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Abstract

Prussian blue analogues (PBAs) have recently shown outstanding electrochemical properties as-
cribable to their unique open-framework crystal structure that allows the reversible insertion of
alkali ions with negligible perturbation to the framework itself. Many hexacyanoferrate materials
have shown excellent properties and are some of the most promising sodium- and potassium-ion
cathode materials in both aqueous and organic electrolytes. However, there is a distinct lack of
candidate PBA materials that operate at low potentials as their characteristic crystalline framework
shows instability. In this article we characterise the structure and electrochemical behavior of
manganese hexacyanochromate which exhibits reversible sodium insertion at −0.86 V vs. SHE
(1.84 V vs. Na+/Na), whilst maintaining the characteristic PBA cubic structure. This is the lowest
redox potential of reported PBA materials and shows fast kinetics in a high voltage water-in-salt
electrolyte. Further reduction in potential in an organic electrolyte shows decomposition of the
crystalline structure.

Introduction

Prussian blue analogues (PBAs) are uniquely
suitable as electrode materials for sodium ion
(NIBs) and potassium ion batteries (KIBs) due
to their open-framework structure, two possi-
ble redox centres, and compositional tunabil-
ity1,2. Wide <100> ion conduction channels
enable rapid solid-state diffusion of insertion
ions. Large interstitial sites, larger than the
insertion ion, and the robust framework result
in minimal structural modification on ion inser-
tion3(Figure 1a). They have been explored for
many different applications because of their ease
of synthesis and intriguing electrochemical and
magnetic properties2.

Recently, we and others have utilized PBAs
as battery materials with excellent cycle life and
rate performance in both aqueous and organic
electrolytes for NIBs and KIB4–6. Most of the
previous work has been dedicated to the elec-

trochemistry of hexacyanoferrates, where the
C-coordinated Fe reversibly varies its oxidation
state between III and II at potentials around
0.8 V vs. SHE (3.5 V vs. Na+/Na), depend-
ing on the inductive effect of the N-coordinated
transition metal ion, making them ideal positive
electrode materials. The excellent properties
of PBA cathode materials can only be fully ex-
ploited when combined in a full cell with an
anode of comparable performance. This, and
the lack of high performing sodium ion anode
materials, motivate the search for PBA compo-
sitions that operate at lower potentials.

We have previously shown how replacing
the C-coordinated Fe with Mn lowers the
insertion potential to about 0 V vs. SHE
(MnII−N−−−C−MnIII/II), approaching but within
the thermodynamic stability limit of wa-
ter7–9. Coupled with a copper hexacyano-
ferrate (CuII−N−−−C−FeIII/II) cathode an aque-
ous full cell with high performance and an
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Figure 1: Schematic representation of cubic PBAs and morphology of MnHCCr. (a) the ideal
PBA crystal structure consisting of two distinct transition metal sites, P and R, denoted by light
green and dark green spheres respectively. These transition metals are octahedrally coordinated to
cyanide ligands forming the cubic structure. Grey and light blue spheres are carbon and nitrogen.
Within the structure there are interstitial sites which can accommodate inserting ions, shown in
yellow. (b) Hexacyanometallate vacancies, [R(CN)6], are a major structural defect often up to
33 % in PBA materials, and water is present in the structure in two distinct bonding environments.
(c) Scanning electron micrograph of as-synthesised MnHCCr, scale bar 1 µm. (d) Particle size
distribution measured from dynamic light scattering (DLS) measurements.

average discharge potential of 1 V was pro-
duced7. Manganese hexacyanomanganate also
has a lower redox couple at −0.7 V vs. SHE
(MnII−N−−−C−MnII/I)8. In order to access this
redox couple whilst operating in an organic elec-
trolyte a synthetic procedure to produce very
low vacancy (1 %) and water content was de-
veloped. More recently this same redox couple
was used with high vacancy (19 %) manganese
hexacyanomanganate and operated in a water-
acetonitrile co-solvent electrolyte9.

There have been efforts to develop PBA mate-
rials that have active redox couples at more neg-
ative potentials, however attempts to date have
resulted in loss of the crystal structure and high

reversible capacities ascribable to conversion-
type mechanisms10,11. These works highlight
issues that arise when operating PBAs at low
potentials in non-aqueous electrolytes but of-
fer no explanation of the cause of structural
breakdown.

By replacing the C-coordinated ion with Cr
we can further reduce the redox potential12. In
this work we characterise and investigate the
redox behaviour of manganese hexacyanochro-
mate (MnII−N−−−C−CrIII/II, referred to as Mn-
HCCr in this paper) in a high voltage aqueous
electrolyte. To the best of our knowledge, at
−0.86 V vs. SHE it has a lowest redox potential
of all PBA compounds where the reversible ion
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insertion and structural integrity is confirmed.
Further reduction in the potential within an or-
ganic electrolyte shows large irreversible capac-
ity and a breakdown of the crystalline structure.

Results and Discussion

Manganese hexacyanochromate:
physico-chemical characterization

MnHCCr was synthesised directly from
Mn(NO3)2, CrCl3 and NaCN in a one-pot two-
step process (details in the Methods section).
The as-synthesised powder has large cubic par-
ticles (Figure 1c), with an average particle size
of around 2.3 µm. Inductively coupled plasma
optical emission spectrometry (ICP-OES) and
thermogravimetric analysis (TGA) were used
to calculate chemical composition and water
content respectively. The overall chemical
formula was Na0.04Mn[Cr(CN)6]0.70 · 2.80 H2O.
Manganese coordination environment is there-
fore approximately MnN4O2, the remaining
water within a hydration shell around sodium
ions and hydrogen bonded within interstitial
sites.

Prussian blue analogues often crystallize in
the cubic space group Fm-3m. The structure
contains two distinct transition metal sites, R
and P, which are in an FCC arrangement and
bridged by cyanide ligands. MnHCCr takes this
crystal structure, with Mn and Cr sitting at 4a
and 4b sites respectively, whilst C and N taking
24e sites (x, 0, 0)13. Sodium sits at the centre
of the interstitial site (8c). Water is present in
the structure in two distinct bonding environ-
ments: co-ordinated water bonded directly to
P-site transition metals within vacancies and ze-
olitic water which are distributed loosely-bound
throughout the structure13,14.

High-resolution synchrotron powder diffrac-
tion data was taken of the hydrated MnHCCr
which was used for structural refinement (Fig-
ure 2).

Sodium was removed from the model due to
its low occupancy, 0.04 per formula unit from
ICP. Two oxygen sites were included in the
model, O(1) at 8c in the centre of the intersti-
tial site and O(2) at 24e bonded to manganese
in vacancies. In the model oxygen atoms rep-

resent water molecules, with hydrogen atoms
removed due to their extremely low scattering.
Similar treatment of water molecules in PBAs
have been undertaken previously13,15,16. Fig-
ure 2 shows the high-resolution XRD data with
Rietveld fitting and residual. The large particle
size and high crystallinity result in high-intensity
well-defined peaks, even at high angles. Final
refinement parameters are given in Table 1.

The lattice parameter is calculated to be
10.804 Å, within the range of previously reported
values13,17,18. Lattice parameter is highly sen-
sitive to level of hydration with accounts for
the relatively wide range of values in literature.
The hexacyanochromate vacancy content was
calculated to be 31 %, in good agreement with
ICP results of 30 %. The total water content
was higher than that calculated from TGA. This
is likely due to an underestimation of the wa-
ter content calculated from the mass loss in
TGA due to dehydration before the measure-
ment starting.

The two oxygen positions are reasonable and
supported by TGA and FTIR data (Figure 3).
The refinement gave an occupancy of 0.41 for
O(2) coordinated water, close to the expected
value of 0.3. High atomic displacement param-
eter for the zeolitic water, O(1), indicate that
there are imperfections in the model. The high
vacancy content and lack of apparent ordering
of the vacancies throughout the structure results
in a number of local environments within the
structure. In theory each interstitial site can be
adjacent to zero, one, two, three or four hexa-
cyanochromate vacancies. This in turn leads to
a number of oxygen sites both at the centre of
the interstitial site (8c) and displaced along the
<111> directions (32f) and <110> directions
(48g)15. Additionally, hydrogen bonding to co-
ordinated water can result in lower energy posi-
tions off-centre13,14. This multitude of factors
result in a particularly complex arrangement
of water molecules within interstitial sites and
efforts to further refine O(1) oxygen sites proved
unsuccessful.
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Figure 2: High-resolution synchrotron powder X-ray diffraction pattern of as-synthesised hydrated
MnHCCr (λ = 0.824 525 Å).

Atom Site g x y z Uiso

Mn 4a 1 0 0 0 0.028
Cr 4b 0.693 0.5 0 0 0.023
O(1) 8c 1.422 0.25 0.25 0.25 0.403
C 24e 0.693 0.308 0 0 0.065
N 24e 0.693 0.200 0 0 0.034
O(2) 24e 0.412 0.245 0 0 0.191

Table 1: Structural parameters of MnHCCr from Rietveld refinement in the space group Fm-3m (Z
= 4). Occupancy g, atomic positions (x, y, z), and isotropic atomic displacement Uiso are given. The
lattice parameter is 10.804 Å. Sodium is located at the centre of the interstitial A site whilst oxygen
takes two positions, O(1) bonded to Mn in vacancies and O(2) at the centre of the interstitial site.
RP = 1.65%, RWP = 2.79%, χ2 = 16.26, GOF = 4.03.

Effect of water on structural stabil-
ity

Thermal analysis was performed through simul-
taneous thermal gravimetric analysis, differen-
tial scanning calorimetry and mass spectrometry,
Figure 3a.

Between 30 ◦C and 150 ◦C there is the first
mass loss step, corresponding to dehydration of
the materials as seen through the m/z=18 mass
spectrometry trace. Within this trace there are
two distinct water evolutions steps which could
correspond to water loss from two distinct envi-
ronments, firstly the loosely bound zeolitic water
and the second the coordinated water molecules
at higher temperatures. This is most clearly
seen in the DSC trace as two distinguishable

endothermic steps peaking at 80 ◦C and 124 ◦C.
The second mass loss step shows CO2 release
which is indictive of breakdown of the crystalline
structure.

In attempt to study the material at different
levels of hydration samples were dried at RT,
80 ◦C, 150 ◦C and 220 ◦C under vacuum. The
FTIR spectra and XRD patterns these samples
are shown in Figure 3b and c. The characteristic
stretching band of CN is the most intense peak
and at 2164 cm−1 in the most hydrated sample,
increasing to 2166 cm−1 then 2170 cm−1 as wa-
ter is removed. This is consistent with previous
reports19. The broad band between 3100 cm−1

to 3700 cm−1 as well as the sharp peaks at
3604 cm−1 and 3650 cm−1 come from stretch-
ing modes of water in the sample. The strong
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Figure 3: Dehydration of MnHCCr. The composition, bonding, and structure of MnHCCr was
explored after heating at a series of temperatures. (a) The thermal gravimetric analysis (TGA)
trace of as synthesised MnHCCr shows two distinct mass lost steps, the first accounting for 20 % of
initial mass, the second accounting for 5 %. Simultaneous differential scanning calorimetry (DSC)
shows distinct endothermic and exothermic processes. Mass spectrometry shows the first step is the
dehydration of the material, followed by carbon dioxide evolution at higher temperature. (b) FTIR
shows bonding within the samples. The stretching mode of CN, the most intense peak, is seen at
2164 cm−1. Different stretching and bending modes of water are responsible for absorption bands
between 1600 cm−1 to 1700 cm−1 and 3100 cm−1 to 3700 cm−1. (c) the dependence of structure on
heating temperature is shown in XRD data.

broad peak corresponds to hydrogen bonded wa-
ter molecules with rotational freedom. Heating
to 80 ◦C removes this absorption band. Sharp
bands at 3604 cm−1 and 3650 cm−1 correspond
to the symmetric and asymmetric stretching
modes of coordinated water. Sharp absorption
bands in the range 1600 cm−1 to 1700 cm−1 cor-
respond to bending modes of water. In the hy-
drated sample two peaks are seen at 1616 cm−1

and 1678 cm−1. On dehydration at 80 ◦C the
peak at 1616 cm−1 reduces in intensity consid-
erably whereas the peak at 1678 cm−1 does not
change. This leads to the conclusion that the
less strongly bound zeolitic water is responsible
for the peak at 1616 cm−1 and coordinated wa-

ter is responsible for the peak at 1678 cm−1 20.
Peaks in the IR spectra between 2260 cm−1 and
2320 cm−1 and at 2945 cm−1 are from acetoni-
trile impurities introduced during the washing
procedure.

XRD patterns of the same samples show a
decrease in lattice parameter as the materials is
dehydrated and a loss in the crystalline struc-
ture at 220 ◦C. Additionally, as the material is
dehydrated the relative intensities of high angle
reflections decrease considerably which is likely
due to local structural distortion and increased
microstrain. High-resolution synchrotron pow-
der X-ray diffraction of MnHCCr dried at 80 ◦C
under vacuum is shown in Supplementary Fig-
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ure 1. Refinement parameters in Supplementary
Table 1 show a larger decrease in interstitial
water removal compared to coordinated water,
further supporting the TGA-DSC-MS and FTIR
data.

For electrochemical studies hydrated elec-
trodes were used in the water-based electrolyte
and electrodes dehydrated at 150 ◦C under vac-
uum where used in a non-aqueous electrolyte.
This dehydration temperature was chosen be-
cause much, if not all, of the water was removed
but the crystalline structure was still present.

Electrochemical characterization in
a water-in-salt electrolyte

The electrochemical behaviour of MnHCCr was
characterised in a water-containing electrolyte.
Experimentally it has been shown that PBAs
exhibit extremely fast electrode kinetics in aque-
ous electrolytes, especially when the material
has high vacancy content6,7. This is reportedly
due to very low interfacial charge transfer and
high ionic mobility within the structure as water
shields local charges21. Additionally, DFT mod-
elling has shown a stabilizing effect of structural
water in PBA materials22. Since MnHCCr has
such a low redox potential, much lower than
the thermodynamic limit of water, the use of
conventional aqueous electrolytes is prohibited.

In this study an aqueous water-in-salt (WiS)
sodium bis(fluorosulfonyl)imide (NaFSI) elec-
trolyte at 37 m was used (prepared according
to ref23). This is a new class of electrolytes for
which the electrochemical stability window is sig-
nificantly increased through reduced activity of
water, strong bonding between water molecules
and cations in solution, and potentially the for-
mation of a Na+ conducting solid-electrolyte
interphase23,24. This electrolyte was used as it
has one of the widest electrochemical stability
windows of electrolytes that contain water.

The electrochemical stability window of this
electrolyte was measured by LSV experiments on
glassy carbon electrode at 1 mV s−1 (Figure 4a).

Using a current density limit of 10 µA cm−2

the electrolyte has a lower stability limit of
1.07 V vs. SHE and a stability window of 2.5 V.
MnHCCr shows a reversible electrochemical re-
action centred at −0.86 V vs. SHE, the dQ/dV

of this reaction is shown in Figure 4a alongside
MnHCFeIII/II for comparison. MnHCCr gave
a reversible capacity of 62 mA h g−1 which is
expected from a single redox centre PBA mate-
rial with vacancy content of 30 %. A full PBA
cell could be produced by coupling this with
MnHCFe or any other PBA cathode material25.

Cyclic voltammograms at scan rates from
0.1 mV s−1 to 10 mV s−1 were performed to
study the redox reaction kinetics (Figure 4b).
As the scan rate increases the peak separation
increases and the peak current increases lin-
early with the root of scan rate. This behaviour
is indicative of a one-electron one-step quasi
reversible reaction within a diffusion limited
regime.

For such systems the dependence of peak cur-
rent, irate (mA) , on scan rate is given by26

irate = 0.4463 ·
√
n3F 3

RT
·
√
D · Co ·

√
Vrate

where n is the number of electrons involved in
the reaction, D (cm s−1) is the average diffusion
coefficient, C0 (mol cm−3) is the concentration
of active sites, Vrate (mV s−1) is the scan rate
and F, R, and T take their conventional mean-
ings. C0 can be estimated from the specific
capacity and density of the material. Using the
gradient of the line of best fit during oxidation of
1.07 mA s1/2 V−1/2, Figure 4c, gives an average
diffusion coefficient of 1.9× 10−6 cm2 s−1. This
value is high for solid state diffusion and similar
in order of magnitude to diffusion in other PBA
compounds27.

To study the electrode reaction MnHCCr elec-
trodes were cycled twice and then on the third
discharge stopped at various states of charge. Ex
situ XRD patterns show that the structure re-
mained cubic and Figure 5a shows the two-theta
angle of the (024) peaks.

Refinement of the unit cell shows that the lat-
tice parameter changes linearly with the state of
charge over the whole range (Figure 5b). As the
material is reduced, and sodium inserted into
the material, the lattice parameter decreases.
This peculiar behaviour is seen in other PBA
materials and the change in lattice parameter
is caused by the change in the Cr(CN) n–

6 com-
plex radius as it alters valence state28,29. The
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Figure 4: MnHCCr aqueous electrochemical characterisation. (a) linear sweep voltammetry (LSV)
of the water-in-salt (WiS) electrolyte was taken using a glassy carbon pin at 1 mV s−1, with

the electrochemical stability limit defined as 10 µA s−2. The dQ/dV of MnII−N−−−C−CrIII/II and

MnII−N−−−C−FeIII/II are shown, centered at −0.86 V vs. SHE and 0.80 V vs. SHE respectively. (b)
cyclic voltammograms (CVs) of MnHCCr at scan rates from 0.1 mV s−1 to 10 mV s−1. (c) the peak
current at each scan rate plotted against the square root of scan rate. The gradients of the lines of
best fit are 1.07 mA s1/2 V−1/2 and −1.20 mA s1/2 V−1/2.

material exhibits a very low lattice parameter
variation of 0.6 % on cycling.

The position of the v(CN) band is depen-
dent on the bonding environment, and in the
case of MnHCCr the oxidation state of Mn
and Cr, which is analogous to other PBA ma-
terials7,15,30. Ex situ FTIR shows that as
the material is reduced there is a decrease in
the absorption peak at 2164 cm−1, character-
istic of MnII−N−−−C−CrIII bonding, and an in-
crease in the peak at 2049 cm−1, characteristic
of MnII−N−−−C−CrII bonding, Figure 5c. Both
the change in lattice parameter and FTIR spec-
tra were observed to be fully reversible.

Further reduction in potential in an
organic electrolyte

To explore the stability of the material at lower
potentials the electrochemical behavior of the
material was explored in an organic electrolyte
(1M NaClO4 in PC). The electrodes were dried
under vacuum at 150 ◦C to remove water within
the structure before use. Figure 6 shows the gal-
vanostatic cycling performance, at 15 mA g−1,
of MnHCCr in WiS and in organic electrolyte
with two different cut-off voltages. Additionally,
ex situ XRD were taken at selected points. Op-
erating in an organic electrolyte with the voltage
cut-off at −1.3 V MnHCCr shows the single re-
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Figure 5: Ex-situ analysis of MnHCCr electrode reaction in an aqueous electrolyte. Ex-situ XRD
at various charge states between 0 and 1.0 shows a linear contraction in the lattice on reduction,
show in (a) by the (024) diffraction peak moving to higher angles. The cubic structure of MnHCCr
is maintained over the whole state of charge. In addition to the change in lattice parameter the
intensity of the (022) and (004) peaks increased, compared to the (002), as the material is reduced,
and sodium inserted. (b) shows the dependence of state of charge on lattice parameter, calculated
through refinement of the lattice parameter of a cubic unit cell. Ex-situ FTIR was performed on the
same electrodes and shows the change in v(CN) absorption as the CN– environment is changing.
The absorption peak at 2164 cm−1 is characteristic of MnII−N−−−C−CrIII bonding whereas the peak
at 2049 cm−1 is characteristic of MnII−N−−−C−CrII bonding.

versible plateau corresponding to the reduction
of chromium, as seen in the WIS electrolyte
previously. Ex situ XRD confirms the struc-
ture is maintained. There is, however, lower
capacity and slower kinetics when compared to
performance in the WiS electrolyte. The Na+
diffusion coefficient of dehydrated MnHCCr was
calculated to be 3× 10−8 cm2 s−1, more than
an order of magnitude lower than the hydrated
material, see Supplementary Figure 2.

With a cut-off voltage at −1.65 V there is an
additional voltage plateau centered at −1.45 V.
This plateau has a large irreversible capacity
and corresponds to the permanent breakdown
of the crystalline structure. This is a similar
response to other PBA compositions that have
been discharged to low potentials in non-aqueous
electrolytes and where reversible capacity arises
from conversion-type mechanisms10,11. Finding
the limit of stability of the MnHCCr crystalline
structure, and of PBA compounds more gener-
ally, is significant and places fundamental lim-
itations on the useable potential range of the
material.

Conclusions

In summary, we characterise the structure
and electrochemical behavior of manganese
hexacyanochromate which exhibits reversible
sodium insertion at −0.86 V vs. SHE, whilst
maintaining the characteristic open-framework
PBA structure. The material has a capacity
of 62 mA h g−1 and a diffusion coefficient of
1.9× 10−6 cm2 s−1 whilst operating in a high
voltage water-in-salt electrolyte. This capac-
ity is a result of the one-electron reaction and
the high hexacyanochromate vacancy content
of 30 %. These vacancies are positive defects
which decrease the sodium content stored in
the material when reduced, and so decrease the
available capacity. Ex situ XRD has shown that
the materials exhibits very low strain, of less
than 1 %, on cycling.

MnHCCr has the lowest redox potential for
which the preservation of the open-framework
structure is confirmed, and charge storage is
from sodium insertion and transition metal re-
dox. This is important as the limit of stability
of PBA materials at low potential is currently
unknown. When investigating the material in
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Figure 6: Behavior of MnHCCr during the first two cycles in the WiS electrolyte (a) and in an
organic electrolyte with different voltage cut-offs (c and e). XRD patterns of ex situ samples are
shown, taken in the pristine state, after one discharge and after one full discharge and charge cycle
for each cycling conditions (b, d and f). Note samples cycled in the organic electrolyte were dried at
150 ◦C under vacuum. Peaks in the XRD patterns at 18.3◦, 19.8◦ and 27.8◦ come from the PVDF
binder, see Supplementary Figure 3.

an organic electrolyte the same redox couple
is observed, and the diffusion coefficient was
calculated to be more than an order of magni-
tude lower at 3× 10−8 cm2 s−1. Reducing the
potential lower than −1.3 V vs. SHE resulted
in irreversible loss in the crystal structure and
a change in the charge storage mechanism.

This work deepens the understanding of the
limits of stability of the materials system and the
relationship between vacancy and water content
to performance and stability. Further research

should be focused on overcoming the partial solu-
bility of PBA compounds in aqueous electrolytes
that, currently, leads to poor cycle life.

Experimental Methods

Manganese hexacyanochromate
synthesis

5 g of NaCN and 3 g of CrCl3 (excess CrCl3)
were added to 120 ml of 0.1M HCl solution. The
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solution was refluxed for 30 min. Then 4.819 g
of 47.5 % Mn(NO3)2 solution was added under
stirring in a dropwise manner. After 30 min the
precipitate was centrifuged, washed three times
with DI water and once with acetonitrile then
dried overnight at 80 ◦C in air.

Manganese hexacyanoferrate syn-
thesis

0.5M Na4Fe(CN)6 solution was added in a drop-
wise manner to 1.5M Mn(NO3)2 solution under
stirring at 30 ◦C such that the final solution had
a stoichiometric ratio of Fe to Mn. Both initial
solutions contained 4M NaCl. The solution was
left to stir for 30 min then the precipitate was
centrifuged, washed three times with DI water
and once with acetonitrile then dried overnight
at 80 ◦C in air.

Materials characterization

Elemental composition was determined by in-
ductively coupled plasma optical emission spec-
trometry (Perkin Elmer Optima 8000) and ther-
mal analysis was performed using simultaneous
thermogravimetric analysis mass spectrometry
(NETZSCH STA 449 F3 Jupiter coupled to a
QMS 403 Aolos). Microscopy was carried out on
a FE-SEM (Zeiss Merlin). Synchrotron X-ray
diffraction was performed at beamline i11 at
Diamond Light Source on the position sensitive
detector (PSD). XRD of dehydrated MnHCCr
samples and ex situ electrodes were performed
inside a N2 filled glove box (Rigaku MiniFlex
Cu source). Fourier transform infrared spec-
troscopy (Thermo Scientific Nicolet 6700) was
performed in transmission mode using CsI pel-
lets within a nitrogen filled glove box. Ex situ
samples for XRD and FTIR were prepared by
retrieving the carbon cloth electrodes, wash-
ing them with acetonitrile, then allowing them
to dry before measurement. For FTIR sam-
ples the powder was then scraped from the
carbon cloth. The General Structure Analy-
sis System/Experiment Graphical User Inter-
face (GSAS/EXPGUI) program was used for
refinements31,32. The particle-size distribution
was measured using dynamic light scattering
(Malvern Zetasizer Nano ZS) using a He-Ne
laser (633 nm). The sample was prepared by

dispersing the powder in a 1:1 mixture of wa-
ter/isopropanol through sonication.

Electrochemical characterization

Electrodes were prepared by mixing 80 wt % ac-
tive material, 10 wt % carbon black (Timical SU-
PER C65) and 10 wt % polyvinylidene fluoride
(Kynar 2850 GL) in a mortar with 1-methyl-
2- pyrrolidone to form a slurry. The slurry
was pasted on carbon cloth (Fuel Cell Earth
AvCarb) with areal mass loadings of around
10 mg cm−2, then dried overnight at 80 ◦C in air.
Electrochemical measurements were performed
on three electrode flooded cells inside an Ar
filled glove box. For aqueous measurements the
reference electrode was an Ag/AgCl pseudo ref-
erence prepared through oxidation of silver wire
in HCl solution which was calibrated using a fer-
rocene internal standard. The counter electrode
was MnHCFe. For non-aqueous measurements
sodium metal was used as both reference and
counter electrodes. Electrochemical measure-
ments were performed on a BioLogic VMP3
potentiostat.
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Supplementary Figure 1: High-resolution synchrotron powder X-ray di↵raction pattern of MnHCCr
dried at 80 �C under vacuum ((� = 0.824 525 Å).

Atom Site g x y z Uiso

Mn 4a 1 0 0 0 0.028
Cr 4b 0.693 0.5 0 0 0.023
O(1) 8c 1.422 0.25 0.25 0.25 0.403
C 24e 0.693 0.308 0 0 0.065
N 24e 0.693 0.200 0 0 0.034
O(2) 24e 0.412 0.245 0 0 0.191

Supplementary Table 1: Structural parameters of MnHCCr dried at 80 �C under vacuum from
Rietveld refinement in the space group Fm-3m (Z = 4). Occupancy g, atomic positions (x, y, z), and
isotropic atomic displacement Uiso are given. The lattice parameter is 10.661 Å. Sodium is located
at the centre of the interstitial A site whilst oxygen takes two positions, O(1) bonded to Mn in
vacancies and O(2) at the centre of the interstitial site. RP = 1.16%, RWP = 1.58%, �2 = 4.797,
GOF = 2.19.



Composition from SXRD refinement.
RT: Mn[Cr(CN)6]0.69 · 2.84H2O(1).2.47H2O(2)
80 �C under vacuum: Mn[Cr(CN)6]0.70 · 0.69H2O(1).1.46H2O(2)
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Supplementary Figure 2: Di↵usion coe�cient of Na+ in dehydrated MnHCCr in an organic electrolyte
(1Molar in NaClO4).

Average gradient of lines of best fit in Supplementary Figure 2b is 0.094mA s1/2 V�1/2. Di↵usion
coe�cient was calculated to be 3⇥ 10�6 cm2 s�1. This is approximately two orders of magnitude
lower than the di↵usion coe�cient when hydrated in the WiS electrolyte.
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Supplementary Figure 3: X-ray di↵ractogram of PVDF binder.
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