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ABSTRACT

Layered transition metal oxides represent attractive cathode candidates for potassium-ion batteries (PIBs), due to their high
theoretical specific capacity. However, sluggish K* diffusion and structural instability, stemming from the inherent K*/vacancy
ordered structure, lead to poor rate performance and cycling stability. Herein, a charge-ion coupling engineering strategy, wherein
transition-metal electronic structure is tuned to modulate interlayer K*/vacancy configurations, is initially pioneered. Specifically,
a K*/vacancy-disordered P3-type structure is constructed via targeted transition metal (TM) doping in Mn/Co-based layered
oxides. Exploiting the identical valence of Ti** and Mn** coupled with their divergent redox potential, the doping sites suppress
charge ordering within TM slabs through modulating charge delocalization, thereby inducing interlayer K*/vacancy disordering.
The K*/vacancy disordered K,sMn,3Co,,Ti,;0, delivers long-term stability with 58.6 mAh g over 800 cycles at 1 A g~! and
remarkable rate capability of 61.7 mAh g at 2 A g%, facilitating a highly reversible single-phase solid-solution reaction in
KysMn,3Co,; Tiy;0, and enhancing the structural stability during K* extraction/insertion. Meanwhile, molecular dynamics
simulations demonstrate that the K*/vacancy disordered structure contains interconnected channels enabling continuous and
rapid K* diffusion. This work establishes a cation substitution strategy for manipulating K*/vacancy order-disorder to develop
high-performance, kinetically robust cathode materials for next-generation PIBs.

1 | Introduction cathode development in PIBs still lags behind that of other
secondary battery technologies, largely due to the stringent
Potassium-ion batteries (PIBs) have emerged as promising next- structural constraints imposed by the large ionic radius of K*

generation energy storage systems owing to the geological 1.38 A) [5-8]. Among various candidates, layered transition
abundance of potassium and the favorable redox potential of ~ metal oxides (K,TMO,; TM = Mn, Co, Ni, Fe, etc., or their
K*/K (-2.936 V vs. Standard Hydrogen Electrode) [1-4]. However, ~ combinations) stand out, offering competitive theoretical specific
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capacities, suitable operating voltage, and facile synthesis routes
[9-11]. Nevertheless, current implementations suffer from low
ion diffusion coefficients and irreversible phase transformations,
resulting in poor rate capability and rapid capacity fading, thereby
calling for innovative structural engineering strategies to realize
their full potential [12, 13].

Due to its large ionic radius, K* cannot fully occupy interlayer
sites in layered transition metal oxides, resulting in intrinsic
K* vacancies [14, 15]. Two structural archetypes arise depend-
ing on spatial distribution: K*/vacancy ordered configurations
with periodic atomic arrangements and K*/vacancy disordered
structures with stochastic site occupancy. The K*/vacancy
ordered architectures manifest electrochemically as discrete
voltage plateaus during K* de-intercalation/intercalation and
multiple redox peaks in cyclic voltammetry (CV), indicative
of stepwise phase transitions [16, 17]. This phenomenon has
been widely documented in compounds, such as K,sMnO,
[17], Ko.4Lig;Feg;Mng 30, [18], Ko 6Mny75Nig ,3Nbg 0,0, [19] and
K,,Mns;sMg,1,Ni; 1,0, [20]. Although these features are com-
monly attributed to K*/vacancy ordering, their mechanistic
origins remain underexplored and unclear. Thermodynami-
cally, K*/vacancy ordering can stabilize low-energy intermedi-
ate superstructures; consequently, K (de)intercalation proceeds
through successive first-order transitions with two-phase coex-
istence, which manifests as staircase-like voltage plateaus and
multiple CV redox peaks. Mechanistically, structural rearrange-
ment of the ordered structures during K* extraction/insertion
induces irreversible phase transformations that progressively
degrade the host layered framework [21]. Moreover, the ordered
configuration elevates local migration barriers through site-
specific energy redistribution, impeding ionic transport kinetics
[22, 23]. Strategic disruption of these ordering arrangements to
establish K*/vacancy disordered structure offers a promising
route to enhance structural resilience and kinetic performance.

Layered transition metal oxides display two interrelated order-
disorder phenomena: (i) Transition metal (TM) charge ordering-
disordering, governed by redox potential differences among TM
ions—large disparities promote charge localization, whereas
small differences stabilize ordered configurations [24]. (ii) Inter-
layer K*/vacancy ordering-disordering, which evolves through
the coupling of intralayer electrostatic repulsion—determined
by K* stoichiometry and spatial occupancy—and TM charge
ordering-disordering, as electronic correlations reshape the K*
site-energy landscape [25, 26]. Notably, TM charge ordering
imposes crystallographic symmetry that templates K*/vacancy
periodicity, while TM charge disordering reduces interlayer
electrostatic anisotropy, favoring randomized K*/vacancy dis-
tributions [27]. Strategic engineering of order-disorder tran-
sitions can be achieved primarily through two approaches
(Figure 1): (a) Precise stoichiometric control of K* content
to disrupt long-range electrostatic correlations and drive topo-
logical reconstruction toward disordered phases [28]; (b) Tar-
geted TM doping to introduce redox-mismatched pairs, thereby
destabilizing charge order and indirectly inducing K*/vacancy
disorder through electronic structure modulation [27]. These
two approaches constitute mechanistically distinct yet cou-
pled pathways: (i) a stoichiometry-tuning route (via K-content
control) and (ii) a charge-ion coupling regulation route (via
TM electronic-structure and charge order modulation). Our

systematic stoichiometric engineering of potassium content in
manganese-nickel layered oxides (K,Mn, ;Ni;;0,, 0.4 < x < 0.7)
achieves controllable order-disorder transitions in K*/vacancy
configurations, with progressive potassium enrichment driving
a continuous structural evolution from ordering to disordering
[28]. Electrochemical evaluation reveals that the K*/vacancy
disordered K,,;Mn,,Ni,;0, cathode exhibits exceptional potas-
sium storage properties, establishing the first experimental
paradigm for manipulating K*/vacancy order-disorder transition
in layered cathode materials through thermodynamic-guided
compositional design.

Despite exploratory efforts to understand K*/vacancy order-
disorder configurations in layered oxide cathodes, fundamental
mechanistic insights remain limited. Herein, a charge-ion cou-
pling engineering strategy is pioneered, in which modulation of
the transition-metal electronic structure governs the interlayer
K*/vacancy configuration. Distinct from stoichiometry-driven
tuning that relies on varying K content, charge-ion coupling
regulation at a fixed K stoichiometry offers a complementary
design lever for stabilizing K*/vacancy disordering. Within
the charge-ion coupling, suppressed charge ordering in the
TMO, slabs, while avoiding appreciable TM cation ordering,
is conducive to stabilizing a K*/vacancy disordered structure.
Such conditions can be realized via ionic-radius compatible
substitutions, together with a substantial redox potential (Fermi
level) contrast, thereby homogenizing the interlayer K-site
energy landscape. To elucidate the correlation between order-
to-disorder structural transformation and electrochemical charge
storage performance in PIBs, a Mn/Co-based layered oxide
(KysMn, ,Co,;0,) as a model system was employed. This Co-lean
composition provides a kinetically robust and structurally stable
layered framework, and this design concept can be extended to
lower-Co or Co-free layered oxides in future studies. Leveraging
the same valence nature and comparable ionic radii of Ti*"
(0.605 A) and Mn** (0.530 A) paired with their divergent redox
potential (AE > 1.0 V), we implemented Ti** substitution at
Mn** sites. This substitution effect mitigates charge ordering
in TMO, slabs through localized electron correlation modu-
lation, thereby inducing K*/vacancy disordering in potassium
layers. Ti substitution has been widely investigated in layered
Na oxides to modulate transition-metal charge ordering and
the coupled Na*/vacancy ordering [27, 29, 30]. However, it
is still a mystery in K-based systems because the larger K*
(ionic radius: 1.38 A vs Nat: 1.02 A) imposes more stringent
geometric and electrostatic constraints in layered K,TMO,. Con-
sequently, K*/vacancy ordering may couple more strongly with
structural evolution and electrochemical degradation and shift
the energetic balance between ordering-stabilized intermediates
and solid-solution pathways [31]. Therefore, our work is framed
as a K-based implementation and validation of this charge-ion
coupling concept, rather than inferred solely from Na-layered
analogues. A comparative material system comprising pristine
Ti-free K, sMn,,Co,,0, and Ti-substituted K, sMn, 3Co,,Ti;,0,
to systematically investigate the structure-property relationships
between K*/vacancy ordering-disordering on their electrochem-
ical properties, structural evolution, and K* kinetics toward K*
(de)intercalation is comprehensively analyzed. The K*/vacancy
disordered K, sMn, 4Co,; Ti, ; O, cathode exhibits exceptional rate
performance and cycling stability, as confirmed by diverse exper-
imental measurements, including in situ X-ray diffraction (XRD)
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FIGURE 1 |

characterization and dynamic analysis, exploring the intrinsic
relationship between K*/vacancy disordered interlayer structure
and K* de-intercalation/intercalation mechanism.

2 | Results and Discussion

A series of characterizations were performed to elucidate
the structure of KysMn,4Coy;0, and Ti-substituted
Ko sMn,3Coq;Tiy;0,, as displayed in Figure 2. Rietveld-refined
synchrotron XRD patterns confirm that both materials adopt
P3-type layered frameworks with hexagonal symmetry, as
illustrated in Figure 2a,b [32]. Notably, the K,sMn,3Co,;Tij;0,
material exhibits no detectable impurity peaks, confirming
that Ti incorporation preserves the pristine crystal structure
without inducing an impurity phase, thereby validating the
successful metal doping. The crystallographic models show a
P3-type framework with an O sublattice following an ABBCCA
stacking sequence, where K* ions occupy prismatic sites while
TM (Mn/Co/Ti) reside in octahedral coordination (Figure 2a,b;
Figure S1) [17, 33]. Refined crystallographic result (Tables S1
and S2) indicates uniform occupancy of Mn, Co, and Ti in
TM octahedral sites, with unit-cell parameters shifting from
a = b = 28939 A, ¢ = 21.2010 A (pristine) toa = b =
2.8814 A, ¢ = 20.9929 A (Ti-substituted), consistent with lattice
modulation upon substitution. The refined lattice parameters
and the corresponding c-axis decomposition into the interlayer
K-layer spacing and TMO, slab thickness are presented in Figure
S2, providing structural information relevant to K* transport.
Inductively coupled plasma (ICP) analysis reveals stoichiometric
ratios of K: Mn: Co = 5.03: 9.02: 1.00 in K,sMn,,Co,,;0, and
K: Mn: Co: Ti = 4.95: 8.07: 1.00: 1.06 in K,sMn,¢Co,;Ti,;0,,
closely matching the nominal compositions with precision in
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Structure illustrations of K*/vacancy order-disorder configurations in K, TMO, and its engineering transformation routes.

Ti doping levels (Table S3). The delocalized electron via Ti
doping is verified by partial electron localization function (PELF)
maps (Figure 2c), where it provides a real-space measure of
electron localization within the TM-O framework. Compared
to K,sMn,,Co,,0,, the Ti-substituted K;sMn,3Coy;Tiy;0,
exhibits a less spatially confined PELF distribution across the
TM slab plane, indicating enhanced electron delocalization in
the TM-O network. Meanwhile, the dashed region highlights
the Ti dopant site in Figure 2d, the deformation charge density
(charge-density difference) visualizations (Figure 2d) directly
reveal Ti-induced charge redistribution in real space. Upon Ti
substitution, the accumulation/depletion pattern is distinctly
re-patterned near the substituted site, evidencing an altered local
polarization/charge landscape within the TM-O framework.
Density Functional Theory (DFT)-based Projected Density of
States (PDOS) analyses further show a broadening of Mn 3d
states, consistent with enhanced delocalization and reduced
electronic localization (Figure S3). Moreover, to elucidate
the Ti-induced evolution of transition-metal valence and
local coordination environments, we performed synchrotron
Mn/Co K-edge X-ray Absorption Near Edge Structure (XANES)
and Extended X-ray Absorption Fine Structure (EXAFS)
measurements (Figure 2e,f; Figure S4). Mn K-edge spectra
indicate that Mn shows a mixed Mn>"/Mn** state with a subtle
edge shift to lower energy upon Ti substitution, whereas the
Co K-edge spectra are essentially superimposable and closely
resemble Co,0;, consistent with predominantly Co**. Mn/Co K-
edge EXAFS confirms preserved octahedral TM-O coordination
in both materials, while the increase o® observed upon Ti
substitution indicates enhanced local disorder, manifested as
damping of higher-shell contributions and reduced structural
coherence beyond the first coordination shell. Within the charge-
ion coupling framework, this local disorder is consistent with
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(b) Kg5MngygCoqTip;0, (inset: crystal structure viewed). (c) Two-dimensional maps of the partial electron localization function on the TM slab
plane for Ky sMng ¢Cog;0, and Ky sMng 3Cog;Tij;0,. (d) Deformation charge density (charge-density difference) visualizations for Ky sMng 9Cog;0,
and K(sMngCo;Tip;0,, where yellow and cyan indicate electron accumulation and depletion, respectively. (e) Normalized XANES spectra and
(f) corresponding EXAFS spectra at the Mn K-edges of Kq5Mng9Cog;0, and Ky sMnggCoq;Tig;0,. SAED patterns of (g) KysMngoCog;0, and
(h) KosMnggCoq;Tip,0, along the [111] zone axis. ABF-STEM image of K, sMn,3Coq;Tip;0, along the (i) [010] and (j) [001] zone axis. (k) TOF-
SIMS 3D images of the sputtered volume corresponding to the depth profiles in the Ky sMnggCogTig;0,: K¥ Mn™, Co*, and Ti*. (1) Depth profile of

K* Mn*, Co* and Ti* obtained by sputtering.

reduced charge-ordering tendencies and a more homogenized
interlayer K-site energy landscape that disfavors commensurate
K*/vacancy superstructures. Importantly, the [111] zone-axis
selected-area electron diffraction (SAED) patterns reveal
superlattice spots (e.g. 1/3(110)) in X, sMn, ,Co,,0, arising from
the K*/vacancy ordered structure, whereas the absence of such
spots in K,;Mn,3Co,;Ti;;0, confirms a disordered structure
(Figure 2g,h).

Aberration-corrected scanning transmission electron microscopy
(STEM) with annular bright-field (ABF) and high-angle annular
dark-field (HAADF) detectors provides detailed atomic-scale
crystal structure information about K,;Mn,4Co,;Ti;;0,. ABF-
STEM images along [010] show alternating K and TM layers with
ABBCCA stacking (Figure 2i), aligning with the atomic model of
the P3-type structure. The HAADF-STEM images show an inter-
layer spacing of ~0.70 nm, matching the interslab distance from
XRD refinement data (Figure S5a). Along the [001] zone axis,
the ABF-STEM image shows that the TM atoms form hexagonal
symmetry in their arrangement (Figure 2j). In HAADF-STEM
observations, the spacing between adjacent TM atoms is mea-
sured to be 0.29 nm, corresponding to the lattice parameter a

(2.8814 A) (Figure S5b). Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) images (Figure
S6) reveal that both K,sMn,,Co,,0, and K,;Mn,;Co,,Tij;0,
materials show particles with an average diameter of ~1 um.
High-resolution TEM (HRTEM) images show interlayer distances
measured at 0.242 and 0.240 nm, respectively, which align well
with the (012) plane of the P3-type layered structure (Figure
S7). Notably, the three-dimensional elemental distribution of
KysMn,3Co,y,Tiy; 0, was examined by using time-of-flight sec-
ondary ion mass spectrometry (TOF-SIMS), which provided both
depth and spatial profiles of the constituent (Figure 2k). The
K*, Mn*, Co*, and Ti* signals show nearly constant intensities
over a 900 s sputtering period (Figure 21), indicating a uniform
elemental distribution across the near-surface region. Compara-
ble TOF-SIMS results for K, sMn,,Co,;0, are shown in Figures
S8 and S9. Moreover, the energy dispersive spectroscopy (EDS)
mapping images confirm homogeneous distribution of K, Mn, Co,
Ti, and O throughout the particles (Figure S10).

Electrochemical performance was evaluated for both materials
as PIB cathodes over 1.5-3.9 V (vs K*/K) (Figure 3). The
Ky sMn, 4Co,,0, shows four pairs of redox peaks at 2.27/1.99,

4 0f10

Advanced Functional Materials, 2026

95U8017 SUOWIWIOD SAIIea1D 8|qeal|dde auyy A peusencb afe sapoiLe O ‘8sN JO SajnJ 1o} AkeiqiauljuO 8|1/ UO (SUOTIPUOI-pUe-SWLB)W0Y A8 | 1M Alelq 1jpuluo//sdny) SUONIPUOD Pue SWB | 84} 88S *[9202/20/y2] Uo Arlgiauljuo 481 ‘8TOZESZ0Z WiPe/Z00T OT/I0p/W0d A8 1M Arelq 1 puljUO"peaueApe/ Sy Wolj papeojumod ‘0 ‘820£9T9T



0.10 " 0.12 120
S
a (.08 1 KosMngCo,y 10, | b > _
o 0.084 — \oomxrﬁnﬁ;-gd;mr;zvmi;;ﬂgxmmmr'100§
006 e 3 ’ 05 3
50.04- 2t 50.04- 52007 oo KysMng4Coy 0, L |e 2
= 0.02 = ‘s oo Ko sMng zCoq Tiy O, S
c c 2150 60 &
o ® 0.00 ] o
£ 0.00- 2 i ©
=] ] 2100 %9005 lao 2
0-002 1 o 0.04 9 ......... €
0.04] |0 e s
-0.04 3 50 ‘_1 01Ag" %4 20 3
-0.06 0.2mV s -0.08+ 0.2mV s a ©
T T T T T T T T T T 0 T y r T 0
1.5 2.0 25 3.0 3.5 4.0 1.5 2.0 25 3.0 3.5 4.0 0 30 60 90 120 150
Potential (V vs K'/K) Potential (V vs K'IK) Cycle number
200
o —-KsMny4Co, ,0, € 4.0{KosMn,4Coy 10, f 4.0{ Ko.sMng 5Coy 4Tig 1O,
< K, -Mn, .Co, ., Ti, .O \
160 - = RosMNgg™¥00.1 101Y2[ — \
E 35 35
- 0.1 x X
>
= {93000 0.1
51207400302 {99%30000000000000  £3.0 3.0/
4 ”\MO.Z‘! 9900000, > >
=y owa{’“ﬂ&g 1 9900000000f = =
3} J © ] 825
S 80 bk 2 Sas S25
< K] 2
_g 40 *Xoood S20 2.0
@ Unit: Ag”
e 0 1.5 1.5
0 10 20 30 40 50 0 20 40 60 80 100 120 0 20 40 60 80 100 120 140
Cycle number Specific capacity (mAh g™) Specific capacity (mAh g
g 1o 300
‘Tm120- - ©5000000000000000000000000000000000000000 - 100A
5 o KysMny,Co, 0, 2250 + i i B
€100 o Ky sMng ;Coy iy ,0, E 200 4 . - 80 E
> = o
= > —
804 = 7 - L
8 S 150 K, sMn, ;C0, ,Tig ,0,//K@CC S0
© FIRRRIR Qo
3 60 2 | g o
o 2100 {0 rovv r403
g 40-M qéa oo°°°°°°°°°°°°oooaoooooooooooooooooooooooooooaao g
S £ 50 J A -20 3
2 201 S 01Ag 3
o 1Ag’ a
0 T T T T T T T o T T T T 0
0 100 200 300 400 500 600 700 800 0 10 20 30 40 50

Cycle number

Cycle number

FIGURE 3 | Electrochemical performances of Ky sMng¢Cog;0, and KgsMng gCoq; Tip;0, in 1.5-3.9 V (vs K*/K). CV curves of the first four cycles
at 0.2 mV s of (a) Ky sMng gCoy;0; and (b) Ko sMng 5Cog;Tig;0,. (c) Cycling performance with the Coulombic efficiencies measured at 0.1 A g™'.
(d) Rate performance conducted at 0.1, 0.2, 0.3, 0.5, 1, 2, and back to 0.1 A g~!. The corresponding charge/discharge curves of (e) Ky sMng¢Cog;0,
and (f) Ky sMng 3CogTig; 0, at different rates. (g) Long-term cyclic performance of Ky sMng ¢Cog;0, and Ky sMng sCogTig;0, at1 A g7L. (h) Cycling
performance of the K-ion pouch cell based on K sMng 3Cog;Tig;0, cathode and K@CC anode at 0.1 A g~! (inset: digital photos of K-ion pouch cell).

2.62/2.33, 3.23/2.83, and 3.87/3.56 V in CV curves, attributed to
K*/vacancy ordering between adjacent TMO, slabs (Figure 3a)
[28, 34]. By contrast, Ti-substituted K, ;Mn,3Co,;Ti,,0, resem-
bles that of capacitors with a single broad redox peak, indicating
suppression of K*/vacancy ordering upon Mn/Co/Ti mixing
(Figure 3b) [27]. Similarly, galvanostatic charge-discharge pro-
files of K,sMn,,Co,,0, reveal four voltage plateaus arising
from multiple K*/vacancy ordering in K layers (Figure Slla).
By comparison, those of K;sMn,3Co,,Tiy;0, transform into
fully sloping curves, and four voltage plateaus totally dis-
appeared, which results from a solid-solution reaction with-
out a K*/vacancy ordered superstructure, as discussed later
(Figure S11b).

The K*/vacancy disordered K,s;Mn,;Co,,Tiy;0, delivers a
higher initial discharge specific capacity of 128.8 mAh g~' and
excellent cycling performance, retaining 82.5% after 150 cycles
at 01 A g (Figure 3c). In contrast, the K,sMn,,Coy;0,
with ordered superstructure shows a lower initial capacity of
116.2 mAh g and suffers from severe fading to 56.6 mAh
g™! over 150 cycles, resulting in a capacity retention of only

48.7%. Notably, the higher capacity of the K*/vacancy disordered
KysMn,3Coy,Tiy;0, can be rationalized by an expanded ther-
modynamically accessible range of reversible K (de)intercalation.
This originates from the suppression of K*/vacancy ordering,
which mitigates ordering-induced K* storage obstacles by reduc-
ing the site-energy disparity among K sites and enabling more
reversibly accessible K-storage sites/states [28]. Further evalu-
ation of rate capability exhibits that the K,;Mn,3Co,;Tij;0,
delivers discharge capacities of 123.6, 105.4, 95.8, 85.5, and 72.7
mAh g™ at 0.1, 0.2, 0.3, 0.5, and 1 A g™', respectively, with a
retained capacity of 61.7mAh g~' even at 2 A g~! (Figure 3d). Upon
returning to 0.1 A g, the capacity recovers to 120.3 mAh g7,
indicating excellent high-rate stability and reversibility. Across
all tested current densities, K,s;Mn,¢Co,;Ti,;0, consistently
delivers higher discharge capacities than K, ;Mn,,Co,;0,, with
the advantage becoming more pronounced at higher current
densities. Moreover, K,sMn,,Co,,0, exhibits evident voltage
polarization with increasing current density (Figure 3e). All volt-
age plateaus are completely suppressed at exceeding1 A g™, lead-
ing to further capacity decay. By contrast, K,sMn,3Co,,Tij,0,
displays negligible polarization, implying ultrafast K* storage

Advanced Functional Materials, 2026

50f10

95U8017 SUOWIWIOD SAIIea1D 8|qeal|dde auyy A peusencb afe sapoiLe O ‘8sN JO SajnJ 1o} AkeiqiauljuO 8|1/ UO (SUOTIPUOI-pUe-SWLB)W0Y A8 | 1M Alelq 1jpuluo//sdny) SUONIPUOD Pue SWB | 84} 88S *[9202/20/y2] Uo Arlgiauljuo 481 ‘8TOZESZ0Z WiPe/Z00T OT/I0p/W0d A8 1M Arelq 1 puljUO"peaueApe/ Sy Wolj papeojumod ‘0 ‘820£9T9T



and low polarization (Figure 3f). Impressively, the K*/vacancy
disordered K,sMn,3Co,;Ti,;0, exhibits exceptional long-term
cyclic stability, retaining a capacity of 58.6 mAh g™' even over
800 cycles at 1 A g with a capacity retention of 86.2% and an
average capacity loss of 0.017% per cycle (Figure 3g; Figure S12).
By comparison, the K, sMn,,Co,,0, shows rapid capacity decay
from 54.1t029.3 mAh g~! over 800 cycles, corresponding to capac-
ity retention of 54.2%. Moreover, the K,sMn,3Co,,Tiy,0, was
further evaluated at 0.2 and 0.5 A g, delivering 84.4% capacity
retention over 200 cycles and 83.0% over 400 cycles, respectively
(Figure S13). Post-cycling SEM images of K,sMn,,Co,,;0, and
Ky sMn,3Coy;Tiy;0, are provided in Figure S14. These results
demonstrate that K*/vacancy disordering not only accelerates K*
storage but also dramatically enhances long-term cycling stability.
Compared with previously reported layered oxide cathodes,
the K*/vacancy disordered K, sMn,3Co,;Tiy,0, exhibits highly
competitive electrochemical performance in PIBs (Table S4).

To show the practical aspects, the K-ion pouch cells were
assembled by using K,s;Mn,3Co,,Ti;;0, as the cathode and
carbon-cloth-based potassium composite (K@CC) as the anode
(Figure S15a). A fully charged pouch cell continuously powered
the light-emitting diodes (LEDs) over an extended period (Figure
S15b). The charge-discharge voltage profiles of the pouch cell
resemble those of K, sMn, 3Co,;Tiy;0,, featuring smoothly slop-
ing curves without distinct voltage plateaus (Figure S15c¢). Based
on the mass of cathode material, the pouch cell shows an initial
discharge specific capacity of 82.4 mAh g™, with a reversible
discharge capacity of 74.9 mAh g after 50 cycles (87% of the
initial capacity) (Figure 3h). This demonstrates stable cyclability
and minimal voltage decay of the pouch cell, highlighting the
advantages of K*/vacancy disordering for K, sMn, 3Co,;Tij,0,.

The  structure evolution of K,;Mn,4Co,,0, and
KysMn,Co,;Tiyp;0, during K* de-intercalation/intercalation
was monitored by in situ XRD measurement. Upon changing
from open-circuit voltage (or 1.5 V) to 3.9 V, the (006) peak of
K, sMn, ;Co,; Tiy; O, shifts progressively toward low angle, while
the (101), (012), and (015) peaks shift to high angle (Figure 4a-c).
These phenomena originate from c-axis expansion and a-b
plane contraction, driven by enhanced electrostatic repulsion
between O layers upon K* extraction [35]. Upon K* insertion
to 1.5 V, the (006) peak re-shifts to high angle region, while
the (101), (012), and (015) peaks shift toward low angle region,
demonstrating the reduced electrostatic repulsion between
oxygen upon K7 insertion. Notably, the (101), (012), and (015)
diffraction peaks of K;sMn,3Co,,Tiy;0, exhibited a modest
decrease in intensity throughout both high and low voltage
states, yet all peaks remained discernible without complete
extinction or the emergence of new diffraction peaks. This
indicates that K*/vacancy-disordered K,sMn,3Co,;Tiy;0,
undergoes a reversible single-phase solid-solution reaction
during K* de-intercalation/intercalation, demonstrating robust
structural stability.

The structure evolution of K,;Mn,,Co,;0, is similar to that of
K, sMn, 3Co,,Tiy;0,, with three key distinctions (Figure 4d-f).
First, the (101), (012), and (015) peaks weaken without vanishing,
and a new peak at 40.4° appears upon charging to 3.3 V and
discharging to 2.8 V. This new peak is assigned to the (104) plane
of the O3 phase, indicating a P3-to-O3 phase transformation for

K,sMn,4Coy;0, at high potential [36]. Second, the (101), (012),
and (015) peaks of K,sMn,,Co,,0, exhibit more complex shift
behavior within the blue dashed region (discharging from 2.4 to
1.5 V followed by charging to 2.9 V). The (101) peak undergoes
a low-angle shift, then a high-angle shift upon discharging,
before stabilizing and reverses upon charging. The (012) peak
exhibits opposite behavior—first shifting to high angle, then to
low angle, and stabilizing during discharging, with reverse shifts
during charging—forming a mirror-symmetric relationship with
the (101) peak variations. The (015) peak displays even greater
complexity: it first disappears at the initial discharging stage, then
two new diffraction peaks emerge near 41.5° and 41.9°; these
new peaks subsequently vanish, and the P3-phase (015) peak
reappears, only to disappear again at the end of the charging
stage in this region, with the two new peaks re-emerging. Based
on current understanding, the disappearance of the (015) peak
and emergence of the two new peaks indicate the formation
of an uncharacterized phase, denoted here as “X.” Therefore,
the K,sMn,,Co,;0, undergoes a complex phase transition:
P3—-X—P3—X—P3 within the blue dashed region, with phase
“X” requiring further investigation. Third, the a and c lattice
parameters of K,sMn,,Co,,0, show significant fluctuations at
positions corresponding to charge-discharge voltage plateaus, in
contrast to the smooth and fluctuation-free variations in the
lattice parameters of K,s;Mn,3Co,;Tiy,0, (Figure S16). There-
fore, the K*/vacancy ordered K,sMn, ,Co,,0, exhibits complex
phase transitions during charge-discharge cycles, indicating the
rearrangement of the K*/vacancy ordered structure during K+
de-intercalation/intercalation.

X-ray photoelectron spectroscopy (XPS) was performed to elu-
cidate the electrochemical mechanism during K* deintercala-
tion/intercalation. For K,sMn;,Co,,0,, the Mn 2p;, spectra
consist of Mn*" (642.0 eV) and Mn** (642.64 eV), and the
Mn 2p,, spectrum shows the peaks at 653.3 and 654.3 eV,
indicating the coexistence of Mn** and Mn*' (Figure S17a)
[37-39]. The Mn spectrum in K, sMn,3Co,;Tiy;0, also exhibits
mixed +3 and +4 valences, with a higher Mn3* content than
that in K,sMn,,Co,;0,, suggesting that Ti doping lowers the
valence state of Mn. In the Co 2p spectra of both materials,
the peaks at 780.28 and 795.21 eV are assigned to Co 2p;;, and
Co 2p,,, respectively, demonstrating that the Co oxidation state
is +3 [40], while the valence state of Co is retained after Ti
doping (Figure S17b). The Ti 2p spectrum of K, sMn,, 3Co,; Tij;0,
shows a Ti** binding energies, which two peaks at 457.8 and
463.6 eV are assigned to Ti 2p;;, and Ti 2p,;,, respectively [41]
(Figure S17c). During the charging process, the Mn spectrum
of K, sMn,3Co,;Tiy, 0, shows apparent shifts toward the higher
binding energy region, indicating the oxidation of Mn (Figure 4g).
Followed by discharging to 1.5V, the peaks shift toward the lower
binding energy region, suggesting the reduction of Mn. The same
trend is observed in the Co spectra, with peaks shifting to higher
binding energies during charging—indicating oxidation—and to
lower binding energies during discharge—indicating reduction
(Figure 4h). Notably, the Ti 2p spectrum of K, sMn, 3Co,;Tij;0,
shows no apparent changes, indicating that the Ti** is electro-
chemically inactive (Figure 4i). Similar Mn and Co peak shift
behaviors are observed for K, sMn,,Co,;0,, as shown in Figure
S18. Therefore, the electrochemically active Mn and Co species
provide charge compensation upon K* (de)intercalation, and the
doped Ti remains tetravalent in the Mn-Co-based layered oxides.
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FIGURE 4 | Insitu XRD and ex situ XPS characterizations of Ko 5Mng9Cog;0, and Ky sMng gCoq;Tig;0,. Charge/discharge curves during the
first two cycles at 0.05 A g7! in 1.5-3.9 V of (a) Ky sMng sCog1Tig;0, and (d) Ky sMng 9Cog;0,. (b, ¢) Two-dimensional in situ XRD patterns at 24-28°
and 35-43.5° of K 5Mn gCoq;Tig;0,. (e, f) Two-dimensional in situ XRD patterns at 24-28° and 35-43.5° of K, sMn ¢Cog;0,. XPS spectra of (g) Mn
2p, (h) Co 2p, and (i) Ti 2p for K sMnygCoq;Tig;0, at different charge/discharge states.

Moreover, cycling-state (ex situ) SAED acquired along the [111]
zone axis shows that the K*/vacancy-ordering fingerprints are
preserved during cycling: superlattice reflections (e.g., 1/3(110))
persist for K, sMn, ,Co, ; O, after charging to 3.9 V and subsequent
discharging to 1.5 V, whereas no superlattice spots emerge for
KysMn,3Co,;Tiy;0, (Figure S19). These observations indicate
retention of the respective ordered-disordered interlayer configu-
rations, with no detectable order-disorder interconversion under
the tested conditions.

To investigate the effect of K*/vacancy disorder on ion-diffusion
kinetics, the galvanostatic intermittent titration technique (GITT)
was employed (Figure S20). The theoretical initial discharge
specific capacities of K,sMn,,Co,,;0, and K,sMn,3Co,;Tij;0,
are 125.8 mAh g™! (0.50 mol K* per unit formula) and 144.9 mAh
g7! (0.57 mol K), respectively (Figure S20a,b). The K+ diffusion
coefficients of K, sMn, 3Co,;Tiy,0, are calculated to range from
1072 to 107" cm? s7%, one order of magnitude higher than those
of K, sMn, 4Co,; 0, (1073 to 10712 cm? s7!) (Figure S20c). Notably,
the K* diffusion coefficient of K,;Mn,¢Co,,Ti,;0, exhibits no
abrupt changes, consistent with the smooth characteristic of its
charge/discharge profiles, a feature afforded by K*/vacancy disor-

dering. The fitting results show that the charge-transfer resistance
of K, sMn, 3Co,;Tiy, 0, (504.9 Q) is markedly lower than that of
Ky5sMn,4Coy;0, (849.7 Q), indicating faster interfacial charge-
transfer and K* transport kinetics in the K*/vacancy-disordered
cathode (Figure S21 and Table S5).

Molecular dynamic simulation calculations were conducted to
examine the K* diffusion pathways in the K*/vacancy disordered
Ky sMn,3Co,; Tiy;0,, and K*/vacancy ordered K, sMn, ,Co,,0,,
revealing distinct ionic migration properties as visualized in
Figure 5a,b. The corresponding top-view analysis of K™ migra-
tion trajectories within individual K layer reveals that the
KysMn,3Coy,Tiy;0, exhibits a percolative diffusion network
with enhanced spatial continuity compared to K,sMn,4Cog;0,.
These simulations demonstrate that the K*/vacancy disorder-
ing establishes interconnected ion-transport channels, thereby
facilitating accelerated ionic diffusion kinetics in the disordered
Ko sMn5C0p,Tig; 0,

Based on structural characterization, electrochemical measure-
ments, electrochemical mechanism analysis, and K* trans-
port kinetics investigations, the K*/vacancy configurations of
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FIGURE 5 | Molecular dynamic simulation calculations and K*/vacancy structure illustration of KqsMnggCog;0, and Ky sMnggCogTig;05.
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Ky sMn,,Coy;0, and K;s;Mn,;Co,;Tiy;0, are schematically
depicted in Figure 5c,d, respectively. The distribution of K*
and vacancies of K,sMn,,Co,,0, displays distinct periodic-
ity with their positions fixed, forming a K*/vacancy ordered
structure (Figure 5c). In sharp contrast, the positions and
arrangement of K™ and vacancies in K, ;Mn, 3Co,;Ti, 0, exhibit
randomness, indicating the K*/vacancy disordered structure
(Figure 5d).

3 | Conclusion

In summary, a charge-ion coupling engineering strategy has
been utilized to construct a fully K*/vacancy disordered
Ky sMn,3Coy,Tiy;0, cathode for PIBs through metal doping.
The Ti** substitution for Mn** in Mn/Co-based layered
oxide—leveraging identical valence state and disparate redox
potential—effectively suppresses inherent charge ordering,
thereby inducing K*/vacancy disordering. As a result, the
K*/vacancy disordered P3-type K,sMn,3Co,,Ti,;0, exhibits
exceptional rate capability (61.7 mAh g™ at 2 A g™') and
outstanding long-term cycling stability over 800 cycles at1 A g™
compared to ordered K,sMn,,Co,,0,. The as-prepared K-ion
pouch cell, employed with Kg;Mn,¢Co,;Ti,;0, cathode,
also stabilizes dozens of cycles. Mechanistically, in situ
XRD measurement reveals that the K*/vacancy disordered
KosMngy3Coy;Tiy;0, undergoes a highly reversible single-
phase reaction during K% deintercalation/intercalation,
enhancing structural stability and thus improving long-term
cycling performance. Transport kinetics analyses further
demonstrate that the enhanced rate capability originates from
the interconnected K* diffusion channels and accelerated
K* transport kinetics enabled by the K*/vacancy disordered
structure. Our research establishes an efficient approach
for designing K*/vacancy layered oxide cathode materials,
facilitating practical high-rate and long-cycling-life PIBs.
More broadly, charge-ion coupling regulation provides a
transferable, mechanism-guided route to control K*/vacancy

ordering-disordering, and earth-abundant, radius-compatible
substitutions that introduce redox-potential contrast represent a
clear direction for future development.
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