Development of Electrodes and Coatings for Sodium Ion Energy Storage

by
Tyler Or

A thesis
presented to the University of Waterloo
in fulfillment of the
thesis requirement for the degree of
Master of Applied Science
in
Chemical Engineering

Waterloo, Ontario, Canada, 2020
© Tyler Or 2020



Author’s Declaration

This thesis consists of material all of which I authored or co-authored: see Statement of
Contributions included in the thesis. This is a true copy of the thesis, including any required final
revisions, as accepted by my examiners.

I understand that my thesis may be made electronically available to the public.

il



Statement of Contributions

Section 1 was partially adapted from a published review manuscript that I co-authored:

Or, T.; Gourley, S. W. D.; Kaliyappan, K.; Yu, A.; Chen, Z. Recycling of Mixed Cathode Lithium-
ion Batteries for Electric Vehicles: Current Status and Future Outlook. Carbon Energy 2020, 2 (1),
6 —43.

Tyler Or conducted the literature survey and prepared the manuscript, Storm W.D. Gourley and
Dr. Karthikeyan Kaliyappan contributed to certain sections, figure designs, and revisions, and Dr.
Aiping Yu and Dr. Zhongwei Chen designed the scope and revised the manuscript. All authors

reviewed and approved the final version of the manuscript.

Section 4 consists of a research manuscript submitted to ChemElectroChem that I co-authored:
Or, T.; Kaliyappan, K.; Bai, Z.; Chen, Z. High-Voltage Stability and Characterization of P2-
Naz3Mn1.yMgyO; Cathode For Sodium-Ion Batteries. Submitted 2020.

Tyler Or conducted the study and wrote the manuscript. Dr. Karthikeyan Kaliyappan and Dr.
Zhengyu Bai helped design the study, while Dr. Zhongwei Chen supervised the project. All authors

reviewed and approved the final version of the manuscript.

Section 5 consists of a published research manuscript that I co-authored:
Or, T.; Kaliyappan, K.; Li, G.; Abureden, S.; Bai, Z.; Chen, Z. NaCoPO4F as a Pseudocapacitive
Anode for High-Performance and Ultrastable Hybrid Sodium-Ion Capacitors. Electrochim. Acta

2020, 136024.

il



Tyler Or and Dr. Karthikeyan Kaliyappan contributed equally to the work. Dr. Gaoran Li, Dr.
Salah Abureden, and Dr. Zhengyu Bai helped revise the manuscript while Dr. Zhongwei Chen

supervised the project. All authors reviewed and approved the final version of the manuscript.

Section 6 consists of work in progress intended for publication (venue undecided). Tyler Or

designed and conducted the experiments, Dr. Karthikeyan Kaliyappan assisted with the

experimental design and Dr. Zhongwei Chen supervised the project.

v



Abstract

Sodium-ion energy storage technologies have recently garnered interest due to potential
constraints in the supply of lithium in the distant future assuming that lithium-ion batteries (LIBs)
are widely adopted for large-scale applications (i.e., electric vehicles and stationary energy
storage). Sodium-ion batteries (SIBs) possess an identical chemistry and operating mechanism to
LIBs, and thus strategies from extensive LIB development are directly translatable. However,
replacing Li* with Na* as the charge carrier presents significant challenges, notably the poor
intercalation/de-intercalation reversibility in the host lattice and sluggish solid-state Na* diffusion
kinetics due to the relatively large size of the Na* ion. It is critical to develop cathode materials
that demonstrate high energy output and good reversibility, while being comprised of low-cost and
abundant materials. On the other hand, hybrid Na-ion capacitors (NICs) are a different class of
secondary energy storage designed to bridge the performance gap between SIBs and electric
double-layer capacitors (EDLCs). They typically comprise of an insertion electrode and a
carbonaceous capacitive electrode in an organic (carbonate-based) electrolyte and can deliver 3-4
times the energy density compared to EDLCs albeit with lower rate performance (energy output
at high current) and cycle stability. However, while commercial supercapacitors are stable over
millions of charge-discharge cycles, few reports in the literature on NICs demonstrate a capacity
retention >90% over 10,000 cycles. The design, preparation, and improvement of novel insertion
electrodes to match suitable capacitive electrodes is urgently required to develop NICs, which can

occupy a unique sector in the secondary energy storage market.

SIBs that utilize Mn-rich cathodes (based on Na,MnQ;) can meet the criteria of high energy output

and low cost; however, reliance on the Mn**/Mn** redox is associated with poor cycle stability due



to Jahn-Teller induced distortion from the Mn** ion. This issue can be mitigated by partially
substituting Mn with Mg. With this in mind, we systematically assessed the performance of layered
P2-Naz3Mni.yMgyO> at y = 0, 0.05, and 0.1 synthesized using a modified Pechini method. In the
interest of maximizing the energy density of the material, we used high upper cut-off voltages of
45 V, 46 V, and 4.7 V vs Na/Na', which is typically not explored in the literature.
Naz3Mno.9sMgo.0sO2 displayed a similar initial discharge capacity to Na23sMnO; with significant
improvements in cycle retention. It was most promising when cycled between 2 — 4.5 V, retaining
140 mAh g! (82% retention) and 116 mAh g (68% retention) after 50 and 100 cycles respectively
at low current. A higher Mg dopant quantity led to improvements in cyclability and rate
performance albeit with lower initial discharge capacity. Electrochemical and physical (ex-situ
XRD) characterization was used to delineate the role of high-voltage phase transitions, SEI layer
formation, electrolyte solvent insertion into sodium slabs, and active material
degradation/dissolution toward capacity loss. Overall the high capacity, stability, and
environmentally benign composition of the P2-Nay3Mni.yMg,O> cathode is promising for the

development of SIBs.

In my second contribution, I synthesized and assessed NaxCoPO4F (NCPF) as an insertion anode
for NICs for the first time with commercial activated carbon (AC) as the capacitive cathode. The
constructed NCPF//AC NIC exhibited exceptional rate performance, retaining 78% of its energy
density (corresponding to 24 Wh kg') when the power density was ramped from 125 to
5000 W kg !. In addition, its long-term stability when cycled from 0 — 3 V is among the highest
reported in the literature, retaining 93% of its energy density (24 Wh kg !) after 100,000 cycles at

1 kW kg !. Furthermore, at an elevated voltage range of 0-3.25V, the NIC retained 80% of its

Vi



energy density (26 Wh kg™!) after 30,000 cycles at 375 W kg~ !. The performance is ascribed to the
kinetic compatibility between the adsorptive cathode and pseudocapacitive anode, where
pseudocapacitance is enhanced by the nanosized morphology on the surface of NCPF. The NIC
system reported herein demonstrates supercapacitor-type benchmarks while also possessing a

higher energy density.

Lastly, I tested alucone and titanicone organometallic coatings on P2-Naz;3Nio.23Mn2/3Cuo.102 SIB
electrodes to improve the cycle stability. When cycled from 2 — 4.5 V vs Na/Na* at low current,
the coatings demonstrated evidence of suppressing electrolyte decomposition; however, they did
not improve the overall cycle stability. At this voltage range, degradation was predominated by
the irreversible P2-O2 phase transition (onset ~4.22 V). However, the suppressed electrolyte
decomposition resulted in improved rate performances of the coated samples. Alucone was less
electronically conductive and thus less electrolyte-reactive than titanicone. At elevated currents
from 2 — 4.5 V, electrolyte decomposition and the high-voltage P2-O2 phase transition were
kinetically suppressed, and thus stability was predominated by particle cracking, surface
exfoliation, and fractured connectivity. Here, the coatings substantially improved the cycle
retention by maintaining the overall integrity of the electrode. After 500 cycles, the pristine
electrode decayed entirely, suggesting significant losses of interconnectivity between the active
particles, carbonaceous matrix, and current collector, while the electrodes coated with alucone and
titanicone retained 81% and 70% capacity respectively. When cycled from 1.5 — 4.1 V vs Na/Na*
at low current, the P2-O2 phase transition was avoided while the Mn**/Mn** became active. In this

scenario, the coatings significantly improved cycle retention by suppressing Mn dissolution.
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1. Introduction

Rapid increases in global energy demand necessitates technological advancements in clean energy
storage. Current energy generation relies on fossil fuels, which are inherently finite, limited in
geographic distribution, and release greenhouse gases into the atmosphere during conversion.
Although renewable energy technologies (e.g., wind, solar, and geothermal) show promise, their
energy output is intermittent and thus requires energy storage solutions to generate an
uninterrupted power supply system. Lithium-ion batteries (LIBs) are currently the most popular
energy storage technology for mobile devices (cell phones, laptops, wireless earphones, etc.) and
plug-in electric vehicles (EVs) due to their unmatched combination of energy density (150-200
Wh kg!, normalized by device mass), power density (>300 W kg!), and cycle stability (~2000
cycles). Demand for LIB production is correlated with the recent and skyrocketing growth of the
EV market (Figure 1A). The International Energy Agency estimates based on current and expected
policies that global EV sales could reach 4 million in 2020 and 21.5 million by 2030, corresponding
to a ~24% yearly sales growth and a stock value of $13 and $130 million respectively.! Avicenne
Energy estimated that EVs dominated the energy output of LIBs in 2017, more than doubling the
usage from portable electronics (Figure 1C). 2 This is projected to further increase (+31.6%) by

2025.
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Figure 1. A) Global new EV sales to date B) Price (represented in bar size) of valuable metals used in
LIBs in 2018 from the U.S. Geological Survey. Projection of LIB market share based on C) application
and D) cathode composition. Projection assumes that Tesla, Inc. remains the only major EV manufacture
to adopt NCA cells in 2025. Reprinted with permission from Wiley 2020.?

The United States Geological Survey (USGS) estimates that 39% of all lithium produced is used
in primary and secondary lithium-based batteries.* Thus, large-scale and widespread applications
for LIBs has arisen concerns for long-term availability of raw lithium reserves. The consensus
regarding suggests that although the exact quantity of recoverable global lithium reserves is
uncertain, they should be able to meet long-term projected demands (up to 2100).>~7 However, the
uneven geographic distribution of the reserves can cause price spikes for raw lithium materials.
For instance, cumulative lithium demands in China may exceed the country’s lithium reserves
around 2028.% In addition, global demands for lithium could surpass production by 2050.%!° These
concerns have motivated research toward sodium-ion batteries (SIBs), which as the name suggests
utilizes Na" instead of Li" as the charge carrier. SIB development is promising due to the similar
theoretical energy density and chemistry to LIBs. The various synthesis approaches and coatings

developed for LIB cathodes often translate directly so SIB cathodes. SIB development may be



particularly attractive for grid storage applications, where volumetric and gravimetric energy

density are relatively unimportant while material cost is critical.

1.1. Thesis Organization

This thesis comprises seven sections. Section 1 introduces the reader to the general motivation in
developing sodium-ion energy storage technologies. Section 2 introduces fundamental
background with respect to metal-ion energy storage. As electrodes for LIBs are closely related to
SIBs, they are also reviewed in this section. An emphasis is then placed on layered sodium-ion
cathodes and methods to improve their stability at high upper cut-off voltages. The concept and
motivation of developing hybrid-ion capacitors is also introduced. Section 3 details the theory and
mechanism of the characterization techniques used in this thesis. Section 4 investigates a layered
sodium-ion cathode cycled at ambitiously high upper cut-off voltages. The failure mechanisms
that inhibit cycle stability are characterized and explained in detail. Section 5 investigates a novel
orthorhombic insertion electrode material that was applied as an anode for a hybrid sodium-ion
capacitor. When paired with capacitive activated carbon as the cathode, the fabricated sodium-ion
capacitor delivered an ultrahigh cycle stability and rate performance. Section 6 continues the
investigation of layered sodium-ion cathodes cycled at high cut-off voltages. Alucone and
titanicone deposited by molecular layer deposition were coated on the electrodes to determine
whether they could extend the cycle stability. Finally, the conclusions and future research

directions with respect to these projects are discussed in Section 7.



2. Background and Historical Context

2.1. Secondary Battery Technology

Secondary (rechargeable) batteries deliver/store energy from electrochemical reactions. They
comprise multiple cells connected in series and parallel to generate the desired voltage output and
capacity respectively. The principal components of a cell are: a) the anode, which is oxidized and
liberates electrons that travel through an external circuit, b) the cathode, which is reduced and
accepts electrons, c) the electrolyte, which facilitates the transfer of electrons between the
electrodes through the diffusion of ions, and d) an electronically insulating separator that prevents
an electrical short-circuit between the electrodes while also being permeable to ion diffusion
(Figure 2). It is worth mentioning that a solid-state battery (emerging technology) may utilize a
ceramic electrolyte that can facilitate ion transport and simultaneously serve as the separator.!! In
a secondary battery, the electrochemical reactions are reversible and thus the anode/cathode
designations are reversed during charge/discharge (Figure 2). The cathode and anode designated
during discharge are often referred to as such, or more precisely known as the positive and negative

electrode respectively.
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Figure 2. Principal components of a secondary cell. Reprinted with permission from Elsevier,
2009.12

The lead-acid (Pb-acid) is the earliest known secondary battery that was invented in 1859 by
French physicist Gaston Planté. Although this battery has outdated electrochemical performance,
it currently still has high commercial relevance due to its ultra-low cost. The key disadvantage is
the toxic composition of Pb and sulfuric acid, although governments worldwide have implemented
effective collection and recycling infrastructure to address this. The cell electrochemical reactions

are depicted below in Equations 1 — 3:

Anode: Pb(s) + HSOs(aq) = PbSOa4(s) + H'(aq) +2 ¢ [1]
Cathode: PbOx(s) + HSO4(aq) + 3H"(aq) + 2 e = PbSO4(s) + 2H20(1) [2]
Overall: Pb(s) + PbOx(s) + 2H2SO4(aq) = 2PbSO4(s) + 2H>0(1) [3]

Ni-Cd batteries demonstrate approximately double the energy density compared to Pb-acid
batteries (Table 1). Due to the toxicity of Cd, they have been rapidly replaced by Ni-MH batteries

since the 1990s. The reaction mechanism is depicted in Equations 4 — 6 below:

Anode: Cd(s) + 20H(aq) = Cd(OH)a(s) + 2¢” [4]



Cathode: 2NiO(OH)(s) + 2H,O(1) + 2¢” > 2Ni(OH)x(s) + 20H (aq) [5]

Overall: Cd(s) + 2NiO(OH)(s) + 2H0(l) = Cd(OH)u(s) + 2Ni(OH)a(s) [6]

Ni-MH batteries display exceptional volumetric energy density (140 — 300 Wh L!) and power
output compared to Ni-Cd. Thus, they have attracted interest for EV applications and are still
relevant today in hybrid EVs. However, Ni-based batteries will continue to lose market share to
LIBs, which display state-of-the-art electrochemical performance with continuously falling costs.
The electrochemical reaction of Ni-MH batteries is depicted as:

Anode: M*H (s) + OH (aq) =2 M*(s) + HO(l) + ¢

Cathode: NiO(OH)(s) + H2O(1) + e = Ni(OH)2(s) + OH (aq)

Overall: M*H (s) + NiO(OH)(s) = M*(s) + Ni(OH)2(s)
* M represents ABs, where A is a rare earth mixture and B is a transition metal.

The low energy density of Ni-based batteries compared to LIBs is attributed to the low cell voltage
(Table 1). However, this is necessary due to the low stability of the aqueous electrolyte, where
water electrolysis thermodynamically occurs at a voltage window of 1.23 V. It is worth mentioning
that Pb-acid batteries can operate at a higher voltage (2 V) due to the overpotentials of the
oxygen/hydrogen evolution reaction.!* The main degradation mechanism of Pb-acid and Ni-based
batteries is the alternations of electrode shape and structure from constant stripping and deposition
of the metal electrodes throughout extended charge-discharge cycles. Furthermore, limitations to
the power density are attributed to the complex electrochemical reactions and deposition
mechanisms, which inherently have relatively sluggish kinetics.!*!*> The trends for the secondary
battery market indicate that Pb-acid batteries will continue to be relevant for low-energy/cost
applications, while LIBs will dominate portable/mobile applications. Emerging technologies, such
as lithium-sulfur and metal-air batteries display ultra-high energy storage potential, but are far

from commercial realization due to their poor cycle stability and power output.'®



Table 1. Summary of commercially relevant secondary battery technologies.'?

Battery Energy Power Typical Typical Applications
Technology | Density Density | Operating | Cycle Life
(Whkg!) | (Wkg!) | Voltage | (#cycles)
V)
Pb-acid 30 180 2 1200 — Low-cost and low-energy
1800 requirements, vehicle ignition
Ni-Cd 60 150 1.2 1500 — Low cost portable electronics
3000
Ni-MH 80 300 1.2 1500 Low cost portable electronics,
hybrid EVs
LIB 150 — 200 >300 3.7 2000 Portable and wearable
electronics, EVs

2.2. Operating Mechanism and Development of Lithium-Ion Batteries

Figure 3 below depicts the major components and operating mechanism of a conventional LIB
cell, which is a more specific variant of Figure 2. The negative and positive electrode correspond
to the anode and cathode respectively during discharge and are often referred to as such. The
separator typically comprises porous poly(ethylene)/poly(propylene) plastic or glass fiber, which
is an electrically insulating material that prevents an electrical short-circuit from contact between
the electrodes, but is porous to allow ionic conductivity. The electrolyte is typically lithium
hexafluorophosphate (LiPFe) dissolved in a mixture of ethylene carbonate and either dimethyl
carbonate, diethyl carbonate, or ethyl methyl carbonate. This organic solvent is chosen due to its
high electrochemical stability, allowing the battery to operate at a higher voltage range. The
operating principle relies on the intercalation and de-intercalation of Li-ions between the
electrodes, where Li-ions can be reversibly inserted and removed from the host network. During
charging, the positive electrode serves as a ‘source’ of lithium ions. A power source is applied to
the battery in order to oxidize the transition metal oxide, resulting in the release of a Li-ion into

the electrolyte (i.e., de-intercalation) and simultaneously releasing an electron into the external



circuit. The electron combines with a Li-ion intercalated at the graphite-based negative electrode.
During discharge, the reverse reaction occurs spontaneously, where an electron and Li-ion are
simultaneously released from the negative electrode, and the electron released can be used to
power a load. A variety of compositions for the positive electrode are commercially available, with
the most common being lithium cobalt oxide (LiCo0Q3), lithium iron phosphate (LiFePQOs), Li-
NMC (LiNi13Mn13C01302), and Li-NCA (LiNio.sC0o.15Al0.0502). The various Li-ion batteries are
referenced according to the positive electrode composition, as the positive electrode dictates the
battery capacity and energy density, while the negative electrode is always a graphite-based
material. These positive electrode materials have advantages and trade-offs with respect to energy

density, power capabilities, cost, toxicity, safety, and stability
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Figure 3. Components and operating mechanism of a lithium-ion battery. Reprinted with
permission from Wiley, 2020.3

Anode: LixCs = Cg + xLi* + xe”
Cathode: Li;xCoO: + xLi" + xe- = LiCoO;

Overall: LixCs + Li1xC00, & Ce+ LiCo0O»
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Ek)1:0;( Ei%f)Oz, over-extraction leads to severe phase changes and cobalt dissolution from the
generation of Co*"

As the invention of the LIB was awarded the Nobel Prize in Chemistry in 2019, its historical
development is worth discussing. The intercalation mechanism in LIBs was first discovered by
Stanley Whittingham in 1972 based on a layered titanium disulfide host for lithium.!” The concept
was then formalized by Michel Armand in the late 1970s.'® Lazzari and Scrostati subsequently
demonstrated a proof-of-concept LIB using lithiated tunsgent dioxide and titanium disulfide as
intercalation electrodes cycled between 1.6 and 2.2 V.!° A seminal finding in 1980 from work by
John Goodenough’s research group discovered that lithiated transition metal oxides isostructural
to NaFeO, could reversibly deintercalate and intercalate lithium ions.?’ This included LiCoOs,
which SONY used when they introduced the first commercial LIB in 1991 and is still prevalent as
a cathode material today. However, LIBs could not be commercialized until a suitable negative
electrode material was developed. At that time (1980s), companies including SONY, Exxon,
Energizer, and Bell Laboratories used a lithium metal strip as the negative electrode, which caused
safety concerns due to the growth of lithium dendrite during battery cycling, resulting in a short
circuit that caused occasional and unpredictable cell explosions.!” The discovery of graphite as an
intercalation host material came as early as the 1980s from work by Rachid Yazami. However,
early work on graphite ran into issues with the co-intercalation of solvent molecules, resulting in
solvent reduction and structural degradation. Seminal contributions by Akira Yoshino and Jeff
Dahn’s research group involved the use of petroleum coke (calcined between 800 — 1600°C),
which can better resist solvent intercalation. Because Yoshino was the first to discover and report
this finding in a seminal patent in 1985, he (along with Goodenough and Whittingham) is widely

recognized as the inventor of the LIB.?! LiCoO, and petroleum coke was used in the original



SONY product. However, using coke as the negative electrode resulted in a low specific capacity
and energy (80 Wh kg!), so the next development was the use of hard carbon (120 Wh kg™!). Later
on, mesophase carbon microbeads (MCMB, 155 Wh kg'!) were used as the negative electrode,
which was formed by calcining petroleum pitch at 400°C, resulting in the formation of spherical

particles, which are extracted and re-calcined at ~2600°C to improve graphitization.

2.3. Electrodes for Lithium-Ion Batteries
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LIB cathodes are often broadly classified into three main structural categories: layered, spinel, and

olivine type, which comprise the most commercially relevant materials today.
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2.3.1. Layered Cathodes
Layered cathodes are typically visualized as alternating slab layers comprising Li* and transition
metal oxides (Figure 5). As such, Li* has a 2D solid-state diffusion path for (de)intercalation. The
basic layered compounds include: LiCoO,, LiNiO2, LiCrO;, LixMoOs, and Lip7MnQO;. They
possess a rhombohedral unit cell structure (Figure 4) with symmetry of the hexagonal space group
R3,,. The Li" and transition metal ions occupy octahedral sites while O% forms planar sheets in
between. Layered compounds may comprise more than one transition metal. As such, mixed-metal
compositions can be viewed as a partial substitution of transition metals (e.g., metal dopant) or a
solid solution product. For instance, LiNiosCo00.50: is a solid solution of LiCoO., and LiNiO».
Layered cathodes comprise the most commercially relevant materials, dating back to the first LIB
introduced by SONY in 1991 based on LiCoO». LiCoO»-based batteries are still prevalent today
for portable electronics due to the technological maturity, although the market share is rapidly

shifting toward LiNii;3Mn13C0130; as it is widespread in EV applications (Figure 1).

vb b (b o° K
>3 >3 >c
layered LiCoO2 spinel LiMn204 olivine LiFePO4
2D 3D 1D
~— -
—~—

Dimensionality of the Li*-ions transport
Figure 5. Structure and Li* diffusion pathway of layered, spinel, and olivine LIB cathodes.

Reprinted with permission from Elsevier, 2015.%

2.3.2. Spinel Cathodes
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The spinel group refers to a class of minerals that display a chemical formula of form AB>X4 (A,
B = cations, X = anions). The cations reside in octahedral and tetrahedral sites while the anions
display cubic close packing. As seen in Figure 5, the structure allows for 3D solid-state diffusion
pathways for Li*, resulting in high LIB rate performances. The most relevant cathode material is
LiMn,04, comprising a 1:1 mixture of Mn*" and Mn*" (denoted Mn*3). It is worth mentioning
that layered LiMnO- is unstable after electrochemical cycling and transforms into the spinel
structure. Although the high rate performance of LiMn2O4 makes it ideal for application such as
power tools, its main setback is the low practical capacity and cycle stability. This is caused by the
presence of Mn3*', which due to its electronic configuration (t»>-€¢!) can induce Jahn-Teller
distortion.?* The Jahn-Teller distortion of Mn*" can cause lattice changes from the cubic to
tetragonal phase, which increases the resistance for Li* diffusion. The distortion is more
pronounced when discharging at high rates as Li" is more concentrated at the surface of the
LiMn2Oy4 particles, which leads to more pronounced distortion and causes particle cracking and
disconnection.?> Moreover, Mn** is unstable and generates soluble Mn?" based on the
disproportionation reaction: 2Mn>**(solid) = Mn*'(solid) + Mn?*(solution). Suppression of Jahn-
Teller distortion has commonly been addressed by partially substituting Mn with other cations to
reduce the amount of Mn*" and thus increase the average valence state of Mn.?*28 Various coatings

have also been explored to alleviate the dissolution of Mn.?

2.3.3. Olivine Cathodes
Olivine minerals possess a chemical formula of M;SiO4 where M = Ca, Fe, Mn, Ni, or Mg. The
most relevant olivine cathode is LiFePO4, which has generated significant interest due to its cheap

and abundant composition, and high thermal stability and safety associated with strong Fe-P-O
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bonds. This restricts the evolution of O» at high temperatures and limits thermal runaway.
However, the main bottleneck toward application in EVs is the high cost relative to its energy
density.’® Although LiFePOs is known to have high electrochemical stability over a ~100% depth
of discharge and a flat charge/discharge profile, thus allowing the practical capacity to approach
the theoretical one, the low energy density is attributed to the low nominal voltage (3.3 V vs
graphite anode).?® The lower energy density of LiFePO4 compared to commercial layered cathodes
limits the driving range of EVs. Furthermore, although the material composition of LiFePOys is
cheap, the high cost is associated with the complexity of the carbon-coated nanoparticle
synthesis.3! Synthesizing this morphology is necessary as LiFePOs4 displays poor intrinsic
electronic and ionic conductivity. The poor electronic conductivity is due to the localized positions
of Fe?" and Fe** (LiFePO4/FePOs). As seen in Figure 5, Li* can only diffuse in 1D along the b-
axis formed by edge-shared LiOs octahedra. The nanoparticle morphology improves electrical
conductivity by improving interparticle contact and also reducing the electron transport path and
tunneling barrier between the particle surface and core. Meanwhile, the conductive carbon coating
(amorphous and permeable to Li*) ensures electrical percolation. The nanoparticle morphology
also reduces the solid-state diffusion path for Li*. Lowered costs of LFP through maturity and

economies of scale can help expand its applicability.

2.3.4. Comparison among Commercial Lithium-Ion Battery Cathodes
Table 1 below compares the performance and practical applications of current commercially

relevant LIB cathodes.

Table 1. Comparison of most common commercially available LIBs. Gravimetric and volumetric
capacity normalized based on cathode active materials.!®-23-32
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Nominal Typical Typical
Voltage  Gravimetric ~ Volumetric

Cathode Material V) Ty Ty Comments
(mAh g (mAh cm™)
3.6 145 550 Co is toxic and expensive.
Typical use: portable electronic
LiCoO; devices
Cost: Medium
Lifetime: Medium
LiMn,04 4.0 120 496 Mn abundant and environmentally

friendly.
Typical use: High-power tools and
e-bikes
Cost: Low
Lifetime: Low

LiNi1sMni3Co0130: 3.7 170 600 Designed to reduce Co content and
combine advantages of Ni and Mn
Typical use: Portable electronic
devices and EVs
Cost: High
Lifetime: High

LiFePO4 33 165 589 Fe abundant and environmentally

benign, high thermal stability
Typical use: Power tools and e-
bikes
Cost: Medium
Lifetime: High

LiNio.8Co00.15Al0.050 3.7 200 700 Highest specific energy density,

2 used in Panasonic batteries for
Tesla EVs
Cost: High
Lifetime: Medium
LisTiS, 1.9 210 697 Highly stable and safe

Cost: Very high
Lifetime: Very high

2.3.5. Anodes
In the early stages of LIB research, Li metal strips were used as the anode. Due to the uneven
stripping/deposition of Li throughout cycling, this anode had poor stability and even formed
dendrites that extended toward the cathode, resulting in a short circuit. Today, commercial cells

utilize a graphite-based anode, which is highly safe and stable. However, there is ongoing research
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to stabilize the Li metal anode for practical applications due to its ultra-high theoretical capacity
(3860 mAh g!).33 Natural graphite was originally tested as a LIB anode. However, it displayed
low rate performance due to the high anisotropy of the graphite flakes — the flakes had a short
dimension along the c-axis, which was often laid orthogonal to the current collector. As there was
high electronic resistance along the c-axis, the orientation of the flakes led to sluggish Li*
intercalation. This issue was addressed by milling the graphite thoroughly to produce small flakes
that were randomly oriented. However, natural graphite was not compatible with propylene
carbonate electrolyte as it would intercalate into graphite and degrade the structure. Commercial
LIBs utilize synthetic graphite, derived by calcining (graphitizing) various carbon sources (e.g.,
petroleum residua). Graphitized mesocarbon microbeads (MCMB) is the typical benchmark anode

material.

2.4. Sodium-Ion Batteries

Sodium-ion batteries (SIBs) are an emerging technology that have been proposed as an alternative
to LIBs due to the low cost and abundance of sodium. Although the quantity of lithium reserves is
unknown and projections for the global production capacity are varied, is generally agreed upon
that the lithium supply chain will be constrained if electric mobility and electrical grid storage
reach the mass market.>>!® Sodium is an obvious replacement for lithium due to the similar
chemical properties — the operating mechanism and chemistry of SIBs is nearly identical to LIBs,
so a significant amount of research from LIBs is directly translatable toward SIBs. In fact, SIBs
were studied during the early days of LIB development, but work was discontinued due to the poor
performances.>* The use of Na' as the charge carrier has the following consequences toward

battery performance: 1) The energy density of SIBs is inherently limited because of the higher

15



standard electrode potential (-2.71 V vs SHE) and mass of sodium compared to lithium (-3.02 V
vs SHE). In addition, sodium cathodes tend to have a lower intercalation potential (i.e., less
favorable) compared to their lithium analogues, resulting in lower output voltages.*>> 2) Most
importantly, Na* has a larger ionic radius (1.02 A) compared to Li* (0.76 A), which limits the
intercalation capabilities, solid-state diffusion, and host lattice stability over repeated
intercalation/deintercalation cycles of Na*.3® Thus, to fully realize the potential of SIBs in large-
scale storage, cathode materials comprised of low-cost, abundant, and nontoxic materials that can

deliver high energy and power output are required.

Compared to cathodes, less research has been devoted toward anodes. A key distinguishing feature
from LIBs and outstanding technical challenge is that conventional graphite cannot intercalate Na*
due to its insufficient interlayer space distance (d(002) = 0.334 nm). Seminal work from Wen et
al. demonstrated that an expanded interlayer space (d(002) = 0.43 nm), prepared by the oxidation
and partial reduction of graphite, could reversibly intercalate Na*.>” It is believed that a minimum
interlayer distance of 0.37 nm is necessary to intercalate Na*.3® On the other hand, disordered
carbons (e.g., hard, soft, or amorphous carbon), which do not display long-ranged ordering along
the z-axis can intercalate Na* reversibly (below 0.1 V vs Na/Na") and are more commonly used as
anode materials. The structure of hard carbon is shown in Figure 6, which comprises randomly
oriented graphitic domains (few-layered graphene sheets) surrounded by amorphous regions.
Charge-storage occurs through surface adsorption, pore-filling, and defect binding in the
amorphous regions in addition to intercalation.*® The reversible capacity is dependent on the

particle size (degree of graphitization), porosity, and electrolyte composition.
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Figure 6. Structure and ion storage mechanism comparison of graphite and hard carbon. Reprinted
with permission from Wiley, 2018.%
With respect to cell components, SIBs can use aluminum instead of copper as the current collector,

as Na* does not alloy with aluminum. This can marginally lower the material cost.

2.5. High-Voltage Cathodes for Sodium-Ion Batteries

The development of cathodes that can be cycled at high cut-off voltages is critical toward
fabricating high energy density SIBs. High voltage cycling enables enhanced capacity utilization
(i.e., higher depth of discharge) and increases the average operating voltage. As discussed in the
previous section, SIB cathodes generally demonstrate a low average operating voltage compared
to LIBs. For instance, cathodes reliant on Mn redox (Na,MnO; and derivatives) display an average
operating voltage < 3 V vs Na/Na".* In addition the charge/discharge curves typically have a
sloping profile due to the poor Na' diffusion kinetics and complex structural/cation

rearrangements. SIB cathodes that demonstrate high operating voltage (> 4 V vs Na/Na") typically
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consist of sodium-ion phosphate and fluorophosphate materials (e.g., NaFePOs, Na3V2(PO4)3,
NaFePO4F, NaxCoPO4F, Na3V2(PO4)2F3). The high operating voltage of these materials is ascribed
to the inductive effect of the PO4*- and F- anions. However, these materials demonstrate poor
inherent electronic conductivity, thus often requiring a conductive coating and nanostructured
morphology for adequate performance. These materials often demonstrate poor cycle retention due

to significant structural evolution.

On the other hand, similar to LIB cathodes, sodium layered transition metal oxides NaxMOz (M =
One or more of Co, Fe, Ni, Ti, V, Cr, or Mn, x = 0.5 — 1) often display the most optimal
combination of energy density, cycle retention, and rate performance. They are often classified
based on the Delmas notation — either O3 or P2-type, where the letter refers to Na* located in an
octahedral (O) or prismatic (P) oxygen cage while the number refers to the repeat period of
transition metal stacking (i.e., number of distinguishable layers) in the unit cell (Figure 7).*! In
general, P2-type cathodes have a lower sodium content but are more structurally stable and resist
phase changes during the charge/discharge process, thus resulting in a higher discharge capacity
(when Na-metal foil used as counter electrode) and cycle stability. Furthermore, P2-type cathodes
demonstrate favorable diffusion kinetics for Na* due to the preferred prismatic coordination of the
relatively large Na* ions.*? Although P2-type cathodes may possess a high theoretical capacity,
they must be cycled at high voltage cut-offs (Vcutofr, >4.4 V vs Na/Na") in order to exploit this and
maximize their energy density. However, extending Vcuofr can severely compromise cathode
cyclability due to irreversible phase and volume changes, active material degradation and
dissolution, and uncontrolled electrolyte side reactions. Cathodes that demonstrate good

cyclability at high Veuor are scarce in the literature.
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Figure 7. Schematic of various sodium layered structures classified by the Delmas notation. The
yellow spheres represent Na“ while the blue and red spheres represent the transition metal and
oxide ions respectively. Reprinted with permission from Wiley, 2018.4

Layered cathodes cycled at high cut-off voltages typically decay due to the following failure
mechanisms:**

1) Irreversible structural transitions. Extraction of Na® is often accompanied by Na*/vacancy
ordering and gliding of the transition metal oxide slabs. These phase changes can constrict Na*
diffusion pathways and also cause volume changes leading to particle fracture. In a specific case,
the high-voltage transitions of the P2 phase have been well studied. When Na* is extracted from
large prismatic sites within the P2 phase with ‘AB BA’ stacking, adjacent transition metal oxide
slabs repel electrostatically, which generally corresponds with an expansion of the c-axis lattice

parameter and shrinking of the a parameter.*> With further extraction, the process is also associated
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with slab gliding for energetic balance, forming octahedral vacancies that shrink the interlayer
spacing. The stacked-fault OP4 phase is an intermediate transition occurring ~3.5-3.6 V where
every other prismatic layer is converted into an octahedral layer with ‘AB BA CB BC’ stacking.
At ~4.2 — 4.3 V, the prismatic sites may convert entirely to octahedral sites, resulting in an O2
phase with ‘ABC BAB’ stacking. The formation of this phase is clearly observed in compositions
such as P2-Nay3NiisMn230,.% The O2 phase transition is not as reversible as the OP4 transition
and is a significant reason for capacity fade when cycling at high cut-off voltage ranges.

2) Electrolyte oxidation. The carbonate-based electrolyte has a thermodynamic electrochemical
stability of ~4.2 V vs Na/Na®, where oxidation at the cathode-clectrolyte interface (CEI) and
reduction at the anode-electrolyte interface (often referred to as the solid-electrolyte interface) will
occur above this. Thus, excessive decomposition and formation of the CEI layer is expected at
low-current cycling. Moreover, oxidized species in the active material (e.g., Fe** and Ni*") can
accelerate electrolyte oxidation.

3) Insertion of solvent molecules into the interlayer space. Layered structures have a greater risk
of solvent insertion at higher voltages due to the expansion of the interlayer space and Na* vacancy.
4) Oxygen evolution. In some cathodes, participation of oxide ions in the redox could occur at high
voltages, which contributes to capacity although it is irreversible due to oxygen loss.*® This causes
significant structural rearrangements due to the oxide vacancies.

These issues must be addressed to pave the way toward the commercialization of SIBs.

2.6. Coatings for Improved SIB Cathode Performance
One of the earliest reports on the use of coatings in cathode materials was the conductive carbon

coating on LFP nanoparticles as discussed in Section 2.3. The conductive coating provided extra
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conduction pathways between active particles and the current collector, and also improved
heterogeneous charge-transfer at the electrode-electrolyte interface. A variety of coatings were
also tested early on to suppress Mn dissolution and phase changes that hindered the LMO
cathode.?” The first demonstration of a metal oxide coating was performed by Cho and Kim*’
where LMO was coated on LCO. The LMO coating improved the thermal stability of LCO and
reduced the side-reactions between the electrode and electrolyte, resulting in improved cycle
retention. Soon after, they applied an Al,O3 coating on LCO for the first time using a solution-
based approach,*® and continued their investigation by comparing the effects ZrO,, Al,O3, TiO»,
and B,Oj3 coatings.*’ These coatings enhanced the cycle stability at a wider depth of discharge
(2.75 — 4.4 V vs Li/Li"), enabling greater capacity utilization (Figure 8). They observed that the
coating suppressed the c-axis lattice expansion upon Li* extraction, and thus reasoned that the
coating physically suppressed the high-voltage transition from the hexagonal to monoclinic phase.
The strong performance of ZrO> over the other materials was ascribed to its high fracture
toughness. However, this explanation was disputed by Chen and Dahn,*° as their in situ XRD
experiments did not provide evidence that metal oxide coatings could suppress phase changes.
They instead proposed that the coatings mainly suppressed impedance growth on the surface of

LCO. The impedance growth was associated with the use of LiPFs electrolyte.
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Figure 8. Stability of LCO coated with various ceramic coatings cycled from 2.75 — 4.4 V at 0.5
C. Reprinted with permission from Wiley, 2001.4

In general, cathode coatings can provide the following improvements: 1) generation of a percolated
electronically conducting network on the surface of the particles, 2) surface modification to
remove/cover undesirable surface functional groups, which can prevent harmful side reactions
with moisture or air, 3) serving as a physical barrier from the electrolyte to suppress active material
dissolution, oxygen evolution, or electrolyte oxidation at high voltages, and/or 4) serving as an HF
scavenger. HF can cause significant corrosion/dissolution of the cathode active material. It is
generated when LiPFs reacts with (unavoidable) trace quantities of water in the electrolyte
according to Equations 7:

LiPFs + H2O - LiF + POF; + 2HF [7]
Metal oxides (e.g., Al203) can serve as a Lewis base and quench HF according to Equation 8:

ALOs; + 6HF - 2AIF; + 3H,O [8]

22



Thus, electrochemically inert metal oxide coatings often demonstrate improved cycle stability.
However, they possess poor intrinsic electronic and ionic conductivity, which may introduce

increased voltage polarization and thus losses in capacity and rate capability.

Coatings can be applied in several different ways. A rough coating is often employed, which
involves a mechanical or solution-based mixing of the active material with the coating precursor
followed by a sintering reaction. Although this technique is simple and scalable, the coating has
relatively poor uniformity. Therefore, some particle regions may have thicker coatings while other
regions are left exposed. Alternatively, atomic or chemical vapor deposition can be used to apply
an ultrathin coating. This can produce highly uniform coatings with thickness control down to ~0.1
nm. Although minimum quantities of precursor are required, the technique requires lengthy
reaction times and has poor scalability.’! Atomic layer deposition will be discussed in-depth in the

following section.

2.6.1. Atomic/Molecular Layer Deposition Coatings
Atomic layer deposition (ALD) is a thin film deposition technique that has garnered significant
interest over the past decade. It involves a self-controlled binary reaction sequence where two
precursors are sequentially pulsed and react with the surface of a substrate. Figure 9 below depicts
a reactor schematic of the deposition of TiO> on a generic substrate. Here, the reactants are

tetrakis(dimethylamido)titanium (Ti source) and water as the oxidizing precursor.
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Figure 9. Schematic of the deposition of TiO; on a substrate with an ALD reactor.

As an extension of ALD, molecular layer deposition (MLD) utilizes an organic linker in place of
the oxidizing precursor to generate an organometallic film. Figure 10 below depicts the deposition
of alucone using trimethylaluminum and ethylene glycol as precursors, which was utilized in
Section 6. Compared to ceramic films deposited by ALD, MLD films are more flexible and porous,
allowing for improved ionic conductivity and mechanical robustness. This can be tuned by the size
(carbon backbone) of the organic linker. MLD coatings are ideal for conversion-type electrodes
(e.g., silicon or sulfur), as the film can better accommodate the high volume changes throughout

cycling. Films deposited by MLD have not been explored in the literature to a great extent.
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precursors. Cycle is repeated to form an alucone film with the desired thickness.

2.7. Sodium-Ion Capacitors

Two major classes of secondary energy storage systems include LIBs and electric double-layer
capacitors (EDLCs). While commercial LIBs possess an impressive combination of energy density
(150-200 Wh kg'!, normalized by device mass), power density (>300 W kg'!), and cycle stability
(~2000 cycles), their power density and cycle stability pales in comparison to EDLCs, which can
reach up to 10 kW kg™! with stable capacity retention over millions of cycles.*? This is due to the
difference in charge storage mechanisms, where LIBs rely on the intercalation/deintercalation of

Li* within the electrode crystal lattice, while EDLCs store charge based on the
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adsorption/desorption of ions on the surface of a porous carbonaceous electrode that typically
comprises activated carbon (AC). The intercalation/deintercalation charge storage mechanism can
cause structural defects in the crystal lattice due to volumetric strain and is kinetically sluggish
compared to physical adsorption/desorption. However, EDLCs have poor energy density (5-10
Wh kg!) as charge storage is restricted to the electrode surface, thus limiting their range of

applications.>

On the other hand, hybrid-ion capacitors (HICs) are designed to bridge the features of metal-ion
batteries and EDLCs.>® Typically comprised of an insertion electrode and a carbonaceous
capacitive electrode in an organic (carbonate-based) electrolyte, HICs can deliver 3-4 times the
energy density compared of EDLCs albeit with lower rate performance (energy output at high
current) and cycle stability.>® HICs use either lithium or sodium-based salts as charge carriers, with
these devices termed lithium-ion capacitors (LICs) and sodium-ion capacitors (NICs),
respectively. The operating mechanism of the device relies on the intercalation/deintercalation of
Na'/Li* with the insertion electrode while the energy storage on the capacitive electrode relies on
the formation of an electric double layer through the adsorption/desorption of counter-ions (e.g.,
ClOy4 and PF¢) at the electrode-electrolyte interface.>* The insertion electrode contributes to the
HIC energy density as it can store charge through redox pseudocapacitive (surface) and
intercalation (bulk) processes, while non-Faradaic processes on the carbonaceous electrode are
responsible for delivering high power density. However, the main disadvantage of this system is
the mismatched kinetics between the sluggish intercalation mechanism and the rapid capacitive
charge storage. As a result, the energy density of HICs often decreases sharply at high power

densities.>* Thus, pseudocapacitive charge-storage contributions on the insertion anode are critical,
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as they are kinetically facile and stable. With this in mind, it is clear that the design, preparation,
and improvement of novel insertion electrodes to match suitable capacitive electrodes is urgently
required to develop HICs, which can occupy a unique sector in the secondary energy storage

market.

A large variety of insertion electrodes for HICs have been explored and developed in the literature,

3336 carbonaceous electrodes,’’ and transition metal oxides used

such as titania-based compounds,
as intercalation cathodes in metal-ion batteries.’® Some HIC systems reported recently
demonstrate an impressive energy density (upper range of 60 — 80 Wh kg!, normalized by active
material mass), narrowing the gap in energy storage capabilities with batteries.>> However, the vast
majority of HICs still display relatively poor cycle stability and rate capability. Cycle stability is a
particularly important benchmark for HICs as their proposed applications (e.g., regenerative
breaking) are similar to that of supercapacitors.>* However, while commercial supercapacitors are

stable over millions of charge-discharge cycles, few reports in the literature on HICs demonstrate

a capacity retention >90% over 10,000 cycles.>?

3. Methods

3.1. Cathode Synthesis

The mixed hydroxide coprecipitation method is the most common synthesis approaches for layered
transition metal oxides for both LIBs and SIBs that generally involves two steps: 1) precipitation
of metals as a hydroxide precursor at high pH (eg, Nii;sMn1,3Co13(OH), for NMC cathode) and 2)
solid-state reaction with a stoichiometric equivalent (5%-10% excess) of LiOH/NaOH or

Li>CO3/NaxCO3.! The first step is typically performed under inert atmosphere (N2) to avoid
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oxidation and formation of metal oxides (especially for Mn). NH3 is also added as a chelating
agent to ensure that the metal ions are well dispersed to balance the rates of nucleation and crystal
growth, which helps generate a homogeneous particle size and cation distribution for the hydroxide

precursor, leading to improved electrochemical performance.®?

In the sol-gel synthesis method for intercalation electrodes, metal ions are homogeneously
dispersed in aqueous solution with the aid of chelating/gelling agents (often citric acid).®> Weak
bases such as ammonia or acetate are added to stabilize the pH and enhance metal cation binding
to the chelate. Subsequent water evaporation forms a dense sol precursor to immobilize the metal
ions, which is then calcined to decompose organics and induce crystallinity. A less commonly used
derivation of the sol-gel synthesis is known as the modified Pechini method. In this technique,
metallic ion reagents are uniformly dispersed in a dense poly(ethylene glycol) (PEG) matrix.
Following sintering reactions, nanometer-sized particles with a uniform size distribution can

potentially be generated.%*

3.2. Battery Fabrication

After the cathode active material is synthesized, the powder is fabricated into an electrode and
assembled in a CR2032 cell using sodium foil as the counter electrode (anode) for lab-scale
electrochemical testing. In the work shown here, the electrode was fabricated by co-grinding the
active powder with PTFE-acetylene black as the agglomeration agent (binder) and carbon black
as a conductive agent. The electrode was then pressed onto a stainless steel mesh current collector.
Cell fabrication was conducted in an argon-filled glove box to avoid side-reactions with moisture

and oxygen (particularly with sodium metal). The electrolyte was 1 M NaClO4 dissolved in 1:1
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(v/v) ethylene carbonate: diethyl carbonate with 5 vol% fluoroethylene carbonate additive.
Fluoroethylene carbonate is a common electrolyte additive for LIBs and SIBs as it assists with the
formation of a thin and stable SEI film, resulting in reduced irreversible capacity and improved
cycle performance.®> A porous polypropylene separator is added between the anode and cathode —

it is electrically insulating to prevent a short circuit while permeable to Na* diffusion.

3.3. Physical Characterization

3.3.1. X-Ray Diffraction
X-ray diffraction (XRD) is a fundamental technique to determine the identity of crystal lattices.
The techniques relies on the scattering of incident X-ray photons on the crystal atom’s electrons.
Most scattered photons disappear through destructive interference. However, evenly-spaced lattice
planes (ordered atoms) can induce constructive interference of diffracted photons at certain angles
to produce an intense signal that can be detected. The constructive interference is characterized by
Bragg’s law: 2dsinf = nA, where d is the interlayer space between lattice planes, 0 is the incident
photon angle, and 7 is an integer (Figure 11). Diffraction peaks correspond to a lattice plane, which
are represented by the Miller indices (4, k, /). The Miller indices are derived based on the three

Cartesian coordinate intercepts of a lattice plane in a unit cell.

In battery research, XRD is critical toward assessing the synthesis method. For instance, all O3 or
P2 layered structures should display identical diffraction patterns with some variations in peak
position. In LIB cathode research, XRD is often used to assess the degree of intermixing between
Li* and other transition metal ions (often Li*/Ni**), which can lead to low reversible capacity. This

is done by measuring the intensity ratio of the (003) and (/04) diffraction peaks. However, this
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cation mixing issue generally does not occur in SIB cathodes due to the larger size of Na*. XRD
is often used to monitor the evolution of the crystal lattice over electrochemical cycling — for
instance the peak shifts can be observed that are associated with interlayer space (d) expansion
along the c-axis upon Na" extraction. However, XRD does not provide detailed information on

atomic arrangement and local environments, as it only indicates the average atomic ordering.

Incident X-rays Diffracted X-rays

Constructive interference when
nA=2d sin®
Bragg’'s Law

d sin®

Figure 11. Constructive interference of diffracted X-ray photons on a lattice plane and
relationship with Bragg’s law.5¢

3.3.2. Scanning Electron Microscopy and Energy-Dispersive X-Ray Spectroscopy
Scanning electron microscopy (SEM) relies on the interaction between a focused beam of electrons
bombarded on a sample surface (Figure 12), which can generate high-resolution images due to the
small wavelength of the illumination source. Emissions from the sample-electron interactions are
detected, with the most important involving secondary electrons, backscattered electrons, and
characteristic X-rays. Secondary electrons are produced when the electron bombardment causes
ionization of loosely-bound electrons (3 — 5 €V) on the sample surface.’” This signal is primarily
utilized to generate an image of the sample morphology. Secondary electrons can generate depth

perception as electrons obstructed from reaching the detector will appear as a darker spot on the
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image. Backscattered electrons originate from the incident electron beam that collides with atomic
nuclei on the sample and scatter at high energies (> 50 eV). Thus, larger atoms will generate more
scattering and a higher signal intensity. Images produced using backscattered electrons can
produce excellent contrast between different elements. Finally, incident electrons can collide and
eject inner shell electrons of the sample, resulting in relaxation of outer shell electrons to fill the
hole. The relaxation energy loss is balanced by the emission of an X-ray photon of equivalent
energy. As different elements produce characteristic X-ray emissions, this can be used to identify
and quantify the relative ratio of certain elements. This microanalytical technique is known as

energy-dispersive X-ray spectroscopy (EDX).
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diffracted e's
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Figure 12. Sample-electron interactions.®®

3.3.3. Thermogravimetric Analysis
Thermogravimetric analysis (TGA) precisely measures a sample’s mass as a function of
temperature in either a reactive or inert atmosphere. For battery applications, TGA can be used to

assess the thermal stability of a cathode, for instance determining the onset temperature of oxygen
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evolution. In this work, TGA was used to determine and quantify the presence of carbons on the

active material, which begins to decompose at ~400°C under air.

3.3.4. X-Ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) is closely related to EDX that was discussed in Section
3.3.2. The technique relies on the complete transfer of energy from an X-ray photon to an inner
shell electron, resulting in ionization. The kinetic energy (and quantity) of electrons is measured
by a detector, and thus the electron binding energy can be calculated based on the fundamental
equation for the photoelectric effect. XPS can be used to determine the valence state and bonding
hybridization of atoms, as these events influence the electron energy levels. In general, the binding
energy increases with respect to valence state and bond ionicity. A notable exception is the binding
energy of the Co 2ps.» orbital, which displays binding energies of Co® (778.2 eV) < Co** (779.6
eV) < Co*" (780.5). This is caused by electronic rearrangement (final state) effects after the
ejection of photoelectrons to minimize its energy, such as the coupling of unpaired valence

electrons with the inner-shell hole.

3.4. Electrochemical Characterization

3.4.1. Battery Performance Testing
The standard battery testing protocol involves charging and discharging the battery at a constant
current (galvanostatic cycling). The voltage response is recorded as a function of charge/discharge
time, which is directly proportional to the specific capacity (mAh g!). Energy and capacity values
are normalized relative to the mass of the electrode active material (i.e., excluding the binder and

conductive additive). The key parameters that dictate the battery performance (specific capacity
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and cycle retention) are the upper and lower voltage cut-offs and the charge/discharge current
(rate). The current is often reported as a specific value (mA g!) or defined by the C-rate. By
definition, a rate of 1 C suggests that it takes one hour to charge/discharge the battery at a rated
capacity while 2 C indicates half an hour. Practically, the C-rate is often defined based on a
material’s theoretical or practical capacity at a certain voltage range — for instance, a theoretical

capacity of 140 mAh g! yields 140 mA g' =1 C and 280 mA g' =2 C.

At higher charge/discharge rates, the specific capacity retained decreases due to resistances within
a cell, which will polarize the voltage output in accordance with Ohm’s law (V' = IR) as seen in
Figure 13. In a rate performance test, the cell is progressively cycled at higher currents to determine
the capacity retention. A favorable rate performance is generally an indication of good electronic
and ionic conductivity of the cathode. For a cycle stability test, the cell is galvanostatically cycled
at a constant current. In general, the cycle stability may improve at higher currents, as the depth of
discharge is lowered due to voltage polarization. However, for cathodes that experience high
volume changes, higher currents will concentrate Na® at the cathode-electrolyte interface,

producing anisotropic volume changes that could lead to particle cracking and disconnection.
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Figure 13. Charge-discharge curves of a cell that demonstrates poor rate performance. 1 C =120
mA g current. Reproduced with permission from The Electrochemical Society, 2015.%

3.4.2. Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) is a fundamental technique to delineate resistances
within an electrochemical cell. The simplest equivalent circuit model of an electrochemical cell is
based on the Randles circuit (Figure 14A). Rs refers to the bulk series resistance of the cell, which
is primarily dictated by the electrolyte resistance along with other Ohmic contacts. Cq refers to the
electrical double layer at the electrode-electrolyte interface, which can be modelled by a capacitor
or constant phase element (CPE). The most critical parameter is the charge-transfer resistance
(Ret), which describes the interfacial reaction between Na* and the electrodes. Three are three
sequential steps to the intercalation of Na*: 1) solvation/desolvation of Na*, 2) diffusion of Na*
through the SEI layer and potential surface coatings, and 3) Faradic charge transfer upon
intercalation. The first two processes are typically rate limiting and define the bulk of Ret. Thus,
the R is often used in battery testing to monitor the stability and build-up of the SEI layer over
various cycles. The third step is notable when lattice phase changes suppress Na* kinetics, and
thus increases in Re is sometimes used to imply phase changes, especially when tested at high
voltages. After these processes, Na* diffuses within the electrode lattice, which is associated with

the Warburg element (Zw).

Electrochemical impedance measurements work by applying an AC potential at a range of
frequencies and measuring the current response. This can delineate circuit elements due to their
relationship with impedance — for instance, the impedance of a capacitor is inversely proportional
to the AC frequency while the impedance of a resistor is independent of frequency. Thus, at high

frequencies the Rs element can be isolated (Figure 14A). Analysis is conducted using the Nyquist
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plot output (Figure 14B) — the x-intercept at high frequency is Rs, the width of the complete
semicircle is the Ret, and the slope of the 45° incline at low frequency corresponds to Zw. The exact
values are determined using a nonlinear least squares curve fitting program. In typical
circumstances, two overlapped semicircles or one asymmetric semicircle is observed. In this
scenario, the high-frequency semicircle is denoted Rsei and associated with Na* diffusion through
the SEI layer and other surface film, while the mid-frequency semicircle is denoted R and is
generally proportional to the solid-state diffusivity of Na* in the electrodes. The equivalent circuit

in Figure 14C is used to model this and employed in most publications.
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Figure 14. EIS analysis of a LIB/SIB cell. A) Randles circuit model for an electrochemical cell.
B) Nyquist plot based on Randles circuit. C) Typical equivalent circuit model for LIB/SIB cell.
Adapted with permission from Elsevier, 2004.7

In this work, the impedance of the coin cells were measured using a two-electrode setup (cathode
and sodium foil). While this setup is simple, the impedance measured also accounts for the reaction
at the sodium foil anode, which can generate some variability between cells as the sodium foil can

have an unstable SEI film. A more precise measurement involves a three-electrode setup, where a

separate sodium reference electrode is used that does not participate in the reaction.
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3.4.3. Galvanostatic Intermittent Titration Technique
The galvanostatic intermittent titration technique (GITT) is often used to derive the solid state
diffusion coefficient of Na* or Li" within the electrode. The technique works by applying a small
constant current pulse and subsequently allowing the voltage to relax to equilibrium conditions.
By correlating the voltage change to Na*/Li* diffusion in the electrode, the diffusion coefficient

can be derived by:

2

4 Vi \? (AEG\?
o =22 (75" (2.
nt\ S AE,

where 7 is the duration of the current pulse, n,,V,, is the active material volume (cm?, number of
moles multiplied by molar volume), S is the electrode surface area (cm?), AE, is the steady state
voltage change from the current pulse, and AE, is the voltage change from the constant current
pulse (Figure 15). This equation assumes that the voltage window is narrow enough such that AE
and AE; are linear. Moreover, key assumptions from the GITT analytical theory should be noted:
1) the electrode is planar, 2) the current is constant and uniform, 3) diffusion is one-dimensional
and behaves based on Fick’s law, 4) AE is only ascribed to the diffusion of Na* or Li" in the active

material, and 5) the diffusion coefficient is constant throughout.”!
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Figure 15. GITT measurement using 10 minutes of C/10 charge followed by 10 minutes of
relaxation.”

4. High-Voltage Stability of P2-Naz;3Mn1yMgyO2 Cathode Material for
Sodium-Ion Batteries

4.1. Introduction

The increasing global demands for energy necessitate technological advancements in clean energy
storage. Current energy generation relies on fossil fuels, which are inherently finite, release carbon
dioxide into the atmosphere, and are limited in geographic distribution. Lithium-ion battery (LIB)
technology is the current state-of-the-art due to their unmatched energy and power density.
However, increasing demands for LIBs will constrain natural lithium resources and increase
prices, which poses problems for their widespread use in electric vehicles and grid energy storage.’
Sodium-ion batteries (SIBs) are an emerging technology that has been proposed as an alternative
to LIBs due to the low cost and abundance of sodium and their similar intercalation/deintercalation

chemistry. SIBs are most promising for use in large-scale grid storage applications where cost and
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abundance are particularly important.”> However, while the raw material cost of sodium-based
cathodes is lower than their lithium-based counterparts, the energy density of SIBs is inherently
limited because of the higher standard electrode potential of sodium (-2.71 V vs SHE) compared
to lithium (-3.02 V vs SHE). Furthermore, in comparison to LIBs, SIBs demonstrate considerably
poorer cycle capacity.*® This is because SIB cathodes experience structural evolution over repeated
intercalation/deintercalation of Na* with the host structure due to the large ionic radius of Na*
(1.02 A) compared to Li* (0.76 A). Thus, to fully realize the potential of SIBs in large-scale
storage, cathode materials comprised of low-cost, abundant, and nontoxic materials that can

deliver high energy and power output are required.

Layered transition metal oxides (NaxMO>, M = Co, Fe, Ni, Ti, V, Cr, or Mn, x = 0.6 — 1) are a
common class of cathode materials known for their electrochemical activity and rate performance.
They are classified according to O3 and P2-type, which refers to the geometry of the sodium site
(octahedral vs. trigonal prismatic) and the number of transition metal oxide layers in the unit cell.*!
In general, P2-type cathodes have a lower sodium content but are more structurally stable and
resist phase changes during the charge/discharge process, thus resulting in a higher discharge
capacity (when Na-metal foil used as counter electrode) and cycle stability. Furthermore, P2-type
cathodes demonstrate favorable diffusion kinetics for Na® due to the preferred prismatic
coordination of the relatively large Na* ions.** Although P2-type cathodes may possess a high
theoretical capacity, they must be cycled at high voltage cut-offs (Veurorr, >4.4 V vs Na/Na') in
order to exploit this and maximize their energy density. However, extending Vcuwoff can severely

compromise cathode cyclability due to irreversible phase and volume changes, active material
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degradation and dissolution, and uncontrolled electrolyte side reactions. Cathodes that demonstrate

good cyclability at high Veutofr are scarce in the literature.

P2-Na,MnQ; is a promising SIB cathode composition based on the Mn**/Mn*" redox due to the
abundance, environmental benignity, low cost of Mn, and high theoretical (243 mA h g) and
reported discharge capacity.’*’® However, this material often demonstrates a drastically poor cycle
stability, which is caused by the presence of Jahn-Teller distorted Mn*" ions coupled with phase
changes from the insertion and extraction of Na" ions, thus leading to structural degradation on
cycling. In order to improve the performance of P2-Na,MnQO;, Mn is partially substituted with Mg
(P2-NaxMni.\Mg0>, 0 < x < 0.2). Adding Mg as a dopant has been found to improve cycle

3+ 76,77

stability by reducing the presence of Mn?**, enhance the rate performance,*®’®

and create
smooth charge/discharge curves. In general, increasing the amount of Mg dopant improves the
cycle stability at the expense of lower discharge capacities, as Mg is electrochemically inactive.
However, one study reported an anomalous case where P2-Nay3Mng72Mgo 2802 demonstrated a
high initial discharge capacity (~220 mA h g!') at 10 mA g! when cycled from 1.5 — 4.4 V vs.
Na/Na" albeit with poor cycle stability.” This was explained by the high amount of Mg?*, which
activates the oxide ions to participate in redox as evidently seen in the unique plateau at 4.2 V in
the charge curve. Nevertheless, very few studies”’ have demonstrated the performance and cycle
stability of P2-NaxMni.yMgyO: in the high-voltage region, which is important to improve the
energy density of the material, whereas most studies have characterized the material at a <4.0 Vcu

off.76’78’80
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In this work, P2-Naz3Mn1yMg,O> was synthesized using a modified Pechini process at three Mg
dopant quantities, y = 0, 0.05, and 0.01 and systematically characterized at Vcu.ofr of 4.5, 4.6, and
4.7 V. The long-term capacity retention (over 75 — 100 cycles) and rate performance were assessed
for each composition through galvanostatic charge-discharge characterization. Mechanisms of

capacity fade were assessed via post-cycling EIS and ex-situ XRD characterization.

4.2. Materials and Methods

4.2.1. Synthesis of P2-Nay3Mn1.,Mgy,0,
P2-Naz3Mni.yMgyO> was synthesized using a modified Pechini method. Stoichiometric amounts
(for y = 0.05 and y = 0.1) of sodium (5% excess), manganese, and magnesium acetate (Sigma-
Aldrich, Mississauga, Canada) were dissolved in distilled water (0.25 M metal ions). An equivalent
volume of aqueous 0.575 M citric acid (Sigma-Aldrich) and aqueous 5 wt% poly(ethylene glycol)
(number-average Mw = 8,000 Da) were added dropwise to the metal-acetate mixture. Ethylene
glycol (3 mL, Sigma-Aldrich) and concentrated nitric acid (1 mL, 70%, Sigma-Aldrich) were then
added dropwise to the mixture, which was stirred at 110°C for ~ 4 h. The resulting gel precursor
was dried overnight at 110°C, then pre-calcined at 400°C for 4 h in a muffle furnace (Thermo
Scientific, Mississauga, Canada) to remove organic residue. Finally, the resulting powder was
ground and sintered at 850°C for 12 hr in a tube furnace (Thermo Scientific) under open air. The
final P2-Na>3Mni.yMgyO> powder was stored in a vacuum oven to avoid water ingress and

oxidation.
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4.2.2. Characterization of P2-Na>3Mn1yMg,O; Particles
The phase purity of the active material was assessed using powder X-ray diffraction (XRDMiniflex
600, Rigaku, Japan) with Cu K, radiation (A = 1.5406 nm). The morphology of the particles was
observed using scanning electron microscopy (SEM, LEO Zeiss 1550, Switzerland) using a 20 kV
acceleration voltage and a working distance between 8 — 9 mm. Rietveld refinement was conducted
on MAUD software®! using COD ID: 15258558 as a reference. Inductively coupled plasma atomic
emission spectroscopy (ICP-AES) was conducted after dissolution of metal oxides in Aqua regia

(4:1 concentrated HCI:HNO3 (v/v)).

4.2.3. Preparation of P2-Na>3Mn1yMg,0O: Electrode
The electrode was prepared by grinding a slurry of 70 wt% active material, 20% conductive carbon
black (Ketjenblack, Lion Specialty Chemical Co., Japan), and 10% PTFE-acetylene black binder
in ethanol using a mortar and pestle. The electrode film was pressed (~10,000 kPa) onto a 15 mm
diameter stainless steel mesh and dried overnight at 80°C in a vacuum oven. The active material

loading was 6 mg cm™,

4.2.4. Electrochemical Characterization of P2-Na;3Mn1.yMg,O: Electrode
The electrochemical performance of the P2-Nay3MniyMgyO, electrode was assessed by
assembling CR2032 coin cells in an argon-filled glove box (O2 and H,O ppm < 0.5) using a pure
sodium foil (Sigma-Aldrich) as the counter electrode, a polypropylene separator (Celgard 2400,
Charlotte, NC, USA), and an electrolyte comprised of 1 M NaClO4 dissolved in 1:1:0.05 ethylene
carbonate:diethyl carbonate:fluoroethylene carbonate (Sigma-Aldrich) by volume. Charge-

discharge studies were carried out at ambient temperature using a CT2001 A LAND battery testing
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system (Wuhan, China). Electrochemical impedance spectroscopy (EIS) measurements (Gamry
Instruments, Warminster, PA, USA) were conducted from 1 MHz to 100 mHz at a discharged state

(~2 V).

4.3. Results and Discussion

NazsMniyMg,O> was synthesized using a modified Pechini method at two compositions with
target stoichiometries of Na23Mno.9sMgo.0s02 and Naz3sMng.oMgo.10z. In this technique, the metal
ion precursors are dissolved in dilute HNO3(aq) and mixed with citric acid and PEG. The metal
ions form coordination complexes with citric acid while PEG grafts onto the citric acid through an
esterification reaction, forming a polymeric resin where cations are uniformly distributed.
Following calcination and decomposition of the polymer matrix, the ceramic particles produced
typically possess a smaller and more uniform size compared to conventional sol-gel methods. 548384
The synthesized compositions were confirmed using ICP-AES with resulting Mg/Mn ratios of
0.0512 and 0.115 respectively. SEM images of the particles are shown in Figure 16C-D. Both
compositions display an identical plate-like particle morphology with sizes ranging from 1 —3 um,
which is typically observed in P2-layered structures. To our knowledge, no other studies have
explored the modified Pechini synthesis method for this composition. In comparison, the same
composition was synthesized using a conventional citric-acid assisted sol-gel method using
identical sintering conditions. SEM images of the resultant particles (Figure 16A-B) appear larger
with a more heterogeneous size distribution (2 — 5 um). The benefits of having a smaller and
uniform particle size toward electrochemical performance are well established — the higher surface

area can increase the availability of electrochemical reaction sites and improve contact between

the particles, thus improving electrical conductivity and capacity, while also shortening the
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diffusion length for Na*.3> Thus, Na,3Mn;.yMg,O> synthesized using the modified Pechini method

was used for further physical and electrochemical characterization.

Figure 16. SEM images of synthesized P2- Nax3Mn1.yMgyO: particles using A and B) citric-acid
assisted sol-gel method; C and D) modified Pechini method. Scale bar: 10 pm (A and C), 50 pm
(B and D)

The powder XRD spectra (Figure 17) shows that NaysMni.,Mg,O> formed a phase-pure P2-
layered material with a hexagonal lattice indexed to the P63/mmc space group. The hexagonal
lattice parameters were obtained using via a Rietveld refinement, yielding a = 2.888, ¢ = 11.314
for y =0.1 and a = 2.882, ¢ = 11.281 for y = 0.05. The lattice parameters increase with higher
Mg?* substitution due to Mg?* having a larger ionic radius compared to Mn**/Mn*" 3¢ The larger

c-axis lattice parameter implies an expanded interlayer space for the y = 0.1 composition, which

can improve Na* diffusion kinetics and facilitate reversibility of potential phase changes. It should
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be noted that no superlattice peaks that may correspond to Na“/vacancy or Mn**/Mn*"/Mg?*

ordering were observed in the spectra.’®”’
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Figure 17. Refined XRD spectra of pristine P2-NazsMni1.yMgyO2. A) y = 0.1, Rypy =5.2% B) y =
005, pr =8.1%

4.3.1. Nay3Mny,Mg,0; Electrochemical Performance

The galvanostatic charge-discharge performance results are summarized in Table 2 below. The
initial charge-discharge curves of Naz3Mno.9sMgo.0sO2 at various Veutofr are shown in Figure 18A,
which appear significantly smoother compared to our synthesized Naz3MnO> (Figure 19). As
clearly shown in the dQ/dV plots (Figure 20), the peaks appearing from 2.1 — 2.4 V for

Na»3Mng.0sMgo.0s0> correspond to the Mn**/Mn** redox reaction while the 3.0 — 3.5 V peaks are
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ascribed to a reversible P2-OP4 phase transition.*® This transition occurs when Na™ is extracted
from large prismatic sites within the P2 phase with ‘AB BA’ stacking. As Na" is extracted, adjacent
transition metal oxide slabs repel electrostatically, which generally corresponds with an expansion
of the c-axis lattice parameter and shrinking of the a parameter.*> With further extraction, the
process is also associated with slab gliding for energetic balance, forming octahedral vacancies
that shrink the interlayer spacing. The stacked-fault OP4 phase is an intermediate transition
occurring ~3.5-3.6 V where every other prismatic layer is converted into an octahedral layer with
‘AB BA CB BC’ stacking. At ~4.2 — 4.3 V, the prismatic sites may convert entirely to octahedral
sites, resulting in an O2 phase with ‘ABC BAB’ stacking. The formation of this phase is clearly
observed in compositions such as P2-Nay;3NiisMn2302.4 The O2 phase transition is not as
reversible as the OP4 transition and is a significant reason for capacity fade when cycling at high
Veueorranges. The effect of Mg?" doping on P2 cathodes has been characterized in prior work.37-88
Mg?* can suppress and delay the onset OP4 and P2 phase transition by allowing more Na* ions to
reside in prismatic sites during charging. For Mn-rich cathodes, Mg?" doping significantly
improves the cycle retention as it not only delays the OP4 and P2 phase transitions, but also
increases the average ionicity of Mn, and thus suppresses ordering effects and structural changes
associated with Jahn-Teller distorted Mn*" ions. This corresponds to much smoother-appearing
charge-discharge curves for the Mg-doped samples. While our synthesized Na>3MnO- possessed
a distinct oxidation peak at 4.22 V (Figure 19B), this was not observed in Naz3Mno.9sMgo.0502
(Figure 20), confirming that Mg doping suppressed/delayed the P2-O2 phase transition. The
smoothing of plateaus appearing below 4.0 V also implies that Mg substitution suppressed

Na*/vacancy ordering.?* Both samples displayed a distinct peak when charged to ~4.7 V,
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suggesting that Na* extraction was strained at this Veuofr and likely approached the theoretical

limit.
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Figure 18. Initial galvanostatic charge-discharge curves (A and C) and cycle stability (B and D)
for NazsMniyMg,O», y = 0.05 (A and B) and y = 0.1 (C and D) at 4.5, 4.6, and 4.7 Vcut-oft.
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Figure 19. Electrochemical performance of Nax3MnO; at 40 mA g'!. A) Initial charge-discharge
curves. B) dQ/dV plots of second charge-discharge cycle from 2 — 4.7 V. C) Capacity retention
and coulombic efficiency over 100 cycles.
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Figure 20. dQ/dV plot of second charge-discharge cycle of Naz3MngosMgoosO2 and
Naz3Mno.oMgo.102 at A) 4.5 Veueorr and B) 4.7 Veutofr.

Electrochemical performance of our synthesized Mg-doped cathodes was characterized at three
upper Veuoft: 4.5, 4.6, and 4.7 V. As expected, the initial discharge capacity increased with respect
to Veuoff due to the increased Na' extraction, but this came at the expense of poorer capacity
retention. It is well understood that at high Veueofr, cyclability is reduced substantially due to 1)
irreversible changes in the bulk structure (e.g., slab gliding and Na*/vacancy ordering), 2)
extensive decomposition of electrolyte resulting in increased interfacial resistance due to unstable
solid-electrolyte-interphase (SEI) layer growth, 3) solvent insertion within the interlayer space of
transition metal oxide slabs, and 4) active material dissolution and particle/electrode pulverization
from extensive cycling.** These factors for capacity degradation are examined in subsequent
sections. It is interesting to note that Naz3sMno.osMgo.0sO2 displayed a similar initial discharge
capacity (Table 2) compared to our synthesized Na>sMnO»; however, the 5% substitution of

Mn**/Mn*" with Mg?" enhanced the cycle retention significantly. When cycling between 2 — 4.5
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V, the capacity retention of Naz3Mno.osMgo.0sO2 was promising, retaining 140 mAh g'! (82%) and
116 mAh g (68%) after 50 and 100 cycles respectively. Table 3 compares this capacity retention
to other layered oxide cathodes in the literature cycled at similar voltage range and current. Cycle
stability enhancement was more pronounced at higher Vueofr, for instance Nay3Mng.9sMgo.0s02
retained 50% of its discharge capacity after 100 cycles between 2 — 4.6 V, whereas Na>3MnO»
decayed to 23%. At 4.7 Vuoff, the initial discharge capacity of Naz;3Mng.9sMgo.0s02 (229 mAh g
1) is among the highest ever reported for a sodium layered metal oxide®® — it should be noted that
despite the low average discharge potential (2.7 V), this still corresponds to an ultra-high energy
density of 616 Wh kg'!. However, cycle stability was drastically poorer, retaining 38% capacity
after 75 cycles. Figure S4 shows the evolution of the charge-discharge curves over 100 cycles at
the various Veueofr. It is evident that voltage polarization increased with respect to Veutofr and cycle
number. However, the shape of the curves at 4.5 and 4.6 Vcuofr remained similar, whereas at 4.7
Veutoff, @ severe shrinkage of the smooth plateau from 2 — 3.25 V was observed. This suggests that
active material dissolution/degradation was a significant factor for capacity loss. It is understood
that the Jahn-Teller distorted Mn** ion can undergo a disproportionation reaction to form Mn**
and Mn**, where Mn?" is known to dissolve in liquid carbonate-based electrolyte.”! The charge
curve plateaus at ~4.7 V indicates that Na* extraction was strained at this Veutofr due to irreversible
losses of Na” availability. The capacity contribution from the plateaus likely correspond to

electrolyte decomposition, which is reflected by the low coulombic efficiency.
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Figure 21. Evolution of charge-discharge curves of Nay3MniyMgyO, from cycle 1 to 100 at
various Vecut-off.

On the other hand, the charge-discharge curves of Naz3Mno.9oMgo.102 showed no peaks from 3.0 —
3.5V, suggesting that the P2-OP4 phase transition was suppressed due to the higher quantity of
Mg dopant. As expected, the initial discharge capacity was suppressed compared to
Naz3sMno.9sMgo.0502, whereas the cycle stability improved. The improvement was more notable
when cycled at Veueofr, supporting the claim that Mg delays and suppresses irreversible high-
voltage phase transitions. A comparison between the compositions (y = 0, 0.05, 0.1) is shown in
Figure 22. At 4.5 Veutofr, Na23Mno.osMgo.0sO2 and NazzMno.oMgo.102 have a similar trend in cycle
stability. However, at 4.6 and 4.7 Vcutofr, the two compositions reach the same discharge capacity
after ~100 and 73 cycles respectively. Thus, the energy density and long-term cyclability of

NaysMnyMgi.,O> can be maximized at a y = 0.05 composition at 4.5 Vcutofr.
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Table 2. Summary of electrochemical performance benchmarks of NaysMni.;Mg,O> cycled at
various voltage ranges.

Voltage Naz3MnooMgo.102 | NazsMng.osMgo.0sO2
Range
Initial Discharge 2-45V 152 187
Capacity (mAh g'!) 2-46V 165 207
2-47V 182 229
Capacity Retention 2-45V 71% 68%
(100 Cycles)
2-46V 58% 50%
(100 Cycles)
2-47V 49% 38%
(100 Cycles)
Coulombic Efficiency 2-45V 98.5% 98.7%
(Cycle 5) 2-46V 96.4% 96.2%
2-47V 93.7% 93.8%
Discharge Capacity at 2-45V 145, 136, 120, 105, 177,159, 142, 125,
50, 83, 167, 250, and and 94 mAh g’! and 112 mAh g’!
333 mA g’! 2-46V 159, 142, 124, 109, 196, 168, 134, 113,
respectively and 98 mAh g’! and 99 mAh g’!
2-47V 175, 153, 130, 108, 204, 179, 154, 129,
and 93 mAh g’! 108 mAh g'!
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The rate performance of both Mg-doped compositions is shown in Figure 3. An interesting trend

is noted where the discharge capacity is throttled at high current when cycled at high cut-off

voltages. At a 4.5V cut-off, Naz3Mno.9sMgo.0sO2 lost 63% of its discharge capacity from 50 to 333

mA g, while a 51% and 53% capacity loss were observed at 4.6 and 4.7 Vutofrs respectively.

Similarly, Na»3Mng.oMgo.10:2 lost 65%, 62%, and 53% of its discharge capacity at 4.5, 4.6, and 4.7

Vot respectively at the same current density range. A similar trend was observed by Buchholz

et al. when comparing the rate capability of NaxMno soMgo.110; at 4.4 and 4.6 Veurosr.”’ This effect

is ascribed to the kinetic unfavorability of the high-voltage phase transitions, supported by the fact

that our synthesized Nax3MnooMgo.10, greatly outperformed Naz3Mno.osMgo.0sO2 at a 4.6 V cut-

off. It is understood that there is a high energy barrier for Na* diffusion through octahedral sites

5
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that form at high voltages, due to strong Coulombic repulsion between Na* and the metal oxide

layers.”? The improved rate capability of Naz3MngoMgo.102 can also be ascribed to its expanded

c-axis lattice parameter, which enables facile diffusion of Na® in the interlayer spacing.”?

Furthermore, reducing the amount of Jahn-Teller active ions and Na‘/vacancy ordering by

increasing the Mg doping has significant impact toward reducing the energy barrier for Na*

diffusion.’*
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Table 3. Comparison of long-term discharge capacity retention of our synthesized Naz:3Mni.
yMgyO2 with other layered oxides in the literature cycled at similar voltage ranges based on the
maximum number of cycles reported.

Material Discharge Current Number Voltage Reference
Capacity of Cycles | Range (V)
Retained
(mAh g')
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This Work — 116 40 mA g’! 100 2-45 -
Naz/3Mno.9sMgo.0s02
This Work — 102 40 mA g’! 100 2-45 -
NazsMno.oMgo.102
Nay3Nio 3C00.1Mng 602 128 0.1C 50 2-43 93
Nay/3Nig.23Mn23Mgo.102 84.9 48 mA g'! 100 2-45 %
Nay3Nio.19Zn0.14Mn230> 118 12 mA g! 30 2-44 89
NaosNiisMn230, 40 17 mA g'l 100 2-4.5 7
NaFeo2Mng 4Nio 402 144 0.05C 20 2-43 8
Naz/3Mno.54Ni0.13C00.1302 61 1C 100 2-45 i
Nao.sNio.25Cuo.07Mn230, 92 45 mA g'! 100 2-45 100
Nay3sMny3Nio 28Mgo.0502 105 17 mA g! 50 2.5—-4.35 87
NaysMni2Co13Cui602 78 20 mA g'! 100 1.6-4.3 101
Nay;sNisMn7/12Fei/1202 127 0.1C 50 22-44 102
Na2/3Ni0.2Mgo_1Mn0_70z 122.4 12 mA g'1 50 2-4.5 88

4.3.2. Post-Cycling Characterization
The EIS spectra of the electrodes after 100 cycles at 40 mA g' were obtained to study the
interfacial properties of the electrodes at various conditions. The Nyquist plots (Figure 23C) of
Naz3Mng.9sMgo.0s02 cycled at 4.5 and 4.6 Vuorr show a semicircle at the high-medium frequency
region followed by a straight incline at low frequency, which correspond to the
electrode/electrolyte charge-transfer impedance (R¢;) and Warburg impedance (W) respectively.
Figure 23C shows that Re increases substantially when cycled at higher Vcutofr, which reflects the
poor kinetics likely associated with irreversible phase changes at high Vcueofr. With extensive
cycling at 4.7 Veuoff, @ new overlapped semicircle appears at the high-frequency region, which is
ascribed to a Na* migration impedance (Ry) through the surface of the electrode. This likely arises
from the formation of a thick SEI layer due to significant decomposition of the carbonate-based
electrolyte at this Veuor, combined with irreversible structural degradation on the surface of the
active material.* The magnitudes of Rr and R are substantial after cycling at 4.7 Vut.ofr — Table

4 shows the calculated impedances from curve fitting based on the equivalent circuit shown as an
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inset of Figure 23C. In comparison, Nay3MngoMgo 10> cycled at 4.5 Veuofr displayed a similar R
to NazsMno.9sMgo.0s02, while at 4.7 Veuwofr, the magnitude of Ry and R was considerably lower
(Figure 23D). These results indicate that SEI layer growth is a significant factor for capacity loss
at 4.7 Veuofr, and supports the fact that Mg substitution can suppress irreversible high-voltage

phase changes, resulting in improved capacity retention and kinetics.

Table 4. EIS parameters from curve fitting after 100 charge-discharge cycles

Material Veut-off Re (Q) R () Ret ()
Naz3Mno.osMgo.0502 4.5 10.4 26.2 103.2
Naz3Mno.osMgo.0502 4.6 10.7 25.3 259.3
Naz3Mno.osMgo.0502 4.7 14.2 528.6 570.9

NazsMno.oMgo.102 4.5 9.6 31.7 90.4
Naz3sMnooMgo.102 4.7 12.5 181.4 394.5

In order to study the structural stability of Naz3Mno.oMgo.102 and Nay3Mng.9sMgo.0sO2, samples
were characterized via ex-situ XRD at various stages of cycling from 2 — 4.5 V. Figure 24 reveals
that for both compositions, the P2 structure was retained throughout cycling, with no discernible
shifts in peak position and intensity ratio. Even the XRD spectra at 4.5 V (first charge) showed no
peaks associated with the octahedral phase, which confirms that Mg doping suppresses/delays the
P2-02/OP4 phase transition and explains the smoothened charge-discharge profile and better
capacity retention. Formation of the octahedral phase is typically observed in desodiated P2
structures (> 3.8 V), and is characterized by an upshifted reflection of the (002) peak (denoted
(002”)) that corresponds to a contraction of the c-axis.** This is also associated with peak
broadening due to the formation of stacking faults from slab gliding. However, after 150 charge-

discharge cycles, a minor (002”) peak at ~18° was observed in both Na3MngoMgo.102 and
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Naz3Mng.9sMgo.0sO2. This reflects a contraction of the interlayer space with O2-type stacking. !0~
105 Tt is often explained as an OP4 phase that possesses alternating layers of octahedral and

prismatic sites along the c-axis.!®

Alternatively, it is referred to the Z phase and ascribed to the
migration of a transition metal ions (M) into the interlayer space to form MOj tetrahedra caused
by high Na* vacancy. This induces short range order between the metal oxide slabs with O2
stacking.!® The presence of the (002°) peak indicates that minor irreversible phase changes
occurred over long-term cycling at 4.5 Vcueofr. Differences between the Naz3Mno.oMgo.102 and
Naz3Mno.9sMgo.0sO2 spectra were observed upon closer examination after 150 charge-discharge
cycles (Figure 24C). The (102), (104), (106), and (110) peaks on Naz3Mng.osMgo.0sO2 appear
spectra to broaden, which we believe is associated with inhomogeneous microstrains and stacking

faults in the P2 structure due to slab gliding. Thus, the ex-situ XRD studies confirm that the

increased Mg doping extends cyclability by suppressing irreversible structural changes.

The ex-situ XRD spectra of Naz3Mno.osMgo.0sO2 after 150 and 100 cycles at 4.6 and 4.7 Vcuofr
respectively are shown in Figure 25. Peaks corresponding to the hydrated P2-phase were observed
in both samples, which reflects an expanded interlayer space caused by electrolyte insertion
between the transition metal oxide slabs.!% This phase is commonly observed when charged to
high voltages, due to the increased susceptibility toward electrolyte insertion at low Na*
content.’”?> Both samples also displayed greater peak broadening, which is indicative of more
stacking faults. In addition, a broad (002’) peak at ~22° was observed which can be indexed as the
O2-phase. The peak intensity was considerably greater for the sample cycled at 4.7 Vcuofr. These
results indicate that irreversible electrolyte insertion and phase changes were largely responsible

for the loss of Na' storage capacity. It should be noted that significant active material dissolution
g¢ capacity g
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was observed for the sample cycled at 4.7 Vcuofr, Which corresponds with the drastic evolution of

the charge-discharge curves shown in Figure 21.
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Figure 24. Ex-situ XRD spectra of NasMni.y,Mg,0, at various stages of cycling between 2 — 4.5
V. “*> marks peaks from the stainless steel current collector. A) y=0.1, B) y=0.05, C) Comparison

between both compositions after 150 cycles.
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Figure 25. Ex-situ XRD spectra of Naz3Mno.osMgo.0s02 A) after 150 cycles between 2 — 4.6 V and
B) after 100 cycles between 2 —4.7 V.

4.4.Conclusions

P2-NaysMni.yMg,O> was synthesized using a modified Pechini method at various Mg content (y
=0, 0.5, and 0.1) and the electrochemical performance was characterized at various upper cut-off
voltages (4.5, 4.6, and 4.7 V). Naz;3Mno.9sMgo.0sO2 displayed a similar initial discharge capacity
compared to Na3MnO with significantly improved cycle retention, due to suppressed
Na‘/vacancy ordering, Jahn-Teller distortion, and high-voltage phase transitions.
Naz3Mno.oMgo.102 showcased an improvement in cycle retention and rate capability, albeit with
lower discharge capacity. Ex-situ XRD characterization revealed that both Naz3Mng.9sMgo.0502

and Naz;3Mno.oMgo.10: retained their pristine P2 structure after extensive cycling from 2 — 4.5 V.
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The small differences in cycle retention was ascribed the formation of stacking faults and
microstrains, leading to peak broadening. At 4.6 and 4.7 V cut-offs, electrolyte insertion into the
metal oxide slabs, excessive electrolyte decomposition, irreversible octahedral-related phase
transitions, and active material dissolution (at 4.7 V) were major factors of irreversible capacity
loss. The extraordinarily high discharge capacity of P2-Na>sMni.yMgyO> when cycled at high
voltage cut-offs makes it a promising cathode material for sodium-ion battery application, with
opportunities to further improve its cyclability through strategies such as surface coatings, forming

nanostructured composites, and using ionic liquid electrolyte.
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5. Na;CoPOuF as a Pseudocapacitive Anode for High-Performance and
Ultrastable Hybrid Sodium-Ion Capacitors

5.1. Introduction

Hybrid-ion capacitors (HICs) are designed to bridge the features of metal-ion batteries and electric
double-layer capacitors (EDLCs).>* Typically comprised of an insertion electrode and a
carbonaceous capacitive electrode in an organic (carbonate-based) electrolyte, HICs can deliver 3-
4 times the energy density compared of EDLCs albeit with lower rate performance and cycle
stability.>® HICs use either lithium or sodium-based salts as charge carriers, with these devices
termed lithium-ion capacitors (LICs) and sodium-ion capacitors (NICs), respectively. The
operating mechanism of the device relies on the intercalation/deintercalation of Na*/Li* with the
insertion electrode while the energy storage on the capacitive electrode relies on the formation of
an electric double layer through the adsorption/desorption of counter-ions (e.g., ClO4 and PF¢) at
the electrode-electrolyte interface.’* The insertion electrode contributes to the HIC energy density
as it can store charge through redox pseudocapacitive (surface) and intercalation (bulk) processes,
while non-Faradaic processes on the carbonaceous electrode are responsible for delivering high
power density. However, the main disadvantage of this system is the mismatched kinetics between
the sluggish intercalation mechanism and capacitive charge storage, resulting in poor rate
performance.>* Thus, the design, preparation, and improvement of novel insertion electrodes to
match suitable capacitive electrodes is urgently required in order for HICs to be competitive in the

secondary energy storage market.

A large variety of insertion electrodes for HICs have been explored and developed in the literature,

55,56

such as titania-based compounds, carbonaceous electrodes,>’ and transition metal oxides used
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as intercalation cathodes in metal-ion batteries.’® Some HIC systems reported recently
demonstrate an impressive energy density (upper range of 60 — 80 Wh kg!, normalized by active
material mass), narrowing the gap in energy storage capabilities with batteries.>> However, the vast
majority of HICs still display relatively poor cycle stability and rate capability. For instance, HICs
containing titania-based insertion electrodes are desired due to their structural stability and have
been optimized using nanostructuring, heteroatom doping, and carbon coating approaches in order
to improve their conductivity and rate performance, but most reports demonstrate relatively poor
long-term cycle stability.>* Cycle retention loss is therefore ascribed to solid-electrolyte interphase
(SEI) layer buildup and dissolution of active materials on the anode due to voltage polarization.'’
Carbonaceous insertion electrodes (e.g., hard carbon!%®) are attractive due to their ecofriendly and
inexpensive composition; however, they generally showcase poor cyclability and rate
performance. Cycle stability is a particularly important benchmark for HICs as their proposed
applications (e.g., regenerative breaking) are similar to that of supercapacitors.>* However, while
commercial supercapacitors are stable over 100,000 charge-discharge cycles, few reports in the

literature on HICs demonstrate a capacity retention >90% over 10,000 cycles.!®-113

While LICs have been more extensively studied, NICs are an emerging technology with its
development motivated by the uneven global distribution of lithium reserves, which may cause
price spikes for raw lithium materials as the demand for lithium-based batteries increases.’
However, limited high-performance Na* intercalation electrodes are available due to stability
issues associated with the larger ionic radius of Na* compared to Li* (0.102 nm vs 0.076 nm).
Intercalation/deintercalation of Na® is kinetically sluggish and causes irreversible structural

deformation, especially at high voltage windows. However, numerous NICs have been reported
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which are competitive with and even exceed the performance of most LICs in the
literature.!9%114115 This is because in addition to bulk intercalation processes, some NIC insertion
electrodes possess a significant amount of pseudocapacitive charge storage contributions, which
are kinetically facile and stable.!'%!'” Hence, NIC technology has a promising outlook, but more
work must be devoted to developing high-performance electrode materials for NICs that can

deliver high energy and power density without sacrificing its cycle life.

Future energy demands require an electrode that can deliver high capacity, energy density, and
high operating voltages. In this regard, sodium fluorophosphate materials (NaxMPO4F, M = Mn,
Ni, Fe and Co) have been proposed as potential cathode materials for NIBs.%%!18-121 These
materials have a higher operating voltage than layered cathodes, due to the higher ionicity of the
M-F bond compared to M-0.!22 Moreover, the highly electronegative F- anion can charge
compensate for the additional Na* and provide stability at high cut-off voltages.!?* They also have
a high theoretical discharge capacity (>250 mAh g!) assuming both Na* are extracted from the
structure. Among the sodium fluorophosphates, NaxCoPO4F (NCPF) has displayed a high energy
density (525 Wh kg!) with a discharge plateau near 4.3 V (vs Na/Na").5%!!® Few reports are
available on the performance of NaxMPO4F in half cell configuration with sodium metal anodes

69,118-121 These materials showed poor cycle performance and delivered low

in organic electrolyte.
practical capacity, demonstrating that extensive studies are required to utilize metal

fluorophosphates in battery applications. However, due to the exceptionally wide operating voltage

range of NCPF, we chose to assess its suitability as an insertion electrode for NICs.
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In this work, we demonstrate the use of NCPF as an insertion electrode for NICs for the first time.
We adopt a novel two-step synthesis technique to develop NCPF for both NIB and NIC
applications. Our synthesized NCPF demonstrates promising cycle retention at the cathodic (2 — 5
V) and anodic (0 — 3 V) regions using a sodium half-cell configuration, although the initial
discharge capacities were only partially reversible. The charge storage mechanism at the anodic
region was primarily pseudocapacitive. Hence, an NCPF//AC NIC was assembled for the first time
using NCPF as the anode and AC as the cathode. The resulting performance was remarkable in
terms of cyclic life (over 100,000 cycles) and power output, which outperforms most LICs and

NICs reported in the literature.

5.2. Experimental

5.2.1. Synthesis of NCPF
Nano-sized NCPF powders were prepared by a two-step method. Initially, NaCoPOs (NCP)
nanoparticles were synthesized using a citric acid assisted sol-gel method. Stoichiometric amounts
of sodium acetate trihydrate (Sigma-Aldrich, Mississauga, Canada), cobalt(Il) acetate tetrahydrate
(Sigma-Aldrich), and ammonium phosphate dibasic (Sigma-Aldrich) were dissolved in deionized
water with citric acid (Sigma-Aldrich) and stirred at 110°C. The molar ratio of metal ions to citric
acid was fixed at 1:3. After evaporating excess water, the obtained gel precursor was decomposed
at 400°C for 4 h to remove organic and ammonium moieties. The final calcination was performed
at 800°C for 10 h in air to form NCP. To obtain NCPF, the NCP powder was ground with sodium
fluoride (Sigma-Aldrich) using a mortar and pestle, then calcined at 750°C for 1.5 h under Ar flow,

and immediately quenched to room temperature in air. The resultant NCPF was ground to a fine
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powder and stored in a vacuum oven. AC with a surface area of 1700 m? g! was purchased from

Wako Chemicals (Japan) and used as received.

5.2.2. Physical and Chemical Characterization of NCPF
The phase purity of the pristine NCPF active material was assessed using powder X-ray diffraction
(XRD, XRDMiniflex 600, Rigaku, Japan) with Cu K, radiation (A = 1.5406 nm) at a scan rate of
0.1 °/min. Rietveld refinement was conducted on MAUD software®! while the crystal lattice
structure was generated using VESTA.'?* The morphology of the particles was observed with
scanning electron microscopy (SEM, LEO Zeiss 1550, Switzerland) using a 20 kV acceleration
voltage and a working distance between 8§ — 9 mm coupled with energy-dispersive X-ray
spectroscopy (EDX). Prior to imaging, the particles were sputtered with ~5 nm of gold. The
valence state of the metal ions in NCPF were determined by X-ray photoelectron spectroscopy
(XPS, Thermo Scientific Theta Probe, Waltham, MA, USA) using Al K, radiation. The binding
energies reported are referenced to graphitic carbon at 284.8 eV. Thermogravimetric analysis
(TGA, TA Instruments Q500, Grimsby, Canada) was conducted from 0 to 800 °C at a ramp rate
of 5 °C/min to detect the presence of a carbon coating. Surface area measurements were conducted
by Brunauer-Emmett-Teller (BET) analysis using N> adsorption (Gemini VII, Micromeritics,

Norcross, GA, USA).

5.2.3. Preparation of NCPF and AC Electrodes
The electrode was prepared by grinding a slurry of 70 wt% active material (NCPF or AC), 20 wt%
conductive carbon black (Ketjenblack, Lion Specialty Chemical Co., Japan), and 10 wt%

Teflonized acetylene black binder in ethanol using a mortar and pestle. The electrode film was
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pressed (~8,000 kPa) onto a 15 mm diameter stainless steel mesh and dried overnight at 80°C in a
vacuum oven. The mass loading for the active material was 6 mg cm™. In order to assemble the

NIC, a 1:1 weight ratio of NCPF:AC active material was used.

5.2.4. Electrochemical Characterization of NIC and Electrode Half Cells
The electrochemical performance of the NCPF electrode was assessed by assembling CR2032 coin
cells in an Ar-filled glove box (O2 and H,O < 0.5 ppm, MBRAUN, Stratham, NH, USA) using a
pure sodium foil as the counter electrode, a polypropylene separator (Celgard 2400, Charlotte, NC,
USA), and an electrolyte comprised of 1 M NaClO4 dissolved in 1:1 ethylene carbonate:diethyl
carbonate (Sigma-Aldrich, 1:1 v/v). NIC cells were constructed as described above using NCPF
as the anode and commercial AC (Sigma-Aldrich) as the cathode. Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) curves were acquired using a Gamry Instruments
potentiostat (Warminster, PA, USA). EIS measurements were conducted from 1 MHz to 100 mHz
at discharged state. Long-term galvanostatic charge-discharge studies and rate performance tests
were carried out at ambient temperature using a CT2001 A LAND battery testing system (Wuhan,
China). After long-term cycling, the coin cell was disassembled in a glove box, and the NCPF
electrode was washed in ethylene carbonate, dried in a vacuum oven, and subsequently

characterized via XRD, XPS, and EDX.

The cell capacitance (Ce.1) of the NIC was calculated from the charge-discharge curves using Eq.
I:

it
Ccell =

(1)
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where i is the current (A), ¢ is the discharge time (s), and AV is the voltage range (V). The

specific discharge capacitance (Cq) was then obtained using Eq. 2:

4Cce
Cqe = —= (2)

where m is the total mass of the anode and cathode active materials. The energy (Ep, Wh kg!) and

power density (Pp, W kg™!) were then obtained from Ce.;; using Egs. 3 and 4 respectively:

2
ED — lccellAV (3)

2 3.6

Epx3600

PD: .

4)
5.3. Results and Discussion

5.3.1. Physical Characterization of Synthesized NCPF
NCPF was synthesized by a two-step process for the first time, where NaCoPO4 (NCP) was first
formed through a citric-acid assisted sol-gel method. The XRD pattern of NCP indicates that the
structure matches the a-polymorph indexed to the Pnma space group with lattice parameters a =
8.880, b = 6.799, ¢ = 5.035 (Figure 26A), which comprises octahedrally coordinated Na and Co
atoms, and P tetrahedra (Figure 26B).!?> NCP was then reacted with NaF through a conventional

solid-state method to generate NCPF.
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Figure 26. A) XRD pattern of synthesized NCP. The NCP data used for indexing was based on
COD ID: 2101516. Impurity peak positions are labelled (*) and correspond with excess sodium
phosphate. B) Lattice structure of NCP generated using VESTA.

SEM images of the synthesized NCPF powder show large primary particles with an average size
of 10 um (Figure 27A) and at higher magnifications (Figure 27B), nanometer-scale secondary
particles are evident. This morphology is expected to increase the surface area of contact with the
electrolyte, thus reducing the diffusion path of Na* and enhancing electrochemical performance.®
Indeed, the BET surface area was measured as 6.3 m? g!, which is higher than typical transition
metal oxide electrode powders.!?® The high surface area can also be explained by the
decomposition of citric acid among the NCP particles during calcination, which evolves CO and
CO; gases and thus forms void spaces within the particles.'?” Although citric acid and acetate
precursor was used, no carbon coating was present on the final NCPF particles following
calcination, according to TGA measurements (data not shown). The powder XRD pattern (Figure
27C) indicates that the NCPF has an orthorhombic structure indexed to the Pbcn space group with
the lattice parameters a = 5.2415 A, b=13.7823 A, and ¢ = 11.6814 A calculated from a Rietveld

refinement, corresponding with previous reports.’>!1811% Ag seen in Figure 27D, the structure is
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comprised of layers built from POy tetrahedral and Co.O7F> bi-octahedral units, and Na* located

in the interlayer space.'"”
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Figure 27. Powder NCPF Characterization. A and B) SEM images of particles. C) XRD pattern

with Rietveld Refinement (Rwp, = 13.2%). A marks location of impurity peak likely from excess
sodium phosphate.!?® D) Unit cell of NCPF lattice.

The high-resolution XPS spectra of the Na 1s, Co 2p, P 2p, O 1s, and F s subshells of pristine
NCPF is shown in Figure 28. The Na Is photoemission spectra (Figure 28B) shows a peak centered
at 1070.81 eV, which is in good agreement with tabulated values for Na-phosphate compounds
(e.g., NasP,O7 at 1070.8 €V'?°). The broad and slightly asymmetric appearance of the spectra is
likely due to the fact that NCPF contains two energetically inequivalent Na sites (denoted Nal and
Na2) that are difficult to distinguish as the binding energy difference is small.'*° This was similarly
observed in NaxFePO4F3! and LixCoPO4F.!32 The Co 2p region (Figure 28C) shows binding

energies of 780.76 and 796.92 eV for the 2p3/» and 2p1» multiplets respectively (orbital splitting
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of 16.2 eV) that each possess satellite peaks at 785.83 and 803.07 eV, which is characteristic of a
+2 valence state.!3? Tt is worth mentioning that the NCPF Co 2ps» binding energy is upshifted
compared to our synthesized NaCoPO4 (780.32 eV). This is likely due to the presence of Co-F
bonds, which possess a higher bond ionicity compared to Co-O.!3* The P 2p binding energy at
132.97 eV (Figure 28D) corresponds to a +5 valence state, while O Is at 530.57 eV (Figure 28E)
is similar to the values of Na3;PO4 (530.4 ¢V) and CoO (530.1 eV). Like Na, F is located in two
energetically inequivalent sites. The F 1s spectra (Figure 28F) displays a broad and asymmetric
appearance that is deconvoluted to reveal two peaks at 684.30 and 686.36 eV, which can be
indexed to Na-F and Co-F bonds respectively.!? The elemental composition of the synthesized
NCPF was confirmed using EDX, revealing a Na:Co:P:O:F atomic ratio of 1.92:0.98:1.02:4.24:1

(Figure 29). These characterizations confirm the successful synthesis of carbon-free NCPF.
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Figure 28. High-resolution XPS spectra of pristine (black curve) and cycled (red curve) NCPF
elements. Peak deconvolution for Co 2p (pristine and cycled) and F 1s (pristine) is shown.
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Figure 29. EDX spectra of synthesized NCPF powder.

5.3.2. Electrochemical characterization of NCPF
The electrochemical performance of NCPF was first assessed by assembling half cells using
sodium foil as the counter electrode. Due to the lack of published reports on NCPF, our half-cell
performance at the anodic (0 — 3 V vs Na/Na") and cathodic (2 — 5 V vs Na/Na") region is shown
in detail in Figure 30 and Figure 31, respectively. At the anodic region (0 — 3 V vs Na/Na"),
galvanostatic charge-discharge data show that the Na/NCPF cell has an initial discharge capacity
of 130 mAh g! at 17 mA g (0.13 C), with significant irreversible capacity loss in subsequent
cycles, likely due to lattice structural changes and formation of a passivating SEI layer. Figure 32
displays the ex-situ XRD pattern, which reveals significant peak broadening associated with
structural defects over the first 20 cycles. The initial discharge curves (Figure 30A) show a plateau
at ~1.1 V, likely associated with Na" insertion, which resulted in capacity decay and structural
evolution that was observed over the preliminary cycles. However, reasonable capacity retention

was maintained after 40 cycles, stabilizing at ~50 mAh g'! (Figure 30B). Following the irreversible
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capacity loss, CV curves (Figure 30C) show no defined peaks in the 0 — 3 V region. The featureless
appearance of the CV curves resembles reports on amorphous pseudocapacitive materials such as
Mo0O;'%° and NbyOs.!16 As the electric double-layer charge storage contribution from NCPF is
considered to be negligible due to its low specific surface area, this suggests that the charge-storage
mechanism is primarily based on redox pseudocapacitance on the surface of the active material.
To examine this further, CV was conducted at various potential sweep rates (v) and the current
response (i) was analyzed. At the anodic peak potential (~0.75 V), the h-parameter (based on the
relationship i = av’) was calculated as 1 (Figure 30C inset), which is characteristic of a capacitive
behaviour. Taken together, this suggests that the charge storage occurs within a single phase

material and is not primarily based on diffusion-limited intercalation.!3>-13
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Figure 30. Galvanostatic half-cell characterization of NCPF anode cycled from 0 —3 V vs Na/Na*
at 22 mA g! current. A) First five charge-discharge curves. B) Discharge capacity retention
through 120 cycles. C) CV curves measured with various sweep rates (v) from 0.1 — 0.7 mV s’
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Figure 31. NCPF half-cell electrochemical performance. A) Initial charge-discharge curves and
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Figure 32. Ex-situ XRD pattern of NCPF cycled as Na/NCPF half-cell from 0 -3 Vat 17 mA g
!. Symbol (*) marks peaks from the stainless steel current collector.
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At the cathodic region (2 — 5 V vs Na/Na"), an initial discharge capacity of 120 mAh g'! at 22 mA
g1 (0.18 C) was obtained with subsequent irreversible capacity loss until it stabilized at ~50 mAh
gl after 50 cycles (Figure 31A). A discharge capacity of 42 mAh g'! was retained after 200 cycles.
It should be noted this cycle stability is remarkable for such a high voltage cut-off compared to
other NCPF reports.5®!® For instance, NCPF synthesized by Zou et al. displayed an initial
discharge capacity of 107 mAh g! at 61 mA g! and decayed rapidly to 40 mAh g! after 20
cycles.®” CV curves (Figure 31C) show a small anodic peak at ~3.9 V and a broad cathodic peak
at ~3.6 V during the first cycle associated with the Co**/Co** redox. Subsequent cycles display a
broad anodic peak at ~3.4 V and two cathodic peaks at ~2.8 V and ~3.8 V. This implies significant
structural changes during the initial cycling, where the two cathodic peaks represent Na* insertion
sites of different local environments.!*” It should be noted that the discharge curves appear
different compared to previous reports on NCPF due to the lack of a distinct discharge plateau at
~4.3 V for the Co*"/Co*" redox reaction.’!!® This difference can be ascribed to the unique
synthesis approach in this work. As mentioned, we used a two-step method where NaCoPO4 was
first synthesized by a conventional sol-gel method, followed by a solid-state reaction with NaF.
The sloping appearance of the discharge curve resembles that of NaCoPOs, suggesting that the
difference is associated with the distribution of F atoms in the structure.!*” This helps explain the
lower onset potential of the Co?*/Co** redox reaction. However, this was not distinguished in the
powder characterization so the exact mechanisms are a subject for future exploration. The
coulombic efficiency was low (< 80%) throughout cycling, which is commonly observed due to

accelerated decomposition of the carbonate-based electrolyte at high cut-off potentials.'?¢ Based
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on the half-cell electrochemical data, NCPF was chosen as an insertion anode to construct the NIC

system along with an AC cathode.

The assembled NCPF//AC NIC was tested at two potential ranges (0 —3 V and 0 — 3.25 V) at
various current densities using 1 M NaClO;4 electrolyte. Although a 3 V window is a typical
benchmark for HICs, 3.25 V was also explored to expand the energy density of the device. CV
curves of the NIC at different scan rates (Figure 33) show characteristic rectangular-like plots that
retain their shape from 3 to 50 mV s, indicating good charge propagation within the electrodes
and no noticeable polarization. As seen in Figure 34B, the charge-discharge profiles at various
currents deviate slightly from triangular curves observed in ideal supercapacitors, due to the

combination of Faradaic and non-Faradaic charge-storage processes.
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Figure 33. CV curves of assembled NCPF//AC cell at various sweep rates from 0 —3.25 V.
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Figure 34. Rate performance of NCPF//AC NIC cycled from 0 — 3 V. A) Ragone plot comparison

of our NCPF//AC system with notable HICs in the literature!!”-!38142 and commercial
supercapacitors.>?

The expected reaction mechanism in the cell is shown in the Egs. 5 and 6 below:
Anode: Na;CoPO4F (Surface) = Nay.xCoPO4F + xe” + xNa* (5)

Cathode: AC + xe™ + //xClO4 = AC (xe") (// stands for double layer) (6)

During charging, Na-ions adsorb on the surface of NCPF where they are reduced. To relieve the
charge imbalance, ClO4 ions simultaneously adsorb onto the surface of AC to form an electric

double-layer. During discharge, the reverse occurs where Na® is released into the electrolyte and

ClO4 quickly desorbs from AC.

The assembled NICs were initially cycled at 83 mA g (pre-cycling) until the cell capacitance
stabilized after ~200 cycles with a ~60% loss of the initial capacitance. Following pre-cycling, the
rate performance was assessed from 0 — 3 V at current densities of 83, 167, 333, 833, 1667, and
3333 mA g!'. A Ragone plot (Figure 34A) was generated by averaging the energy density
calculated at each current over 125 cycles. The NCPF//AC system retained 78% of its energy

density from 125 to 5,000 W kg'!. At low currents, the energy density of the NCPF//AC device is
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higher than commercial supercapacitors but lower than HICs recently reported in the literature.
However, the energy density surpasses most HICs at high currents (24 Wh kg! at 5 kW kg).
Figure 3B displays the initial charge-discharge curves at these currents, where it is clear that the
voltage (IR) drop at the charge-discharge transition is unpronounced even at high currents,
indicating a low device internal resistance. As long-term cycle retention is critical for the
commercial development of HICs, this was then assessed from 0 —3 V at 250 mA g’!, displaying
an initial specific capacitance at 90 F g'! (28 Wh kg™!) with a retention of 94% over 10,000 cycles.
The cycle performance was extended at higher current with little comprise in energy density due
to the excellent rate performance. At 667 mA g!, the NCPF//AC NIC retained ~93% of its initial
capacitance (corresponding to 24 Wh kg!) after 100,000 cycles (Figure 35A). This stability is
among the highest ever reported for HICs (i.e., both LICs and NICs) as compared in Table 5.
Figure 35B displays the charge-discharge curves during the initial (following pre-cycling) and
final cycles of this sample. The shapes of the curves appear were well retained, and the voltage
drop at the charge-discharge transition appeared consistent, suggesting minimal changes in internal
resistance of the device throughout cycling. In the interest of expanding the energy density, the
cyclability from 0 — 3.25 V was assessed. The cell displayed an initial capacitance of 96 F g'! (35
Wh kg!) and remarkably, 88% of the capacitance was retained after 10,000 cycles at 250 mA g!,
eventually decaying to 80% after 30,000 cycles (Figure 35D). This is among the highest stability
ever reported for a voltage window >3 V (Table 5). It should be noted that despite the poorer
stability at a 3.25 V window, the energy density after 10,000 cycles (29 Wh kg™!) still exceeded

that of the 3 V window sample (26 Wh kg'!) at 250 mA g
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Figure 35. Electrochemical performance of NCPF//AC NIC. Long-term cycle stability (A and D),
initial (black solid) and final (red dotted) charge-discharge curves (B and E), and EIS spectra (C
and F) of samples cycled from: A-C) 0 —3 V at 667 mA ¢! and D-F) 0 —3.25 V at 250 mA g'.

It is typically observed in HICs that at higher charge-discharge rates, ion diffusion into the pores
of active materials is reduced, and thus the charge storage mechanism is primarily dictated by
surface phenomena as opposed to bulk processes.'!'® Thus, cyclability is improved at higher
current, as bulk processes can cause lattice strain in the insertion anode, resulting in irreversible
capacity loss. This was clearly observed in our long-term cycling results when comparing the
samples cycled from 0 -3 V at 250 mA g! vs 667 mA g!. However, due to the loss of bulk charge-
storage contributions, the energy density should decrease at high rates. The fact that our NIC
system displays an excellent rate performance supports our earlier observations that the charge
storage mechanism in NCPF when functioning as an anode is mostly pseudocapacitive, and thus
its kinetics can match the high-rate adsorption cathode. However, it should be noted that the energy
density retention and cyclability at high current was poor when tested from 0 — 3.25 V (data not
shown). A similar trend was observed in other reports when the voltage window was

expanded.®®!*3 This is likely caused by voltage polarization effects that become more prevalent at
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high currents, resulting in accelerated SEI layer formation at the anode and capacity throttling at
the cathode.!?” As discussed, the excellent long-term cyclability and rate performance of the NIC
device (Table 5) is ascribed to the pseudocapacitive charge-storage mechanism of the NCPF
anode. Charge storage is aided by the nanometer-scale features of the particles that increase the
active surface area for redox reactions. Due to the structural evolution and peak broadening of the
NCPF lattice structure displayed in the half-cell ex-situ XRD pattern in Figure 32, it is inferred
that pseudocapacitance accounts for most of the charge-storage mechanism of NCPF in the NIC
device after the irreversible capacity losses that occur during the pre-cycling stage. As
pseudocapacitance is mostly a surface-controlled reaction, the reversible energy density (at low
current) of our NCPF//AC system is relatively low compared to other HICs in the literature.>?
Thus, our future work aims to expand the capacitive contribution of NCPF by generating carbon-

composite structures possessing unique hierarchical architectures. !4

Table 5. Comparison of cycle stability of NCPF//AC with notable NICs and LICs in the literature.

HIC System (Anode//Cathode) Voltage Cycle Stability
Range Tested
Our work — NCPF//AC NIC 0-3V 93% after 100,000 cycles at 2/3 A g!
Our work — NCPF//AC NIC 0-325V 80% after 30,000 cycles at 0.25 A g!
Nb20Os5@C/rGO-50//MSP-20 1-43V 66% after 3,000 cycles at 1 A g’!
NIC140
Nb2Os nanosheets//Peanut shell 1-3V 80% after 3,000 cycles at 1.28 A g'!
ACNIC'®

PSNC3-800//PSOC-A NIC!%® 1.5-42V 72% after 10,000 cycles at 6.4 A g'!
(carbonaceous electrodes derived
from peanut shells)

LiNigsMn; 504 //AC LIC>® 1.5-325V 81% after 3,000 cycles at 1 A g'!
NaTix(PO4)3//AC NIC!* 0.01-2.5V | ~100% after 20,000 cycles at 5 A g!
Moo.1Ti0.902//AC LIC>® 1-3V 75% after 5,250 cycles at 5 mA ¢cm™ or
3.7mA g'!
Na3V2(PO4)3//AC NIC!'!0 0-3V 95% after 10,000 cycles at 1.1 mA cm™
NaTi>(PO4)3;@GNs//GNs NIC!'? 0-3V 90% after 75,000 cycles at 4 A g!

77



V205@CNT//AC LIC!46 0-27V 78% after 10,000 cycles at 30 C or 820
W kg!
TiC//N-doped carbon LIC!¥ 0-45V 82% after 5,000 cycles at 2 A g!
TiO2@Carbon//Nanoporous 1-4V 90% after 10,000 cyclesat 1 A g!
carbon NIC!!3
Zno.25V205@rGO//Mesoporous 1-38V 87% after 2000 cycles at 1 A g!
carbon NIC!'#8
MoSe>@Graphene//AC NIC!'# 0.5-3V 81% after 5,000 cycles at 5 A g!
Disodium 0-3V 85% after 10,000 cycles at 4 A g'!
rhodizonate//Cardamom shell-
derived porous carbon NIC!*?
Naz/3Mno.54Nio.13C00.1302- 0-3V 98% after 10,000 cycles at 0.35 A g!
AlLOs3//AC NIC'!
PPy@V205//AC aqueous hybrid 0-18V 95% after 10,000 cycles at 10 C
capacitor!!?
CoxNiix(OH)@rGO//PPD-rGO 0-16V ~100% after 20,000 cycles at 20 A g!
aqueous hybrid capacitor!!

Figure 35C and 35F show the EIS spectra of the NIC throughout long-term cycling. The spectra
possess a semicircle at the high-medium frequency region followed by a straight incline at low
frequency, which correspond to the electrode/electrolyte charge-transfer impedance (Rc) and
Warburg impedance (W) respectively.!>? The high-frequency intercept at Z’rcal is denoted the bulk
impedance (R¢) and is a sum of contributions related to the conductivity throughout the electrolyte,
electrode, and current collector. When cycling at 3 and 3.25 V windows, both samples show an
increase in R¢ and Re after 10,000 cycles, likely due to irreversible phase changes that impede
charge transfer kinetics and the initial formation of an electrically insulating SEI layer. Cycling at
a 3 V window, the R. and R impedances show minor increases after 30-100,000 cycles,
suggesting good stability of the SEI layer and NCPF structure. However, after 30,000 cycles at
3.25 V, a second overlapped semicircle is clearly observed at the high-frequency region (Figure
4F), which is associated with an Na* diffusion impedance through the SEI layer.!>? This indicates

that the carbonate-based liquid electrolyte was not as stable at this voltage window, and excessive
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electrolyte decomposition over long-term cycling leading to formation of a thick SEI layer was a

factor for cycle retention loss.

After 30,000 cycles between 0 — 3 V at 250 mA g'!, the NIC was discharged to 0 V and an ex-situ
XRD (Figure 36), XPS (Figure 28), and EDX (Figure 37) spectra of the NCPF anode was obtained.
The XRD pattern evidently displays low-intensity peaks, but most pristine lattice peaks are
observed and crystallinity is remarkably retained compared to the half-cell ex-sifu pattern shown
in Figure 32. As the half-cell characterization was conducted over a wide voltage range (0 —3 V
vs Na/Na"), structural degradation can be ascribed to irreversible bulk intercalation processes.
However, in NIC configuration, NCPF likely operates in a narrower voltage range that primarily
involves pseudocapacitance (i.e., limited Na* insertion in the interlayer spacing), which explains
the structural preservation over long-term cycling. After cycling, the Na 1s (1072.3 eV, Figure
28A) and O 1s (532.52 eV, Figure 28D) XPS spectra appear in disproportionately high intensity
and thus are likely associated with SEI layer and electrolyte species deposited on the surface of
the electrode (e.g., NaCl, NaClOs, and Na,0).!>* The high-energy F 1s peak (689.8 eV, Figure
28E) is ascribed to the p-CF>=CF> bonds from the Teflon-based binder while the lower energy
peak (685.29 eV) may arise from fluoride salts generated from defluorination side reactions with
the binder.!** On the other hand, the Co 2p (Figure 28B) and P 2p (Figure 28C) spectra appear in
low intensity (Figure 28F) due to the limited sampling depth of the spectrometer and thus likely
correspond to the active material. The Co 2p displays binding energies of 782.25 and 798.55 eV
for the 2p3/2 and 2p12 multiplets respectively (16.05 eV orbital splitting), with respective shoulder
peaks at 786.42 and 804.28 eV. The valence state is difficult to ascertain due to the poor resolution

of the satellite region — the position and relative intensity of the 2ps» shoulder peak indicates a
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Co?" state, while the broad appearance suggests a mixed Co**/Co*" state.!>* The upshift in binding
energies compared to pristine NCPF can be ascribed to structural changes (Figure 36) as well as
an increased Co-F bond character due to charge balance and potential Na* rearrangement during
the oxidation of Co?*.!3* The atomic percent ratio of the active metals Co:P calculated after cycles
from the XPS intensities is 1:0.986, indicating stability throughout cycling. In addition, elemental
mapping of Co and P (1:0.994 intensity ratio) from EDX (Figure 37) shows that the elements are
distributed similarly throughout the electrode. These characterizations confirm the electrochemical
and mechanical stability of the NCPF anode over extended cycling, thus showcasing its promise

toward next-generation NIC devices.
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Figure 36. Ex-situ XRD pattern of NCPF electrode from NCPF//AC NIC cycled from 0 —3 V at
250 mA g! after 30,000 cycles. Symbol (*) marks peaks from the stainless steel current collector.
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Figure 37. Ex-situ EDX elemental mapping of NCPF electrode (Co and P) from NCPF//AC NIC
cycled from 0 — 3 V at 250 mA g! after 30,000 cycles.

5.4. Conclusions

In this work, NCPF was synthesized using a two-step technique and tested as an NIC anode for
the first time. When functioning as an anode, NCPF demonstrated a pseudocapacitive charge-
storage mechanism, allowing it to match the facile adsorption-based kinetics of the AC cathode.
This resulted in an excellent cycle stability and rate performance when cycled between 0 — 3 V,
achieving a 93% capacitance retention over 100,000 cycles and a 78% retention from a 125 to
5,000 W kg! power output. The energy density of the device was expanded at a voltage range of
0 — 3.25 V and demonstrated good cycle retention at a moderate current density (250 mA g or
375 W kg!). At this voltage range, extensive electrolyte decomposition was a notable factor for
cycle retention loss. X-ray spectroscopy characterization of the NCPF anode after long-term
cycling confirm its electrochemical and mechanical stability. The performance benchmarks with
respect to cyclability and power output of our NCPF//AC device are comparable to

supercapacitors, while also demonstrating a considerably higher energy density.
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6. Stabilization of P2-Naz;3Nio.23Mn23Cu0.102 Electrode Using Molecular Layer
Deposition Coatings

6.1. Introduction

In Section 4, it was determined that Mg doping of layered P2-Nay3Mni.;Mg,O> could improve the
cycle stability at high cut-off voltages by suppressing the P2-O2 phase transition, Jahn-Teller
distortion from Mn*', and Na‘/vacancy ordering. While it demonstrated excellent discharge
capacities and promising cycle retention, its practicality is ultimately limited due to the low
average operating voltage (~2.7 V vs Na/Na"). On the other hand, P2-Na»;3Nii;3Mn30; is one of
the most studied SIB cathode materials and demonstrates a high operating voltage of ~3.6 V vs
Na/Na*.!>> However, when cycled from 2 — 4.5 V vs Na/Na", the capacity degrades rapidly due to
the two-phase P2-O2 phase transition that occurs at ~4.2 V (Na < 1/3). Similarly, the substitution
of Ni with various stabilizer cations (including Mg?") can suppress this transition and enhance
cycle stability. In this work, P2-Naz;3Nig23Mn23Cuo.102 was explored as Cu can suppress the P2-
O2 phase transition while also being redox-active at high voltages. However, substitution of Ni
with Cu will lower the theoretical capacity as Cu (Cu?*/Cu®") is less redox active than Ni
(Ni?*/Ni*").!3¢ This work explores the use of titanicone and alucone coatings deposited on the
electrodes by molecular layer deposition (MLD) in hopes of further extending the cycle stability.
The coating was applied on the electrode surface rather than the active particles due to the
contributions of the binder and conductive carbon toward formation of the cathode-electrolyte
interface (CEI). In addition, coating the active particles directly could significantly hinder ionic

and electronic transport. !>’
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In contrast to other coating techniques, MLD can generate highly conformal and ultrathin coatings
with thickness control down to ~0.1 nm. Thus, the coating can be optimized to be highly effective
while not significantly impeding Na" diffusion. Moreover, MLD-deposited coatings consume
minimal precursor and have negligible mass/volume contributions to the electrode. Compared to
metal oxide coatings deposited by ALD (e.g., TiO2 and Al03), the metalcone films are more

flexible, mechanically robust, porous, and conductive due to the carbon linkers.

6.2. Materials and Methods

6.2.1. Synthesis of P2-Na3;3Nio.23Mn2;3Cug.10:
All reagents were purchased from Sigma-Aldrich (Mississauga, Canada) and used as received. P2-
Naz3Nig23Mno3Cuo.102 was synthesized using a modified Pechini method. Here, the appropriate
stoichiometric ratios of sodium acetate (5% excess), nickel(Il) acetate, and manganese(Il) acetate
were dissolved in deionized water. Aqueous solutions of citric acid and poly(ethylene glycol)
(PEG, number-average Mw = 8 kDa) were added dropwise and stirred at ~110°C. The molar ratio
of transition metals to citric acid and PEG was 1:6 and 16:1 respectively. Concentrated nitric acid
(70%) was then added dropwise until the solution appeared transparent and well dispersed.
Following solvent evaporation after ~12 h, the resultant gel precursor was pre-calcined at 400 °C
for 5 h under air to decompose the organic components. The ceramic powder was finely ground
with a mortar and pestle and subsequently sintered at 900°C for 12 h under air with a ramp rate of
2°C/min using a box furnace (Atmosphere Furnace, Across International, Livingston, NJ, USA).
The active material powder was then stored in an argon-filled glovebox (O2 and H,O < 0.5 ppm;

MBRAUN, Stratham, NH, USA).
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6.2.2. Physical Characterization
The phase purity of the active material was assessed using powder X-ray diffraction (XRDMiniflex
600, Rigaku, Japan) with Cu K, radiation (A = 1.5406 nm). The morphology of the particles was
observed using scanning electron microscopy (SEM, LEO Zeiss 1550, Switzerland) using a 20 kV
acceleration voltage and a working distance between 8 —9 mm. Rietveld refinement was conducted

on MAUD software.?!

6.2.3. Molecular Layer Deposition Fabrication of Coin Cells
The electrode was prepared by grinding a slurry of 70 wt% active material, 20% conductive carbon
black (Ketjenblack, Lion Specialty Chemical Co., Japan), and 10% PTFE-acetylene black binder
in ethanol using a mortar and pestle. The electrode film was pressed (~10,000 kPa) onto a 15 mm
diameter stainless steel mesh (400 mesh, grade 316) and dried overnight at 80°C in a vacuum oven.
The active material loading was 8 mg cm™. The coating of ultrathin alucone on the electrodes was
performed using an ALD reactor (Thermal Gemstar 6XT, Arradiance LLC, Sudbury, MA, USA)
at 100 °C in which trimethylaluminum (TMA) and ethylene glycol (EG) were used as precursors
in accordance with prior work.!*® Titanicone deposition was performed at 120 °C using titanium
tetrachloride (TiCl4) and EG as precursors. TiCls and EG were preheated at 60 °C and 90 °C
respectively to increase the vapor pressure. The purging time for the precursors was 21 ms.
Thickness was controlled based on the number of deposition cycles — alucone-coated electrodes
with five or ten-cycle thickness are denoted Alu-5C or Alu-10C respectively while titanicone

samples are denoted Tit-5C or Tit-10C.
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6.2.4. Electrochemical Characterization
The electrochemical performance of the electrodes was assessed by assembling CR2032 coin cells in an
argon-filled glove box using a pure sodium foil (Sigma-Aldrich) as the counter electrode, a polypropylene
separator (Celgard 2400, Charlotte, NC, USA), and an electrolyte comprised of 1 M NaClO; dissolved in
1:1:0.1 ethylene carbonate:diethyl carbonate:fluoroethylene carbonate (Sigma-Aldrich) by volume.
Charge-discharge and galvanostatic intermittent titration technique (GITT) studies were carried out at
ambient temperature using a CT2001A LANDt battery testing system (Wuhan, China). The C-rate is
defined based on 140 mA g' = 1 C. GITT was conducted using 6 min of charge or discharge at
0.05 C followed by 1 h of rest. Electrochemical impedance spectroscopy (EIS) measurements (Gamry

Instruments, Warminster, PA, USA) were conducted from 1 MHz to 100 mHz at a discharged state (~2 V).

6.3. Results and Discussion
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Figure 38. XRD pattern and Rietveld Refinement (Rwp = 4.2%) of synthesized P2-
Naz/3Nio23Mn23Cuo.10z.

The powder XRD spectra (Figure 38) shows that Na»3Nio.23Mn23Cuo.10; crystallized as a phase-

pure P2-layered material with a hexagonal lattice indexed to the P63/mmc space group. The
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hexagonal lattice parameters were obtained via Rietveld refinement, yielding a = 2.895 and ¢ =

11.212.

In order to study the electrode degradation mechanisms and the effect of the ultrathin metalcone
coating, the cycle stability was assessed at two voltage ranges: 2—4.5 Vand 1.5—-4.1 V vs Na/Na".
As discussed earlier, the 2 — 4.5 V range involves the harmful P2-O2 phase transition and
electrolyte instability, which cannot be kinetically avoided at low-current testing, while the 1.5 —
4.1 V range avoids these issues but introduces the Mn**/Mn*" redox activity. In comparison, the
cycle stability of the pristine electrode tested at 2 — 4.1 V and 20 mA g is shown in Figure 39,
which displays excellent stability by avoiding the aforementioned issues albeit with low discharge

capacity. Thus, coatings are unlikely to improve the performance at this voltage range.
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Figure 39. Stability of pristine electrode cycled from 2 —4.1 V at 20 mA g'.

Figure 40 displays the initial redox behavior of the pristine and coated electrodes at 20 mA g!. As
seen in the charge-discharge plateaus (Figure 40A and 40B) and corresponding dQ/dV plots
(Figure 40C and 40D), the Ni**/Ni** and Ni**/Ni*" redox peak potentials are observed from 3.3 —

3.7 V while Cu?**/Cu’" occurs from 3.8 —4 V.15 The minor peaks from 2 — 3 V are associated with
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Na*/vacancy ordering. When cycling from 2 — 4.5 V, of particular note is the redox pair at
4.23/3.78 V, which is associated with the P2-O2 phase transition. This redox pair was not observed
in the second cycle (Figure 40C), indicating poor reversibility of the phase transition. Compared
to the parent P2-Naz/3Nii3Mn2302 compound, the charge curve plateau associated with the P2-O2
transition is substantially less pronounced, indicating suppression of Na*/vacancy ordering and
gliding of the transition metal oxide layers.}” From 1.5 — 4.1 V (Figure 40B and 40C) the large
plateaus and peak potentials below 2 V indicate the substantial capacity contribution from the
Mn**/Mn*" redox. As the P2-O2 phase transition is not involved, the redox behavior between the
first two cycles appears highly reversible. A comparison of the initial dQ/dV plot of the coated
electrodes is shown in Figure 40E and 40F. In general, the ultrathin metalcone coatings did not
increase the voltage polarization, suggesting good ionic and electronic conductivity. Furthermore,
the alucone coating clearly lowered the voltage polarization in the discharge (reduction) curve.
This effect is likely associated with alucone’s ability to serve as an artificial cathode-electrolyte
interface (CEI) and mitigate side-reactions with the electrolyte, as electrolyte oxidation will occur
during the initial charge cycle, especially at low current. On the other hand, the higher polarization
of the titanicone sample suggests that it may not be as effective in suppressing electrolyte side
reactions. Comparisons between Al203 (Eg = 9.00 eV) and TiO2 (Eg = 3.18 eV) coatings in prior
work have shown that TiO: is more reactive with the electrolyte due to its lower band gap, '>7 and
thus a similar effect may apply for the metalcone analogues. The relatively low peak intensities of
the P2-O2 transition in the Tit-5C, Tit-10C, and Alu-10C coated samples may indicate some ability

to suppress this transition.
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Figure 40. First two charge-discharge curves of pristine electrode cycled from 2 — 4.5 V (A) and
1.5 — 4.1 V (B) with corresponding dQ/dV curves at (C) and (D) respectively. Comparison of
initial charge-discharge dQ/dV plots among pristine and metalcone coatings at five cycle (E) and
10 cycle (F) thickness.

The Na* diffusion coefficients (Dna+) calculated by GITT throughout the first charge-discharge
cycle are shown in Figure 41. During the first charge (Figure 41A), the Dna+ rapidly drops as the
voltage exceeds 4.2 V due to the kinetic unfavorability of the P2-O2 phase transition. There is a
high energy barrier for Na* diffusion through the octahedral sites that form at high voltages due to
strong Coulombic repulsion between Na* and the metal oxide layers.”? During discharge, the peak
minima of Dna+are associated with the transformation back to the P2 phase at ~3.6 V, Na*/vacancy
ordering (2-3 V), and the P2-P2’ phase transition below 2 V attributed to orthorhombic distortion
from the formation of Jahn-Teller distorted Mn**. These events correspond with the dQ/dV curves
in Figure 40. As shown in Figure 41B, the coatings generally increased tge Dna+ throughout

discharge, likely due to the suppression of electrolyte decomposition.
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Figure 41. Dna+ determined by GITT as a function of voltage. A) First charge and discharge cycle
of pristine sample. B) Comparison among pristine and coated samples of the first discharge (Na*
insertion) cycle.

It should be emphasized that there are potentially competing effects of the coating. The coating
can serve as an artificial CEI layer and can mitigate electrode-electrolyte side reactions and active
material dissolution. However, it can also restrict Na* diffusion at the interface, thus requiring
optimization. When cycling from 2 — 4.5 V at 20 mA g (0.14 C), the initial discharge capacity
(IDC) of the Alu-5C sample was similar to the pristine sample (Table 6), while Alu-10C displayed
a lower IDC, which is likely due to its thicker Na* diffusion barrier. However, the loss of discharge
capacity between the first two cycles was low for Alu-10C (Table 6), suggesting that the coating
was effective at serving as an artificial CEI and suppressing electrode-electrolyte side reactions.
On the other hand, the IDC and capacity drop of both Tit-5C and Tit-10C was high, likely due to
its increased electrolyte reactivity as discussed earlier. However, Figure 42 clearly shows that all
coatings tested did not noticeably improve the cycle stability. While the dQ/dV plots (Figure 40E
and 40F) and GITT data suggest that the coatings could potentially suppress the P2-O2 phase
changes, their effectiveness is ultimately limited, as the coatings were applied on the electrode

surface rather than the active material powder. Furthermore, the deposited coatings are amorphous
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and were not sintered at high temperatures (~600 °C) to potentially cation-dope the surface of the
active particles, thus limiting their influence on lattice changes. Although prior work has
demonstrated that amorphous metal oxide coatings (typically Al2O3) could physically suppress c-
axis lattice expansion upon desodiation and reduce particle exfoliation,*>!>° the metalcone coatings
may not be as effective due to their soft and flexible nature. In contrast to other reports,!6%16! we
observed no noticeable difference in coulombic efficiency between the pristine and coated samples
(Table 6). This may be an effect of the fluoroethylene carbonate electrolyte additive used in this
work, which can help form a stable CEI layer and significantly improve the coulombic
efficiency.!®? The lack of stability improvements from the coatings may also be associated with
the use of NaClOs4 instead of NaPFe, which mitigates the issue of cathode metal corrosion from
trace HF generated (NaPFs + H2Oqtracey 2 NaF + 2HF + OPF3). HF corrosion is a persistent and
well known issue in LiPF¢-based LIBs, and coatings (typically Al2O3) can act as a Lewis base to
quench residual HF.>° Under these conditions, the stabilization of the electrode-electrolyte patristic
reactions from the coatings was not impactful, as the irreversible bulk P2-O2 phase change
predominates the degradation mechanism at this voltage range and current. Similarly, Wang ef al.
studied the degradation behavior of the parent P2-Na2;3Nii3Mn2302 compound using the same
electrolyte composition and found near-identical cycle stability at an upper cut-off voltage of 4.25
V and 4.5 V at 17.3 mA g'!, suggesting that electrolyte side-reaction and surface degradation
factors were insignificant relative to the P2-O2 phase transition.!®> They found that the P2-O2
transition induced intragranular crack propagation along the (002) lattice plane, which was the
main contributor to capacity decay. While we would expect the applied coating to help maintain

the particle integrity and protect cracked surfaces from exposure to the electrolyte, resulting in an
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improved cycle retention, this factor may not be as prevalent in our material as the Cu doping

generates a solid-solution type behavior with suppressed volume changes at high voltages.!36:164

To study the degradation mechanism in further detail, EIS measurements were collected
throughout cycling (Figure 42D and 42E) at 2 — 45 V and 20 mA g!. The spectra display an
asymmetric semicircle denoted the charge-transfer resistance (Rct) which reflects the combined
effect of Na" diffusion resistance across the coating and/or CEI layer and structural degradation
on the active material surface. The inclined line represents the finite-length Warburg impedance
(W) that corresponds to the solid-state diffusion of Na*. As seen in Figure 42D, after 10 cycles,
the alucone-coated samples displayed a lower Ret in a thickness-dependent manner, which supports
the data from Table 6 and Figure 40E and 40F on its conductive property and ability to suppress
electrode-electrolyte side reactions. On the other hand, the Ret of the titanicone-coated samples
was relatively large, likely due to the increased electrolyte decomposition as suggested in Table 6.
However, after 100 cycles, the Ret in all samples increased substantially by a similar magnitude,
which is attributed to structural degradation and explains why the coated samples did not

noticeably improve the long-term capacity retention.

Table 6. Comparison of initial discharge capacity, average coulombic efficiency (cycle 2 — 100),
and drop in initial discharge capacity (cycle 1 — 2) of pristine and coated electrodes cycled at 2 —
4.5V and 20 mA g,

Sample Pristine Alu-5C Alu-10C Tit-5C Tit-10C
Initial Discharge Capacity 130.4 134.3 116.0 129.1 129.4
(mAh g™)
Average Coulombic 96.92 96.85 96.57% 97.14 97.03%
Efficiency (%)
Discharge Capacity Loss 4.4 3.8 23 5.7 6.5
between First Two Cycles
(%)
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Figure 42. Cycle stability and EIS spectra of pristine and coated P2-Na2;3Niop.23Mn23Cuo.102
electrodes tested at 20 mA g!'. A) Electrodes coated with 5 cycles tested from 2 — 4.5 V. B)
Electrodes coated with 10 cycles tested from 2 — 4.5 V. C) Comparison based on normalized
capacity retention. D) EIS spectra obtained after 10 cycles. E) EIS spectra collected after 100
cycles. F) Equivalent circuit model used to calculate the EIS parameters.

Figure 43 below shows the rate performance of the pristine and coated samples. The coatings
improved the rate performance in a thickness-dependent manner, remarkably even at a high current
of 4 C. In comparison, reports on 5-10 cycle ALD-deposited ultrathin Al2O3 and TiO; typically
demonstrate reduced rate performance as they are electronically and ionically insulating,®®-!57-160.165
This demonstrates the porous and conductive nature of the metalcone coatings. The improved rate
performance can be attributed to the stable artificial CEI that has a lower barrier for Na* diffusion
compared to the typical CEI generated from electrolyte decomposition, which corresponds with
the GITT results, while the effectiveness of alucone over titanicone can be ascribed to its lower
reactivity with the electrolyte. The rate performance improvement, especially for titanicone, can
also be ascribed to the coating maintaining the overall integrity and interconnectivity of the active
particles. High discharge currents will concentrate Na* at the surface of the active particles, which

can lead to anisotropic volume changes, particle cracking, and surface exfoliation. To verify this

effect, the cycle stability of the electrodes were assessed at 2 C (280 mA g!) after three initial
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cycles at 0.1 C. At this elevated current, the adverse effects of the P2-O2 phase transition and
electrolyte decomposition are kinetically suppressed, and the degradation mechanism is primarily
ascribed to particle cracking. As seen in Figure 43C and 43D, the coatings significantly improved
the stability, retaining 97%, 93%, and 82% capacity for the Alu-10C, Tit-10C, and pristine samples
respectively after 200 cycles. After 500 cycles, the pristine sample decayed entirely, suggesting
significant losses of interconnectivity among the active particles, carbonaceous matrix, and current
collector, while Alu-10C and Tit-10C retained 81% and 70% capacity respectively. The improved
stability of alucone over titanicone may be associated with its higher fracture toughness. Although
the mechanical properties of our deposited metalcone coatings were not directly measured, the

higher fracture toughness of Al,O3 > TiO> resulting in improved stability is well documented.*
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Figure 43. A and B) Rate performance of pristine and coated P2-Naz;3Nig23Mn23Cuo.102
electrodes. C and D) Cycle stability of pristine and coated P2-Nay/3Nig23Mn23Cuo.10;2 electrodes
tested at 280 mA g!' (2 C) from2-4.5V.

The cycle performance of the pristine and coated electrodes was also tested from 1.5 -4.1 V at 20

mA g! (Figure 44A-C). The coatings improved the cycle retention in a thickness-dependent

manner, in which the Alu-10C, Alu-5C, Tit-10C, Tit-5C, and pristine samples retained 73%, 70%,

64%, 61%, and 57% capacity respectively after 100 cycles. Although an increased coating

thickness did not suppress the initial discharge capacity, the titanicone-coated samples displayed

a lower capacity. Comparison of the dQ/dV curves (Figure 44D) reveals that the titanicone-coated

samples displayed increased voltage polarization at the Mn**/Mn** peak potential, suggesting that

Na" insertion was impeded at this region. As seen in Figure 44E, capacity loss at this voltage range,
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especially throughout the initial cycles, is largely associated the loss of the discharge plateau at <
2 V, which as mentioned represents the Mn**/Mn*" redox. Voltage polarization > 2 V is also
evident, likely due to lattice distortion from Mn3**Os octahedra, resulting in constrictions of Na*
diffusion sites. Comparing the capacity change at voltage windows of 2 —4.1 Vand 1.5-2V, the
pristine sample retained 72% and 38% respectively after 100 cycles. This is indicative of Mn
dissolution caused by the formation of Mn*" upon discharge and the ensuing disproportionation
reaction: 2Mn3"soia 2 Mn*"solia + Mn*so1ution. Mn dissolution also generates structural distortion,
leading to significant polarization as seen in Figure 44E. Figure 44F compares the discharge curves
after 50 cycles, which shows that the coatings can suppress Mn dissolution and help preserve the
plateau at <2 V. The Alu-10C sample retained 61% ofits capacity from 1.5 —2 V while the pristine
sample retained only 50%. The issue with Mn dissolution is particularly concerning in full cell
configuration, as solvated Mn?" can diffuse to the anode where it is reduced and plated, thus

quenching the cell capacity.!6!-16¢
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Figure 44. Cycle stability of pristine and coated P2-Nay;3Nig.23Mny3Cuo.10; electrodes tested at
20 mA g'! from 1.5 — 4.1 V. A) Electrodes coated with 5 cycles. B) Electrodes coated with 10
cycles. C) Comparison based on normalized capacity retention. D) dQ/dV plot of initial charge-
discharge cycle. E) Pristine electrode discharge curves at cycle 1, 2, 10, 30, 50, and 100. F)
Comparison of discharge curves at cycle 50.

7. Conclusions and Perspectives

Sodium-ion energy storage technologies demonstrate significant promise toward large-scale
applications, such as stationary energy storage for intermittent renewable energy sources.
Constraints over the supply of lithium in the next 50-100 years can bring the momentum and
optimism of clean energy storage solutions to a halt. However, the performances demonstrated are
currently not adequate for commercial applications, particularly due to the poor cycle performance
associated with the repeated insertion and removal of large Na* ions from the host structures. In
addition, electrodes should be comprised of cheap and abundant materials. For instance, cobalt is
a scarce resource with a monopolistic supply chain structure, which has arisen significant concerns
due to its use in LIB cathodes.” Clearly, reliance on cobalt for SIB electrodes is neither sustainable

nor practical.

In Section 4, the cycle stability of P2-Nay;3MnyMg;.,O2 was assessed at upper cut-off voltages of
4.5,4.6,and 4.7 V vs Na/Na" for y =0, 0.05, 0.1 at low current. Raising the upper cut-off voltage
increased the initial discharge capacity due to the enhanced Na* extraction and utilization. A 4.7
V extraction approached the theoretical limit. However, the cycle stability decayed severely — EIS

and ex-situ XRD characterization demonstrated that the decay was associated with excessive
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electrolyte decomposition, irreversible phase changes, and solvent insertion into the interlayer
space. Furthermore, the reliance on the Mn**/Mn** results in significant Mn dissolution due to the
instability of the Mn** ion. Mg doping was effective at suppressing phase changes and enhancing
cycle stability. However, as the stabilizing mechanism is based on ensuring that Na* is retained in
the structure at high cut-off voltages, Mg doping lowered the initial discharge capacity
considerably. These findings indicate that a cathode coating to suppress Mn dissolution, maintain
the electrode integrity, and reduce parasitic side-reactions with the electrolyte can further enhance
the cycle stability. This was demonstrated in subsequent work that I was tangentially involved
with.!>® A key disadvantage of the material is the low average discharge voltage (~2.6 V vs
Na/Na"). Thus it is important to find a suitable anode material (operating at < 0.5 V vs Na/Na")

such that the full cell has a reasonable output voltage.

Section 5 introduces Na;CoPO4F for hybrid sodium-ion capacitors. The concept and early work
of a hybrid capacitor was first introduced by Conway’s group over 40 years ago using a ruthenium-
based cathode that reversibly intercalated H'.!®” However, these devices operated using aqueous
electrolyte, which has a limited voltage window of thermodynamic stability. Modern hybrid
capacitors utilize organic electrolyte that can achieve significantly expanded voltage windows (up
to 3.5 V) and energy densities, and thus research interest has picked up over the past decade.>?
Hybrid capacitors can occupy a unique sector of the energy storage market, displaying an
intermediate cycle stability and energy density to LIBs and supercapacitors. However, their utility
is ultimately limited until the cycle stability can reach supercapacitor-like benchmarks (>100,000
cycles). Na;CoPO4F has previously been tested as a SIB cathode (2 — 5 V vs Na/Na"),

demonstrating poor cycle stability due to structural evolution, and low solid-state Na* diffusion
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kinetics. However, it demonstrated a pseudocapacitive charge-storage mechanism when
functioning as an anode (0 — 3 V vs Na/Na"). When coupled with commercial activated carbon as
the cathode, the sodium hybrid capacitor demonstrated excellent cycle stability and rate
performance. This performance can only be ascribed to the pseudocapacitance mechanism, as the
Na>CoPO4F powder had a low surface area and displayed poor performance (cycle stability and
kinetics) when intercalation was involved. However, the main limitation is the relatively low
energy density. Future work can involve generating nanostructures and coupling Na,CoPO4F with
conductive carbon matrices to enhance the pseudocapacitive and capacitive charge-storage
contributions. In addition, the reliance on cobalt is not ideal for practical applications. Alternative

compositions such as Na;FePO4F and NazFeo.sMno.sPOsF should be tested.

Section 6 continues the exploration of P2-type SIB cathodes cycled at high cut-off voltages from
Section 4. Here, P2-Nay;3Nig23Mn23Cu0.102 was tested due to its high average voltage and
popularity in the literature. Alucone and titanicone coatings were applied on the electrodes by
molecular layer deposition at two thicknesses (5 and 10 deposition cycles). When cycled from 2 —
4.5 V vs Na/Na" at low current, the coatings demonstrated evidence of suppressing electrolyte
decomposition; however, they did not improve the cycle stability. At this range, degradation was
predominated by the irreversible P2-O2 phase transition (onset ~4.22 V). Alucone was less
electronically conductive and thus less electrolyte-reactive than titanicone. At elevated currents,
electrolyte decomposition and the high-voltage P2-O2 phase transition was kinetically suppressed,
and thus stability was predominated by particle cracking and fractured connectivity. Here, the
coatings substantially improved the cycle retention by maintaining the overall integrity of the

electrode. When cycled from 1.5 — 4.1 V vs Na/Na" at low current, the P2-O2 phase transition is
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avoided while the Mn**/Mn*" becomes active. In this scenario, the coatings significantly improved
cycle retention by suppressing Mn dissolution. In follow-up work, in-situ XRD will be conducted
to assess the coatings’ impact on potentially suppressing phase changes in closer detail. ICP-OES
dissolution tests will verify that the coatings can suppress active material dissolution into the
electrolyte. SEM and HR-TEM imaging of the cycled electrodes will be used to verify that the
coatings can suppress particle cracking and disconnection. Finally, the mechanical properties and

thickness of the metalcone films will be measured using atomic force microscopy.
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