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We report on the Young’s modulus (YM) of single-crystalline
NasMngO15 (or Nag.4sMnO3) nanowires (NWs), which have shown
promise as reversible sodium-ion (Na*) intercalation cathodes with
high capacity and excellent cyclability. In addition, acid treatment
of this material yielded proton stabilized Nag4s.,Mn0O; (y ~ 0.23)
NWs with a 74% increase in the YM. The tight correlation between
YM and ionic content within the crystalline tunnels is particularly
significant, since it points to the strong dependence of elastic
properties on state-of-charge (SOC) within battery materials.

In electrochemical energy storage systems involving reversible
insertion / extraction of inorganic ions, such as sodium and lithium,?
one of the key requirements for improving the cycle life and rate
capability of a battery electrode is its ability to reversibly host the
“guest” ions at high capacities and high rates without structural and
mechanical degradation.2* Mechanical degradation causes
undesirable effects, which include electrode fracture, delamination
and higher impedances for the transport of charge carriers,
eventually resulting in battery failure.>10

As a result, computational models have been developed to estimate
the evolution of both, stress fields and fracture as a function of ionic
diffusion inside battery electrodes.>1° A knowledge of the elastic
properties of the material, particularly its Young’s Modulus, is an
essential input to these computational models. For instance, YM was
a key parameter in the development of particle size-dependent
fracture mechanics behaviour in LixMn;0, and LiFePO4 electrode
systems.>® Ref. [10] has also highlighted the strong correlation
between the YM of lithium manganese oxides and the resultant
lithiation-induced stress fields, with a discussion that “its [i.e., YM’s]
precise measurement is technically significant”.
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Past measurements on the elastic properties of battery materiais
have focused predominantly on alloying anodes, such as silicon®'
This is due to the extremely large volume changes (up to 400% in Si)
and mechanical strains observed during the electrochemical chargi=-
of these materials. On the other hand, there are only isolate !
measurements on the elastic properties of battery cathode materials
even though mechanical degradation has contributed to the failui »
of these materials as well.>7 In the case of manganese oxides, pa*
YM measurements have involved only its lithium-containing spine:-
phase. Different measurement methods and sample preparatic |
techniques have yielded different YM values, which have varied ove:
a wide range from 10GPa to hundreds of GPa. 1314 For example, ¢
elastic modulus of 10GPa was reported when a vibrating-reeu
technique was used with gold coated, polycrystalline bars obtaine «
from cold-pressed LiMn,04 powders.13 Another report has employea
X-ray diffraction techniques on bulk-scale powders of LiMn,(,
nanorods to obtain a Young’s modulus of 143GPa.'* Our approach,
which will be described below, represents an improvement in that
provides accurate insights into the intrinsic YM of the electrou.
crystal without introducing any ensemble averaging (in terms of
grain orientations, particle size, shape, and / or inter-particle
interfaces) or coating effects, which have been associated with pa. *
measurements. Specifically, we employ an AFM-based, three-pnint
bending technique!>18 on single NW crystals to accurately quantifv
the intrinsic YM of the material system. Furthermore, we preser *
new insights into the changes in elasticity of the crystal when its ionin
content is modified, pointing to the SOC dependence of materi. '
elasticity during its electrochemical cycling. This is important since
the models, which are in use today for predicting fracture in battei «
electrodes, always assume a constant YM value due to a lack of
experimental data related to its dependence on ion °
concentration.>”7

Our choice of a Na-ion intercalation material is motivated by the
emerging interest in this ionic system due to the low-cost ar i
abundant availability of sodium as compared to lithium. 192
Furthermore, intercalation-induced volume changes and fracture 1s
a bigger issue in Na-ion battery electrodes due to the larger ic -
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Figure 1. (a) Schematic representation of the crystal structure of Na;MngO;5 nanowires with two types of the structural tunnels occupied by Na* ions.
Morphology, composition and structure characterization of (b) pristine and (c) acid-leached Nay;MngO;5 nanowires (from left to right: SEM image, EDX

spectrum and XRD pattern of the respective material).

radius of Na* as compared Li* (1.06A vs. 0.76A).20 Thus, an accurate
measurement of the YM of Na-ion electrodes is especially critical to
study their mechanical stability and to thereby, improve the cycle-
life / sustainability of these systems.

This effort has focused on one-dimensional (NW-based)
orthorhombic crystals of sodium-containing manganese oxide,
Nao.4sMnO, or NasMngO;s (Figure 1). These nanowires were
synthesized by hydrothermally treating Mn,03 or Mn304 powder in
6 M aqueous NaOH solution. 232122 More specifically, 0.08 g of
Mn,03 powder was dispersed in 6 M NaOH solution under vigorous
stirring. The suspension was then placed in a 23 ml, Teflon-lined
autoclave (Parr Instrument Company) and heated at 220°C for 6 days.
After the hydrothermal treatment, the synthesized Na;MngOig
nanowires were thoroughly washed with the deionized water and
dried at 100°C for 12 hours in vacuum. The crystal structure of this
material is built by MnOg octahedra and MnOs square pyramids
sharing corners and edges in order to form large-sized tunnels
around the sodium ions (Figure 1a). As shown in Figure 1(a), the Mn-
O framework envelops two types of tunnels that run along the
longitudinal or c-axis: (1) larger sized, z-shaped tunnels, and (2)
smaller, pentagonal tunnels. Both types of tunnels are stabilized by
sodium ions and the larger ones present crystallographic sites for
reversible Na* intercalation (Figure 1a). Hence, this material has
yielded results, which have established its performance as a high
capacity cathode for Na-ion batteries with excellent cyclability.23-27 In
the nanowire form, NasMngO1s phase shows high capacities up to
128 mAh/g and stable performance during extended cycling in a Na-

ion system. 23

We have employed acid leaching (AL), which is a chemical technique,
to mimic the electrochemical extraction of sodium ions from the as-
synthesized or pristine Nag.4sMnO; NWs and then, studied its impact
on the material YM. Following a report,28 used

previous we
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concentrated nitric acid at room temperature for this chemical
extraction of sodium ions from the pristine NWs. In order to achic.:
this, the pristine NWs were kept in HNOs for 24 hours under constar.
stirring. The NWs were then repeatedly washed with deionized wate
until a neutral pH was achieved, and dried at 100°C for 12 hours ii.
vacuum. A key advantage with this method is that it can be appi’
directly with the electroactive material in isolation, as opposed t
electrochemical cycling where the electroactive material is typical"
mixed with conductive carbon and a polymer binder to form th-
functional electrode. Thus, our chemical method obviates the nee.
for post-cycling separation of electroactive material from the rest ¢ .
the electrode in order to measure its intrinsic composition
dependent parameters (such as its YM). Manganese oxides ar :
especially attractive for such an investigation as they do not dissolve
even in strong oxidizing acids.

Previous studies have shown that this AL of manganese oxides with
the general formula of A,MnO, (where A is alkaline or alkali-eart*
element) involves two parallel material transformations, both ¢~
which also occur in the electrochemical charging of these mater™
First, during AL, the A ions are extracted from the crystal structure ¢
the material and this process is often accompanied by an io..
exchange with protons. This is similar to the electrochemic .
charging process, which involves the potential-dependent extractior
of A ions. In addition, ion exchanged protons have also been four .
to electrochemically intercalate into the electrode material from the
trace amounts of HF acid present in hexafluorophosphate base .
electrolytes.?®33 In fact, protons, which also occur naturally in
electrolytic manganese dioxide (EMD), have been hypothesized 1 ,
play an important role in controlling charge storage properties .
manganese oxides, as will be discussed later.

The second material transformation during AL involves

e

disproportionation of Mn3* ions into Mn** (remaining in the s~ «

This journal is © The Royal Society of Chemistry 20xx
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material) and Mn?* (dissolving in the acid). Therefore, the average
Mn oxidation state in acid-leached manganese oxides is higher than
in pristine materials.28343¢ An increase in transition metal oxidation
state occurs during electrochemical extraction of charge carrying
ions as well though, in this case, it has its origins in vacancies created
by the extraction of ions. Thus, acid-leached manganese oxides,
which are used in our effort, lend themselves well to obtain insights
into the SOC-dependent material properties of their electrochemical
counterparts. This argument is supported by a past study of chemical
vs. electrochemical extraction of lithium ions for Li;.10Mn1.9004 spinel
This report has established that
intercalated products prepared during the chemical extraction

material. intermediate de-
process (by acid treatment) are similar to those prepared by the
electrochemical way in non-aqueous electrolytes. 37

The morphology and chemical composition of both, the pristine and
acid-leached nanowires were investigated using a Zeiss Supra 50VP
(Germany) scanning electron microscope (SEM), which was equipped
with an energy dispersive X-ray spectroscopy (EDS) attachment. In
our case, the acid treatment was found to not affect the nanowire
morphology of the material (Figure 1, b-c). According to EDX
spectroscopy data (Figure 1, b-c), the Na/Mn ratio dropped from 0.44
in pristine NasMngO1g nanowires to 0.21 in the acid-leached material.
Thus, we obtained proton-stabilized Nag.44.,MnO; (y ~ 0.23) NWs, or
simply AL NWs, as the end-product of our acid treatment process.
This corresponds well with the final composition achieved previously
for electrochemically charged Na;MnsO15 nanowires, which showed
stable cycling in the composition range of 0.22 < x < 0.66, where x is
Na content in NayMnO,.3 This agreement in composition further
reaffirms the feasibility of the acid leaching process to mimic
electrochemical extraction of ions. Phase identification was carried
out by X-ray powder diffraction (XRD) experiments on a Rigaku
SmartLab powder diffractometer (Japan) with Cu Ka radiation (step
size 0.02°in the range of 10° < 26 < 70°). XRD patterns of the pristine
and acid-leached NasMngO15 nanowires (Figure 1, b-c) agree with the
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previously published results, indicating shrinkage of the unit cell due
to acid treatment. The decrease in unit cell volume was attributed to
the extraction of large Na* ions from structural tunnels and to
increase in oxidation state of manganese ions (0.645 A ionic radiu
for Mn3* in high-spin configuration vs. 0.53 A for Mn#). Suc'
modifications in material composition and structure, which
caused by the acid leaching process, result in a substantial change ¢ ©
the Young’s Modulus, as will be shown later.

While a change in ionic content is verified by the EDX data in Figure
1, the argument that the acid-leached NWs are single-phase, tunne -
crystalline materials, which retain their original morphology, -
further confirmed from the selected area electron diffraction (SAED!
and high-resolution transmission electron microscopy (HR-TEM®
data. For these experiments, the nanowires were suspended 1.
ethanol using ultrasonication, and then dispersed onto carbor
supported copper TEM grids. The TEM grids were mounted on to
Gatan double-tilt holder, which was inserted into a JEOL 2010F f~'~
emission TEM operating at 200 kV. Gatan CCD camera and Digitai
Micrograph software were used for recording and analyzing ima_
These results, which are shown in Figure 2, confirm that both, the
pristine and acid-leached nanowires are single-crystalline and sing.-
phase materials. Furthermore, the presented TEM data indicate
that the [001] direction of the unit cell (i.e., the 1-D structurs’
tunnels) is oriented along the longitudinal axis of the NWs.

The YM of these NW material systems is extracted from three-poir

bending tests, which are performed using contact mode atomic-forc:

microscopy (AFM).1>18 |n order to perform these three-poin*
bending tests, individual NWs are integrated into doubly-clampe '
nanomechanical beams on the surface of silicon chips. The single NV
device architecture is shown in Figure 3. In this device, a single N\ °
bridges a pair of gold nanoelectrodes and remains suspended in a’

in the inter-electrode region. The electrode gaps are fixed either =

400nm or 800nm in different design variants and typically include a
lithography induced bias in the actual structures.

J 5

Figure 2. (a-b) TEM images of pristine and acid-leached Na,MnsO,5 NWs, respectively. The scale bars in these panels measure 100nm. (¢) HR-TEM
image of a pristine NW with its SAED pattern (obtained from a [100] zone-axis) in the inset. (d) HR-TEM of an acid-leached NW with its SAED
pattern in the inset. Scale bars in panels ‘c’ and ‘d” measure Snm. These images confirm that both, the pristine and acid-leached NWs are single
crystalline and sinale-phase materials.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. A 3D plot of the (a) pristine and (b) acid-leached Na;MngO14
nanowires, which were acquired using tapping mode AFM. The white
arrows point at EBID clamping. SEM images of these NWs, taken prior
to EBID clamping, are shown in the insets. The SEM scale bar in both
panels measures 600 nm.

The devices are realized using an on-chip nanofabrication approach,
which uses a combination of top-down silicon nanomachining and
bottom-up dielectrophoretic (DEP) nanoassembly techniques. This
nanoassembly-enabled fabrication approach, which has been
presented in detail in our past reports,3840 involves the following
steps. A silicon chip, which measures 4mm by 6mm and has an
insulating layer of 100nm thick nitride film on its top-side, serves as
the starting substrate. We first fabricate gold nanoelectrode pairs on
top of this substrate using electron beam lithography and metal lift-
off. The gold electrodes are deposited with a film thickness of 100nm
and employ an underlying, 15nm layer of chromium to promote
adhesion to the nitride layer. Next, the silicon chips are placed in a
reservoir containing a suspension of NWs in ethanol and an AC
electric field is applied across the gold nanoelectrode pairs. The
applied electric field polarizes the NWs in the suspension and the

(a)

tip w0

Zpiezo

1

& )
Ziom)
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resulting DEP force attracts the NWs towards the electric field
maxima, resulting in their deposition across the electrodes. Through
a suitable selection of AC voltage, its frequency and deposition ti
this DEP process yields the assembly of single NWs, which ar
suspended in air across the gold electrode pairs (Figure 3).38 Finall:
the NWs are further clamped onto the gold electrodes using top--ic~
metallization, which is achieved using electron beam induce i
deposition (EBID) of platinum. This insures that the NWs are securely
anchored in a doubly-clamped beam configuration without slippag :
at the contacts during the three-point bending tests (Figure 3).

The three-point bending test was performed using a VEECO Icon
AFM. Silicon nitride cantilevers with a spring constant in the 3-13N/m
range were used in these experiments. This experiment, which s
shown schematically in Figure 4(a) and is used to obtain the YM fro! .
force versus displacement (F-d) curves of the NW beam, involves th.C
following steps.161® The AFM tip is positioned on top of the N\
sample at its suspended mid-length and the sample, which 15
controlled in height by the z-piezo of the sample stage, is pushec
against the tip. At its starting point, the AFM tip and the stage ~~
separated by a few tens of nanometers in distance. As the Nw
sample comes in contact with the AFM tip, the tip is deflected
upwards. During this process, the deflection of the AFM tip (Zsp) an «
the movement of the stage (Zpiezo) are monitored. The deflection or
the NW beam (Zyw) at any given stage position is computed as:

Zyw = Zpiezo - Ztip v

The force exerted by the AFM tip on the NW (Fnw), which is equal t-
the mechanical restoring force of the tip (Fp), is given as:

“‘«
Tip force (nN)

25

Tip force (NN)

20

NW deformation (nm)

Figure 4. (a) A schematic of the AFM-based three-point bending test showing the tip, NW and stage (piezo) displacement variables. (b) A contact-
mode AFM plot from a Nag 4sMnO, NW showing the tip deflection as a function of the AFM piezo displacement. The trace (blue) and re-trace (red)
curves representing the engagement of the tip with the NW sample is shown in this plot. The NW AFM image is shown in inset. (c) The force vs.
displacement plot of the NW sample, which is extracted from the contact-mode plot of panel ‘b’, is shown here. Here, the black dots represent the
experimental data while the solid line denotes its linear fit. From the slope of this linear fit (i.e., the NW stiffness), the YM of this 31nm diameter
NW is calculated as 79 GPa. The height trace of the NW, which is used to calculate its diameter, is shown in the inset. (d) The tip deflection vs.
AFM piezo displacement plot for an AL NW with its AFM image in the inset. (€) The force vs. deflection plot of the NW of panel ‘d’. The NW
heiaht trace is shown in the inset. The YM of this 35nm diameter NW was calculated as 147.1 GPa.

4| J. Name., 2012, 00, 1-3
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Fyw = Ftip = ktipZtip (2)

where kip represents the mechanical stiffness of the AFM cantilever,
and is computed from Sader’s resonance damping model.*! In these
measurements, the raw tip deflection data is in the form of
photodetector voltage signals. This is converted into the equivalent
tip deflection values (in nm) by a calibration step where the tip is
pushed against a rigid surface (gold electrode).

The AFM three-point bending test results are shown for a
representative NasMngOi1s NW device in Figure 4(b-c). The tip
deflection vs. stage position data is shown in panel ‘b’ and the
extracted F-d plot is shown in panel ‘c’. Figure 4(c) assumes a linear
profile since the NW deforms in a pure bending mode in this regime
where the maximum deflection is on the order of its thickness.16-18
The slope of this F-d plot indicates the nanomechanical stiffness (knw)
of the NW beam and is related to its Young’s Modulus (E) by the
following equation: 16-18

kyw = 192EI/113VW 3)

where | (= 7TT4/4), r and Iyw denote the NW moment of inertia,
radius and suspended length, respectively. The NW diameter is
estimated from its height trace plot (inset of Figure 4(b)), which is
acquired from a separate tapping mode AFM scan, to be 31nm for
this representative NW. Also, the NW length is extracted from its
SEM image to be 408nm. Using the F-d slope, NW radius and
diameter values in Equation (3), we compute the YM of this NW to
be 79 GPa.

The YM values of 6 pristine NasMngO1s NW samples is plotted as a
function of their diameter in Figure 5. The average YM value of these
6 NW beams, which ranged between 26nm to 78nm in diameter and
between 371nm to 828nm in length, was found to be 84.3 + 9.1 GPa
(the interval denotes the 95% confidence interval). An interesting
aspect that emerges from the presented data is its diameter
independence. This confirms that the NWs have a uniform crystal
structure across their cross-section without any surface effects such
as bond-length contractions,*? surface relaxation*® or amorphous
coatings.’® In the case of other NW material systems such as zinc
oxide and cobalt oxide, these surface effects were reported to cause
an outsized influence on smaller diameter nanowires and have
resulted in an increasing YM with decreasing NW size.184243 This
work represents the first measurement of the YM of the NasMngO1s
material system, which in a nanostructured or nanowire morphology
is one of the promising candidates under investigation for high
capacity Na-ion battery cathodes.

As a next step, we assembled acid-leached (AL) NasMngO13 NW
beams (Figure 3(b)) and measured their YM. For the representative
AL NW shown in Figure 4(d-e), which had a diameter and length of
35nm and 843nm, respectively, the YM was extracted to be 147.1
GPa. Furthermore, the YM values obtained from 7 different AL-
NasMngO13 NW samples is plotted in Figure 4 as a function of their
diameter. From this data, the average YM value for the acid-leached

This journal is © The Royal Society of Chemistry 20xx
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NWs was observed to be 146.4 + 12.4 GPa. This represents a 74%
increase from the observed average value of 84.3 + 9.1 GPa for the
pristine, NasMngO1g material system.

We attribute this difference in the observed YM values for pristin.:
and acid-leached nanowires to three factors, each of which arisec
from the difference in ionic content inside the structural tunnels ¢
these two materials. First, the pristine material has 0.44 sodium ions
per MnO; while the acid-leached counterpart has only 0.21 Na* ior s
per MnO, (EDX analysis, Figure 1 b-c). The remaining 0.23 sodium
sites inside the crystal tunnels of the AL NWs are partially exchange 1
with protons, as discussed previously. The higher Na* content within
the tunnels leads to a larger unit cell volume in the case of the
pristine material as compared to its acid-leached counterpart.** It is
important to note that the presence of protons is not expected 1
significantly affect the tunnel size due to their extremely small radius.
Thus, the Mn-0 bonds are weaker within the pristine material due 1)
the larger unit cell, and thereby, result in its elastic softening. Our
argument is supported by previous results where Rietveld analys..
was performed on XRD data to obtain the unit cell parameters -~
pristine and AL NasMngOi:s phases.?® Here, the a and c lattice
parameters remained nearly unchanged. On the other hand, tk- *
parameter was observed to decrease by 4% (from 26.236(4) A 1 -
25.22(1) A) when the Na* content decreased from 0.44 to 0.11.

The second factor, which arises from ionic content induced changes
in the AL material and plays a role in its higher YM, relates to the
Mn3* ion disproportionation process.?® This conversion of Mn3* 1)
Mn% during the acid treatment process, accompanied by the
associated dissolution of the Mn2* ion, will reduce the content (¢
these larger Mn3* Jahn-Teller ions* in the AL NWs. This alleviation of
Jahn-Teller distortions within the MnOg octahedra, combined wit
the smaller size of the Mn** ions, also contributes to the increase ir
the YM of AL NWs.

The third factor in the increase of YM relates to the incorporatior _.
protons into the tunnels during the AL process. It has been shown
that these protons form hydroxyl groups by bonding with oxygen
anions in the Mn-O framework. These hydroxyl groups are believe .
to be located near the manganese vacancies within the crysta

180 ° x Pristine nanowires
= 150 8 o OAL nanowires
g . g
§120
Z 90 * X X
5 60
b=
> 30
0
0 20 40 60 80

NW diameter (nm)

Figure 5. A comparison of the YM values, which were obtained from
6 pristine and 7 AL NW samples, respectively. The mean YM value
was obtained as 84.3 + 9.1 GPa and 146.4 + 12.4 GPa for the pristine
and AL NWs, respectively. The intervals specified for the means
represent a 95% confidence level.
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lattice344¢ in such a manner that they stabilize the crystal structure
of the material during reversible, ion intercalation. We conclude that
these additional bonds and the resultant stabilization of the crystal
due to the incorporation of protons is also a contributing factor to
the observed increase in YM. This argument is further supported by
the
electrochemical lithium cycling of layered LiMn,04 spinels, which
was directly attributed to proton insertion-induced structural

observation of improved capacity retention during

stabilization.32

It is important to note that, as discussed in detail earlier, a decrease
in content of charge carrying ions and an increase in the transition
metal oxidation state are also characteristic of these intercalation-
based oxide cathodes during their respective charge cycles in
batteries. While partial proton substitution of the charge carrying
ions is not always characteristic of electrochemical charge processes
in other battery materials, proton incorporation has indeed been
observed in manganese oxides when they are electrochemically
charged using hexafluorophosphate-based electrolytes.
Furthermore, electrolytic manganese dioxides (EMD) have been
found to contain naturally occurring protons. Therefore, we believe
that acid-leached material is representative of its
electrochemically charged counterpart (as similarly reported with

our

the acid leached vs. electrochemical extraction of lithium ions from
Li1.10Mn1.5004 spinel material),3” and provides accurate insights into
the modulation in YM with a variation in SOC for this material system.
Even with the much better understood lithium-ion system, this
dependence of YM on ionic concentration in manganese oxides has
and has not been

only been computationally modeled

experimentally verified. For instance, Lee et. al. have presented
molecular dynamics simulations to show that the YM of a spinel
LixMnO; varies by up to 18% depending on its Li content.8 Thus, our
effort presents the first measurements of ionic-content dependent
YM values within tunnel crystal manganese oxides, which are
suitable for any metal-ion intercalation-based electrochemical

system (i.e., Li as well as Na).

Conclusions

We have presented an experimental approach for measuring
the YM of sodium manganese oxide-based, one-dimensional
crystals at a single particle-level. The measured average YM of
84.3 GPa was found to increase to 146.4 GPa when the Na/Mn
ratio was reduced by 0.23 using the acid leaching method,
which mimics the charging process in electrochemically cycled
cells. The increase in YM is attributed to a strengthening of Mn-
O bonds, reduction of Jahn-Teller distortions and protonic
stabilization, each of which has its origins in the changes in ionic
content within the acid-leached crystal. These results point to
the substantive dependence of elastic properties on the
intercalation ion content in manganese oxide-based, tunnel
crystal intercalation cathodes. These concentration dependent
properties will play a significant role in the mechanical stability
and fracture behaviour of this family of materials, which is a
promising candidate for high-capacity sodium ion battery cathodes.

6 | J. Name., 2012, 00, 1-3

The measured data is especially important in context of sodium ion
batteries due to the large size of charging carrying ions in these
systems. The capabilities of this reported measurement approa

when combined with other in-situ techniques for investigatin-
volumetric and structural changes in battery electrodes, will ful':
elucidate the inactivation mechanism in battery electrodes. Thic
information will substantially advance our understanding of a wic :
variety of new material systems, which are currently being
investigated for use in next generation battery and supercapacitc
applications.
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The Young’s modulus of manganese oxide-based intercalation cathodes exhibits a strong
correlation with the ionic content inside its structural tunnels.



