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Abstract: Manganese dioxide (MnO2) stands out as a promising multifunctional 
material for supercapacitors and hydrogen evolution reaction (HER) owing to its 
high theoretical capacitance, rich valence states, low cost, and environmental 
friendliness. However, the strong Jahn-Teller effect induces electron localization in 
Mn3+, giving rise to poor intrinsic conductivity, sluggish charge transport, and 
structural instability, which severely restricts its practical applications. Herein, a 
series of Zn-doped MnO2 was synthesized through a facile hydrothermal method to 
modulate the spin state and electronic structure of MnO2. Zn doping triggered local 
lattice distortion, broke the symmetric octahedral field of [MnO6], and optimized 
the occupation of Mn 3d orbitals, thereby enhancing spin polarization and 
promoting d-electron delocalization. Systematic characterizations and density 
functional theory (DFT) calculations verified that Zn doping reduced the bandgap 
of MnO2 from 1.7 eV to 1.1 eV, increased the eg orbital occupancy, and generated 
abundant oxygen vacancies and electrochemically active sites, which significantly 
improved electron mobility and ion diffusion kinetics. As the supercapacitor 
cathode, the assembled Zn-MnO2//La-MoO3/GQDs asymmetric supercapacitor 
achieved a maximum energy density of 23.9 Wh kg−1 with 80.9% capacitance 
retention after 6000 cycles. Meanwhile, as an electrocatalyst for HER in 1 M KOH, 
1% Zn-MnO2 exhibited a lower overpotential of 161 mV at 10 mA cm−2 and a small 
Tafel slope of 85 mV dec−1, with outstanding stability after 5000 cycles. This work 
demonstrated that Zn doping-induced spin state modulation effectively addressed 
the inherent limitations of MnO2, providing a feasible strategy for designing high-
performance Mn-based materials for integrated energy storage and conversion 
applications.  

 Keywords: manganese dioxide; spin state; supercapacitor; hydrogen evolution 
reaction 

1. Introduction 

With the continuous growth of global energy demand and the increasingly severe environmental problems 
caused by fossil fuel consumption, the development of efficient and sustainable energy storage and conversion 
technologies has become an urgent scientific and technological priority. Among various emerging systems, 
supercapacitors and electrocatalytic hydrogen evolution reaction (HER) technologies have attracted extensive 
attention owing to their important roles in clean energy utilization [1]. Supercapacitors are considered promising 
energy-storage devices because of their high- power density, rapid charge/discharge capability, and long cycling 
life, while HER is recognized as a key half-reaction for green hydrogen production and an essential process for 
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constructing a carbon-neutral energy system [2]. Nevertheless, the practical applications of these two technologies 
are still restricted by the low energy density of electrode materials in supercapacitors and the high cost, as well as 
the insufficient durability of efficient HER catalysts. 

Transition metal oxides are promising multifunctional materials for electrochemical energy storage and 
catalysis due to their rich redox chemistry, abundance, low cost, and environmental compatibility. Among them, 
manganese dioxide (MnO2) is particularly attractive for supercapacitors and HER applications [3,4], because of 
its high theoretical capacitance, diverse structures, low toxicity, and the favorable electrochemical activity 
endowed by the unsaturated coordination environment and variable valence states of Mn [5,6]. However, its poor 
electrical conductivity limits practical performance, leading to lower actual capacitance and sluggish reaction 
kinetics [7]. Thus, researchers have developed modification strategies including introducing oxygen vacancies to 
enhance intrinsic conductivity [8], constructing manganese vacancies to shorten ion diffusion paths [9], and 
optimizing charge transfer through heterogeneous interfaces [10]. Despite some progress, overcoming the 
limitations imposed by the electronic structure of MnO2 remains a major challenge. The primary reason for the 
difficulty is the Jahn-Teller effect, which causes electron localization in Mn3+, thereby restricting electron transport 
and leading to structural instability. Most studies attribute electrochemical changes to lattice distortions caused by 
transition metal ion doping [11,12]. These lattice distortions are often accompanied by d-orbital restructuring. 
Although they have demonstrated widespread application potential in the field of electrocatalysis, related research 
in the energy storage is still insufficient. 

Recently, spin-state engineering has served as an emerging strategy for regulating electronic structure, 
offering a new perspective for overcoming the limitations of traditional modification methods [13–15]. By 
modulating the spin configuration of transition metal ions, spin-state regulation can directly influence orbital 
occupancy, electron distribution, metal-oxygen covalency, and the adsorption/desorption behavior of reaction 
intermediates, thereby optimizing intrinsic activity and electrochemical kinetics [16–19]. The approach proves 
particularly significant for MnO2 systems. As previously mentioned, the electronic localization caused by the Jahn-
Teller distortion of Mn3+ forms the root of performance degradation [20]. Regulating the spin states can alleviate 
this localization effect to promote electron transitions while simultaneously releasing accumulated lattice stress, 
providing a pathway to synergistically address the dual challenges of poor conductivity and structural instability. 
Cation doping is one of the most effective methods for regulating the spin states of transition metal oxides [14,21]. 
Here, Zn2+ stands out due to its abundant global reserves, low cost, and unique closed-shell electron configuration 
(3d104s2), which enables a doping mechanism distinct from that of traditional variable-valent metal ions [22]. 
Different from doping methods that introduce additional redox pairs, Zn2+ exerts its effect by inducing local lattice 
distortion to form cationic defects and generating electron coupling effects [23]. This characteristic makes the 
regulation process more controllable and effectively avoids by-products arising from the introduction of complex 
valence state changes. Previous studies have clearly demonstrated that the introduction of Zn2+ into the MnO2 
lattice effectively induces the formation of oxygen vacancies and structural defects, which not only create more 
electrochemically active sites but also significantly improve the kinetic conditions for electron transport and ion 
diffusion [24,25]. Furthermore, studies in other transition metal systems have shown that the addition of Zn2+ can 
lead to localized symmetry breaking, accompanied by [CoO6] octahedral distortion and Co 3d orbital restructuring 
or changes in electronic structure and bonding characteristics through slight lattice distortion [26,27]. Hence, the 
combined enhancement of energy storage capacity and hydrogen evolution catalytic activity in MnO2 can be 
achieved by regulating the electronic configuration of the Mn centers through the incorporation of Zn2+ into the 
MnO2 lattice. 

In this work, a series of Zn-doped MnO2 materials was synthesized through a simple hydrothermal method 
to systematically investigate the effects of zinc doping on the crystal structure, lattice distortion, spin state 
distribution, and electrochemical behavior of MnO2. Through structural characterization, electrochemical 
measurements, and density functional theory (DFT) calculations, the effects of Zn2+ introduction on charge 
transfer, spin polarization of Mn 3d orbitals, and reaction kinetics were clarified. Moreover, the optimized Zn-
MnO2 was used as the cathode for an asymmetric supercapacitor and as a hydrogen evolution catalyst, further 
demonstrating its practical potential as a multifunctional electrochemical material. This work provides new 
insights into the regulation of spin states through non-redox cation doping and offers a viable strategy for the 
rational design of manganese-based materials for integrated energy storage and energy conversion applications. 
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2. Experimental  

2.1. Preparation of δ-MnO2 

0.19 g KMnO4 and 0.034 g MnSO4·H2O were placed in a beaker, and 40 mL of deionized water was added 
with continuous stirring for 30 min to obtain a well-mixed solution. The mixture was transferred to a 100 mL 
tetrafluoroethylene hydrothermal reactor and heated at 160 °C for 16 h. After being cooled to room temperature, 
the mixture was washed six times by centrifugation with alternating deionized water and anhydrous ethanol for 5 
min each. The product δ-MnO2 was then vacuum-dried at 60 °C for 10 h. 

2.2. Preparation for Zn-MnO2 

0.19 g KMnO4 and 0.034 g MnSO4·H2O were placed in a beaker, and 40 mL of deionized water was added 
with continuous stirring for 30 min to obtain a well-mixed solution. 4 mg, 12.1 mg, and 20.1 mg of ZnSO4·7H2O 
were added to the mixed solution, respectively, and continued to stir for 30 min. The mixed solution was transferred 
to a hydrothermal reactor and heated at 160 °C for 16 h. After being cooled to room temperature, the mixture was 
washed six times by centrifugation with alternating deionized water and anhydrous ethanol for 5 min each. The 
samples were vacuum dried at 60 °C for 10 h to obtain the product C-Zn-MnO2, which were labeled 1%Zn-MnO2, 
3%Zn-MnO2, and 5%Zn-MnO2, respectively. 

2.3. Characterization Methods 

Materials, characterization, electrochemical measurements, and electrochemical tests can be found in the 
Supporting Information. 

2.4. Theoretical calculations 

All calculations were performed within the framework of density functional theory (DFT) using the projector 
augmented plane-wave (PAW) method, as implemented in the Vienna ab initio simulation package (VASP) [28]. 
In the theoretical calculations of band structures and density of states, the generalized gradient approximation 
(GGA) proposed by Perdew, Burke, and Ernzerhof was selected for the exchange-correlation potential, with the 
cut-off energy for plane waves set to 500 eV [29]. The energy criterion for the iterative solution of the Kohn-Sham 
equation was set to 10−5 eV, and a 3 × 3 × 1 k-mesh was adopted for the Brillouin zone integration. To accurately 
handle the strong correlation effect of Mn 3d electrons, a modified DFT + U method was employed in this study, 
where a Hubbard correction of U = 3.42 eV was applied to Mn atoms, and the Coulomb attraction between the 
inner and outer electrons of each atomic nucleus in the system was treated as an ultra-pseudopotential. All 
structures were geometrically optimized until the residual forces on the atoms were reduced to less than 0.02 eV/Å. 

3. Results and Discussion 

The morphological transformation of MnO2 samples with different Zn doping concentrations (0%, 1%, 3%, and 
5%) was analyzed using Scanning Electron Microscope (SEM). As shown in Figure S1a, δ-MnO2 formed a layered 
nanoflower structure with a smooth surface and a densely stacked arrangement through the curved self-assembly of 
nanosheets. The nanosheet framework was maintained with a Zn doping concentration of 1%, but interlayer folds 
increased and the stacked density rose significantly (Figure S1b). This indicated that the introduction of low-
concentration Zn may promote directed attraction between adjacent nanosheets through electrostatic interactions, 
thereby enhancing the compactness of interlayer assembly and suppressing disordered dispersion of the nanosheets. 
When the Zn doping concentration was further increased to 3%, the interlayer stacking density of the nanosheets 
decreased, and partial regions exhibited slight curling of the nanosheet edges, though the complete nanoflower 
structure was still maintained (Figure S1c). This behavior may result from Zn2+ concentration gradients distributed 
between layers, which trigger internal stress rearrangement within the crystal, partially neutralize surface electrical 
charges on the nanosheets, and weaken interlayer electrostatic attractions. This process was coupled with preferred 
adsorption at high-energy edge sites, inducing changes in the curvature of the nanosheets. As the doping concentration 
was further increased to 5%, the nanosheet structure gradually collapsed, forming a secondary network structure with 
interwoven residual nanosheets (Figure S1d). This was primarily attributed to the strong intercalation effect of high-
concentration Zn2+ and its directed regulation of crystal growth kinetics. Excessive Zn2+ intercalation into the MnO2 
layers not only enhanced interlayer electrostatic bonding, leading to overly dense layer stacking, but also induced 
significant lattice distortion and localized stress accumulation, which forced the original nanosheets to disintegrate 
along lattice defects or weak bonding interfaces [30]. Therefore, moderate Zn2+ doping resulted in a more uniform 
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and refined network of MnO2 nanosheets, thereby promoting structural stability [31]. Furthermore, element analysis 
revealed that K, Mn, O, and Zn were uniformly distributed within the nano-flower-like structure (Figure S2), and no 
independent ZnO nanoparticle phase was detected. This confirmed that Zn was dispersed within δ-MnO2 at the atomic 
level without forming a new phase. 

The lattice fringes of δ-MnO2 and Zn-MnO2 were analyzed using High-Resolution Transmission Electron 
Microscope (HRTEM). As shown in Figures 1b and S3b, the lattice fringes at 0.631 and 0.244 nm in the magnified 
regions corresponded to the (003) and (101) crystal planes of Zn-MnO2, respectively [32]. These fringes exhibited 
reduced intensity compared to those of the (003) and (101) crystal planes in δ-MnO2 (Figures 1a and S3a). This 
was attributed to Zn2+ (0.74 Å), whose ionic radius was smaller than that of the interlayer K⁺ (1.38 Å), resulting in 
partial substitution [30]. The X-ray Diffraction (XRD) results showed that with increasing Zn doping 
concentration, the characteristic (003) peak shifted toward larger angles, and its intensity decreased (Figure 1c). 
This may be caused by lattice distortion and defects introduced by Zn doping, leading to reduced crystallinity [25], 
which was consistent with the HRTEM results. The phases of the sample were analyzed using Rietveld refinement 
XRD, and the corresponding lattice strain (S) was calculated by Equation (S5) in the supporting information. The 
refined XRD results confirmed that the Zn-MnO2 crystal structure was similar to that of δ-MnO2 (JCPDS No. 52-
0556), with no other impurity phases detected (Figures 1d and S4). The weighted residual factor (Rwp), residual 
factor (Rp), and simplified chi-square (χ2) served as vital parameters for evaluating the quality of the fit following 
structural refinement in XRD fitting [33,34]. These parameters were calculated through the GSAS-II software to 
verify the agreement between the experimental results and the XRD fitting results. The values of fitting parameters 
such as Rwp, Rp, and χ2 were shown in Table S1. The δ-MnO2 crystal structure (a = 2.849 Å, b = 2.849 Å, and c = 
21.536 Å) was constructed from edge-sharing [MnO6] octahedral layers, with K⁺ and H2O intercalated between 
the layers [31]. It can be seen that the lattice parameters a, b, and c gradually increased with increasing Zn doping 
concentration, which could be attributed to the substitution of Mn4+ within the layers and K+ between the layers 
by Zn2+. Refined XRD calculations obtained S values of 0.13, 0.08, 0.32, and 0.48 for δ-MnO2 and C-Zn-MnO2, 
respectively, confirming that Zn doping induced lattice distortion [24]. 

 

Figure 1. TEM and HRTEM images of (a) δ-MnO2 and (b) Zn-MnO2. (c) XRD patterns of samples images. (d) 
Rietveld refined XRD results of 1%Zn-MnO2. (Experimental data, calculated profiles, allowed Bragg diffraction 
positions and difference curves are marked by cross, red curves, green vertical bars and a blue line). (e) Raman 
spectrum of δ-MnO2 and C-Zn-MnO2. XPS spectrum of (f) Mn 2p, (g) Mn 3s, and (h) O 1s for δ-MnO2 and Zn-MnO2. 
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Figure 1e displayed the Raman analysis results for δ-MnO2 and C-Zn-MnO2 (C = 1%, 3%, 5%). characteristic 
peak intensity shifts near 494 cm−1 (ν1), 576 cm−1 (ν2), and 637 cm−1 (ν3) confirmed the embedding of Zn2+, which 
led to changes in the lattice structure of MnO2. The ν1 peak corresponded to the properties of ions located between 
the [MnO6] layers in the base lattice, verifying the presence of the birnessite-type MnO2 [35]. The ν2 and ν3 peaks 
were attributed to in-plane stretching and symmetric stretching modes of the Mn-O bond within the [MnO6] units, 
respectively [36,37]. Compared to δ-MnO2, the decrease in the intensity of the ν1 peak indicated that Zn2+ 
substituted for some interlayer K⁺ ions, resulting in a reduced interlayer spacing, which suppressed the interlayer 
vibrational modes and increased the degree of structural disorder. The ν2 peak exhibited increased intensity and 
red shift, with the peak intensity rising initially and then decreasing. The substitution of Zn2+ for some Mn sites 
within the layer induced in-plane compressive stress due to the smaller ionic radius of Zn2+, thereby increasing the 
bond energy of the in-plane Mn-O bonds and making the symmetric stretching vibration mode easier to activate. 
However, there was no peak at 350 cm−1 (Zn-O bond), which proved that Zn2+ existed in the interlayer of MnO2 
through electrostatic interactions [38,39]. 

XPS analysis of the electronic structure of MnO2 was conducted to further elucidate the causes of lattice 
distortion in Zn-MnO2. The XPS full spectrum displayed characteristic peaks for K, Mn, O, C, and Zn (Figure S5a), 
which were consistent with the EDS analysis results. It can be observed that the signal intensity of K in the C-Zn-
MnO2 samples decreased, indicating that some K⁺ between the MnO2 nanosheets was replaced by Zn2+. The 
characteristic peaks located at 642.4 eV and 653.8 eV for Mn 2p3/2 and Mn 2p1/2 were attributed to Mn3+ as shown 
in Figure 1f [40]. With increasing Zn concentration, the Mn 2p characteristic peaks shifted toward lower binding 
energies, indicating a decrease in the oxidation state of Mn. The Mn3+/Mn4+ ratios in 1% Zn-MnO2, 3% Zn-MnO2, 
and 5% Zn-MnO2 were 3.81, 4.15, and 4.68, respectively, which were all significantly higher than the 2.58 value 
of δ-MnO2. Meanwhile, the splitting energy of the Mn 3s energy level also increased with doping (Figure 1g), and 
the calculated average oxidation state (AOS) of Mn gradually decreased from 3.83 in δ-MnO2 to 3.69 in the 5% 
doped sample. These observations collectively indicated that the substitution of Mn sites in the lattice by Zn2+ 
triggers a charge compensation effect. Some of the Mn4+ ions were reduced to Mn3+ to maintain electrical 
neutrality. At the same time, oxygen vacancies were formed, which further exacerbated the local accumulation of 
electrons and led to lattice expansion. In the O 1s spectra, both the δ-MnO2 and Zn-MnO2 samples exhibited three 
characteristic peaks, corresponding to Mn-O-Mn (529.9 eV), Mn-O-H (531.7 eV), and H-O-H (533.0 eV), 
respectively [41]. The Mn-O-Mn characteristic peak of MnO2 gradually shifted toward lower binding energies 
with increasing Zn doping, reaching its lowest binding energy (529.7 eV) at 1%Zn doping (Figure 1h). Meanwhile, 
the proportion of surface-adsorbed oxygen increased, which indicated that Zn doping enhanced the electron density 
around lattice oxygen. Further analysis of the Zn 2p spectrum revealed that the characteristic peaks at 1021.37 eV 
and 1044.25 eV correspond to Zn 2p3/2 and Zn 2p1/2, respectively [42]. The intensity of the Zn 2p characteristic 
peak at 1021.37 eV shifted toward higher binding energies as the doping concentration increased, confirming that 
Zn2+ doping led to the partial reduction of Mn4+ to Mn3+. The larger ionic radius of Mn3+ induced lattice expansion, 
altering the bond lengths and coordination environment around Zn (Figure S5b). As a result, the bonding between 
Zn and its outer-shell electrons was strengthened and led to significant changes [43]. 

Further characterization and calculation of the spin configurations of δ-MnO2 and Zn-MnO2 were performed 
by measuring the FC-related magnetic susceptibility. The Curie constants of δ-MnO2 and Zn-MnO2 were 1.55 and 
1.91, corresponding to effective magnetic moments μeff of 3.52 and 3.91, respectively (Table S2). These indicated 
that δ-MnO2 had three unpaired electrons and Zn-MnO2 had four unpaired electrons (Figures 2a and S6a). This is 
due to lattice distortion caused by the introduction of Zn2+, which led to delocalization of more d electrons around 
the Mn centers [44,45]. As shown in Figure 2b, the hysteresis loops were measured over a magnetic field range of 
−20 to 20 kOe. The curves for δ-MnO2 and Zn-MnO2 displayed similar shapes with no hysteresis, indicating 
paramagnetic behavior. The calculation and fitting results demonstrated that the magnetic susceptibility of Zn-
MnO2 (5.13 × 10−5) was significantly higher than that of δ-MnO2 (4.47 × 10−5), indicating a transition in the 
electronic spin state of the Mn centers. The calculated eg occupation rates for δ-MnO2 and Zn-MnO2 were 1.03 
and 1.27, respectively (Figure S6b). These results were based on Equations (S6)–(S8) and suggested that Zn-MnO2 
had fewer unoccupied eg levels [46]. The Electron Paramagnetic Resonance (EPR) spectra in Figure 2c 
demonstrated that δ-MnO2 and Zn-MnO2 displayed strong resonance at g = 2.003 with respect to the center of 
symmetry [46,47]. The EPR signal peak intensity of Zn-MnO2 reached 3.037 × 10 13 spins/g, which was higher 
than that of δ-MnO2 (2.625 × 1013 spins/g). This verified that lattice distortion induced an increase in the number 
of unpaired electrons in the d orbitals, thereby generating more delocalized d electrons. 
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Figure 2. (a) Magnetic susceptibility curve of Zn-MnO2 (insert: the plot of inverse susceptibility vs. temperature).  
(b) Magnetic hysteresis loops. (c) EPR spectrum of δ-MnO2 and Zn-MnO2. (d,e) The theoretically optimized structural 
models of MnO2 and Zn-MnO2. The enlarged Mn-O bond lengths corresponding to the unit cells cycled by black dots. 
(f) DOS of Zn-MnO2. (g) The PDOS of different Mn 3d orbitals in Zn-MnO2. (h) MnO2 and Zn-MnO2 structural 
model and schematic diagram of the corresponding t2g orbital modulation electron hopping process. 

An atomic structural evolution of Zn-doped MnO2 was obtained through first-principles simulations, 
including lattice constants and lattice angles, with Zn ions intercalated between layers. The enlarged and optimized 
unit cell models of δ-MnO2 and Zn-MnO2 were shown in Figure 2d,e. Compared to δ-MnO2, Zn-MnO2 exhibited 
lattice distortion in its unit cell. Three of the Mn-O bonds are elongated to 1.914 Å (Mn2-O14), 2.055 Å (Mn2-O15), 
and 2.091 Å (Mn2-O3), respectively. In contrast, the remaining three Mn-O bonds shortened from 1.913 Å to 1.808 
Å (Mn2-O19), 1.819 Å (Mn2-O2), and 1.832 Å (Mn2-O10). Meanwhile, the layered structure of δ-MnO2 displayed 
high symmetry with an interlayer spacing of 7.18 Å. With Zn doping into the interlayer, the lattice along the c-
axis contracted to 6.84 Å, which was consistent with the XRD and TEM analysis results. The DFT calculation 
results provided theoretical support for the presence of lattice distortion in Zn-MnO2. Zn doping-induced lattice 
distortion significantly reduced the bandgap of the material, causing the bandgap value of δ-MnO2 (1.7 eV) to 
decrease to 1.1 eV in Zn-MnO2 after doping (Figures 2f and S7a). At the same time, the Fermi level (EF) exhibited 
a trend of shifting from the top of the valence band to the bottom of the conduction band, which was attributed to 
the enhanced spin polarization effect caused by lattice distortion [48]. Both the reduced bandgap and the shift in 
the EF indicated an increase in the number of delocalized d-electrons in Zn-MnO2, which enhanced electron 
mobility and contributed to the improvement of the intrinsic electron conductivity of MnO2. The contributions of 
different 3d partial orbitals of Mn atoms to the total density of states were investigated to further explore the impact 
of lattice distortion on the electronic structure of MnO2. Partial Density of States (PDOS) analysis revealed that 
compared to δ-MnO2, the charge distribution in Zn-MnO2 exhibited stronger orbital hybridization characteristics 
(Figure S7b) [49]. The charge density in Zn-MnO2 was significantly increased near the EF, indicating a stronger 
delocalization tendency of its d electrons, consistent with the observations from the PDOS analysis (Figure 2g). 
Table S3 showed the electron occupation rates of the eg and t2g orbitals in the Mn 3d. The electron occupancy of 
the eg orbital in Zn-MnO2 (39.61%) was slightly higher than that of δ-MnO2 (39.16%). Although the numerical 
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change was small, the upward trend was quite pronounced. This increase directly demonstrated the enhanced 
degree of electron delocalization, indicating the presence of more delocalized d electrons in Zn-MnO2. This 
theoretical calculation result was consistent with the analytical conclusions regarding electron delocalization and 
spin states derived from the magnetic measurements described above. 

Zn doping-induced lattice distortion in MnO2 is the core mechanism for modulating the electronic spin states 
of the Mn centers while simultaneously optimizing charge storage and HER performance (Figure 2h). This 
approach is consistent with the emerging strategy of spin-state engineering, which directly influences orbital 
occupancy and reaction kinetics to overcome the limitations of conventional electronic structure modulation [50]. 
Due to the larger radius of the Zn2+ ion compared to that of Mn4+ (0.53 Å), its substitution for Mn4+ within the 
[MnO6] octahedral layer results in significant lattice distortion. The structural change not only alleviates lattice 
stress during the ion incorporation process but also alters the local symmetry of the [MnO6] octahedral field, 
leading to a shift in the splitting of Mn 3d orbital energy levels. This results in an increase in the electron occupancy 
of the eg orbitals while reducing the electron occupancy of the t2g orbitals, thereby enhancing the spin polarization 
effect [51,52]. The filling state of the t2g orbitals directly influenced the charge transfer dynamics. The fully 
occupied t2g orbitals in MnO2 reinforce electron localization, suppressing O2

−-mediated electron hopping between 
Mn3+ and Mn4+ and hindering charge transfer. In contrast, the moderate distortion caused by Zn doping broke the 
saturated occupation of the t2g orbitals, lowered the energy barrier for electronic transitions and promoted the 
delocalization of d electrons [53]. Consequently, the bandgap of Zn-MnO2 was significantly reduced and the 
conduction band shifted toward the energy front, while the Mn 3d orbitals exhibited stronger hybridization 
characteristics and charge density distribution near the Fermi surface, indicating the formation of delocalized 
electronic pathways. There are two primary effects of modulating the electronic structure. On the one hand, the 
increased contribution from the eg orbitals not only enhanced the adsorption ability for ions and optimized the 
binding strength during the redox process, but also expanded the unit cell structure to accelerate ion diffusion 
kinetics [54,55]. On the other hand, adjusting the occupation state of the t2g orbitals can directly reduce the 
adsorption energy of the H* intermediate to promote the desorption process, and enhance the dissociation kinetics 
of water molecules through the spin-polarization effect to improve the catalytic activity of the HER [56]. 
Moreover, delocalized electronic networks can optimize the efficiency of internal electron transport to increase 
the rate of charge transfer between active sites and reaction interfaces and accelerate the reaction kinetics [57]. 

The electrochemical performance of δ-MnO2 and C-Zn-MnO2 with different Zn doping concentrations was 
evaluated in 1 M Li2SO4 electrolyte using the three-electrode system. Figure S8a displayed the Cyclic voltammetry 
(CV) curves in the −0.2 to 1 V voltage window at a scan rate of 80 mV s−1. δ-MnO2 demonstrated lower integrated 
areas and weaker redox peak intensities due to limited charge storage sites, whereas the CV closed-loop areas for 
1%, 3%, and 5%Zn-MnO2 were significantly expanded. In particular, the 1%Zn-MnO2 electrode revealed the 
highest response current and integrated area, which was attributed to Zn2+ doping-induced lattice distortion in 
MnO2. By regulating the valence state of Mn, the density of active sites and surface adsorption capacity were 
enhanced, thereby significantly increasing the pseudocapacitive contribution. The Galvanostatic charge-discharge 
(GCD) test results were consistent with the CV analysis results (Figure 3a). The performance of the doped samples 
improved at the current density of 0.5 A g−1, with 1% as the optimal doping concentration. The discharge time of 
1%Zn-MnO2 was approximately 1.2 times longer than that of δ-MnO2, with the specific capacitance increasing 
from the initial 155.29 F g−1 to 192.04 F g−1. The well-symmetrical triangular curve indicated efficient charge 
storage kinetics and reversibility. However, over-doping with more than 3% Zn may exacerbate lattice distortion, 
which led to the masking of active sites. 

As shown in Figure S8b, the kinetic characteristics were further analyzed by Electrochemical impedance 
spectrum (EIS) within the frequency range of 0.01 Hz to 100 kHz. The data revealed that the Rct of the C-Zn-
MnO2 electrodes was lower than the Rct of δ-MnO2 (2.15 Ω), with the 1%Zn-MnO2 electrode exhibiting the lowest 
Rct (1.74 Ω) (Table S4). The vertical slope in the low-frequency region was steeper, indicating lower interfacial 
charge transfer resistance and a faster ion diffusion rate. This kinetic advantage was particularly pronounced in 
rate performance testing (Figure 3b), where the 1%Zn-MnO2 electrode maintained a specific capacitance of 42.7 
F g−1 at a current density of 8 A g−1, which was higher than the 14 F g−1 of δ-MnO2. Although the 3% and 5%high-
Zn-doped samples also exhibited higher specific capacitance than δ-MnO2 at high current densities, their rate 
performance displayed significantly accelerated degradation, which may be attributed to structural stress 
accumulation caused by excessive doping. Figure S8c showed the CV test results of the Zn-MnO2 electrode at 
different scan rates. All curves exhibited nearly rectangular pseudocapacitive characteristics, and the curve shapes 
remain stable when scan rates increase. The current response was significantly enhanced, indicating the excellent 
capacitive properties and rapid charge-discharge capabilities of the Zn-MnO2 [58]. The b values obtained for δ-
MnO2 were 0.47 and 0.53, while those for Zn-MnO2 were 0.61 and 0.66 (Figures 3c and S8d), confirming that its 
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energy storage mechanism relies primarily on diffusion control [59]. However, Zn-MnO2 exhibited a greater 
degree of surface capacitance contributions, where the yellow shaded area represented the surface capacitance 
contribution corresponding to the CV curve at 10 mV s−1, and the remaining unshaded area represents the diffusion-
controlled region (Figures S8e and S8f) [32]. As shown in Figure 3d, the contribution of surface capacitance for 
the Zn-MnO2 electrode in the scan rate range of 10–80 mV s−1 increased from 23.08%, 30.44%, 37.4%, and 50.32% 
to 67.9%. Compared to the surface capacitance of δ-MnO2, the increase indicates that the electron/ion transport 
kinetics of the electrode had been optimized. 

 

Figure 3. (a) GCD curves of samples at 0.5 A g−1. (b) Nyquist plots. (c) Power law relationship of Zn-MnO2 
electrode at different scanning rates. (d) Contribution ratio of the capacitance-controlled for δ-MnO2 and C-Zn-
MnO2 at different scan rates. Electrochemical performance of Zn-MnO2//La-MoO3/GQDs asymmetric 
supercapacitors: (e) CV curves of the negative electrode and positive electrode at a scan rate of 80 mV s−1. (f) CV 
curves of the device for varying potential ranges at the scan rate of 50 mV s−1. (g) GCD curves at current density 
from 0.5 to 5 A g−1. (h) Ragone plot. (i) Cyclic stabilities after 6000 cycles. 

An asymmetric supercapacitor was assembled using Zn-MnO2 as the cathode and La-MoO3/GQD as the anode 
to demonstrate the good electrochemical performance of the Zn-MnO2. Figure S9a showed a schematic diagram of 
the device. The CV curves of Zn-MnO2 and La-MoO3/GQD were measured at scan rates of 80 mV s−1 within the 
voltage ranges of -0.2 V to 1 V and -0.95 V to -0.25 V, respectively (Figure 3e). CV curves of the Zn-MnO2//La-
MoO3/GQD device were obtained at different potentials using a constant scan rate of 50 mV s−1 (Figure 3f). These 
curves indicated that the potential of the Zn-MnO2//La-MoO3/GQD device can reach 2.0 V, and no significant 
polarization was observed at 1.8 V. Figure S9b displayed CV curves recorded at scan rates ranging from 10 to 200 
mV s−1 within a potential window of 1.8 V. A decrease in scan rate resulted in more pronounced redox peaks in 
the CV curves, indicating high reversibility. When the scan rate was increased to 200 mV s−1, the CV curve 
exhibited minimal distortion, indicating a high I-V response of the device. The capacitive performance of the 
device was verified through GCD testing at various current densities [60]. The maximum specific capacitance of 
53.1 F g−1 was measured at a current density of 0.5 A g−1 (Figure 3g). The resistance characteristics of the device 
were evaluated by EIS over the frequency range of 0.01 Hz to 100 kHz. Figure S9c showed the Nyquist plot, where 
the intersection of the high-frequency region with the real axis indicated an internal resistance of approximately 
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1.36 Ω. Figure S9d illustrated the relationship between the phase angle of the asymmetric supercapacitor and 
frequency. The phase angle in the low-frequency region reached approximately 50°, reflecting excellent capacitive 
performance and stability. At a power density of 450 W kg−1, the device achieved an energy density of 23.9 Wh 
kg−1, which was superior to previously reported asymmetric supercapacitors, as shown in Figure 3h and Table S5. 
Charge-discharge cycle stability tests were conducted to evaluate the potential for practical applications. After 
6000 cycles at a current density of 5 A g−1, the device exhibited a capacitance retention rate of 80.9%, indicating 
that it can operate stably within a working voltage window of 1.8 V (Figure 3i). 

A systematic evaluation of the HER performance of δ-MnO2 and C-Zn-MnO2 with different Zn doping 
concentrations (1%, 3%, 5%) was conducted in a 1 M KOH electrolyte. As shown in Figure 4a, Linear Sweep 
Voltammetry (LSV) testing revealed that the HER activity of the C-Zn-MnO2 series electrodes was significantly 
enhanced compared to δ-MnO2. The polarization curve of the 1%Zn-MnO2 electrode exhibited the lowest 
overpotential. As shown in Figure 4b, the overpotentials at a current density of 10 mA cm−2 for δ-MnO2, 1%Zn-
MnO2, 3%Zn-MnO2, and 5%Zn-MnO2 were 232 mV, 161 mV, 171 mV, and 177 mV, respectively. Tafel slope 
analysis revealed differences in reaction kinetics (Figure 4c). Compared with the δ-MnO2 electrode (103 mV 
dec−1), the Tafel slopes of the Zn-MnO2 electrodes were all reduced. The 1%Zn-MnO2 exhibited the smallest Tafel 
slope, which was 85 mV dec−1, indicating that the HER process at the 1%Zn-MnO2 tended toward the Volmer-
Heyrovsky pathway, with the Volmer reaction acting as the rate-determining step. The semicircular feature 
observed in the Nyquist plot reflects the efficient charge transfer process between the electrode material and the 
electrolyte (Figure 4d). The Rs values of the Zn-doped samples were lower than those of δ-MnO2, indicating that 
the overall conductivity of the electrode has been optimized (Table S6). The 1%Zn-MnO2 exhibited the lowest Rct 
of 4.97 Ω among all samples, indicating high HER activity due to rapid charge transfer to catalytic active sites. In 
contrast, the δ-MnO2 showed a higher Rct of 15.62 Ω, suggesting lower HER activity, a result consistent with the 
conclusions from the polarization curves. The CV curves for all samples are shown in Figure S10, and the double-
layer capacitance (Cdl) was calculated. The Cdl of the 1%Zn-MnO2 electrode was 7.8 mF cm−2, which was 1.6 
times that of the δ-MnO2 (4.8 mF cm−2), confirming that its surface exposed a greater abundance of active sites 
(Figure 4e). Compared to the 3% and 5%Zn-MnO2 electrodes, which demonstrated Cdl values of 6.1 mF cm−2 and 
5.8 mF cm−2, respectively. Furthermore, a comparison was made with current MnO2-based catalysts, as shown in 
Table S7. These results indicated that 1%Zn doping represented the optimal condition for achieving a high density 
of active sites. The 1%Zn-MnO2 was subjected to 5000 CV cycles in the non-Faradaic region (Figure 4f). The 
LSV curves before and after cycling showed significant agreement, which demonstrated the excellent cyclic 
stability of the electrode. 

 

Figure 4. (a) LSV curves of δ-MnO2 and C-Zn-MnO2. (b) Overpotential (η10). (c) Tafel slopes. (d) Nyquist plot 
(insert: the equivalent). (e) Linearly fitting curves of the capacitive current as a function of scan rate. (f) LSV curve 
of Zn-MnO2 after 5000 CV cycles. 
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4. Conclusions 

In this work, we modulated the spin states of MnO2 using a Zn-doping-induced lattice distortion strategy to 
enhance its charge storage capacity and HER. Zn2+ doping induced lattice distortion in MnO2 and expanded its 
unit cell volume, significantly increasing the electron occupation of the eg orbitals by altering the splitting energy 
of the [MnO6] octahedral field. This enhanced the spin polarization effect and promoted d-electron delocalization, 
reducing the bandgap of MnO2 from 1.7 eV to 1.1 eV and significantly improving its intrinsic electronic 
conductivity. Appropriate lattice distortion modulates the spin states of MnO2, transforming its t2g orbitals from a 
fully occupied state to a half-filled state. This facilitates electronic hopping in the t2g orbitals and accelerates the 
O2

--mediated charge transfer process, thereby significantly lowering the reaction barrier for the HER. In addition, 
the increase in the number of delocalized electrons and the expansion of the unit cell volume effectively promote 
ion diffusion, enabling this asymmetric supercapacitor device to exhibit a high energy density of 23.9 Wh kg−1 and 
excellent cycling stability of 80.9%. Concurrently, the enhanced charge transfer kinetics and increased active site 
density drove the improvement in HER activity, reducing the reaction potential from 232 mV to 161 mV at a 
current density of 10 mA cm−2. 
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