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Abstract

Prussian Blue Analogs (PBAs) are versatile functional materials with numerous applications
ranging from electrocatalysis and batteries to sensors and electrochromic devices. Their
electrochemical performance involving the long-term cycling stability strongly depends on the
electrolyte composition. In this work, we use density functional theory calculations and
experiments to elucidate the mechanisms of degradation of model NazNi[Fe(CN)s] functional
electrodes in aqueous electrolytes. Next to the solution pH and cation concentration, we
identify anion adsorption as a major driving force for the electrode dissolution. Notably, the
nature of adsorbed anions can control the mass and charge transfer mechanisms during metal
cation intercalation, as well as the electrode degradation rate. We find that weakly adsorbing
anions, such as NOs’, impede the degradation, while strongly adsorbing anions, such as SO4%,
accelerate it. The results of this study provide practical guidelines for the electrolyte
optimization and can likely be extrapolated to the whole family of PBAs operating in aqueous

media.
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Introduction

Prussian Blue Analogs (PBAs) are widely used in different materials science disciplines, as
they provide various functionalities for battery applications,>23# (electro)sensorics,>®
heterogeneous (electro)catalysis,”®° as well as electrochromic devices.’® PBAs can be
represented by the general formula A<TM[TM?(CN)s], where A is usually Li, Na or K, and
TM is a transition metal such as Fe, Mn, Co, Ni or Zn. PBAs typically belong to the cubic space
group Fm-3m, and the crystal structure is characterized by transition metals interconnected by
C=N bridges forming TM(CN)s octahedra.* Alkali metal cations can (de)intercalate through
the three-dimensional channels in the structure. Owing to the high tunability of chemical
composition, PBAs can be considered as model materials in coordination and inorganic
chemistry, being analogs of the well-known metal-organic frameworks (MOFs).! Therefore,
a basic understanding of the correlations between various functional properties of PBAs and

their composition or structure is of great fundamental importance.

In the case of energy conversion and storage applications, the properties of electrified interfaces
between electronically conducting PBAs and aqueous electrolytes are of central significance.
So far, one fundamental property that has received very limited attention is the electrochemical
stability of PBA-based electrodes. Most of the previous stability studies focused on how
solution pH affects the degradation of PBA materials.213141516 However, it was recently
demonstrated that the degradation rate of aqueous sodium-ion battery electrodes based on
PBAs strongly depends not only on solution pH, but also on the nature of anions present in the
electrolytes.’ Specifically, for the NaNi[Fe(CN)s] and NaCo[Fe(CN)s] model electrodes, the
transition-metal dissolution during charge-discharge cycles was recently monitored in real time
using an inductively coupled plasma mass spectrometer. The study revealed distinct transition-
metal dissolution patterns strongly correlated with the electrochemical potential and current. It

was shown that the degradation rate increases in the order CIO4” < NO3™ < CI- < SO4%, revealing



almost no capacity loss after 10 000 cycles for NazNi[Fe(CN)e] in highly concentrated NaClOas.

However, the atomistic mechanisms underlying such behavior remain unclear.

In this work, we combine experiments and density functional theory calculations to elucidate
the properties of the electrified interface between model nickel hexacyanoferrate (NiHCF,
Na2Ni[Fe(CN)s] and NaNi[Fe(CN)s]) electrodes and aqueous electrolytes in the presence of
anions commonly used in electrochemical systems. A significant affinity of the PBA surface
to anionic species explains the complex mechanism of the interfacial mass and charge transfer
during intercalation of alkali metal cations and drastic differences in the stability of PBA
materials in the presence of different anions.*®1%20 |t js found that surface Fe-sites are more
favorable for anion adsorption than Ni-sites. Towards the edges of the pH scale, the initial
stages of the electrode degradation involve the attack of Fe-sites by OH" (at high pH) or
protonation of the CN-groups of the crystal (at low pH). These findings should be of great
importance for optimizing the electrochemical behavior of PBA-containing systems,
interpreting experimental results, and refinement of advanced models of the electrified

PBA/electrolyte interfaces.

Results and Discussion

Figures la and 1b show the atomic structure of nickel hexacyanoferrate (Na2Ni[Fe(CN)g])
used in this study as a representative PBA to understand its degradation properties in agqueous
electrolytes better. The recorded X-ray diffractometry (XRD) pattern of the electrodeposited
thin-film (see Figure 1c) matches very well with the calculated pattern for the Fm-3m structure.
The strong (200) reflection allows to calculate the lattice constant for the material yielding

10.28 A. This value is in good accordance with the results of our DFT optimization (10.32 A).



It is, therefore, reasonable to use the presented atomic structure for further DFT simulations of
the processes at the electrified electrode-electrolyte interface. As visible from the SEM image
in Figure 1d, the NIHCF thin-film obtained from the electrochemical deposition is

characterized by a very homogenous coating on top of the Au substrate.

The electrochemical activity in PBAs is based on alkali metal ion, e.g., sodium,
(de)intercalation accompanied by the corresponding redox reaction of the host transition
metals. NiHCF has only Fe(ll/Ill) as an active redox center since Ni species are
electrochemically inert in the operating window of water-based electrolytes. The corresponding

redox reaction is represented by

NazNi''[Fe"(CN)g] (intercalated) = Na* + e + NaNi''[Fe""'(CN)¢] (50% deintercalated) (Eg. 1)

Indeed, our Bader charge analysis based on DFT calculations of the NiHCF slabs shows that
Ni ions do not change their charge upon 50% deintercalation with q(Ni) = 1.30, whereas the
positive charge on Fe ions increases from q(Fe) = 1.17 for the fully intercalated case up to 1.33
for the deintercalated case. This agrees well with an analysis of the density of states (DOS),
revealing that the Fe electronic states below the Fermi energy for the intercalated material shift

towards the Fermi level for the deintercalated material (Figure 1e).

This is further confirmed by X-ray photoelectron spectroscopy (XPS) measurements of
oxidized and reduced electrodes, which were electrochemically brought to their respective final
states. NiIHCF was completely reduced at a potential of 0.1 V vs. SSC, whereas it was
completely oxidized at 0.8 V vs. SSC. As seen in Figure 1f, the samples show strongly differing
spectra in the Fe 2p region. For the intercalated electrode, one sharp peak, which is observed
in both regions of the spin-orbit doublet, can be associated with the Fe'' oxidation state as

expected for fully sodiated NiHCF. Upon deintercalation, Fe'' is oxidized to Fe'"!, which is well

represented by the appearance of an additional peak at higher binding energies in both doublet
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regions.?! On the other side, the spectra obtained for Ni 2p show identical peaks with regards

to the corresponding binding energies and intensities, proving that Ni is electrochemically inert

within the investigated potential window.
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Figure 1. Polyhedral (a) and ball-and-stick (b) representations of the nickel hexacyanoferrate
NaxNi[Fe(CN)s] crystal structure in the cubic space group Fm-3m. (c) XRD pattern of the
NiHCEF thin-film together with the simulated reflections for the crystal structure given in (b).
SEM image of the electrodeposited thin-film electrode (d). (e) Density of states (DOS) for fully
intercalated and 50% deintercalated bulk NiHCF. (f) XPS spectra showing the Fe 2p and Ni 2p

regions for intercalated and deintercalated NiHCF.



The electrochemical oxidation (de-sodiation) and reduction (sodiation) of the NiHCF electrode
in 0.25 M NaClO4 results in a very sharp and reversible redox peak (see Figure 2a). The
electrode mass change over one CV-cycle, as measured by EQCM, strictly follows the
consumed charge (Figure 2b). By using the Faraday’s law, a molar mass of 22.6 g mol* is
obtained for the (de)intercalating species, from which it can be confirmed that the charge

compensation is achieved by the transport of Na* ions across the electrode-electrolyte interface

(Figure 2c).
a) b) c)
— T —~ 1.0
“I‘E Na " deintercalation 1.2 J11.0 Q'E
c 1 10k S 08
< {os o
E f osf &2
= 5 1065 o 06
2 < 06} 0.2222 5 o
NaCl =
3 Zoal aClo,  Jo4 z % 04
g / e g
g 02¢F 102 g 02
3 -1 £
Na+ intercalation 0.0F . . ) ) 0.0 0 C
00 02 04 06 08 00 02 04 06 08 800z 07 0% 0,28 1.0
E -iR, vs SSC (V) E vs SSC (V) charge (HAh cm™)

Figure 2. (a) Representative cyclic voltammogram of NiHCF in 0.25 M NaClO4 showing the
redox response of Fe'""" in the PBA complex. The electrode charge and mass change (b) during
the forward and backward scan of the CV is correlated to Na* (de)intercalation by EQCM using

the Faraday’s law (c).
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Figure 3. Fast degradation of NiHCF in (a) 0.25 M HCIO4 and (b) 0.25 M H>SO4 due to active
material dissolution. (c) Ab initio molecular dynamics simulation predicts the cleavage of the
[Fe — C = N] — Ni bond due to protonation of the N sites if Na" in NiHCF is replaced by H3O".

(d) Impact of the H* vs. Na* availability on the stability of NiHCF during galvanostatic cycling.

It was previously reported that the transition metal dissolution from NiHCF is highly dependent
on solution pH and anions present in the electrolyte.!” However, the NiHCF degradation
mechanism as a function of electrolyte composition remains poorly understood. This study
distinguishes two degradation regimes corresponding to acidic and alkaline aqueous

electrolytes.

We first analyze the mechanism of active material degradation in acidic solutions in the absence

of alkali metal cations. It can be assumed that at low pH, the most abundant cationic solution
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species available for intercalation into the NiHCF structure are hydronium (HzO") ions. An
oxidized NaNi[Fe(CN)e] electrode was transferred to a 0.25 M HCIOs solution and
electrochemically cycled in the absence of Na* in the electrolyte (Figure 3a). Starting right
from the first cycle, the material degrades severely, as visible from the rapidly decreasing
current waves in the voltammogram. After less than 30 cycles, the redox activity has almost
entirely vanished. Similarly, an instantaneous degradation was observed for de-sodiated
NiHCF in 0.25 M H2SO4, which can be considered as completely degraded after already 20
cycles (Figure 3b). It should be noted that the potential range was extended towards lower
potentials, as the redox peak was shifted for the acidic solutions compared to the Na*
electrolytes. It has been reported that the nature of the intercalating cationic species strongly
impacts the half-charge potential (E12) of PBA materials, with Ey» decreasing when going up
the periodic table from the large Cs* ion towards the small Li*.?>2 It is, therefore, reasonable

that the intercalation of H3O" in NiHCF is observed at potentials lower than that for Na*.

Due to the highly decreased cycling stability of NiHCF in the Na*-free acidic solutions
compared to pH-neutral Na* electrolytes, it can be assumed that the intercalation of H3O" is
likely responsible for the fast structure destruction. To probe the acidic dissolution mechanism
by a theoretical approach, we replace Na* cations in the NiHCF structure with HsO"
maintaining the same charge of the cell and run ab initio molecular dynamics (AIMD)
simulations. Already after 1-2 ps of AIMD equilibration, we observe spontaneous protonation
of the N sites resulting in the generation of Fe(CN-H)s moieties (see Figure 3c). This suggests
that the N-sites are the primary point of attack in acidic electrolytes during the NiHCF
degradation process. This should lead to the dissolution of Fe(CN)s* complexes, while the

remaining Ni cations are expected to dissolve as solvated Ni?* species.
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Indeed, acidic solutions (mostly HCI) were used in previous studies to intentionally etch PBA
derivates to transform precipitated microcrystals into a desired geometry for improved ion
transport by creating nanoframes and hollow structures with large surface areas and beneficial
pore volume properties.?#2>26 Selective etching of such mesocrystals could be established by
making use of the observation that crystal domains with a higher defect density, such as
dangling ligand bonds, exhibited faster etching rates.?*2” However, surfaces exposed to an
acidic solution appeared to be protected from degradation by the co-solvation of
polyvinylpyrrolidone (PVP), by which hollow PBA structures could be formed. It was assumed
that the protection mechanism was enabled by the adsorption of PVP through its amide group
on the surface-exposed Fe-sites, whereas protons diffused into the crystal and initiated the
etching process from within.?®2® In contrast to that, Wu et al. reported unexpectedly high
cycling stability of a copper hexacyanoferrate (CUHCF) proton-insertion battery electrode even
in 2 M H2SOs4. However, the stability varied strongly among the investigated Cu-, Ni-, Co- and
Mn-based PBA derivates.?® In fact, the hydrated CuHCF crystals studied by them had an
inherently high Fe(CN)e defect density, which were passivated by ligand H2O molecules
occupying the anionic site of the crystal structure. DFT calculations revealed that the most
favorable binding sites for protons inserted into the structure were zeolitic water molecules
within the interstitial sites of the crystal. On the other side, the ligand water was assumed to be
strongly bound to the uncoordinated copper cations of the crystal via its oxygen atom,
discouraging the formation of ligand hydronium. Nevertheless, an interconnected hydrogen
bonding network along the zeolitic and ligand H20 was assumed, allowing an extremely fast
H* Grotthus-conduction mechanism. Apparently, competing effects based on the hydration
state and defect density of the crystals, as well as the surface adsorption of large molecules,

can strongly impact the proneness of PBAs to proton attack.
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Overall, acidification of Na*-containing electrolytes is a well-established strategy to enhance
the stability of PBAs in aqueous media.®1"3%3! This is represented in Figure 3d, where the
reduction of the pH of NaClO4 from its initial value of pH = 5.7 to pH = 3.1 via the addition of
HCIO4 leads to a significant decrease of the degradation rate during galvanostatic cycling. The
reason for the higher stability of PBAs in slightly acidified electrolytes is caused by the absence
of OH". In short, abundant hydroxide species (represented by a high pH value) are known to
initiate the almost immediate degradation of PBA materials due to the entire extraction of
[Fe(CN)s]®¥* and subsequent formation of surface-confined NiOx.!” If the electrolyte is
however strongly acidified with an equal concentration of 0.25 M HCIO4 and NaClQO4, the
NiHCF electrode degradation is extremely accelerated, whereas it is still more stable compared
to the pure 0.25 M HCIO;4 solution (Figure 3a). From this, we conclude that NiHCF has a
higher affinity for Na* insertion compared to H3O", and the stabilization is caused by the
reduced co-insertion of hydronium when Na* ions are available as an intercalate. Therefore,
the use of slightly acidified Na* electrolytes (to pH = 3) should serve as a very effective strategy
to enhance the stability of PBA electrodes due to the practical absence of OH", while still

providing a high Na*:HsO" ratio.
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Figure 4. (a) Impedance spectra (at 0.4 V vs. SSC) of NiHCF recorded in 0.25 M Na*
electrolytes with varying anion species. The impedance spectra were fitted using the displayed
equivalent circuit yielding the extracted fitting parameters for Rt (b), 1/Ca1 (hollow symbols,

left axis) with Ra1 (filled symbols, right axis) (c) and Ry (d).

For alkaline/neutral solutions, we investigate the role of a series of common anionic species on
the degradation rate of PBA materials. It was shown by Yun et al. that electrolyte anions play
a significant role in the interfacial charge and mass transfer processes for intercalation-type
battery materials.?® Figure 4a shows the impedance spectra for NiHCF in 0.25 M Na*
electrolytes for varying anions, in particular ClOs, NOs, CI, CH3COO™ and SO.*.
Characteristic loop-shaped spectra were obtained for all electrolytes, which were fitted with
the equivalent electric circuit displayed in Figure 4a. Next to the “classical” elements as the
uncompensated resistance (Ry), a constant phase element (CPE) representing the double layer

capacitance and the charge transfer resistance (Rct) for faradaic currents, another superposition
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of two RC elements (Raz1, Ca1, Ra2, Ca2) represents the intermediate adsorption of anions on
the electrode surface during the alkali metal cation insertion process. This physical model
describes the so-called “three-step mechanism” of intercalation. In short, the quick electron

transfer on Fe!/!!

results in the appearance of uncompensated surface charges due to the
considerably slower extraction or insertion of sodium from or into the crystal structure. This
excess surface charge is compensated by the intermediate adsorption of the highly mobile
electrolyte anions on the electrode surface.*®°2032 From Figure 4b, it is apparent that the
nature of the anions have, as expected, no significant impact on the charge transfer resistance
and thereby the corresponding rate constants of the redox reaction, whereas the capacitance
(Ca1) and resistance (Ra1) representing the anion adsorption strongly deviate among the
different anions (Figure 4c). From this, we can conclude that the complex interfacial
mechanism of alkali metal cation intercalation strongly depends on the respective adsorption
affinity of the involved anions. The different ionic conductivities of the salt solutions are

represented by the varying uncompensated resistance values (Figure 4d), which are

nevertheless in a comparable range.

Following this argumentation, the anion nature should determine the electrochemical
performance of PBA electrodes. Figure 5a shows the CVs of NiHCF in 0.25 M Na*
electrolytes with CIO47, NOs", CI, CH3COO™ and SO4* as the respective anionic species. The
potential was corrected for the uncompensated resistance to eliminate any effects stemming
from the different ionic conductivities of the solutions. Apparently, the peak shape and position
are highly symmetric in all cases and remain unaffected from the present anion. Furthermore,
the apparent molar mass of the intercalating species was determined to be very close to the
expected 22.99 g mol™ for all investigated electrolytes, showing that only sodium is inserted
into the host structure (see Figure S1). From the consistently reversible CV curves, it can be

concluded that all tested anionic species effectively compensate for the intermediate excess
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surface charges during the redox process and that the corresponding adsorption and desorption
steps proceed fast enough to not be rate limiting. While this process is supposed to be fully
reversible in theory, we observed a significant impact from the involved anion on the electrode

stability in our previous study.’

To correlate the degradation rates to the specific anions, we repetitively cycled NiHCF thin-
film model electrodes in equally concentrated Na* electrolytes with comparable neutral pH =
5.7 — 6.2 as shown in Figure 5b. The electrode stability was found to decrease with the order
of ClO4 > NOjz > CI > CH3;COO™ > SO4%, with the capacity retention after 2000 cycles ranging
from 67% for perchlorate to only 5% for sulphate. This finding strongly indicates the
detrimental role of some anions and their notable role in promoting electrode dissolution. The
order of electrode stability as a function of the involved anion is also in great agreement with
previous findings for other PBA materials, namely Naln[Fe(CN)s] and K2Cr[Fe(CN)g].3%3*
Besides, it is well known that PBA electrodes are entirely unstable in the presence of OH" 141516
Figure 5¢ shows the almost immediate disintegration of NiHCF upon cycling in 0.1 M NaOH
(pH = 13). As previously reported, the electrode degradation is characterized by an entire loss
of Fe(CN)s¥* and the subsequent formation of surface-confined NiOx phases, represented by

the increasing current from the Ni(1l/111) redox couple.*>*’
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Figure 5. (@) Cyclic voltammograms (50 mV/s) and (b) cycling stability (galvanostatic
oxidation and reduction at a rate of 300C) of NiHCF recorded in 0.25 M Na* electrolytes with
varying anion species. (c) Fast degradation of NiHCF in 0.1 M NaOH due to the extraction of
Fe(CN)e¥* and progressing formation of NiOx. (d) DFT optimized structures of a series of
anions adsorbed on Fe surface sites of the NiHCF surface along with the Fe-O and Fe-Cl
distances. The values are for the fully intercalated and 50% deintercalated (in parentheses)

cases. The corresponding adsorption energies are presented in Table 1.

Hypothesizing that the degradation process is initiated by the adsorption of anions from the
electrolyte on the metal centers of the NiHCF surface, the adsorption strength and, therefore,

the impact of the individual anions should differ considering their distinct geometry, size,
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charge density and polarity. To quantify this effect, we examine the adsorption energetics for
ClO4, NO3', CI,, CH3COO", SO4* and OH". Table 1 lists the computed binding energies for
the anions adsorbed at the Fe and Ni surface sites of NiHCF. It is seen that the surface affinity
for anions is very strong, assuming specific adsorption with preferential binding to Fe centers
in both intercalated and deintercalated NiHCF. To confirm that these results do not depend on
a particular choice of the U values in our computational scheme, we also ran a series of plain
DFT calculations (see Table S2). It appears striking to see that even perchlorate, which is
known as a weak adsorbate on metals®®, yields considerably high adsorption energies when
adsorbed over Fe. Figure 5d shows the atomic configurations of the anions adsorbed on the Fe
sites of the NiHCF surface. It can be observed that the stronger adsorbed anions (SO42 and OH-
) are characterized by shorter interfacial distances than the weaker adsorbed species. Also, the
distances are decreased upon deintercalation, in agreement with the overall more positive
charge on the host Fe sites after Na removal (see Table S3). Endorsing our experimental
studies, these computational results support the proposed mechanism of anions dictating the
kinetics of the interfacial charge and mass transport by adsorption on the electrode surface

during (de)intercalation of alkali metal cations in PBAs, 181920

Table 1. DFT computed adsorption energies (Eags) for a series of electrolyte anions adsorbed
over Fe and Ni surface sites of intercalated and 50% deintercalated NiHCF. The corresponding

distances between the adsorbates and the surface metal centers are provided in Figure 5d.

Intercalated 50% deintercalated
Adsorbate Eads (Fe), eV  Eads (Ni), eV Eads (Fe), eV Eads (Ni), eV
OH" -2.87 -1.41 -2.91 -1.58
CI -2.73 -2.04 252 -1.74
SO4* -3.54 -1.84 -3.55 -2.49
ClOs -2.65 -2.35 -2.47 -2.25
NOs” -1.29 -1.35 -1.57 -1.23
CH3COO -1.89 -1.26 -1.57 -1.28

18



It is also seen from Table 1 that SO+ and OH" anions are characterized by the strongest and
CH3COO', NOs and ClO4 by the weakest adsorption to the NiHCF surface. The calculated
adsorption energetics appears to qualitatively correlate with the decreasing stability of NiHCF
from the perchlorate to sulfate electrolytes upon cycling. The exact dissolution pathways of the
specific electrode constituents are certainly too complicated to be entirely unveiled by our
simplified approach, but it clearly identifies anion attack to catalyze the degradation process
via specific adsorption and subsequent metal extraction by breaking the lattice bonds.
Considering the obtained strong (chemi)/adsorption energies in the order of 2 — 3.5 eV, ligand
exchange leading to the formation and dissolution of, e.g., [Fe"'(CN)sOH]* in the alkaline case

cannot be excluded.

However, these DFT results cannot explain the experimentally observed low stability of
NiHCF in 0.25 M sodium acetate, as one should in fact expect the slowest degradation rate
according to the weak anion adsorption in this case. We suppose that the unexpected
detrimental role of CHsCOO" is related to its considerably higher basic strength (pKp = 9.24)%
compared to the other investigated anions. Even though the sodium acetate electrolyte was
adjusted to a neutral pH = 6.1, this only reflects an overall statistical quantity. On a molecular
level, hydrolysis due to the de-protonation of H20 and subsequent CH3COOH formation will
result in the local appearance of free OH". This in turn accelerates the degradation of the
electrode if the process occurs close to its surface. In contrast to the pure NaOH case, this will
not lead to the formation of NiOx (as it is not stable at medium pH), but to the dissolution of
active material. Extrapolating these findings, a low stability of PBAs in other carboxylic anions
corresponding to weak acids should be expected. Furthermore, this argument allows the
explanation of the previously published low stability observed for PBA electrodes in 1 M
Mg(ClOa4), solutions.®” Besides Mg?*, the initial dissolution of NiHCF electrodes was also

observed in other divalent metal nitrate electrolytes (Ca®*, Sr?*).®® Assuming a similar
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mechanism, local hydrolysis and X(OH)2 precipitation (with X = Mg, Ca, Sr) might result in
free H3O", which can in turn initiate the acidic degradation pathway. In contrast to the mixed
Hs;O*/Na* electrolyte, we expect that HzO" is a preferred intercalate over Mg?* and therefore

catalyzes the electrode dissolution.

Lastly, we investigate the effect of the electrolyte concentration on electrode stability. It has
been shown in previous works on PBAs that the dissolution of active material can be
suppressed by increasing the concentration of the electrolyte towards so-called water-in-salt
electrolytes.”#33%40 NaClO4 has proven to be a promising candidate for this approach as
concentrations beyond 10 M are feasible for this salt.3®*** Figure 6 shows the stability of
NiHCEF electrodes for varying concentrations from 0.25 M to 8 M NaClOa. The stability slightly
decreases when raising the concentration from 0.25 M to 1M, while a significant stabilization
of the material can be observed above 2 M with almost no degradation for an 8 M NaClO4
solution. For the super-concentrated electrolytes, the material hydrolysis is effectively
suppressed through the absence of free water molecules, as these are excessively incorporated
in the ions’ solvation shells due to the strong hydration of the salt. In fact, only a very few water
molecules exist per one sodium perchlorate molecule causing a vanishing uptake capability for
dissolved electrode constituents.*? Furthermore, the sluggish diffusion dynamics for dissolved
electrode constituents in the electrolyte bulk strongly inhibit electrode degradation in such
water-in-salt systems.*® For the low to medium concentrated solutions, we assign the slight
decrease of the stability to the effect of the ClO4™ anion. Even though this species was found to
adsorb on the electrode surface only weakly, its increased activity at higher concentrations
could lead to a stronger degradation of the active material. However, beyond a concentration

of 2 M the stabilizing crowding effect of the electrolyte prevails.
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Figure 6. Stability of NiHCF in varying concentrations of NaClO4 during galvanostatic cycling
(300C). The datapoints show the number of cycles after a loss of 20% capacity. For the 4 M
and 8 M solutions the stability was extrapolated based on the measured capacity losses of 2.6%

after 2840 cycles and 1.2% after 10 500 cycles.!” The dashed line serves as a guide to the eye.

Summary and Conclusions

In this work, the governing mechanisms driving the degradation of model Naz;Ni[Fe(CN)s]
electrodes based on the electrolyte composition were elucidated by a combined experimental
and theoretical approach. DFT calculations for the anions commonly used in electrochemical
systems showed that the NiHCF surface has a significant affinity for anion adsorption with
binding energies up to ~3.5 eV. This finding emphasizes a non-negligible role of anion specific
adsorption in the complex mechanism of interfacial mass and charge transfer during the
intercalation of alkali metal cations. It is shown that the surface Fe-sites are more favorable for
anion adsorption than Ni-sites, forming the following trend for the adsorption strength of
anions on Fe (surface layer atoms): SO4> > OH > CI" > ClO4” > CH;COO > NOg3™. The anion
adsorption characteristics allow to explain the drastic differences in the stability of PBA

electrodes, confirming the experimentally determined higher stability in the presence of weakly
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adsorbing anions like ClO4~ and NOs™ compared to the strongly adsorbing SO4* and OH-.
Considering the special role of hydroxide, the respective basic strength of the anions also has
to be taken into account, excluding the acetate anion from stable electrode cycling. Whereas a
benign acidification (pH ~ 2 — 3) of the electrolyte generally helps to increase the stability due
to the decreased OH" activity, an overwhelming availability and intercalation of H3O™ causes a
fast deterioration of the Ni — N = C — Fe bond due to protonation of the N-sites within the

crystal structure and subsequent electrode dissolution.

We point out, however, that it is not straightforward to predict the stability of PBASs in aqueous
environments by a single generalized mechanism. Overall, the material stability is determined
by a complex interplay of competing processes involving anion attack via strong adsorption on
the electrified interface, specifically OH" induced hydrolysis, and protonation of the CN-group
in the presence of hydronium. Therefore, the exact composition of the electrolyte should be
carefully considered for achieving a long material lifetime as the solution pH, salt concentration
and the involved anion determine its resistance against degradation. These findings should be
of great importance in optimizing electrochemical systems based on PBA materials,
interpreting experimental results, and elucidation of the advanced models of the electrified

PBA/electrolyte interfaces.
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