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Concerns with the safety and sourcing of lithium-ion batteries have prompted significant research into sodium-
based systems. High entropy oxides (HEO), which contain five or more oxide components in equimolar amounts,
are well suited for battery applications due to their ability to accommodate a substantial quantity of mobile
charge carriers (such as sodium), while also demonstrating promising cycling stability, electrical conductivity,

Sodium-ion . . . . . . . .
Conductivity and battery capacity retention. Here we investigate the underexplored influence of sodium doping, processing,
Composition and microstructure on charge transport in bulk sintered (Co,Cu,Mg,Ni,Zn); \Na,O. We find that the conductivity

increases with increasing dopant amount, up to 1.4 x 107> Secm™! at x = 0.33. Much of this increase is

attributed to the high grain boundary conductivity, which originates from a NayCoO, layered structure that
forms in the grain boundaries during processing. X-ray diffraction and transmission electron microscopy confirm
the presence of the layered structure, while electrochemical impedance spectroscopy highlights the distinct
contribution to the impedance response. The relative contributions of the grain boundaries and the bulk to the
charge transport are discussed, along with how processing conditions and composition can be used to effectively

engineer grain boundaries in doped HEO materials.

1. Introduction

The transition to renewable energy from fossil fuels requires inex-
pensive energy storage that is also safe and efficient. Significant research
effort has been directed toward lithium-ion technology, which was first
commercialized by Sony Co. in 1991 [1]. Modern lithium-ion batteries
exhibit long service life, high power density, and excellent energy
density [2,3]. However, lithium-ion batteries have significant issues,
such as electrolyte flammability, toxicity, price, and possible challenges
sourcing lithium [2,4]. Sodium-ion (Na-ion) batteries are a promising
alternative due to their low price point, Na abundance, and faster
electrode kinetics compared to lithium-ion batteries [5,6]. Additionally,
all-solid-state Na-ion batteries have shown excellent durability, safety,
and energy density [7,8]. However, there are still issues that hinder the
cycling stability of all-solid-state Na-ion batteries, such as high reactivity
of Na metal and battery capacity decline [6,9].

New strategies are needed to improve the cycling stability and ca-
pacity retention of solid-state Na-ion batteries. One promising design
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method is entropic stabilization. High entropy oxides (HEO) are
composed of five or more oxide components in equiatomic concentra-
tions, which form a single-phase solid-solution crystal structure after
processing. One such HEO system is (Co,Cu,Mg,Ni,Zn)O (hereafter
referred to as TM-HEO), which has demonstrated excellent cycling sta-
bility in lithium-ion battery applications [10-12]. In addition to cycling
stability, high ionic conductivity is required of battery components to
efficiently transport charge. Previous studies have shown that TM-HEO
can accommodate a significant concentration of substitutional Na™
cations while still maintaining its rocksalt crystal structure [13,14].
Several studies have also highlighted the promising ionic transport
properties in TM-HEO systems when heavily doped with aliovalent al-
kali metals such as Li" and Na™ [14-16]. Bérardan et al. found that bulk
doped TM-HEO exhibited room temperature ionic conductivities greater
than state-of-the-art lithium phosphorous oxy-nitride solid electrolytes
[14]. For both aliovalent Na®™ and Li" dopants, their investigation
revealed that ionic conductivity increases with increasing dopant
amount. The authors attribute this increase in conductivity to the alkali
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metal occupying the lattice as substitutional cations. The aliovalent ions
are hypothesized to travel through percolating paths assisted by the
charge compensation mechanism and oxygen vacancies for ion transport
[17].

While there has been important research on the effects of doping in
TM-HEO on conductivity, as mentioned above, little work has been done
to analyze this in conjunction with microstructure and processing. Bulk
processing methods can produce varying microstructural features which
play a critical role in the electrical behavior. For example, it is not un-
usual to encounter polycrystalline ionic materials with highly resistive
grain boundaries that inhibit the overall conductivity of the bulk
ceramic [18-21]. The electroceramic lithium lanthanum titanate is a
prime example of a solid-state electrolyte that experiences a grain
boundary blocking effect, which manifests as a grain boundary con-
ductivity four orders of magnitude lower than that observed in the grain
bulk [18]. The authors attribute this behavior to a positively charged
boundary core that causes a depletion of lithium at the space charge
layer. Vahidi et al. report that undoped bulk TM-HEO exhibits a decrease
in grain boundary electronic conductivity along with a four order of
magnitude increase in the grain bulk electronic conductivity, with the
introduction of copper-rich secondary phases after post-sintering heat
treatments [22]. The enhanced grain conductivity is attributed to the
changes in grain defect chemistry, leading to an increase in electronic
charge carrier concentrations (small polaron pairs). Similar effects may
be present in other bulk polycrystalline alkali-based systems such as
doped TM-HEO materials. Therefore, the possibilities for microstructure
influence on doped polycrystalline TM-HEO are important to document
for proper interpretation of measured results.

The rising need for lithium replacement and the promising electrical
properties of TM-HEOs have led us to focus on this specific composition:
(Co,Cu,Mg,Ni,Zn); .xNaO (hereafter referred to as Na-HEO). The proven
high ionic conductivities and potential cycling stability of bulk TM-HEO
have garnered significant interest, yet the understanding of how doping,
composition, and microstructure affect the electrical behavior is
incomplete. In this work, we study bulk Na-HEO by altering dopant
concentration, x, and varying the grain size across three regimes: fine
grain, intermediate grain, and coarse grain. We find that dopant amount
and processing conditions significantly influence the microstructure
evolution, electrical behavior, and charge transport mechanisms. We
then compare the results of our Na-HEO materials with other bulk
polycrystalline ionically conductive ceramics.

2. Experimental methods

Bulk Na-HEO samples were prepared using solid-state powder syn-
thesis. The constituent oxide powders were purchased from US Research
Nanomaterials (Houston, TX, USA) as CoO (50 nm particle size, 99.7 wt
%), CuO (22-55 nm, 99.95 %), MgO (50 nm, 99.95 %), NiO (18 nm,
99.98 %), and ZnO (18 nm, 99.95 %), while the carbonate powder was
purchased from Sigma-Aldrich (St. Louis, MO, USA) as NayCO3 (99.999
%). Four separate powder compositions were prepared to create Na
concentrations of 0 mol% (undoped), 8 mol%, 16 mol% (equimolar),
and 33 mol%. The specific HEO compositions were chosen to obtain a
representative upper and lower value relative to the equimolar
composition. Each powder composition was separately blended using
planetary ball milling (PBM) in a Premium 7 (Fritsch GmbH, Idar-
oberstein, Germany) at 300 rpm for 3 h using silicon nitride jars and
milling media. The as-milled powders were heat treated at 950 °C for 50
min to create single-phase Na-HEO rocksalt powders. These pre-reacted
powders were again separately milled at 300 rpm for 12 h for further
particle size reduction.

Each composition of Na-HEO was processed to achieve bulk samples
with one of three grain size regimes: fine grain (FG), intermediate grain
(IG), and coarse grain (CG). The pre-reacted Na-HEO powders were
densified into fine and intermediate grain size samples using a Fuji
model 825S (Fuji, Saitama, Japan) spark plasma sintering (SPS)
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instrument. The samples were heated to a maximum sintering temper-
ature of 700 °C at a heating rate of 200 °C/min under a pressure of 100
MPa. The powders were held at this temperature for 5 min and then
cooled down at a rate of 50 °C/min. Samples polished after this step
were used as fine grain samples. Intermediate grain size samples were
heat treated after SPS using a CM Furnaces 1210BL elevator furnace
(Bloomfield, NJ, USA) at 900 °C for 1 h in air, and then subsequently
polished. Coarse grain size samples were prepared by first consolidating
by SPS at 600 °C for 5 min and 100 MPa. These samples were then
conventionally sintered in the elevator furnace at 1000 °C for 1 h. All
samples are summarized in Table 1 and follow the labeling scheme:
Grain size (FG, IG, CG) — Na mol% (0, 8, 16, 33) — HEO.

The phase state of the powder and bulk samples was determined by
using X-ray diffraction (XRD) conducted using a Rigaku Ultima III
diffractometer (Rigaku, Tokyo, Japan). Rietveld refinement of the XRD
patterns was used to determine the lattice parameter of each sample
using the program MAUD (Materials Analysis Using Diffraction) [23],
and then subsequently the theoretical density. Geometric density mea-
surements were used to acquire the relative density of the bulk samples,
assuming theoretical density values of 6.137, 6.065, 6.001, and 5.886 g/
cm?® as calculated for the four compositions studied: 0, 8, 16, and 33 mol
% Na, respectively. Microstructure analysis of the samples was per-
formed using a Tescan GAIA3 GMH FIB-SEM (Brno, Czech Republic)
scanning electron microscope (SEM). The average grain size of the sin-
tered specimens was determined through SEM analysis of fracture sur-
faces. Scanning transmission electron microscopy (STEM) imaging in
high-angle annular dark-field (HAADF) and bright-field (BF) coupled
with energy-dispersive X-ray spectroscopy (STEM-EDS) using a JEOL
Grand ARM (Akishima, Tokyo, Japan) at 300 kV was performed to
examine the structure and composition of the grain boundaries in the
bulk samples. The following peaks were used for the analysis: O Ka
(0.525 keV), Mg Ka (1.254 keV), Ni Ka (7.480 keV), Co Ka (6.931 keV),
and Kp (7.649 keV), Cu Ka (8.046 keV) and Kp (8.904 keV), and Zn Ka
(8.64 keV) and Kp (9.570 keV). TEM samples were prepared using the
focused ion beam (FIB) lift out technique.

X-ray photoelectron spectroscopy (XPS) was performed using a
Kratos AXIS-Supra system (Trafford Park, Manchester, UK) fitted with a
monochromatic Al Ka X-ray source at 225 W and a base pressure of 5E-9
Torr. The bulk sample surfaces were cleaned with 5 keV Ar™ ion etching
before XPS to remove any contamination. The survey scans used 160 eV
pass energy and 1 eV energy step, while detailed scans used 20 eV pass
energy with a 0.1 eV energy step. Photoelectrons were collected using a
hemispherical analyzer in conjunction with a charge neutralizer.

Electrical properties of the undoped and doped samples were
measured using a Bio-Logic SP-200 potentiostat. To record the electrical
response, we used an oscillation voltage of 500 mV and a frequency
range of 200 mHz — 3 MHz. A 500 mV AC amplitude was selected to be
consistent with other work on the electrical behavior of TM-HEO
[14,24]. Samples had wire contacts glued to each side with silver
paste to form metal-insulator-metal cells. Total, grain boundary, and
grain bulk conductivities were determined through equivalent circuit
fitting of Nyquist plots from electrochemical impedance spectroscopy
(EIS). It is important to note that grain boundary conductivities reported
in this study were calculated based on the sample dimensions instead of
the grain boundary geometry and are thus effective (or apparent) grain

Table 1
| Labels for each sample of varying grain size and dopant concentration.
(Co,Cu,Mg,Ni,Zn);. x = 0.0 x = 0.08 x=0.16 x =0.33
«NayO
Fine grain FG- FG-8Na- FG-16Na- FG-33Na-
HEO HEO HEO HEO
Intermediate grain IG-HEO  IG-8Na- 1G-16Na- 1G-33Na-
HEO HEO HEO
Coarse grain CG- CG-8Na- CG-16Na- CG-33Na-
HEO HEO HEO HEO
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boundary conductivities. Traditional double Randles cell circuits were
used for undoped and lightly doped samples, while samples with higher
doping amounts and apparent diffusion effects used an additional con-
stant phase element in series. The activation energy (E,) of each sample
was determined from the Arrhenius equation, with EIS measurements
conducted at temperatures of 20 °C to 100 °C (with 20 °C steps).

3. Results
3.1. Microstructure, phase state, and oxidation states

The microstructure for each sample exhibits grains that are relatively
equiaxed, such as those shown in the SEM micrographs for samples FG-
16Na-HEO, I1G-16Na-HEO, and CG-16Na-HEO are provided in Fig. 1 A-
C, respectively. The average grain size values range from 0.10 to 0.25
pm (100 to 250 nm) for the fine grain (FG) samples, from 1.5 to 3.2 pm
for the intermediate grain (IG) samples, and from 6.3 to 8.2 pm for the
coarse grain (CG) samples, as summarized in Table 2.

All bulk samples exhibit relative density values greater than 75 %, as
indicated in Table 2, which are comparable to values reported by
Bérardan et al. [14]. The bulk samples also exhibit intense XRD peaks
corresponding to the planes of the rocksalt crystal structure (Fig. 1D - G).
Small secondary phase peaks can be observed in the FG samples, cor-
responding to the Cu-rich tenorite phase. Our previous work has shown
that this Cu-rich tenorite secondary phase forms when TM-HEO is pro-
cessed at temperatures less than 850 °C [25].

Rietveld refinement of the bulk Na-HEO XRD patterns allows for the
calculation of the lattice parameter. Bulk Na-HEO samples exhibit a
decreasing trend in lattice parameter with increasing dopant concen-
tration (see Table 2), indicating that the Na is dissolving into the rocksalt
solid-solution. This behavior is consistent with previous studies on Na-
doped TM-HEOs [13,14], where it is demonstrated that the contrac-
tion in lattice parameter could be due to multiple factors, such as
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Table 2
| Average grain size, relative density, and lattice parameter for bulk TM-HEO
and Na-HEO samples.

Average Grain Size Relative Lattice Parameter
(pm) Density (nm)

FG-HEO 0.11 £+ 0.05 0.954 0.4237
IG-HEO 1.54 £0.73 0.978 0.4238
CG-HEO 9.43 + 4.31 0.997 0.4238
FG-8Na-

HEO 0.25 + 0.05 0.889 0.4237
1G-8Na-HEO 2.89+1.13 0.874 0.4237
CG-8Na-

HEO 6.34 + 1.97 0.946 0.4236
FG-16Na-

HEO 0.21 + 0.07 0.863 0.4236
1G-16Na-

HEO 316+ 1.21 0.814 0.4236
CG-16Na-

HEO 7.81 £1.01 0.937 0.4234
FG-33Na-

HEO 0.25 + 0.09 0.754 0.4237
1G-33Na-

HEO 2.35 + 0.94 0.796 0.4236
CG-33Na-

HEO 8.20 £ 2.13 0.998 0.4236

changes in oxidation states or the formation of oxygen vacancies. The
possible changes in oxidation state of cation species is significant, as
these changes can influence the electoral behavior in oxide materials
[26,27].

XPS was used to acquire information on the cation valence state in
the Na-HEO samples and provides insight into the decrease in lattice
parameter in doped samples. High resolution scans seen in Fig. 2 are for
the Co-2p core level spectra of IG-HEO, IG-8Na-HEO, IG-16Na-HEO, and
1G-33Na-HEO, which exhibit dominantly the Co?* state. The main peak
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Fig. 1. (A-C) Micrographs of equimolar 16Na-HEO for: (A) FG-16Na-HEO, (B) IG-16Na-HEO, and (C) CG-16Na-HEO samples. (D-G) XRD patterns for: (D) undoped
Na-HEO, (E) 8Na-HEO, (F) 16Na-HEO, and (G) 33Na-HEO. Each chart contains patterns for fine grain, FG (black), intermediate grain, IG (red), and coarse grain CG

(blue) samples. The diamonds identify the rocksalt peaks.
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Fig. 2. Co-2p core level spectra for IG-HEO (red), IG-8Na-HEO (blue), IG-16Na-
HEO (green), and IG-33Na-HEO (black) with corresponding Co?* (green) and
Co®* (purple) peak distances.

is at approximately 780 eV, and satellite peaks are visible at ~786,
~796, and ~803 eV. The binding energy difference between the main
peak at 780 eV and its satellite near 796 eV can indicate the presence of
Co®*, with smaller binding energy differences indicating a greater

AY HAADF

5 nm
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likelihood of the Co®' state [28]. The binding energy difference de-
creases from 15.8 eV (indicating C02+) in IG-HEO to 15.0 eV in the IG-
33Na-HEO sample, suggesting the presence of Co>* [28]. Further evi-
dence of cobalt oxidation is indicated by the increase in the difference in
binding energy between the satellite peaks at 795 eV and 803 eV [29].
The satellite peak shown in Fig. 2 at 786 eV highlighted by an orange
line also signifies the presence of Co?* [29]. The addition of 8 mol% Na
immediately begins to depress this satellite peak at 786 eV and signifies
the partial oxidation of Co?*to Co®*. Other cations of interest, such as
Ni2*, demonstrate minimal-to-no change in oxidation state with the
introduction of Na into the material (Fig. S1 in the Supplementary
Material).

3.2. Grain boundary structure

High-angle annular dark field (HAADF) and bright field (BF) STEM
micrographs for sample IG-16Na-HEO (Fig. 3 A & B) show the grain
boundary structures at higher magnifications. A thick (~5 nm) sec-
ondary phase with a layered structure is observed in the grain bound-
aries while the grain bulk maintains the rocksalt crystal structure
(Fig. 3C & D). To our knowledge, such a structure has not been observed
in the TM-HEO material before. STEM-EDS performed at the boundary
(Fig. 3 E & F) shows that the layered structure is mainly occupied by Co
and Na layers (STEM-EDS spectrum is provided in Fig. S2). The Na ap-
pears to be in a separate layer from the Co, while the other transition
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Fig. 3. (A) HAADF-STEM and (B) BF-STEM micrographs of equimolar Na-HEO grains and grain boundaries enriched with the layered grain boundary phase. Higher
magnification micrographs of the region highlighted by the dotted squares are provided. Fast Fourier transform patterns of (C) the rocksalt matrix and (D) the grain
boundary phase structure is determined using an isolated part of the atomic-resolution images highlighted with green and orange squares, respectively. (E) STEM-
EDS chemical maps of the grain boundary phase using O K, Na K, Mg K, Co K, Ni K, Cu K and Zn K characteristic X-ray energies. (F) STEM EDS line scan results from
(E) showing intensities of oxygen and cations. The black dotted arrow and square denote the region where the STEM EDS line scan was performed.
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metals have much lower intensities.

Fast Fourier transform patterns calculated using a portion of the
atomic-resolution STEM HAADF images yield the patterns shown in
Fig. 3D, which suggest that the grain boundary layer phase has a P2 type
structure. The presence of the alternating Na and Co layers, along with
the P2 Fourier transform pattern indicate that the layered structure in
the grain boundary is a form of NayCoO,. The NayCoO3 compound is a
well-studied layered structure known for its ability to transport Na*
[30], as well as possible superconducting properties [31], and has been
used as a cathode material in Na-ion batteries [32]. We hypothesize that
the P2 structure forms at most grain boundaries in our Na-doped TM-
HEO samples. In our previous work, we observed that undoped TM-HEO
forms a Cu-rich tenorite phase during heat treatment [25]. This tenorite
secondary phase forms extensively in the grain boundaries of TM-HEO
[33]. The grain boundaries of TM-HEO serve as high energy defects
which are amenable to the segregation of cations and the nucleation of
secondary phases.

Na,CoO; can form four distinct crystal structures: P2, P'3, 03, and
03 [34]. However, a pure P2 structure typically forms at higher tem-
peratures (> 750 °C) and is considered to be more stable during inter-
calation than the other polymorphs [34,35]. The FG samples in the
current study show no major P2 Na,CoO5 XRD peaks, likely due to the
lower processing temperatures and short processing times. We hypoth-
esize that the transformation kinetics are too slow at 700 °C to mean-
ingfully form the NayCoO; phase in the FG samples. The IG samples do
not show the P2 phase XRD peak either, but TEM confirms its presence at
grain boundaries (Fig. 3). Finally, the CG samples have a high enough
concentration of NayCoO; to be detected by XRD, as seen in the XRD
pattern for CG-16Na-HEO (Fig. S3). Rietveld refinement of the sample
indicates that there is ~1 at.% of the P2 NaCoO; in sample CG-16Na-
HEO. We also note that some Cu is detected in this layered structure
at the grain boundary (Fig. 3F). We attribute the presence of Cu to the
solubility of Cu in NaCoO,. Although the exact solubility of Cu in
NaCoOs is not known, many authors have explored Cu-doped NaCoOs.
Several studies have found that NaCo;.,CuyO5 can accommodate values
of x = 0.3 [36,37].

3.3. Electrical properties

Electrical measurements on the twelve TM-HEO samples indicate a
range of electrical behavior. The general trend for Nyquist plots among
the various samples is a singular arc response for undoped samples to
multi-arc behavior for doped samples and even some undoped coarse
grain samples. For brevity, two representative data sets for FG-Na-HEO
samples are displayed as Nyquist plots in Fig. 4 (data for all 12 samples
are provided in the Supplementary Material Fig. S5). Undoped FG-HEO
(Fig. 4 A) exhibits a singular arc, while doped FG-8Na-HEO (Fig. 4B,
inset in Fig. 4 A) differs in that two arcs are present and at much lower
values of impedance. The difference in impedance between undoped and
doped is so large, that the doped plot is not visible. Fig. 4B shows the
magnified section of the FG-8Na-HEO Nyquist plot in red. The appear-
ance of an additional arc in the doped sample indicates multiple con-
duction processes, such as charge transport through the grain bulk and
grain boundary [38,39].

To determine the role of microstructure on electrical conductivity,
each Nyquist plot was fit with an equivalent circuit to isolate the charge
transport response within the sample. The equivalent circuit used is
shown in inset (B) of Fig. 4. The rectangular R components represent a
resistor and the arrowed Q components represent a constant phase
element, which accounts for the non-ideality of a capacitor [14,40]. The
circuit has demonstrated to effectively fit the impedance response and
characteristic semicircles that are often observed in the Nyquist plots of
metal oxides [39]. Of relevance to this study, this circuit can be used to
differentiate the contributions of the grain boundary and the grain bulk
to the electrical behavior in oxide materials [39,40]. The resistor R1 is
associated with a frequency independent resistance commonly referred
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Fig. 4. (A) Nyquist plots for FG-HEO and FG-8Na-HEO bulk samples. Experi-
mental data are represented by black squares and red circles for samples FG-
HEO and FG-8Na-HEO, respectively, and the equivalent circuit fit data are
shown as black lines. Inset (B) is the magnified view for FG-8Na-HEO, with the
equivalent circuit used for fitting. The green circles denote the characteristic
frequencies associated with the Randles cell semicircles. The characteristic
frequency values are labeled adjacent to the circles. (C) Total conductivity
values for fine grain (FG) in red, intermediate grain (IG) in black, and coarse
grain (CG) samples in blue, as a function of Na content. (D) Trans-
ference number.
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to as the solution resistance. The solution resistance or electrolyte
resistance is the high frequency impedance associated with the elec-
trolyte resistance between the working and reference electrodes [41].
The parallel R2 and Q2 (Randall cell) represent the high frequency
resistance and capacitance response related to the grain bulk. The R3
and Q3 components account for the grain boundary response [39]. The
double Randall cell equivalent circuit, which has been used for Na-
doped TM-HEOs in the past [14], was therefore used to compute the
total, grain bulk, and effective grain boundary conductivity [20].
Equivalent circuit fits for the two representative samples can be seen in
Fig. 4 A & B as a black line. The selected equivalent circuit model fits the
data well and shows little deviation.

Total conductivity values measured from the equivalent circuit
analysis show an increase in conductivity with increasing Na content
(Fig. 4C). When compared to the doped samples in this study, undoped
TM-HEOs exhibit the lowest total conductivity ranging from 6.8 x 10~'2
to 4.1 x 107! Secm™! depending on the grain size. The conductivity
significantly increases with the introduction of Na into the material. The
conductivity of the FG samples increases after doping (up to 1.2 x 10~/
Secm™!). The IG samples also demonstrate a significant increase in
conductivity with increasing Na content (up to 1.4 x 10~ Secm™1), but
analogous to the CG samples (which exhibit a maximum conductivity of
2.4 x 107> Secm™1), these samples exhibit a plateau in conductivity at
and above 16 mol% dopant concentration. Similar results have been
seen in Li- doped TM-HEOs, where above 20 mol% doping, the con-
ductivity increase begins to plateau [15,16]. The ionic transference
number of our Na-doped TM-HEO samples was calculated using the
method outlined in Mozdzierz et al. on Li-doped TM-HEO [24]. The
transference number data can be seen in Fig. 4D. We first note that all of
the samples in this study have a transference number < 1, indicating
they are mixed ionic-electronic conductors. Increased Na concentration
leads to an increase in the transference number, which is in agreement
with previous work on the Li-doped TM-HEO [24]. We also observe that
samples with finer grain sizes have greater transference numbers
compared to samples with more coarse grain sizes. An increase in the
ionic transference number with increasing grain size has been observed
before in other ionic conducting ceramics [42,43].

Equivalent circuit analysis showed that grain bulk conductivity (cp)
and effective grain boundary conductivity (cgp) for all samples demon-
strated a generally increasing trend with doping (Fig. 5). For FG Na-
HEO, the value for cg, is shown to be lower than the value for oy, for
all dopant concentrations (Fig. 5 A). However, there is still a significant
increase in both 6}, and 6}, with increased dopant concentrations. The IG
and CG samples show a different trend, where the value for 64, at higher
dopant concentrations is greater than the value for the bulk (Fig. 5B &
Q).

As mentioned in Section 2, our reported grain boundary conductivity
values are calculated based on the dimensions of the bulk sample and
thus represent an effective grain boundary conductivity. We calculated
the true grain boundary conductivity using a standard brick and mortar
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model [44]:

Oght = go'gb.a (1)
where o4, is the true grain boundary conductivity, § is the grain
boundary thickness, D is the average grain size, and og, 4 is the apparent
grain boundary conductivity. Previous work has found that the undoped
TM-HEO has a value of § ~ 1 nm [22]. Our TEM results from the current
study indicate that § ~ 5 nm for Na-doped TM-HEO samples. Our
calculated og, ; values are several orders of magnitude smaller than the
measured og, , and o values for all of our samples (Table S1). The low
ogy,e values are unsurprising given how thin the grain boundary and
boundary layer phases are in comparison to the grain size. Notably, the
values for og,; do not modify any of the observed trends. Thus, we
continue to use the effective grain boundary conductivity for the
remainder of the discussion.

Porosity can influence the electrical behavior of ceramics. A calcu-
lation was performed to account for the role of porosity on conductivity
using the Bruggeman effective medium theory [45]. The Bruggeman
theory has been previously applied to TM-HEO [24], and uses the
following equation:

Om :0h<1 —%f)

where o, is the measured total conductivity, o, is the porosity corrected
conductivity, and f is the porosity. We observe that the measured and
corrected conductivity values are similar (Table S2), with the conduc-
tivity values changing by less than an order of magnitude after correc-
tion. Most importantly, we observe that the porosity correction does not
influence the overall trends in our data. We conclude that the presence
of porosity in our samples does not meaningfully influence the inter-
pretation of our results. As a result, we have left the uncorrected values
in the main body of the manuscript.

(2)

4. Discussion
4.1. Na-HEO charge compensation

We hypothesize that doping TM-HEO (cation valence +2) with Na
(cation valence +1) will stimulate two possible charge compensation
mechanisms: formation of oxygen vacancies and oxidation of a transi-
tion metal cation, as noted below in egs. (3) and (4) respectively:

) ., 1

NayO=1y_nro 2NaM + VZ) + Eoz(g) €)
, 1

Na;0= 10 2Ndy, + 2M}, + 059 “)

2

Table 2 shows that the lattice parameter of Na-HEO decreases
slightly with the addition of Na, which is consistent with previous
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Fig. 5. Conductivity values for: (A) fine grain size (FG), (B) intermediate grain size (IG), and (C) coarse grain size (CG) samples. The effective grain boundary values
are represented as black squares; the grain bulk values are represented as red circles.
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reports on lithium-doped TM-HEOs [13,15,16]. The decrease in lattice
parameter is initially unexpected due to Vegard’s Law [46], as the ionic
radius of Na™ is larger than that of the other transition metal cations.
According to Vegard’s Law, the expected lattice parameter values for 0,
8, 16, and 33 mol% Na should be 0.425, 0.430, 0.434, and 0.444 nm,
respectively. Previous studies reported that for TM-HEOs doped with
aliovalent Li* or Na*, the Co?* ion consistently transforms into the Co®*
state to maintain charge neutrality [15,16]. While not as prevalent as Co
oxidation, there is also evidence of Ni®" transformation to the Ni®* state
in Na-doped TM-HEO [13]. Nickel 2p core spectra typically exhibit a
broadening of the main peak for Ni>*, which is not present in our data
(Fig. S1C in Supplementary Material) [47]. Copper 2p core level spectra
from the current study indicate signs of a mixed Cu'™ and Cu®* oxida-
tion state (Fig. S1B in Supplementary Material), which has been
observed before in TM-HEO [16,22,48]. Notably, the measured spectra
do not show any significant variation with Na addition. Overall, the
oxidation of Co (Fig. 2) seems to be the dominant charge compensation
mechanism for strain relief and charge neutrality, which may assist in
the percolation of Na™ or electron transport [15].

The role of dopant on electrical behavior in TM-HEO is not fully
understood. Previous work attributed the increase in total conductivity
of aliovalent-doped TM-HEOs to the increase in mobile charge carrier
ions percolating through oxygen vacancies created by a charge
compensation mechanism [14]. However, Osenciat et al. showed that
there is no increase in oxygen vacancy formation with the addition of an
aliovalent ion (Li") until concentrations greater than 20 mol% are
reached [16]. Above this doping concentration, the vacancy formation
steadily increases, and there is a reduced dependence of conductivity on
dopant concentration, which is consistent with our observations in
highly Na-doped TM-HEO samples (e.g., samples IG-16Na-HEO and IG-
33Na-HEO in Fig. 4C). A more recent study on Li-doped TM-HEO
examined the role of pressure on ionic conductivity [49]. The authors
observed that the ionic conductivity decreased with increasing pressure.
Li-doped HEO was found to have an activation volume of 1.14 cm®/mol,
which is similar to fast ionic conductors which exhibit a lattice dilation
effect during ionic conduction [50,51].

Strain measurements from Mozdzierz et al. demonstrate a rise in
lattice strain in 20 mol% Li-doped TM-HEO, and significant strain relief
after additional doping [15]. It was hypothesized that Li-doped TM-
HEOs produce strain from a charge compensation mechanism. However,
above the 20 mol% limit the lattice cannot distort further, so the alio-
valent dopant is compensated with the formation of oxygen vacancies.
The rise in lattice strain has also been observed in Na-doped TM-HEO,
indicating the presence of a similar mechanism [13]. Additionally,
previous studies on similar Na-doped and Li-doped TM-HEO composi-
tions indicate negligible loss of Na or Li during sintering at 1000 °C for
12 h [14,52]. Our study involves processing at lower temperatures
(700-1000 °C) for short periods of time (< 1 h). We therefore conclude
that our samples experience minimal Na loss during our processing
steps.

4.2. Na-HEO conductivity

In general, our samples demonstrate an increase in conductivity with
increases in dopant concentration (Fig. 4C). Notably, the larger grain
size samples show orders of magnitudes greater conductivity for highly
doped samples when compared to fine grain samples (Fig. 4C). The
difference in conductivity is likely due to the high grain boundary
conductivity for highly doped intermediate and coarse grain samples
(Fig. 5B & C), indicating enhanced boundary charge transport.

We propose that the layered structure in the grain boundaries con-
tributes to an increase in Na® transport in our Na-HEO samples, and
ultimately enhances the total and effective grain boundary conductivity
values. Lei et al. proposed that entropy stabilization can assist in the
formation of a P2-type structure due to the higher processing tempera-
tures, off stoichiometry, and greater entropy [34]. Comparable behavior
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is also seen to be possible in other medium [53] and high entropy
[54,55] layered Na-based cathode materials, which show enhanced
cycling stability and Na™ transport. Therefore, we expect that the
presence of the P2 layered structure at the boundary will significantly
influence the grain boundary conductivity. The different values of cg,
for samples FG-8Na-HEO and CG-8Na-HEO (Fig. 5 A & C) highlight three
possible requirements for the occurrence of this layered structure. First,
the sample must have sufficient Na for the layered structure to form at
the boundary, second the processing temperature must be high enough
to stimulate the formation of the layer-structured secondary phase, and
third sufficient time at temperature must be provided. The effective
grain boundary conductivity in sample FG-8Na-HEO is less than the bulk
conductivity (Fig. 5 A), which we attribute to insufficient Na content,
the lower processing temperature, or inadequate time at temperature.
However, Lei et al. found that the P2 phase forms with considerable off-
stoichiometry in the NayCoO, composition, specifically 0.68 < x < 0.76
[34]. The lack of boundary phase in FG-8Na-HEO is, therefore, unlikely
to be due to insufficient Na. In contrast, sample CG-8Na-HEO (Fig. 5C)
demonstrates enhanced effective grain boundary conductivity at 8 mol%
Na, indicating that this dopant level is sufficient for enhanced effective
grain boundary conductivity in this sample. Thus, the formation of the
boundary structure may stem from the higher processing temperatures
or longer processing times used to make this sample. Pure P2 Na,CoO,
has a higher likelihood of forming above 750 °C, with lower tempera-
tures resulting in a mixture of the P2, P3, and O3 type structures [34].
The fine grain samples, which are processed at 700 °C, may not reach the
temperatures required to form the P2 phase. To determine if processing
temperatures above 750 °C or longer heating times are required for the
formation of the NayCoO3 boundary phase in Na-HEO, we heat treated
an equimolar fine grain Na-HEO sample at 700 °C for 12 h. Peaks
associated with the NayCoO, phase, as well as additional secondary
phase peaks, were observed in the XRD pattern after the 12 h heat
treatment. Thus, kinetics play a role in the formation of this phase, and
fine grain samples with the boundary structure may be prepared with
appropriate processing conditions. The observed phase is in agreement
with other studies that found it is possible to form P2 Na,CoO, at or
above 650 °C under specific conditions [34,56].

4.3. Bode plot analysis

Bode plots of the impedance data were analyzed to examine the
frequency dependance of the electrical behavior. Representative Bode
magnitude and Bode phase plots for samples FG-HEO, FG-33Na-HEO,
CG-HEO, and CG-33Na-HEO can be seen in Fig. 6. Changes in the phase
angle are indicative of changes to mechanisms contributing to the
electric response, while the magnitude of the impedance can reveal in-
formation about the contributions to the electrical conductivity [57].

The Bode plots allow for interpretation of impedance contributions
in the time domain, which can allow for identification of conductivity
mechanisms based on their distinct time constants. Goswami et al.
developed a theoretical approach for defining the different mechanisms
occurring within the system by analyzing Bode plot impedance data
[57,58], which we use here. For the purposes of simplifying the inter-
pretation, we divide the Bode plots into three frequency regimes. These
three frequency regimes are shown in Fig. 6: (1) the low frequency
regime (~ < 1 log Hz) attributed to the interface between the electrode
and sample (highlighted in blue), (2) an intermediate frequency regime
(~ 1-5 log Hz) related to the transfer of ions across the grain and grain
boundary (gray), (3) and a high frequency regime (~ > 5 log Hz)
associated with the relaxation of ions in the grain and relaxation of the
space charge layer in the grain boundaries (orange) [57-59]. A high
magnitude of impedance for the FG undoped samples is observed at low
frequencies (Fig. 6 A), which we attribute to the sluggish charge transfer
at the electrode and electrolyte interfaces [57,58]. The relatively high
impedance in the intermediate frequency regime is ascribed to the
highly resistive grain boundaries, as grain boundaries in oxide materials
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Fig. 6. Bode plots for (A) fine grain and (B) coarse grain samples. Magnitude of impedance is plotted in black, while phase angle is shown in purple. The solid lines
represent undoped samples (FG-HEO and CG-HEO, respectively) and the dashed lines represent Na-doped samples (FG-33Na-HEO and CG-33Na-HEO, respectively).
Lastly, the frequency is separated into three regimes: low (blue), intermediate (gray), and high frequency (orange).

typically behave as insulating layers [18,39,60]. Finally, we observe
lower magnitudes of impedance in the high frequency regime related to
the relaxation of ions in the grain. For the FG samples, the introduction
of Na depresses the impedance magnitude in the low and intermediate
frequency regimes compared to the undoped sample, alluding to a more
ohmic metal electrolyte interface and grain boundaries. The change in
impedance response with doping is more pronounced in the CG samples
(Fig. 6B) compared to the FG samples. The intermediate frequency
regime exhibits a larger reduction in impedance magnitude after doping,
indicating less resistive grain boundaries. A similar reduction in
impedance with doping occurs in the IG size samples (Fig. S5 in Sup-
plementary Material). We propose that the larger reduction seen in the
IG and CG samples is related to the observed layered structure that forms
at the grain boundaries. Bulk P2 structured Na,CoO; possesses attractive
Na' and e~ transport properties, and forms at the processing tempera-
tures associated with these specific Na-HEO samples [30-32,34].

Phase angle values, as measured for our various Na-HEO samples,
exhibit distinct frequency dependencies due to various relaxation
mechanisms throughout the microstructure and measurement set up.
Phase angle is calculated from the arctangent of the imaginary and real
impedance [38,57]. Effectively, phase angle quantifies the lead or lag
between an applied voltage and its current response. A phase angle
value closer to —90 degrees indicates purely capacitive behavior, while a
value of 0 degrees indicates a pure resistor. It can be seen in Fig. 6 A and
6B that the phase angle for FG and CG samples is close to —80 degrees for
both doped and undoped samples in the low frequency regime, indi-
cating capacitive behavior. A high phase angle at low frequencies often
indicates a more capacitive behavior due to the double layer effect
occurring between the blocking electrode and sample [58,61].

In the intermediate frequency regime both doped and undoped FG
samples (Fig. 6 A) exhibit phase angle transitions from capacitive to
resistive behavior as frequency increases. The transition is related to the
relaxation of ions at heterogeneous grain and grain boundary interfaces
[58]. The frequency that the transition occurs at can provide insight into
the electrical mechanisms. Here we have quantified the transition be-
tween capacitive and resistive behavior in the phase angle Bode plots by
observing the frequency where the phase angle is equivalent to ~45°
[58,59]. Higher frequency phase angle transitions indicate a reduction
in charge transfer and relaxation time for the grain and grain boundary
interface [57,58,62]. Doping the FG samples with Na causes the phase
angle transition to shift toward higher frequencies, indicating reduced
charge transfer time [57,58]. In the doped FG samples, we observe the

phase angle in the intermediate frequency regime tends to be ~80°,
indicating the retention of a capacitive like behavior at higher fre-
quencies compared to the undoped samples (Fig. S5 in Supplementary
Material). We attribute this capacitive behavior to Na buildup near the
space charge layer where a double layer capacitive effect may be the
cause for the high phase angle [58].

For sample CG-Na-HEO, Fig. 6B shows the phase angle transition to
resistive behavior within the low frequency regime. Conversely, sample
CG-33Na-HEO has a phase angle transition that shifts toward a higher
frequency for the grain and grain boundary relaxation mechanism. The
shift to higher frequencies is consistent with doping in lithium
lanthanum zirconium oxide (LLZO) materials where there is a reduction
in the charge transfer and relaxation time at the boundary [58]. Overall,
the phase transition associated with reduction in charge transfer and
relaxation time at the grain and grain boundary interface shifts to higher
frequencies for doped CG samples more so than for doped FG samples.
We attribute this shift to higher frequencies to the presence of the
observed NayCoO; layered structure in the doped CG samples, high-
lighting the importance of this layered structure to the charge transport
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Fig. 7. Relaxation frequencies for bulk HEO and Na-HEO samples.
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at the grain boundaries. Fig. 7 displays the phase transition frequency
response for all samples. The doped FG samples (shown in red) show a
shift at higher frequencies, likely due to the increase in mobile charge
carrier ions. The IG and CG samples processed above the P2 NayCoO,
formation temperature (750 °C) have faster relaxation times for the
grain boundaries, evident from the higher frequencies observed for the
capacitive to resistive transition. For all of our Na-HEO samples, Na
doping creates a significant decrease in overall impedance and a
reduction in charge transfer and relaxation time for the grain and grain
boundary interface. Yet, the presence of the layered structure at the
boundaries for IG and CG samples likely contributes significantly more
to the reduced charge transfer time.

4.4. Na-HEO activation energy

Ionic transport is strongly dictated by the energy landscape
throughout the material. The highest energy barrier(s) along the diffu-
sion path determines the activation energy requirement for an ion to
move. It can be expected that an increased number of mobile carriers,
changing oxidation states, and oxygen vacancies will affect this barrier.
Activation energy measurements obtained from temperature-dependent
EIS experiments show that Na doping has a significant influence on the
energy barrier for charge transport (Fig. 8). We note that the ensuing
section does not discuss the influence of space charge effects on the role
of Na doping on the electrical behavior. To consider space charge effects
on conductivity it is necessary to know what defects predominantly form
in the grain boundaries. The predominant defects which form in the
grain boundaries of TM-HEO are not currently known, so it is not
obvious if the grain boundaries facilitate local enrichment of oxygen or
Na vacancies. We acknowledge that there is insufficient evidence to rule
out any space charge effects in our samples. However, our experimental
observations show that: (1) NaCoO; forms between grains, and (2) the
oxidation of Co (Fig. 2) seems to be the dominant charge compensation
mechanism for strain relief and charge neutrality when Na is added to
the structure. From a defect chemistry perspective, we interpret these

observations as co-segregation of Na on a transition metal site, Naj/w, and
oxidized Co, Cog,, to the grain boundaries, where they form NaCoO,.
The presence of the NaCoO, phase and the oxidation of Co lead to the
conclusion that the increase in conductivity with increasing Na doping
arises from the presence of the NaCoOs.

The fine grain sample doped with 8 mol% Na (FG-8Na-HEO) exhibits
an increase in total activation energy value (E,) when compared to the
undoped sample FG-HEO), 0.26 eV versus 0.14 eV, respectively (Fig. 8
A). These values are consistent with those reported by Bérardan et al. for
Na-doped TM-HEO [14]. The E, values we measured decrease with
additional Na doping down to 0.19 eV for sample FG-16Na-HEO and
0.16 eV for sample FG-33Na-HEOQ. Similar behavior has been shown for
other oxide materials, such as Ta-doped Li»TiOs3,

Using the equivalent circuit method, activation energy values for
grain bulk (E,) and grain boundaries (Egp) were also calculated, as
shown in Fig. 8. Overall, the E; values for the FG samples exhibit a
similar trend as the total E, values for all dopant concentrations, with
the highest E}, value of 0.42 eV for sample FG-8Na-HEO. Egy, values also
exhibit an increase with small doping concentrations but then decrease
with increasing dopant concentration above 16 mol%. The Egp, values
consistently exhibit the lowest activation energy for all doped FG sam-
ples, indicating effective ion migration at the boundaries. Multiple pe-
rovskites and alumina materials exhibit enhanced ionic transport near or
along grain boundaries [63-65]. McGovern et al. hypothesized that ions
can become trapped at the boundary initially but allowed to drift normal
to the grain boundary channel direction [64]. Conversely, Phung et al.
states that activation energies for ion migration in the boundary is lower
due to the prevalence of ionic vacancies when compared to the lattice
[63]. Observations of high effective grain boundary conductivity and
low grain boundary activation energy are reasonable in light of the
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Fig. 8. Activation energy values in eV for: (A) fine, (B) intermediate, and (C)
coarse grain samples. Total, grain bulk, and effective grain boundary activation
energy are represented as black circles, orange diamonds, and gray triangles,
respectively.

above previous literature on other electrically conductive ceramics
[63-65]. Notably, thus far we find no evidence of the Na,CoO, layered
structure in the fine grain samples processed without heat treatments,
despite the low values for E,.

IG samples, shown in Fig. 8B, which do contain the boundary
structure (Fig. 3), exhibit an increase in both E;, and Eg, values with
increased dopant concentration up to 16 mol%. The value of E, for the
undoped sample, IG-HEO, is low at 0.14 eV and increases to 0.20 eV
when doped with 16 mol% Na. For higher dopant concentrations, the E,
value decreases to 0.06 eV. Overall, the IG samples exhibit lower E,
values when compared to the FG samples. Similar behavior between E,
and dopant concentrations are observed in the CG samples (Fig. 8C).

Values for Egp, are consistently lower than the E} values across all
doped samples. We attribute these lower values and the corresponding
efficiency of the grain boundary transport to the presence of the P2
Na,CoO; structured phase. For comparison, Table 3 contains both
measured [66] and calculated [67] E, values for various compositions of
NaxCoO3 and other Na-ion conducting materials. It is important to note
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Table 3
| Activation energy values for Na-ion conducting materials and other materials
of interest.

Material Transport mechanism Activation energy ~ References
(eV)
Na,CoO-, Na™ diffusion/ 0.2-0.3 [35,67]
intercalation
Na-HEO, Na™ transport in 0.1-0.4 [14,68,69]
Nasln; ,ScyClg rocksalt
TM-HEO single- Cu" polaron hopping 0.6-0.8 [22]
phase
TM-HEO multi- V{, /Cu*/Cu®* polaron  0.3-0.5 [22]
phase hopping
Co304 Co2*/Co>* polaron 0.1-0.4 [73-75]
hopping
Li doped NiO Ni?*/Ni®* polaron 0.1-0.6 [72]
hopping
Li-HEO/Na-HEO Mixed ionic/electronic 0.1-0.2 [27]

that Na,CoO» compositions with lower Na content possess lower values
of E, [67], which is due to the low vacancy concentration at high Na
concentrations, strong electrostatic interactions among Na* ions, and
the Na ordering. As the Na concentration decreases closer to 0.5, the
energy barrier is significantly decreased, and the Na™ acts as a fast ion
conductor which can intercalate in the P2 honeycomb sublattice [67].
Compositions of NayCoO; closer to the fast ion conducting variant (low
Na concentration) more closely match with our boundary measure-
ments, and allude to the P2 phase in our samples being deficient in Na.
For FG samples there is no obvious evidence of the P2 structure in XRD.
However, it is possible that the concentration of the layered phase is
below the detection limit of XRD, and thus still contributes to the low
value for Egp,. Other Na' conducting rocksalt type materials, such as
a-NaFeO2 and Nagln;_ScxClg [68,69], exhibit E, values in agreement
with our Na-HEO values, in the range of 0.2-0.4 eV (Table 3), indicating
that Na® within the bulk rocksalt phase could be hopping similarly
through the octahedral vacancies via a tetrahedral window (o-t-0)
[70,71].

Ranges of activation energy values for electronic transport in tran-
sition metal oxides are also shown in Table 3. Vahidi et al. reported on a
thermally activated small polaron hopping mechanism of Cul*/Cu?*
pairs for single and multi-phase TM-HEO [22]. Our XPS data does show
evidence of a mixed oxidation state for Cu (Fig. S1B in Supplementary
Material), but there is very little to no variability in the amount with
changes in Na concentration. The E, measurements from the single and
multi-phase TM-HEO study (without Na doping) are also slightly higher
than what is reported in the current study for Na-HEO. NiO, when doped
with Li, induces an oxidation of Ni to maintain charge neutrality, which
increases the transport of holes via NiZ*/Ni3* pairs [72]. The E, value
for Li-doped NiO decreases with increasing Li content, from 0.6 to 0.1
eV. Our results and those by others who have reported on Li-doped HEO
exhibit similar decreases in activation energy with increasing alkali
metal content [16]. Notably, we do not see any oxidation of Ni®* in our
XPS results (Fig. S1C), so the oxidation of Co is likely the carrier for
holes. The p-type semiconducting nature of Co3O4 spinel is due to
polaronic hopping of holes in the form of Co*t/Co%* pairs [73]. The
increased oxidation of Co likely enhances a similar hole transport
mechanism in our Na-HEO samples, and E, values for Co304 fall within
the range of measurements listed here (Table 3) [73-75].

The closeness in E, values for various transport mechanisms can
make it difficult to identify a major charge carrier without non-blocking
electrodes. However, it is known that Na solubility in silver is very
limited [76], so the rate limiting Warburg impedance phenomenon seen
in our doped samples would suggest limited Na™ movement at the
electrode interface. Based on this E; comparison, it is plausible that Na-
HEO is a mixed conductor of Na* and Co?"/Co®* polaronic type hop-
ping. While previous work has indicated that Na-doped TM-HEO forms
oxygen vacancies, we hypothesize that Na is the primary charge carrier
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during ionic conduction. This hypothesis is partly based on our obser-
vations of the Warburg phenomenon during our EIS measurements due
to our use of the Na blocking Ag electrodes. Additionally, our activation
energy values are similar to those found in other materials that exhibit
Na ion transport.

4.5. Na-HEO grain boundary engineering

Our TEM and impedance analysis demonstrate the presence of a
layered structure at the grain boundaries of Na-doped TM-HEOs that
significantly influences the electrical behavior. Na-containing high en-
tropy layered materials have shown a correlation between entropy sta-
bilization and improved cycle stability [53]. However, none have
reported on the possibility of forming a P2 layered structure at the
boundaries. We observe that this layer-structured phase appears
frequently and has an influence on the boundary conductivity for sam-
ples processed above 700 °C or for extended heat treatment times.

A schematic illustrating the interplay between processing tempera-
ture, microstructure, and electrical behavior in equimolar Na-HEO (16
mol% Na) is presented in Fig. 9. FG samples exhibit the lowest con-
ductivity. At this grain size, processing temperature, and time the sec-
ondary phases are highlighted by a yellow arrow in the adjacent XRD
pattern. From EDS and crystallographic databases, it is believed that
these are carbonate, oxide, and possibly hydroxide compounds that form
at the grain boundaries. Along with no NayCoO, peaks present in the
XRD patterns, FG samples were also processed below the probable
Na,CoO- formation temperature of 750 °C, increasing the likelihood of
little-to-no layered structure forming at the boundaries. As the consoli-
dation temperature reaches 900 °C, the grain size and conductivity also
rise. Sample IG-16Na-HEO reaches 6.61 x 10~ Secm™! and the XRD
spectra shows no secondary phase peaks around the main (111) rocksalt
peaks. However, the samples are processed above the likely NayCoO»
formation temperature and TEM confirms the presence of the layered
structure at the boundaries. We hypothesize that the amount of the
Na,CoO3 phase is below the detectable limits of our XRD instrument.
Nevertheless, we believe that the amount of layered structure present
directly influences the rise in total conductivity and boundary conduc-
tivity, as seen in Figs. 4C and 5. The increase in consolidation temper-
ature to 1000 °C for CG samples has allowed for a high enough
temperature to form a higher amount of the NayCoO; phase. Therefore,
the main NayCoO; peak is visible in the XRD spectra, highlighted by a
blue arrow (Fig. 9). The high total (2.42 x 107> Secm ') and effective
grain boundary (5.31 x 10> Secm™!) conductivity are consistent with
the presence of Na,CoO- at the grain boundaries.

5. Conclusions

We demonstrate the ability to engineer the grain boundaries of Na-
doped high entropy oxide (Co,Cu,Mg,Ni,Zn); y\Na,O using composition
and processing conditions to leverage the formation of a layer-structured
secondary phase. Consolidation temperatures above 700 °C and Na
dopant concentrations of 16 mol% or greater directly influence the
formation of the NayCoO, layered structure at the grain boundaries,
leading to enhanced conductivity up to 2.4 x 10~> Secm ™. Our inves-
tigation indicates that this grain boundary structure, as well as a Co
charge compensation mechanism occurring in the bulk, contribute to the
enhanced conductivity. Activation energy measurements reveal Na-HEO
is likely a mixed conductor of Na™ and Co?*/Co®* polaronic type hop-
ping. Overall, the observation of tunable grain boundary conductivity is
an especially important finding to the electroceramics community,
where grain boundaries are normally considered inhibitive to electrical
conductivity. With these findings, one can engineer the grain boundary
conductivity of Na-HEO and take advantage of a new design strategy for
Na-ion battery materials.
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Fig. 9. Schematic of equimolar Na-HEO conductivity vs maximum consolidation temperature, with a blue striped bar at 750 °C representing the formation tem-
perature for Na,CoO,. Representation of grain size and additional phases are shown above for the fine (left), intermediate (middle) and coarse (right) grain samples.
XRD spectra for Na,CoO, along with fine (black), intermediate (red), and coarse (black) grain samples are provided on the right. Carbon and oxygen compounds are
highlighted in the XRD spectra with a yellow arrow, while the layered P2 structure is denoted with a blue arrow.
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