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Abstract: NaCrO, is a promising cathode for Na-ion batteries. However, further studies of the
mechanisms controlling its specific capacities and cycle stability are needed for real-world applications
in the future. This study reveals, for the first time, that the typical specific capacity of ~110 mAh/g
reported by many researchers when the charge/discharge voltage window is set between 2.0 and
3.6 V vs. Na/Na™ is actually controlled by the low electronic conductivity at the electrode/electrolyte
interface. Through wet solution mixing of NaCrO; particles with carbon precursors, uniform carbon
coating can be formed on the surface of NaCrO, particles, leading to unprecedented specific capacities
at 140 mAh/g, which is the highest specific capacity ever reported in the literature with the lower
and upper cutoff voltages at the aforementioned values. However, such carbon-coated NaCrO,
with ultrahigh specific capacity does not improve cycle stability because with the specific capacity
at 140 mAh/g the Na deintercalation during charge is more than 50% Na ions per formula unit of
NaCrO, which leads to irreversible redox reactions. The insights from this study provide a future
direction to enhance the long-term cycle stability of NaCrO, through integrating carbon coating and
doping.
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1. Introduction

NaCrO;, as a promising cathode material for use in Na-ion batteries (NIBs), has been
studied extensively [1-19]. One of the important advantages of NaCrOs is its high thermal
stability and thus good safety [3]. Accelerating calorimetry experiments have revealed that
exothermic reactions do not take place for NaCrO, until 250 °C [3]. Another advantage
of NaCrO, is that it contains no expensive Co element (the prices of Co, Ni and Cr are
$15.20/1b, $6.41/1b and $3.27/1b, respectively, per Daily Metal Prices as of 12 August 2020),
making NaCrO,-based batteries extremely attractive from the cost viewpoint. Note that
Co’s price is high because its global reserves are only 7.1 million metric tons, whereas
the global Cr reserves are 44 million metric tons. In addition, the rhombohedral (R31)
O3-type NaCrO; has a relatively high average voltage, good energy density and cycle
stability in comparison with other sodium transition metal oxides with layered structure
(such as NaFeO,, NaMnO;, NaTiO; and NaCoOy) [20]. O3-type NaCrO, is capable of
deintercalating 0.5 moles of sodium ions per formula unit up to Nag5CrO; reversibly,
providing a theoretical capacity of ~125 mAh/g [5,8,9]. However, deintercalation of Na
ions beyond Nag 5CrO; is irreversible, with a theoretical charge capacity of ~235 mAh/g
but with a discharge capacity of only ~90 mAh/g [8]. This irreversible capacity loss has
been attributed to the irreversible migration of Cr ions from the octahedral sites in CrO,
slabs to both tetrahedral and octahedral sites in the Na layer [5,9]. Unfortunately, even for
deintercalation of 0.5 moles of Na ions from NaCrO; to Nag 5CrO,, the specific capacity still
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displays gradual decay over cycles [5,8,11-19], indicating the presence of capacity decay
mechanisms even when de/intercalation are between NaCrO, and Nag 5CrO;.

To minimize the capacity decay of O3-NaCrO,, multiple strategies have been stud-
ied [7,11-19]. Carbon coating is one of the strategies studied [7,14]. In this regard, Ding
et al. [7] have used a solid-state reaction process by mixing citric acid powder with Na,CO3
and Cr,O3 powders and heating the mixture at 900 °C in Ar for 5 h to form carbon coating.
Their study shows an initial discharge capacity of 116 mAh/g at the current density of
5 mA/g and 95% capacity retention over 40 cycles. Later, Yu et al. [14] re-investigate
the carbon coating strategy using pitch as the carbon source and converting it to carbon
coating at 750 °C. The result is a carbon-coated NaCrO, cathode with improved electrical
conductivity from 8 x 107> S/cm for bare NaCrO, to 0.47 S/cm for the coated counterpart.
Further, the initial specific capacity of NaCrO; has increased from 112 mAh/g for bare
NaCrO, to 121 mAh/g for coated NaCrO, at C/6 rate, and the cycle stability has improved
dramatically, displaying 90% capacity retention after 300 cycles at C/6 rate. Other coatings
have been studied as well. For example, Wu et al. [21] constructed a carbon-LaF; layer
on the NaCrO, particle surface by pyrolysis of PVDF and La;(CO3)3-8H,0O. The co-coated
cathode delivers 92.6% of cycle retention at 2C over 400 cycles. Wang et al. [22] investigated
Cr;0O3-coated NaCrO, and showed less deteriorated capacity fade at relatively high rates
over bare NaCrO;. Similarly, Ikhe et al. [23] have applied Cr,O3 coating to Al-doped
NaCrO,, which also exhibited improved long-term cycle retention.

Doping NaCrO; has been studied as well. Examples include the Ti dopant at the Cr
site exhibiting 80% capacity retention after 800 cycles at 1C [15], the Mn dopant at the Cr
site displaying 94.8% capacity retention after 200 cycles [16], and the Ca dopant at the Na
site with 76% capacity retention after 500 cycles [17]. The improvement of Ti doping is
attributed to the more stable O3-structure and the delayed phase transition of rhombohedral
O3 — monoclinic O’3 — monoclinic P3 during charge because of the stronger Ti-O bond
relative to the Cr-O bond [15], whereas the enhancement from Mn doping is ascribed to
the minimization of volume change during cycles [16] and the improvement of Ca doping
has been related to the strong interaction between Ca* and O?~ leading to less interlayer
expansion [17].

In light of the prior investigations [7,14,21], the present study aims to answer two
fundamental questions: (i) whether the widely observed ~110 mAh/g specific capacity of
NaCrO; at the upper cutoff voltage (UCV) of 3.6 V vs. Na/Na* is limited by thermody-
namics or by kinetics (such as by the electrical conductivity at the electrode/electrolyte
interface) and (ii) what would be the effective method(s) to form a uniform carbon coating
on NaCrO, particles with no undesirable chemical reactions between the coating and
NaCrO; so that outstanding electrochemical properties can be achieved. By investigating
several different dry-powder mixing and wet-chemical mixing methods with different
conditions, this study reveals that wet-chemical mixing method is more effective in forming
a uniform carbon coating than dry-powder mixing method and can greatly boost the initial
discharge specific capacity of carbon-coated NaCrO; to 140 mAh/g when the UCV =3.6 'V,
the highest discharge specific capacity with the UCV at 3.6 V vs. Na/Na™* ever reported in
the literature. This result indicates that the rate-limiting step in the sodiation/desodiation
of NaCrO;, is the low electronic conductivity at the electrode/electrolyte interface.

2. Materials and Methods
2.1. Material Synthesis

To obtain NaCrO, crystals, Na,COj3 (Sigma Aldrich (Sofia, Bulgaria), >99.5%) and
Cr,O5 (Sigma Aldrich, >98%) particles were first mixed using a mortar and pestle in a
1:1 molar ratio. Then, the mixture was ball milled for 10 h at room temperature in Ar
using an 8000M SPEX Mill with a 10:1 ball-to-powder charge ratio. Stainless steel (SS)
balls of 6.4 mm in diameter and an SS container were utilized for ball milling. After ball
milling, the mixture was collected and pressed into pellets, which were divided into two
groups for either one-step synthesis or two-step synthesis. Specifically, pellets of one-step
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synthesis were subjected to tube furnace heating once, while pellets of two-step synthesis
were subjected to tube furnace treatment twice with the addition of a carbon source as
explained below. All the samples discussed below are summarized in Table 1.

For one-step synthesis, pellets of 10-h ball milled mixture were ground into powder
and mixed with 25 wt.% polyacrylonitrile (PAN, Sigma Aldrich, MW 150,000) powder. The
powder mixture obtained from this process was pressed into pellets again. Then, they were
subjected to a solid-state reaction for 5 h in Ar. Some pellets were held at 750 °C, and this
set of samples was named “PN1-C” hereafter. Other pellets were held at 900 °C, and these
samples were termed as “PN2-C”. In addition, some pellets of 10-h ball-milled mixture
were directly subjected to tube furnace treatment without a carbon source to form bare
NaCrO, samples in one-step synthesis. There were three different heating conditions for
making bare NaCrO, samples in one-step synthesis. The bare NaCrO, powder derived
from heating at 750 °C for 5 h in Ar was denoted as “B1”, whereas the bare powders from
heating at 900 °C for 5 h and 2 h in Ar were termed as “B2” and “B3”, respectively.

As for two-step synthesis, all pellets of 10-h ball milled mixture were subjected to
heating at 900 °C for 2 h in Ar to form NaCrO; first. Once these NaCrO, pellets were
collected, they were ground into powder and mixed with three different carbon sources.
The first set of NaCrO, powder was mixed with 25 wt.% PAN powder as the carbon source,
then pressed into pellets and finally subjected to heating at either 750 °C or 900 °C for 1 h
in Ar. The resulting powder from 750 °C heating was named as “PN3-C”, whereas the
powder from 900 °C was denoted as “PN4-C”. The second set of NaCrO, powder was
mixed with 50 wt.% citric acid (Sigma Aldrich, >99%) powder as the carbon source, then
pressed into pellets and finally subjected to 650 °C treatments for 10 min in Ar. This set of
samples was labeled as “ca-C”. The third set of NaCrO, powder was mixed with 30 wt.%
sucrose powder, then pressed into pellets, and finally subjected to heating at 650 °C for
10 min in Ar. The powder from this process was denoted as “s1-C”.

The carbon-coated NaCrO, powder synthesized using a wet-chemical mixing method
was obtained using the following procedure and conditions. First, sucrose powder (Sigma
Aldrich, MW 342.3, >99.5%) was dissolved in pyrimidine (ThermoFisher (Waltham, MA,
USA), MW 80.09, >98%) solvent. Separately, the bare NaCrO, powder synthesized at
900 °C mentioned above was dispersed in ethanol and then mixed with sucrose dissolved
in pyrimidine using a magnetic mixer. The weight ratio of sucrose to NaCrO, powders in
the mixture was 3:10. Ethanol and pyrimidine of the mixed suspension were vaporized at
100 °C, while maintaining mechanical stirring using the magnetic mixer at 120 rpm. Once
vaporization was completed, the dried powder was collected in a crucible and subjected to
heating at 650 °C for 1 h in Ar to form carbon-coated NaCrO, powder, which was termed
“s2-C”.

To avoid exposure to air, all pellet preparation was conducted in an Ar-filled glovebox
(H20 < 0.1 ppm and O; < 0.1 ppm). Further, pellets were loaded into an Al,O3 crucible,
which was covered with Parafilm® before the crucible was transferred from the glovebox to
a tube furnace with flowing Ar gas. After sample loading the tube furnace was evacuated
down to 2 x 1072 torr and purged with Ar three times before heating. After a high-
temperature reaction, the Al,O3 crucible was covered with new Parafilm® immediately.
This Parafilm® sealing process took less than 5 s and did not expose the sample to air
because the crucible was at the end of the tube furnace filled with flowing Ar gas. The
Al,Os5 crucible was then transferred to the glovebox immediately for pellet collection. The
collected pellet was ground to a fine powder using a mortar and pestle and stored in the
glovebox for the next steps.
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Table 1. Sample preparation details.
Sample ID Carbon Source First Treatmen.t Second Treatme.nt .CB Loading  First Disc.harge
Temperature Time Temperature Time in Electrode Capacity

B1 None 750 °C 5h N/A N/A N/A N/A
B2 None 900 °C 5h N/A N/A N/A N/A

10 wt.% 17 mAh/g

B3 None 900 °C 2h N/A N/A 20 wt.% 78 mAh/g

30 wt.% 102 mAh/g

PN1-C PAN 750 °C 5h N/A N/A 10 wt.% 39mAh/g

PN2-C PAN 900 °C 5h N/A N/A 10 wt.% 56 mAh/g
PN3-C PAN 900 °C 2h 750 °C 1h N/A N/A
PN4-C PAN 900 °C 2h 900 °C 1h N/A N/A
ca-C Citric acid 900 °C 2h 650 °C 10 min N/A N/A

s1-C Dry sucrose 900 °C 2h 650 °C 10 min 10 wt.% 60 mAh/g

s2-C Sucrose in solution 900 °C 2h 650 °C 1h 10 wt.% 141 mAh/g

2.2. Material Characterization

Structural analysis of different types of NaCrO; was performed using a Bruker D2
diffractometer with a Cu K« source (5-100° 26, 0.0202144E steps, 0.5 s/step, 0.6 mm
divergence slit, 2.5° Soller slits, 3 mm scatter screen height). The phases present were
identified with the aid of the PDF-4+ database and the internal standard Si crystals (5 wt.%
in all powder samples). The existence of carbon coating was analyzed using Raman
spectroscopy (Renishaw inVia™) with 514 nm of excitation wavelength and a grating
of 1800 lines per mm. The size and morphology of the NaCrO, powder particles were
observed using field emission scanning electron microscopy (JSM-6701F JEOL FESEM).
Samples were coated with silver via a sputter coater before FESEM observation. To further
confirm the particle size and identify the coating thickness and elemental distribution, FEI
Talos F200X TEM/STEM with the capability for high-resolution TEM imaging in the Center
for Nanoscale Materials (CNM) at Argonne National Laboratory (ANL) was utilized.

2.3. Battery Fabrication and Evaluation

NaCrO; cells were formed with a Na chip as the reference and counter electrode using
a CR2032 coin cell machine (MTI Corp., Richmond, CA, USA). The Na chip was made by
slicing a Na chuck, pressing the slice into a pancake, and then punching a Na chip from
the pancake. The thickness of the Na chip made in this study was ~225 um. The cathode
was formed by mixing NaCrO, powder (active material), super P carbon black (CB, MTI®
(Richmond, BC, Canada) Super P conductive CB, >99%), and poly(vinylidene fluoride)
(PVDF, Oakwood Chemical (Steele City, SC, USA)) in a weight ratio of 8:1:1, 7:2:1 or 6:3:1
in adequate N-methylpyrrolidone (NMP, Acros Organics (Geel, Belgium), 99.5%) solvent.
Mixing of these cathode ingredients was carried out in four steps, as described below.

First, PVDF was completely dissolved in NMP by subjecting the PVDF/NMP mixture
to 8-min sonication in a sonicator and then shear mixing using a THINKY machine for
5 min at 2000 rpm. Second, CB was added to the PVDF solution and subjected to 8-min
sonication and 5-min THINKY machine mixing at 2000 rpm. Third, half of the active
material was added to the PVDF + CB slurry and subjected to 8-min sonication and 5-min
THINKY machine mixing. Finally, the last half active material was added to the PVDF + CB
+ NaCrO; slurry and subjected to 8-min sonication and 5-min THINKY machine mixing.
This four-step mixture procedure resulted in a uniformly mixed slurry which was then
cast on an Al foil. The coated Al foil was then heated in a vacuum oven at 60 °C for 6 h
and 120 °C for another 6 h. The active material loading in each cathode was calculated by
weighing aluminum foils before and after heating. The electrolyte used was 1.0 M sodium
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hexafluorophosphate (NaPF¢, Sigma Aldrich, 98%) in propylene carbonate (PC, Sigma
Aldrich, MW 102.09, 99.7%) with 2 vol% of fluoroethylene carbonate (FEC, Sigma Aldrich,
MW 106.05, >99%). All coin cells were charged/discharged at 0.25C (1C =125mA/g
NaCrO;) using Neware BTS3000 Battery Testers for 50 cycles between 2.0 and 3.6 V vs.
Na/Na*.

3. Results and Discussion
3.1. SEM and TEM Characterization

Figure 1a presents a SEM image of the s1-C sample, showing that most particles range
from ~30 nm to 150 nm with a few exceptions. These particles are extremely fine when
compared to the previously reported NaCrO, particles with only 1-h ball milling at ambient
temperature before 900 °C high-temperature reaction [11]. Figure 1b is the typical SEM
image of the B2 sample. It is clear that the particle sizes of the B2 sample (~80 nm to 400 nm)
are larger than those of the s1-C sample. The difference is obviously due to the longer
reaction time of B2 at 900 °C than s1-C (5 h vs. 2 h) because the ball milling time and the
first treatment temperatures are the same for both samples. The second treatment of the
s1-C sample at 650 °C is not expected to have much influence on particle sizes because
the second treatment temperature and time (650 °C and 10 min) are much lower than the
first treatment ones (900 °C and 2 h). Note that the SEM images of these two samples are
presented in Figure 1 because they cover the entire range of the particle sizes of NaCrO,
synthesized at 900 °C in this study.

Figure 1. FESEM images: (a) s1-C and (b) B2 samples.

TEM analysis of s2-C particles confirms the particle size analysis via SEM. As shown
in Figure 2, s2-C particles have sizes ranging from ~60 to 300 nm. The particle sizes of
s2-C are similar to those of s1-C (Figure 1a) because both have been subjected to a 900 °C
reaction for 2 h before the carbon coating treatment at 650 °C (Table 1). The carbon coating
of s2-C powder is found to be about 20 nm thick (Figure 2b) and uniform on the surface of
NaCrO, particles (Figure 2d). Note that the elemental mapping is done in a transmission
mode (3D projection), and thus both carbon and chromium appear to distribute uniformly
inside the carbon-rich surface.

It is interesting to note that the particles of both s1-C and B2 samples do not exhibit
hexagonal morphology. In contrast, our previous study [11] reveals that ball milling of
NayCOj3 + CryOs powder mixture for 1 h at ambient temperature followed by a 900 °C
reaction can lead to hexagonal morphology, reflecting the crystal structure symmetry of
NaCrO; (hexagonal O3). The lack of hexagonal particles in the present study can be
attributed to its longer ball milling time (10 h) before the 900 °C reaction because all other
conditions are the same between the two studies. Furthermore, longer ball milling time
results in nanoparticles. This is the precise reason why the 10 h ball-milled powder mixture
does not lead to hexagonal morphology because hexagonal morphology requires large flat
surfaces derived from the basal plane of hexagonal crystals (see Figure S1 in Supplementary
Materials) along with small side surfaces. Such large flat surfaces require crystal growth of
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nanoparticles to become large particles (>~500 nm, see Figure S1). Thus, 10 h ball milling
combined with a 900 °C reaction for 2 h or 5 h is not sufficient for nanoparticles to grow
into large particles with hexagonal morphology. In contrast, 1 h ball milling combined with
a 900 °C reaction for 1 h is sufficient to obtain NaCrO; particles of diameter about 500 nm
and larger with hexagonal morphology (Figure S1).

NaCrO;

Figure 2. TEM analysis of s2-C powder: (a) a TEM image showing particle sizes of carbon-coated
NaCrO; in the range of ~60-300 nm, (b) a HRTEM image revealing the carbon coating thickness at
~20 nm, (c) the TEM image of a particle for elemental mapping shown in (d), and (d) TEM elemental
mapping of the particle in (c), revealing the presence of a uniform carbon coating on the surface of
NaCrO; particle (color code: red—Cr and green—C). The TEM sample is supported by a carbon grid.

3.2. X-ray Diffraction Analysis

A comparison of the XRD patterns of three bare NaCrO, samples (B1, B2 and B3) is
shown in Figure 3. All three samples contain O3-NaCrO,, Na-deficient P2-Na,CrO, as an
intermediate compound in the synthesis of O3-NaCrO,, impurity O3-CrO,, and Si (added
as the internal standard). The peaks from O3-NaCrO, match ICDD No. 00-025-0819 well,
whereas both P2-Na,CrO; and O3-CrO; have been identified in the previous studies after
detailed Pawley and Rietveld refinements [12,13]. It has been shown that the formation of
P2-Na,CO;, in the final product is due to some loss of Nay;CO3 during synthesis because of
the high vapor pressure of the Na source. The formation of O3-CrO; has been attributed to
the short time exposure of NaCrO, powder to ambient air when mixing NaCrO, powder
with the Si internal standard and during XRD data collection, because NaCrO; is sensitive
to moisture in air [14]. The reaction between NaCrO; and moisture results in a slight phase
separation of NaCrO; to a trace amount of O3-CrO, and NaOH [12].
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With the aid of the internal standard Si, the lattice parameters of three bare samples
have been determined and summarized in Table 2. Note that 750 °C reaction leads to the
lowest lattice parameter c (15.8529 A), whereas 900 °C reaction for 5 h results in the highest
lattice parameter ¢ (15.9769 A) with 900 °C reaction for 2 h having the intermediate lattice
parameter ¢ (15.9577 A). These results indicate that increasing the reaction temperature
from 750 to 900 °C leads to a larger ¢ parameter, and so does increasing the reaction time at
900 °C.

X X 03-NaCrO,
© P2-Na,CrO,
® 03-CrO,

Intensity (a.u.)

Figure 3. XRD patterns of (a) Bl, (b) B2 and (c) B3 samples. All samples contain O3-NaCrO,,
P2-NayCrO,, O3-CrO,, and Si (internal standard).

Figure 4 compares the XRD patterns of PN1-C, PN2-C, PN3-C and PN4-C samples.
Several interesting phenomena are noted in Figure 4. First, chromium carbides, likely Cr;Cs
and Cr3Cy, are found in two-step synthesized PN3-C and PN4-C samples, unambiguously
revealing that reactions between NaCrO, and the CO, H,, CH4 and/or C derived from
the decomposition of PAN can take place at both 750 and 900 °C. However, the reaction
is much stronger, and more carbides are formed at 900 °C than at 750 °C. Second, the
formation of the carbides is avoided in one-step synthesized PN1-C and PN2-C samples
even though their reaction temperatures are 750 and 900 °C, respectively. One possible
reason for such interesting phenomena is that in one-step synthesis the reaction between
Nay;COj3 and Crp O3 releases CO, gas as shown in Equation (1) [10], which forms a gaseous
envelope and prevents the reactions between the newly formed NaCrO, with the CO, Hy,
CH4 and/or C derived from the decomposition of PAN. Although there are no reactions
between the newly formed NaCrO; and the decomposition products of PAN in one-step
synthesis, the gas evolution during the formation of NaCrO, could break the carbon coating
on the surface of NaCrO; and prevent conformal contact between them.

Na2CO3 + CI‘203 = 2NaCrO, + CO, (1)

A comparison of the XRD patterns of ca-C, s1-C, and s2-C samples is shown in Figure 5.
Note that these samples are formed in two-step synthesis, but none of them has any carbide
formation because the second step for the carbon coating formation is conducted at 650 °C
for 10 min only. This is in sharp contrast to PN3-C and PN4-C, both of which have carbide
formation because their second step for the carbon coating formation is conducted at higher
temperatures (750 and 900 °C, respectively). The XRD patterns of ca-C, s1-C and s2-C are
almost identical to that of the B3 sample, suggesting that the carbon coatings on the surface
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of NaCrO; particles for ca-C, s1-C, and s2-C samples, if present, are amorphous. Finally, it
should be emphasized that all samples, regardless of being formed at 750 or 900 °C, contain
the O3-NaCrO, phase, indicating that the O3-NaCrO, phase can be formed at either 750 or
900 °C even though the lattice parameters, 2 and ¢, have altered at different temperatures
and holding times. This phenomenon is consistent with many studies, revealing that O3-
NaCrO; starts to form at ~640 °C [10], while most studies have used 900 °C to synthesize

03-NaCrO, [5,7-9,18].

Table 2. Key results from the XRD patterns of three bare samples.

Peak Position d Spacing of Peak Position d Spacing of a Parameter 2
Sample ID of (003) (003), A of (104) (104), A A) ¢ Parameter (A)
B1 16.7635° 5.2843 41.7791° 2.1603 2.9754 15.8529
B2 16.6324° 5.3256 41.6376° 2.1673 2.9793 15.9769
B3 16.6526° 5.3192 41.6982° 2.1643 2.9750 15.9577
X 03-NaCrO,

X

—
©

Lx

X

Intensity (a.u.)

= Si
X x (d)
e\ “A Jk DB kX R X ke o xxx < xE

© P2-Na,CrO,
Carbides

X H X X X X ¥ X (a) Xk

Figure 4. XRD patterns: (a) PN1-C, (b) PN2-C, (c¢) PN3-C and (d) PN4-C. PN3-C and PN4-C contain

60 70 80 90

carbides, whereas PN1-C and PN2-C do not.

¥

X 03-NaCrO,
© P2-Na,CrO,
® 03-Cr0,

*xi -
X Ig) % Fsexxc kX (©) _«

. X
S
L‘S/ X
P
= *
g x>< * x X
c o\® o Mo Jlex X % Xy X kX (b)x*
X
* X < X
S
e IQ X x_X X ook (a)x*
1 1 1 1 1 1 1 .
10 20 30 40 50 60 70 80 90
20

Figure 5. XRD patterns of (a) s1-C, (b) ca-C and (c) s2-C samples.
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3.3. Raman Spectroscopy Results

Figure 6 shows the Raman spectra of B1, PN1-C, ca-C, and s1-C samples. For the
B1 sample, there is one major peak at 569 cm~! and a small peak at ~486 cm~!. These
two peaks likely originated from the Ajg and Ejg modes of transition metal (TM)—O
vibrations of the layered hexagonal R3m symmetry of NaCrO; crystals, respectively. This
proposal is based on the previous studies by Kendrick’s group [24] and Amine’s group [25]
in analyzing layered hexagonal Na[Nij 3Fe; ;3Mn; 3]0, material with R3m symmetry,
showing that the Ajg and E;g modes of TM-O vibrations of Na[Ni; /3Fe; ;3Mny /3]0, appear
at 580 and 490 cm~!, respectively. No carbon D band and G band are present in this
sample because B1 does not have carbon coating treatment. Note that the A;g peak of
NaCrO, at 569 cm ! is also present in all carbon-coated samples, whereas the weak Eig
peak of NaCrO, at 486 cm ™! is barely visible because of the presence of carbon coating. In
addition, PN1-C, ca-C, and s1-C all contain carbon D bands at ~1360 cm~—! and G bands at
~1580 cm ! [26,27] because all of these samples have carbon coatings. Furthermore, they
all possess carbon 2D bands at ~2720 cm~! and D+D’ bands at ~2970 cm ™! although these
two peaks are very broad and merge into one.

G
Sk
i
2
‘»
C -
] S\
< - _ ca-C e
e~ ___INIC
Elﬂ Alg
Bl
i 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000

Raman Shift (cm™)
Figure 6. Raman spectra of Bl, PN1-C, ca—C, and s1—C samples. Major peaks are indicated.

To evaluate the quality of carbon coating on PN1-C, ca-C, and s1-C, we have applied
Breit-Wigner-Fano (BWF) and Lorentzian methods to fit D and G peaks, respectively [28].
The G band generally corresponds to crystalline graphitic structure, while the D band is
attributed to the disorder carbon layer [26,27]. The intensity ratio of D to G peaks, Ip/Ig, is
often used to estimate the degree of perfection of graphene planes. Since the positions of
Raman spectra are determined by the fixed wavelength of 514 nm, we can thus calculate
and compare the Ip/Ig of each sample, which are listed in Table 3. The lower I /I value
of 0.42 from s1-C powder signifies less imperfection in the carbon structure. In contrast,
PN1-C exhibits a higher Ip /Ig value, which could be related to highly defective graphite
formation. All three carbon-coated powders show the full width at the half maximum
(FWHM) the of D band larger than 100 cm ™!, which suggests that amorphous carbon
structures are formed in these samples [27]. This is consistent with the presence of the D+D’
band, which is activated by defective graphite [29]. Taking the XRD and Raman results
together, it can be concluded that carbon coatings in PN1-C, ca-C and s1-C are amorphous.
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Table 3. The D/G intensity ratio of carbon-coated samples.
Sample ID PN1-C ca-C s1-C
Ip/Ig Ratio 0.62 0.47 0.42
D-band FWHM (cm 1) 124.30396 193.6068 139.47941

3.4. Battery Cell Evaluation

Figure 7a,b show the first charge/discharge voltage profiles and cycle stability of bare
NaCrO; electrodes (B3) as a function of carbon black (CB) loading. It is noted that when
CB loading is 10 wt.%, the specific capacity of B3 is very low with a discharge capacity of
only about 17 mAh/g. However, as CB loading increases, the specific capacity improves.
When CB loading increases to 30 wt.%, the specific discharge capacity becomes 102 mAh/g,
approaching the typical value of 110 mAh/g reported by many researchers [5,7-9,11,13,14].
These data unambiguously indicate that NaCrO; has poor electronic conductivity and
requires the addition of a large amount of CB to ensure the formation of an electronically
conductive network so that most NaCrO; particles can participate in redox reactions. It
should be noted that a previous study [13] only added 10 wt.% CB and obtained the initial
specific discharge capacity of ~100 mAh/g. The present study requires a 30 wt.% CB to
achieve the similar specific capacity because NaCrO, particles in this study are significantly
smaller than those in the previous study [13], i.e., 80 to 400 nm for the present study versus
200 nm to 5 pm for the previous study. This result is consistent with previous studies [30,31]
which demonstrated that in order to ensure most electrode active particles of very small
sizes in contact with a CB network, a large amount of CB is required. Note that although
small particle sizes of NaCrO, can improve the ion diffusion by shortening the pathways
and may result in higher initial capacity, materials with small particle sizes (and thus
high surface area) lead to the accumulation of side products generated from electrolyte
decomposition, which ultimately results in poor cycling performance.

B3 cells with 10 wt.% CB not only have low specific capacities, but also exhibit very
poor cycle stability. As shown in Figure 7b, B3 cells with 20 and 30 wt.% CB display
relatively high capacity retention at around 70% after 50 cycles, whereas B3 cells with
10 wt.% CB exhibit rapid capacity decay and almost die after 10 cycles. The good capacity
retention exhibited by 20 wt.% and 30 wt.% CB samples can be ascribed to their high CB
concentrations which ensure the participation of most NaCrO, particles in redox reactions
for many cycles. In contrast, B3 cells with 10 wt.% CB do not have sufficient CB to ensure
the participation of active NaCrO, particles for many cycles. Instead, some active NaCrO,
particles lose contact with the CB network after a few cycles, thereby leading to the observed
drastic decay of the specific capacity in about 10 cycles. Thus, at least 20 wt.% CB is required
for the bare NaCrO, particles synthesized in this study to achieve their specific capacity at
the 110 mAh/g level and to possess reasonable capacity retention.
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Figure 7. (a) The first charge/discharge voltage profiles and (b) cycle stability of B3 half cells as a
function of CB loading in the cathode: (i) 10 wt.%, (ii) 20 wt.%, and (iii) 30 wt.%.
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The specific capacities and cycle stabilities of B3 cells displayed in Figure 7 are also
consistent with their coulombic efficiencies. As shown in Figure 52, B3 cells with 10 wt.% CB
have a low coulombic efficiency in the first cycle (80%) and gradually increases to 98% only
after eight cycles. The low coulombic efficiency of these cells can be attributed to the loss of
active NaCrO, particles from participation in the redox reactions, as mentioned above. In
contrast, the other two B3 cells with 20 and 30 wt.% CB have high coulombic efficiencies
of about 98% in the first cycle immediately. Clearly, their higher CB concentrations are
responsible for the observed high coulombic efficiencies because most active NaCrO,
particles in these cells are in contact with the CB networks even after extensive cycling.

The charge/discharge voltage profiles and cycle stability of carbon-coated NaCrO,
half cells with 10 wt.% CB are shown in Figure 8. The electrochemical properties of these
cells can be compared with B3 cells with 10 wt.% CB is shown in Figure 7 directly. It
can be seen that all carbon-coated NaCrO, cells have higher specific capacities than the
corresponding B3 cells with 10 wt.% CB. For example, PN1-C, PN2-C, and s1-C cells have
the first discharge-specific capacities at 39, 56 and 60 mAh/g, respectively, all of which
are higher than 17 mAh/g delivered by B3 cells with 10 wt.% CB. The improved specific
capacities are no doubt due to the presence of the carbon coating. However, the degree
of improvement varies with the carbon coating conditions. Specifically, PN1-C exhibits
small improvement in the specific capacity, likely owing to its low synthesis temperature
at 750 °C for the formation of NaCrO,, while all other cells with synthesis temperature
at 900 °C. As discussed previously, synthesis at 750 °C results in O3-NaCrO, powder
with lower P2-Na,CrO; and O3-CrO, concentrations than synthesis at 900 °C. However,
a previous study using synchrotron radiation [10] has revealed that O3-NaCrO, crystals
start to form by solid-state reaction between Cr,O3; and Na,COj3 reactants at ~640 °C and
continue to change from highly-defective NaCrO; crystals with poor thermal stability to a
less-defective Na-richer NaCrO; crystals at 900 °C. This may be the reason why PN2-C and
s1-C cells with NaCrO, synthesized at 900 °C exhibit higher specific capacities than PN1-C
cells with NaCrO, synthesized at 750 °C.
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Figure 8. The first charge/discharge voltage profiles of (a) PN1-C and PN2-C cells, and (b) s1-C cell,
all of which contain 10 wt.% CB. (c) Selected charge/discharge voltage profiles of s2-C cells with
10 wt.% CB. (d) Cycle stability of s1-C cell with 10 wt.% CB.
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Although the specific capacities of PN1-C, PN2-C and s1-C are higher than those of B3
cells with 10 wt.% CB, they are not as high as those of B3 cells with 30 wt.% CB, suggesting
that the carbon coating of these NaCrO, powders is not high quality. The likely reason
for the low coating quality of PN1-C and PN2-C powder is the gas evolution during the
formation of NaCrO; in the one-step synthesis of PN1-C and PN2-C powder, which could
break the carbon coating on the surface of NaCrO, and prevent conformal contact between
the carbon coating and NaCrO; core. The low quality of the carbon coating on s1-C powder
can be attributed to the mixing of NaCrO, and sucrose in dry powder form, which makes it
difficult to form a uniform and continuous carbon coating on the entire surface of NaCrO,
particles.

In sharp contrast, when NaCrO, powder dispersed in ethanol is mixed with sucrose
dissolved in pyrimidine, a continuous carbon coating can be formed after vaporization of
the solvents followed by carbonization of sucrose (Figure 2). Such carbon-coated NaCrO,
(i.e., s2-C powder) has the same sucrose loading (30 wt.%) as s1-C powder, but offers
unprecedented specific capacities at 142 mAh/g and 139 mAh/g for the first and second
discharges, respectively (Figure 8c). These specific capacities are significantly higher than
110 mAh/g typically reported for bare NaCrO, [5,7-9,11,13,14]. In other words, this set of
half cells are definitely extracting out and inserting more than 50% Na ions per formula
unit during charging and discharging, respectively. The very high initial specific capacities
of s2-C are attributed to its uniform carbon coating because of its unique wet mixing of
the carbon source and NaCrO, particles before high-temperature carbonization reactions.
The uniform carbon coating allows all NaCrO; particles to participate in redox reactions,
thereby very high specific capacities are delivered.

It should be emphasized that the phenomenon of ~140 mAh/g specific capacity
higher than the typical value of ~110 mAh/g is scientifically interesting and technolog-
ically important. Although the specific capacity of ~110 mAh/g is widely reported for
the charge/discharge voltage window between 2.0 and 3.6 V vs. Na/Na* [5,7-9,11,13,14],
we propose that this specific capacity is controlled by the kinetic factor, i.e., the elec-
tronic conductivity at the electrode/electrolyte interface is the rate-limiting step for Na-
ion de/intercalation in the charge/discharge processes. Our present data unambigu-
ously reveals that with the presence of a uniform carbon coating, the rates of Na-ion
de/intercalation at the electrode/electrolyte interface can increase dramatically even though
the charge/discharge voltage window remains constant between 2.0 and 3.6 V vs. Na/Na™.
This proposal is also consistent with a previous study [14] showing the increase in the
specific capacity of NaCrO, from 112 mAh/g for bare NaCrO; to 121 mAh/g for carbon-
coated NaCrO;, thereby supporting the notion that the electronic conductivity at the
electrode/electrolyte interface is the rate-limiting step for Na-ion de/intercalation in the
charge/discharge processes. The present study can further increase the specific capacity
from the previous 121 mAh/g [14] to ~140 mAh/g because the previous study used a dry
powder mixing procedure to form the carbon coating whereas the present study uses a wet
solution mixing procedure to form a uniform carbon coating and thus ultrahigh specific
capacity.

It should be pointed out that with the initial specific capacity of s2-C cells at ~140 mAh/g,
the Na extraction during charge is more than 50% Na ions per formula unit of NaCrO;.
Earlier studies [8,9] have established that when more than 50% Na ions per formula unit are
extracted during charge, the crystal structure of O3-NaCrO, will change to O’3-type layered
structure, then to P’3-type structure, and finally to another O3-type layered structure. The
last crystal structure, once formed, cannot reversibly change back to the original O3-NaCrO,
structure [8,9]. As a result, redox reactions are not reversible and capacity decays very
fast when more than 50% Na ions are deintercalated from O3-NaCrO; crystals [8]. The
present study is consistent with the previous finding [8,9] because the specific capacity has
decreased to 71 mAh/g (~50% capacity loss) after only 50 cycles (Figure 8c). Therefore, the
present study shows that a uniform carbon coating can increase the specific capacity to
ultrahigh levels, but cannot improve the cycle stability.
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To further understand the effects of carbon coating, dQ/dV analysis of several
charge/discharge curves in Figure 8 has been performed. As shown in Figure 9a, the
PN2-C cell has an oxidation peak at 3.06 V with two shoulder peaks at 3.16 V and 3.38 V.
The corresponding reduction peaks are at 2.85 V, 2.97 V and 3.18 V, respectively. The
oxidation peak at 3.06 V and its corresponding reduction peak at 2.85 V are related to
the Cr3* /Cr** redox couple [7,32,33]. The other two oxidation peaks at 3.16 V and 3.38 V
and their corresponding reduction peaks at 2.97 V and 3.18 V are associated with the
order/disorder phase transitions, as reported by other studies [32,33]. For the 1st cycle
of s2-C cells, the oxidation peak related to the Cr** /Cr** redox is also located at 3.06 V
(nearly identical to the Cr®* /Cr** oxidation peak position of PN2-C), revealing that the
quality of carbon coating does not shift the Cr3* /Cr** oxidation voltage. However, the
two shoulder peaks observed with PN2-C at 3.16 V and 3.38 V become difficult to distin-
guish for s2-C cells. This complication is likely due to the overlap of the Cr3* /Cr** redox
peak with two order/disorder phase transformation peaks caused by the heterogeneous
distribution of carbon-coated NaCrO; in the electrode. In spite of this complication, a
clear trend is observed, that is, the Cr3* /Cr** oxidation peak gradually shifts to higher
voltages as the cycle number increases, owing to the increased polarization caused by
cell degradation. As for the reduction in the 1st cycle of s2-C, the major peak appears at
2.81 V, which corresponds to the Cr3* /Cr** reduction, whereas the order/disorder phase
transformations induce a broad yet weak peak at ~3.1 V. Again, these reduction peaks do
not appear to be influenced significantly by the quality of carbon coating. However, it is
obvious that the Cr3* /Cr** reduction peak gradually shifts to lower voltages as the cycle
number increases, likely caused by cell degradation. Last but not least, the intensities of
both Cr3*/Cr** oxidation and reduction peaks decrease as the cycle number increases,
reflecting gradually decreased specific capacities. In short, the dQ/dV analysis reveals that
uniform carbon coating does not change the oxidation/reduction potentials of NaCrO,.
The enhanced specific capacity observed in Figure 8c is thus primarily due to the kinetic
enhancement of the redox reactions at the electrode/electrolyte interface.
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Figure 9. dQ/dV curves of several cells: (a) the 1st charge/discharge cycle of the PN2—C cell shown
in Figure 7a, and (b) the 1st, 10th and 50th cycles of the s2—C cell shown in Figure 8c.

Before closing, it is worth mentioning that even for B3 and s1-C cells which have
intercalated less than 50% Na ions per formula unit of NaCrO, in discharge (i.e., the
discharge specific capacity <125 mAh/g), capacity decay also takes place as shown in
Figures 7b and 8d. However, the capacity decay mechanism for these cells is related to the
gradual irreversible migration of Cr ions from the octahedral sites in CrO; slabs to both
tetrahedral and octahedral sites in the interslab layer, as established previously [5,9] and, in
some cases, related to the loss of contact of NaCrO, with the conductive CB network as in
the case of B3 cells with 10 wt.% CB (Figure 7b). In addition, it is interesting to note that s1-C
cells have displayed an initial increase in the specific capacity in the first eight cycles before
exhibiting gradual capacity decay afterward (Figure 8d). Such fluctuation is likely due
to the nonuniform and discrete carbon coating on s1-C particles, which is formed by dry
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mixing of sucrose powder with NaCrO, particles before high-temperature carbonization
reactions. The nonuniform and discrete carbon coating in s1-C fails to connect all NaCrO,
particles in the electrode initially. As a result, only partial particles are activated at the
initial cycles. Accompanied by the expansion/contraction of NaCrO, particles during
cycling, the conductive network formed by CB and carbon coating is gradually formed and
provides increasing paths for ion/electron exchange between particles, which leads to an
increasing capacity at the beginning. However, as charge/discharge cycles continue, other
capacity decay mechanisms, such as the gradual irreversible migration of Cr ions from the
octahedral sites in CrO, slabs to both tetrahedral and octahedral sites in the interslab layer,
become dominant and thus result in gradual capacity decay after eight cycles (Figure 8d).

Last but not least, it should be pointed out that CB has contributed to the storage
capacity, particularly for cells with 30 wt.% CB. To estimate the CB contribution, we have
fabricated 100% CB electrodes and built their half cells with a Na chip as the counter
electrode and the same electrolyte as NaCrO; half cells. The charge/discharge curves of
100% CB half cells are shown in Figure S3. Based on the data from the 100% CB half cells,
we have estimated the contribution of CB in NaCrO, half cells. For B3 cells with 30 wt.%
CB, our estimation leads to 84 mAh/g-NaCrO, after consideration of the CB contribution
to the storage capacity, whereas the specific capacity becomes 102 mAh/g-NaCrO; if we
assume no CB contribution (see Table 1). The same estimation method is applied to s2-C
cells with 10 wt.% CB. In this case, the estimated specific capacity is 136.5 mAh/g-NaCrO,
after consideration of the CB contribution, whereas the specific capacity is 141 mAh/g-
NaCrO; if we assume no CB contribution (Table 1). Note that the specific capacity of
136.5 mAh/g-NaCrO, exhibited by s2-C cells after consideration of the CB contribution is
still substantially larger than the typical specific capacity of 110 mAh/g-NaCrO; reported
in the literature [5,7-9,11,13,14].

In short, the present study reveals that uniform carbon coatings can address the
issue of losing contact with the CB network and greatly enhance the specific capacity
initially but cannot solve the problem of the gradual irreversible migration of Cr ions from
the octahedral sites in CrO; slabs to tetrahedral and octahedral sites in the interslab layer.
Previous research has proven that doping is effective in circumventing this problem [15-17].
Therefore, combining the strategies of doping and carbon coating is essential to take
advantage of ultrahigh specific capacity derived from wet solution mixing, which is helpful
to strengthen the structural stability of NaCrO, during severe sodiation/desodiation.

4. Concluding Remarks

The present study has investigated dry powder mixing and wet solution mixing of
NaCrO, with carbon precursors at several carbon coating formation temperatures and their
effects on the electrochemical properties of carbon-coated NaCrO,. Based on this study, the
following conclusions can be made.

1. NaCrO; reacts with carbon precursors such as PAN at 750 and 900 °C to form carbides.
Thus, to form a carbon coating on NaCrO,, the carbonization temperature should be
at 650 °C, at which there is no reaction of NaCrO, with carbon precursors and in-situ
formed carbon.

2. One-step reaction to synthesize NaCrO, crystals and carbon coating simultaneously
can be done at 900 °C without the formation of carbides because the gas evolution
in forming NaCrO, via the reaction between Na,COj3 and Cr,Oj3 creates a gaseous
envelope and prevents the reactions between the newly formed NaCrO, with the
carbon precursor and in-situ formed carbon. However, such carbon coating does not
have high quality because the gas evolution during the formation of NaCrO; could
break the carbon coating on the surface of NaCrO, and prevent conformal contact
between them.

3. Ultrafine NaCrO, particles (diameter < 600 nm) require high CB loading (20-30 wt.% CB)
in the electrode to achieve the typical specific capacity of 110 mAh/g.
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4.  Carbon-coated NaCrO; particles formed via dry powder mixing offer higher specific
capacities and better cycle stability than bare NaCrO,, even with the CB loading at
10 wt.%.

5. Carbon-coated NaCrO, particles formed via wet solution mixing provide unprece-
dented specific capacities at 140 mAh/g, which is substantially higher than the typical
specific capacity of 110 mAh/g with the LCV and UCV at 2.0 and 3.6 V vs. Na/Na*,
respectively.

6.  The specific capacity at 140 mAh/g achieved with carbon-coated NaCrO; unam-
biguously reveals that the typical specific capacity of 110 mAh/g reported by many
researchers is controlled by the kinetic factor, i.e., the electronic conductivity at the
electrode/electrolyte interface is the rate-limiting step for Na-ion de/intercalation of
NaCrO,.

7. Although carbon-coated NaCrO, particles formed via wet solution mixing provide
unprecedented specific capacities, cycle stability is not improved because with the
specific capacity at 140 mAh/g the Na deintercalation during charge is more than 50%
Na ions per formula unit of NaCrO,, which leads to irreversible redox reactions.

8.  Based on the present study, one possible direction to improve the cycle stability of
NaCrO; in the future is the integration of carbon coating and doping, which remains
to be investigated in the future.
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www.mdpi.com/article/10.3390/batteries9090433 /s1, Figure S1: FESEM image of NaCrO, particles
formed via ball milling at ambient temperature for 1 h followed by high-temperature reaction at
900 °C for 1 h [11]; Figure S2: Coulombic efficiencies of B3 half cells as a function of CB loading in the
cathode: (i) 10 wt.%, (ii) 20 wt.%, and (iii) 30 wt.%; Figure S3: The charge/discharge voltage profiles
of 100% CB half cells.
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