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ABSTRACT: P2–type layered sodium transition–metal oxides are promising high–energy 
cathodes for sodium–ion batteries but suffer from structural degradation and irreversible 
redox reaction particularly in the high–voltage region, resulting in rapid capacity fade. This 
study investigates how Cu substitution affects the structural evolution, redox mechanisms, 
and electrochemical performance of P2–type Na2/3Mn2/3Ni1/3–yCuyO2 (y = 0, 1/6, 1/3) cathodes 
for sodium–ion batteries. Cu substitution not only raises average voltage of the practically 
delivered capacity upon extended cycling, thereby increasing energy density, but also shifts 
the undesired high–voltage plateau, associated with irreversible Ni4+/Ni3+ and/or oxygen 
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redox, to potentials beyond the practical operating window. This enables the partially 
substituted Na2/3Mn2/3Ni1/6Cu1/6O2 to deliver 94.8 mAh g–1 at an average voltage of 3.45 V 
(320 Wh kg–1) with a 92% capacity retention after 100 cycles in half cells. Operando 
synchrotron X–ray diffraction reveals that this enhanced stability arises from a distinct phase 
evolution: while Na2/3Mn2/3Ni1/3O2 develops a P2 to O2 transition together with a loss of 
crystallinity in the form of stacking faults, the partial Cu–substituted sample forms a more 
reversible OP4 structure above 4.0 V with less pronounced interlayer–spacing changes. 
Operando X–ray absorption reveals sequential Ni2+ and Cu2+ oxidation to Ni3+ and Cu3+, 
respectively. Extend X–ray absorption fine structure (EXAFS) analysis, corroborated by density 
functional theory calculations (DFT), shows that in Na2/3Mn2/3Ni1/6Cu1/6O2 NiO6 and CuO6 
octahedra undergo almost–simultaneous opposite Jahn–Teller–distortion trends. This 
phenomenon reduces the effective overall Jahn–Teller–related lattice strain during 
(de)sodiation, compared to Na2/3Mn2/3Ni1/3O2 and Na2/3Mn2/3Cu1/3O2. Full–cell tests vs. hard 
carbon demonstrate the practical relevance, with Na2/3Mn2/3Ni1/6Cu1/6O2 retaining 80% of its 
initial energy after 310 cycles and 50% after 1130 cycles at 100 mA g–1, establishing partial Cu 
substitution as an effective route to stabilize high–voltage P2–type layered oxides for durable 
sodium–ion batteries.

1. Introduction
Sodium–based batteries have recently emerged as promising candidates to mitigate supply 
and cost risks associated with Li–based technologies. Compared with Li, Na is two or three 
orders of magnitude more abundant, more evenly distributed and one order of magnitude 
cheaper to produce, making Na–ion cells an attractive complementary option for large–scale 
energy storage.1 Among the diverse families of Na–ion cathode materials, layered oxides with 
general formula NaxMO2 (where M is a transition metal) have attracted the most attention, 
as they offer some of the highest practical capacities together with structural flexibility and 
tuneable electrochemical properties.2,3 As a consequence, layered oxides have been adopted 
as cathodes in most commercial Na–ion cells, underlining their practical relevance.4–7 

Sodium layered oxides are mainly classified as either P2– or O3–type structures according to 
the Delmas classification.8 Both structures are composed of alternating layers of sodium ions 
and edge–sharing MO6 octahedra, but they differ in the stacking arrangement of the oxygen 
layers and the coordination environment of sodium. In O3–type oxides, oxygen layers follow 
an ABCABC stacking, with sodium ions occupying octahedral sites, while in P2–type oxides the 
stacking is ABBA and sodium occupies prismatic sites. O3–type layered oxides are typically 
synthesised with near–stoichiometric sodium content (x ≈ 1). This enables them to achieve 
higher practical capacities than their P2 counterparts which can only be obtained in a Na–
deficient form (x ≈ 2/3). For this reason, O3 polymorphs have historically attracted more 
attention and appear in some of the first commercial Na–ion cells.9–11 Nevertheless, P2 
polymorphs should not be overlooked, as their lower accessible capacity is partially 
compensated by a higher average operating voltage.12,13 This trade–off is well illustrated by 
O3–NaMn0.5Ni0.5O2 (O3–NMN), which delivers 186 mAh g–1 at ≈ 3.0 V (558 Wh kg–1)14, 
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compared to 130 mAh g–1 at ≈ 3.4 V (442 Wh kg–1) for P2–Na2/3Mn2/3Ni1/3O2 (P2–NMN).15 In 
other words, although P2 reaches only ~70% of the gravimetric capacity of the O3 phase, its 
higher operating voltage allows it to retain around 80% of the energy density. In both 
compounds, the redox–inactive Mn4+ stabilizes the layered framework and allows Ni to reside 
initially as Ni2+, thereby enabling the full Ni2+  Ni3+  Ni4+ redox sequence. Layered oxide 
cathodes that exploit this Ni–based double redox are among the best–performing members 
of this family.16–18

Unfortunately, P2–Na2/3Mn2/3Ni1/3O2 shows limited cycle life, retaining only 52% of its 
capacity after 100 cycles, due to rapid structural degradation associated with the P2–O2 
transition near the end of charge, leading to steep volume changes and irreversible oxygen 
redox.15,19–22 While compositional tuning of O3–type Mn–Ni layered oxides has already 
yielded several formulations with improved cycling stability,23,24 an equally effective strategy 
to stabilise P2–Na2/3Mn2/3Ni1/3O2 at high voltage has yet to be established. To tackle this issue, 
various compositional–optimisation strategies in P2–Na2/3Mn2/3Ni1/3O2 and related 
compositions have explored substitutions of Mn and/or Ni by other transition metals.15,25 For 
example, Fe substitution involves a coupled cation exchange, where one Ni2+ and one Mn4+ 
are replaced by two Fe3+ ions. This shifts the redox activity towards the higher voltage due to 
the Fe4+/Fe3+ couple. Unfortunately, iron tends to migrate into tetrahedral sites, which leads 
to voltage hysteresis and sluggish Na+ kinetics, ultimately degrading electrochemical 
performance. 26 In contrast, Mg and Zn dopants can stabilize the structure by suppressing 
phase transitions, but their limited solubility allows only a few percent to be incorporated 
before impurity phases appear. Moreover, their redox inactivity further reduces the 
achievable specific capacity. 27–29 

In this context, Cu has gained attention because the Cu3+/Cu2+ redox couple voltage lies at a 
slightly higher potential than that of Ni3+/Ni2+.30 Besides, since Ni3+ and Cu2+ are both Jahn–
Teller active, their substitution are expected to affect not only the redox potential but also 
distortions of local octahedral coordination along with long range lattice strain, particularly 
at high voltage. Early work from Xu et al.31 demonstrated reversible Cu redox activity in P2–
Na0.68Mn0.66Cu0.34O2 with low polarisation, delivering ~74.5 mAh g–1 between 2.5–4.4 V. 
Follow–up studies showed that replacing Mn with Cu increased the average voltage (~3.6 V) 
and improved rate performance, although the overall capacity remained modest.32–35 Ni 
substitution by Cu in P2–Na2/3Mn2/3Ni1/3–yCuyO2 has shown that intermediate Cu content (y ≈ 
0.15–0.20) enhances cycling stability and reduces hysteresis without substantially reducing 
the capacity below 4.2 V.36,37 This has been attributed to a modification of the phase transition 
sequence near end of charge. Specifically, the P2–O2 transition found in the unsubstituted 
compound is replaced by a P2–OP4 phase transition. This OP4 phase features alternating O– 
and P–stacking, which minimizes volumetric changes and improves structural reversibility. 36–

38 Recent studies have highlighted the importance of transition–metal–oxygen bonding and 
its influence on interlayer stability and phase transition pathways in P2–type layered 
oxides.39,40
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Despite these advances, several key aspects of how Cu substitution modifies the redox 
behaviour and structural evolution of Ni–based P2–type layered oxides remain unresolved. In 
particular, it is not clear how Cu substitution modifies (i) the sequence and relative 
contributions of Ni and Cu redox processes, (ii) the competition between OP4 formation and 
O2–type stacking faults at high voltage, and (iii) the associated Jahn–Teller distortions and 
lattice strain that ultimately control capacity fading. To address these questions, the series 
P2–Na2/3Mn2/3Ni1/3–yCuyO2 (y = 0, 1/6, 1/3) was systematically investigated by combining 
electrochemical testing with operando synchrotron X–ray diffraction, operando X–ray 
absorption spectroscopy and density functional theory (DFT) calculations, with a particular 
focus on linking structural evolution to long–term cycling stability in both half–cell and full–
cell configurations.

2. Experimental methods
2.1. Synthesis

P2–Na2/3Mn2/3Ni1/3O2 (P2MnNi), P2–Na2/3Mn2/3Ni1/6Cu1/6O2 (P2MnNiCu) and P2–
Na2/3Mn2/3Cu1/3O2 (P2MnCu) materials were synthesized via a sol–gel method, adapted from 
the procedure reported by Wang et al.41 Stoichiometric amounts of manganese (II) acetate 
tetrahydrate (Sigma–Aldrich, 99%), nickel (II) acetate tetrahydrate (Sigma–Aldrich, 99.995%), 
copper (II) acetate monohydrate (Sigma–Aldrich, 98%), and sodium carbonate (Sigma–
Aldrich, 99.5%) were dissolved in deionized water. To account for sodium loss during high–
temperature treatment, a 20% molar excess of sodium carbonate was used. Then, citric acid 
(Sigma–Aldrich, 99%) was added as a chelating agent in a 1:1 molar ratio with the total metal 
cations. The solution was stirred and heated to 80 °C until gelation occurred. The resulting gel 
was dried in a muffle furnace at 200 °C overnight. The dried precursor was manually ground 
and subsequently ball–milled using a Pulverisette P7 planetary mill at 250 rpm for 4 hours, 
with a ball–to–powder mass ratio of 14:1. The homogenized powder was then placed in an 
alumina crucible and calcined at 900 °C for 12 hours under air, using a heating rate of 
3 °C/min. After cooling to 180 °C, the material was immediately transferred into an argon–
filled glovebox (O2 and H2O levels < 0.1 ppm). The final powder was re–ground before use. An 
approximate total of 3 g of material was obtained per batch.

2.2. Electrode casting, cell assembly and electrochemical characterization
The slurry preparation and cell assembly of the cathode materials (P2MnNi, P2MnNiCu and 
P2MnCu) were conducted entirely within an argon–filled glovebox (H2O and O2 
concentrations < 5 ppm). Polyvinylidene fluoride (PVDF, Solvay) and conductive carbon (super 
C65, Imerys) were dried under vacuum at 120 °C overnight before being transferred into the 
glovebox. Electrode slurries were prepared using a weight ratio of 80:10:10 (active 
material:C65:PVDF), mixed with 1–methyl–2–pyrrolidinone (NMP) using a magnetic stirrer. 
The slurry was then cast onto aluminium foil using the doctor blade technique to target a 
mass loading of 2–3 mg cm–2. The coated laminates were dried under vacuum at 80 °C 
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overnight, punched into 12 mm diameter electrodes, and then pressed at 2 tons for 1 minute. 
For comparison, NaNi1/3Fe1/3Mn1/3O2 (NMF111, Gelon) cathode electrodes were prepared 
following the same procedure except the active material ratio, which was 90:5:5 for active 
material:C65:PVDF. The hard carbon anodes (Kuranode™ type 1 hard carbon) were prepared 
following the same NMP–based slurry casting method as for the cathode, mixing the active 
material with conductive carbon (super C 45, Imerys) and PVDF binder at a ratio of 95:2:3.

Electrochemical half–cell tests were performed using three–electrode Swagelok–type cells. 
Sodium metal chips (AOT) served as both the counter and reference electrodes, while glass 
fibre grade D (Whatman) was used as separator. The electrolyte (E–lyte) consisted of 1 M 
NaPF6 dissolved in a 1:1 volume ratio of ethylene carbonate (EC) and propylene carbonate 
(PC). Galvanostatic cycling was carried out at room temperature on a Bio–Logic VMP3 
potentiostat, at a rate of C/10 (about 25 mA g–1). Full cell studies were conducted using 
CR2032 coin cells, with the same separator and electrolyte as for the half cells study. The 12 
mm positive and negative electrodes were prepared with areal loadings of ca. 0.7 mAh cm–2. 
The anode loading was adjusted to obtain an N/P ratio of 1.05, based on reversible capacities 
obtained at first cycle in half cells (see Figure 2 for P2MnNiCu and Figure S1 for the HC) 
oversizing the anode by 5%. Full-cell cycling was conducted by doing two initial formation 
cycles at 15 mA g–1 where the extracted capacity was limited to 106.3 mAh g-1 on the cathode 
side to match exactly the irreversible capacity of hard carbon on the first charge (330 mAh g-

1) followed by extended cycling at 100 mA g–1. All electrochemical measurements were 
obtained from independent cells under identical conditions. The reported cycling data 
correspond to the average values, and the variability between cells is indicated by shaded 
areas representing the standard deviation.

2.3. X–ray diffraction characterization
Lab scale X–ray diffraction (XRD) patterns were recorded using a Bruker D8 Discover 
diffractometer equipped with a monochromatic Cu Kα1 source (λ = 1.54056 Å) and a LynxEye–
XE 1D detector. The patterns were collected over a 2θ range of 10–80˚° with a step size of 
0.02˚  at 1 second per step. An airtight sample holder, sealed with Kapton foil and with a zero–
background monocrystalline silicon base, was used for all measurements. The XRD patterns 
were refined using the Rietveld method using the FullProf software suite.42,43 XRD patterns 
for structures containing stacking faults were simulated using FAULTS software.44,45 

2.4. Operando X–ray diffraction measurements
Operando synchrotron X–ray diffraction (SXRD) experiments were conducted on P2MnCu and 
P2MnNiCu at the BL04–MSPD beamline46 of the ALBA synchrotron (Barcelona, Spain), using a 
carousel stage, capable of sequentially measuring up to 8–coin cells.47 Coin cells with an 8 mm 
diameter glass window were used (KIT Campus Transfer). XRD patterns were recorded every 
10 minutes during galvanostatic cycling. The operando data was obtained in two different 
experiments; therefore, different wavelengths were used (λ = 0.8273 Å and λ = 0.4959 Å for 
P2MnCu and P2MnNiCu, respectively). The operando XRD patterns were refined using the 
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FullProfAPP program.48 The cells were mounted using the same components described in 
section 2.2. All electrochemical data were collected with a VSP–3e Bio–Logic potentiostat 
using EC–Lab software in constant current mode. Cells were cycled at a C/30 rate (8.3 mA g–

1) within a voltage window of 1.5–4.5 V versus Na+/Na. 

2.5. Joined operando X–ray diffraction and operando X–ray Absorption 
Spectroscopy measurements 

Operando XRD coupled with X–ray absorption spectroscopy (XAS) experiments were 
conducted at the BL16–NOTOS beamline49 (ALBA synchrotron, Barcelona, Spain) on P2MnNi 
and P2MnNiCu. A customized electrochemical cell developed at CIC energiGUNE was 
employed, 50 featuring a 2 mm aperture in the sodium–side current collector and a beryllium 
window integrated into the plunger to enable X–ray transmission during cycling. The 
electrochemical cells were prepared in similar conditions to those previously explained in 
section 2.2, but with a Whatman glass fibre grade QMA separator to avoid contamination 
effects in the XAS data acquisition. All electrochemical data were collected with a VSP–3e Bio–
Logic potentiostat using EC–Lab software in constant current mode. Cells were cycled at a 
C/30 rate (8.33 mA g–1) within a voltage window of 1.5–4.5 V versus Na+/Na. The absorption 
K–edges of Mn (6.5 keV), Ni (8.3 keV), and Cu (8.9 keV) were measured in transmission mode 
sequentially, and on the fly, alternating with XRD patterns at λ = 0.9533 Å. The operando XRD 
patterns were refined using the FullProfAPP program.48 The acquired XAS data were 
processed and analysed using Athena51 and MATLAB. The extensive XAS datasets were 
analysed with a chemometric approach, employed to reliably extract key information on 
oxidation states and local coordination of probed transition metals during cycling. 52

2.6. Computational methods
Superstructures containing various sodium–vacancy arrangements were generated using the 
Cluster Expansion and Statistical Mechanics (CASM)53 code in combination with Python 
Materials Genomics (Pymatgen)54 for each sodium content in P2–NaxMn2/3Ni1/3–yCuyO2 (x = 
2/3, 1/2, 1/3, 0). The supercells considered in these calculations consisted of eight formula 
units, allowing for a detailed investigation of sodium–vacancy interactions and their impact 
on the system's energetics. A large number of configurations were initially screened based on 
their Ewald energies, and the 20 lowest–energy sodium–vacancy orderings were selected for 
each different sodium concentration. 55 The distribution of transition metals (Mn, Ni, and Cu) 
was fixed in a periodic, ordered pattern representative of the target composition (see Figure 
S2 in Supporting Information). DFT 56,57 calculations were carried out using the Vienna Ab 
initio Simulation Package (VASP), 58 the Strongly Constrained and Appropriately Normed 
(SCAN)59 meta–Generalized Gradient Approximation (GGA) functional to assess the system's 
electronic structure and energetics. A plane–wave energy cutoff of 520 eV was used, ensuring 
accurate total energy calculations and good convergence. A Monkhorst–Pack k–point mesh 
of 4×4×4 was used to sample the Brillouin zone, with a Gamma–centred shift to improve 
accuracy. The force convergence criterion for ionic relaxation was set to 0.03 eV Å–1, ensuring 
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well–converged structures. Symmetrical constraints were turned off to allow complete 
relaxation. 

The phase stability was analysed through a convex hull, using energy references from P2–
Na2/3Mn2/3Ni1/3–yCuyO2 and P2–Na0Mn2/3Ni1/3–yCuyO2 (y = 0, 1/6, 1/3). The formation energy 
(∆Ef) of each composition was evaluated relative to these reference structures using the 
following equation:

∆𝐸𝑓 = 𝐸𝑁𝑎𝑥𝑀𝑛2/3𝑁𝑖1/3―𝑦𝐶𝑢𝑦𝑂2 ― x𝐸𝑃2
𝑁𝑎2/3𝑀𝑛2/3𝑁𝑖1/3―𝑦𝐶𝑢𝑦𝑂2

― (1 ― x)𝐸𝑃2
𝑁𝑎0𝑀𝑛2/3𝑁𝑖1/3―𝑦𝐶𝑢𝑦𝑂2

where the first term represents the total energy of the structure at x sodium content, while 
the second and third terms represent the total energy of the end members. A formation 
energy (∆Ef) less than or equal to zero indicates a thermodynamically stable composition, 
while a positive value suggests that the structure is metastable or unstable relative to 
decomposition into a mixture of the reference phases.

2.7. Electron microscopy
Scanning electron microscopy (SEM) images were acquired with a FEI QUANTA 200 FEG 
scanning electron microscope operated at a voltage of 30 kV, using a secondary electron 
Everhart–Thornley detector (ETD). Samples were prepared by depositing powder onto a 
carbon tape substrate affixed to an aluminium pin holder.

2.8. X–ray Raman scattering spectroscopy
Ex situ X–ray Raman scattering spectroscopy (XRS) data of P2–NaxMn2/3Ni1/3O2 at different 
sodiation states was acquired at the ID20 beamline at the ESRF. A dedicated sample holder 
was assembled inside an argon–filled glovebox to prevent air exposure. The holder design 
included an aluminium foil window, chosen over Kapton to minimize the background signal 
and improve spectral quality in the soft X–ray range. Prior to measurement, the sample 
environment was purged with nitrogen to eliminate residual air and moisture. Data was 
collected under the synchrotron’s 4–bunch mode, which offers reduced beam intensity and 
minimizes sample damage, albeit with longer acquisition times – typically around 6 hours per 
spectrum. Fluorescence from Mn was observed and carefully accounted for in the data 
processing. All measurements were collected at room temperature. To access different 
momentum transfer (q) regimes, spectra were recorded at multiple detector angles. Lower 
q–values were prioritized to enhance dipole transitions and reduce non–resonant 
background, while higher q configurations were avoided due to increased contributions from 
non–dipole transitions. This allowed reliable extraction of the Ni–L, Mn–L, and O–K edge 
features with bulk sensitivity, enabling detailed analysis of oxidation state changes and 
electronic structure evolution.

3. Results and discussion
The crystal structure of the synthesised P2–Na2/3Mn2/3Ni1/3–yCuyO2 (y = 0, 1/6, 1/3) 
compositions was examined by powder XRD (Figure 1a). All reflections can be indexed to the 
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hexagonal P6₃/mmc space group, confirming that all three compositions adopt the targeted 
P2–type layered structure. Minor additional reflections marked with asterisks correspond to 
CuO impurities in the Cu–containing samples, quantified as 0.7% (±0.1) for P2MnNiCu and 
2.1% (± 0.2) for P2MnCu according to the Rietveld refinements shown in Figure S3 and Tables 
S1–S3. The evolution of the a and c lattice parameters (right inset of Figure 1a) follows 
Vegard’s law: the cell parameters vary linearly with the Cu content, indicating the successful 
incorporation of Cu into the P2 structure despite the small amounts of CuO impurity. SEM 
images (Figure S4) show no significant differences in morphology or particle size between the 
three compositions. All samples consist of platelet–shaped primary particles with well–
defined hexagonal facets, typically 1–3 µm in lateral dimension and around 0.25–0.5 µm in 
thickness. Additionally, superstructure peaks are observed at Q = 1.91 Å–1 and Q = 2.00 Å–1 

(left inset of Figure 1a), corresponding to the (hkl) indices (1
6

2
3
0)H and (1

6
2
3
1)H, respectively. Note 

that the peak indexing is given in the hexagonal P63/mmc setting to facilitate comparison 
between compositions. These weak superstructure reflections are consistent with sodium–
vacancy ordering reported for related P2–type layered oxides 37,60 and are present in all three 
samples, irrespective of the Cu content. Their assignment and evolution will be discussed in 
more detail in the operando XRD section below.

 

Figure 1. (a) Powder XRD patterns of P2MnNi (black), P2MnNiCu (blue) and P2MnCu (green). The asterisks (*) 
show the main reflections of the CuO impurity peaks. The inset on the left is a zoom in Q = 1.8–2.1 Å–1 range and 
on the right the evolution of the lattice parameters vs. the Cu content, deduced from Rietveld refinements. (b–d) 
Zoom on the Q range 4.15–4.55 Å–1 for the Rietveld refinements of P2MnNi using (b) P63/mmc, (c) Cmcm and (d) 
C2/c space groups. Red dots represent the observed XRD data and black lines are the calculated diffraction 
patterns. The vertical green ticks mark Bragg peak positions of the refined phase. The full refinement is provided 
in Supplementary Information (Figures S5 and Tables S1, S4 and S5).

Although the diffraction patterns of all three compositions can be indexed in the hexagonal 
P6₃/mmc space group, a closer inspection of the diffraction patterns reveals subtle deviations 
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from ideal hexagonal symmetry for P2MnNi and P2MnCu, most clearly in the Q = 4.2–4.5 Å–1 
range (see Figure 1b for P2MnNi, full Rietveld refinements in Figure S5). Such peak splitting 
indicates that the actual symmetry is lower than hexagonal. Although this material is 
commonly reported to crystallise in the hexagonal P6₃/mmc space group, some authors have 
instead described related structures using larger hexagonal cells such as P6₃22 or P6₃ to 
account for possible transition–metal ordering.61 However, because Mn and Ni (or Mn and 
Cu) have very similar X–ray scattering factors, explicit in–plane superstructure ordering are 
challenging to evince reliably by XRD only. Additional studies have proposed that deviations 
from ideal hexagonal symmetry may arise from Mn–Ni cation ordering within the transition–
metal layers, which can break the in–plane symmetry. The loss of the perfect hexagonal 
metric in the ab plane has been modelled as an orthorhombic distortion (often referred to as 
P′2 variants), using C222161 or Cmcm34,62 space groups depending on whether explicit in–plane 
transition–metal ordering is considered or not, respectively. In our case, Rietveld refinements 
using the orthorhombic Cmcm model improve the fit relative to P6₃/mmc but the observed 
peak splitting is still not accurately reproduced (see Figure 1c and Table S4). 

An alternative explanation, inspired by lithium–rich layered oxides,63 is that the symmetry 
lowering originates from a small distortion of the β–angle rather than a strong in–plane strain. 
The structures of P2MnNi and P2MnCu were therefore refined in the monoclinic C2/c space 
group, following the approach of Dahn et al. (Figure 1d).64 The relation between the 
hexagonal and the monoclinic cells is shown in Figure S6. The C2/c space group gives the most 
accurate description of the diffraction pattern for both P2MnNi (Figure S5 and Table S5) and 
P2MnCu (Figure S7, Table S6), as the monoclinic symmetry accommodates the small β–angle 
deviation responsible for the weak peak splitting. Importantly, this average model does not 
reproduce the weak Na–vacancy superstructure reflections at Q ≈ 1.91 and 2.00 Å–1 (left inset 
of Figure 1a), which require an explicit Na–ordering supercell description.  Moreover, the fact 
that P2MnNi exhibits both Na–vacancy ordering and a monoclinic distortion, whereas 
P2MnNiCu exhibits even stronger Na–vacancy superstructure reflections yet retains 
hexagonal symmetry (P6₃/mmc space group, see Figure S3), indicates that Na ordering alone 
cannot explain the reduction in symmetry. Instead, the monoclinic distortion in the Ni–only 
phase likely reflects a significant contribution from Mn–Ni ordering within the transition–
metal layers, an effect that is suppressed or strongly weakened in the Mn–Ni–Cu system. 
Interestingly, this peak splitting is absent in the intermediate P2MnNiCu composition, which 
is satisfactorily modelled using the hexagonal P6₃/mmc unit cell. This apparent increase in 
symmetry is consistent with an enhanced intralayer transition–metal disorder, which seems 
to suppress the long–range transition metal ordering and cooperative Jahn–Teller distortions 
responsible for the monoclinic symmetry lowering in the end members.

The electrochemical performance of the different composition is evaluated starting from the 
voltage–capacity curve of P2MnNi, shown in Figure 2a, which exhibits the typical behaviour 
known for this compound.65,66 Two pronounced plateaus of equal length are observed below 
4.0 V, with a combined capacity of 83 mAh g–1, which are attributed to the Ni3+/Ni2+ redox 
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couple reaction. The presence of two plateaus for a single redox reaction is attributed to 
different sodium–vacancy ordering rearrangements.16,60 In the high voltage region above 4.0 
V (coloured in orange), another pronounced plateau is observed, leading to a total capacity 
of 138.7 mAh g–1 at end of charge. This plateau has been linked to the Ni4+/Ni3+ redox couple 
and to oxygen redox, and it is known to be partially irreversible, leading to structural 
destabilization over prolonged cycling. 67 

 
Figure 2. (a–c) Voltage profiles of the P2–Na2/3Mn2/3Ni1/3–yCuyO2 materials (y = 0, 1/6, 1/3) and (d–f) their 
corresponding dQ/dV curves at the 1st, 10th and 50th cycle. (g) Capacity retention plot in half cells for each material 
for 50 cycles. The materials have been cycled at 0.1C in the 2.0–4.2 V voltage window. The cycling data represent 
the average values obtained from independent cells, with the shaded area indicating the standard deviation.

The analysis of the mixed P2MnNiCu compound allows tracking how partial Cu substitution 
modifies the electrochemical response of P2MnNi. The voltage–capacity profile is much 
smoother than for P2MnNi (see Figure 2b) with an almost complete suppression of the 
voltage step that separates the two voltage plateaus in P2MnNi below 4 V. This is probably 
due to a decrease in cationic ordering induced by Cu substitution in the MO2 layers. Cu 
substitution also has a strong effect above 4 V where the voltage plateau observed in P2MnNi 
near 4.1 V disappears. This indicates that the high–voltage redox processes, likely involving 
Ni4+/3+ and/or oxygen redox, are either suppressed or shifted to higher voltages beyond the 
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operating window. Therefore, the overall initial capacity delivered below 4.2 V in P2MnNiCu 
is reduced (94.8 mAh g–1) compared to the P2MnNi composition (138.7 mAh g–1). 

Finally, it should be noted that the voltage–capacity profile of the fully Cu substituted 
compound (Figure 2c) resembles that of P2MnNi, also presenting a double plateau. This 
suggests that the transition–metal layer in P2MnCu also may exhibit intralayer transition 
metal ordering similar to P2MnNi. However, the high–voltage plateau that was observed in 
P2MnNi is not present in P2MnCu, as in the case of P2MnNiCu, resulting in significantly 
reduced charge capacity at 4.2 V (total capacity of 106.6 mAh g–1). Notably, the average 
voltage of the first two plateaus during discharge is highest in P2MnCu (3.60 V) compared to 
P2MnNiCu (3.45 V) and P2MnNi (3.36 V), indicating that Cu substitution gradually raises the 
cationic redox potential, clearly visible in the dQ/dV curves of Figure 2d–f. Moreover, the 
substitution suppresses the redox activity at high potential (see orange areas in Figure 2), 
impeding the oxidation of Cu3+ to Cu4+ and anionic oxygen redox participation. In short, Ni 
substitution by Cu raises the average voltage plateau observed below 4 V, suppresses the high 
voltage plateau and, in case of partial substitution, smoothens voltage plateau.

Figure 2g (and Table S7) presents the cyclability of the three different compositions. The 
mixed P2MnNiCu exhibits markedly enhanced capacity retention, maintaining 97% of its 
initial capacity after 50 cycles and still retains 92% after 100 cycles (Figure S8). Under the 
same conditions, P2MnNi retains only 52% of its initial capacity after 50 cycles and drops to 
37% after 100 cycles (Figure S8). Although P2MnNi initially delivers a higher capacity than 
P2MnNiCu, it rapidly declines within the first five cycles due to the disappearance of its high–
voltage plateau. The fully Cu substituted P2MnCu performs even worse since it reaches 41% 
of its initial capacity after 50 cycles. In this case, the rapid fading is accompanied by increasing 
voltage hysteresis, evidenced by the widening separation between charge and discharge 
peaks in the dQ/dV plots (Figure 2f). 

Expanding the voltage window to 4.5 V vs. Na+/Na (Figure 3) highlights further differences in 
electrochemical behaviour among the three compositions. P2MnNi delivers an initial charge 
capacity of 153.9 mAh g–1, featuring a slightly extended high–voltage plateau and the voltage 
jump near the end of charge indicates that the plateau is complete (orange area in Figure 3a 
and d). Interestingly, the capacity fading appears less abrupt in the extended voltage window 
(Figure 3g) compared to previously discussed limited voltage window (Figure 2f). The main 
loss of capacity with a cutoff voltage of 4.2 V arises from the proximity of the high voltage 
plateau to the cutoff voltage, making it very sensitive to any polarization build–up. As a result, 
when the voltage is limited to 4.2 V, this plateau only contributes for the first few cycles 
before being pushed outside of the defined voltage window by growing polarization. In 
contrast, increasing the cutoff voltage to 4.5 V allows the plateau to remain in the operating 
window for many more cycles as it accommodates the progressive polarization build up. 
Nevertheless, a gradual degradation is still observed at 4.5 V, and only about 64% of the initial 
capacity remains after 30 cycles. When P2MnNiCu material is cycled to higher voltages, a new 
high–voltage plateau emerges at  4.28 V (Figure 3b). By analogy with the P2MnNi 
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compound, this plateau can be attributed to Ni3+ oxidation to Ni4+ and possibly to the onset 
of oxygen redox, yet at higher voltage than in Ni–only (orange area in Figure 3e), clearly 
underlining Cu substitution effect of raising operating voltage. Compared to P2MnNi, the high 
voltage plateau of P2MnNiCu is shorter due to the reduced nickel content, yielding a total 
charge capacity of 138.7 mAh g–¹. As with P2MnNi, this plateau also fades after only a few 
cycles. Finally, the fully Cu substituted P2MnCu material exhibits an even smaller high voltage 
plateau when cycled up to 4.5 V, giving a discharge capacity comparable to that obtained with 
a cutoff voltage of 4.2 V. Moreover, this plateau is absent in discharge indicating a poor 
reversibility of the underlying process (orange area in Figure 3c and f).

  
Figure 3. (a–c) Voltage profiles of the P2–Na2/3Mn2/3Ni1/3–yCuyO2 materials (y = 0, 1/6, 1/3) and (d–f) their 
corresponding dQ/dV curves at the 1st and 25th cycle. The materials have been cycled at 0.1C in the 2.0–4.5 V 
voltage window. (g) Capacity retention plot in half cell for P2–Na2/3Mn2/3Ni1/3–yCuyO2 materials (y = 0, 1/6, 1/3) 
in the 2.0–4.5 V voltage window. The cycling data represent the average values obtained from independent cells, 
with the shaded area indicating the standard deviation.

This electrochemical experiment leads to two main conclusions. The first one is that, 
whenever a high–voltage plateau associated with the Ni4+/Ni3+ redox couple and/or oxygen 
redox is present, it tends to disappear upon cycling. Its underlying process can therefore be 
considered as a major source of capacity fading. The second observation is that partial 
substitution of Ni by Cu shifts this plateau to higher voltage and reduces its length, which 
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improves the capacity retention in P2MnNiCu compared with P2MnNi at both 4.2 V and 4.5 
V. For a fair comparison between samples, P2MnNi was cycled to 4.0 V hence excluding the 
high voltage plateau (see Figure S9). Interestingly, P2MnNiCu still shows better capacity 
retention and considerably improved energy density when cycled to 4.2 V (97%) than P2MnNi 
cycled at 4.0 V (92%) for the same number of cycles. Furthermore, P2MnCu has a poor 
capacity retention at 4.2 V even though no high voltage plateau is present. Taken together, 
these two observations suggest that a second, low voltage, degradation mechanism is 
occurring in parallel. A possible explanation could be related to the Jahn–Teller activity of the 
two redox species Ni3+ (moderate) and Cu2+ (strong), which induce local structural distortion, 
lattice strain and thereby structural fatigue upon cycling, which will be further discussed in 
the following.

To rationalise the electrochemical trends described above, including the rise in average 
voltage with Cu substitution, the evolution of the plateau length, and the contrasting cycling 
stabilities, DFT calculations were performed on the three compositions. The formation 
energies of different Na–vacancy configurations at different sodium contents were used to 
construct convex hulls from x = 2/3 to 0 and the corresponding voltage–composition curves 
(Figure 4a,b). These calculated voltage profiles reproduce the main experimental trends: 
increasing Cu content lowers the formation energies of intermediate Na compositions (Na0.5, 
Na0.33), deepening the convex hull and raising the average redox potential. This indicates that 
the transition metal substitution modifies phase stability and voltage profiles in P2–type 
oxides, in line with previous studies.68,69 The computed curves are in good agreement with 
the experimentally obtained voltage profiles, capturing both the M3+/M2+ redox activity below 
4.0 V for all three compositions and the higher–voltage Ni4+/Ni3+ redox processes 
experimentally observed for the Ni–containing materials. For P2MnCu, the calculations 
predict an additional high–voltage step (corresponding to Cu4+/Cu3+ redox process) located 
slightly above 4.5 V, which is consistent with the absence of a well–defined plateau in the 
electrochemical window investigated.
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Figure 4. (a) Calculated formation energies of P2 and O2 phases at different Na content (x = 0.67, 0.5, 0.33 and 
0) for each material plotted as convex hull. (b) Experimental electrochemical curves (solid lines) compared to the 
calculated voltage profiles (dotted lines) for each material. (c) Evolution of the Jahn–Teller elongation amplitude 
difference (ΔJT) as a function of Na content, extracted from the fully relaxed most stable DFT structures for each 
material. ΔJT quantifies the difference between long and short TM–O bonds within each octahedron, highlighting 
the onset or suppression of Jahn–Teller distortions across compositions.

Besides predicting electrochemical voltage profile, DFT modelling was also used to infer local 
structural evolution at distinct sodium content. Figure 4c plots the difference between the 
two highest transition metal–oxygen bonds and the four shortest ones, reflecting the degree 
of elongation of the octahedra due to the Jahn Teller distortion.70 The evolution of each 
individual bond length is plotted in Figure S10. The MnO6 octahedra remain essentially 
unchanged across the full Na–content range, with Mn–O distances consistently around 1.9 Å. 
This confirms that manganese is redox inactive as it is already in the +4 oxidation state in the 
fully sodiated phase and does not undergo further oxidation upon Na+ extraction. In contrast, 
the NiO6 and CuO6 octahedra show significant changes upon desodiation. In the pristine 
P2MnNi phase, the NiO6 octahedra are essentially regular (ΔJT ~ 0 from Figure 4c), with all 
the Ni–O distances clustered between 2.0 and 2.1 Å. Upon charging, ΔJT increases markedly, 
reflecting the onset of a Jahn–Teller distortion as Ni is oxidized to Ni3+. This distortion 
originates from the characteristic splitting of the Ni–O bond lengths: four bonds contract to 
~1.9 Å while two remain elongated near 2.1 Å, as shown in Figure S10a. The increase in ΔJT 
at lower Na content captures the growing amplitude of this octahedral distortion. The 
opposite behaviour is observed for CuO6 octahedra. Since Cu2+ is Jahn–Teller active, the 
pristine structure exhibits distorted CuO6 octahedra, which is reflected in Figure 4c as a large 
ΔJT value at Na = 0.67. In this state, four Cu–O distances lie around 1.9–2.0 Å while two bonds 
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are elongated to 2.2–2.3 Å (Figure S10c). Upon desodiation, these elongated bonds 
progressively shorten and the six Cu–O distances converge toward 1.9–2.0 Å, leading to a 
marked decrease in ΔJT at lower Na content. 

While the pure P2MnNi and P2MnCu structures individually undergo transitions between 
distorted and regular octahedra, the mixed P2MnNiCu compound distributes these structural 
strains more efficiently. The onset of NiO6 distortion coincides with the reduction of distortion 
in CuO6, keeping the overall number of distorted octahedra nearly constant. This fraction 
remain remains considerably lower (approx. 1/6 of all TM, Figure 4c and Figure S10b) than at 
the extreme points of the pure Cu (open–circuit voltage, OCV) and pure Ni (end of charge, 
EOC) analogues, where up to 1/3 of the transition metals sites are distorted. This balanced 
distortion–relaxation mechanism highlights a counterbalancing interplay between Ni and Cu 
environments, which likely contributes to the enhanced structural stability of the mixed–
metal phase during cycling below the high–voltage plateau. 

In order to analyse how the substitution of nickel by copper impacts the structural evolution 
of the materials during desodiation, operando SXRD experiments were carried out. Since the 
hexagonal and monoclinic phases share most of the peaks, and the hexagonal description is 
more commonly used in the literature, the operando SXRD peaks evolution is described in the 
context of a hexagonal unit cell. Focus is first set on the structural evolution before the high 
voltage plateau, i.e., until the voltage jump observed around 4.0 V in P2MnNi, and 4.1 V in 
P2MnNiCu and P2MnCu, which corresponds to x ≈ 1/3 (~80 mAh g–1) according to Figure 2. In 
this region, the SXRD patterns reveal a single–phase structural evolution for all three 
compounds (Figure 5, full Q range in Figure S11) with peak shifts and intensity changes that 
mirror reported behaviour of P2–type layered oxides. This agreement confirms that the 
structural response during Na extraction follows established trends in the literature. 66,71,72 
The (002) reflection shifts to lower angles, while the (100)H and (112)H peaks shift to higher 
angles (Figure S12), indicating an expansion along the c–axis due to reduced Na+ screening of 
the O–O electrostatic repulsion and a contraction along the ab plane because of transition 
metals oxidation.22,66 
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Figure 5. Contour plots of operando SXRD during the first charge and their corresponding lattice parameter 
evolutions for (a) P2MnNi, (b) P2MnNiCu and (c) P2MnCu as a function of capacity. Grey shading indicates the 
high–voltage transition region. OP4 was treated as two interlayers, allowing direct comparison with the P2 
parent. The complete operando SXRD contour plots over the full Q–range are provided in Figure S11.

P2MnNi and P2MnNiCu exhibit an overall comparable behaviour of constant peak shift, 
indicating a constant rate of change of the unit cell parameters, see Figure 5a–b. However, at 
the voltage jump observed around 50 mAh g–1 (corresponding to x ≈ 0.5) in P2MnNi, a small 
anomaly is observed in the evolution of the unit cell parameters. This is possibly related to 
Na–vacancy ordering. P2MnNiCu does not show a well–defined voltage jump near x = 0.5, nor 
any other discontinuity in its unit cell parameters evolution, probably a consequence of the 
lower transition metals ordering at the transition metal sites. P2MnCu on the other hand 
shows a very different behaviour. The (002)H peak is almost immobile until the first voltage 
jump corresponding to x ≈ 0.5, where it quickly shifts to lower angles, inducing a pronounced 
jump in the evolution of the unit cell parameters, see Figure 5c. A second plateau is observed 
from x = 0.5 to x = 1/3, corresponding to almost unvaried peaks and unit cell parameters, and 
a new jump is observed at the voltage jump observed near x = 1/3. The overall change of unit 
cell parameters is similar to the other two compounds, but the abrupt changes of unit cell 
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parameters near x = 0.5 and x = 1/3 are likely to induce strain, thus contributing to the poor 
cyclability of P2MnCu. This is consistent with the overall volume contraction observed for all 
three compositions in Figure 5. Part of these distinct structural changes can be related to the 
Jahn–Teller effect involving Ni3+ and Cu2+. Among the three compounds, P2MnCu exhibits the 
most pronounced distortions, consistent with Cu2+ being the strongest Jahn–Teller ion and 
present already at OCV. P2MnNi displays anomalies in its unit cell parameters, near x ≈ 0.5, 
when half of the Ni2+ ions are oxidized to Ni3+, which exerts only a mild Jahn–Teller effect. In 
contrast, P2MnNiCu shows a much smoother evolution of lattice parameters, reflecting the 
reduced fraction of distorted TM sites in the partially substituted composition (around 1/6 of 
all transition metals, compared to up to 1/3 in the pure Ni or Cu analogues). This lower 
absolute number of simultaneously distorted environments contributes to the more gradual 
structural response observed during charge.

To track the evolution of the superstructure reflections identified in the pristine materials—
namely the (1

6
2
3
0)H and (1

6
2
3
1)H peaks and their higher order analogues—and to get insight into 

the underlying ordering phenomena, the region of the diffraction patterns between the 
(002)H and the (004)H peaks (Figure 6a) was monitored for P2MnNi and P2MnNiCu (and Figure 
S13 for P2MnCu). At the beginning of charge (x ≈ 2/3), all three compounds display this same 
pair of superstructure reflections, indexed as (1

6
2
3
0)H and (1

6
2
3
1)H. As sodium is progressively 

extracted, these peaks disappear in all three materials, indicating that the corresponding 
ordered arrangement is destabilised upon desodiation, which supports their assignment to 
Na–vacancy ordering rather than static transition–metal ordering. Around 50 mAh g–1 (Nax ≈ 
0.5) a new set of superstructure reflections, indexed as (1

4
1
2
0)H and (1

4
1
2
1)H, appears in P2MnNi 

and P2MnNiCu. In P2MnCu, no clear superstructure reflections are observed at this Na 
content; instead, the high angle main Bragg peaks exhibit further shifts, splitting and shape 
changes, indicating a more complex structural response in this composition. This is probably 
related to the strong Jahn–Teller activity of Cu2+ ions. Finally, at higher degrees of desodiation 
(i.e., x ≈ 1/3), another ordering pattern appears, with new superstructural peaks indexed as (1

3
1
3

1
3
)H and (1

3
1
3

2
3
)H. These reflections are clearly visible for P2MnNiCu and to lesser degree, for 

P2MnCu, while for P2MnNi they are undetectable. Altogether, the appearance of distinct 
commensurate superstructure reflections at specific Na contents, while the transition–metal 
sublattice remains structurally intact (though progressively oxidizing), is characteristic of Na–
vacancy ordering in P2–type layered oxides.16,73 The salient differences between the three 
compositions—especially the suppressed (1

4
1
2
𝑙)H ordering and the more complex evolution of 

the main Bragg reflections in P2MnCu—likely reflect the influence of their distinct local 
distortion patterns and Jahn–Teller activity, as suggested by the DFT analysis.
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Figure 6. Operando SXRD pattern evolution during the first charge for (a) P2MnNi and (b) P2MnNiCu. + markers 
indicate peak positions of Na metal arising from the cell stack. 

The study of the evolution of the SXRD patterns collected upon desodiation beyond the 
voltage jump that marks the onset of the high voltage plateau expected at x ≈ 1/3 is presented 
in Figure 7. P2MnNi undergoes an abrupt loss of crystallinity from x = 0.33 to x = 0.28, denoted 
by the (10l)H peak family (i.e., (102)H or (106)H) abruptly broadening while the (h00)H, (hk0)H, 
and (00l)H reflections remain unchanged. This asymmetric broadening is the typical signature 
of stacking faults, consisting in O interlayers randomly spreading into the P2 structure (see 
Figure S14 and Table S8–S9 for more details). This indicates that P2MnNi presents near x ≈ 
1/3 a second order transition from a well–defined P2 structure to a P2 structure containing a 
high density of O–type stacking faults. FAULTS simulations indicate that the fraction of 
stacking faults reaches approximately 10% (Figure 7). Additionally, new weak reflections also 
appear at 1.41 and 4.64 Å–1 (see Figure 6 and Figure S12), corresponding to the (002)O2 and 
(112)O2 peaks. These features indicate the apparition of O2–phase domains, suggesting a 
first–order transition from P2 to O2, in agreement with previous studies on similar layered 
oxide systems.71,74,75 Both O–type stacking faults and the O2 phase are formed through gliding 
of the transition–metal–oxides layers, which coincides with an interlayer distance reduction 
(see lattice parameter c in Figure 5a). These transitions can induce strains, potentially 
affecting the material’s long–term structural stability upon cycling. 73,76 A possible explanation 
for the coexistence of O–type stacking faults and domains of O2 phase is that the stacking 
faults are a way for the system to mitigate the strains that would be induced by the 
coexistence of well–developed P2 and O2 phases. 

For P2MnNiCu, the (10l)H peak family of the P2 phase are also broadened after the voltage 
jump near x ≈ 1/3, indicating the apparition of O–type stacking faults into the P2 phase 
similarly to P2MnNi, and new peaks are also observed indicating the nucleation of domains 
of a new long range ordered phase. However, in the case of P2MnNiCu, this new phase is the 
OP4 phase, as demonstrated by the FAULTS simulation in Figure 7b. This OP4 structure 
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alternates ordered stacking of prismatic (P–type) and octahedral (O–type) interlayers (see 
Figure S14). While Yang et al. 36 and Wang et al. 41 reported no clear phase formation in this 
voltage range, our findings align with Kubota et al.’s work. 38 The emergence of the OP4 phase 
instead of an O2 phase helps explain the improved cyclability of this material at high voltage, 
as the coexistence of P and O layers mitigates the abrupt contraction of the interlayer distance 
typically associated with the P2 to O2 transition, accommodating structural strain during deep 
desodiation (see lattice parameter c in Figure 5b).38,71,77,78 It is possible that the formation of 
an OP4 phase instead of the O2 one observed for P2MnNi is related to the difference in Jahn–
Teller activity evolution upon desodiation as well as the lower transition metals ordering due 
to presence of three transition metals in P2MnNiCu. 

During discharge (resodiation), superstructure peaks reappear for both P2MnNi and 
P2MnNiCu at x ≈ 0.5, consistent with the behaviour observed during charge and confirming 
the reversibility of Na–vacancy ordering in these compounds (see Figure S15). At the end of 
discharge, the SXRD patterns of P2MnNi and P2MnNiCu closely resemble their OCV states: 
the main Bragg reflections return to their original positions, peak shapes and intensities are 
recovered, and no residual splitting or broadening is observed (Figure S16a–b). In contrast, 
P2MnCu shows no detectable superstructure reflections at x ≈ 0.5 (like during charge), and 
its SRXD pattern at the end–of–discharge differs slightly from the OCV one (see Figure S16c). 
These discontinuous changes, combined with abrupt lattice shifts near x ≈ 0.5 and x ≈ 1/3 
observed in Figure 5, suggest residual strain and disorder, consistent with the poor cyclability 
of P2MnCu.

Figure 7. Comparison between simulated XRD patterns (with FAULTS) and selected SRXD patterns for (a) P2MnNi 
and (b) P2MnNiCu materials. In panel (a), the red and black curves correspond to simulations of a P2 phase with 
10% and 0% stacking faults respectively, while the blue curves represent experimental SRXD patterns from 
operando data for compositions at x = 0.33 and x = 0.28. In panel (b), the red curve is the simulation of an ideal 
OP4, and the black curve is the simulated ideal P2 phase. The blue curves are the experimental SRXD patterns of 
operando data for compositions at x = 0.39 and x = 0.31. Characteristic reflections (100H, 101H, 102H, 103H, 104H, 
006H, 106H, 110H/008H, 112H) highlight the influence of stacking faults and phase transitions on structural 
evolution.
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Building on the structural and electrochemical insights from operando SXRD, the analysis now 
turns to operando XAS, focusing first on the X–ray absorption near edge spectroscopy (XANES) 
region and subsequently on EXAFS. Together, XANES and EXAFS enable the simultaneous 
study of both redox and local structural evolution. Figure 8 shows the average position of the 
Ni K–edge for P2MnNi, allowing direct comparison with the operando XANES data of 
P2MnNiCu and highlighting how each transition metal contributes to the electrochemical 
mechanism with and without copper. The full evolution of the Ni edge for P2MnNi is shown 
as a contour plot in Figure S17a. The operando XAS reveals a continuous shift of the Ni K–
edge to higher absorption energies throughout charge up to 4.0 V, reflecting the oxidation of 
Ni2+ to Ni3+ (Figure 8a,c). This redox process accounts for the capacity delivered up to ~83 mAh 
g–1 (corresponding to the extraction of ~0.3 Na+ per formula unit) and is consistent with 
previous reports.20,21 In contrast, the Mn K–edge position remains essentially unchanged, 

confirming that Mn is redox inactive in this voltage range (Figure S18), as reported in the 
literature.18 Ex situ XRS measurements of OCV vs EOC samples confirm these findings, where 
the Ni L–edge displays a clear shift to higher energies upon charge while Mn L–edge position 
remains unchanged, reflecting the absence of Mn oxidation (Figure S19a–b, respectively). 
Above ~4.0 V, the Ni K–edge shows minimal additional edge shift (Figure 8c) indicating the 
waning of Ni redox activity, a behaviour aligned with literature on similar compositions.20 
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Figure 8. Operando XAS Ni and Cu K–edge analysis of P2MnNi and P2MnNiCu during charge. (a,b) Voltage 
profiles vs. Na+/Na, (c,d) their corresponding evolution of Ni and Cu K–edges and (e,f) the evolution of their 
Debye–Waller factors σ² for the Ni–O and Cu–O coordination shells, as function of capacity. 

In contrast, P2MnNiCu exhibits a sequential redox behaviour involving both Ni and Cu. 
Specifically, the Ni K–edge position in P2MnNiCu shows a steep shift within a narrower 
voltage window, with the most significant modification occurring at the early stages of sodium 
deintercalation. This sharper response is likely due to the reduced Ni content (1/6 vs. 1/3), 
resulting in earlier fully oxidized state of Ni during the charge. As the Ni K–edge evolution 
slows down, the Cu K–edge begins to shift around 3.45 V, with a noticeable increase in rate 
of change, suggesting that Cu becomes the dominant redox–active species at higher voltages 
(Figure 8b,d). While the Cu K–edge shift is less pronounced than expected considering its 
contribution to capacity, this can be attributed to the strong Jahn–Teller distortion of the Cu2+ 
(3d9) centres, which modifies their ligand symmetry and ultimately the corresponding 
absorption edge position and shape.34,79 Although this distortion introduces uncertainty in 
the precise determination of the Cu oxidation state by XANES, the redox activity of the 
Cu3+/Cu2+ redox couple is salient. This sequential redox activity is at the origin of the distinct 
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redox potentials of Ni and Cu, giving rise to two separate oxidation peaks in the 
electrochemical profiles. Therefore, these XAS results confirm the assignment of the dQ/dV 
peaks in Ni3+/Ni2+ and Cu3+/Cu2+ redox couples at 3.25 and 3.94 V, respectively (Figure 2e). 

In addition to the oxidation state information obtained from XANES, operando EXAFS provides 
complementary insight into the evolution of the local transition–metal coordination 
environment during desodiation. The degree of distortion of the first–shell TM–O 
environment is quantified in Figure 8e,f through the Debye–Waller factor (σ2) extracted from 
EXAFS fitting. The underlying data are shown in the supplementary figures: contour plots of 
the EXAFS magnitude (Figure S20) give a qualitative view of the evolution of the TM–O region 
during charge, while the fitted spectra and parameters (Figures S21–S22, Tables S10–S12) 
provide the quantitative basis for the σ2 trends. Higher values correspond to increased local 
disorder, i.e., a more distorted octahedra, whereas lower values indicate a more regular 
octahedra with equidistant bond distances.

In P2MnNi, the σ2 value for Ni–O increases steadily with capacity (Figure 8e), indicating 
growing local distortions as Ni3+ accumulates, consistent with the Jahn–Teller activity of the 
3d7 configuration. In P2MnNiCu, the initial σ2 value is larger than in P2MnNi due to the higher 
entropy induced by the presence of 3 different transition metals. Like for P2MnNi, the σ2 for 
the Ni–O shell increases upon charge (Figure 8f). In contrast, the σ2 of the Cu–O shell 
decreases, and the CuO6 octahedra becomes progressively more ordered as Cu participates 
in redox. This reciprocal evolution is visually observed in the EXAFS contour plots (Figures 
S20), with a decrease in Ni–O shell intensity and a concomitant increase in Cu–O shell intensity 
with increasing capacity. This experimental trend mirrors the theoretical observations found 
by DFT, confirming that Cu participation alleviates/counterbalances the Ni3+–driven Jahn–
Teller distortion, supporting a strain–compensation mechanism that underpins the smoother 
structural response and improved cycling stability of P2MnNiCu.

 

Figure 9. (a) Comparison of long cycling performances of P2MnNiCu vs NMF111 commercial materials in full cell 
at 100 mA g–1. The inset shows the formation cycles of P2MnNiCu material in full cell with hard carbon anode 
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cycled between 1.0 – 4.3 V at 15 mA g–1. (b) Comparison of the average discharge voltage of P2MnNiCu vs. 
NMF111 commercial materials in full cell.

Having demonstrated excellent cyclability of the P2MnNiCu cathode in half–cell tests across 
both moderate and high voltage windows (Figure 2g and Figure 3g), P2MnNiCu was evaluated 
in full–cell configuration. This allows the assessment of its energy density and long–term 
stability under a more realistic scenario. The inset of Figure 9a displays the electrochemical 
cycling curve of the P2MnNiCu material in a full cell configuration with a hard carbon anode 
during first 2 electrochemical cycles. The cell was cycled between 1.0 and 4.3 V at 100 mA g–

1, with two initial formation cycles at 15 mA g–1. During the first cycle, the cathode delivered 
a reversible capacity of 92.9 mAh g–1 with an average discharge voltage of 3.48 V and an ICE 
of 86%. The charge–discharge profiles display smooth and reversible voltage curves with 
minimal polarization, suggesting efficient electrochemical kinetics. The initial energy of the 
studied material is 309 Wh kg–1 at 15 mA g–1 and 262 Wh kg–1 at 100 mA g–1, of which 80% is 
retained after 310 cycles and nearly 50% is still maintained after 1400 cycles (see Figure S23). 
Figure 9a shows the discharge energy evolution of the P2MnNiCu material over long–term 
cycling, compared to the commercial material O3–phase NMF111 cycled under two different 
voltage windows. At 100 mA g–1 and within restricted voltage window (1.0–4.0 V) NMF111 
maintains 80% of the initial capacity at cycle 157. In contrast, when the operating voltage is 
comparable to the one used for P2MnNiCu (1.0–4.3 V) the NMF111 full cell shows a fast 
capacity decay. Consequently, the P2MnNiCu full cell energy density matches that of NMF111 
near cycle 200, demonstrating an overall superior performance. Moreover, P2MnNiCu 
maintains both energy and voltage more effectively (Figure 9b). Note that there is a slight 
increase in the average discharge voltage upon cycling. The half-cell voltage profiles and 
dQ/dV curves remain essentially unchanged apart from a small polarization-induced decrease 
in average discharge voltage (Figure S24), meaning that this increase does not originate from 
the cathode. Instead, this effect arises from the hard-carbon anode. As the hard-carbon 
potential profile is composed of a sloping region and a low-potential plateau, the gradual 
upward shift in full-cell voltage is attributed to a progressive redistribution of Na storage 
toward the lower-potential plateau region during cycling. This lowers the anode potential 
versus Na+/Na and, consequently, increases the measured full-cell discharge voltage. This 
highlights that the P2 phases, and especially those with partial Cu substitution, should not be 
overlooked as a serious contender to the O3 phases.

4. Conclusions
This work elucidates how partial Cu substitution in the P2–Na2/3Mn2/3Ni1/3–yCuyO2 series (y = 
0, 1/6, 1/3) impacts both the redox and the structural mechanism that ultimately control 
cyclability. The combined results of electrochemical testing, operando SXRD and XAS, as well 
as DFT calculations show that the Ni–rich end member (y = 0), which delivers the highest initial 
capacity, undergoes a high–voltage transformation encompassing a high density of O–type 
stacking faults and O2 phase nucleation, leading to strong lattice strains and rapid capacity 
fading. In contrast, the intermediate Cu content (y = 1/6) redirects the high–voltage pathway. 

Page 23 of 32 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/9
/2

02
6 

2:
06

:0
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6TA00930A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ta00930a


24

While some stacking faults are still present, the dominant transformation at deep desodiation 
is the formation of a reversible OP4 phase, viewed as an alternate intergrowth of P– and O–
type interlayers. This OP4 route diminishes the abrupt c–axis contraction and structural 
damage associated with the P2 to O2 transition, and results in much improved capacity 
retention. XAS confirms sequential Ni2+  Ni3+ and Cu2+  Cu3+ oxidation, and the 
combination of DFT and EXAFS analysis of the TM–O bond distance reveals that in the mixed 
Ni/Cu composition the Jahn–Teller distortion of Ni3+ builds up as the initially strong distortion 
of Cu2+ is progressively relieved upon oxidation, keeping the overall population of distorted 
octahedra nearly constant. This counterbalancing supports a strain–compensation 
mechanism in which coupled Ni and Cu redox smooth the local structural response at high 
voltage. In contrast, the Cu–rich end member (y = 1/3) suffers from pronounced structural 
discontinuities near x ≈ 0.5 and x ≈ 1/3 despite similar overall change in lattice parameters, 
likely driven by strong Cu2+ Jahn–Teller effect and resulting in poor cycling stability. Using an 
intermediate Cu content (y = 1/6) gives a balance between accessible redox capacity and 
controlled high voltage stacking evolution. Tests in full cell configuration vs. hard carbon 
anodes show good stability, with ~80% of the initial capacity retained after 310 cycles at 100 
mA g⁻¹. More broadly, these results highlight that carefully tuning the Ni/Cu ratio can balance 
the competing distortions and steer the P2 host toward a reversible OP4 pathway rather than 
a damaging P2 to O2 transition, providing a concrete design strategy for high–energy, long–
life Na–ion cathodes.
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