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Abstract: Aqueous aluminium ion batteries are promising for
sustainable energy storage given the abundance of aluminium and
their ease of recycling. However, finding suitable electrode materials
that can intercalate Al-ions remains challenging. Here we investigate
Mg ion doped MnO, nanorods in the manjiroite structure that allow
Al-ion insertion into the open tunnels of this material. The electrode
material has been characterized before and after Al-ion insertion
with X-ray diffraction and X-ray photoelectron spectroscopy as well
as studying the insertion process via in situ transmission electron
microscopy which highlighted a change in the length of the MnO,
nanorod. The results indicate that Al-ions can be successfully
inserted into the MnO; nanorods which was determined by density
functional theory calculations to be an energetically favourable
process. The electrochemical data indicates that diffusion-controlled
Al insertion as well as a surface pseudocapacitive effect occur. This
indicates that MnO, nanomaterials synthesised in the presence of
metal cations is potentially a viable route for facilitating their use as
electrode materials in aqueous Al ion batteries or supercapatteries.

Introduction

The growing demand for clean renewable energy has resulted in
an urgent requirement for efficient energy storage technologies.
To fully harness the benefits of intermittent renewable energy
sources such as wind and solar the excess electricity generation
needs to be stored efficiently. Several technologies are available
for this, namely chemical storage in the form of hydrogen or
hydrogen carriers and batteries. For the latter, large scale
battery storage has been demonstrated by numerous pilot
studies as well as commercially viable installations.! To date Li
ion batteries have dominated the sector but there are significant
efforts in undertaking new approaches and developing new
technologies such as organic and inorganic redox flow
batteries!>®! and going beyond traditional Li ion batteries such as
potassium and-sodium ion batteries*® and multivalent ion
batteries based on Zn, Mg, Ca, Fe and in particular ALE"3 The
use of multivalent ion batteries is attractive because the
multivalent ions in the electrolyte can transport more electrons
per cation with a comparable amount of ion storage compared to
Li ions.[4

Al ion batteries in particular have been identified as a
promising new technology due to the numerous potential
benefits of employing Al ions and/or Al metal as the anode
material such as having a large theoretical volumetric capacity of

8046 mAh/ml, low cost and natural abundance.['! If aqueous Al
ion batteries (AAIBs) are considered then additional benefits
include environmental and operational safety which is a concern
when organic electrolytes are used. In addition, aqueous
batteries will be easier to recycle at their end of life which is also
becoming a pressing issue with current battery technology which
largely ends up in landfill.l'® Although these advantages are
considerable there are still relatively few studies on AAIBs. This
is largely because electrode materials that facilitate aluminium
ion intercalation have not been extensively identified and tested
for the production of a high performance battery.l'""® Liu et al
initially reported a half-cell using TiO, nanotube arrays and an
AICl; electrolyte.l' The same group also reported a full AAIB
cell with a copper hexacyanoferrate cathode using an Aly(SO4)3
electrolyte .l Recently MnO, has been proposed as a cathode
material with aluminum metal as the anode which was modified
with an ionic liquid to make a full aqueous AAIB.?% Other
examples of electrode materials suitable for Al ion batteries
include spinel MnOz2" TiO,,?>2% copper hexacyanoferrate
(CuHCF)"™! and V,0524 Zhou et al has shown that a Prussian
blue analogue type FeFe(CN)s cathode is appropriate when
using a water in salt electrolyte of 5 M Al(CF3S053)3.?°! It has also
been reported that flexible AAIBs are possible using a CuHCF
cathode and polypyrrole coated MoO3; anode sandwiched by a
gel electrolyte.['¥ Recently our group has been exploring other
potential electrode materials including MoO3?%! and potassium
rich cryptomelane®?”! as candidates for use in AAIBs.

In this work we investigate Mg doped MnO; nanorods,
which is based on an Earth abundant MnO, phase for its
suitability as a candidate electrode material for Al-ion
intercalation. It is found that synthesising MnO in the presence
of Mg?* ions creates the manijiroite structure which provides ion
intercalation sites for AI** ions in the tunnels of the material as
supported by density functional theory calculations. This
approach to creating open structured metal oxides using metal
cations which allows for enhanced Al ion intercalation is outlined
for the current system in Scheme 1 and may also be applicable
to other multivalent ion systems.
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Scheme 1. lllustration showing the intercalation of AI** ions into the tunnel
structure of manjiroite Mg-MnOx.

Results and Discussions

In this work we synthesised Mg doped MnO. (Mg-MnOy)
nanorods (manjiroite structure) with tetragonal crystal structures
through a simple hydrothermal method. An X-ray diffraction
(XRD) pattern of this material is shown in Figure S1 which
confirms its crystalline structure where the peaks match the
standard pattern of the pure tetragonal manjiroite phase (PDF
card file 01- 085-4054) which belongs to the cryptomelane
mineral group with tetragonal 14/m space group (a =9.916 A, c =
2.864A).%8 This crystallographic data matches well with that of
MnO, obtained from the oxidation zone of metamorphosed
manganese deposits.?® Therefore in principle such manganese
ores could be used directly as cathode materials without any
further modification. The crystal structure is built of MnOsg
octahedra that form tunnels with a pore size of 4.6 A or even
larger depending on the doped metal in the tunnel where these
ions can in principle be exchanged with solution ions when a
potential is applied to the host material. In this example using
AI** jons in solution the intercalation/deintercalation space for Al
ion insertion is generated due to the presence of Mg?* ions (0.72
A)BY which have a larger ionic radius compared to AP* ions
(0.51 A\). Although the hydrated radii of AI** will be higher than
Mg?* in aqueous electrolyte, it has been demonstrated
previously that the hydrated shell around the solution phase ion
will be removed at the electrode interface and that the non-
hydrated ions are intercalated into the MnO:;, lattice structure as
demonstrated when using Mg?* ions."!

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were employed to obtain a thorough
morphological and structural assessment of the manjiroite MnO,
nanorods. SEM images (Figure 1a) confirm the uniform
distribution of the nanorod morphology over broad domains in
the prepared samples. The TEM image in Figure 1b shows that
the as-prepared MnO; consists of uniform, 30 to 50 nm diameter
nanorods. This distinctive architecture should in principle
improve electrical activity because of the large surface area,
resulting in an excellent electrode / electrolyte interface and a
small ion diffusion route. The selected area electron diffraction
(SAED) pattern in Figure 1b also indicates the highly crystalline
nature of the sample, where diffraction spots corresponding to
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the {200}, {130} and {211} planes of the manjiroite structure
were clearly identified. The high-resolution TEM image (Figure
1c) shows the crystal orientation and structure and
demonstrates that the d spacing of these obtained fringes is
0.70 nm, which corresponds to an interplanar distance of {110}
planes of the manjiroite structure.®? The dark field scanning
transmission electron microscopy (DF-STEM) image and energy
dispersive spatially resolved X-ray (EDX) maps confirm the
uniform distribution of manganese and oxygen in the nanorods

o —
3\&\

200 nm
I x

. Manganese

(Figure 1d).

Figure 1. (a) SEM image of manjiroite MnO2 nanorods which shows their
uniform distribution. (b) TEM image with SAED pattern, (c) high resolution
TEM image of the nanorods showing the lattice fringes and (d) DF-STEM
image and the corresponding EDX maps.

Cyclic voltammograms (CVs) of the obtained manijiroite
MnO; nanorods in an aqueous Al(NOs3); solution were measured
and are displayed in Figure 2a to verify the feasibility of
reversible AP* ion insertion/extraction. A quasi-reversible
process is identified with redox peaks at 0.8 and 1.2 V (vs.
Ag/AgCl at 5 mV s) corresponding to the insertion and
extraction of AP* ions into and out of MnO,, respectively. This
broad response is similar to previous work which demonstrated
the insertion/extraction of Mg?* ions at A-MnO,,*% and Zn?* ions
at 5-Mn0,.B4 The hydrogen evolution reaction was observed in
the cathodic scan after AI** ion insertion at a potential of 0.1 V
(vs. Ag / AgCl), indicating that AI** ion insertion is preferred over
the reported potential range in Figure 2a. It was also found that
Mg ion doping was required to observe such a redox response
as the control undoped MnO, sample did not show any evidence
of a quasi-reversible redox process over the same potential
range (Figure S2). This indicates that the Mg ions occupying the
tunnels in this phase of MnO, are required for the insertion of
APR* jons from solution as confirmed below via spectroscopic
experiments. This is consistent with our previous work with K*
rich cryptomelane MnO; which resulted in the exchange of K*
ions with Al** ions."]

At the faster sweep rates of 10 and 20 mV s™ there is only
one peak visible, however at lower sweep rates (1 and 5 mV s™)
the main cathodic process begins to resolve into two processes
where a shoulder becomes visible prior to the main peak. This
indicates that Mn** may be reduced to both Mn®* and Mn?
during the reduction process where the charge is compensated
via the insertion of AI** ions. On the anodic sweep there is also
evidence of peak splitting when the electrode is oxidised. It
should be noted that at higher sweep rates the anodic and



cathodic peaks were still observed and not a rectangular shaped
process which suggests that this process is not only capacitive
but contains a diffusion-controlled contribution to the current. For
this type of system the peak current can be related to the sweep
rate of the experiment via the following equation: | = kqv + ko,
where ki and k, are constants.®% The first term corresponds to
surface mediated ion storage (or capacitive) behaviour while the
second term is attributed to a diffusion-controlled ion insertion
process. It was found for this system that there is a linear
dependence of 1/V*5 versus v*% which indicates contributions
from both capacitive and diffusion-controlled processes (Figure
2¢).B8 Therefore, the manijiroite MnO, nanorods act as a
pseudocapacitive material which is controlled by a surface as
well as diffusion process.
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Figure 2. Cyclic voltammograms of Mg-MnO2 nanorods in 1 M AI(NOs)s
electrolyte recorded at different sweep rates (a-b) and (c) a plot of 1//*5 versus
V25 form the data in parts a and b.

There is also the possibility that the redox responses are due
to proton insertion/extraction which is encountered for transition
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metal oxide materials.’7l Therefore to investigate this effect
cyclic voltammetry experiments were performed in 1 M HNO3
which did not exhibit any well-defined quasi-reversible
reduction/oxidation processes (Figure S3). This indicates that
the peaks observed in Figure 2 are due to the reduction of MnO,
where the change in oxidation state is compensated by Al-ion
insertion.

In order to confirm the hypothesis that AI** ion insertion
occurs in the nanorods and not confined purely to the surface,
which would indicate a purely capacitive process, XRD patterns
of the pristine and Al-ion inserted electrode were measured
(Figure 3). It can be observed that the electrode maintains its
crystal structure upon Al-ion insertion as the peaks are
consistent between the two samples (Figure 3a). Rietveld
refinement showed that both electrodes could be indexed to the
manjiroite structure (Figure S4), indicating that no significant
structural change occurs upon Al ion insertion. However, upon
closer inspection of the peaks, it was observed that there were
slight shifts in the peak positions to higher values of 26 (Figure
3b). When the XRD patterns were analysed and Pawley fitting
performed it was found that the lattice parameters changed after
Al ion insertion. For the pristine electrode, a = 9.950(3) A and ¢
= 2.801(9) A while for the reduced electrode a = 9.886(3) A and
¢ =2.8576(2) A. This indicates that the nanorod crystal becomes
elongated with a slight contraction in the width once Al ions are
inserted into the structure. When the Al ions were extracted from
the sample it was observed from the XRD pattern (Figure 2c)
that the peaks stayed in the same position indicating that the
nanorods to do not contract upon removal of the Al ions.
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Figure 3. a) Comparison of XRD patterns of fresh, reduced and oxidised
samples on a stainless steel current collector electrode where b) shows an
enlarged part of the obtained XRD patterns.

In addition, X-ray photoelectron spectroscopy (XPS)
measurements were also used to examine the reaction
mechanism further and to verify whether Al-ions are intercalated



into the manijiroite lattice during the reduction process. The
samples were etched for 120 s prior to the test to prevent any
possible contributions from AI** ions on the surface and any
surface contamination that could have occurred after washing
the electrodes post cycling. Figure 4 shows XPS spectra of the
fresh and reduced electrodes made of manijiroite Mg-MnO;
nanorods. The survey spectrum in Figure S5 also shows the
presence of peaks at686.8 eV and 284.8 which can be
attributed to F 1s and C 1s, that are due to the presence of the
PVDF binder and activated carbon. Upon Al ion insertion there is
the appearance of an Al peak in the survey spectrum. These
changes can be seen more clearly in the high-resolution spectra

— Al-inserted electrode
— Fresh electrode

Al 2p

Intensity (a.u.)

70 76 94 100

82 88
Binding Energy (eV)
(Figure 4). Initially the Mn 2p spectrum was investigated (Figure
S5) where peaks at 653.7 and 641.9 eV are assigned to the Mn
2p12 and 2pszp core levels. After insertion of Al there was no

distinctive change in the
Figure 4. XPS Mn 3s spectra of fresh and Al inserted electrode which also
shows the Al 2p region.

XPS spectrum as is often the case for Mn 2p spectra
where assignment of oxidation states is unreliable. Therefore,
we investigated the Mn 3s spectrum to observe any changes in
the oxidation state (Figure 4). Here, the multiplet peaks result
from the exchange interaction between the core level electron
(3s) and the unpaired electrons in the valence band level (3d) by
photoelectron ejection.*® The multiplet splitting of Mn 3s peaks
can be used for determining the oxidation state of Mn[*% where
in this case the splitting energy of the fresh and reduced
electrodes are 4.73 eV and 4.93 eV, respectively which indicates
a reduction in the oxidation state of the MnO, material. This
difference of 0.2 eV is consistent with previous reports on
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electrodeposited MnO; films where the deposition method
influenced the final oxidation state of the material.*®! This data is
tabulated in Table S1. It can also be observed that the Al 2p
peak is present in this binding energy range. For the fresh
electrode there is an absence of Al, however after Al insertion
the presence of Al is evident at 74 eV which can be attributed to
A|3+_[41]

An in-situ TEM analysis was performed to study the APP*
insertion behaviour and the structural stability of Mg-MnO,
nanorods. Figure 5a shows a photograph and a schematic
illustration of the in-situ TEM setup. Al(NOs)s salt was loaded on
a piezo-driven tungsten wire, whereas the prepared nanorod
sample was placed on the stationary gold wire. This setup is not
a full representation of the Al ion battery, however, can be
implemented to study how the nanorod sample behaves upon
AR insertion. Figure S6 shows a low magnification TEM image
of the nanorod sample selected for the in-situ TEM experiment.
These two electrodes were then brought into contact in the
microscope and the process was continuously imaged (Movie
S1). There was no notable change to the Mg-MnO, nanorod
upon initial contact with Al(NOs)s. Then a - 2 V (vs counter
electrode W/AI(NO3); was applied to initiate the AI** insertion
into the Mg-MnO; nanorod. Interestingly, a minor elongation of
the Mg-MnO; nanorod was observed (Movie S2). The length of
the nanowire was monitored between two points as shown in
Figure 5b to 5d (the length of the blue arrow is kept constant to
perceive the elongation of nanorod). It was observed that length
between these two points increased from 530 nm to 563 nm in ~
120 seconds. This minor elongation (~ 6.2%) in fact indicates
ready uptake of AIP* by the nanorod sample without major
changes to the structure or morphology. Figure 5e displays the
voltage and current transients across the nanorod during AI**
insertion process. Upon applying a bias of - 2V, the current
through the nanorod sharply increased to - 2 nA, and then
gradually increased to ~ - 4 nA over 120 seconds. This
observation indicates Al insertion and good conductivity of the
Mg-MnO; nanorod sample. An EDX line scan was performed (as
marked in Figure 5d) to further confirm the insertion of AI** into
the Mg-MnO; nanorod (refer supporting information for DF-
STEM image acquired for the line scan and additional details,
Figure S7). The presence of Al within the nanorod is evident as
displayed in the EDX line scan profiles in Figure 5f and 5g.
Notably the counts for Mg is relatively low compared to that of Al.
Figure 5h shows the EDX spectrum (1.0 — 3.0 keV region)
corresponding to the line scan profiles, where the peak at 1.487
keV is attributed to Al Ka radiation further confirming the
insertion of AI%*.,
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Figure 5. a) Photograph and schematic illustration of the in situ TEM setup. b) TEM image acquired before applying a bias of -2 V. ¢) and d) Time dependent
TEM images acquired at 60 s and 120 s, respectively, when applying a bias of -2 V. e) Voltage and current transients during AI** insertion. f) STEM-EDX line scan
profiles obtained from the line marked in 5d. g) Line scan profile showing Al and Mg only. h) EDX spectrum corresponding to the line scan profile (1.0 — 3.0 keV

region).

In order to understand the effect on AIP* intercalation, we
calculated the formation energy (Er) of AI** intercalated Mg-
MnO,, which is defined as:

Ef = Exal-Mno, — Emg-Mno, + Xlmg — Xlal 5
where Exai-mno, and Emg-mno, are total energies of the MnO,
structure with and without AI®* intercalation, while x represent
the number of the intercalated Al%*. Umg @nd iy are the chemical
potential of Mg?* and AI** ions, which are calculated by setting
single atom in a cubic crystal with the parameter a = 10 A. As
shown in Figure 6, for single AI** intercalation, the calculated
energy reaches -2.90 eV, indicating its thermal stability.
Compared with the formation energy of single Al** intercalated
Mg-MnO; (-2.49 eV), the more negative value suggests that Al>*
ions are more likely to substitute Mg?* ones. Besides, we also

examined the formation energy of the AIP* completely
a) ®-
( ) © Mn
s 0
Q@ Mg
b
1 Al
a Mn-O
¢ d Octahedral

Al /-2.90 eV

(b)

intercalated case. The formation energy of -9.37 eV indicates
that the following AI®* intercalation is also energetically favorable.
Therefore, AIP* intercalated MnO, is much more stable than Mg?*
one, suggesting the promising application in AI** ion storage.

Figure 6. The optimized 2x2x1 supercells for (a) Mg rich, (b) single AP**
intercalated, and (c) AI** completely intercalated structure. Purple, red, orange
and light blue spheres represent Mn, O, Mg and Al atoms.

Conclusion

In summary, we have demonstrated the feasibility of an
electrochemical aluminum insertion reaction of Mg-doped
manijiroite MnO, nanorods prepared by a simple hydrothermal
synthesis method in a 1 M AI(NO3); aqueous electrolyte. It was
found that the open structure of the manijiroite nanorods,
synthesised in the presence of Mg?* ions, thereby creating
tunnel vacancies was the key aspect for the insertion / de-
intercalation of AIP* ions. In addition, there is a surface mediated
ion storage process which also contributes to this electrode
acting as a pseudocapactive material. This work offers an insight
into the development of intercalation nanomaterials that contain
guest species which may have potential use as electrode
materials for aqueous rechargeable multi-valent ion batteries or
supercapatteries.

Experimental Section

The materials were synthesized using an easy hydrothermal technique.
0.625 M MgSOs was mixed into 30 ml deionized water for the typical



synthesis. After 10 min of stirring, 30 mL of 0.25M MnSO4 and 0.25M
NH4S20g were added to the MgSQOs4 solution, followed by 2 ml of H2SOa.
The solution was kept for 60 min of stirring before transferring it into a
100 mL Teflon stainless steel autoclave and was heated at 120°C for 24
h and then allowed to cool to room temperature. The resulting black
product was centrifugally recovered and washed several times with
deionized water and ethanol and subsequently dried for 6 h at 70°C.

The Rigaku SmartLab diffractometer (Cu source, 40 kv 40 mA) in the
Bragg-Brentano geometry with the Hypix 3000 detector was used for
collection of Powder X-ray diffraction patterns. A divergent optical mirror
(CBO-a) was used. Patterns of 3-80° 26 for a step of 0.01° were
collected for half an hour per sample. XPS data were collected using a
Kratos AXIS Supra photoelectron spectrometer. SEM imaging was
carried out using a JEOL 7001 microscope. TEM, STEM, SAED and EDX
analysis was performed using a JEOL 2100 UHR microscope. “Zues”
scanning tunnelling microscopy (STM)-TEM in situ specimen holder
(Zeptools, P.R China) was used for the in-situ TEM work. All
electrochemical experiments used a three-electrode configuration with
the Biologic VSP3 potentiostat. Glassware were rinsed with reagent
water of type | (EMD Millipore, resistivity of 18 M da cm). As a working
electrode substrate, Stainless Steel (SS) (MTI Corp) was employed. SS
slides were cut into 1 cm x 2 cm form and cleaned with acetone and
dried at 60 C before they have been coated with electrode slurry.
Manjiroite nanorods, PVDF, N-Methyl-2-pyrrolidone and activated carbon
were mixed at a ratio of 8:1:1 to make the electrode slurry. This electrode
slurry was stirred for 1 h to obtain homogenous mixing. This slurry was
coated on stainless steel to make a thin film. These coated electrodes
were maintained for 3 h at 140°C in vacuum atmosphere. 3-electrode
studies were performed in 1 M AI(NO3)s; electrolytes with Ag / AgCl (BASI,
filled with 3 M KCI) in and in graphite rod (rod, L 150 mm, diam. 3 mm
and low density, 99,995 percent Sigma Aldrich base trace metals).

The first-principles calculations were performed at the level of Perdew-
Burke-Ernzerhof (PBE) functional of generalized gradient approximation
(GGA)“2  within projector-augmented wave (PAW) method™®, as
implemented in Vienna ab initio simulation package (VASP)“4+4%l. The
kinetic cut-off energy was set to be 500 eV, and the k-points for first
Brillouin zone were sampled by a Monkhorst k-mesh of 5x5x11. The
geometric optimizations were terminated until the energy of each atoms
converged to 10 eV and the force of them became less than 0.001 eV/A.
Besides, the effect on spin of Mn atoms was considered in our
calculations, and a 2x2 supercell was adopted to reduce the
concentration of A** intercalated conditions. Note that the structures of
Mg?*-rich cryptomelane show large distortion during the full relaxation,
due to the strong interactions between Mg and O atoms. Thus, we
manually changed the crystal parameters in a large range with the step
of 0.01 A and fixed them during geometric optimization.
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Mg ion doped MnO; nanorods facilitate Al ion insertion / extraction in a 1 M Al(NOs3)3 electrolyte opening up their potential use as an
electrode material for aqueous Al ion batteries.
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