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Chromium oxide, Cr,0s, was synthesized by pyrolyzing CrOs at 350 °C and employed as a new cathode in
rechargeable sodium ion batteries. Cr,0s/Na rechargeable batteries delivered high specific capacities up
to 310 mAh/g at a current density of C/16 (or 20 mA/g). High-resolution solid-state 2>Na NMR both
qualitatively and quantitatively revealed the reversible intercalation of Na ions into the bulk electrode
and participation of Na ions in the formation of the solid-electrolyte interphase largely at low potentials.
Amorphization of the electrode structure occurred during the first discharge revealed by both NMR and
X-ray diffraction data. CrOs-catalyzed electrolyte degradation and loss in electronic conductivity led to
gradual capacity fading. The specific capacity stabilized at > 120 mAh/g after 50 charge-discharge cycles.
Further improvement in electrochemical performance is possible via electrode surface modification,
polymer binder incorporation, or designs of new morphologies.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

The development of low-cost and safe rechargeable batteries
with high energy and power densities is one of the major pursuits
in furthering energy storage technologies. The wider-spread
availability and much lower cost of sodium compared with lithium
have attracted tremendous attention to rechargeable sodium ion
batteries [1-3]. The similarities in chemical and physical properties
that Na and Li bear mean that some electrode materials previously
developed for lithium ion batteries can be readily adapted to so-
dium ion batteries. For instance, anodes include carbon (hard
carbon) based materials [4,5], alloys (Si and Sn) [6,7], and LisTisO1;
[8,9], and cathodes include layer-structured materials (NaCrO,,
NaFeO,, and NayCo,;3Niy;3sMn;30, [10-12]) and Na Super lonic
Conductor (NASICON)-type materials (Na,FePO4F and NaFePO,)
[13,14]).

However, the difference in size and electronegativity of Li and
Na leads to fundamental distinctions in the chemistry of re-
chargeable lithium and sodium ion batteries. The effective ionic
radius of Na* (102 pm) is larger than that of Li* (76 pm), there-
fore Na* tends to occupy octahedral and prismatic sites instead of
tetrahedral sites. As a result, layer-structured NayMO, cathode
materials with Na™ occupying octahedral or prismatic sites are
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more stable and suitable compared with spinel NaM,0, types with
Na™ at tetrahedral sites. Also, layer-structured cathodes deliver
much higher capacities than other types of cathodes. The ad-
vantages of layer-structured cathodes have lent much momentum
in this area of research in recent years. Two kinds of layered
structures emerge in the mainstream, i.e. O- and P-types. In O-type
cathodes such as NaCrO, [10] and NaFeO, [11], Na* takes octa-
hedral sites. The structure of Na,MO, with X close to 1 resembles
that of LiMO, (R-3m). In P-type cathodes such as
Na,Co13Ni13Mn;30,, Na* occupies prismatic sites [12]. Prismatic
sites between 0-O layers pose less space constraints to Na* dif-
fusion compared with octahedral sites, therefore, P-type cathodes
often deliver higher reversible capacities and exhibit better rate
performance and longer cycle life compared with O-type. How-
ever, Na* can only be partially taken out of P- type cathodes with
typical x values in NayMO, between 0.5 and 0.8. Using sodium
metal or sodium-reduced carbons as anodes, extra Na* inter-
calates into the P-type cathodes during the first discharge, which
leads to higher capacities in subsequent cycles.

With sodium metal or sodium-reduced carbon as anodes, oxi-
des (VO,, V,05) [15-18] and phosphates (FePO,4) [19] can also be
employed as cathodes in secondary sodium ion batteries. The ca-
pacity of sodium ion batteries with oxides as cathodes can reach
up to 300 mAh/g and the cycle performance is excellent with
modifications using graphene quantum dots [15]. In particular
materials containing transition metals with accessible high
oxidation states such as Cr and V are desirable candidates for
high-voltage cathodes. Electrochemically active chromium oxides
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include Cr30g, CrgO,;, and CryOs. When chromium oxides em-
ployed in rechargeable lithium ion batteries in our prior studies,
the potential is 3.0 V vs. Li/Li* [20-23] with an energy density of
more than 300 mAh/g [23]. For instance, Cr,0Os synthesized by
pyrolysis of CrOs delivered a high specific energy of 330 mA/g and
a power density of 819 Wh/kg. In addition to all the advantages
mentioned above, Cr is more abundant with lower cost compared
with common transition metals used in cathodes and the synth-
esis temperature of chromium oxides is much lower than other
oxides [10-12]. In this work, we applied Cr,0s as cathodes in re-
chargeable sodium ion batteries, which offered a power density of
541 Wh/kg upon discharge and 700 Wh/kg upon charge and a
specific capacity up to 310 mAh/g. In conjunction to electro-
chemical measurements, the reaction mechanisms of the dis-
charge-charge process have been investigated in details using
advanced solid-state 22Na projection-magic-angle-turning-phase-
adjusted-spinning-sideband (pjMATPASS) NMR, powder X-ray
diffraction (XRD) and thermal gravimetric analysis (TGA).

2. Experimental
2.1. Materials synthesis

Chromium oxide, Cr,0s, was synthesized by pyrolysing CrOs;
(Sigma Aldrich) at 350 °C for 10 h. When heated, CrO; melted and
decomposed to form a brown bulk material, and then this bulk
material was manually grounded using an agate mortar and pestle
to a fine powder with an average particle size of several micro-
meters [23].

2.2. Materials characterization

Thermal gravimetric analysis (TGA) of CrOs was performed
under air atmosphere (TA instrument, Q50) with a heating rate of
3 °C/min, up to 350 °C and the temperature was held at 350 °C for
20 h.

The chemical phase composition of these synthesized chro-
mium oxides was determined by X-ray diffraction (XRD) (X'PERT
Pro MPD, Cu Ko radiation, A=0.15406 nm). The diffraction pat-
terns were recorded at room temperature in the 20 range from 10°
to 40°. After electrochemical cycling, the coin cells were dis-
assembled and washed with dimethyl carbonate (DMC) 3 times in
an Ar-filled glovebox, and then the cycled electrodes were scraped
off the aluminum current collector and grounded to fine powders
for XRD and NMR characterization.
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2.3. Fabrication of battery cells and electrochemical measurements

To make cathode films, Cr,0s, acetylene black, 5 wt% poly-
vinylidene fluoride (PVDF) dissolved in N-methyl-2-pyrrolidinone
(NMP), and extra NMP, were mixed together to form a uniform
slurry. The slurry was then casted on the carbon coated aluminum
foil (current collector) and dried at 120 °C. The cathode film was
composed of 70 wt% Cr,0s, 20 wt% acetylene black, and 10 wt%
PVDF binder. The film was punched into discs with a diameter of
12.5 mm for fabricating coin-type cells. To prepare the sodium
counter electrode, a block of sodium metal was cut into small
ribbons and punched into discs with a diameter of 14 mm. The
coin cells were assembled with glass microfiber filters (Whatman,
GE healthcare) as the separator and 1M NaClO4 in propylene
carbonate as the electrolyte in an argon-filled glovebox (MBraun).

The electrochemical performance of these Cr,Os/Na coin cells
were examined using a multi-channel battery test system (Arbin)
with an optimized potential window between 1.0V and 4.0V vs.
Na/Na*. The AC impedance and cyclic voltammetry (CV) of these
batteries were measured at room temperature on a Reference 600
(Gamry Instruments), with a frequency range from 1 Hz to 10° Hz
and a voltage window from 1.0V to 4.0V with a scan rate of
0.2 mV/s.

2.4. NMR characterization

High-resolution 2>Na MAS NMR spectra of pristine and cycled
chromium oxide electrodes were acquired at a Larmor frequency
of 291.5 MHz on a Bruker Avance 830 MHz spectrometer with a
home-built 1.8-mm MAS probe spinning at 25 kHz. Due to the
extremely broad spectral range of paramagnetic 2>Na NMR re-
sonance and overlapping spinning sidebands, 2D rotor-synchro-
nized projection magic-angle turning phase-adjusted sideband
separation (pjMATPASS) pulse sequence with 16 t; increments was
employed for all measurements [24]. The solid 90° pulse length
was 0.85 pis to ensure broadband excitation. The recycle delay was
0.1s. 23Na shifts were calibrated by using a 1M NaCl solution

(0 ppm).
3. Results and discussions

3.1. Thermal transformation of chromium oxides

The weight loss and phase transformation of CrOs; during the
pyrolysis process have been probed by TGA and powder XRD as
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Fig. 1. (a) Thermal gravimetric analysis of CrOs heated to 350 °C for up to 20 h. b) Powder X-ray diffraction patterns of CrOs; heated to 350 °C for 2 h and 10 h and the

reference patterns of CrOs, CrgO,; and Cr,0s phases. [26,27].
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shown in Fig. 1. TGA results demonstrate that CrOs starts to de-
compose at around 300 °C, and the initial weight loss corre-
sponding to the first decomposition process is 24% (Fig. 1a). The
second-stage decomposition occurs at 350 °C accompanied by
another 8% weight loss. Thermal decomposition of CrOs has been
extensively studied before [25] and the decomposition products of
these two decomposition processes were identified as CrgO,; and
Cr,0s. The weight loss from CrOs to CrgO,; should be only 6% and
from CrgO,; to Cry0Os 2%. The extra weight loss comes from the
vaporization of CrOs. Slight decrease in weight was observed even
after 20-h heating, suggesting minor further decomposition or
vaporization of remaining CrOs.

Powder XRD was employed to assist with phase identification.
XRD patterns of CrO5; heated for 2 h and 10 h are shown in Fig. 1b
together with the XRD patterns of CrgO,; (00-047-1312 [26]) and
Cr,0s5 (00-036-1329 [27]) found in the crystallography database.
The starting material CrO; (space group: Ama2, a=5.7430A,
b=85570A and c=4.7890A) has a one-dimensional crystal
structure formed by corner-linked CrO, tetrahedra. Upon heat
treatment, CrOs first decomposes to triclinic CrgO,; (P-1,
a=5.4330A, b=65570A, c=121170A, ®=106.3500°,
=95.7300°, y=77.9600°), which contains chromium (III), chro-
mate, and tetrachromate groups. The composition of CrgO,; can be
given as Cr(III)(Cr(VI)O4)2(Cr(VI)4043. Further heated, CrgO,; con-
verts to monoclinic Cr,05 (a=12.01A, b=852A, ¢=939A4,
f=92.0°) with a composition of Cr(Ill),Cr(VI)405. With con-
tinuous reduction/de-oxygenation, the Cr(IIl)/Cr(IV) increases from
CrOs to Crg0y; and eventually to Cr,0s. It is worth noting that
when the 10-h sample was dispersed in distilled water, the filtered
solution exhibited an orange color (Fig. S1), which is an indication
of residual CrOs. After several rounds of washing and filtering, the
pure-phase Cry0s5 is obtained and used as a cathode material in
rechargeable sodium ion batteries in this investigation.

3.2. Chromium oxides as cathodes in rechargeable sodium ion
batteries

Chromium oxide, Cr,0s, exhibited higher specific capacities
compared with most cathodes employed in rechargeable sodium
ion batteries. When Cr,0s/Na cells discharged to 1.0 V (Fig. 2a), the
Cr,05 cathode delivered a specific capacity of ~270 mAh/g at a
current density of 0.2 C (1 C=300 mA/g). When cycled at lower
current density (e.g., 0.0625 C), the capacity of Cr,05 increases to
about 310 mAh/g (Fig. S2). The slow rate performance is a result of
poor electronic conductivity of Cr,0s and can be improved by in-
creasing the content of conductive carbon matrix in the cathode.
The discharge voltage of Cr,0s/Na cell is close to 2.0 V and thus the
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energy density can reach 541 Wh/kg. Cr(VI)/Cr(Ill) is the active
redox couple. Upon Na intercalation into chromium oxides during
discharge process, Cr(VI) is reduced to Cr(Ill); upon Na de-inter-
calation during charge process, Cr(Ill) is oxidized to Cr(VI). The
first discharge and charge cycle yielded a coulombic efficiency of
91%.

Cyclic voltammetry (Fig. 2b) proffers a clearer account of the
reduction potentials of relevant redox reactions involved in the
electrochemical process. The Cr,Os/Na battery exhibited a broad
redox peak with the center at 1.55 V during discharge, and no clear
peak was observed during charge. The difference in the discharge
and charge profiles resulted from significant structural change
(amorphization) during the first discharge as evidenced from both
XRD and NMR data discussed in the following.

3.3. Fate of Na* probed by solid-state 2>Na NMR

High-resolution solid-state 2>Na NMR was employed to track
the fate of Na ions when the Cr,0s/Na batteries were cycled to
different states of charge. The 2D pjMATPASS method [24] was
applied to achieve high resolution. The details of the pjMATPASS
data acquisition and processing are described in the experimental
part and SL

The high-resolution 2>Na NMR spectra of Cr,0s electrodes at
different states of charge are shown in Fig. 3a. At the early stage of
discharge (2 V), three Na local environments are shown. The sharp
NMR resonance around O ppm is the signature of Na ions in the
solid-electrolyte-interphase (SEI), indicating that minor SEI forms
even at the beginning of the discharge process. The remaining two
NMR peaks are displaced far away from 0 ppm and this displace-
ment is paramagnetic shift induced by the interaction between the
Na nuclei and the unpaired electrons in Cr®>*. The two NMR peaks
with large paramagnetic shifts are assigned to Na ions intercalated
into the bulk Cr,0s5 structure. The sharp peak at 380 ppm is from
Na ions inserted in the crystalline-phase Cr,0s. This single peak
with narrow linewidth indicates a homogeneous distribution of
Cr®* and Cr®* within the bulk Cr,Os structure. However, this
sharp resonance is short-lived as the discharge process proceeds
further. It converts to the broad resonance underneath it as the
continuous intercalation of Na ions turns the crystalline Cr,0s5 to a
disordered structure. The sharp resonance disappears completely
in electrodes discharged below 1.8 V, with the broad component
dominants the spectra at low voltages. Below 1.8V, a dramatic
increase in fraction of the diamagnetic component at O ppm is
observed, indicating a significant amount of SEI formation at low
voltages, while the amount of Na ions in the bulk remains nearly
constant. Upon charge, Na ions are first stripped out of the SEI
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Fig. 2. (a) The first-cycle charge-discharge profile and b) the cyclic-voltammetry of Cr,0s/Na batteries.
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Fig. 3. (a) High-resolution solid-state 22Na MAS NMR spectra of Cr,0s electrodes at different states of charge (the top of the 2>Na resonance at 0 ppm is omitted in order to
more clearly show the broad 2>Na resonance. The un-edited series of 2>Na spectra can be found in the SI) b) quantification of 3 major Na-containing species formed in the
Cr,05 cathodes during battery cycling, c) the evolution of the 2>Na shifts, and d) linewidth of the 2*Na resonances during the first discharge and charge cycle.

layer, and gradual extraction of Na from the disordered bulk is
observed through the whole charge process. The broad Na re-
sonance shifts towards 0 ppm as Cr>* is oxidized to Cr®* with Na
extraction. Minor Na remains in both the SEI and bulk even at the
top of charge (4.0 V). The quantification plot of each Na resonance
through the first discharge-charge cycle is shown in Fig. 3b. Based
on the quantification, it is estimated that one unit of Na per Cr,0s5
is intercalated into the bulk, which makes it NaCr,0s. The nominal
composition NaCr,0s indicates that the Cr(IIl)/Cr(IV) is increased
to 1 at the end of discharge from the 1/2 in pristine Cr,0s. The
detailed quantification of the three Na components also suggests
that ~50% of Na does not intercalated into the bulk but forms Na-
containing compounds in the SEI.

The evolution of the paramagnetic shifts (Fig. 3c) and linewidth
(Fig. 3d) probes the changes in the Na* local structural environ-
ments in the Cr,05 electrode at different states of charge. The
increase in the paramagnetic shift of Na ions in the bulk electrode
during discharge suggests stronger paramagnetic interactions be-
tween intercalated Na ions and unpaired electrons in Cr3*, which
is resulted from the increased amount of Cr3+ in the bulk as Cr+
is reduced to Cr>* during discharge. The continuous decrease in
paramagnetic shift of bulk Na ions is observed upon charge, in-
dicative of the reduced amount of Cr>* by oxidation to Cr®*. The
23Na paramagnetic shift of the residual bulk Na at the top of charge
is much smaller than that of Na ions intercalated at the beginning
of discharge. The smaller paramagnetic shift suggests a Cr®*-rich
environment at the top of charge, which may pose large over-
potential for extracting e~ out, accompanying Na* removal. The

lack of significant change in the paramagnetic shift of the bulk Na
in the crystalline Cr,05 indicates a two-phase reaction at the early
stage of discharge, i.e. the conversion of the crystalline to the
amorphous Cr,05 as more Na is intercalated. The chemical shift of
the diamagnetic Na component in the SEI does not vary much.

The linewidth of the 2>Na resonances depends on two factors,
i.e,, structural disorder and relaxation induced by paramagnetic
interactions. As the discharge occurs, the structure becomes in-
creasingly disordered and more Cr®* is reduced to Cr>* leading to
stronger paramagnetic interactions thus fast relaxation, therefore,
these two factors contribute constructively to broaden the Na re-
sonance in the bulk electrode upon discharge. At the end of dis-
charge, the structure becomes completely disordered, so the de-
gree of structural disorder does not vary much, therefore, the re-
laxation mechanism determines the linewidth upon charge. As the
Cr3+ is oxidized to Cr®* during charge, the paramagnetic effects
on ?3Na decrease, which leads to slower relaxation and narrower
linewidth. The linewidth of the bulk 2>Na resonance does decrease
upon charge as expected and increases at the beginning of dis-
charge. The unexpected decrease in linewidth near the end of
discharge is likely due to the loss of Na in the Cr>*-rich phase due
to extremely fast relaxation, and the remaining Na are from a Cr>*
difficient phase with slower relaxation. The linewidth of the dia-
magnetic Na increases slightly over both discharge and charge due
to structural disorder.

In summary, high-resolution 2Na NMR reveals that 50% of Na
intercalates into the bulk Cr,0s5 electrode with the rest forming
diamagnetic Na-containing compounds in the SEI. The redox
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Fig. 4. Long-term cycling performance of the Cr,0s/Na cells. a) Selective electrochemical profiles of a Cr,0s/Na battery cell up to 50 cycles, b) specific capacities of chromium

oxides/Na batteries recorded up to 50 cycles.

reaction between Cr>* and Cr®* during discharge and charge is
reflected by the changes in paramagnetic shifts and linewidth of
bulk Na resonance. The structural disorder induced by Na insertion
into the bulk is observed through the two-phase conversion of the
Na in the crystalline phase to Na in the amorphous phase at early
stage of discharge.

3.4. Long-term cyclability

The long-term cyclability of Cr,Os/Na batteries was in-
vestigated and the results are shown in Fig. 4. Gradual capacity
fading was observed at the beginning and the capacity was sta-
bilized at 120 mAh/g over long-term cycling, which is comparable
to most state-of-the-art Na ion battery systems.

The cause of the capacity fading was investigated with electro-
chemical impedance spectroscopy (EIS), solid-state 2>Na NMR, and
power X-ray diffraction (Fig. 5). Impedance spectroscopy of batteries
after 1, 10, and 50 cycles (Fig. 5a) suggests increased internal charge
transfer resistance (high-frequency region) and slower Na ion diffu-
sion kinetics (low frequency Warburg region) as increasing the cycle
numbers. The greater charge transfer resistance is likely due to the
loss of electric contact among chromium oxide particles in the
electrode as they were broken down with extended cycling. Slower
Na™* ion diffusion may be a result of reduced electrolyte concentra-
tion, as the electrolyte decomposition occurs to form solid electrolyte
interphase (SEI), which in turn blocks Na* pathway. The results from
detailed analysis of the EIS spectra are summarized in Table S1. Solid-
state 2>Na NMR of Cr,05 cathodes at the top of charge after 50 cycles
was acquired (Fig. 5b) and compared with that after 1 cycle, which
showed significant residual Na built up within the SEI layer over
multiple cycles. The continuously thickening SEI layer inevitably

blocks Na transfer into the bulk and increases the impedance. The
powder X-ray diffraction patterns of the Cr,0s electrode at different
states of charge during the first cycle and at the top of charge after
50 cycles are shown in Fig. 5c. Consistent with >Na NMR results,
structural amorphization occurs at very early stage of first discharge
and the structure becomes completely amorphous at the end of first
discharge. In the XRD pattern of the Cr,0s electrode after 50 cycles,
two major diffraction peaks at 2theta values near 22° and 26° are
observed accompanied by other minor components, which are
identified as crystalline CrOs. It is likely that the formation of crys-
talline CrOs gradually builds up over multiple cycles. The aqueous
washing solution of the cycled electrodes exhibited an orange color
(Fig. S3), which is a typical signature of CrO; solution. As is known
that CrOs is a powerful oxidizer [28] and may catalyze the decom-
position of electrolytes. Electrolyte decomposition was indeed ob-
served with 'H and '3C solid-state MAS NMR (Fig. S5).

Based on all the experimental evidence, the capacity fading in
the Cr,0s/Na batteries may be caused by the following factors: 1)
loss of electric contact resulting from particle break-down; 2)
generation of strong oxidizing CrOs, which leads to catalytic
electrolyte decomposition and thick SEI formation that depletes
Na electrolyte as well as blocks Na intercalation.

Further improvement in the electrochemical performance of
Cr,0s-based rechargeable Na ion batteries can be made by stabi-
lizing chromium oxide electrodes and preventing loss in electric
conductivity with proper polymer binders or new morphologies of
chromium oxides particles that is resistant to changes in structure.
Surface modification can minimize the contact of chromium oxi-
des surface and electrolyte and mitigate the issue of catalyzed
electrolyte decomposition.
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Fig. 5. Experimental evidence revealing the potential cause of capacity degradation, a) AC impedance spectroscopy of a Cr,0s/Na cell after 1, 10, and 50 cycles, b) solid-state
23Na MAS NMR of the chromium oxides electrode after 1 cycle and 50 cycles at the top of charge, c) powder XRD patterns of cycled Cr,0s electrodes at different states of

charge during the 1st cycle and at the top of charge after 50 discharge-charge cycles.
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4. Conclusions

A new cathode material (Cr,0s) for rechargeable sodium ion
batteries has been synthesized by pyrolysing CrOs. The Cr,0s
electrode employs the Cr®+/Cr®* redox couple and provides very
high capacity of up to 310 mAh/g at a current density of C/16. The
Na intercalation process was probed with high-resolution solid-
state 2>Na NMR, which has revealed that > 50% of Na ions inserts
into the bulk electrode and are adjacent to paramagnetic Cr>+
with the remaining Na ion in the SEIL Na can be reversibly inserted
and extracted through discharge and charge of the battery cells.
However, minor Na remains in the bulk structure and SEI after
each cycle, which leads to gradual capacity fading. For long-term
cycling of the batteries, the energy capacity stabilizes at
> 120 mAh/g. Impedance spectroscopy, >>Na NMR, and powder-
XRD data on cycled batteries have suggested that loss of electric
contact due to structural amorphization and CrOs-catalyzed elec-
trolyte decomposition are among the major reasons for gradual
capacity degradation. Mitigating strategies including incorporating
proper polymer binders, surface modification, and new morphol-
ogy design are being explored to improve the electrochemical
performance of these high-energy-density electrodes for re-
chargeable sodium ion batteries.
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