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Revealing the Role of Ruthenium on the Performance of
P2-Type Na, (;Mn,_ Ru, O, Cathodes for Na-lon Full-Cells

Emine Altin, Iqra Moeez, Eunji Kwon, Ali Hussain Umar Bhatti, Seungho Yu,
Kyung Yoon Chung, Muhammad Arshad, Messaoud Harfouche, Murat Buldu,
Sebahat Altundag, Fatih Bulut, Sevda Sahinbay, Serdar Altin,*

and Mehmet Nurullah Ates*

Herein, P2-type layered manganese and ruthenium oxide is synthesized as

an outstanding intercalation cathode material for high-energy density Na-ion
batteries (NIBs). P2-type sodium deficient transition metal oxide structure,
Naj¢;Mn,  Ru, O, cathodes where x varied between 0.05 and 0.5 are
fabricated. The partially substituted main phase where x = 0.4 exhibits the best
electrochemical performance with a discharge capacity of ~170 mAh g='. The
in situ X-ray Absorption Spectroscopy (XAS) and time-resolved X-ray Diffraction
(TR-XRD) measurements are performed to elucidate the neighborhood of

the local structure and lattice parameters during cycling. X-ray photoelectron
spectroscopy (XPS) revealed the oxygen-rich structure when Ru is introduced.
Density of States (DOS) calculations revealed the Fermi-Level bandgap
increases when Ru is doped, which enhances the electronic conductivity of the
cathode. Furthermore, magnetization calculations revealed the presence of
stronger Ru—O bonds and the stabilizing effect of Ru-doping on MnO6 octahe-
dra. The results of Time-of-flight secondary-ion mass spectroscopy (TOF-SIMS)
revealed that the Ru-doped sample has more sodium and oxygenated-based
species on the surface, while the inner layers mainly contain Ru-O and Mn-O
species. The full cell study demonstrated the outstanding capacity retention
where the cell maintained 70% of its initial capacity at 1 C-rate after 500 cycles.

it is important to highlight the remarkable
progress of Li-ion batteries (LIBs) in recent
years.!] The demand for Li-ion batteries
has surged, leading to an increase in the
consumption of lithium sources.’l Newly
developed electrode materials are expected
to possess several key properties, includ-
ing high energy density, long cycle life, and
affordability for commercial feasibility.3] It
is worth noting that LIBs, first introduced
by Sony in the 1990s, have become one of
the most extensively used battery systems
for portable electronics and various other
large-scale applications.*! Recently, there
has been significant research into alterna-
tive battery types, such as lithium-sulfur
(Li-S) and lithium-air (Li-air), to improve
the energy density of the current state-of-
the-art lithium-ion batteries (LIBs).[*) How-
ever, this progress has led to increased
costs, primarily due to the limited and un-
evenly distributed lithium reserves around
the globe.[®]

NIBs have appeared as a promising re-
placement toLIBs because their basic elec-
trochemical properties are similar to LIBs,

1. Introduction

The proliferation of electronic devices and, notably, elec-
tric vehicles (EVs) has catalyzed significant advancements
in electrochemical energy storage systems in recent years.
While various types of electrical energy storage systems exist,

and they utilize sodium, which is much more abundant and
more evenly distributed in the earth than that of lithium.!”]
Because of these advantages, NIBs present an environmen-
tally friendly and cost-effective battery option with promising
potential to meet the demands of large-scale energy storage,
making them a viable alternative to LIBs.®] In recent years,
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several battery companies have emerged with a focus on com-
mercializing sodium-ion cells.’) It is predicted that sodium-
ion Dbattery cells have the potential to swap lithium-ion cells
in the near future, given the abundance of sodium and the
lower costs associated with it providing a sustainable future
for energy storage systems. Therefore, there are significant ef-
forts in R&D activities for new electrode materials used in
sodium-ion cells. There are different structural compositions
for the Na-ion cathodes such as the layered transition metal
oxides,['] phosphate-based materials,['!l pyrophosphate-based
materials,['?! fluorophosphate materials,"3 fluorosilicate-based
materials!' and sulfate-based materials.[’>) Manganese-based
layered transition metal oxides are among the best materials tar-
geted for the cathode development in sodium-ion batteries. They
are gaining attention due to their low cost, high recyclability, and
low toxicity.'® It is known that Na,MnO, materials can form
2D layered or 3D tunnel structures, depending on their chemi-
cal composition.['”] Most of the Na, MnO, structures are classi-
fied into P2 and O3 types according to the number of Na* and
MO, (M = transition metal) layers in the structure.'®] P2-type
Na,MnO, offers a structural advantage compared to O3-type. In
the P2-type, Na* ions reside within the layers, and the broader
rectangular spaces between adjacent layers are elongated. In this
structure, Na ions are spread out across the trigonal prismatic
regions, resulting in a better dispersion of ions.['! The most
popular P2-type Na,MnO, composition can be formulated as
Na,;Mn, , TM, O, (where x = 0-1) where the TMs can be Fe,
Cu, Ni, Co, V, or Ti, etc.?*?!l In order to improve battery per-
formance, the combination of the transition elements such as
Ni, Cu, Fe, and Mn are among the most preferred elements for
the high-performance sodium-containing layered metal oxides.
Ruthenium (Ru) has a wide range of valence states when com-
pared with iron in the structure. Considering the electron con-
figuration of Ru, it has only one electron in its outermost shell,
which allows it to form coordination complexes with various oxi-
dation states. It has been established that Ru serves as an excep-
tional catalyst in oxidation reactions, displaying various oxidation
states ranging from —2 to +8.122] The ability of Ru to exist in nu-
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merous oxidation states during cycling renders more electrons to
be transferred, thereby enhancing battery capacity.

This  study successfully fabricated novel P2-type
Na,;Mn, ,Ru,O, cathode materials using a modified solid-
state reaction technique, and their structural properties were
unraveled. It is found that Ru-ions were successfully substituted
by Mn-ions in the structure and the highest capacities were
obtained for the samples where x = 0.3 and 0.4. In situ XRD
and XAS analysis of the cells were conducted to unravel the
reaction mechanism of the cells. The full-cell performance of
the optimized cell was studied, suggesting that Ru-substituted
P2-type cathode materials hold significant potential for Na-ion
batteries.

2. Results and Discussion

2.1. Structural Analysis

The XRD diffraction patterns of the Ru-substituted cathode sam-
ples are given in Figure 1a. It is seen that the diffraction patterns
are well matched by P2-type P6,/mmc symmetry which is typ-
ical Na-Mn-O cathode materials.[?*! When the Ru content in-
creased up to x = 0.5, an impurity phase of Na,RuO; is observed
which has C2/c symmetry. This structure has the following unit
parameters; a = 5.4141 A, b = 9.3663 A, and ¢ = 10.8481 A.[>*]
Figure S2a—f (Supporting Information) displays each XRD pat-
tern for samples doped with different amounts of Ru along with
the GSAS refinement fitting results. It is clear that the sample
where x = 0.5 exhibits Na,RuO, peaks which are shown with
the arrow. Nonetheless, the other samples were free of the im-
purity phase suggesting that the degree of impurity was limited
to only the sample where x = 0.5. After the Rietveld-refinement
of the samples, the calculated lattice parameters are given in
Table S1 (Supporting Information). When examining the a- and
c-lattice parameters, it is clear that while the a-lattice parameters
remained constant with increasing Ru-content, the c-lattice pa-
rameters increased sharply between x = 0.1 and x = 0.2, and then
when the value x is further increased, the c-lattice parameter de-
creased as the Ru-content increased. In addition to this, the Na-
layer distance showed a similar trend with the c-parameters of the
cells. The right panel of Figure 1a displays the 002 plane, which
is directly affected by the c-direction. According to Bragg’s law,
shifting toward a lower angle in 20 degrees indicates the crys-
tal lattice expansion. This expansion trend is clearly seen in the
peak of the (002) plane in the right panel of Figure 1a from x =
0.05 to x = 0.2. Afterward, the plane position is shifting toward
higher angles indicating the shrinkage of the crystal lattice from
x = 0.2 until x = 0.5. Overall, the trend in shifting direction of
the peak bodes well with the fitting results. To understand the
behavior of Ru-ions in the structure, we evaluated the valence
state of the Mn-ions in Na, ;;MnO, structure. In this structure,
Mn-ions have 3.33+ valence state which means there are differ-
ent ionic radii of Mn species. These species are speculated to be
0.72 pm low spin (LS) and 0.785 pm high spin (HS) for Mn**
and 0.67 pm for Mn** existing in the octahedral coordination.!?’]
Because of this, there is a possibility of having Jahn-Teller active
Mn?* ions in the lattice which may cause voltage hysteresis dur-
ing the sodiation and desodiation process of the battery.?*! On
the other hand, the Ru-ions could have three possible different
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Figure 1. a) XRD pattern and right panel shows (002) planes, b) FTIR, c) Raman analysis of the Ru substituted samples of Nag g;Mn;,Ru, O, where x
varies between 0.05 and 0.5. d) the Survey data of XPS, €) NaTs, f) Mn2p, g) Ru3d, and h) O1s spectrums for x = 0.1, 0.3, and 0.5 of Nay g;MnyRu, O,

Ru substituted powders.

ion radii such as 0.82, 0.76, and 0.705 pm for the valence states
of 3+, 4+, and 5+, respectively.[?’! It is understood that the XRD
peaks are shifted toward the lower angle region when the ion of
higher ionic radii substitutes the ion of lower ionic radii due to
expansion in the crystal lattice.l?®) According to Figure 1a, we ob-
served that the 002 peak shifts to a lower angle up to x = 0.2 and
then shifts to a higher angle until x = 0.5. It is anticipated that
when ruthenium (Ru) is substituted in low concentrations, the
structure has a tendency toward low oxidation states like Ru**
because of its larger ionic radii. However, as the amount of sub-
stitution increases, the doped sample is more likely to favor lower
ionic radii states, such as Ru*" and Ru’*. According to the charge
balance of the chemical formula of Na, ;;MnO,, there are Mn**
and Mn*" ions in the samples.

When substituting Ru ions with Mn ions, several ion forma-
tion possibilities arise in the system: i) the substitution of Ru**
by Mn?**, which is feasible for maintaining the charge balance
of the system. i) the substitution of Ru** by Mn**, which leads
to the oxidation of Mn3** to Mn** in the structure. iii) the sub-
stitution of Ru** by Mn**, resulting in the reduction of Mn** to
Mn**. When considering higher substitutions where x is above
0.2, the (002) peak shifts to higher angles. This shift indicates
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the substitution of Ru ions with lower ionic radii, such as Ru**
and Ru’*, instead of Ru**. When we assume that the Ru** ions
penetrate into the main structure, some of Mn3* or Mn** ions
should transform to Mn?* ions (0.81 for LS and 0.97 for HS) or
Mn?* in the structure, respectively. In this case, the lattice vol-
ume affects the ionic radii of Ru>* and Mn** and there should
be competition between these ions. When high-valence state Ru
ions are present in the structure, maintaining charge balance be-
comes challenging. As a result, the material tends to absorb more
oxygen to achieve charge equilibrium. This increased oxygen ab-
sorption can influence various properties of the material, such as
its electronic structure and reactivity. We also speculate that due
to the high valence state of Ru for the sample where x = 0.5, the
structure also forms Na, RuO; impurity, shown in the Figure S2f
(Supporting Information). We like to note that the valence state
of each element will be elaborated in the XPS section.

The FTIR analysis results of the samples are given in Figure 1b
and it is observed that the bands at 485 cm™! (assigned as a
- bending M—O-M modes of MO, octahedra), 552 cm™! (as-
signed b — asymmetric stretching vibrations of MO, octahedra),
604 cm~! (assigned ¢ — asymmetric stretching vibrations of MO,
octahedra), 703 cm™! (assigned d) which are the characteristic
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peaks of Nay;MnO, cathode material.l??8] The FTIR bands at
881 cm™! (assigned e) and 1438 cm™' (assigned f) are related to
Ru-O vibration in the structure!?*3% and the absorbance of these
two bands was increased by increasing Ru-content in the sam-
ples. This trend agrees well with the XRD results where x = 0.5
shows impurity of Na,RuO;.

The Raman spectrum of the Ru substituted Na, ;;MnO, pow-
ders was given in Figure 1c and six different peaks were observed
around 214 (R;) cm™!, 272 (R,) cm™!, 373 (R;) cm™! and 578 (R,)
cm~!. Posonov et. al. investigated the Raman shift of Li,RuO,
which is the isostructure of Na,RuO; and they claimed that R,
and R, peaks are related to A, modes of the C2/m phase.l*") It
is well known that the R; and R, Raman peaks are related to P2
type Na, (;MnO, .3l The band around R, can be explained by the
E,, modes in the structure,*’) and the peak at R, is due to sym-
metric stretching-mode A, in the lattice, which is explained by
the motions of the oxygen atoms.[**!

Based on the XRD analysis, we can infer that the valence state
of transition metals is influenced by the increasing amount of
Ru in the materials. This observation suggests that the amount
of Ru can affect the oxidation states of other transition metals.
To elucidate the change in the valence state of the metal ions
in the structure, we performed the XPS analysis of the elements
in the samples, and the survey data was presented in Figure 1d.
The peaks of Cls, Mn2p, Ru3d, Ols, and Nals for x = 0.1, 0.3,
and 0.5 were observed at ~280.1, ~642.1, ~284.8, ~530.3, and
~1070.9 eV, respectively. The Nals XPS data for x = 0.1, 0.3,
and 0.5 in Figure le exhibit nearly identical graphs. This simi-
larity indicates that the valence state and crystal field around Na*
ions remain constant albeit with different amount of Ru substi-
tution. This finding aligns with the previous studies on similar
compositions.*) It should be noted that the binding energy dif-
ference is called chemical shift and found as 1071.32, 1070.62,
and 1070.85 eV for x = 0.1, 0.3, and 0.5, respectively. The po-
sitions of peaks can shift because of the chemical properties of
nearby atoms and changes in the local environment around the
element.®] Tt is anticipated that doping the cathode with Ru
would alter the local structure of the primary phase. Figure 1f
shows the XPS data of the Mn2p for x=0.1, 0.3, and 0.5 samples
suggesting that there are two main peaks of Mn2p;, and Mn2p,
which are consisted of Mn** 641.9 (x = 0.1), 641.9 (x = 0.3), and
642.0 (x = 0.5) eV for Mn2p; , and 653.4 (x = 0.1), 653.3 (x = 0.3),
and 653.4 (x = 0.5) eV for Mn2p, ,. In case of Mn** species, the
peaks are located at 643.5 (x = 0.1), 643.6 (x = 0.3) and 643.7 (x
= 0.1) eV for Mn2p;;, and 654.9 (x = 0.1), 654.9 (x = 0.3) and
655 (x = 0.5) eV for Mn2p;, , ions. These results are also consis-
tent well with the previous studies.*”] When we calculated the
peak area of each of the Mn3* and Mn** peaks in the XPS data,
the ratios of Mn**/Mn** ions were calculated as 64.3%/35.7%,
64.5%/35.5%, and 65.3%/34.7% for x = 0.1, 0.3, and 0.5, respec-
tively. When doping with Ru, we expect the average valence state
of Ru in the samples to either match the average valence state
of Mn or lead to an increase in the number of oxygen ions in
the structure. The energy differences between the 2p, , and 2p;,
levels correspond to the binding energy separation between the
spin-split components which depends on the valence state of the
transition metals.*®! While the differences for Mn** were calcu-
lated as 11.5,11.4,and 11.8 eV forx = 0.1, 0.3, and 0.5, the energy
gap for Mn** was determined as 11.4, 11.3, and 11.3 for x = 0.1,
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0.3, and 0.5, respectively. In Figure 1g, we should indicate that
the XPS spectrum of Ru3d in samples partially overlaps with the
C1s spectrum. The Cls peaks that appeared in the samples are
the overlapping of Ru3d spectra positioned at 285 and 289 eV are
related to adventitious carbon in the structure.’®! The observed
peaks at 281.8, 281.74, and 281.74 eV for x = 0.1, 0.3, and 0.5 are
explained by Ru3ds, of Ru** ions in the structure which is con-
sistent with the existing studies.[*"] We should note that the XPS
peak area corresponding to Ru** ions increased with higher dop-
ing levels in the structure. The Ols XPS spectrum of the x = 0.1,
0.3,and 0.5 Ru substituted samples were given in Figure 1h and it
is seen that there are two types of oxygen in the structure. The O1s
sub-peaks x529.6 eV for lower energy region can be explained by
Ru—O bond in the sample as described earlier.**! Although we
didn’t observe the sub-peaks of oxygen O1s spectrum for P2-type
Na, ; TMO, type cathode materials in our previous studies,!?*!]
the second sub-peak of the XPS O1s spectrum is due to O* metal-
oxygen bond in the sodium metal oxide compounds.!*’! Accord-
ing to the peak area of these two peaks, the lower energy peak ra-
tios were calculated as 22.9%, 31.7%, and 52.3% for x = 0.1, 0.3,
and 0.5, respectively. There are small peak shifts for low energy
(529.6, 529.7, and 529.9 eV for x = 0.1, 0.3, and 0.5, respectively)
and high energy peaks (531.1, 531.3,and 531.6 eV forx = 0.1, 0.3,
and 0.5, respectively) of XPS data. This could be explained by the
excess oxygen which implies that there is an electrostatic force
effect between Ru and the surrounding oxygen.[3%4!]

The BET absorption and desorption graphs are displayed in
Figure S3 (Supporting Information) and the obtained shape of
the adsorption/desorption curves can be predicted as type IV
isotherm which is typical for meso-porous materials.[*?] The sur-
face area of the samples was calculated using the data in Figure
S3 (Supporting Information) and BET equations and obtained as
1.05, 2.81, 2.28, 1.78, 1.23, and 1.31 m? g~! for x = 0.05, 0.1, 0.2,
0.3, 0.4, and 0.5, respectively. It can be concluded that the surface
areas and pore structures of the Ru-doped materials exhibit simi-
lar surface properties. This suggests that the Ru dopant does not
significantly alter the surface characteristics of the materials. The
surface morphology of the Ru-substituted samples, as shown in
Figure S4a—f (Supporting Information), reveals similar grain for-
mations characterized by arbitrarily shaped grains with varying
geometries and sizes larger than 1 pm. Additionally, the substi-
tution of Ru in the main phase leads to an increase in the size
of these grains. This is especially more pronounced in Figure
S4e,f (Supporting Information). It is well known that the total
free energy change is related to surface-free energy and volume-
free energy.[**! As grains grow, the relative contribution of surface
energy decreases. Consequently, the material with larger grains
tends to have a more stable structure compared to a material
with smaller grains. It is predicted that the substitution of Ru
in the main phase results in an increase in the stability of the
produced powders. This increased stability could be attributed to
the changes in grain size and surface energy discussed earlier.
In such a scenario, the crystallinity of the material is expected to
improve, leading to more intense peaks in the XRD pattern, as
indicated in Table S1 (Supporting Information). This improve-
ment in crystallinity is often associated with increased stability
and enhanced material properties. Figure S5a—c (Supporting In-
formation) depicts the EDX-dot mapping analysis of x = 0.1, 0.3,
and 0.5 Ru-substituted samples. The analysis reveals that Na, Mn,
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Figure 2. High magnification a) TEM and b) STEM images of Ru-doped NMO. c) HR-TEM images and SAED pattern of the selected area in (b). e) EDS
element mapping of Na, Mn, Ru, and O for the optimized Nag g;Mnq ¢Rug 4O, Ru-substituted cathode material.

and Ru ions are uniformly distributed on the surface. Addition-
ally, for the x = 0.5 sample, the Ru ions exhibit a rod-type forma-
tion, which corresponds to the Na,RuO; phase in the sample.
This feature can be easily observed in Figure S5c (Supporting
Information). To further probe the structure of the pristine and
Ru-substituted cathode materials, HR-TEM and STEM character-
izations, displayed in Figure 2, were carried out for the sample
where x = 0.4. TEM and STEM images of Ru-substituted cathode
materials are shown in Figure 2a,b. HR-TEM images (Figure 2¢)
and SAED pattern (Figure 2d) show that the atomic ordering and
hexagonal crystal symmetry after Ru-substitution are similar to
that of pristine NMO (P6,/mmc symmetry), suggesting that the
atomic ordering of the structure along the c-axis is well-preserved
after Ru-substitution. Figure S6a—d (Supporting Information) ex-
hibits that NMO presents the (002) lattice fringes with a uni-
form spacing of 5.60 A. In contrast, the spacing of (002) lattice
fringes in Ru-substituted NMO is increased to 5.62 A, suggest-
ing the expansion of Na* layer spacing after Ru doping, which is
well consistent with the XRD results discussed earlier. Elemental
mapping indicates that Na, Mn, Ru, and O elements are homoge-
nously distributed in both pristine NMO and Ru-NMO materials.

To gain more insight into the chemical structure of NMO af-
ter Ru-doping, time-of-flight secondary-ion mass spectroscopy
(TOF-SIMS) was employed. TOF-SIMS is well suited for char-
acterizing the surface and buried chemical species. The surface
layer of pristine and Ru-substituted NMO are directly visualized
in Figure 3a,b, respectively. The outer layer of pristine NMO re-
veals that the surface is mostly comprised of Mn-O and oxy-
genated species. However, for the Ru-substituted NMO, the Na—
O has covered more surface area. For further verification, the nor-
malized depth profiles of the chemical species along with their
individual spacial distributions in Ru-doped NMO are shown in
Figure 3c,d. It could be confirmed from Figure 3d that the outer
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layer of the surface is comprised of sodium and oxygenated-
based species, while the inner layer mainly contains Ru-O and
Mn-O. It is worth noting that the Ru-substituted NMO has a
high content of RuO, (i.e., Ru**) as discussed in the XPS study.
In contrast, the MnO, (i.e.,, Mn*") species have lower content
at the outer surface, however, it increases with the increase in
depth. Figure 3c demonstrates 3D localization of the representa-
tive secondary-ion fragments contained in the Ru-doped NMO,
whereby the formation of Na,RuO, can be expected corroborat-
ing the XPS and XRD results.

To further support physicochemical and electrochemical re-
sults of the Ru doping in pristine NMO, density functional the-
ory (DFT) calculations were conducted. The introduction of Ru
modifies the density of states (DOS) near the Fermi level, thereby
increasing the availability of electronic states in the conduction
band and reducing the bandgap across various sodium intercala-
tion levels (xy,). The partial density of states (pDOS) for NMO
and Ru-NMO at X, = 0.0, 0.25, 0.5, 0.75, and 1.0 are shown
in Figure 4a—e. At Xy, = 0, the bandgap of NMO is ~1.6 eV,
which narrows down to 1.147 eV upon Ru doping. This reduc-
tion in bandgap allows more valence electrons to occupy con-
duction band orbitals at lower energy levels, consequently en-
hancing the electronic conductivity.**] The higher electronic con-
ductivity leads to better rate capability which will be discussed
later.

The oxidation states of transition metals in a compound can
be inferred from their magnetization value. This is because the
magnetic moment of an atom is directly related to its electronic
configuration and number of unpaired electrons, which in turn
determines its oxidation state. In pristine NMO, Mn atoms
primarily exist in the +3 (t,,° e,') and +4 (t,,’ e,”) oxidation
states as shown in Figure 5a. The high-spin state Mn>* with its
anisotropic electronic structure exhibits Jahn-Teller distortion
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Figure 3. TOF-SIMS chemical mapping after the scavenging process, showing the distribution of NaO~, MnO,~, and O, for a) pristine and b) Ru-
substituted of Nag g;Mnq,Ru,O, where x = 0.4. c) Individual spatial distributions and d) TOF-SIMS spectra of Na=, O~, MnO~, MnO,~, RuO~, and
RuO, ™ secondary-ion fragments over 500 s Cs* sputtering along the depth profile of the Ru-substituted (x=0.4) Nag ;MnO, after scavenging processes.

due to one unpaired electron in the e, orbital. In Ru-NMO
(Nay;Mn, ,Ru,O, where x = 0.4), Ru primarily exists in the
4% (") and 57 (t),’ %) oxidation states as illustrated in
Figure 5b. As the Ru** and Ru’* have no electron in the e
orbital, they do not exhibit Jahn-Teller distortion. The higher
electronegativity of Ru alters the electronic structure of Mn
atoms, causing a redistribution of Mn oxidation states. At 0.75
< Xy, < 1, some Mn atoms change from 3* (t,,’ e,') to 2%
(s’ €,%). This even distribution of unpaired electrons between
the t,, and e, orbitals further reduces Jahn-Teller distortion.
Additionally, the wider distribution of magnetization values for
oxygen indicates increased participation in redox reactions due
to the higher electronegativity of Ru, as shown in Figure 5c. The
formation energy curves for both NMO and Ru-NMO are shown
in Figure 4f. The reduction in formation energy in Ru-NMO is
due to the presence of stronger Ru—O bonds and the stabilizing
effect of Ru-doping on MnO, octahedra, which decreases the
Jahn-Teller distortion associated with Mn.>**3] This leads to
a more structurally stable crystal structure, thereby improving
cycling stability. Overall the benefit of Ru doping on the structure
stability is further evidenced by the magnetization calculations.

The bond lengths of transition metal layers significantly in-
fluence the properties of layered cathode materials. These bond
lengths are effected by the difference in the ionic radii as well
as oxidation states of the ions present in the crystal structure. In
NMO, the Mn—O bond length increases and attains a wider dis-
tribution when Na content increases as shown in Figure 5d. A
similar trend can be observed in the Mn—O and Ru—O bonds in
Ru-NMO structure as depicted in Figure Se,f, respectively. This
variation can be attributed to the presence of differently charged
transition metals in the crystal structure affecting their bonding
with oxygen atoms.
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2.2. Half-Cells Test Results

The electrochemical analysis of the Ru-doped cathode electrodes
was performed using a half-cell configuration in CR2032 type
coin cells. Figure 6a shows the CV graphs of the cells containing
different degree of Ru doping. It is well known that the un-doped
P2-type Na, (;MnO, cathode has several peaks during the oxida-
tion process. Itis speculated that the peaks below 3.8 V are due to
single-phase intercalation or continuous-phase transition. It has
been reported that O2-P2 phase transition takes place above high
voltage region in the cells.**] We believe that the number of oxi-
dation peaks in the CV is explained by the alteration of the crystal
field around Na* ions which causes the change of the desodiation
energy due to phase transitions in the materials. When P2-type
Na, ;yMnO, cathode is substituted, it exhibits only two redox re-
action peaks at ~2.4 and 4.0 V (for example, in Na, ;;Mn, sFe, sO,
cathodes). Previous studies suggest that the phase transitions
during charging and discharging of a cell can be prevented by
doping or substitution.?*?!l When examining the Ru-substituted
cathodes, it is evident from the cyclic voltammetry (CV) graphs
that two redox peaks appear at 2.25 and 4.04 V.

When we increase the Ru content from 0.05 to 0.2, we observe
that the first (~2.25 V) and second redox peaks (4.04 V) shifted to
lower voltage region and there are two new redox peaks (2.05 and
3.82V) for samples where 0.2<x<0.5. As previously discussed in
the XRD section, there is a Na,RuO, impurity phase for a high
level of Ru doping in the sample, i.e., x = 0.5. When analyzing the
differential capacity (dQ/dV) curve of Na,RuO,, distinct redox
reaction peaks are observed ~2.6 V, which do not align with the
peaks observed in the Ru-substituted P2-type materials.!*®) The
decrease in the intensity or the emergence of new redox reaction
peaks in the cyclic voltammetry (CV) of Ru-substituted materials
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in Nag g;MnyRu,O, cathode structure.

is caused by alterations in crystal fields. When examining the
transition metal (TM) ions within the crystal structure of P2-type
materials, the substitution typically involves replacing Ru*" with
Mn** initially to maintain charge balance in the structure. Subse-
quently, these ions may migrate to Mn>* sites within the lattice.
It is known that Ru ions have a higher electronegativity than Mn
ions. This difference can lead to an increase in the attractive force
for oxygen ions and result in shorter Ru—O bonds compared to
Mn—O bonds within the structure. In the second scenario, the
Ru** ions exhibit a greater attraction to oxygen ions compared
to Mn?* ions in the structure, primarily due to the electrostatic
force between them. For this assumption, the oxygen ions near
the Na* layers will move away from these layers. This movement
can lead to a reduction in the redox voltage of the cells. The data
for the Na-layer distance in Table S1 (Supporting Information)
also aligns with these findings. We hypothesize that there are
two distinct structures present in the samples. The shift of the
peaks to lower voltage and the appearance of new peaks can be
attributed to these structural effects.

The diffusion rate of the Na-ions plays a key role in the bat-
tery performance of the cells. There are static and dynamic tech-
niques for the calculation such as Randles—Sev¢ik equation by
measuring scan rate on the peak current (I,)/*’] and Galvano-
static Intermittent Titration Technique (GITT),I*8) respectively.
Figure S7a—f (Supporting Information) shows the CV graphs of
all the samples studied herein at the scan rate of 0.1, 0.2, 0.3,
0.4,and 0.5 mV s™". The [ -v'/* graphs were presented in Figure
S8a (Supporting Information) and the calculated diffusion coef-
ficient from the slope of the curves was presented in Table S2
(Supporting Information). It is found that the static D value was
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4.062 x 1072 cm? s7! for the sample where x = 0.4 which is the
highest value among the others. Similar D values are obtained
from the GITT measurement.[*] Figure 6b shows the GITT anal-
ysis of the x = 0.3 and 0.4 cells. The details of the GITT analysis
were given in our previous paper.?") The diffusion coefficient can
be calculated dynamically at each step by the given equation in
reference.l?”! The data is plotted in Figure 6c¢. It should be noted
that the point where the discharge transitions to the charging re-
gion in the GITT data exhibits a significant jump in the diffusion
rate, which is crucial for the analysis. The first diffusion rate for
the OCV was obtained as 1.7 X 107!? and 5.8 X 1072 cm? s7!
for x = 0.3 and 0.4, respectively. Afterward, they decreased to
1.5% 107 and 3.7 x 107" cm? s7! at 1.5 V during the discharge
for x = 0.3 and x = 0.4, respectively. After fully discharging, the
D values jumped from 0.95 x 1072 to 1.1 x 107!2 cm? s7! dur-
ing the initial portion of the charging process. It is also fair to
conclude that when the state of charge increases, the D values
decrease in the cell. When we compare the diffusion coefficient
values obtained from the GITT (for the first cycle of GITT data)
and CV measurements (as 3.1 X 10712 cm? s7'), we find that the
results from both methods are consistent with each other. An-
other important aspect of the CV data is that different scan rates
provide insights into the diffusion mechanism of the electrode
materials. The peak current (i,) of the CV data can be explained
with the power law in the form of i, = av? where v is the scan
rate, a and b are the constant parameters. The value of b gives
the information for electrochemical reaction mechanisms such
as diffusion-controlled (b = %0.5) and capacitive reactions (b =
~1).%% Figure S8b (Supporting Information) presents the logi,—
logv graphs and the calculated b values are obtained as 0.45, 0.49,
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0.75,0.74,0.71 forx = 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5, respectively.
Increasing the Ru content leads to an increase in the capacitance
contribution to the cells for x values between 0.3 and 0.4, but this
contribution decreases as the Ru content increases further. It is
because of this effect; we observe higher specific capacities than
pure NMO cathodes. This observation is explained further below.

The half-cell capacity-voltage graphs of Ru-substituted cath-
odes for C/3 were presented in Figure 6d-i and the cycle life anal-
ysis of the cells at C/3 were given in Figure 6j. The calculated
battery cell performance parameters are given in Table S2 (Sup-
porting Information). In our study, we observed that the highest
initial capacity was 176 mAh g~! for x = 0.3, while the highest ca-
pacity retention of 77% was recorded for x = 0.4 cells. We should
indicate that the theoretical capacity values of the cells were cal-
culated by the equation of Q = n.F/M (as given in Table S2, Sup-
porting Information) where Q, n, F, M are capacity, number of Na
ions of a unit formula, faraday constant, and M is the molar mass,
respectively. When we calculated the capacity of the cathodes, we
can see that the cells for x = 0.3-0.5 show higher capacity values
than that of the theoretical expectation. To understand this behav-
ior, we evaluated the CV and chemical formula of the un-doped
and doped cells. According to the theoretical calculation, the P2-
type Na, .;MnO, cathode has a capacity of 175 mAh g=' which is
higher than that of the Ru-substituted one. When examining the
unit cell of the cathode, we observe distinct regions rich in man-
ganese (Mn) and ruthenium (Ru), indicating the presence of two
structures with identical lattice symmetry. We can infer that the
theoretical capacity expectation of the cells should fall between
these two phases present in the samples, which is higher than
the calculated values. This idea can be supported by the redox
peaks in CV graphs which there are extra peaks for 0.2<x<0.5
cathodes.

The capacity—voltage graphs of the samples where x = 0.3,
0.4, and 0.5 at 1-C rate were presented in Figure S9a—c (Sup-
porting Information) and the cycle life graphs were displayed
in Figure 6k. Furthermore, the battery performance parameters
were plotted in Table S2 (Supporting Information). The first
capacity values at 100 mA g~! rate were obtained as 140, 149.1,
and 137.3 mAh g! for the samples where x = 0.3, 0.4, and 0.5,
respectively. The best capacity retention value, that is as 77%
after 100 cycles, was obtained for the cathode where x = 0.4
among the other cells. Though Co is both expensive and toxic,
Co substitution can also enhance the cycle life of P-type layered
sodium transition metal oxide cathode material. Zhang et. al.
synthesized P2/P3-Na,4,Mny,Coy;0Al O, cathode active
material via dealloying—annealing method. The cell delivered
specific capacity of ~80 mAh g! after 500 cycles.’!! Li et. al.
synthesized Li and Ti doping in to Layered manganese-based
oxides producing hexagonal P2-Na g,;Lij76Mng g7 Tl 0050,
structure. Their cell also revealed a capacity of 90 mAh g=! after
500 cycles though it was a half-cell result.l’?] Xu et. al. produced
P2-type Na,sMn,(Fe,,0, cathodes with a capacity of 200
mAh g™ with a capacity fade value of 23.7% at 0.1C-rate after
100 cycles.[®*] Marino et. al. produced Na, ;Mn, (Fe,,5Co, 150,
phase and they found that the capacity of the cells reached 142
mAh g~ at C/10 rate after 100 cycles.[**) Existing studies suggest
that substituting Fe in P2-type Na, ;;MnO, has a more favorable
impact compared to other transition metals. Since Fe and Ru are
in the same column of the periodic table, they may have similar
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effects despite their different masses. During de-sodiation, the
transition metal oxide structure is expected to maintain its
symmetry. The mass of ions plays a crucial role in the vibration
modes of a crystal structure, affecting factors like amplitude and
frequency. Substituting lighter elements with heavier ones can
reduce the thermal vibration, potentially improving the stability
of the de-sodiated structure’s skeleton, as mentioned in the
reference.l® Therefore, we judiciously selected Ru to be an ideal
candidate for swapping Mn to enhance the cell performance. The
C-rate measurements of the cells were presented in Figure S10
(Supporting Information) and the highest capacity for C/10-rate
was obtained as 155.7 and 164.2 mAh g! for x = 0.3 and 0.4,
respectively. The capacity of the cells at 3C rate was found as
85.6 and 104.9 mAh g! for x = 0.3 and 0.4, respectively. It is
therefore concluded that the Ru-substituted P2-type Na, ;;MnO,
has good performance at the high rate applications.

The EIS analysis of the samples is given in Figure S11 (Sup-
porting Information) with the EQC model presented in the inset
of Figure S11 (Supporting Information). There are three different
parts in the EQC model; the first is the Ry which is the equivalent
to resistance for the electrolyte, current collectors, and electrode
materials, the second region in the EQC which has the first par-
allel branch (Q;-R;) can be explained by the SEI layer in the cells
and the last part can be explained by the charge-transfer resis-
tance, double layer capacitance and Warburg parameter which
are related to diffusion of the Na-ions in the electrode.[>®! The fit-
ting parameters are presented in Table S3 (Supporting Informa-
tion). It is seen that the R values increased by Ru doping and re-
vealed a plateau for the samples where 0.2<x<0.4 at ~#5-6 Ohm.
Although the R; value is almost the same for the different SOC
values, it can increase by the depletion of the electrolyte and mi-
cro crack formation in the particles during the cycling process. It
is well known that the first semicircle in EIS measurements can
be explained by the impedance of a layer between the electrode
and electrolyte which is the second part of the EQC model. We
should note that the Rgp; is very sensitive to the content of the
electrolyte in the cells.’”) The obtained Rgg; values in the cells
are very close to each other which is the expected since the elec-
trolytes in the cells have the same contents. In the last part of
the EQC, Ry, is related to the kinetics of an electrochemical re-
action which is affected by the surface coating, phase transition,
bandgap structure, and particle size.’®7] We observed that the
R, values in Table S3 (Supporting Information) have the same
range which can be explained by similar properties of the elec-
trodes in the cells. Looking at the EIS elements in Table S3 (Sup-
porting Information), we find that the highest W value is associ-
ated with the x = 0.4 Ru-substituted sample. This value is indica-
tive of the diffusion rate of Na-ions within the system.

2.3. Operando Structural Analysis

Figure 7a shows the in situ XRD data of the cathode,
Na, ;Mn, ,Ru, O, where x = 0.4, containing cells during the first
two cycles. The strong peaks observed in the XRD data are due to
the Al current collector. We focused on the (002), (004), (100), and
(114) peak shifts during the cycling. During the charging process,
the solid solution mechanism is revealed by the noticeable shift
of the (004) peak toward lower angles and the (100) peak toward
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higher angles which the counter plot of this trend presented in
Figure S12 (Supporting Information). This trend corresponds to
an expansion along the ‘c’ axis and a reduction along the ‘a’ axis.
These lattice alterations occur during the removal of the sodium
ions. As a result, a repulsive effect between the metal-oxide layers
takes place instigating the expansion in the ‘c’ direction.[®®] At this
stage, the active material displays a dual-phase region consisting
of the P2 and OP4 phases. Upon further increasing the voltage to
4.3V, the structure completely transitions to the OP4 phase. We
should indicate that the phase transitions between the P2 and
OP4 phases during the charge and discharge process have a re-
versible property as obtained in the previous studies.l>>%! It was
observed that the intensity of the reflection planes in the XRD
pattern is related to the OP4 phase. This phenomenon dimin-
ishes as the sodium content increases throughout the discharge
process, eventually disappearing at ~3.0 V.01 At the last stage
of the discharge (down to 1.5 V), the cell exhibits a more com-
plex behavior, revealing a dual-phase region comprising the P2
and P2’ (Cmcm) phases.[®?) When Na content is more than ~0.8
per formula unit, the number of Mn3* ions increases triggering
Jahn-Teller distortion that leads to a partial phase transition from
P2 to P2’

It is stated that the c-lattice parameters during the charging
process (during Na+ extraction) increase and it is expected that
the peak shift of (002) and (004) reflection planes to lower angles
due to the repulsive electrostatic force between the neighboring
oxygen layers. Peaks on a-b planes such as (112) or (114) reflec-
tion lines shift to higher angles because of the smaller ion radii
of Mn at the valence state of 4+%) which we also observed. No-
tice that the OP4 phase begins to appear after extracting 0.39 mol
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Na* and persists until full charge, indicated by the characteristic
OP4 (004) peak at 17.5° in the structure.[®*]

The in situ XAS studies were performed using a modified ver-
sion of CR2032 coin cell where the cell allows X-ray penetration
via the Kapton window.!?") The XANES data was collected for the
K edge of Mn and Ru elements for the x = 0.4 Ru substitution
cathode active material during cycling. The XANES spectrums
were presented in Figure 7b,c. It is evident that both Mn and Ru
elements shifted toward higher energies during charging, indi-
cating the oxidation of the Mn and Ru transition metals. This fur-
ther advocates that these two elements contributed to the charge
capacities. A clear peak position difference in the spectra of the
Mn K-edge was observed between the XANES at OCV (6559.4 eV)
and the 4.3 V charged (6560.9 eV) electrodes in the cells. Ac-
cording to the reference data of Mn3**(Mn,0;) and Mn*f(MnO,),
the XANES peaks (Figure S13, Supporting Information) were ob-
served at 6558.8 and 6561.2 eV (showing an increase of 2.4 eV in
energy) for Mn** and Mn**, respectively. Therefore, it is clear
that the Mn** ions transform to Mn**ions, albeit slightly lower
oxidation state, during the charging process. The process is re-
versible as shown with the energy values in the XANES figure.
The orange color in both Figure 7b,c indicates that the data were
recorded during rest, i.e., OCV. During charging the peak is grad-
ually shifting higher energies and during the discharge the peak
is shifting even below the OCV line as shown with purple color.
The XANES peaks of Ru K-edge were given in Figure 7c and it is
seen that the peaks for OCV and 4.3 V were observed at 22 132.8
and 22 134.4 eV, (showing an increase of 1.6 eV in energy), re-
spectively. The reference XANES data of Ru metal, Ru** (RuCl?),
and Ru*" (RuO,) were presented in literature.[®] The XANES
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data for OCV corresponds to Ru** and the spectra of Ru K-edge
gradually shifted to higher energies due to the oxidation of Ru
ions from 4+ to 5+ as indicated in the literature.l%] It was pre-
viously calculated that the energy shifts values for SuRuO; and
Sr,GdRuO, were found as 1.5 eV stemming from the oxidation
of Ru from 4+ to 5+.[%! Similar energy change was also found
for our samples indicating oxidation state change from 4+ to
5+. Similar phenomena with respect to energy changes during
charge and discharge were also seen in Ru however this change
was much smaller than that of Mn. Because of this, we could not
see the shift of the Ru peak back and forth as clearly as Mn one.
To analyze the local structure around Mn and Ru ions in the x
= 0.4 Ru-substituted containing half-cell, the Fourier Transform
(FT) EXAFS maps from XAS data during galvanostatic measure-
ments were generated using the Athena program. The results are
displayed in Figure 7d,e as contour plots. The first and the sec-
ond peaks in the corresponding EXAFS data reveals the metal-
oxygen and metal-metal bonds, respectively. The bond lengths
were calculated using the Artemis program. The fitting results at
different cycles of the battery are plotted in Figure S14 (Support-
ing Information). The fitting parameters were optimized for each
case in detail as reported in the literature.[”] The P63/mmc sym-
metry was employed for the calculations, and the fitting of Mn
and Ru was performed using the first scattering path of the data.
The best-fit values of the structural parameters for OCV and 4.3
charged state are listed in Table S4 (Supporting Information). The
symbol Nrepresents the number of neighboring atoms, while the
St denotes the amplitude reduction factor, typically found within
the range of 0.7 < S < 1.0.1*) Additionally, the R (A) is the radial
distance to the neighboring atom, the 6% (A?) is the mean-square
disorder in R. The latter notion was named as Debye-Waller factor
which is related to the correlation of atomic motion in the struc-
ture and can give information on the vibrational dynamics of the
structure. This critical information can reveal the displacements
of atoms from their idealized positions.[®”] The symbol AE rep-
resents the energy difference between creating a photoelectron
with energy (E — E,) where E is the energy of the incident X-ray
that causes an atom to absorb, and E, is the energy of the core
electron that is destroyed. It should be noted that there could be
different bond lengths for TM-O and TM-TM in the structure.
According to Mn EXAFS data, the bond lengths of Mn-O, Mn—
Mn, and Mn—Ru were calculated as 1.94, 2.89, and 3.20 A, respec-
tively. This is expected because the repulsive force of Mn-Mn is
lower than that of Mn-Ru in the structure. It was found in the
literature that the Mn—O and Mn-Mn bond lengths for P2-type
NaMnO, were calculated as 1.907 and 2.898 A, respectively which
are close to the parameters we fitted at OCV.I®®! For the similar
substituted elements in the form of P2-NaMn, ,Fe,,0,, it was
found that the bond lengths were increased from 1.908 A (Mn-0)
and 2.901 A (Mn-Mn) to 1.998 A (Mn-0) and 2.905 (Mn-TM) by
Fe doping.[®] Since Fe and Ru are in the same column of the pe-
riodic table, we expected a similar outcome when doped into the
same cathode. When the Na-ions are left from the lattice during
the charging process, it is expected that Mn—O bonds decrease
since the Na-O interaction is almost canceled in the structure. As
for the bond lengths of the Mn—TM ions, it was observed that a
stable structure existed for the bond structure, yielding improved
stability of the lattice structure. Yabuuchi et. al. investigated the
bond length of Fe—O in P2-type Na, Fe, ;Mn, ;O, cathode and they
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found that the bond length of Fe-O at pristine state was changed
from 2 to 1.90 A when charged to 4.2 V.I] In contrast, the Ru—O
bond length was not affected during the charging and discharg-
ing process providing a more stable structure.

2.4. Full-Cell Test Results

The full cells are assembled by using x = 0.3 and 0.4 Ru-
substituted cathodes against commercial hard carbon anodes. We
used a pre-sodiation technique for the anodes in which the details
can be found in our previous papers.?*®! The cyclic voltamme-
try (CV) of the x = 0.3 and x = 0.4 Ru-substituted full cells is
presented in Figure 8a. It is observed that there are four different
redox peaks during the charging process, which were discussed
in the half-cell section, previously. The redox peaks observed in
the full cell also corroborate the data from the half-cell experi-
ments. Figure 8b,c shows the voltage-capacity graphs of the cath-
ode where x = 0.3 against hard carbon and the cathode where x
= 0.4 against hard carbon full cells at different discharge rates.
We utilized the following recipe for the cycle life assessment of
the full cells as seen in Figure 8d: C/10 rate for 1 cycle, C/3 rate
for 1 cycle, C/2 rate for 1 cycle, and 1C rate for 500 cycles. The
obtained capacity values were presented in Table S2 (Supporting
Information) and it is found that the first capacity for x =0.3 and
0.4 full cells were obtained as 116 and 136 mAh g~! and they were
decreased to 66 and 86 mAh g~! after 500 cycles, respectively.
The capacity retention values for 500 cycles were obtained as
57% and 67% for x = 0.3 and x = 0.4 full cells, respectively. Ob-
taining close to 70% capacity retention after 500 cycles at 100%
DOD in a sodium ion full cell is outstanding. It is evident from
Figure 8e that the cells containing cathode where x = 0.4 exhibits
better performance at 1C rate. However, high current rates can
lead to increased capacity loss for the cells containing cathode
where x = 0.4. We also evaluated the rate dependency of the cells
containing cathode where x = 0.3 and x = 0.4. The cell containing
the cathode where x = 0.4 exhibited better full-cell performance
compared to the cell containing the cathode where x = 0.3. Al-
though there is an impurity phase of Na, RuO, for x>0.4, it should
be noted that the capacitive contribution for x = 0.4 is higher than
that of x = 0.3, which could enhance the battery performance of
the cells. The EIS analysis of the full cells is given in Figure S15
(Supporting Information) and the fitting model is presented in
the inset of the Figure. In this study, the EIS, as illustrated in
Figure S15 (Supporting Information), revealing four distinctive
regions diverging from the EIS profile of the half-cell. The initial
region (I) exhibiting lower impedance corresponds to the ohmic
component, while the subsequent small semicircle (region II)
arises from the surface film resistance. Regions III and IV are
associated with the cathode and anode, respectively, and the final
linear segment at lower frequencies indicates mass transfer phe-
nomena within the cells.®] The corresponding fitting parame-
ters are tabulated in Table S3 (Supporting Information). Notably,
the stark contrast between the full-cell and half-cell EIS profiles
is attributed to differences in cell configuration. Interactions be-
tween the anode (hard carbon) and Ru-doped cathode give rise to
the processes like side reactions, shuttle effects, or alterations in
electrolyte composition, thereby affecting the impedance profile.
Moreover, in the full-cell setup, the kinetics of both anodic and

© 2024 The Author(s). Small published by Wiley-VCH GmbH

85UB01 SUOWWOD SAIIR.D 3(dedldde ay) Aq peusenob ke Sapie YO ‘8Sn Jo sejni o} Akeid1T8uljUQ 43I UO (SUONIPUOD-PUR-SLLIBYWOY"AS | IM Afe.q 1joulUO//SANY) SUORIPUOD pue SWIS 1 84} 88S *[202/2T/6T] Uo ARigiTauliuo A8|im ‘Akiqi [eiusD Aq ZEE90yZ0z: [IWS/200T OT/I0p/L0o™A8|im Areiqijeul|uo//sdny wouiy pepeojumod ‘0S ‘vZ0Z ‘6Z89ETIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

Juill

www.advancedsciencenews.com

www.small-journal.com

@

x=0.4/h_ar"d carbon

x=0.3/hard carbon

41

< St /10 c/0

Z o 934 cl5 c/5

o Foa Cr2 cr2

= o

8 S 1C

14 —x=0.3 2
—x=0.4 ANEA \ L
3 P 0 75 150 0 75 150
Voltage (V) Capacity (mAh/g) Capacity (mAh/g)
B Ch. forx=0.3 |1(e) = x=0.3
S ® Dch.forx=0.3 ||a, . » x=04
E150 ® Ch. for x=0.4 1a ‘A‘AAAA‘A AAAAA
< ® Dch.forx=04 || "2 *.....  tttasas,
£ -~ O "TEaa AAAAa o
~ -~ 54 o LA NN ] :
g - . ~| © ©° 5§ Q5
8 754 Cycling Protocol: 1 (@]
a 1- 2 cycle at C/10 N
S 2-2cycleat C/5
3-2cycle at C/2
0 4- 500 cycle at 1C

0 200 400
Cycle Number #

0 5 10 15 20 25 30
Cycle Number #

Figure 8. a) CV graphs, Voltage—capacity of Nagy g;Mn;,Ru, O, where b) x = 0.4 and c) x = 0.3, d) capacity-cycle number graphs up to 500 cycles and

e) C-rate data of the full-cells for x = 0.3 and x = 0.4.

cathodic reactions can influence the overall impedance response.
This can result in different profiles compared to the half-cell con-
figuration, where typically kinetics of only one of the electrodes
are a contributing factor. Moreover, differences in the geometry of
the full-cell and half-cell setups, including electrode dimensions,
shape, and inter-electrode spacing, can affect the distribution of
current and potential gradients within the cell. These geometric
differences can change the impedance response by modulating
the distribution of electrochemical processes and charge trans-
fer kinetics.[°"*] The initial region (R, in EQC) exhibiting lower
impedance corresponds to the ohmic component, while the sub-
sequent small semicircle (R, and Q, in EQC) arises from sur-
face film resistance. The impedance associated with the cathode
and anode corresponds to R,/Q, and R; /O, in EQC, respectively,
and the final linear segment at lower frequencies indicates mass
transfer phenomena within the cells. The corresponding fitting
parameters are detailed in Table S3 (Supporting Information).

3. Conclusion

We have investigated the role of Ru in enhancing the cycling ca-
pability of the Na, ;Mn, s, RuO, cathode active material. The de-
tailed XRD analysis along with the fitting results confirm that
when Ru doping is below x = 0.5, the Ru doping does not re-
veal any structural impurities. A change in the lattice volume as
a function of increasing Ru content is attributed to the different
ionic radii for different coordination and valance states of the ions
which was supported by the FTIR and Raman spectroscopy mea-
surements. Through in situ X-ray absorption spectroscopy (XAS)
and X-ray diffraction (XRD) studies, we have unraveled the role
of Ru in the lattice structure. Magnetization calculations revealed
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the presence of stronger Ru—O bonds and the stabilizing effect
of Ru-doping on MnO, octahedra within the structure. Density
of States (DOS) calculations showed that the bandgap of NMO
reduced by Ru doping leading to the enhancement of the elec-
tronic conductivity of the pure NMO cathode. The performance
of the full cell containing Na, ;;Mn, (Ru,,0,/ Hard Carbon de-
livered an outstanding battery performance where 67% capacity
retention was obtained after 500 cycles at 100% DOD.

4. Experimental Section

Na,O,, RuO,, and MnO, were used as the starting materials to syn-
thesize Nag g;Mn,_,Ru, O, where x varied between 0.05 and 0.5. The ini-
tial precursors were mixed using an agate mortar for ~2 h and pressed to
form the pellet under 5 tons of pressure. The Ru-substituted pellets were
annealed at 900 °C for 5 h in an ambient atmosphere and quenched us-
ing L-N,. After the annealing, the samples were kept in a glove box where
oxygen and moisture levels were under 5 ppm. X-ray diffraction analysis
was performed using a Malvern Panalytical EMPYREAN (3rd generation)
diffractometer, employing a CuK,, (4, = 1.5405 A). GSAS-II software was
used to analyze the structural parameters.l”®! Fourier transform infrared
(FTIR) data was collected using a Perkin ElImer Spectrum One spectropho-
tometer. The spectrophotometer was equipped with NRS-4500 Confocal
Raman Microscope with a 532 nm laser located at AYBU-MERLAB, Ankara,
Turkiye. Surface morphology and elemental mapping were analyzed us-
ing a Thermo Fisher Scientific Apreo Scanning Electron Microscope
(SEM) combined with an energy-dispersive X-ray (EDS) unit (Thermo
Scientific Ultra Dry Detector). Thermo Scientific K-Alpha system with a
monochromatic Al-Ka source was used for the XPS analysis located at
EMUM:-Izmir-Turkey (Detail can be found in ref. [71]

The CR2032 cells were fabricated using the blend of the active mate-
rial, Super-P carbon, and polyvinylidene fluoride (PVDF) (with a weight ra-
tio of 70:15:15) and were suspended with the proper amount of N-Metyl-
2-Pyrrolidone (NMP). The mixture was coated on Al foil using a doctor
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blade, and later kept in a vacuum furnace at 110 °C for 24 h for drying.
The electrodes were punched with 15 mm diameter discs. Na-foil and 1T m
NaClO, (PC/EC=50/50, w/w) were used as anode and electrolyte, respec-
tively, to assemble CR2032 half-cells. Cyclic voltammetry measurements
were conducted between 1.5 and 4.3 V with a scan rate of 0.1 mV s™.
Neware BTS4000 and Hefa-cycle BAT0OA battery analyzers were utilized
for charging and discharging the cells. The electrochemical impedance
spectroscopy (EIS) test was run from 0.1 mHz to 200 kHz using 10 mV AC
amplitude voltage. A full cell containing Ru-doped cathode against a hard
carbon anode was also assembled. The details of fabrication and electro-
chemical characterizations of the full cells are documented in the previ-
ous study.[%] To enhance the capacity of the cells, a pre-sodiation strategy
was employed, and the galvanostatic discharge—charge—discharge method
was used for the pre-sodiation process. Ru-substituted cathode and pre-
sodiated hard carbon (provided by Gelon Limited) were assembled in
CR2032 coin cells.

X-ray absorption near-edge (XANES) and extended x-ray absorption
fine structure (EXAFS) analysis were performed at XAS/XRF Beamline at
SESAME located in Allen, Jordan. The fluorescence mode of the beamline
was used to collect the XANES/EXAFS data at the Mn, and Ru K-edges at
room temperature. Mn and Ru foils were used for calibration and align-
ment purposes before the data collection. After the calibration and align-
ment, XAS measurements were recorded during cycling between a voltage
window of 1.5-4.3 V at a 30 mA g~ rate. Details of the cell design in this
study can be found in the previous study.!?%] Analysis of the XAS data was
performed by the Athena and Artemis program.[72]

A time-resolved X-ray Diffraction (TR-XRD) instrument was used for in
situ XRD measurements at the Korea Institute of Science and Technology
located in South Korea. The initial and final angles of the XRD were set to
10°-90°, and the data were collected at 180 s intervals for each scan during
the measurement. For the TOF-SIMS studies, an ION-TOF (Miinster) was
used, where the pressure of the analysis chamber was maintained below
2 x 102 mbar to produce an ultrahigh vacuum. All the detected secondary
ions of interest possessed negative polarity. A pulsed 30 keV Bi**-jon beam
was applied for the spectrum and depth profiling. For sputtering the cath-
ode material, a 3 keV Cs*-ion beam was used with a typical sputtered area
of 200 x 200 pum. Atomic-scale high-angle annular dark field transmission
electron microscope (HAADF-TEM) images, along with STEM and HR-
TEM images and SAED patterns were investigated by using an FEI Titan
TM 80—300 microscope at 300 kV.

Density functional theory (DFT) calculations were conducted using
the Vienna Ab initio Simulation Package (VASP) using projector aug-
mented wave (PAW) method.l”3-7¢] Spin-polarized generalized gradient
approximation (GGA) was employed with Perdew—Burke—Ernzerhof (PBE)
exchange-correlation functional with DFT+U correction.l’7.78] To account
for the Coulomb interaction between d-orbital electrons of transition met-
als, Hubbard U parameters of 4.95 and 5 eV for Mn and Ru atoms were
applied, respectively.”°l The electron configurations of Na (2p®3s'), Mn
(3p®4s23d1°), Ru (4p®5s524d'%) and O (2s%2p*) were treated as the va-
lence electrons. A conjugate gradient algorithm was used for ionic relax-
ation with a plane wave cutoff energy of 520 eV. For the electronic relax-
ation, Gaussian smearing with a width of 0.05 eV was used. The conver-
gence criteria for electronic and ionic relaxations were set to 10-5 eV and
0.03 eV A~ respectively. The Brillouin zone was sampled using an auto-
matic k-point mesh with a Gamma-centered grid of 2 X 4 x 2. The initial
structures of both Nag¢;5MnO, (NMO) and Nag¢;5MnggRuy 4O, (Ru-
NMO) are derived from Rietveld refinements of X-ray diffraction (XRD)
data. The supercell program is used to create supercells of 4 X 2 x 1
with varying Na content over a full range of 0 < Na, < 1 and to ad-
dress the partial occupancy of Mn/Ru in the crystal structure of Ru-
NMO.12 The electrostatic energies of the generated supercell are calcu-
lated using the Ewald summation method, as implemented in pymatgen
library.18182] The generated supercells of NMO and Ru-NMO are shown
in Figure S1 (Supporting Information). The formation energy was calcu-
lated using the below equation where E refers to the total energy of the
system.

AH = ENaXMm_yRuyOz -(1-x) EMn]_yRuVOZ _XENaMm_yRquz M
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