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ABSTRACT: Sodium rhodizonate (Na,C4Oy) has very high theoretical
capacity as a positive electrode material of sodium-ion batteries, but it
still has problems such as low actual capacity and poor electronic/ionic
conductivity. In order to improve its conductivity, we investigated its
structure and electrical properties under high pressure. By performing in
situ X-ray diffraction, Raman, infrared absorption, and alternating
current impedance spectroscopy in the range of 0—30 GPa at room
temperature, we observed a phase transition at ~11 GPa, with the
conductivity increasing by an order of magnitude. Above ~20 GPa,
Na,C4Oy4 gradually amorphized. During the decompression process, the
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pressure regulation of the structure and properties of the material are
reversible. Our study shows that applying external pressure is an effective tool to improve the conductivity of molecular battery
materials. The investigation will help to obtain next-generation electrode materials.

B INTRODUCTION

Organic electroactive materials represent a new generation of
sustainable energy storage technology because of their unique
features including environmental bemgmty, material sustain-
ability, and highly tailorable properties. ~* Among them,
polycarbonyl compounds have gradually become a research
hotspot of lithium/sodium battery electrode materials because
of their high reversible redox reaction, structural diversity, high
specific capacity, and fast reaction kinetics.”® These materials
often have conjugated structures with multiple carbonyl
funct10na1 groups (n > 2), such as quinone and anthraquinone
et al.” Recently, the carbonyl compounds like M,(CO)s and
M,(CO)s (M = Li, Na, K) with cyclic ketone structure were
reported to show excellent cyclic stability and ultrahigh
capacity.” Cyclohexanehexone (C¢Og), the prototype with
the highest oxidation state, was reported very recently, which
exhibits the highest capacity and energy density among all the
reported organic cathode materials.”

Sodium rhodizonate (Na,C4O,, Figure 1), which was a
common compound prepared from a natural product, myo-
inositol, was evidenced to be a potential cathode of the
sodium-ion battery.'” It provides four Na* storage sites during
charging and discharging with a theoretical capacity of 501 mA
heg™. Na,C¢O4 has alternated layers of pseudo-hexagonally
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Figure 1. Chemical structure of Na,CsOq.

packed Na* cations and rhodizonate dianions (C4O4*~), which
is beneficial to the removal and embedding of Na® during
cycling."" Yaqun Wang et al. synthesized the samples of
Na,C¢O4 with different sizes and morphologies, and they
found the nanorod exhibits the best performance with a
reversible capacity of ~190 mA heg™.'” Recently, by
combining the in situ X-ray diffraction (XRD), it was found
that the irreversible phase transition of Na,C4O4 during cycling
is responsible for deteriorating its redox activity. By modifying



the particle size and electrolyte conditions, four sodium
storages in a Na,C¢Og4 were realized with a capacity of 484 mA
heg™!, which is very close to the theoretical capacity.'’
However, its poor ionic/electronic conductivity limits the
application.

Pressure is an effective method to modify the chemical bond
and crystal structure, and hence tune the properties of the
material."*~'® Several representative lithium-ion battery
materials including the LiFePO,, LiMn,0, and Li,MnSiO,
were investigated under extreme conditions.’~"” The lithium
titanium oxide (Li,TisO,,, LTO), called as “zero-strain” anode
materials, shows an order of magnitude enhancement of the
conductivity when it amorphizes under high pressure.”” The
amorphous state leading by the different compressibilities of
the LiOg and TiO4 octahedra promotes the diffusion of Li*
ions and increases its ionic conductivity by providing defects
for ion migration. The external pressure can also drive the
unsaturated bonds like C=C to polymerize to form the
extended framework (pressure-induced polymerization, PIP),
which completely changes the structure and hence the
conductivity. 10°-times enhancement of conductivity was
observed by compressing lithium acetylide (Li,C,), which
was previously reported to be a promising electrode material
with a capacity of 700 mA heg™’, but limited by its low
conductivity.”** Carbonyl compounds also polymerize under
applied pressure. Carbon monoxide (CO), which is recognized
as the simplest carbonyl compound, polymerizes under high
pressure to form a polymer containing lactonic entities and
conjugated C=C bonds.”**> Aldehyde also polymerizes into
polyethers under compression according to theoretical
prediction.”® Moreover, besides the simple PIP, the pressure
induced ring-opening polymerization was observed in the
lactide, a more complex compounds containing carbonyl
groups, which suggests more possibilities for promising
materials under extreme conditions.”’

Thus, it is worthy to investigate the effect of external
pressure on the conductivity and the structural variation of the
polycarbonyl electrode materials. In this work, we explored the
conductivity of Na,C4O4 upon compression using the
alternating current impedance spectroscopy. The conductivity
increases by an order of magnitude above 11—15 GPa. In situ
Raman and infrared (IR) absorption spectra as well as the
XRD confirmed the structural phase transition of Na,CcO4 at
11 GPa. The corresponding structural variation was studied by
Rietveld refinement of the XRD data, and the relationship
between structure and electrical properties was discussed.
Additionally, a new route to prepare molecular battery
materials is proposed.

B EXPERIMENTAL SECTION

Experimental Preparation. Na,C;O4 was purchased from
Maikun Chemical and recrystallized in ethanol before the
experiment. No impurities were detected in the crystallized
sample according to the X-ray powder diffraction collected on
PANalytical Empyrean diffractometer (Cu K, radiation, 4 =
1.5418 A) (Figure S1). For the in situ Raman, IR spectra, AC
impedance spectroscopy, and XRD experiments, fine powder
of Na,CsO4 was gently ground in an agate mortar for more
than 10 min. A symmetric-style diamond anvil cell (DAC) with
300 um culet diameter diamonds was used for applying
pressure. Type-Ila diamond anvils were used for IR experiment
to avoid absorption band at 1000—1300 cm™". T301 stainless
steel gaskets were preindented to a thickness of ~35 pm, and

holes with a diameter of 150 ym were drilled at the center of
the indentations to serve as the sample chamber. The pressure
was calibrated by ruby fluorescence.”®

In Situ Raman and IR Absorption Spectra Measure-
ments. For the in situ Raman spectra, a piece of sample of 30
X 30 um® was selected and loaded into the sample chamber.
Neon was used as a pressure transition medium. The Raman
data were collected on a Renishaw Micro-Raman spectroscopy
system equipped with a second-harmonic Nd:YAG laser
(operating at 532 nm) in a backscattering geometry for
excitation and signal collection. For the in situ IR spectra, dried
KBr powder was pressed into a disk with ~20 pm thickness
and filled into the sample chamber with an appropriate size.
The sample powder was pressed into a slice with ~10 ym
thickness and placed on the KBr disk in the sample chamber.
IR experiments were performed on a Bruker VERTEX 70v
with HYPERION 2000 microscope. A Globar was used as a
conventional source. The spectra were collected in trans-
mission mode in the range of 600—4000 cm™' with a
resolution of 4 cm™' through a 20 X 20 um?® aperture. The
absorption spectra of diamond anvil filled with KBr in the
aperture region was used as the background for IR experiment.

In Situ XRD Measurement. A piece of sample with the
size of 30 X 30 um® was selected and filled into the sample
chamber. Neon was used as a pressure transition medium. The
data were collected at the beamline 12.2.2, Advanced Light
Source (ALS), Lawrence Berkeley National Lab (LBNL). The
wavelength of the incident X-ray was 0.6199 A. The
preliminary data were reduced using the Dioptas program.”
Lebail fitting and Rietveld refinement were performed by
Jana2006.*°

AC Impedance Spectroscopy Measurement. The
technical process of the microcircuit fabrication was reported
by previous literature.”’ A panoramic-style DAC with a
diamond culet size of 500 um in diameter was used. T301
stainless steel gasket was preindented to ~45 pm thickness,
and a hole with a diameter of ~280 um was drilled at the
indentation center. A mixture of c-BN powder and epoxy was
used for the insulation between the platinum electrode and
metallic gasket. Two thin platinum foils with a width of ~300
um were fixed on the two diamond culets, respectively, to act
as electrodes. No pressure transition medium was used. Data
were collected using Solartron 1260 impedance analyzer and
Solartron 1296 dielectric interface. The AC voltage (100 mV)
was applied in the frequency range between 0.1 Hz and 32
MHz. Z-view was used to fit the impedance semicircle to
obtain the equivalent circuit diagram and the capacitance.

Computational Details. For the calculation of IR and
Raman spectra of Na,C4O¢ at ambient pressure, our density
functional theory (DFT) calculations were performed within
generalized gradient approximation (GGA) implemented in
the CASTEP module of Material Studio.””™>* The IR and
Raman parameters were calculated using norm-conserving
pseudopotentials with an energy cutoff for the plane-wave basis
set at 990 eV and k-point sampling less than 0.03 X
2 reA~1 3536

B RESULTS AND DISCUSSION

Electrical Conductivity under High Pressure. Na,C,O,
is a mixed electronic/ionic conductor. The migration of Na*
contributes to the electrical conductivity. We measured in situ
AC impedance spectroscopy of Na,C4O¢ up to ~22 GPa. The
Nyquist representations of the impedance spectroscopy of
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Figure 2. Impedance spectroscopy of Na,C4Oy in Nyquist plot under (a) compression and (b) decompression, and the equivalent circuit diagram
is shown in the inset. (c) Evolution of the conductivity and permittivity of Na,C4O¢ with pressures.
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Figure 3. (a) Raman spectra of Na,C4Og in the pressure range of 1.8—22.4 GPa. The "0-Released" indicates the spectrum released from 22.4 GPa.

Frequency shifts as a function of pressure ranging from (b) 150 to 650 cm™, and (c) 1270 to 1600 cm™".

Na,C4Oy4 during compression and decompression processes
are shown in Figure 2ab, respectively. It shows a single
semicircle and no straight line is observed in the low-frequency
region, indicating no diffusion of Na* into the electrode and no
electrochemical reaction happened. For a mixed electronic/
ionic conductor, ionic and electronic conductivity can be
extracted from the Nyquist plot. With blocking electrodes, the
conducting ions (Na*) cannot go through the electrode/
sample interface. Hence, the conductivity is mainly attributed
by the electronic conduction (with the resistance R,) at the
low-frequency limit and to the parallel connection of electronic
conduction (resistance R,) and ionic conduction (resistance
R,) at the high-frequency limit, with R = R,R/(R, + R;).””*" As
shown in the Nyquist plot in Figure 2a,b, at the high-frequency
end of the semicircle, the resistance is much smaller than that
at the low-frequency limit (R,, approximately equaling to Ry,
the grain boundary resistance as discussed below), which
means the resistance of the sample is mainly contributed by R..
Here, we mainly discuss the electronic transport.

Using the Z-view to fit the Nyquist plot, the resistance (R)
and capacitance (C) values were obtained. A typical fitting
result of Nyquist plot of Na,CsO¢ at 12.7 GPa is shown in
Figure S2. The electrode used in the experiment covered the
chamber completely, and the chamber is fulfilled by the
sample, so the geometric factors (the diameter and the
thickness) of the chamber represent that of the sample. During
the compression, the chamber was compressed with the
diameter changing from 280 to 235 pm and the thickness

1

changing from 45 to 30 pm. Supposing a linear interpolation
algorithm for the geometric factors, the conductivity (¢) and
permittivity () in the whole pressure range were calculated by
the formulas ¢ = I/RS and € = CI/S, where | and S represent
the thickness and cross-sectional area of the sample chamber,
respectively.

As shown in Figure 2c, the permittivity is in the range of
10™° to 107! Fecm™, which suggests that the semicircle
corresponds to the impedance of the grain boundary.’”*’ The
grain boundary resistance Ry gradually decreases as the
pressure increases. This shows that electrons are easier to
overcome the grain boundaries under high pressure. An abrupt
increase in conductivity is observed in the range of 11.2—15.1
GPa. After that, the conductivity almost keeps constant. At
15.1 GPa, the conductivity is increased by an order of
magnitude when compared to that at ambient pressure. Above
20.6 GPa, there is a declining trend. In the progress of
decompression, the conductivity gradually decreases. Accord-
ing to the variation, it is proved that the electrical properties of
the material are significantly affected by the pressure, and the
pressure-induced transitions that happened at 11.2 and 20.6
GPa. To understand the structural origin, the in situ Raman, IR
spectra, and XRD under high pressure were employed to
investigate the variations of intermolecular interactions and
molecular aggregations.

Raman and IR Spectra under High Pressure. The
evolution of the Raman spectra of Na,CsOq4 up to 22.4 GPa is
shown in Figure 3a. Table 1 is the assignments of the Raman
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Table 1. Assignments of Raman Modes of Na,C4O at 1.8
GPa

frequencies (cm™)

experiment calculation
Mode (1.5 GPa) (ambient pressure) assignments

v 168 154 CO out of plane
bending

v, 189 176 CO out of plane
bending

v 366 353 CO in-plane bending

Uy 461 449 CO out of plane
bending

v 563 S44 ring breathing

Vg 1270 1273 CC stretching

vy 1535 1522 CO stretching

Vg 1556 1571 CO stretching

modes at 1.8 GPa. During compression, all the Raman peaks
significantly blue-shifted because of the decreasing interatomic
distances and the enhancement of the interatomic interaction.
At 112 GPa, the v, v,, v, and vy modes show obvious
discontinuities (Figure 3b,c). This indicates a phase transition
at ~11 GPa. Upon further compression, the peaks were
broadened and weakened. Above 20 GPa, all the Raman peaks
disappeared, suggesting that the sample turned into an
amorphous state. Under decompression, the peaks appeared
again (Figure S3), and the Raman spectra of the recovered
sample was the same as that at ambient pressure (Figure 3a),
which suggests that the phase transitions (or if any chemical
reactions) of Na,C¢Og4 up to 22.4 GPa are reversible.

In situ IR spectra between 600 and 2800 cm™' were
collected from 1.5 to 40.7 GPa (Figure 4a). The assignments
of the IR modes at 1.5 GPa were shown in Table 2. Besides the
expected blue-shift up to 40.7 GPa, an obvious discontinuity
was observed in the peak of the combination band at ~2600
em™ (v + vy;) and it shows slight red shift above 11.8 GPa
(Figure 4b). This result also demonstrates the minor phase
transition that happened at around 11 GPa, consistent with the
Raman results. The IR spectra of Na,C¢Og4 recovered from 40
GPa is consistent with that before compression (Figure 4a and
S4), which also demonstrates that the phase transition at 11
GPa is reversible and the carbon skeleton with six-membered
ring and carbonyl group of the sample were not destroyed
under high pressure.

From the Raman and the IR spectra, we conclude that the
phase transition of Na,C¢Og4 happened around 11 GPa, and
the amorphization is around 20 GPa, which is the origin of the
transitions observed in the AC impedance experiment. The
amorphization of Na,CsO4 provides a reasonable explanation
for the decrease of conductivity and permittivity under high
pressure.

XRD under High Pressure. In order to understand the
enhancement of conductivity of Na,C¢Og4 under high pressure
and its phase-transition mechanism, we performed in situ XRD
measurements to investigate its structure evolution under
compression. The diffraction patterns during compression are
shown in Figure S. At ambient pressure, the Na,C4Oq
crystallized into the orthorhombic phase (space group Fddd).
Under high pressure, most peaks moved toward low d-spacing,
indicating the compression of the lattice. Several peaks were
broadened first and then disappeared gradually at 22.8 GPa,
indicating that the sample transforms into an amorphous state.
The lattice constants of Na,C¢Oy4 at various pressures were
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Figure 4. (a) In situ IR spectra of Na,C¢Oy in the pressure range of
1.5—40.7 GPa. The "0-Released" indicates the spectrum released from
40.7 GPa. (b) The pressure dependence of selected IR absorption
peaks.

obtained by performing the Rietveld refinement and shown in
Figure 6a. An obvious discontinuity was observed at 11.8 GPa.
The relationship between pressure and unit cell volume was
plotted and fitted by the 3" order Birch—Murnaghan equation
of state (B—M EOS)

B
¢

B, and B, are ambient bulk modulus and its derivative,
respectively, and V; is the unit cell volume at ambient
conditions. As shown in Figure 6b, there is a discontinuity at
~12 GPa. Thus, two curves were chosen to fit the data,
respectively. In the range of 0.8—11.8 GPa, V, obtained by
fitting is 1304.0 + 5.2 A3, which is almost consistent with the
actual unit cell volume. The B; and B, are 23.6 + 1.7 GPa, and
5.6 £ 0.5, respectively. In the range of 13.1-19.7 GPa, V, =
1162.7 + 8.5 A% B, = 70.4 + 4.2 GPa, and B, is fixed to 4. The
V, is much smaller than that below 12 GPa, while the bulk
modulus is significantly larger. This means the sample is much
more difficult to be compressed, which clearly demonstrated
the phase transition, and is consistent with the results shown
above.

To understand the variation of the crystal structure under
applied pressure, we performed Rietveld refinement on the in
situ XRD patterns. The plots of 10.6 and 11.8 GPa are shown

P(V) = 2B,

3
1+ (B, — 4
. ZBr= )
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Table 2. Assignments of IR Modes of Na,Cs04 at 1.5 GPa

frequencies (cm™)

Mode experiment (1.5 GPa) calculation (ambient pressure) references’""*> (ambient pressure) assignments
Vg 1062 1046 1058 CC stretching
V1o 1196 1241 1252 CC stretching
vy 1425 1430 1449 CO stretching
2% 1495 1460 1465 CO stretching
129 1628 1517 1546 CO stretching
7N 1699 1561 1669 CO stretching
Uy 2603 Vy + Uy
Vis 2631 Vg + Uy
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Figure S. In situ synchrotron XRD patterns of Na,CcO¢ in the
pressure range of 0.8—25.7 GPa.

in Figure S5. At ambient pressure, the layers of rhodizonate
dianions (C404>”) are perpendicular to b-axis and alternately
stacked with sodium cation (Na*) layers (Figure 7a). Each Na*
is coordinated by eight oxygen atoms from four different
rhodizonate anions, two anions from the a and -a directions on
the upper (lower) layer, and the other two anions from the *a
+¢ directions on the lower (upper) layer, with each anion
contributing two oxygen atoms. A square antiprism is hence
formed, thereby separating adjacent C404°~ in the structure.
Under compression, the distance between the Na* and the
nearest C4O4°" layer increased (Figure 7b), the Na" moved
toward the center between the C4O4>~ layers, and the
antiprism becomes more symmetrical. Above 10.6 GPa, this
distance suddenly became smaller, and continued to decrease
as the pressure increases. The antiprism became unsymmetrical
again. Additionally, a sudden increase of the distance between
Na" and O2 was observed at 11.8 GPa. Comparing the local
structure of 10.6 and 11.8 GPa (Figure 7c), we found that the
C—02 bond is deflected to the -b-axis, causing the sudden
increase of Na—O2 length and the deformation of Na—O
square antiprism, which is the structural origin of the phase
transition.

Based on the crystal structure, we can find the conductive
anions are separated by Na—O ionic bonds and intermolecular
repulsion. The approaching of the neighbored C¢O4* to each
other under compression is the key reason for the enhance-
ment of the conductivity before the phase transition, while the
abrupt deformation of the NaOy antiprism is responsible for
the phase transition and hence the abrupt increasing of the
conductivity. After the phase transition, the material is much
more difficult to be compressed, and the Na—O polyhedron is
hindering the approach between the anions and hence the
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Figure 6. (a) Variations in lattice parameters of Na,CcO4 as a
function of pressure. (b) Pressure dependence of the unit cell volume
of Na,C4O¢. The solid lines represent the fitting results of the 3™
order B—M EOS in the pressure range of 0.8—19.7 GPa. The insets
show the fitting results of V;, By, and B, of these two phases.

electronic conduction. This is the bottle-neck for the electronic
conduction.

To further improve the electronic conductivity of Na,CsOg,
it would be helpful to chemically bond the anions and form
extended conjugated structures. A feasible method is to
introduce polymerizable functional groups such as alkynyl. If
carbonyl compounds can be compressed to polymerize and be
recovered to ambient pressure, the conductivity can be
improved effectively. Smaller cations like Li" may also help
to change the M—O coordination and improve the packing
efficiency. Additionally, besides the modification of the crystal
structure, the grain size should also be considered. Obtaining
nanoscale materials may be a way to modify the grain
boundary and thus increase its conductivity.
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Bl CONCLUSIONS

In conclusion, the structural evolution process of Na,C¢Oq4
upon compression and the relationship between electrical
properties and structures were investigated by in situ Raman
and IR spectra as well as XRD. At about 11 GPa, the Na—O
coordination square antiprism geometry deformed signifi-
cantly, resulting in a structural phase transition. After that, the
conductivity of Na,C¢Oy increase by an order of magnitude.
When the pressure was further increased to 20 GPa, the
deformation of the crystal lattice gradually caused the structure
of the molecular skeleton to collapse, resulting in an
amorphous state, and the electronic conductivity gradually
decreases. These findings provide new ideas for improving the
conductivity of Na,C4O4, and also prove that high-pressure
technology is an effective method to regulate the structure and
electrical properties of materials.
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