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Published: 13 November 2025  challenges, this study proposes a cation doping strategy involving individual (Ni%*
or K*) and dual doping strategies. The incorporation of these dopants significantly
enhances the ammonium storage performance of MnO,. Single doping (Ni?* or K*)
and dual doping strategies significantly improve the ammonium storage
performance of MnO,. Ni** doping induces oxygen vacancies and modulates the
electronic structure, extending the cycling lifespan to 727 cycles (60% capacity
retention) and reducing charge transfer resistance to 9.42 Q. K* doping forms a
KMngOjs phase with [2 x 2] tunnel structures, elevating the NH4" diffusion
coefficient to 1071°~107° cm? s™! and improving rate capability (73.75 mAh g ! at
1 A g!). The dual-doped system (NiK-MnO;) achieves a specific capacity of
165.94 mAh g ' at 0.1 A g! through synergistic effects. It maintains 60% capacity
retention after 917 cycles at 1 A g!' with an impedance of 9.08 Q and a resistivity
of 3.02 mQ cm. Dual doping improves the electrical conductivity of the electrode
material and enhances the ammonium storage performance of MnO, through a
synergistic mechanism of oxygen vacancies and tunneling structure.
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1. Introduction

Currently, water-based batteries are considered an important research direction in energy storage research
due to their high safety, low cost and environmental friendliness [1-3]. Aqueous battery systems include aqueous
zinc-ion batteries [4—6], sodium-ion batteries [7,8], magnesium-ion batteries [9,10], etc. These metal-ion batteries
show great promise for energy storage applications. However, some systems still face challenges such as dendrite
growth, electrolyte corrosion, and limited ion transport kinetics [4,11-14].

Non-metallic ion batteries exhibit potential as alternatives to metal-ion systems due to their distinct
electrochemical behavior [15]. Aqueous ammonium ion batteries (AAIBs) can operate under neutral or weakly
acidic conditions, which significantly reduces their corrosivity and the occurrence of side reactions [16]. NH4" has
a small hydration ionic radius (3.31 A) and a low molar mass (18 g mol™), which contributes to the rapid ionic
diffusion of NH4" in an aqueous solution cell [17]. In addition, the unique tetrahedral molecular structure of NH4*
allows for the formation of hydrogen bonding during intercalation. Hydrogen bonding, which is more flexible than
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rigid metal coordination, improves the electrochemical performance of ammonium ion batteries [13]. Recent
advances in AAIB cathode materials have demonstrated promising results, including the use of LiMnO, which
achieves stable cycling through hydrogen bonding interactions with NH4" [18], and LiMn,O4 which provides a
stable spinel framework for ammonium ion storage [19]. Therefore, the ammonium ion batteries show a broad
application prospect.

The ammonium ion battery is a secondary battery system based on the “rocking chair” mechanism. The
principle is that during the charging and discharging process, NH4" reversibly migrates between the cathode and
anode electrodes, while electrons are transferred through the external circuit. Since the energy storage of NH4*
requires continuous intercalation and deintercalation of the electrode materials, these electrode materials are
ideally expected to have a sufficient spatial structure to provide diffusion channels for NH4*. Therefore, continued
optimization and development of high-performance ammonium ion electrode materials is crucial for advancing
ammonium ion batteries. MnO; is a promising candidate for NH4" energy storage applications due to its excellent
structural properties and high theoretical specific capacity. However, MnO, suffers from intrinsically low
electronic conductivity, which limits its charge transfer efficiency and rate capability [20]. In addition, in acidic
or neutral electrolytes, MnO; is prone to Mn?" dissolution, leading to capacity fading [21,22]. While previous
studies have explored various Mn-based oxides for ammonium ion storage, the development of doped MnO,
materials with optimized electronic and ionic transport properties remains largely unexplored.

To address these inherent limitations concurrently, a rational design strategy employing synergistic cationic
doping was developed. The selection of Ni?" and K" as co-dopants is grounded in their distinct yet complementary
functionalities within the MnO, lattice. Ni?* incorporation is strategically employed to reinforce the structural
integrity of the MnO, framework. Its favorable ionic radius and stable valence state effectively mitigate Jahn-
Teller distortion while simultaneously inducing oxygen vacancy formation, thereby enhancing bulk electronic
conductivity [23,24]. Concurrently, K" doping serves as a structural pillar that stabilizes the [2 x 2] tunnel
architecture of the resultant KMngO,¢ phase [25,26]. This pre-intercalation approach establishes a robust diffusion
pathway conducive to rapid NH4" transport while preventing structural collapse during electrochemical cycling.

The present work adopts that the coordinated interaction between these dopant species produces a superior
electrode material through a well-defined synergistic mechanism. Specifically, Ni** induced electronic modulation
and structural reinforcement combine with K* enabled morphological stabilization to create an optimal
environment for concurrent electron and ion transport. This significantly improves the NH4* storage performance
of MnO., thereby systematically developing high-performance and cost-effective cathode materials for ammonium
ion batteries.

2. Experimental

2.1. Materials

All chemicals were used as received. Manganese sulfate monohydrate (MnSO4H>0O, 99%), ammonium
persulfate ((NH4)2S20s, electrophoretic grade), nickel sulfate hexahydrate (NiSO4:6H,0, analytically pure), and
potassium sulfate (K2SO4, 99.99%) were purchased from Shanghai McLean Biochemistry and Technology Co.,
Ltd. (Shanghai, China) N-methyl pyrrolidone (NMP, chemically pure), polyvinylidene fluoride (PVDF, battery
grade), conductive carbon black (ECP-600JD) were purchased from Guangdong Candlelight New Energy
Technology Co., Ltd. (Dongguan, China) Stainless steel foil (0.005mm) was purchased from Shenzhen Baide
Hardware Machinery Co., Ltd. (Shenzhen, China) Conductive carbon paper (TGP-H-060) was purchased from
Toray Industries, Inc. (Tokyo Japan). Glass fiber diaphragm (GF/D) was purchased from Waterman, UK. The rest
of the button cell components (CR2032) were purchased from Guangdong Candlelight New Energy Technology
Co., Ltd. (Maidstone, UK) Ultrapure water was obtained from the laboratory.

2.2. Synthesis Scheme of NiK-MnQO; Cathode Materials

0.02 mol of MnSO4 'H>O was added to 80 mL of deionized water and stirred continuously until MnSO4-H,O
was completely dissolved. Subsequently, NiSO4 6H,O (0.01 mol) and K»>SO4 (0.005 mol) were added sequentially
with magnetic stirring to mix the ions well. Finally, (NH4)2S,0s (0.02 mol) was added and stirred for one hour.
After the stirring was completed, the mixed solution was transferred to the PTFE reactor. The reaction conditions
are maintained at 90 °C for 24 h. The solution was centrifuged at a speed of 5000 rpm for 5 min at the end of the
reaction for three times, and was then diafiltrated for three times. After the diafiltration was completed, the sample
was dried in a vacuum oven at 60 °C for 12 h. The dried solid was ground into black powder named NiK-0.5:0.5.
NiK-0.25:0.5, NiK-0.5:0.25, NiK-0.5:1, and NiK-1:0.5 powders were obtained by adjusting the adding amounts
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of NiSO46H,0 and K,SOs. The serial numbers indicate the molar mass ratio of Ni** to K*. For comparison, y-
MnO, Ni-MnO, and K-MnO, anode materials were also prepared, and the preparation process is described in SI.

2.3. Characterization of Materials

The structure and composition of materials were analyzed qualitatively and semi-quantitatively using an X-
ray diffractometer (XRD, Shimadzu 7000). X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha)
was used to obtain the elemental composition, valence and content of the samples. The surface morphology of the
materials was observed by scanning electron microscopy (SEM, TESCAN MIRA LMS), and the internal structure,
lattice fringing, and elemental distribution of the samples were observed by transmission electron microscopy
(TEM, JEOL JEM-2100F).

2.4. Electrochemical Characterization

The positive electrode sheet was prepared as follows. The active substance (60%), conductive carbon black
(30%) and polyvinylidene fluoride (PVDF, 10%) were magnetically stirred in N-methyl-2-pyrrolidone (NMP)
solvent for 4 h to obtain a homogeneous slurry. The slurry was then scraped and coated on the surface of stainless-
steel foil, and vacuum dried at 60 °C for 12 h to obtain the cathode electrode sheet. The mass loading of the active
material on the cathode electrodes is approximately 1.0 mg cm™2. The active material of anode electrode was
Perylene-3,4,9,10-tetracarboxylic diimide (PTCDI). The PTCDI was mixed with conductive carbon black and
PVDF at a ratio of 8:1:1 to form a uniform slurry, which was then coated onto conductive carbon paper and dried
at 60 °C for 12 h to produce the anode electrode pole piece. The obtained 12 mm diameter positive pole pieces
and anode pole pieces were assembled with 1 M (NH4)>SO4 electrolyte to form a full cell for electrochemical
performance testing. The cyclic voltammetry (CV) test voltage interval was 0-1.4 V. The experimental test
frequency of AC impedance test (EIS) ranged from 0.01 Hz to 100 kHz with an amplitude of 5 mV, and the Tafel
polarization curve test measured a voltage interval of —0.4-0.4 V with a scanning speed of 5 mV s™!. The above
tests were performed on an electrochemical workstation CHI760E. The constant current intermittent titration
technique (GITT) and constant current charge/discharge (GCD) tests were performed on a Neware test system. All
tests were performed at room temperature.

3. Results and Discussion

3.1. Characterization of NiK-MnO, Cathode Materials

The crystal structure of NiK-MnO, synthesized via an in situ reaction was characterized using XRD. As
shown in Figure la, the diffraction peaks at 20 = 22.43°, 34.47°, 37.12°, 42.61°, and 56.13° correspond to the
(120), (031), (131), (300), and (160) crystallographic planes of y-MnO, (PDF#14-0644). The diffraction peaks at
20=12.75°, 18.06°, 28.74°, 47.18°, 49.90° and 60.24° respectively correspond to the (110), (200), (310), (510),
(411) and (521) crystal planes of KMngO,s (PDF#29-1020). These results suggest the coexistence of y-MnO, and
KMnsOi6 phases. In the KMngO1 phase, K* occupies the interstitial sites within the [2 x 2] tunnels to stabilize the
tunnel framework; while in the y-MnO, phase region, Ni?" replaces the Mn sites within the [MnOs] octahedra.
This composite structure of y-MnO, and KMngO¢ is believed to be conducive to combining the good initial
structure of the former with the stable [2 x 2] tunnel of the latter, jointly optimizing the storage behavior of
NH4".The formation of this composite structure containing both y-MnO, and KMngO,s phases may originate from
the gradient diffusion of K* during the synthesis process. Higher concentrations of K* in the surface region lead to
the preferential formation of the KMnsO16 phase. However, some regions still partially retain the [1 x 2] tunneling
structure of pristine y-MnQ, due to the limited diffusion kinetics of K*. These internal y-MnO; regions provide sites
for the substitution of Ni** into the Mn ions within the [MnQg] octahedra. In the KMngOjs crystal structure, each K*
ion is coordinated by eight O>~ atoms, forming a distorted body-centered cubic geometric configuration. The average
Mn valence in this phase is 3.88+, as determined by the charge balance of the KMngO16 stoichiometry [24]. The
lattice consists of 16 unequal Mn>%8* sites, each coordinated to six O* ions, forming edge- or corner-sharing [MnQg)]
octahedra. These octahedra build up extended tunnel frames by sharing edges or top corners. Figure 1b displays the
full XPS spectrum of NiK-MnQO,, confirming the presence of Mn, O, Ni, and K on the material surface. Weak signals
of S and N are also observed at their characteristic positions, likely originating from precursor residues [27]. However,
the pristine y-MnO, (also containing these residues) shows inferior performance, underscoring that the significant
enhancement in NiK-MnQ, is primarily due to the synergistic effects of Ni**/K* co-doping. Figure 1c shows the
elemental mapping, which is consistent with the XPS analysis. The results indicate that Ni>" and K" have been
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successfully introduced into MnO,. Figure 1d provides schematic diagrams of the structures of y-MnO,, KMngO6
and NiK-MnO,, clearly indicating the distinct doping sites of Ni?>" and K* respectively.
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Figure 1. NiK-MnO:z cathode material (a) XRD pattern; (b) XPS Survey scan; (¢) TEM elemental mapping images,
(d) the structure of y-MnOz, KMnsO16, and NiK-MnOs.

Microscopic morphological observations reveal that Ni** and K* doping exert distinct effects on the structure
of y-MnO,. The pristine y-MnO, displays a characteristic needle-like morphology. After Ni ion incorporation,
numerous nanosized particles are formed and homogeneously anchored onto the surface of the needle-like matrix
(Figure 2b), indicating a particle-decoration effect. In contrast, K" doping markedly modifies the needle-like
architecture by reducing its diameter and yielding a more compact and densely distributed structure. Notably, the
morphology of the Ni/K co-doped sample closely resembles that of the K-MnO,, suggesting that K ions play a
dominant role in determining the final morphological characteristics. To further elucidate the structural evolution
induced by ion doping, high-resolution TEM analysis was conducted. The lattice spacing of 0.291 nm observed in
the Ni-MnO, sample corresponds to the (031) plane of y-MnO, (Figure 2f). In the K-MnO; sample, lattice spacings
of 0.496 nm and 0.242 nm are assigned to the (200) plane of the KMngO,¢ phase and the (131) plane of the y-
MnO; phase, respectively (Figure 2g). For the NiK-MnO, sample, lattice spacings of 0.311 nm and 0.164 nm are
indexed to the (310) plane of KMngOjs and the (160) plane of y-MnO,, respectively. These results indicate the
coexistence of y-MnO, and KMngOis phases in both K-MnO, and NiK-MnO,, further confirming that the
introduction of K ions induces the formation of the KMnsO6 phase.
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0.311' nm
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Figure 2. SEM images of (a) y-MnO2; (b) Ni-MnO2; (¢) K-MnOz and (d) NiK-MnO2; TEM images of (e) y-MnO2;
(f) Ni-MnOz; (g) K-MnOz and (h) NiK-MnOx.

3.2. Electrochemical Properties

To evaluate the electrochemical applicability of the electrode materials, full cells were assembled using NiK-
MnO; as the cathode and PTCDI as the anode. Figure 3a presents the GCD curves of NiK-MnO, with different Ni/K
molar ratios in comparison to pristine y-MnQO,. The GCD profiles and rate performance of pristine y-MnO,
synthesized under various conditions are provided in Figure S2. Compared with undoped y-MnO,, all NiK-MnO,
samples exhibit significantly enhanced specific capacities across different doping ratios. The rate performance
comparison (Figure 3b) further demonstrates that NiK-MnO, delivers higher capacities than y-MnO; at all current
densities. The cycling performance at 1 A g! is illustrated in Figure 3¢, where the NiK-0.5:0.5 sample delivers a
higher initial capacity and maintains approximately 60% of its capacity after 917 cycles, while pristine y-MnO,
suffers from both lower initial capacity and inferior cycling stability. These results highlight that Ni**/K* co-doping
effectively mitigates capacity fading, underscoring its potential advantages in electrode material design. A detailed
rate performance evaluation of NiK-MnO, was further conducted. As shown in Figure 3d, the NiK-0.5:0.5 sample
delivers specific capacities of 165.94, 162.20, 145.83, 127.27, and 113.28 mAh ¢! at current densities of 0.1, 0.2,
0.5, 0.8, and 1.0 A g!, respectively. When the current density returns to 0.1 A g, the capacity recovers to
169.92 mAh g”!, corresponding to a retention rate exceeding 100% (Figure 3e), demonstrating excellent reversibility
and rate capability.

To further investigate the effects of Ni** and K* on the battery performance in the NiK-MnO, dual-ion doping
system, single-ion doped Ni-MnO, and K-MnO, cathode materials were also prepared respectively (the
comparison of electrochemical performance of single-ion doping ratio is shown in Figure S3). The samples
exhibiting optimal electrochemical performance of Ni-MnO, and K-MnO, cathode materials were selected for
comparison with the double-ion doped samples respectively. As shown in Figure 4a, the specific capacity of the
Ni-MnO, cathode material increases significantly from 92.01 mAh g ! (undoped y-MnO,) to 182.67 mAh g ' ata
current density of 0.1 A g'. However, at a higher current density of 1 A g™!, its specific capacity drops to
74.91 mAh g'!, indicating limited rate capability. As illustrated in Figure 4c, the cycling performance of various
cathode materials is demonstrated at a current density of 1 A g™!. The introduction of Ni*" into y-MnO, causes
moderate lattice distortion, which helps maintain structural integrity during cycling. This is consistent with reports
that Ni?* doping can suppress Jahn-Teller distortion of Mn*" and reinforce the MnO, framework, thereby
mitigating structural degradation during cycling [28]. Furthermore, transition metal dopants like Ni*" are known
to act as structural pillars, enhancing the stability of MnO, tunnel structures during ion insertion/extraction [29].
As aresult, the Ni-MnO, cathode can retain 60% of its initial capacity after 691 cycles, significantly outperforming
the 253 cycles of undoped y-MnO,. The doping of Ni?* significantly improved the specific capacity of y-MnO, at
small current density and the cycling stability at high current density, but it did not significantly improve the rate
capacity of the battery. The specific capacities of K-MnO; full cells at current densities of 0.1, 0.2, 0.5, 0.8 and
1.0 A g 'are 175.83, 164.90, 135.28, 109.85 and 95.21 mAh g ! respectively (Figure 4a). In comparison with Ni-
MnO; and y-MnO; cathode materials, K-MnO, cathode materials demonstrate superior specific capacity and rate
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capacity. However, at 1A g™! current density, when the remaining capacity of the full cell assembled from K-MnO,
was 60% (Figure 4c), the number of cycling turns of K-MnO, cathode material was 412, and the cycling
performance was slightly lower than that of Ni-MnO, cathode material. Although K* insertion into the tunnels of
KMngOjs enhances structural stability and mitigates collapse during cycling, its effect is weaker than the structural
stabilization provided by Ni?". It is important to note that these incorporated K* ions function as stable pillars
within the [2 x 2] tunnels and are not extracted during cycling; their primary role is to pre-stabilize the diffusion
channels for NH4", rather than to participate in the electrochemical reaction. The superior stabilization from Ni?*
is attributed to its stronger bonding with the oxygen framework, which not only provides a pillar effect but also
directly strengthens the covalent bonding within the MnOs octahedra, leading to a more robust structure against
repeated cycling [30,31]. The Ni/K double-doped y-MnO, system exhibits significantly superior electrochemical
rate capacity and cycling stability in comparison to the single-doped system. The enhancement in performance is
primarily attributed to the synergistic stabilizing effect of Ni?* and K" in modulating the lattice frameworks and
suppressing structural distortions [24].
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Figure 3. GCD curves of NiK-MnO: and y-MnO: at different proportions (a) 0.1A g!; (b) Magnification
performance graph; (¢) Cyclic curve at 1 A g”!. NiK-0.5:0.5 cathode material (d) GCD curves at different current
densities; (e) Magnification performance graph.

6 of 12



Tang et al. Low-Dimens. Mater. 2025, 1(1), 3

(a) (b)
PR 200 o, 14 —
'20180- seee, +—Ni-MnO, _, .., w2 g
g 1604°** .. "o::c.ﬁ KTI\'IIIO: r..-a. Lo //./ ¥-MnO,
£ 140! “hseae 3 NiK-MnO, f :3, ' ~ . Ni-MnO,
z2 . =038 — ' K-MnO,
é 120+ S ) Meeaed g 0.6 ~———NiK-MnO,
$ 100 4 . \ . E
L i S Sy ‘ou, +ee y
2 80 eene ~eeed] 0.4
3 601 e 02
w2 N
40 T T T T T T 0.0 T L] T T - T
0 5 o 15 20 25 30 0 50 100 150 200
(c) Cycle number Specific capacity (mAh g™)
200
o *  y-MnO,
en ‘
*  Ni-MnO,
5 150 - I
= K-MnO,
=2 ] +  NiK-MnoO,
g. 100 o ——————
a ‘-"“""l
I 50
Q Ty
¥
ol
5 0 - lAg
W
=1
7]
L) I L) I T I T [ L)
0 200 400 600 800

Cycle number

Figure 4. y-MnO2, Ni-MnOz, K-MnOz, NiK-MnO: cathode materials (a) rate capacity plot; (b) first turn GCD plot;
(¢) cycling performance plot.

In order to further explore the mechanism of metal ions in MnO,, XPS analysis was conducted to examine
the variation in oxidation states for y-MnO,, Ni-MnO,, K-MnQO,, and NiK-MnO,. Figure 5a shows the high-
resolution O 1s spectrum, which is deconvoluted into three distinct peaks. The binding energies of these three
peaks are 529.63 eV, 531.2 eV, and 532.76 eV, which are attributed to lattice oxygen (Oi.), adsorbed oxygen
(Oads), and surface hydroxyl groups (Oo.n) respectively [32]. Since O,qs is typically adsorbed at oxygen vacancies,
its concentration can indirectly reflect the oxygen vacancy content [33]. The presence of oxygen vacancies exposes
more active sites, thus providing significant advantages in electrochemical reactions. However, excessive oxygen
vacancies may lead to structural instability and reduce the cycle life. The incorporation of Ni?* or K* into y-MnO»
leads to a charge imbalance. This imbalance can be neutralized by the formation of oxygen vacancies, which helps
maintain charge neutrality and stabilize the crystal structure. In Ni-MnO,, the O,q4s/O1at ratio increases to 0.42,
compared to 0.38 in undoped y-MnO,. The Oaq4s/O1a ratio of K-MnOs, is even higher, reaching 0.52. However, the
excessive oxygen vacancies in K-MnO, compromise its cycling stability. In NiK-MnO», the O,ds/Olq ratio is 0.47,
suggesting that co-doping provides a balance between maintaining structural integrity and offering sufficient active
sites. To further validate the effectiveness of oxygen vacancy regulation, XPS analysis was performed to
investigate the valence state distribution of Mn. As illustrated in Figure 5b, the high-resolution Mn 2p spectrum
reveals the presence of spin-orbit splitting peaks for both the Mn 2ps/, and Mn 2p;; states. These peaks correspond
to binding energies of 641.46 eV and 653.16 eV, respectively, with an overall spin-orbit splitting energy of 11.7 eV.
Furthermore, peaks with binding energies of 642.02 eV and 653.69 ¢V can be attributed to Mn**, while those with
binding energies of 643.95 eV and 655.67 eV correspond to Mn*". The Mn**/Mn** ratios for Ni-MnO,, K-MnO,,
and NiK-MnO, are 0.54, 0.89, and 0.61, respectively, higher than that of undoped y-MnQO; (0.41). This result
confirms that both Ni>* and K* can effectively modulate the local electronic environment, change the charge
distribution, and promote the formation of oxygen vacancies. In the dual-ion doped NiK-MnO, system, the
combination of Ni?* induced structural stability and K* induced lattice modulation leads to a uniform distribution
of oxygen vacancies and a robust local environment, ensuring efficient ion transport and cycling stability.
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Figure 5. High-resolution spectrum of y-MnOz, Ni-MnOz, K-MnO2, and NiK-MnO2 cathode materials (a) O 1s;
(b) Mn 2p.

Cyclic voltammetry curves of NiK-MnO, were measured at various scan rates (0.1-1.0 mV s™!) to investigate
its electrochemical kinetics. By analyzing the dependence of current response on scan rate, cv curve provides
insight into whether the charge-storage process is dominated by pseudocapacitive contributions or diffusion-
controlled mechanisms, elucidating the intrinsic reaction kinetics of the electrode. The cv curves exhibit two
oxidation peaks and two reduction peaks, with their potentials at 0.9, 1.3, 0.1, and 0.5 V, respectively. The curves
maintain their shape with increasing scan rate, indicating stable electrochemical behavior. Figure 6b presents the
log-log plot of peak current versus scan rate, along with the corresponding linear fitting curve. The calculation
formula is [34]:

i=avP

logi = blogv + loga

From this formula, the b values corresponding to the four redox peaks are 0.75, 0.77, 0.96 and 0.98
respectively, indicating the coexistence of both diffusion-controlled and pseudocapacitive-controlled charge
storage mechanisms. The contribution of the diffusion-controlled process and pseudocapacitive-controlled process
to the total current i was calculated by the following equation [35]:

1
i=kv+k,v2

Figure 6¢ shows the pseudocapacitive contribution of 85.54% at a sweep speed of 1 mV s™L. Figure 6d
demonstrates the pseudocapacitive contribution at different sweep speeds, which is 62.93%, 74.23%, 82.37%, and
82.75% at sweep speeds 0f 0.1, 0.2, 0.5, and 0.8 mV s™! respectively. This scan-rate-dependent behavior reveals a
mixed charge-storage mechanism. At a slower, more practical scan rate of 0.1 mV s™!, the diffusion-controlled
process still contributes significantly (~37.07%), indicating that both diffusion and capacitive processes are
involved. As the scanning rate increases, the proportion of the pseudocapacitive contribution rises markedly. This
indicates that during rapid charging and discharging, the electrochemical reaction kinetics are increasingly
dominated by the surface-controlled pseudocapacitive behavior, while the overall mechanism remains a
combination of both processes.

In order to investigate the effect of Ni>*/K* co-doping on the diffusion coefficient of ammonium ions, a series
of GITT tests were conducted on a range of cathode materials. Based on the formula:

4 mV, > AEg 2
N vl (A—ET

The ammonium ion diffusion coefficients of Ni-MnO, were calculated to be in the order of magnitude
between 1072 and 107! cm? 57! (Figure S4a), which is of the same order of magnitude (1072 to 107! cm? s7!) as
that of the undoped sample y-MnO> (Figure S4b). This indicates that Ni** doping failed to effectively increase the
migration rate of ammonium ions in the electrode materials. Due to the limitation of the diffusion coefficient of
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ammonium ions, the amount of ion migration under high-current conditions could not meet the demand of rapid
electrochemical reactions. This led to an increase in the concentration gradient within the material and exacerbates
the polarization phenomenon. Consequently, the rate performance of the Ni-MnO electrode was not significantly
improved. The ammonium ion diffusion coefficients of K-MnQO, were in the range of 1071°~107 cm? s! (Figure S4c),
with an enhancement of diffusion coefficients by two orders of magnitude. This phenomenon is attributed to the
fact that the suitable K" addition optimizes the internal structure of the material and forms a more ideal ammonium
ion diffusion channel. The distribution of K in the tunneling basically does not interfere with the diffusion of
ammonium ions, which can move rapidly through the electrode material, which explains the substantial
improvement in the rate performance of K-MnO,. The ammonium-ion diffusion coefficient of NiK-MnO, is stably
distributed within the range of 107107 ¢cm? s™' (Figure 7a), maintaining the same order of magnitude as K-
MnQO,. This result confirms the excellent rate performance of NiK-MnQO,. Further analysis of the interfacial charge-
transfer characteristics of different cathode materials was conducted using electrochemical impedance
spectroscopy (Figure 7b). The charge-transfer resistance (Rct) of y-MnO, is 22.74 Q, while that of Ni-MnO, and
K-MnO, is 10.13 Q and 17.89 Q, respectively. The reduction in Rct upon Ni or K doping can be attributed to the
significant increase in oxygen vacancy concentration and the enhanced electronic conductivity induced by the
multivalence states of manganese. For NiK-MnO,, Rct further decreases to 8.08 €2, indicating optimal interfacial
charge-transfer efficiency. The synergistic effect of dual-ion doping promotes simultaneous enhancement of
electron and ion transport, thereby significantly improving the overall conductivity of MnO,. Meanwhile, Tafel
polarization curves measured in a three-electrode system (Figure 7¢) reveal that NiK-MnO, exhibits a corrosion
current density (icorr) of 0.018 mA cm 2, much lower than that of the other samples. This indicates a lower self-
corrosion rate and higher chemical stability in the electrolyte, further confirming the stabilizing effect of Ni*/K*
co-doping. Compared with previously reported cathode materials (Figure 7d), it is demonstrated that the NiK-
MnO, prepared in this work possesses higher specific capacity and superior rate performance.
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Figure 6. NiK-MnO: (a) CV curves at different sweep rates; (b) logi and logv plots of redox peaks; (c)
pseudocapacitive and diffusion-controlled contributions at 1 mV s™!; (d) pseudocapacitive and diffusion-controlled
contributions at various scan rates.
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Figure 7. (a) GCD curves and corresponding diffusion coefficients in the GITT test of NiK-MnOz; y-MnO2, Ni-
MnOz, K-MnO2, NiK-MnOz of (b) EIS curves; (¢) Tafel polarization curves; (d) Comparison of the specific
capacity of Ni-MnOz, K-MnO2, NiK-MnO: and existing cathode materials.

4. Conclusions

In summary, NiK-MnQO, cathode materials were prepared by in situ synthesis, where Ni?* doping significantly
enhanced the conductivity of the materials through oxygen vacancy induction, while K* doping promoted ion
diffusion through a stable tunneling structure. The co-doping of Ni?* with K" has been shown to break through the
performance limitations of single doping through the synergistic effect of the oxygen vacancy-tunnelling structure.
The electrochemical performance of the battery was optimal when Ni:K=0.5:0.5. At this ratio, the material exhibited
excellent rate capability and cycling stability. The specific capacity at 1 A g™! current density was 113.28 mAh g™,
and the capacity remained 60% after 917 cycles. Therefore, the successful synthesis of NiK-MnO; cathodes
provides a promising strategy for developing aqueous ammonium-ion batteries with prolonged cycling stability,
improved capacity, and superior rate performance.
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