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Recessed Microelectrodes as a Platform to Investigate the
Intrinsic Redox Process of Prussian Blue Analogs for Energy

Storage Application

Nomnotho Jiyane*,” Carla Santana Santos*,” Igor Echevarria Poza,"
Mario Palacios Corella,”™ Muhammad Adib Abdillah Mahbub,” Gimena Marin-Tajadura,"
Thomas Quast,”” Maria Ibanez,™ Edgar Ventosa,” and Wolfgang Schuhmann*®

The determination of the intrinsic properties of solid active
material candidates is essential for their performance optimiza-
tion. However, macroscopic electrodes and related analytical
techniques show challenges concerning the number of addi-
tional influencing parameters. We explore recessed micro-
electrodes (rME) as a platform that allows for a binder-free
investigation of Prussian Blue analogues (PBA), a family of
promising battery materials. The enhanced diffusion using
microelectrochemical tools is indispensable to assess the
intrinsic material performance, overcoming the limitation of
cation diffusion from the electrolyte to the solid interface

Introduction

The use of electrochemical energy storage devices based on
scarce elements, i.e.: Li*, has pushed the battery development
to the exploration of new active materials, such as Na*- and K*
-based chemistries. Active materials capable of storing Na* or
K* within their structures have been recommended for Na-ion
batteries (SIB) and K-ion batteries (KIB). Among the active
materials for the cathode, Prussian Blue analogs (PBAs) exhibit
affordable and scalable synthesis routes and stability in aqueous
electrolytes. PBAs possess a porous three-dimensional struc-
ture, an open framework with zeolitic characteristics, which
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during (dis)charging cycles and allowing the investigation of
limiting steps in the coupled ion-electron transfer process. The
intrinsic electrochemical performance of PBAs was studied in a
three-electrode configuration by means of cyclic voltammetry
and galvanostatic (dis)charging in aqueous Na'-containing
electrolyte. We extended the evaluation to the role of the
electrolyte on the performance of cathodic and anodic proc-
esses of a Mn-based PBA. Ex-situ and operando chemical
characterization were coupled to support the microelectro-
chemical results.

allows the insertion of alkali metal ions™ with minimal structural
changes, thus leading to a reversible intercalation/deintercala-
tion process,*¥ and hence PBAs have been explored as solid
active materials for SIBs,®”" or supercapacitors.®*'” The
elemental composition of the PBAs defines the redox potential
of the PBA processes which can therefore be adjusted to obtain
positive or negative electrode materials. For instance, Mn- and
Cr-based PBAs show comparatively lower potential values,""'%'
and the properties of these materials became attractive for
sensor applications," for electro-driven ion separation,"™ and
redox-mediated flow batteries."® PBAs were mainly suggested
as cathode materials, and the design of PBA as anode materials
with high stability is still a challenge.™® Despite the wide
applicability of PBAs, they are prone to degradation, e.g. due to
dissolution processes in dependence on cation and anion
composition and the redox process."”'® Therefore, designing
and characterizing new PBAs and varying the electrolyte
composition is required. Conventional macroelectrode-based
electrochemical methods were used to investigate the electro-
chemical performance of active materials for energy storage.”
However, mass transport limitation and other experimental
factors such, as using binders and conductive inks influence the
electrochemical properties, making it complex to evaluate the
intrinsic active material performance. Micro- and nanoelectro-
chemical tools were suggested to prevent these complex
additional matrix effects by confining the active material and
eliminating the influence of ink formulations during
electrocatalysis''®***? or sensor studies.”” By confining the
electroactive material at the surface of a micro- or nano-
electrode, enhanced mass transport is assured,***** replacing
forced convection techniques such as rotating disk electrode
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(RDE) experiments. Moreover, confining the active material in a
recessed microelectrode offers several practical advantages,
such as the consumption of a very small amount of the material
and rapid preparation.”?® The investigation of the intrinsic
performance of a solid material with micro- or nanoelectro-
chemistry can contribute to understand the complexity of
coupled ion-electron transfer reactions.”” Recently, we have
confined Prussian blue (PB) inside the cavity of a recessed
carbon nanoelectrode to ensure fast kinetics of the redox
process of the solid material, allowing the interrogation of the
reaction between the solid material, PB, and a dissolved redox
species, an essential reaction in the context of mediated redox
flow batteries.®*” Such strategies rely on the electrodeposition
of the active material from precursor electrolytes®*" to
investigate the intrinsic redox processes of a specific solid active
material.

Investigating a wider range of materials, such as as-
synthesized powders, with respect to their performance as
energy storage materials requires new micro-electrochemical
tools.”**? We propose the use of recessed microelectrodes
(rMEs) as a tool for accelerated investigation of the intrinsic
redox processes of as-prepared PBA powders including the
performance evaluation in different electrolyte compositions for
aqueous Na-based energy storage technologies. The synthe-
sized active materials can be directly confined into the rME as
previously ~ demonstrated in  other  studies® in
electrocatalysis,"**? and sensors,”” but it has not been reported
for the evaluation of the electrochemical performance of PBAs
for energy storage applications. The capability of this strategy is
first demonstrated by using a known cathode PBA material for
aqueous Na-ion batteries, namely nickel hexacyanoferrate
(NiHCF). The intrinsic material performance during 100 cycles
and a C-rate of 26 C exhibits a coulombic efficiency (%CE) of
98% and a discharge capacity retention of 90%. The proposed
strategy is then extended to evaluate the intrinsic performance
of a Mn-based PBA for the cathode and anode in different Na™*
-containing electrolytes supported by ex-situ and operando
chemical characterization to comprehend dissolution and
structural changes of the Mn-based PBA.

top view QS
o

side view

Results and Discussion

The fabrication of recessed microelectrodes (rMEs) involves first
the electrochemical etching of a gold disc microelectrode
(diameter 100 pm).*¥ More experimental details can be found
in the supporting information (SI). The PBA powder was loaded
into the cavity of the rME by mechanically compressing the
material. The amount of the loaded solid active material can be
flexibly controlled by the depth of the recession of the
microelectrode, which can be tuned by the etching time, and
was about 16 um derived by scanning electron microscopy
(SEM) and the voltammetric response of a free-diffusing redox
probe (Figure S1.1). To ensure a similar mass loading through-
out the measurements, the same rME was used in the PBA tests.
The rME was cleaned by sonication in ethanol after each
measurement.

Scheme 1a depicts the fabrication of the rME and the
subsequent filling with the solid material. The rME filled with
PBA (PBA@rME) was used as the working electrode in a three-
electrode set-up (Scheme 1b and Figure S1.2) for evaluating the
performance of the PBA during (dis)charging cycles. The ability
to investigate the material properties using the rMEs was first
demonstrated using NiHCF, a PBA used as cathode material in
Na*-based batteries. The small changes upon cycling and the
preserved framework of NiHCF are of great importance for its
use in a long-life rechargeable Na* battery. The reported
nominal capacity of NiHCF is around 60 mAh/g,” with some
recent strategies to enhance its capacity.®” In NiHCF, Ni" is
electrochemically inactive, but it provides matchless stability in
the PBA lattice.’® Moreover, NiHCF features larger channels
compared to the size of the Na'-ion, allowing its easier
insertion, thereby facilitating mass transport and improving
stability upon cycling. Figure S2.1 shows an SEM image of
NiHCF assorted shapes and non-uniform sizes as well as the X-
Ray diffraction (XRD) pattern, which is in agreement with those
reported previously, specifically the number of intense peaks
observed at NiHCF.®¥ These peaks were determined as an
octahedral coordinated framework. During the redox process of
PBA, the (de)insertion of alkali metals occurs in the PBA
structure. Therefore, the cation role is directly related to the

b) EC cell

Scheme 1. a) Gold disc microelectrode i) before, ii) after the etching process, and iii) recessed microelectrode filled with the active solid material (PBA). b) A
scheme of the closed electrochemical cell (EC) used to test the solid material within the rME (PBA@rME). The working electrode (WE), the reference electrode
(RE), and the counter electrode (CE) were positioned in the closed cell by screws and gaskets.
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PBA capacity and stability upon cycling. Controversially, the
anion has also been considered a factor in PBA stability by
potentially adsorbing at the structural edges during charging
and contributing to the degradation processes of PBA.F"
Initially, the electrochemical behavior of as-prepared NiHCF was
registered by cyclic voltammograms (CVs) in a highly concen-
trated NaClO, solution, demonstrating it as a promising electro-
lyte to NiHCF redox processes.®” Control experiments per-
formed with the empty rME (in the absence of any PBA) did not
show any reversible redox process in voltammograms in the
different Na*-containing electrolytes (Figure S1.3).

The redox process of NiHCF@rME in 5 M NaClO, electrolyte
was stable during 2000 cycles with a potential peak separation
of ~76 mV and an oxidation/reduction peak current ratio of 0.9
(Figure 1a). Moreover, the material confined within the rME
ensures diffusion of the Na™ ions to the solid material, allowing
high scan rates in cyclic voltammetry. To highlight the
effectiveness of this methodology, a galvanostatic evaluation of
NiHCF@rME was subsequently carried out in 5M NaClO,.
Galvanostatic cycles performed using conventional macroelec-
trode-based electrochemical methods are typically carried out
at a slow C-rate, i.e. in the range of 0.3 C-0.8 C,"*” which is
insufficient to distinguish different processes with different
kinetics. The coupled ion-electron transfer reaction at a solid
material in energy storage devices has a high complexity, and
the limiting steps can be a convolution of i) ion diffusion from
the bulk electrolyte to the solid particles, ii) ion diffusion within
solid particles, iii) the electron transport from the current
collector to the solid surface interface, iv) the electron transport
within the solid, and v)the coupled ion-electron transfer
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reaction. Using microelectrochemistry, Na® diffusion from the
bulk to the solid surface is enhanced and presumably not any
longer limiting which allows gaining understanding of the
electron/ion transfer reactions occurring in the material. Charg-
ing-discharging cycles were performed in a wide C-rate range:
from 3 C to 70 C, for 5 cycles. Figure S2.2 shows the galvano-
static charging profiles of NiHCF@rME at different C-rates. In
order to deconvolute the effect of electrical conductivity
between the solid particles, rME were prepared by grinding the
80%wt NiHCF mixed with 20%wt of carbon black (C65, TIMCAL)
as a conductive additive, named NiHCF + C,;@rME. While the
intrinsic capacity retention (CR) ratio of the material dropped in
the absence of carbon to 70% at around 10 C and to 55% at
20 C, the capacity ratio was remarkably kept above 90% at 20 C
for the NiHCF+ Ci@rME (Figure 1b). This indicates that the
electrical conductivity between the solid particles plays a critical
role as long as sufficient ion transport in the electrolyte is
ensured. At 70 C, the capacity retention of NiHCF+ Ci@rME
reached around 60%. The drastic capacity change at a high C-
rate is due to the charge transfer process at the solid particle.
At a low C-rate, the charge transfer process combines the sum
of ion mobility and electron mobility as well as the conversion
of the redox centers inside the particle.”” Note that the
recessed area of the microelectrode is in the range of some um,
ensuring fast ion transport in the electrolyte to the confined
material, but does not exclude the contribution of the material
porosity and tortuosity, which could be a limitation at high C-
rate. The nominal capacity of NiHCF was used to estimate the
amount of active material inside the rME. Using the capacity
value of 3.25 nAh at 3 C, the active mass was calculated to be
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Figure 1. NiHCF performance using the NiHCF@rME. Electrochemical tests were performed in 5 M NaClO,, a) Cyclic voltammogram with a scan rate of 100 mV/
s, galvanostatic charging and discharging cycles resulted in b) Capacity retention (%CR) at different C-rates black NiHCF and red NiHCF mixed with 20% C65.
¢) Coulombic efficiency (%CE and %CR) test performed at 26 C), d) capacity at different cycles for the NiHCF@rME (no addition of C65).
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around 55 ng. Galvanostatic cycling at a charging rate of 26 C
was employed to evaluate the intrinsic stability of NiHCF during
cycling. This allows insight into the robustness of the micro-
electrochemical platform during accelerated testing. Even under
these conditions, the NiHCF@rME were able to charge at a high
C-rate (26 C) while maintaining high coulombic efficiency (CE:
98%) throughout 100 cycles (Figure 1c). After 100 cycles, the
capacity retention was around 90% of the capacity recorded in
the first cycle (Figure 1c, d).

The proposed analytical strategy of using the rME and its
advantages were demonstrated by performing an accelerated
cycling test with a small amount of the material reaching a high
CE at a high C-rate for up to 100 cycles. Therefore, we were
convinced that the methodology could be transferred to
investigate other PBAs. We investigated the stability of two Mn-
based PBA in Na*-containing electrolytes, namely Mn" hexacya-
noferrate (MnHCF), and Mn" hexacyanomanganate (MnHCMn).
MnHCF has been previously suggested as cathode material for
SIB (high voltage cell) because of its high specific capacity,
processing capability, and cell operation."® However, the long-
term stability of this material appears to be rather poor. A
possible explanation could be the partial oxidation of MnHCF
resulting in the formation of Mn", which is likely to undergo
disproportionation in the presence of the aqueous electrolyte
to form MnO and Mn"¥ which is a well-known complexity in
Mn-based systems.?*** The physical characterization of MnHCF
was performed by means of SEM and XRD (Figure S3.1),
showing the cubic structure and its polydispersity with sizes
varying from 100 nm to 600 nm. As-prepared MnHCF was
confined within the rME and the intrinsic material performance
was tested in different Na-based electrolytes and at varying
concentrations. Firstly, the performance of the material was
evaluated by recording consecutive cyclic voltammograms at a
scan rate of 100 mV/s in a potential range restricted to the
oxidation of the Fe center. The rME was newly filled with the
PBA for each electrochemical test. Figure 2a-b shows the CVs
recorded in 1M NaCl and 1 M NaClO, as electrolytes. Interest-
ingly, the performance of MnHCF@rME in low-concentration
electrolytes presented a much faster loss of activity within only
90 CV cycles. The redox potential shifted by around 5-10 mV to
more anodic potentials in both electrolytes upon cycling. The
peak shift suggests changes occurring at the structural frame-
work of the MnHCF even in the controlled potential range,
which can be linked to the decrease of intrinsic activity
observed during the initial cycles. Interestingly, the variation of
the redox potential of MnHCF upon cycling was slightly
dependent on the electrolyte concentration. The potentiostatic
evaluation also revealed an improved stability of the MnHCF
activity during cycling in highly concentrated (5 M) electrolytes
(Figure 2c-d). The evaluation was extended to up to 3000 cycles
in 5M NaClO, (Figure S3.2). The MnHCF performance decays
after 3 h (around 675 cycles), as derived from the charge of the
oxidation peak (Figure S3.3). This chemical instability poses a
challenge in a practical battery cell as it affects the long-term
cycling of this material. Galvanostatic cycling at 20 C was carried
out in 5 M NacClOQ, in a similar potential range. The coulombic
efficiency and discharge capacity retention declined by around

Batteries & Supercaps 2025, 8, 202400743 (4 of 10)

30% during 40 consecutive cycles (Figure 2e). The performance
of MnHCF differs from that of the NiHCF, presenting a loss of
intrinsic capacity just after a few cycles. The loss of capacity was
further observed in the discharge capacity plot, with a constant
loss observed from the 1 to the 40™ cycle, reaching a total loss
of 28 % (Figure 2f).

The redox potential capacity profile initially showed a
distinct potential plateau during the first cycles, which evolved
into two separate plateaus after 30 cycles. This change is likely
related to a redox process of the Mn-redox center modulating
the integrity of the MnHCF. Similarly, the optical evaluation of
the rME indicated a change in the amount of the material inside
the recessed area after the electrochemical measurements (see
Figure S3.4). Note that no conclusion can be made whether the
material suffered loss of electrical contact or dissolution. Never-
theless, at this point, it remained unclear whether the decrease
in capacity was due to a loss of intrinsic activity or a loss of the
active material. Therefore, several factors were taken into
account to monitor the potential dissolution. The electrolyte
was analysed for trace elements using inductively coupled
plasma mass spectrometry (ICP-MS) before and after the
electrochemical measurement. The relative concentration of Mn
and Fe of the initial electrolyte and after cycling revealed a
dissolution of the MnHCF during cycling, as summarised in
Table 1.

Moreover, operando Raman spectroscopy was employed to
monitor structural changes during cycling. Raman spectra were
recorded for the MnHCF material deposited on a glassy carbon
plate over a broad wavelength range as a control measurement.
The Raman spectra (Figure $3.5) show a band at 500-600 cm™
that correlates to Mn metal, and as expected, the characteristic
peaks of Fe?*—CN—Mn?*and Fe?"—CN-Mn®" were observed at
2169 cm ™' MnHCF was then confined inside the rME and
positioned in an upside-down electrochemical cell adapted for
operando Raman microspectroscopy,®® see scheme in Figure 3a.
The bands visualized in the control spectra were consistent
with the ones recorded when the material was confined within
the rME. Figure 3b shows the Raman spectra obtained after
assembling the MnHCF@rME in the cell at open-circuit potential
(OCP), after one CV cycle, and after several galvanostatic
(dis)charge cycles at 72 C. In the presence of the electrolyte, the
band at 1617 cm™ can be ascribed to O—H and H—O—H bending
and vibration modes.**" During the operando electrochemical
Raman microspectroscopy, the band associated with the PBA
(2169 cm™) progressively vanished as the number of cycles
increased, see Figure 3b. Simultaneously, a loss of coulombic
efficiency was registered at cycle numbers >10 (Figure 3c)
along with the vanishing of the Fe—CN—Mn band. This indicates

Table 1. Ex-situ ICP-MS values indicating the amount of dissolved Mn and
Fe from MnHCF before and after galvanostatic cycling.

Concentration (ppb) Initial electrolyte Electrolyte after cycling

Mn ~7.8 ~26.7
Fe ~3.2% ~11.3

* Value below the limit of detection.

© 2024 The Author(s). Batteries & Supercaps published by Wiley-VCH GmbH

85UB017 SUOWIWIOD 3A 81D 3|qeotjdde ay) Aq pausenob ae ssppiie O ‘88N JO S9INJ 10} Ar1g1T BUIIUO AB|IA UO (SUORIPUOD-PUR-SWLBHW0D" A8 | 1M ALRIq 1 BU1IUO//SANY) SUORIPUOD PUe SWB L 8U3 89S *[G202/70/ST] U0 A%eiqi UIiuO AB|IM 1IN VBURIY0D AG £7200¥202 Wed/200T 0T/I0p/wod A8 |im* Afeiq 1 ul juo adoane-ALs Iwayo//sdiy Lwodj pepeojumoq ‘e ‘STZ ‘62299952



Research Article

Chemistry
Europe

Batteries & Supercaps doi.org/10.1002/batt.202400743 Soories Publishig
20 2.0
a) b)
151 15
1.04 1.04
= <
<3 0.5- 3 054
IS 1 T 0.0
g °° o
5 -0.5- 5 -05-
'S} =]
107 1M NaCl =101 1M Naclo,
-1.54 Cycle #1 -1.54 Cycle #1
' Cycle #90 —— Cycle #90
-20 . . . : -2.0 . : . '
0.2 0.4 0.6 0.8 0.2 0.4 06 08

Potential vs Ag/AgCl/3M KCI (V)

C) 2.0

1.54
1.01
0.5
0.0
= —0.51

Current (pA)

-1.04

5 M NacCl
Cycle #1
Cycle #90

-1.54

-20

02 0.4 0.6 0.8
Potential vs Ag/AgCl/3M KCI (V)

100{g—o L 100

\0\\0
80 - ] +80
=3

—@—%CE
—@—%CR

0 5 10

————— 0
15 20 25 30 35 40
No.of cyles

%CR
Potential vs Ag/AgCl/3M KCI (V)

Potential vs Ag/AgCI/3M KCI (V)

d) 2.0

1.51
1.0+
0.51
0.0

—0.51

Current (pA)

~HH 5MNaCIO,

Cycle #1
Cycle #90

—1.54

-2.0

00 02 04 06 08
Potential vs Ag/AgCI/3M KCI (V)

0.8
0.7 1

0.6
0.5, %

044

0.3
2

A4

Cycle #30
Cycle #40|

o o o

00 02 04 06 08 10 12
Capacity (nAh)

Figure 2. Electrochemical test of MNHCF@rME. CVs at 100 mV/s in a) 1 M NaCl, b) 1 M NaClO,, ¢) 5 M Nacl, and d) 5 M NaClO,. e) galvanostatic charging
coulombic efficiency (%CE) and discharge capacity retention (%CR) at 20 C. f) Capacity plot of the (dis)charge cycles.

that materials degradation during cycling of MnHCF@rME,
which we attribute to the dissolution process based on the
visual analysis of the recessed electrode after cycling (Fig-
ure S3.4), supported by the ICP-MS and Raman spectroscopy.
The presence of water in the MnHCF framework alters its
structure and influences the material's electrochemical
properties.*? Moreover, the high content of lattice-bound water
in the PBA structure results in a low number of vacancies
available for Na® insertion and, hence, the CE and capacity
decrease.?

Batteries & Supercaps 2025, 8, 202400743 (5 of 10)

Finding new PBA candidates may improve an electro-
chemical power device by tuning the potential of the electro-
chemical process. In this regard, PBAs were proposed with
different metals (other than iron) assuming the C- and the N-
coordinated transition metal in the PBA structure.'™® In this
aspect, Mn (Il) hexacyanomanganate (MnHCMn) was shown as a
PBA reaching a high capacity (209 mAh/g) in a non-aqueous
Na-ion system and being capable of undergoing a reduction
and oxidation process combined with cation intercalation.””
The material, however, reached a cycling stability of 78.3% after
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Figure 3. MnHCF@rME operando microelectrochemical Raman spectroscopy measurement. a) lllustration of the upside-down PBA@rME centered to the water
immersion objective in the electrochemical cell (not drawn to the scale). b) Raman spectra during galvanostatic cycles at 72 C, and ¢) %CE.

100 cycles (0.2C) in 1 M NaClO,/propylene carbonate. In an
aqueous electrolyte, the redox process (Mn [I-NC—Mn II/1)
competes with H, evolution, locally changing the pH and
contributing to the degradation of the MnHCMn by the
replacement of CN~ with OH™. Pasta et al. demonstrated the
use of MnHCMn in a full cell exploring the process (Mn
[I-NC—Mn 1II/1l) at a lower overpotential in 10 M NaClO, and the
presence of an additive, Mn(ClO,),.*” We have employed the
rME capability of enhancing the diffusional mass transport
towards the PBA surface to investigate the influence of the
electrolyte regarding MnHCMn (Mn II-NC—Mn 1I/I) stability in
aqueous electrolytes. Details of the MnHCMn synthesis and
characterization can be found in the experimental section and
SI (Figure S4.1). The intrinsic electrochemical behavior of the
synthesized MnHCMn was obtained upon testing the active
material in different aqueous Na*-containing electrolytes. The
specifically designed electrochemical cell for rME measurements
was placed inside a glass chamber (see scheme in Figure S4.2),
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which was continuously purged with Ar to ensure an inert
atmosphere. Solvation and solubility effects are the main
parameters governing the potential of a PBA for electron-
transfer coupled reactions together with alkali metal
intercalation." For this reason, the anion nature also affects the
PBA performance. Cyclic voltammetry showed the ability of
MnHCMn to reversibly host Na* in its framework in electrolytes
with CI~, SCN™ and CIO, as anions (Figure 54.3).

The performance of each electrolyte was examined by
extended cycles up to 1500 at 100 mV/s. The charge decreased
during sequential cyclic voltammograms, demonstrating that
MnHCMn lost its activity upon cycling. Optical verification
showed the presence of MnHCMn inside the rME (Figure S4.4).
Furthermore, potentiostatic cycling indicated a peak potential
separation of 110-120mV in the Na*-based electrolytes,
confirming the quasi-reversible behaviour in all the electrolytes.
MnHCMn@rME was employed to perform a galvanostatic
charging test in a three-electrode configuration. The coulombic
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efficiency varied from 10% to 14% and to 20% in 1 M NaCl, 1 M
NaClO, and 1M NaSCN, respectively (Figure S4.3). Therefore,
the MnHCMn performance was further evaluated in different
concentrations of NaSCN as electrolyte. Figure 4a shows the
representative cyclic voltammograms registered in 1M, 5M,
and 10 M NaSCN. While the change of the redox peak potential
(=~100mV) to a more positive potential with increasing
concentration was excepted based on the Nernst shift, a
notable feature is the wider peak in the electrolyte with higher
ionic strength. The ratios between cathodic and anodic peak
current (i, ratio) were determined as 0.74, 0.87, and 0.91 in 1 M,
5M, and 10 M NaSCN, respectively, showing a trend to
increased reversibility in highly concentrated electrolytes. More-
over, the potential separation between the peak currents was
135 mV, 115 mV, and 100 mV, respectively, in 1M, 5M, and
10 M NaSCN. Interestingly, the ionic strength of the electrolyte
affected the redox peak current. In 1 M NaSCN, the MnHCMn
redox processes showed an oxidation peak current of 1 pA,
whereas for 5 M the current reached just 0.5 pA, and in 10 M
NaSCN a decreased redox peak current of only 0.25pA
remained. This effect could be associated with the increased
electrolyte viscosity at higher ionic strengths, as shown before
to aqueous NaSCN electrolyte,*” which likely decreased the ion

mobility and affected the Na™ diffusion. Recently, the same
trend on the current was reported in a study of ferrocene as
redox probes at different tetrabutylammonium hexafluorophos-
phate (TBAPF,) concentrations in propylene carbonate.”® Fur-
thermore, voltammograms at different scan-rate were regis-
tered in different NaSCN concentrations (Figure S4.5
Interestingly, the followed great linearity as predicted by the
Randles-Sevcik equation i, increased linearly with the scan rate
for TM and 5M NaSCN (R>>0.99). The Na* diffusion
coefficients into the PBA structure were estimated to be
1.3x107"7 cm?s™! for 1 M and 2.6x107"° cm*s™' for 5 M NaSCN,
respectively, supporting that highly concentrated electrolytes
reduce ion diffusion within the material. Note that the experi-
ments were carried out with the PBA in the absence of any
conductive material. The evaluation in 10 M NaSCN resulted in
a deviation of linearity in the Randles-Sevcik plot, suggesting
adsorption processes.

The MnHCMn redox processes were monitored at different
NaSCN electrolyte concentrations to evaluate the contribution
of the Na* ionic strength and water availability. The stability of
MnHCMn in NaSCN electrolytes was investigated by galvano-
static cycling with the rME. Figure 4b summarises the galvano-
static %CE in different NaSCN concentrations at 20 C. More
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Figure 4. Electrochemical performance of MnHCMn. a) Cyclic voltammograms recorded with a scan rate of 100 mV/s in different NaSCN electrolyte
concentrations. b) %CE at various NaSCN electrolyte concentrations. c) Capacity vs potential plot in T M NaSCN, and d) in 10 M NaSCN. Galvanostatic tests

were run at 20 C.
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details of the galvanostatic cycling using the MnHCMn@rME
can be found in Figure S4.6.

Interestingly, the average %CE remained unchanged
throughout the cycling at 54%-63 % for 1 M NaSCN and slightly
increased to 60%-75% in 5 M NaSCN. A clear change occurred
when the galvanostatic cycling of MNHCMn was performed in
10 M NaSCN, where the %CE reached a high value of 80%-
90%. These results demonstrate that increasing the concen-
tration of NaSCN improves the coulombic efficiency, probably
due to the higher availability of Na* and lower amount of free
H,O due to undercoordination. On the other hand, the capacity
followed the reverse behavior. In 1 M NaSCN, MnHCMn@rME
retained the highest capacity followed by 5 M and then 10 M,
with the capacity in the 1 M electrolyte being 30 times higher
than the one registered in 10 M NaSCN (Figure S4.7). The
capacity remained constant in 1M NaSCN after 20 cycles,
despite the low CE (Figure 4c). The opposite was observed
during cycling MnHCMn@rME in 10 M NaSCN, where the
capacity dropped to almost half its initial value within just
20 cycles. Considering the amount of material within the rME
(about 55 ng), the capacity of MNHCMn in 1 M NaSCN reached
values of 190 mAh/g (20 C), which is in a similar range as that
obtained at 0.2 C reported before.*” The estimated capacity of
MnHCMn dropped from 12 to 7 mAh/g during cycling in 10 M
NaSCN. Geng et al. observed a similar correlation between the
electrolyte concentration and the capacity for a NaNiCoMnO,
(NaNCM) cathode in 0.1, 1, and 3 M NaTFSI electrolytes.””

This indicates that at high electrolyte concentrations, other
factors have to be considered, such as low ion mobility, ion
migration, and ion conduction.”” Moreover, the influence of
side reactions with O, was further investigated by evaluating
the performance of MNnHCMn@rME in a 10 M NaSCN in the
presence and absence of O, (Figure $4.8). The %CE dropped
from 95% (no O,) to 70% (with O,) which suggests side
reactions of MnHCMn, and the importance of performing the
experiments in the absence of O,.

Conclusions

The recessed microelectrode (rME) platform offers a novel
approach to studying the electrochemical performance of solid
active materials for energy storage. The intrinsic electrochemical
properties of PBA hosted in the rME were investigated by
combining potentiostatic and galvanostatic methods with the
main focus on Nat-intercalation technologies. To demonstrate
the capability for accelerated material evaluation using the rME
platform, NiHCF exhibited optimal conditions in 5M NaClO,,
with high CE values (above 90%) during galvanostatic
(dis)charging cycles and it retained 90% of its capacity at a fast
C-rate of 26 C. Moreover, the microelectrochemical method was
employed as a platform to study the limiting step in the ion-
electron transfer by modulating the C-rate. Mn-based PBA for
negative and positive electrode processes were investigated
using multi-sweep cyclic voltammetry concerning Na*-based
electrolytes with varying ionic strengths and counter anions.
High stability of MnHCF (positive electrode) in highly concen-
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trated NaClO, was established using multi-sweep CVs. However,
galvanostatic evaluation of MnHCF at 20 C showed a drop of
30% in CE after just 30 cycles and an unstable response of the
capacity. These results were further supported by optical
imaging of the rME, ex-situ ICP-MS of the electrolyte, and
operando Raman microspectroscopy measurements indicating
dissolution of MNHCF during cycling as the main factor for the
loss in capacity. The evaluation of Na*-based electrolytes was
extended to MnHCMn PBA (for the negative electrode). Low
values of coulombic efficiency were obtained in 1 M Na*-based
electrolytes, with high capacity stability in 1 M NaSCN at 20 C.
Despite a significant increase in %CE obtained in highly
concentrated electrolytes (10 M NaSCN), a loss in the capacity
of MnHCMn was observed during cycling. The effect of side
reactions, e.g. with O,, the electrolyte concentration which
defines the ionic strength and hence the availability of free
water/Na*/anion was investigated concerning the MnHCMn
performance. The proposed rME platform was demonstrated as
an effective tool for accelerated material investigation utilizing
a small amount of material while offering a qualitative assess-
ment of the solid material performance in various electrolytes.

Experimental Section

Chemicals

All electrolytes were prepared with highly pure chemicals and ultra
milliQ water (18 MQ.cm). HCl and H,SO, were purchased from
Sigma-Aldrich. Au microelectrodes were prepared from borosilicate
glass capillaries (Hilgenberg) and gold wire (100 pm diameter,
Goodfellow).  Manganese  (lll)  acetate  dihydrate  [Mn-
(CH;C0O0);-2H,0, 97 %] was purchased from Merck, Manganese (Il)
nitrate tetrahydrate [Mn(NOs), 4 H,O, (>97 %), potassium hexacya-
noferrate (ll) [K;Fe(CN),, >99.0%] and potassium cyanide [KCN,
>97.0%] were purchased from Sigma-Aldrich. Ethanol [absolute,
99.8%] was from ThermoFisher. A Schlenk line with Ar as an inert
gas was used for nanoparticle synthesis and an Ar-filled glovebox
was used for storing and handling air-sensitive as well as moisture-
sensitive chemicals and materials.

Preparation of Recessed Gold-Disk Microelectrodes and PBA
Filling Procedure

Microelectrodes (ME) were fabricated by sealing a Au wire with a
diameter of 100 um radius inside a borosilicate glass capillary. The
Au-disk ME was characterized by CV in 0.5 mol/L H,SO, solution.
Recessed microelectrodes were obtained by electrochemical etch-
ing of the Au in 6 M HCI by means of CVs at a scan rate of 200 mV/s
(20 cycles).® The resulting recessed depth of the rME was
investigated using an optical microscope, SEM, as well as electro-
chemical characterization (16.5 um), Figure S1.1. The rME was filled
by mechanically pressing the rME against the PBA material powder
placed in a weighing boat. PBA particles were kept inside an argon-
filled glovebox (O, level below 0.2 ppm and H,O level <0.1 ppm)
before rME filling. The filling of PBA@rME was confirmed using an
optical microscope (Figure S1.2). For more details see the SI.
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Electrochemical Evaluation of PBA@rME

Electrochemical measurements were performed in a custom 3D-
printed polymer-based electrochemical cell in a three-electrode
configuration. A Pt coil served as a counter electrode and a Ag/
AgCl/3 M KCl was used as a reference electrode. The working
electrode was the recessed Au microelectrode (100 um diameter).
Before filling the PBA into the rME, the empty cavity was cleaned
by ultrasonication. CVs in a potential range from 0 to 1.2V vs Ag/
AgCl/3 M KCI with a scan rate of 100 mV/s in 50 mM H,SO, were
performed for further electrochemical cleaning. After filling the rME
with the PBA material, multi-sweep CVs were recorded using the
PBA@rME as WE in different aqueous electrolytes. Electrolytes were
purged with argon before filling the electrochemical cell. After-
wards, stability was evaluated by galvanostatic (dis)charge cycles
with an applied constant current calculated to reach the predefined
C-rate.

The set-up was adapted to maintain an inert atmosphere. The
electrochemical cell, which is shown in Scheme 1b and Fig-
ure S1.2¢, was placed inside a glass chamber (see Figure S4.2)
consisting of a bottom and a top container. Both glass containers
had an opening as an outlet for continuously purging the system
with a flux of Ar. These openings were also used for the cables
connecting the electrodes. The argon flux was bubbled through
water to ensure water saturation before it was bubbled through
the electrolyte for 1h before the start of the electrochemical
measurements.

Synthesis and Characterization of NiHCF

NiHCF particles were obtained following a procedure described
before.”" The resulting NiHCF particles were characterized by SEM
imaging using a Quanta 3D FEG (FEl) operated at 30.0 kV in the
high-vacuum mode. The SEM image in Figure S2.1a shows the
shapes and non-uniform sizes of NiHCF particles. The X-ray
diffractogram (Figure S2.1b) is consistent with the previously
reported XRD patterns for NiHCF.*®

Synthesis and Characterization of Mn[Fe(CN)s] (MnHCF) and
K,Mn[Mn(CN)s] (MnHCMn) Nanopatrticles

Mn[Fe(CN),] was prepared by modifying a previously published
synthesis procedure.®? In short, 2.895g of Mn(CH,COO); 2 H,0
(10.8 mmol) were dissolved in 18 mL water in a 50 mL centrifuge
tube (solution A), and 1.185 g K;Fe(CN)g (3.6 mmol) were dissolved
in 18 mL water in a second 50 mL centrifuge tube (solution B).
Solution A was dropwise poured into solution B (3 mL/min) under
constant stirring (1100 rpm) at room temperature. The color of the
solution changes quickly from light yellow to dark brown. Stirring is
maintained for 30 min after the end of the addition. After
centrifugation (3 min, 7000 rpm) the supernatant was discarded,
and the separated particles were washed with water (2x10 mL) and
ethanol (2x10 mL) and centrifuged after each washing step (3 min,
7000 rpm). The particles were dried overnight under a vacuum.

K,Mn[Mn(CN)¢] particles were prepared by modifying a known
synthesis procedure,” 1.880 g of Mn(NO,), 4 H,0 (7.5 mmol) were
dissolved in 30 mL water in a 100 mL 3-necked round bottom flask
(solution A), and 2.440 g of KCN (37.5 mmol) were dissolved in
30 mL water in a 100 mL 3-necked round bottom flask (solution B).
Solution B was dropwise poured into solution A dropwise (3.5 mL/
min) under constant stirring (1100 rpm) at room temperature. The
color of the solution changed quickly from light yellow to blueish
green. Stirring was maintained for 30 min. The particles were aged
for 20 h in the fume hood without stirring. The solution was

Batteries & Supercaps 2025, 8, 202400743 (9 of 10)

transferred to a centrifuge tube and centrifuged (3 min, 7000 rpm)
to separate the particles. The obtained particles were washed with
water (2x15 mL) and ethanol (2x15 mL) and centrifuged after each
washing step (3 min, 7000 rpm). The particles were dried overnight
under vacuum and kept in an Ar-filled glovebox (O, level
<0.1 ppm, H,0 level <0.1 ppm) prior to the electrochemical tests.
For all samples, the morphology was evaluated using scanning
electron microscopy (SEM) with a Carl Zeiss Merlin Compact VP. The
crystalline structure was recorded using a Bruker D8 ADVANCE X-
ray diffractometer with Cu Ko radiation (A=1.5406 A) from 10 to
60°. The elemental ratio between Mn and Fe is derived from the
stoichiometry of the reactants in the synthesis. Figure S3.1 and S4.1
summarized the results for MnHCF and MnHCMn, respectively.

Ex-Situ ICP-MS Measurements

Dissolution of MnHCF was studied using an inductively coupled
plasma mass spectrometer (ICP-MS) Thermofischer iCAP RQ ASX-
560. The electrolytes were diluted to around 100 mM NaClO, and
acidified with 2% HNO,. Prior to the detection of the dissolved
metal, the instrument was calibrated for Mn and Fe using a seven-
point calibration slope obtained from a standard solution. Nitric
acid was aspirated between the samples to monitor the perform-
ance of the ICP-MS system. The cumulative amount of dissolved
MnHCF during the galvanostatic cycles was measured with respect
to the electrolyte.

Operando Raman Microspectroscopy

Raman measurements were performed on a Lab-RAM HR Raman
microscopy system (Horiba Jobin Yvon HR550) with a 532 nm laser,
a water immersion objective (Olympus LUMFL, 60x, numerical
aperture 1.10), a monochromator (grating 1200 grooves/mm), and a
Synapse CCD detector. The custom-made 3D-printed open cell was
adapted to fit the upside-down positioned rME with a shallow
depth to enable the water immersion objective to be very close to
the rME. The rME was positioned using the motor for fine
movements and aligned with the laser beam (Figure S3.5). A Ag/
AgCl/3 M KCl electrode was used as reference electrode, and a Pt
wire was used as counter electrode, in 5M NaClO,. Operando
electrochemical Raman measurements were performed using an
AUTOLAB potentiostat in a potential range from 0 to —0.8 V vs Ag/
AgCl/3 M KCl.

Supporting Information

More details about the electrochemical measurements and
material characterization are found in the Supporting Informa-
tion. The authors have cited additional references in the
Supporting Information.*?
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