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Vijayakumar Murugesan,’* Zimin Nie,” Xin Zhang,' Peiyuan Gao, Zihua Zhu,® Qian Huang,” Litao Yan,?

David Reed,” and Wei Wang”**

SUMMARY

Operational stability of electrolytes is a persistent impediment in
building redox flow battery technology. Stabilizing multiple vana-
dium oxidation states in aqueous solution is a primary challenge in
designing reliable large-scale vanadium redox flow batteries
(VRBs). Here we demonstrate that rationally selected ionic additives
can stabilize the aqua vanadium solvate structures through prefer-
ential bonding and molecular interactions despite their relatively
low concentrations (<0.1 M). The competing cations (NH;" and
Mg?*) and bonding anions (SO4%~, PO,*", and CI") introduced by
bi-additives are used to tune the vanadium solvation chemistry
and design an optimal electrolyte for VRB technology. Such molec-
ular engineering of VRB electrolytes results in enhancement of the
operational temperature window by 180% and energy density by
more than 30% relative to traditional electrolytes. This work demon-
strates that tunable solvation chemistry is a promising pathway to
engineer an optimal electrolyte for targeted electrochemical sys-
tems.

INTRODUCTION

Vanadium redox flow batteries (VRBs) have recently attracted research and devel-
opment interest because of their high safety, long-term cycling, and capability to
store and release a large amount of energy in a controlled manner, which are crit-
ical attributes of grid scale batteries.” Although multi-MWh (megawatt hour) scale-
up installations have been demonstrated,” the current technology is still facing sig-
nificant limitations in terms of solubility and thermal stability of catholyte (V**/>*)
and anolyte (V3*/2*) of the vanadium electrolyte solutions. Traditional sulfuric
acid-based VRB electrolytes (catholyte and anolyte) often suffer from thermally
induced precipitation as oxovanadium-based complexes.” In particular, the V,0s
precipitation from vanadium (V) catholyte solution at elevated temperature
(>30°C) and higher concentrations (>1.5 M) has imposed serious limitations on
practical applications of VRB technology. Recently, we demonstrated that thermal
stability of the V cation relies on deprotonation of solvating water molecules.”™®
The electron sharing between the high Lewis acidity V>* center and oxygen of sol-
vating water molecules causes a deprotonation process and initiates oxolation into
multimeric oxovanadium structures (e.g., n(V—OH) — (V—O—V), + nH,0), which
eventually leads to insoluble V,0s powder precipitates. This not only explains the
failure to inhibit precipitation by increasing the sulfuric acid concentration in early
attempts’~” but offers a rationale to mitigate precipitation through introduction of
competing anions that can engage electron sharing with V and potentially inhibit
the deprotonation of water molecules.
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Scheme 1. Molecular view of deprotonated VO(OH); species and parent [VO,(H,0),]* cation

VO(OH), [VO,(H,0),]*

representing the V solvation structure in aqueous electrolyte
The solvation structures with the Coulombic potential map and Mulliken charge atomic coloring
are derived from DFT-based calculations.

More recent development of mixed-acid V electrolytes (containing H,SO4 and HCI)
significantly increased the concentration (=2 M) and high temperature stability
(~50°C) of V5* species.m‘12 In this system, the higher concentration of chloride an-
ions (i.e., an ~1:2 ratio of V:Cl) was used to establish viable contact-ion pair (CIP) for-
mation with most of the V centers, which can ultimately suppress the deprotonation
and subsequent precipitation process.'”'" However, such high concentrations of
chloride anions triggered preferential interactions with lower-order V species in
the anolyte solution (in particular with V3* cations), leading to a reversible gel-
type precipitation process at lower temperatures (<0°C).'? Oxovanadium-based
precipitation in the catholyte and anolyte is generally initiated through a deprotona-
tion process and populated through the oxolation process driven by molecular elec-
trostatic potential. The electrostatic potential map of V molecular structures
(Scheme 1) suggests that the negative surface potential is concentrated around
V = O bonds and deprotonated water molecules that are prone to a dimerization
process. We thus postulate that an effective additive molecule should not only
have a CIP-compatible anion that can suppress deprotonation but should also
contain competing ions that can disrupt multimeric cluster formation (dimer, trimer
etc).'® For example, a cation that preferentially interacts with a dimerization
site (i.e., V = O) and/or an anion serving as a bridging species between successive
V centers can effectively disrupt degenerative oligomerization-type processes
(e.g., -V-O-V—-type bond formation). However, identifying the optimal additive
salt is non-trivial because it should have a higher dissociation constant and ions
attuned to preferential interaction with all V center oxidation states. Here we report
a bi-additive system consisting of di-ammonium hydrogen phosphate (DAP) and
MgCl; salts that is formulated based on their preferential molecular and bonding
interactions with V cations. This bi-additive electrolyte system increased the stable
operational temperature window by 180% and the energy density by more than
30% relative to traditional sulfuric acid-based V electrolytes. We report the molecu-
lar-level preferential solvation structure of V molecules in the presence of bi-additive
systems and the electrochemical performance of this newly designed flow battery
electrolyte with enhanced thermal and chemical stability.

RESULTS

Additive formulation and testing
Based on our hypothesis (vide supra) that preferential molecular and bonding inter-
actions of ionic species with V cations can enhance thermal stability, we explored
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Scheme 2. Proposed V>* cation molecular structural evolution and precipitation pathways for bi-additive and traditional electrolytes, respectively
The molecular process shown here are not based on ab initio energy calculations but hypothetical pathways based on multimodal spectroscopy
analysis.

possible ionic salts as additive systems for VRB electrolytes. Typically, phosphate
and chloride anion-based additives are preferred because they are known to estab-
lish CIP with all V cations (V"* n = 2-5).">""® Literature analysis of various cation sol-
vation phenomena reveals that magnesium (Mg2+) and ammonium (NH,4*) cations
have a high dissociation rate with common counter anions, as evidenced by the
very high solubility of the respective salts. Similarly, these cations can preferentially
interact with the active V = O site, as evidenced by efficient intercalation of Mg®* and
NH,* ions within V,Os interlayers and from various ammonium- and magnesium-
based vanadate crystalline structures.'”?° Apart from the predicted dissociation
and preferential interaction behaviors, the Mg®* and NH,* ions are also expected
to preferentially interact with V structures and/or comprise part of the aqueous sol-
vation structure (i.e., [Mg.6H,OJ** and [NH4.xH,Ol*"), where the highly labile nature
of water molecules from the primary solvation sheath can ensure higher proton con-
ductivity and lower viscosity of the redox flow battery electrolyte. Based on these ra-
tionales, we formulated a bi-additive system consisting of DAP (i.e., (NH4)2HPOy)
and MgCl; salts that could increase the V concentration and thermal stability window
of the catholyte and anolyte of the VRB.

The traditional sulfuric acid-based electrolyte is prepared by dissolving 2 M VOSO,4
in 3.5 M H,SOy, (i.e., 2MV"*/5.5 M SO,2™ : n = 2-5), which serves as the control elec-
trolyte for testing our additive system. V electrolytes containing V3* and V** are pre-
pared electrochemically through a flow cell. The MgCl; and (NH,),HPO, salts are
subsequently added to the control electrolyte. To preserve the functional properties
(such as viscosity and conductivity) of the traditional electrolyte, each additive con-
tentis limited to 10 atom % or less of the V concentration, with varying combinations
between the two additives. Electrolytes with single additives were also prepared and
tested for comparison. A static test was conducted first, in which traditional electro-
lytes and electrolytes with the additives at different oxidation states were prepared
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Figure 1. Testing the thermal stability of electrolytes and redox flow cell performance

(A) Static stability study of VRB electrolytes with selective additive molecules. The green and red lines represent stable and precipitated electrolyte
solutions, respectively.

(B-D) Redox flow battery electrochemical test performance at different temperatures: (B) RT, (C) —=5°C, and (D) 50°C.

electrochemically by charging the flow cell. These electrolytes were kept in environ-
mental chambers at specific temperatures and examined periodically for precipita-
tion. An electrolyte is deemed stable at a temperature when no precipitation is
observed (visually) over a period of 10 days. The strong oxidizing ability of the V#*
cation prevented open air thermal stability analysis. Nevertheless, the thermal stabil-
ity of the V2* ion has not been reported as a major limiting factor in the VRB
electrolyte.

Various concentrations and combinations of MgCl, and (NH,4),HPO, additives were
studied. Detailed experimental data are summarized in Table S1. Figure 1A shows
the stability study of a typical composition of additive-added electrolyte. As shown
in Figure 1A, pristine 2 M V"*/5.5M SO, electrolyte is not stable in a temperature
range between —5°C to 50°C. In particular, the V>* electrolyte has an upper temper-
ature limit of 40°C, whereas the V** electrolyte has a lower temperature limit of 50°C,
enforcing a V concentration limit of ~1.5 M for practical VRB applications. Even with
this lowered V concentration, which resulted in reduced energy density, the VRB
operational temperature window still needed to be restricted to 10°C-40°C to
ensure a precipitation-free charge/discharge process. To enhance the thermal sta-
bility of electrolytes, the individual ionic additives MgCl, and (NH4),HPO, were
tested separately at 0.05 M and 0.15 M concentrations. Varying effects on electro-
lyte stability were found under these single-additive conditions (Figure 1A). The
electrolyte with MgCl, extended the stability of V>* while causing V3* precipitation
at 50°C. On the other hand, the (NH4),HPQ, salt enhanced V°" stability but had no
effect on the thermal stability of V** cations. However, the bi-additive system with
MgCl, and (NH4),HPOy, significantly improved the stability of all V ions for catholyte
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and anolyte electrolytes. Apparently, the synergistic effect of these two additives
created a new V electrolyte that is stable at 2 M total V at a temperature range of
—5°C to 50°C.

The bi-additive V electrolyte 2 M V"*/5.5 M SO.2~ + 0.05 M MgCl, + 0.15 M
(NH4)2HPO4 was then selected for the flow cell test. As shown in Figures 1B-1D,
cycling tests of the bi-additive electrolyte were conducted in the environmental
chamber at —5°C, room temperature (RT), and 50°C, respectively. At —5°C, the
flow cell delivers Coulombic efficiency above 98% and energy efficiency of ~80%
throughout 50 cycles with slight capacity decay, which is typical behavior for VRBs
because of active material crossover through the membrane. The flow cell with
the bi-additive electrolyte of the same composition demonstrated a much higher en-
ergy efficiency of ~89% because of reduced cell resistance at an elevated tempera-
ture of 50°C, whereas a lower Coulombic efficiency of ~97%, corresponding to a
faster capacity decay rate over 200 cycles, was related to a more severe crossover
effect. The cycling performance of the flow cell at 25°C falls between those tested
at —5°C and 50°C in terms of efficiency and capacity decay. Throughout the cycling
test of these three flow cells, no precipitation or other abnormal charge/discharge
behavior was observed, which suggests that V2* is also stable under this condition.
Static electrolyte and dynamic flow cell tests have demonstrated significant
improvement in thermal stability of the bi-additive electrolyte. A systematic study
has been carried out to understand the solution chemistry and environment that
contribute to the improved electrolyte stability. Because of the complexity of the
bi-additive electrolyte system under different V oxidation conditions, in this study
we only focus on the solvation phenomenon related to the high temperature stability
of V** ions.

Multimodal spectroscopy analysis

The first step in analyzing the role of the additive material in thermal stability is to
speciate the V clusters and their thermal evolution within the electrolyte solutions.
We employed in situ liquid time-of-flight secondary-ion mass spectrometry (ToF-
SIMS) to identify the nature of the clustered species (i.e., V-O-V-type structures) un-
dervarious heat treatment conditions. Figure 2 shows the ToF-SIMS spectra of 2M V
electrolyte heat-treated at 50°C, clearly indicating the presence of various multi-
meric vanadate species with VO, (n < 9; 2 > m < 28)-type structures in addition
to monomeric [VO,]" species. It should be noted that the observed structural diver-
sity might be due to fragmentation of stable larger molecule(s) upon interaction with
the higher kinetic energy of the primary Bi** ion beam, which is used to generate
gas-phase ionic species from 2 M electrolyte solution. The detection of multimeric
species (such as dimers, trimers, tetramers, etc.) for the traditional solution suggests
the decavanadate species V100251~ as the possible dominant species, even under
RT conditions.”’ Formation of the decavanadate structure through hydrolysis and
oligomerization processes under low pH (~2) and RT conditions has been reported
previously.”””? Under prolonged heat treatment (50°C for 30 h) of the traditional
electrolyte, the relative concentration of V,O,, ™ clusters increases significantly, indi-
cating thermally driven oligomerization of monomeric vanadate species.
Conversely, the bi-additive electrolyte registers significantly lower concentrations
of multimeric species relative to the traditional electrolyte, indicating suppression
of the oligomerization process even after prolonged heat treatment (Figure 2B).
Closer analysis reveals that unique species such as [V,O,+HPO,]™ and [V,Op+
MgO]~ were observed, suggesting that additive-based ionic species (PO42~ and
Mg?") establish CIP formation with V solvates, which eventually suppressed the olig-
omerization-driven polyoxovanadate nucleation process. Although the fragmented
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Figure 2. Probing V cluster formation using ToF-SIMS analysis

(A) SIMS spectrum of 2 M V** solution with (bottom) and without (top) additives before heat treatment.

(B) Compositional analysis of various V clusters in2 M V5" solution with/without additives before and after heat treatment at 50°C for 20 and 30 h based

on in situ liquid cell ToF-SIMS analysis.

species detected in ToF-SIMS analysis is direct evidence of additive molecule asso-
ciation with vanadate species as well as the clustering process, their original molec-
ular structures are still unclear. A molecular-level view of the bi-additive electrolyte
system would require non-destructive spectroscopy analysis that is sensitive to mo-
lecular structure and associated dynamic processes. Hence, we performed Raman
and nuclear magnetic resonance (NMR) spectroscopy measurements for the bi-ad-
ditive electrolyte at elevated temperature to distinguish the V solvate structure
and subsequent clustering process.

We began with the Raman analysis of the solvent system (5.5 M H,SO,), which
yielded bands at 600 and 1,050 cm ™" representing SO3 deformational and HSO,~
asymmetrical stretches, respectively.”*?*> At 0.2 M V concentration, the traditional
electrolyte system registers a new resonance around 935 cm™', representing mono-
meric aqua-vanadicions (i.e., [VO,.3H,O]"), which is known to be the dominant spe-
cies at lower V concentrations.”* At 2 M V concentration for the traditional and
additive-based electrolytes, the intensity of this signature resonance drops, which
coincides with emergence of a broad peak centered around 780 cm ™" representing
the V-O-V stretch mode.?*"?’ This clearly indicates evolution of multimeric vanadate
as the dominant species in the 2 M electrolyte solution, in agreement with the ToF-
SIMS measurements. Clustering of these multimeric V species through bridging ox-
ygen could be the building block and, eventually, the nucleation centers for solid
V,0s. Such precipitation processes can also be monitored by low-wave-number
peaks (<300 em™"), which are signature resonances for solid-phase V,0s. For
example, peaks at 139 and 160 cm ™" can represent the skeleton-bent vibration of
V-O, and the 714 cm™' peak would indicate the presence of a V-O-V bonding
network of solid V,Os structure.”®”” To test this hypothesis of resonance peaks as
a signature of multimeric species evolution to solid-phase V,0s, we performed in
situ liquid cell Raman measurements at 70°C with increasing time, as shown in
Figure 3.

We began with 2 M traditional electrolyte solutions to follow the clustering and
nucleation process by tracking the signature V-O-V-resonant bands (Figure 1B).
Evidently, under prolonged heating conditions, the band at low wave numbers
(139 and 160 cm™"), representing solid phase V-O-V, emerges as the dominant
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Figure 3. Probing the V,05 nucleation mechanism using in situ Raman analysis

(A) Raman spectra of 5.5 M H,SO4 (), 0.2 M V>* (i), 2 M V°7 (iii), 2 M V>* with additives (iv), 2 M V>* solution after heating at 70°C for 4.7 h (v), and 2 M V**
solution with additives after heating at 70°C for 33.4 h (vi).

(B and C) In situ Raman spectra of 2 M V°* solution without (B) or with additives (C) during heating at 70°C.

resonance at the expense of the broad resonance at 780 cm ™", indicative of the mo-
lecular V-O-V stretch mode, which is part of multimeric vanadic species. These signa-
ture bands of solid-phase V,05 become dominant after 204 min (3.4 h) and constant
after 282 min, indicating near completion of the multimeric structure to V oxide evo-
lution. Conversely, the 2 M bi-additive electrolyte shows emergence of solid-phase
V,05 resonances only after 1,832 min (30.5 h), which is about 10 times slower than
the traditional electrolyte. It is clear that the in situ Raman analysis reveals that the
native multimeric vanadic species evolve into solid-phase V,Os at elevated temper-
atures and that the presence of additives significantly slows down the nucleation
process. Nevertheless, understanding the role of additive species (i.e., phosphate,
chloride, ammonium, and magnesium) in suppressing the nucleation process is still
unclear. The low concentration (<0.1 M) of additive species in the electrolyte ren-
ders it difficult to probe using Raman spectroscopy, but nucleus-specific spectros-
copy, such as NMR, is an effective tool to fill this gap.

Figure 4A shows 'V NMR analysis of traditional and additive-based V electrolytes
measured at 50°C under a 14-T magnetic field. The deconvoluted *'V NMR spectra
of the 2 M traditional electrolyte shows a broad peak at =569 + 5 ppm (Aq,, ~17
kHz) along with a low-intensity peak at =535 & 5 ppm (A4,2 ~8 kHz). The monomeric
[VO,]" cation is known to register a chemical shift around —530 ppm, which is in
good agreement with the observed low-intensity peak.” Conversely, the high-inten-
sity broad peak around —569 + 5 ppm could represent multimeric vanadate struc-
tures such as the dimer (=569 ppm) and tetramer (—582 ppm) as well as the depro-
tonated H,VO,™3 anionic/neutral species (—560 ppm), as reported in the
literature.?*°° The peak ratio of these two components (10:90) reveals that the tradi-
tional electrolyte is dominated by multimeric structures at elevated temperatures.
The 2 M bi-additive electrolyte registers three sharp (A1, < 1 kHz) and low-intensity
peaks around —518, =539, and —583 ppm (with a total integral area of less than 10%)
along with two broad peaks centered at =520 + 5(A4/, ~30 kHz) and —610 + 5 ppm
(A1/2 ~20 kHz), representing the monomeric [VO,]" cations and multimeric struc-
tures, respectively. The relative peak ratio of these broad components (60:40) infers
suppression of the multimeric oxovanadium structure, as discussed for the ToF-SIMS
and Raman analysis. Interestingly, the multimeric peak (approximately —610 ppm) is
shifted toward a lower frequency relative to the traditional electrolyte, indicating
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Figure 4. Role of additive molecules in V solvation structure using NMR

(A) >V NMR of traditional sulfuric acid (bottom) and bi-additive (top) based vanadium (V) electrolytes.

(B) *'P NMR of bi-additive based V electrolyte. All the NMR spectra were collected using a liquids probe at 50°C under 14.1T magnetic field. The DFT-
optimized molecular structures of probable oxovanadium species based on predicted NMR chemical shift are shown in the insert. The details of DFT

calculations, predicted chemical shift and other relevant structural possibilities are shown in the supporting information.

possible coordination with counter anions (phosphate and chloride) and competing
cations (NH,* and Mg?*). The CIP with chloride anions leading to the oxovanadium
(V) chloride complex would register a chemical shift toward a higher frequency (less
than —400 ppm).*'?3" However, there is no clear 'V NMR resonance observed
below —500 ppm, indicating that any chloride-based CIP formation could be a meta-
stable structure prone to faster ligand exchange (less than milliseconds) with water
molecules or induce broader line width (>100 kHz) beyond typical liquid NMR spec-
tral resolution. Correspondingly, only PO4%~ anions and Mg?* cations are detected
as CIP formation with the oxovanadium structure detected in our ToF-SIMS analysis
(Figure 2). The CIP formation between Mg?"* cations and oxovanadium centers lead-
ing to V-O-Mg bonding is also evidenced as magnesium pyrovanadate (Mg,V,0-)
crystalline phases, which have *'V chemical shift of about —603 ppm, in good agree-
ment with the peak shifted to low frequency.’” Similarly, CIP formation with PO,
could cause a peak shift toward a lower frequency. For example, ion association
with a PO, anion could lead to monomeric [HZPV07]2’, which reportedly has a Sy
chemical shift of —580 ppm, in agreement with the low-intensity sharp peak at
—583 ppm for our bi-additive electrolytes.'’***> Higher-order complexation with
PO, anions could lead to dinuclear oxovanadium phosphate anions (i.e.,
[HaPV2010]7) and even higher-order multimeric structures resembling the poly-
morphs of crystalline V phosphate structures, which are expected to produce larger
chemical shifts in the range of —690 to —775 ppm.**?’ It should be noted that the
probable species discussed here are likely to be in equilibrium with their respective
(de)protonated forms, which are likely to influence the observed chemical shift. The
density functional theory (DFT)-predicted 51V NMR chemical shifts of various oxova-
nadium molecules, along with experimental spectra of individual additive mole-
cules, are reported (Figure S1). In addition, the possible clustering pathways based
on chemical shift analysis are also discussed (Note S1; Figure S2).

The 3'P NMR spectrum of the bi-additive electrolyte reveals three unique phosphate
species, with two sharp components around 1.8 and 3.9 ppm representing minority
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species (<10%) and a broad component centered around 2.1 ppm. The minority spe-
cies represented by two sharp lines matches the literature-reported 3'P chemical
shifts of the phosphate anion of a-VOPO, and Keggin-type structure [PV150441%",
respectively.’® The unusually broad line width of the 4 ppm peak indicates sup-
pressed rotational dynamics of the phosphate anion coordinated with the V cation
(see supplemental information). For example, the dinuclear V species (di-u-POy),
such as [HsPV2O10] ", where the phosphate acts as a bridging species between suc-
cessive V centers, will have suppressed rotational dynamics (Note S2; Figure S3). Itis
evident from the *'P peak ratio that most of the phosphate anions are engaged in
CIP formation, in particular with bridging-type coordination with V cations. This
unique structural formation with the phosphate anion can disrupt the oxolation pro-
cess and enhance the thermal stability of bi-additive electrolytes. Although CIP for-
mation with the phosphate anion is evident, the roles of competing cations (i.e.,
NH*" and Mg?®*) and prevalent SO4%~ anions are unclear from the NMR analysis.

Ab initio computational analysis

To further probe the structural stability of additive-bonded vanadate molecules un-
der arealistic electrolyte environment (with solvents and competing ions and solvent
molecules) and thermal conditions, we employed ab initio molecular dynamics
(AIMD) simulations. As a first step, we focused on CIP formation between counter
anions (SO,4, PO,, and Cl) and monomeric oxovanadium structure [VO,]" (see
supplemental information) to evaluate the thermodynamics of CIP formation. The
interatomic distance between the V center and respective counter anion conditions
remained constant during the time period of the simulation (20 ps), implying that CIP
formation is thermodynamically viable even at elevated temperature (50°C). It
should be noted that the AIMD-derived stability of CIP species (e.g., HSO4-VO,)
could be limited to very short timescales (approximately picoseconds), whereas
the typical ligand exchange process tends be relatively slower (microseconds or
slower). Nevertheless, these CIP species could play a critical role in enhanced ther-
mal stability through preferred interaction with adjacent oxovanadium centers. For
example, the aqua [VO,]" structure with CIP formation shows no evidence of the de-
protonation process within the AIMD time window, even at 50°C. Hence, as a next
step, we focused on the role of counter anions as bridging species that can disturb
the long-range oxovanadium structure, such as extended (V-O-V), bonding-type
networks, which are known to be nucleation centers for V,Os precipitation. We
analyzed the dimeric oxovanadium species (i.e., [VO,-u-VO,]), where the bridging
species (u) could be SO,4, PO,, and Cl anions under realistic electrolyte conditions,
such as with competing NH, cations in acidic solution. Even at the restricted time-
scale of AIMD, the dimeric species with SO4 and Cl as bridging species were not
thermodynamically favorable, as evidenced by bond breaking leading to a mono-
meric VO, and CIP species within 1 ps. Conversely, the phosphate anion establishes
a stable dimeric species (i.e., [VO,-HPO,4-VO,]) in aqueous acidic solution, even un-
der competing ions such as sulfate anions and ammonium cations. This preferential
bonding of H PO, over SO4%~ anions, even at very low concentrations (0.1 M versus
3.5 M), could be due to its relatively weaker interaction with solvent water molecules
(see supplemental information). Such preferential bonding of HPO,42~ anions as
bridging species for V centers is also evidenced by the existence of diverse crystal-
line structures of VOPO,. This also explains the criticality of lower phosphate con-
centrations in the additive system; higher concentrations could facilitate extended
phosphate-bonded structural networks that would lead to VOPQO, precipitation.
As for the chloride anions, their interactions with oxovanadium species are likely
to be restricted to CIP formation with faster ligand exchange processes, as evi-
denced by the absence of signature peaks in our spectroscopy analysis (vide supra).
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Figure 5. Evaluating thermodynamic stability of V clusters using AIMD simulation

Time (ps)

(A) Time-dependent evolution of interatomic distances between the V core center and the (NH,),HPO,4 additive molecule in sulfuric acid solution at
50°C. The inset molecular structure represents the dimeric V with phosphate as the bridging species at 10 ps.
(B) Time-dependent evolution of interatomic distances between the V core center and the MgCl, additive molecule in sulfuric acid solution at 50°C. The

inset molecular structure represents the final V-O-Mg-based coordination complex molecule at 10 ps.

Despite their low concentrations and faster dynamics, chloride anion coordination
with oxovanadium species could still serve as a suppressant of the deprotonation
process and subsequent V,Os nucleation process, as we reported earlier.*

Unlike the anions, the competing cations (i.e., NHs* and M92+) are not expected to
establish CIP formation and suppress the deprotonation process but, rather, engage
in coordination structure formation that can disrupt long range oxovanadium
network-based nucleation centers. However, the weak coordination power of
NH,* with oxovanadium centers (e.g., V = O) prevents stable coordination complex
formation in the solution. Based on AIMD analysis with phosphate anions as a
bridging unit, NH," preferentially occupy the secondary solvation shell through
electrostatic interaction with anion and oxygen centers (Figure 5A). On the other
hand, Mg?* is known to establish V-O-Mg bonding, which is the basis of magnesium
vanadate-based polymorphic crystal structures. Evidently, the V-O-Mg-based coor-
dination complex is detected in our ToF-SIMS analysis of bi-additive electrolyte
solution (Figure 2B). To evaluate its molecular structure and associated thermody-
namic stability, we performed an AIMD calculation with [éle().VOZ—Mg.é,HZO]*3
as the seed molecule and chloride and sulfate as counter anions. The result is shown
in Figure 5B. At 50°C, the hydrated [VO,]* structure undergoes immediate
deprotonation, probably because of an enhanced positive atomic charge from the
V-O-Mg-bonding character, leading to the VO(OH)3 structure. This indicates that co-
ordination with Mg is likely to enhance the oxolation-based clustering process
because of a higher probability of hydroxyl groups within the oxovanadium struc-
ture. Various multimeric V structures with Mg coordination (such as V4010+MgO,
V30g+MgO, and HV,0,+MgO) were detected in ToF-SIMS analysis, further
validating the deprotonation-based clustering process hypothesized from the
AIMD results. Nevertheless, these clustering processes based on V-O-Mg coordina-
tion complexes should be contained to avoid long-range network formation and
subsequent metavanadate precipitation. The AIMD analysis revealed that the
monomeric V-O-Mg-based coordination complex is thermodynamically stable,
with chloride anions preferentially occupying the secondary solvation shell. The
inherent nature of the Mg?" cation, such as higher hydration enthalpy and surface
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charge density, might impose a restriction on cluster size evolving from these coor-
dination complexes. Mg®* and phosphate anions clearly play a collective role in dis-
rupting long-range network formation, whereas the chloride anion suppresses the
deprotonation process through CIP formation. Based on our multimodal spectros-
copy and computational elucidation of V solvation structural evolution, the underly-
ing mechanism of the bi-additive electrolyte system is represented in a schematic in
Figure 5. Nevertheless, we like to emphasize that a more detailed analysis is war-
ranted to establish definitive molecular pathways and solvation structures within
catholyte and anolyte solutions of the bi-additive electrolyte system.

DISCUSSION

We successfully demonstrated an additive development methodology for aqueous
redox flow batteries based on tunable V solvation chemistry. Our methodology re-
lies on the two-fold concept of (1) suppressing the deprotonation process through
anion-based CIP formation and (2) disrupting the nucleation process through
cation-based co-ordination complexes. We choose MgCl, and (NH4),HPO, as addi-
tive materials that introduce competing cations and coordinating anions to alter the
V solvation process and impede the nucleation process. These low-concentration (<
0.1 M) additives increased the collective thermal stability of catholyte and anolyte
and significantly increased the operational thermal window (—5°C to 50°C) and elec-
trochemical performance of VRBs. The specific interactions of these additive
molecules with the V solvation structure were analyzed using in situ multimodal spec-
troscopy techniques. The ToF-SIMS analysis and Raman spectroscopy provided
direct evidence of additive roles in disrupting the V cation clustering process. The
NMR chemical shift analysis combined with AIMD-based thermodynamic evaluation
revealed the formation of unique co-ordination complexes and multimeric species
with phosphate as bridging species. In particular, the spectroscopy signatures of
the thermally induced V-O-V and V-O-Mg coordination complexes revealed their
role in disrupting the initial nucleation process. Our approach shows that, by careful
selection of cations and anions, the V solvation structure and emergent functional-
ities can be tuned for optimal redox flow battery electrolyte performance.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact.

Materials availability
Materials synthesized in this manuscript can be obtained by request to the lead
contact.

Data and code availability
This study did not generate code. All other experimental and computational data are
available from the lead contact upon reasonable request.

Electrolyte materials and flow cell test

The V(IV) electrolyte solutions were prepared by dissolving VOSO,4.xH,0O (Sigma-Al-
drich, 97%) in H,SO4 (Sigma-Aldrich, 95.8%) acid solutions. The electrolyte solutions
containing V(II), V(Ill), and V(V) cations were prepared electrochemically by charging
the V(IV) solutions in a flow cell. For the stability study, a predetermined amount of
additives was added to the electrolyte solutions before starting the stability tests.
The stability tests were carried out at a temperature range of —5°C to 50°C in a
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temperature-controlled environmental chamber (model BTL433, Espec North Amer-
ica). All stability tests were carried out statically (i.e., without any agitation). During
the test, each sample was monitored twice a day for precipitation and solution color
change.

A cyclic voltammogram (CV) was obtained with a potentiostat (Solartron 1287).
Glassy carbon (CHI104, diameter 3 mm, CH Instruments, USA), a graphite counter
electrode, and an Ag/AgCl reference electrode (CHI111, CH Instruments, USA)
were employed in the CV test. The charge and discharge cyclic capability of the
redox couple was evaluated with a flow cell designed in-house with a multichannel
potentiostat (BT2000, Arbin Instruments, USA). The flow cell test setup includes
one single cell, two electrolyte reservoirs, and two peristaltic pumps. A Nafion 115
membrane and a graphite felt electrode (GFD5, SGL Carbon, Germany) were em-
ployed in the single cell. Before the tests, the graphite felt was thermally oxidized
in air at 400°C for 6 h to enhance electrochemical activity and hydrophilicity. The
2 M V/5 M H,S04/0.05 M MgCI2/0.1 M (NH,4),HPO, electrolyte was selected for
the flow cell tests. The electrolytes were circulated through the flow cell compart-
ment by a peristaltic pump at a flow rate of 20 mL/min. Cyclic performance was eval-
uated by cycling between 1.2 and 1.6 V at 50 mA cm~2. Cyclic tests were also carried
out at different temperatures (—5 and 50°C) in an environmental chamber (model
BTL433, Espec North America). The flow cell and two electrolyte reservoirs were
located in the environmental chamber, but peristaltic pumps were outside of the
chamber.

Spectroscopy measurements

The experimental parameters of vacuum-compatible in situ liquid SIMS measure-
ment for molecular cluster analysis are discussed in the supplemental information
and also in our previous publications.’”*? A ToF-SIMS instrument (ION-TOF,
Minster, Germany) was used in this research. The liquid cell was fabricated on a pol-
yether ether ketone (PEEK) block on which a liquid chamber with a size of 3.0 mm (L)
x 3.0 mm (W) x 0.3 mm (H) was machined with two liquid channels for introduction
of electrolytes. A 100-nm-thick silicon nitride (SiN) membrane, which was attached at
the bottom of a Si wafer (5.0 mm [L] X 5.0 mm [W] X 0.2 mm [H]), was immobilized
(using epoxy glue) on top of the liquid chamber. An electrolyte could be introduced
into the liquid chamber via the two liquid channels. After the ends of the two liquid
channels were sealed, the liquid cell was loaded onto a ToF-SIMS sample holder for
SIMS analysis. The vacuum pressure in the analysis chamber was 3 X 1077 to 1.0 X
107® mbar during measurement. The primary ion beam was a pulsed (10 kHz) 25-keV
Bi** beam focused on the SiN window with a spot size of ~450-nm diameter and an
incident angle of 45° off the normal. The pulse width was about 150 ns, and the cor-
responding beam current was ~0.36 pA. For each measurement, the beam was
scanned on a round area of ~2 pm in diameter on the SiN membrane to drill an aper-
ture to expose liquid for analysis. After a mature aperture was formed, the Bi** pulse
width was reduced from 150 ns to 50 ns (for better mass resolution) to collect a mass
spectrum of the exposed electrolyte. A low-energy (~10-V) electron beam (flood
gun) was used to compensate charging during analysis.

Raman spectra were recorded with a Horiba LabRam HR Evolution spectrometer
coupled with an inverted optical microscope (Nikon Ti-E) with a 40X objective
and a 632.8-nm HeNe laser light source. A quartz cell (10 x 10 x 53 mm?3) was
used for the Raman measurements. The temperature of the liquid cell was controlled
with an external temperature controller, and all Raman spectra were collected in the
range of 150—4,000 cm™". The liquid state *'P and *'V NMR measurements were
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performed using a Varian 600 Inova spectrometer (magnetic field Bo = 14 T, where
the 3'P and ®'V Larmor frequencies were 242.8 and 157.6 MHz, respectively), and
their chemical shifts were referenced externally to a commercial 20% H3PO,4 and
clear VOCI; solution, respectively. NMR chemical shift calculations based on DFT
were carried out using the ADF 2019 program.”’ The hybrid B3LYP function with
Grimme dispersion correction (D3) and QZ4P (quad Z, 4 polarization functions, all
electron) basis set was used for geometry optimization and chemical shift calcula-
tion. DFT calculations are carried out under a conductor-like screening model
(COSMO) with water as a solvent.*’ It should be noted that DFT-based prediction
of NMR chemical shifts is often marked by errors arising from the choice of parame-
ters (such as functional, basis set, and continuum solvent model) and static molecular
representation without solvation dynamics. Hence, the predicted NMR chemical
shift can only be used as guidance rather than corroboration of the V speciation
process.

Computational methods

AIMD simulations were carried out using the Vienna ab initio simulation package
(VASP). Electron-ion interactions were described by the projector-augmented
wave (PAW) pseudopotentials®” with a cutoff energy of 500 eV. The exchange-cor-
relation functional was represented using the revised Perdew-Burke-Ermnzerhof
generalized gradient approximation (GGA-revPBE)."” The long-range van der Waals
interaction was corrected by DFT-D3 with Becke-Jonson (BJ) damping method.*
The exchange-correlation functional with a Gaussian smearing width term of 0.05
eV was used. The convergence criteria for electronic self-consistent iteration was
setto 1 x 107> eV. Several VO,*-acid complex solution systems with additive salt
were built for comparison. First, the VO, -acid complexes were optimized by DFT
calculation. Each system was solvated by randomly placing ~160 water molecules
around the optimized structure. The system density was set to 1 g/cm?®. The thermo-
dynamic stability of these VO, *-acid complexes in solution were investigated using
AIMD simulations in the canonical ensemble at 50°C. The constant temperature of
the AIMD simulation systems was controlled using a Nosé thermostat with a Nosé
mass parameter of 0.1. A time step of 1 fs was used in all AIMD simulations. The
product simulation time was 10-20 ps after energy minimization.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.xcrp.
2021.100323.
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