),, report
that the complex has a planar structure and is yellow in color.**
However, the visible absorption spectrum of the reduced Cr(acac)s;
solution does not shift toward yellow transmittance: this suggests that
if a [Cr(acac),]* species is present, the ligands within it retain the
same geometry as in Cr(acac)s. It is possible that acac™, dissociated
from the chromium complex as described in Reaction 7, could be
replaced by two acetonitrile solvent molecules to retain the octahe-
dral coordination of Cr. The reduction mechanism (e.g. Reaction 7)
would consequently depend strongly on solvent choice, which could
explain the widely variable reduction responses of Cr(acac); observed
in literature.'>-'>17-2% Studies of solvent compatibility for RFB appli-
cations similar to those performed earlier with V(acac);*'**? could
therefore be fruitful, and are ongoing.
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Figure 9. Charge/discharge of a cell with Celgard 4560 separator and graphite
electrodes containing 0.05 M Cr(acac)z and 0.5 M TEABF, support in ACN,
cycled in a glove box under Ar at 299 K. a) Cycles 1-4; b) Cycles 23-25.

Charge/Discharge Testing

As a consequence of half-Reactions 7 and 8, the overall expected
cell reaction for a symmetric RFB based on Cr(acac); would be

5Cr(acac); = 2[Cr(acac)3]++Cr (acac); +2[Cr(acac); ]~ +(acac)”.

(9]
Ligand dissociation leads to a more complicated cell reaction for
Cr(acac); than expected for simple outer-shell electron exchange for
disproportion complex: charging of a flow battery using the Cr(acac);
active species would entail the generation of three species in the
negative electrolyte, which would have to be brought together dur-
ing recharge to attain reasonable round-trip efficiency. Reaction 9
provides a lens through which to understand the charge/discharge be-
havior observed earlier for the symmetric nonaqueous Cr(acac); RFB.
Previous reports® show later cycles using a Neosepta AHA membrane,
but do not illustrate the voltage response during the initial cycles of
the cell. Figure 9 demonstrates initial cycles along with later, more
developed cycles of a Cr(acac);-based battery cell with a stagnant
electrolyte, using a Celgard 4560 membrane separator. Initial cycles,
shown in Figure 9a, demonstrate minimal discharge capacity. Later
cycles (Figure 9b) are consistent with previous reports,® showing in-
creased capacity and discharge potentials beginning from 2.2 V and
decreasing toward the 0.5 V cutoff. Coulombic and energy efficiencies
for these cycles are 26% and 9%, respectively. These efficiencies are
lower than in the Neosepta-AHA-separated cells and probably owe to
crossover through the porous Celgard, which is presumably far more
permeable to the active species than the anion-exchange membrane.?
Despite the less selective separator, the Celgard-separated cells con-
tinue to operate after hundreds of hours. Crossover resilience is a major
advantage of ‘symmetric’ RFB configurations; a detailed investiga-
tion of the tradeoff between separator cost and cycling efficiency for
these systems is merited.
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The low efficiencies of the Cr(acac); chemistry in a stagnant 1-
dimensional H-cell separated with Neosepta AHA® or Celgard 4560
may result from the complicated nature of the cell reaction. Consid-
ering otherwise identical cells with Neosepta AHA separators, the
coulombic/energy efficiencies drop from 70%/35% for V(acac); to
50%/22% for Cr(acac);.>*" The cell reaction proposed here may help
explain the relatively low cycling efficiency of Cr(acac);. Achieving
full discharge capacity would entail capturing and recombining all
the Cr-containing reduction products of Cr(acac)s, along with free
ligand. Additionally, cell Reaction 9 would explain the need for many
cycles before performance achieves repeatable efficiency — the free
ligand unreacted from initial cycles becomes distributed throughout
the cell as time passes, facilitating the reverse reaction in later cycles
and altering the Nernstian response of cell voltage. Charge/discharge
experiments performed on ethylene-glycol-functionalized Cr(acac)s,
with ethylene glycol chains bound to the acetylacetonate ligands, led
to improved steady-state coulombic/energy efficiencies of 55%/25%
at similar rates.** A dissociation process in which the ligand diffu-
sivity is lower, as would be the case for these bulkier ligands, may
contribute to this improvement.

Conclusions

Efforts to discern the charge/discharge mechanism of the nonaque-
ous Cr(acac); RFB using microelectrode LSV indicated a discrepancy
with mechanisms proposed in prior literature. Spectroelectrochemical
experiments performed with V(acac); and Cr(acac); revealed substan-
tial differences between the redox activity of vanadium and chromium
coordination complexes in nonaqueous electrolytes: vanadium ap-
pears to bind acetylacetonate such that the ligand maintains a similar
absorption signature after joining the complex, whereas chromium
constrains the molecular structure of acetylacetonate and eliminates
its signature. Chronoamperometric reduction of Cr(acac); produced
an absorbance peak in a domain of wavelengths indicative of the
presence of free acetylacetonate, consistent with ligand dissociation.
A new mechanism for the negative half-reaction was proposed and
appears to be consistent with the charge/discharge behavior seen in a
stagnant test cell.
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