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Abstract
MnOx-based nanomaterials are promising large-scale electrochemical energy storage devices due to their high specific 
capacity, low toxicity, and low cost. However, their slow diffusion kinetics is still challenging, restricting practical applica-
tions. Here, a one-pot and straightforward method was reported to produce Zn-doped  MnOx nanowires with abundant 
defects and tunable small cross-sections, exhibiting an outstanding specific capacitance. More specifically, based on a 
facile hydrothermal strategy, zinc sites could be uniformly dispersed in the α-MnOx nanowires structure as a function of 
composition (0.3, 2.1, 4.3, and 7.6 wt.% Zn). Such a process avoided the formation of different crystalline phases during 
the synthesis. The reproducible method afforded uniform nanowires, in which the size of cross-sections decreased with 
the increase of Zn composition. Surprisingly, we found a volcano-type relationship between the storage performance and 
the Zn loading. In this case, we demonstrated that the highest performance material could be achieved by incorporating 
2.1 wt.% Zn, exhibiting a remarkable specific capacitance of 1082.2 F.g−1 at a charge/discharge current density of 1.0 A 
 g−1 in a 2.0 mol  L−1 KOH electrolyte. The optimized material also afforded improved results for hybrid supercapacitors. 
Thus, the results presented herein shed new insights into preparing defective and controlled nanomaterials by a simple 
one-step method for energy storage applications.
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1 Introduction

Struggles to balance the imminent energy crisis and global climate warming are part of long and challenging 
attempts to develop alternative energy supplies and in-depth research into energy storage systems [1, 2]. At this 
point, with the knowledge regarding actions for substantial changes, it is undeniable that renewable energy source 
improvements are directly related to storing energy issues. Supercapacitors are in the spotlight in this scenario 
due to their high power yields and increased storage capacity compared to conventional capacitors [3]. Scientists 
worldwide focus on the following materials for supercapacitor electrodes: carbonaceous metals, oxides/hydroxides, 
and conducting polymers [4–6]. Such materials are very different in nature, offering diverse characteristics: carbon-
based materials deliver high power with low energy density, while the other two give lower kinetics than the former 
materials, but their storage energy in pseudo-Faradaic processes, which can be similar to batteries, which is a vital 
feature for storage devices [7].

Recently, pseudocapacitance materials like metal sulfides, carbides, and oxides have attracted a substantial audi-
ence in energy storage applications [8]. Their large specific capacitances and high energy densities match most 
current electronic devices’ high power and energy density requirements. In this case, metal oxides (NiO,  MnO2, 
 Co3O4,  RuO2, etc.) have been demonstrated to be the most promising candidates for pseudocapacitance electrodes 
[9]. Among these candidates,  MnO2 is particularly interesting due to its high availability, low cost, low toxicity, high 
theoretical capacitance, and excellent capacitive performance in water-based electrolytes, making them promising 
for supercapacitor electrodes [10]. In this case, the charge storage mechanism in  MnO2 is typically based on fast fara-
daic redox reactions that either occur at the electrode surface or inside the bulk of the materials over an appropriate 
range of potentials. Therefore, to promote high capacitive performance, a large surface area and fast ion/electron 
transport by the electrode material are crucial in these systems.

Although  MnO2 has been one of the most investigated materials due to its favorable electrochemical activities, its 
specific capacitance values are still far below the theoretical value. The poor electronic conductivity and limited sur-
face area are responsible for low specific capacitance values in bulk  MnO2-based electrodes. In this regard, research-
ers have been continuously trying to improve the performances of  MnO2 by a variety of means, e.g., by synthesizing 
high surface area nanomaterials displaying controlled sizes and shapes (nanowires, nanoflowers, nanorods, etc.) 
[11–13], combining with conductive components (carbon black, carbon nanotubes, graphene, etc.), doping different 
metals (Al, Fe, Zn, Co, Ni, and Ag), and defect engineering to enhance the electron transport properties to attain a 
reasonable capacitance value [10].

Among these strategies to improve the electrochemical performances of  MnO2, several authors have directed 
their efforts to manipulate the physicochemical features of nanomaterials by controlling their size, shape, morphol-
ogy, and surface area. The manipulation of such parameters causes various phenomena that can be explained due 
to the control over the nanoparticle size, shape, composition, and structure, which strongly affect their properties, 
making nanoparticle control an efficient strategy for maximizing performance [14]. In particular, one-dimensional 
(1D)  MnO2 nanowires have attracted significant attention in catalysis and energy storage for the following reasons: 
(i) higher specific surface areas relative to those of commercial samples; (ii) crystal growth along highly catalytically 
active crystallographic directions, leading to high performances; and (iii) easily accessible surface by gas and liquid 
substrates due to their porous structures [15]. Furthermore, decreasing the cross-section diameters in nanowires 
can be presented as a successful approach for further enhancing promising properties of  MnO2 nanowires (surface 
area, oxygen vacancies, ratio of  Mn3+/Mn4+ ions at the surface, etc.).

In this context, nanoengineering crystalline defects (such as oxygen and metal vacancies) is an efficient strategy 
for designing nanomaterials with new tunable features. Generally, it can be done by doping  MnO2 with a second 
metal (Ni, Co, Zn, Cu, Ag, Fe, etc.), increasing the availability of active and adsorption sites and the number of oxygen 
vacancies at the nanomaterials’ surface that consequently enable favorable ion diffusion and electron charge-transfer. 
These features have been extensively used for catalysis, sensors, and electronic devices [16]. However, electrochemi-
cal issues have the advantage of having attainable oxidation states.

Research is actively underway to enhance the capacity and promote commercial applications of cathode materials 
in rechargeable potassium-ion batteries [17]. Nevertheless, there is a growing consensus that more substantial efforts 
are required in the realm of supercapacitors, particularly in the context of ion intercalation in non-noble metal-based 
candidates. Intriguingly, cation substitution has been explored to evaluate the pseudocapacitive performance of 
supercapacitors, yielding impressive results for asymmetric supercapacitors (achieving an energy density of 29.3 W 
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h  kg−1 even at a remarkably high-power density of 8000 W  kg−1)[18]. Additionally, the creation of oxygen-deficient 
hydrated potassium manganese oxide for high-energy, flexible magnesium-ion supercapacitors has been made 
possible through a sodium preintercalation-induced process [19].

Furthermore, the introduction of sulfur-induced oxygen vacancies has been investigated to expedite the redox reac-
tivity within  CuCo2S4 hollow nanoarchitectures, resulting in flexible solid-state asymmetric supercapacitors that offer a 
substantial energy density of 61.4 W h  kg−1 at 750 W  kg−1. Consequently, there remains a significant need for extensive 
research in energy storage, with a clear emphasis on the critical role of vacancy generation. In this case, the transition 
metals selection to prepare the binary oxides must be well-thought-out to guarantee good performance with stability.

Zinc oxide (ZnO) has emerged as an appropriate material for energy storage issues for similar reasons described for 
 MnO2; also, Zn composites seem to maximize the utilization of electrochemical sites [20]. However, one must remem-
ber that an essential feature in electrocatalysis is the charge transfer at the electrode interface and the electrolyte [21]. 
Thus, apart from the composition, it is still lacking in the literature more fundamental investigations on the structure-
properties relationship, such as the effect of physical modifications of  MnO2-based nanomaterials on the performance 
improvement of supercapacitors.

Therefore, we prepared uniform α-MnOx nanowires doped with Zn by incorporating different amounts of zinc nitrate 
precursor during the formation of  MnOx nanowires under hydrothermal conditions, exhibiting an outstanding specific 
capacitance. Remarkably, zinc sites showed uniform dispersion on the α-MnOx nanowire structure, depending on the 
composition (0.3, 2.1, 4.3, and 7.6 wt.% Zn), resulting in an elevation of oxygen vacancies concentration and a reduction 
in the cross-sectional sizes as the Zn composition increased. Such findings directly reflect the materials’ storage perfor-
mance, showing a volcano-type relationship.

2  Experimental section

2.1  Materials and instrumentation

All the chemicals utilized in this study were of analytical quality. Manganese sulfate monohydrate  (MnSO4·H2O, 
99%, Sigma–Aldrich), potassium permanganate  (KMnO4, 99%, Sigma–Aldrich), zinc nitrate (Zn(NO3)2·6H2O, 98%, 
Sigma–Aldrich), ethanol (95%, Vetec), potassium hydroxide (KOH, 99%, Isofar), Poly(vinylidene fluoride) (PVDF, aver-
age molecular weight ~ 534,000, Sigma–Aldrich), Super P carbon black (Super P, > 99%, Alfa Aesar), and 1-Methyl-2-pyr-
rolidinone (NMP, 99.5%, Sigma–Aldrich) were employed without any additional purification steps. Scanning electron 
microscopy (SEM) images were obtained using a JEOL field emission gun microscope JSM 7800F (JEOL, Tokyo, Japan) 
at 10 kV with a lower electron detector (LED). To prepare the samples, 0.01 g of the material was dispersed in 10 mL of 
ultrapure water (resistivity of 18.2 M Ω  cm−1, Millipore®, Billerica, USA) and sonicated for 10 min to suspend the material 
in the solvent. Subsequently, the aqueous suspension containing the nanostructures was deposited onto a silicon wafer 
and dried under ambient conditions.

Transmission electron microscope (TEM) images were acquired using a HITACHI HT 7800 (HITACHI, Tokyo, Japan) oper-
ated at 120 kV and a Tecnai FEI G20 (Thermo Fisher Scientific, Massachusetts, EUA) operated at 200 kV. A drop-casting 
method was also employed to prepare the nanomaterials for TEM analysis. The nanostructure suspension was deposited 
onto a carbon-coated copper grid and allowed to dry under ambient conditions. The Zn content dispersed on  MnOx 
nanowires was measured using inductively coupled plasma optical emission spectrometry (ICP-OES) with a Spectro 
Arcos instrument (SPECTRO Analytical Instruments GmbH, Kleve, Germany). The crystalline structure of the  MnOx and 
Zn-doped  MnOx nanowires was examined by X-ray diffraction (XRD) using a Bruker D8 Discover diffractometer (Bruker 
Corporation, Massachusetts, EUA) in a 2θ range of 10°–90° with a step size of 0.02◦ using Cu Kα radiation. The samples 
were deposited on a sapphire background-free support and allowed to dry before XRD analysis.

The textural properties of Zn-doped  MnOx nanowires were investigated through  N2-adsorption isotherms recorded 
at − 196 °C using a NovaTouch 2-LX instrument (Anton Paar GmbH, Graz, Austria). The nanomaterials (100 mg) were 
degassed for 3 h at 130 °C before analysis. The specific surface areas were determined using the Brunauer–Emmett–Teller 
(BET) equation from an adsorption isotherm generated in a relative pressure range of 0.07 < P/Po < 0.3. The total pore vol-
ume was calculated from the amount of  N2 adsorbed at a relative pressure close to unity, and the average pore diameter 
was determined using the Barrett-Joyner-Halenda (BJH) method from the  N2 desorption isotherms.

Electron paramagnetic resonance (EPR) spectra were collected using a Bruker Elexsys E500 spectrometer (Bruker 
Corporation, Massachusetts, EUA) operating at Xband (~ 9.8 GHz) with a DC magnetic field ranging from 200 to 500 mT, 
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an AC magnetic field with a frequency of 100 kHz, and a modulation amplitude of 0.5 mT. The DC magnetic field was 
calibrated with a Bruker standard strong pitch sample. In this procedure, 2 mg of the material was placed into a quartz 
tube inserted into the high-sensitivity (cylindrical) resonant cavity with a microwave power of 15.89 mW.

X-ray photoemission spectroscopy (XPS) spectra were acquired with a Scienta Omicron ESCA + spectrometer system 
equipped with an EA 125 hemispherical analyzer and an XM 1000 monochromated X-ray source (Scientia Omicron, 
Uppsala, Sweden) using Al Kα (1486.7 eV) as the X-ray source. Data analysis was performed using CasaXPS processing 
software version 2.3.15 (Casa Software Ltd., Teignmouth, UK).

2.2  α‑MnOx and Zn‑doped‑MnOx nanowires preparation

The α-MnOx nanowires were synthesized via a hydrothermal method [22]. In a typical procedure, 0.4 g of  MnSO4·H2O 
and 1.0 g of  KMnO4 were dissolved in 30 mL of deionized water. This solution was transferred into a 100 mL Teflon-lined 
stainless-steel autoclave and maintained at 140 °C for 19 h. Subsequently, the system was gradually cooled to room 
temperature, and the resulting dark product was subjected to three rounds of washing with 15 mL of ethanol and three 
rounds of washing with 15 mL of water, accomplished through sequential centrifugation and removal of the supernatant. 
Following this, the material was dried at 80 °C for 6 h in an open-air environment. The same protocol was employed to 
synthesize Zn-doped  MnOx nanowires displaying different Zn compositions. Thus, the exact amounts of the Mn precur-
sors were used, as described before; however, various Zn(NO3)2

.  6H2O quantities (17, 87, 170, and 348 mg) were mixed into 
the system separately, using the same volume of deionized water (30 mL). After that, the washing and drying processes 
were followed as defined above.

2.3  Electrochemical measurements

The electrochemical measurements were performed using an Autolab PGSTAT 302N potentiostat (Metrohm, Herisau, 
Switzerland) with NOVA 2.0 processing software. The working electrode comprised nickel foam (1.2 mm thick, 1 cm × 1 
cm) modified with  MnOx or the Zn-doped  MnOx nanowires samples and nickel foil (0.125 mm thick, 1 mm × 3 mm). Its 
preparation followed the procedure described here: the nickel foam was etched in 3.0 mol  L−1 HCl solution, washed 
thoroughly with isopropanol/water, and dried at 60 °C for 12 h; then, some pieces of the foam were cut (1  cm2), weighted, 
and saved for later utilization. In the next step, a slurry of each sample was prepared: the sample, the conducting Super 
P, and the PVDF binder dissolved in NMP solvent were mixed at a weight ratio of 8:1:1. At that moment, the previously 
etched pieces of foam were used to place 20 µL of the obtained slurry; after, the set was dried overnight, and, after that, 
we determined the mass of the active material by weighting the foam, now modified with the samples. By pressing it 
with a nickel wire as a current collector, the electrode was ready to be used [23]. The electrode was inserted into a single-
compartment glass cell with Pt gauze as the auxiliary electrode and Ag|AgCl (KCl saturated) as the reference electrode, 
against which all potentials shall be referenced here. The data were acquired in 2.0 mol  L−1 potassium hydroxide solution 
media. The Cyclic Voltammetry (CV) essays were recorded with the  N2-saturated electrolyte, with different scan rates 
(5 to 80 mV  s−1), in a potential range of 0.0 V to 0.5 V. The Galvanostatic Charge–Discharge (GCD) tests were conducted 
under different current densities (1, 2, 5, 10, and 20 A  g−1).

The specific capacity  (Cs, F  g−1) of the studies herein performed was calculated according to Eq. (1) [24]:

where I (A) corresponds to the current, ∆t (s) is the discharging time, m (g) denotes the mass of material used for the 
working electrode preparation, and ∆V (V) is the potential window.

The Coulombic efficiency (η) was obtained using Eq. (2) [24]:

where  td and  tc are the discharging and charging times, respectively.
The hybrid supercapacitor tests were performed in a two-electrode system. In typical analyses, the nickel foam was 

loaded with the Zn-doped  MnOx nanowires samples and served as a positive electrode; activated carbon was used as a 
negative one. The charge stored (q) by each electrode depended on the following Eq. (3) [24]:

(1)Cs =
I.Δt

m.Δv

(2)� =
td

tc
× 100%
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in which  Cs is specific capacitance, ∆V is the potential window of charge–discharge behavior, and m is the mass of the 
active electrode material. The active material weight loaded on the cathode for the hybrid supercapacitor to obtain 
Q +  = Q − was obtained using the Eq. (4) [25]:

where  m+ and  m- denote the weights of the materials loaded on cathode and anode electrodes, respectively. Equations (5) 
and (6) were used to obtain the energy density (ED) and the power density (PD) [26]:

where  Cs is the specific capacitance (F  g−1) obtained in the GCD tests for the hybrid supercapacitor, ∆V (V) is the potential 
range between the cathode and anode, and ∆t (s) is the time of discharge of the device. All the tests were carried out at 
room temperature.

3  Results and discussion

Our investigations started with the hydrothermal synthesis of  MnOx nanowires using  MnSO4 (reducing agent) and  KMnO4 
(oxidizing agent) as metal precursors and water as solvent at 110 °C for 24 h. Such a synthetic procedure was chosen once 
this method leads to defects on the surface of the nanomaterial that could directly impact its electrochemical behavior. 
Also, this procedure is very simple and can provide "clean" nanostructures without capping ligands or related compounds. 
The nanowires displayed well-defined shapes and uniform sizes, 51 ± 14 nm in width and > 1 µm in length, as shown in 
Fig. 1A–C. In the next step, we modified the classical hydrothermal synthesis of  MnOx nanowires by adding different 
amounts of Zn(NO3)2.6H2O (described in the experimental section) to the synthesis procedure. We used Zn amounts to 
obtain 1.0, 5.0, 10.0, and 20.0 wt.% Zn. However, using the ICP-OES technique, the following content was obtained by 
increasing the Zn precursor: 0.3, 2.1, 4.3, and 7.6 wt.% Zn.

Interestingly, in all the cases, Zn-doped  MnOx nanowires presented well-defined shapes and uniform sizes; however, 
their cross-section diameters depended on the zinc composition. More specifically, the Zn-doped nanowires displayed 
cross-section diameters of 47 ± 10 nm, 41 ± 11 nm, 39 ± 8 nm, 37 ± 6 nm in width, and > 1 µm in length, as shown in 
Fig. 1D–F, G−I, J–L, and M–O, for 0.3, 2.1, 4.3, and 7.6 wt.% Zn-doped  MnOx nanowires, respectively. Additional file 1: Fig. 
S1 presents HRTEM images of individual 0.3, 2.1, 4.3, and 7.6 wt.% of Zn doped  MnOx nanowires, revealing that they are 
structurally uniform, with mixed growth directions along the [110], [100], and [310] axis. We also performed STEM-EDX 
spectrum imaging for all the Zn-doped  MnOx nanowires to investigate the Mn, O, and Zn elemental distribution, as shown 
in Fig. 2. Interestingly, it confirmed the uniform distribution of Mn and O. Also, it is clear the gradual increase in intensity 
in the signal of Zn at the SEM–EDS elemental mapping images of 0.3, 2.1, 4.3, and 7.6 wt.% Zn-doped  MnOx nanowires, 
in agreement with ICP-OES results.

After synthesizing the Zn-doped  MnOx nanowires, we examined their textural and structural properties, which could 
influence their storage performances. Thus, the textural properties obtained by  N2-physisorption analysis are presented 
in Table S1. The specific surface area of samples increased with the increase in zinc composition, displaying 105, 107, 
132, 144, and 135  m2  g−1 for 0.3, 2.1, 4.3, and 7.6 wt.% Zn-doped  MnOx samples, respectively, in agreement with the 
TEM analyses that showed a decrease in the cross-section diameters of nanowires as the content of zinc increased. The 
Zn-doped  MnOx nanowires also displayed a smaller average BJH pore diameter as the zinc content increased. The rep-
resentative adsorption isotherms (we have chosen the  MnOx and 2.1 wt.% Zn-doped  MnOx nanowires samples) – Figure 
S2 – corresponded to type IV (IUPAC classification), typical of mesoporous materials. The shape of the hysteresis loop 
corresponded to type H3, with well-defined loops that did not level off at relative pressures close to the saturation vapor 

(3)q = m ∙ Cs ∙ Δv

(4)
m+

m−

=
Q+

Q−

(5)ED =
1

2
∙ Cs(ΔV )

2

(6)PD = 3600 ×
ED

Δt
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Fig. 1  SEM (A, C, E, G, and I), TEM (B, D, F, H, and J), and histograms (C, F, I, L, and O) images of the materials obtained by a hydrothermal 
method. (A-C)  MnOx, (D-F) 0.3%, (G-I) 2.1%, (J-L) 4.3%, and (M–O) 7.6 wt.% Zn-doped  MnOx nanowires, respectively
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pressure. Such characteristics are important for the preparation of supercapacitor electrodes once they can provide 
enhanced ion accessibility, increased surface area, stability, and durability.

The XRD results of the 0.3, 2.1, 4.3, and 7.6 wt.% Zn-doped  MnOx nanowires are shown in Figure S3. The samples 
exhibit similar XRD patterns, indexed mainly as α-MnO2 tetragonal crystal phase with I4/m space group (JCPDS Card 
No: 44–0141) [27]. Specifically, 2θ values at 12.8, 18.0, 28.7, 37.5, 41.9, 49.8, 56.0, 60.1, 65.3°, and 69.5°, ascribed to (110), 
(200), (310), (211), (301), (411), (600), (521), (002), and (541) crystal planes, were clearly observed for the  MnOx nanow-
ires sample. Interestingly, a significant broadening and slight shift of all diffraction peaks could be observed when the 
composition of Zn increased. Such results suggest that zinc sites could be lightly and uniformly dispersed onto  MnOx 
nanowires’ structure, avoiding the formation of different crystalline phases (only α-MnO2 was detected). Thus, such a 
procedure avoided the structural transformation of α-MnO2 nanowires during the synthesis. Also, the obtained data 
suggest that Zn is doped into the oxide lattice, leading to some distortion (evidenced by the observed shifts) and poor 
structure crystallinity. Poor crystallinity is preferred for supercapacitor applications because the structure can provide 
an easy way for most active ions to penetrate.

The EPR spectra of the  MnOx and Zn-doped  MnOx nanowires were investigated to understand the influence of Zn 
doping on oxygen vacancy generation and electronic structure modification. Figure 3 shows the EPR spectra of the sam-
ples. The intensity of the EPR signal and linewidth increases with Zn addition from 0.3 to 2.1 wt.% Zn. Such signals are 
attributed to  Mn4+. As Kakazey et al. demonstrated, the spectrum’s broadening from 0.3 to 2.1 wt.% Zn is due to exchange 
interactions between  Mn4+ ions and can also be ascribed to the partial substitution of  Mn4+ for  Mn3+ ions [28]. Therefore, 
based on EPR spectra, the higher  Mn3+/Mn4+ ratio was achieved for the sample 2.1 wt.% Zn-doped  MnOx nanowires. In 
addition, as previously demonstrated by Dang et al., the higher the  Mn3+/Mn4+ ratio in  MnO2-based structures, the better 
performance towards tailored supercapacitors due to increased  MnO2 conductivity [29]. They demonstrated that this 

Fig. 2  SEM images of the 0.3 (A), 2.1 (E), 4.3 (I), and 7.6 (M) wt.% Zn-doped  MnOx nanowires. The elemental mapping colors are: blue (Mn), 
green (O), and drank green (Zn). Specifically, (B-D), (F–H), (J-L), and (N-P) are the mapping of the 0.3, 2.1, 4.3, and 7.6 wt% of Zn doped-MnOx 
nanowires, respectively
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improved performance could be ascribed to the so-called double exchange interaction mechanism  (Mn3+-O-Mn4+). In 
this mechanism, there is an interaction between Mn and O orbits in which electrons from  Mn3+ could migrate to  Mn4+ 
using O 2p orbits as a bridge. It was also demonstrated that  Mn4+ to  Mn3+ substitution in the  MnO2 lattice induces the 
formation of oxygen vacancies [28, 29].

Interestingly, as Zn content addition increases, the EPR signal and linewidth decrease, and so does the sextet pattern; 
the characteristic hyperfine splitting of  Mn2+ becomes more evident, as shown in Figure S4 [30–32]. Thus, based on our 
findings, we hypothesize that both the  Mn3+/Mn4+ ratio and oxygen vacancies concentration are increasing, which could 
play a pivotal and synergistic role in Zn-doped  MnOx nanowires’ improved performance up to 2.1 wt.% Zn. Hereafter, as 
Zn content increases, an adverse effect on the supercapacitor’s performance associated with  Mn2+ presence becomes 
significant.

In the next step, we focused our attention on applying the  MnOx nanowires and 0.3, 2.1, 4.3, and 7.6 wt.% Zn-doped 
 MnOx counterparts as electrodes for storage applications. CV curves were performed to analyze the materials’ electro-
chemical performance, as shown in Fig. 4. The electrochemical characteristics of the nanowires (doped and undoped) 
are indicated by the anodic and cathodic peaks in the CV curves in the range of − 0.2–0.47 V in 2.0 mol  L−1 KOH.26 There 
are two faradaic peaks for all the electrodes, one related to an oxidation process, observed during the positive going 
scan, centered around 0.35 V, and another, a reduction one, observed during the negative going scan, centered around 
0.20 V. The potential peak is not the same for all materials and is related to the redox couple  Mn2O3/MnOOH. The fact 
that the peaks are separated by at least 140 mV (7.6% material) shows that the reaction is not happening just on the 
material surface; there is at least a mass transport step in which some species approach or leave the electric double layer. 
In addition, the process cannot be called reversible due to this large peak separation, which is larger than the ∽60/n 
mV separation window. However, for the 0.3 and 4.3 wt.%, the ratio between the current peaks is close to 1, indicating 

Fig. 3  EPR spectra for the 
 MnOx and Zn-doped  MnOx 
nanowires

Fig. 4  CV curves of  MnO2 
nanowires and 0.3, 2.1, 4.3, 
and 7.6 wt.% Zn-doped  MnOx 
nanowires at a 40  mVs−1 scan 
rate (KOH 2.0 M)
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that the process can be quasi-reversible. The lower concentration of Zn ions in the  MnOx nanowires structure hampers 
its clear identification in the curves for the Zn-doped  MnOx materials, which reflects the XRD results that considered a 
single manganese oxide phase. However, once ICP-OES confirmed the existence of Zn species, it makes us believe that 
the following reaction occurred:

One can notice that the CV currents for the doped materials are much higher than the observed for pure  MnOx nanow-
ires, indicating that the doping process enhanced the electrical conductivity of the materials. Interestingly, however, this 
current gain does not follow an expected trend, i.e., the increment in the Zn content did not provide a current increase. 
Instead, the 0.3 wt.% Zn-doped  MnOx material showed higher values and potential shifts (more negative potential for 
oxidation and reduction events than the other electrodes), followed by the 2.1 wt.% Zn-doped  MnOx counterpart, with a 
shift to a more positive potential for oxidation and reduction processes. The other two materials presented lower currents, 
suggesting that the doping affected their conductivity. It is important to note that the peak position correlates with the 
population of oxygen vacancies. For instance, the material containing 0.3 wt.% Zn exhibited the lowest vacancy popu-
lation, resulting in the most negative peak potential. Conversely, the material with 2.1 wt.% Zn, possessing the highest 
vacancy concentration, displayed the most positive potential peak. Consequently, the other two materials, with lower 
vacancy levels approaching those of the 0.3 wt.% Zn material, exhibited intermediate potential peaks during the positive 
potential scan. Given that oxygen vacancies indicate an excess of electrons or, in other words, act as n-type dopants, it is 
reasonable to expect that the most heavily "doped" material (in this case, with more vacancies) would have the most posi-
tive oxidation potential, creating a significant barrier for oxidative behavior. Additionally, the same material showed the 
most positive reduction potential, indicative of the lowest reductive barrier, as anticipated for an n-type semiconductor.

We also performed the CV of the materials to evaluate the effect of different scan rates (Figure S5) for the dopped 
materials. We could observe reduction peaks shifting to more negative potentials with the scan rate increase, while the 
oxidation peaks shift to more positive ones for all the Zn-doped  MnOx nanowires, indicating a quasi-reversible feature of 
the redox couples. Figure S6 shows the peak current density versus the square root of the scan rate for all the materials, 
which suggests that diffusion-controlled reactions occur during the electrochemical process. For most materials, the 
slopes are similar, meaning that the diffusion of the same species limits the reaction. In the case of 0.3% material, the 
slope is 10 times higher, meaning the diffusion is facilitated in this electrode. The diffusion-limited species is probably 
the  K+

(aq), responsible for the charge compensation process. The small porous diameter observed for these materials, 
around 2.5 nm, is in the same order of magnitude as the solvated  K+ diameter, around 0.7 nm.

Figure 5 shows the GCD curves of the doped and undoped nanowires-based electrodes at a potential range of 0.0 to 
0.45 V in 2.0 mol  L−1 KOH electrolyte at different discharge current densities of 1.0, 2.0, 5.0, 10.0, and 20.0 A  g−1. All the 
samples have only one plateau, consistent with the CV curves in Fig. 4. This plateau is not expected for electrochemical 
capacitors since the charge and discharge processes are not triangular, being more related to a battery-type process. 
For the electrode observed between battery and supercapacitor behavior, the terms "supercapattery", or intercalation 
pseudocapacitance are common in the literature. The profiles in the GCD measurements align with the shape expected 
for binary metal oxide supercapatteries. This behavior is normally related to the electrolyte and material structure and 
is considered a consequence of the nanostructuration of the electrode, which can make a material expected to be a 
supercapacitor in the bulk form behave as a battery in the nanostructured form and vice-versa. We obtained interesting 
specific capacities (SCs), which decreased with the increase of current density. Specifically, we had:  MnOx nanowires with 
432.6 F  g−1 (1 A  g−1), 379.6 F  g−1 (2 A  g−1), 316.3 F  g−1 (5 A  g−1), 265.3 F  g−1 (10 A  g−1), and 204.1 F  g−1 (20 A  g−1); 0.3 wt.% 
Zn-doped-MnOx nanowires with 497.7 F  g−1 (1 A  g−1), 451.2 F  g−1 (2 A  g−1), 372.1 F  g−1 (5 A  g−1), 302.3 F  g−1 (10 A  g−1), 
and 139.5 F  g−1 (20 A  g−1); 2.1 wt.% Zn-doped-MnOx nanowires with 1082.2 F  g−1 (1 A  g−1), 928.8 F  g−1 (2 A  g−1), 600.0 F 
 g−1 (5 A  g−1), 340.9 F  g−1 (10 A  g−1), and 266.7 F  g−1 (20 A  g−1); 4.3 wt.% Zn-doped-MnOx nanowires with 608.9 F  g−1 (1 A 
 g−1), 560.0 F  g−1 (2 A  g−1), 511.1 F  g−1 (5 A  g−1), 466.7 F  g−1 (10 A  g−1), 400.0 F  g−1 (20 A  g−1), and; 7.6 wt.% Zn-doped-MnOx 
nanowires with 345.2 F  g−1 (1 A  g−1), 204.8 F  g−1 (2 A  g−1), 178.6 F  g−1 (5 A  g−1), 166.7 F  g−1 (10 A  g−1), and 142.9 F  g−1 (20 
A  g−1). The Coulombic efficiencies achieved were higher than 93% for the samples in all the current densities. Figure 5F 
compares the study of the charge storage capacity of the synthesized electrode materials at 1 A  g−1. The curves are virtu-
ally symmetrical, representing reversible pseudo-faradic reactions between the electrode and electrolyte.

(Zn, Mn)3O4 + H2O + OH
−
⇌ ZnOOH + MnOOH + e−

ZnCOOH + MnOOH + 2OH
−
⇌ ZnO2 + MnO2 + 2 H2O + 2e−
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Interestingly, a volcano-type relationship between the storage performance and the Zn loading was observed 
(Figure S7). Then, it is clear that we achieved an optimum Zn content for the improvement of the storage properties 
of the material. Above its quantity, there is a decrease in the capacity of the material. It is important to highlight that 
we decided not to perform characterizations after using the electrodes once previous literature showed that similar 
materials, after electrochemical cycles, undergo carbon deposition and Mn, O-containing nanoflakes over it, which 
hinder a conclusive observation of the modification of the as-prepared nanowires [13].

Fig. 5  GCD curves of A  MnOx, B 0.3 wt.% Zn, C 2.1 wt.% Zn, D 4.3 wt.% Zn, and E 7.6 wt.% Zn nanowires at different current densities. F 
Comparison of all the electrodes at 1 A g.−1
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At this point, we could observe that supercapacitors for  MnOx nanowires in the literature at 1 A  g−1 are lower than the 
one presented herein for our Zn-doped  MnOx nanowires. For example, for pure  MnOx nanowires, Yin et al. obtained 180 
F  g−1, while Mahmood et al. acquired 337.5 F  g−1 [33, 34]. Undoubtedly, the material’s shape and mesopore structure can 
improve electron transport and ion diffusion [35, 36]; however, the Zn addition seems to be the most important feature 
of the material’s performance once the surface area is similar to the  MnOx nanowires. Thus, the Zn species appear to aid 
electron transport due to synergetic issues, as observed when Co ions are used to synthesize  MnOx nanowires [37, 38].

The elements’ chemical states and bonding natures in  MnOx and 2.1 wt.% Zn-doped-MnOx nanowires were also 
investigated by XPS to shed some light on their differences. Figure S8 shows the low-resolution spectrum of the doped 
material, showing only the expected elements: Mn, O, Zn, and C (and a small signal regarding K from the metal precursor). 
Figure S9A shows the  MnOx nanowires’ high-resolution XPS spectrum, which shows peaks centered at 653.8 and 642.2 
eV, related to Mn  2p3/2 and Mn  2p1/2, respectively. An asymmetric Gaussian/Lorentzian fitting deconvolved them into 
four sub-peaks; two are assigned to the B.E. of  Mn3+ (642.1 and 653.6 eV) and two to  Mn4+ (643.5 e 654.9 eV). As shown 
in Fig. 6A, two fitted peaks centered at 653.9 and 642.1 eV, ascribed to Mn  2p3/2 and Mn  2p1/2, respectively, are observed 
for the 2.1 wt.% Zn-doped-MnOx, very similar to the observed for the unmodified  MnOx nanowires. Also, the four sub-
peaks ascribed to the B.E. of  Mn3+ (642.1 and 653.7 eV) and two to  Mn4+ (644.2 e 654.6 eV) were detected. However, The 
ratio of  Mn3+/Mn4+ was increased from 1.6  (MnOx nanowires) to 2.9 (2.1 wt.% Zn-doped-MnOx nanowires), indicating 
that oxygen vacancy concentration increases after in the sample with Zn doping, which follows the EPR, that shows an 
increasing content of  Mn3+ in the material with 2.1 wt.% Zn. For the 2.1 wt.% Zn-doped  MnOx sample, we evaluated the 
Zn 2p region of the XPS, which showed two peaks centered at B.E. of 1021.4 and 1044 eV, ascribed for Zn  2p3/2 and Zn 
 2p1/2 of  Zn2+, respectively (Fig. 6B) [39]. For the same sample, we display the C 1s spectrum (Fig. 6C); the 284.3, 285.6, 
and 288.1 eV peaks are associated with C–C, C–O, and O–C = O, respectively.

However, it is essential to analyze the O1s spectra for the  MnOx nanowires (Figure S9B) and 2.1 wt.% Zn-doped  MnOx 
nanowires (Fig. 6D). The  MnOx nanowires presented only two deconvoluted peaks at 529.6 and 531.4 eV. It can be seen 

Fig. 6  High-resolution XPS spectra of A Mn, B Zn, C C, and D O for the 2.1 wt.% Zn-doped  MnOx nanowires sample
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that the three sub-peaks at 532.4 eV, 531.2 eV, and 530.1 eV belong to chemically adsorbed water (Oads), oxygen vacancy 
(Ov), and lattice oxygen (OL), respectively, for the doped sample. Thus, remarkable differences in the oxygen XPS show 
how the dopping process changed the surficial material characteristics.

However, XPS is not the most accurate technique to evaluate oxygen vacancies, so the EPR was performed herein. Thus, 
based on the results of EPR and XPS analyses, the formation of  Ov vacancies could be explained as follows: during the 
doping and formation of manganese oxide, the  Mn4+ species present in  MnOx can be replaced by  Zn2+ sites, leading to 
charge disparity in the oxide structure. This phenomenon leads to a weakening of the Mn–O bond. Therefore, punctual 
defects such as oxygen vacancies are expected to form in the crystal lattice to compensate for this charge inequity and 
maintain the nanomaterial’s electrical stability. These conclusions directly relate to the XPS data presented here: the  Zn2+ 
can contribute to the material’s electrochemical performance.

By choosing the optimized doping, we obtained further Information on the 2.1 wt.% Zn-doped-MnO2 nanowires’ 
cycling stability by performing 1000 charge–discharge cycles at 10 A  g−1. According to Fig. 7A, we can notice that the 
capacitance retention decreases, although its Coulomb efficiency remained at 83.3%. The material experienced a con-
siderable drop in its specific capacitance from the first to the two-hundredth cycle. This cycle achieved stabilization, 
staying with a capacitance of 160.5 F  g−1 (the first test performed 340.9 F  g−1). Thus, the material remained at 47% of its 
initial capacitance. Some relevant considerations are necessary regarding these results: during the cycles, irreversible 
redox reactions can occur, causing damage, inactivation, or loss of active sites; mechanical stress from electrolyte ions 
intercalation/deintercalation to counterbalance the overall charge can happen, lowering the efficiency of the material; 
also, insufficient active species utilization can occur due to high current densities reached in the experiments [40].

To evaluate these issues further, we performed EIS analyses at open circuit potential in 2.0 mol  L−1 KOH electrolyte 
before (as-prepared), during (after 500 cycles), and after the 1000 cycles (Fig. 7B). None of the plots in Fig. 7B shows a 
perfect line parallel to the imaginary axis. This indicates that the system cannot be interpreted as just a resistor in series 
with a capacitor, so at least a constant phase element (CPE) would be needed. The fact that for the three cases, some 

Fig. 7  A Specific capacitances 
vs. number of cycles at 10 A 
 g−1. B EIS analysis
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inclination to an "infinite" semi-circle is present would suggest that at least one-time constant (a CPE/capacitor in paral-
lel with a resistor) in series with a resistor (electrolyte resistor,  Re) would be needed to interpret this system. For the "as-
prepared" electrode, it can be seen that the data tend to have higher imaginary parts and smaller real ones, as expected 
for a high capacitive contribution. After some cycling, a linear region can be seen, and the slope for this is equivalent to 
0.5, meaning that a mass transport limitation due to diffusion is gaining importance. The capacitance/resistive contribu-
tion is changing, as seen in Fig. 7A; however, the time constant itself seems to be kept close to the same value, so the 
decrease in capacitance is probably followed by an increment in resistance. After 1000 cycles, small changes are observed 
compared with the 500 cycles measurement, as the time-constant related points are observed to be around the same 
values and the diffusion-related data presented, again, 0.5 as slope.

As a final evaluation of the Zn-doped  MnOx nanowires’ performance, we assembled a hybrid supercapacitor, using our 
material as the positive and activated carbon as the negative electrodes. The possible operating voltage window of the 
hybrid device was studied by CV (Fig. 8A). The optimum voltage window was 0.0 to 1.4 V vs. Ag/AgCl,  KClsat electrode. 
Replacing the values obtained from GCD analysis in Eq. 4, we reach a mass balance ratio of 5.9, in other words, 1:5.9 in the 
2.1 wt.% Zn-doped nanowires and activated carbon, respectively. Performing CV curves at different scan rates showed a 
broadening of redox peaks due to a combination of supercapattery and capacitive electrodes. Also, one can notice the 
high-rate capability of the hybrid supercapacitor once scan rates from 5 to 80 mV  s−1 kept the CV curved unchanged. The 
charge–discharge curves for the hybrid device were obtained under the same conditions for the Zn-nanowires nanowires 
(Fig. 8B-C), and the data obtained were: 93.6 F  g−1 (1 A  g−1), 87.1 F  g−1 (2 A  g−1), 75.0 F  g−1 (5 A  g−1), 71.4 F  g−1 (10 A  g−1), 
and 71.4 F  g−1 (20 A  g−1). The Coulombic efficiencies were higher than 90%. The hybrid device yielded a maximum energy 
density of 91.7 Wh  kg−1 at a power density of 2520 W  kg−1 at 1 A  g−1. The energy density obtained here is higher than 
conventional electrochemical double-layer capacitors, which is highly interesting for future applications [41]. We also 

Fig. 8  A The hybrid system’s CV curves at different scan rates (2.0  molL−1 KOH electrolyte) and B charge–discharge profiles at 1, 2, 5, 10, and 
20 A  g−1. C Specific capacitances vs. current densities. D Stability after 1000 cycles at 10 A g.−1
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performed 1000 cycles for the hybrid system, which showed a capacitance decrease of up to 250 cycles, with stabiliza-
tion to 35 A  g−1 up to the end of the 1000 cycles (Fig. 8D).

The comparison of energy density and power density of assembled ASCs with other devices from the literature is 
shown in Table 1. Previous research has suggested that  MnO2 or ZnO-based electrodes can enhance energy storage 
performance. Our findings were comparable but, in some cases, surpassed those reported recently. It’s important to 
acknowledge that we know the limitations that need to be addressed, particularly concerning stability. Nonetheless, it 
is noteworthy that our study, for the first time, unveiled the connection between oxygen vacancies and the cross-section 
of nanowires with the storage capacity of MnZn nanowires-based materials.

4  Conclusions

Herein, we prepare one-dimensional Zn-doped nanowires with a simple hydrothermal synthesis method, varying the 
quantity of Zn content. The material presented a high specific capacitance of 1082.2 F  g−1 at a charge/discharge current 
density of 1.0 A  g−1 in 2.0 mol  L−1 KOH electrolyte with an optimized Zn content, which is a remarkable result compared 
to the literature. Surprisingly, we found a volcano-type relationship between the performance and the Zn loading, 
demonstrating that the highest performance storage material could be achieved by incorporating 2.1 wt.% Zn-doped 
 MnO2 nanowires. Then, adding Zn ions was essential, even in a very low concentration. Interestingly, zinc sites could be 
uniformly dispersed onto α-MnO2 nanowires structure as a function of composition (0.3, 2.1, 4.3, and 7.6 wt.% of Zn), 
avoiding the formation of different crystalline phases or depositing zinc particles at the surface of the α-oxide nanowires. 
The EPR results showed that oxygen vacancies achieved a higher value for the optimized material, which could help to 
explain its performance. More importantly, a hybrid capacitor based on the Zn-dope nanowires and activated carbon 
electrodes supplied an energy density of 91.7 Wh  kg−1 and a power density of 2520 W  kg−1 at 1 A  g−1. Once the synthesis 
of the Zn-doped nanowires is simple and one-pot, we believe this material can be a promising electrode for low-cost 
storage devices.

Acknowledgements The authors are grateful for the financial support of Coordenação de Aperfeiçoamento de Pessoal de Nível Superior-
Brazil (CAPES)—Finance Code 001, Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq) (process no. 465389/2014-7), and 
Fundação de Apoio à Pesquisa do Maranhão (no. INFRA-02264/21). We also thank for the support of the Brazilian research financing institu-
tion Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP; Grant No. 13/07296-2), Prof. Dr. Valmor Roberto Mastelaro (IFSC-USP), 
Rorivaldo Camargo (CDMF-UFSCar), and Sandra Maria Terenzi Bellini (CDMF-UFSCar) for technical and scientific contributions.

Author contributions GACR, SLSL, KERS, JPM, PM: experimental design and carrying out measurements; ECP, TCC, JG, GS, JESF, SHD, CCS: 
characterizations; AAT: founding; AGMS, AHBD, and MASG: conception and writing.

Data availability The data that support the findings of this study are available from the corresponding author, M.A.S.G, upon reasonable 
request.

Declarations 

Ethics approval and consent to participate Not applicable.

Table 1  Comparison among 
the present work and some 
from the literature

Material Structure Energy density 
(Wh  kg−1)

Power density (W 
 kg−1)

Ref

Zn-doped  MnOx Nanowires 91.7 2520 This study
MnO2/ZnO Nanowires/nanorods 55.28 950 [42]
ZnO Nanorods 36.45 28.16 [43]
ZnO/MnO2 Nanorods/nanowires 12 4790 [44]
α-MnO2@δ-MnO2 Nanowires/nanosheets 78 21.7 [45]
MnO2@NiCo2O4 Nanowires 35.6 745.1 [46]
N-doped  MnO2 Nanowires 23.7 2000 [47]
NiO/ZnO Nanowires 23 614 [48]



Vol.:(0123456789)

Discover Nano          (2023) 18:147  | https://doi.org/10.1186/s11671-023-03933-2 Research

1 3

Competing interests The authors declare that they have no known competing financial interests or personal relationships that could have 
influenced the work reported in this paper.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article 
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Cronin J, Anandarajah G, Dessens O. Climate change impacts on the energy system: a review of trends and gaps. Clim Change. 
2018;151:79–93. https:// doi. org/ 10. 1007/ s10584- 018- 2265-4.

 2. Worku MY. Recent advances in energy storage systems for renewable source grid integration: a comprehensive review. Sustainability. 
2022;14:5985. https:// doi. org/ 10. 3390/ su141 05985.

 3. Castro-Gutiérrez J, Celzard A, Fierro V. Energy storage in supercapacitors: focus on tannin-derived carbon electrodes. Front Mater. 2020. 
https:// doi. org/ 10. 3389/ fmats. 2020. 00217.

 4. Dhandapani E, Thangarasu S, Ramesh S, Ramesh K, Vasudevan R, Duraisamy N. Recent development and prospective of carbonaceous 
material, conducting polymer and their composite electrode materials for supercapacitor — a review. J Energy Storage. 2022;52: 104937. 
https:// doi. org/ 10. 1016/j. est. 2022. 104937.

 5. Rehman ZU, Bilal M, Hou J, Ahmad J, Ullah S, Wang X, Hussain A, Metal oxide–carbon composites for supercapacitor applications, in: 
Metal Oxide-Carbon Hybrid Materials, Elsevier, 2022: pp. 133–177. https:// doi. org/ 10. 1016/ B978-0- 12- 822694- 0. 00003-X

 6. Dubal DP, Chodankar NR, Gomez-Romero P, Kim D-H Fundamentals of Binary Metal Oxide–Based Supercapacitors, in: Metal Oxides in 
Supercapacitors, Elsevier, 2017: pp 79–98. https:// doi. org/ 10. 1016/ B978-0- 12- 810464- 4. 00004-8.

 7. Simon P, Gogotsi Y. Materials for electrochemical capacitors. Nat Mater. 2008;7:845–54. https:// doi. org/ 10. 1038/ nmat2 297.
 8. Fleischmann S, Mitchell JB, Wang R, Zhan C, Jiang D, Presser V, Augustyn V. Pseudocapacitance: from fundamental understanding to high 

power energy storage materials. Chem Rev. 2020;120:6738–82. https:// doi. org/ 10. 1021/ acs. chemr ev. 0c001 70.
 9. Park HW, Roh KC. Recent advances in and perspectives on pseudocapacitive materials for supercapacitors–a review. J Power Sources. 

2023;557: 232558. https:// doi. org/ 10. 1016/j. jpows our. 2022. 232558.
 10. Liu J, Bao J, Zhang X, Gao Y, Zhang Y, Liu L, Cao Z. MnO 2 -based materials for supercapacitor electrodes: challenges, strategies and pros-

pects. RSC Adv. 2022;12:35556–78. https:// doi. org/ 10. 1039/ D2RA0 6664E.
 11. Kumar N, Guru Prasad K, Sen A, Maiyalagan T. Enhanced pseudocapacitance from finely ordered pristine α-MnO2 nanorods at favourably 

high current density using redox additive. Appl Surf Sci. 2018;449:492–9. https:// doi. org/ 10. 1016/j. apsusc. 2018. 01. 025.
 12. Shen L, Peng L, Fu R, Liu Z, Jiang X, Wang D, Kamali AR, Shi Z. Synthesis of flower-like MnO2 nanostructure with freshly prepared Cu par-

ticles and electrochemical performance in supercapacitors. PLoS ONE. 2022;17: e0269086. https:// doi. org/ 10. 1371/ journ al. pone. 02690 
86.

 13. Liang R, Fu J, Deng Y-P, Pei Y, Zhang M, Yu A, Chen Z. Parasitic electrodeposition in Zn-MnO2 batteries and its suppression for prolonged 
cyclability. Energy Storage Mater. 2021;36:478–84. https:// doi. org/ 10. 1016/j. ensm. 2020. 12. 015.

 14. Geonmonond RS, Da Silva AGM, Camargo PHC. Controlled synthesis of noble metal nanomaterials: motivation, principles, and opportuni-
ties in nanocatalysis. An Acad Bras Cienc. 2018;90:719–44. https:// doi. org/ 10. 1590/ 0001- 37652 01820 170561.

 15. Mai L, Tian X, Xu X, Chang L, Xu L. Nanowire electrodes for electrochemical energy storage devices. Chem Rev. 2014;114:11828–62. https:// 
doi. org/ 10. 1021/ cr500 177a.

 16. Dharanya C, Dharmalingam G. Oxygen vacancies in nanostructured hetero-interfacial oxides: a review. J Nanopart Res. 2022;24:60. https:// 
doi. org/ 10. 1007/ s11051- 022- 05440-4.

 17. Liu S, Kang L, Jun SC. Challenges and strategies toward cathode materials for rechargeable potassium-ion batteries. Adv Mat. 2021. https:// 
doi. org/ 10. 1002/ adma. 20200 4689.

 18. Liu S, Ni D, Li H-F, Hui KN, Ouyang C-Y, Jun SC. Effect of cation substitution on the pseudocapacitive performance of spinel cobaltite  MCo2 
 O4 (M = Mn, Ni, Cu, and Co). J Mater Chem A Mater. 2018;6:10674–85. https:// doi. org/ 10. 1039/ C8TA0 0540K.

 19. Liu S, Kang L, Zhang J, Jun SC, Yamauchi Y. Sodium preintercalation-induced oxygen-deficient hydrated potassium manganese oxide for 
high-energy flexible Mg-ion supercapacitors. NPG Asia Mater. 2023;15:9. https:// doi. org/ 10. 1038/ s41427- 022- 00450-z.

 20. Wang Y, Xiao X, Xue H, Pang H. Zinc oxide based composite materials for advanced supercapacitors. ChemistrySelect. 2018;3:550–65. 
https:// doi. org/ 10. 1002/ slct. 20170 2780.

 21. Yuan S, Zhang Q. Application of one-dimensional nanomaterials in catalysis at the single-molecule and single-particle scale. Front Chem. 
2021. https:// doi. org/ 10. 3389/ fchem. 2021. 812287.

 22. de Lima SLS, Pereira FS, de Lima RB, de Freitas IC, Spadotto J, Connolly BJ, Barreto J, Stavale F, Vitorino HA, Fajardo HV, Tanaka AA, Garcia 
MAS, da Silva AGM. MnO2-Ir nanowires: combining ultrasmall nanoparticle sizes O-vacancies, and low noble-metal loading with improved 
activities towards the oxygen reduction reaction. Nanomaterials. 2022;12:3039. https:// doi. org/ 10. 3390/ nano1 21730 39.

 23. Dong Y, Wang Y, Xu Y, Chen C, Wang Y, Jiao L, Yuan H. Facile synthesis of hierarchical nanocage MnCo 2 O 4 for high performance super-
capacitor. Electrochim Acta. 2017;225:39–46. https:// doi. org/ 10. 1016/j. elect acta. 2016. 12. 109.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s10584-018-2265-4
https://doi.org/10.3390/su14105985
https://doi.org/10.3389/fmats.2020.00217
https://doi.org/10.1016/j.est.2022.104937
https://doi.org/10.1016/B978-0-12-822694-0.00003-X
https://doi.org/10.1016/B978-0-12-810464-4.00004-8
https://doi.org/10.1038/nmat2297
https://doi.org/10.1021/acs.chemrev.0c00170
https://doi.org/10.1016/j.jpowsour.2022.232558
https://doi.org/10.1039/D2RA06664E
https://doi.org/10.1016/j.apsusc.2018.01.025
https://doi.org/10.1371/journal.pone.0269086
https://doi.org/10.1371/journal.pone.0269086
https://doi.org/10.1016/j.ensm.2020.12.015
https://doi.org/10.1590/0001-3765201820170561
https://doi.org/10.1021/cr500177a
https://doi.org/10.1021/cr500177a
https://doi.org/10.1007/s11051-022-05440-4
https://doi.org/10.1007/s11051-022-05440-4
https://doi.org/10.1002/adma.202004689
https://doi.org/10.1002/adma.202004689
https://doi.org/10.1039/C8TA00540K
https://doi.org/10.1038/s41427-022-00450-z
https://doi.org/10.1002/slct.201702780
https://doi.org/10.3389/fchem.2021.812287
https://doi.org/10.3390/nano12173039
https://doi.org/10.1016/j.electacta.2016.12.109


Vol:.(1234567890)

Research Discover Nano          (2023) 18:147  | https://doi.org/10.1186/s11671-023-03933-2

1 3

 24. Ghaly HA, El-Deen AG, Souaya ER, Allam NK. Asymmetric supercapacitors based on 3D graphene-wrapped V2O5 nanospheres and 
Fe3O4@3D graphene electrodes with high power and energy densities. Electrochim Acta. 2019;310:58–69. https:// doi. org/ 10. 1016/j. 
elect acta. 2019. 04. 071.

 25. Guo C, Zhang Y, Yin M, Shi J, Zhang W, Wang X, Wu Y, Ma J, Yuan D, Jia C. Co3O4@Co3S4 core-shell neuroid network for high cycle-stability 
hybrid-supercapacitors. J Power Sources. 2021;485: 229315. https:// doi. org/ 10. 1016/j. jpows our. 2020. 229315.

 26. Li J, Xiong D, Wang L, Hirbod MKS, Li X. High-performance self-assembly MnCo2O4 nanosheets for asymmetric supercapacitors. J Energy 
Chem. 2019;37:66–72. https:// doi. org/ 10. 1016/j. jechem. 2018. 11. 015.

 27. He Q, Liu J, Liu X, Li G, Chen D, Deng P, Liang J. A promising sensing platform toward dopamine using MnO2 nanowires/electro-reduced 
graphene oxide composites. Electrochim Acta. 2019;296:683–92. https:// doi. org/ 10. 1016/j. elect acta. 2018. 11. 096.

 28. Kakazey M, Ivanova N, Boldurev Y, Ivanov S, Sokolsky G, Gonzalez-Rodriguez JG, Vlasova M Electron paramagnetic resonance in  MnO2 
powders and comparative estimation of electric characteristics of power sources based on them in the MnO 2 ±Zn system, n.d.

 29. Dang S, Wen Y, Qin T, Hao J, Li H, Huang J, Yan D, Cao G, Peng S. Nanostructured manganese dioxide with adjustable Mn3+/Mn4+ ratio 
for flexible high-energy quasi-solid supercapacitors. Chem Eng J. 2020. https:// doi. org/ 10. 1016/j. cej. 2020. 125342.

 30. Peng W, Li L, Yu S, Yang P, Xu K. Dielectric properties, microstructure and charge compensation of MnO2-doped BaTiO3-based ceramics 
in a reducing atmosphere. Ceram Int. 2021;47:29191–6. https:// doi. org/ 10. 1016/j. ceram int. 2021. 07. 083.

 31. Romeiro FC, Marinho JZ, Silva ACA, Cano NF, Dantas NO, Lima RC. Photoluminescence and Magnetism in Mn 2+ -doped ZnO nanostructures 
grown rapidly by the microwave hydrothermal method. J Phys Chem C. 2013;117:26222–7. https:// doi. org/ 10. 1021/ jp408 993y.

 32. Archer PI, Santangelo SA, Gamelin DR. Direct observation of sp−d exchange interactions in colloidal  Mn2+ - and  Co2+ -doped CdSe quan-
tum dots. Nano Lett. 2007;7:1037–43. https:// doi. org/ 10. 1021/ nl070 2362.

 33. Mahmood M, Rasheed A, Ayman I, Rasheed T, Munir S, Ajmal S, Agboola PO, Warsi MF, Shahid M. Synthesis of ultrathin  MnO2 nanowire-
intercalated 2D-MXenes for High-performance hybrid supercapacitors. Energy Fuels. 2021;35:3469–78. https:// doi. org/ 10. 1021/ acs. energ 
yfuels. 0c039 39.

 34. Yin B, Zhang S, Jiao Y, Liu Y, Qu F, Wu X. Facile synthesis of ultralong  MnO2 nanowires as high performance supercapacitor electrodes and 
photocatalysts with enhanced photocatalytic activities. CrystEngComm. 2014;16:9999–10005. https:// doi. org/ 10. 1039/ C4CE0 1302F.

 35. Schiavi PG, Altimari P, Marzolo F, Rubino A, Zanoni R, Pagnanelli F. Optimizing the structure of Ni–Ni(OH)2/NiO core-shell nanowire 
electrodes for application in pseudocapacitors: the influence of metallic core, Ni(OH)2/NiO ratio and nanowire length. J Alloys Compd. 
2021;856: 157718. https:// doi. org/ 10. 1016/j. jallc om. 2020. 157718.

 36. Du X, Sun J, Wu R, Bao E, Xu C, Chen H. Uniform  MnCo2  O4.5 porous nanowires and quasi-cubes for hybrid supercapacitors with excellent 
electrochemical performances. Nanoscale Adv. 2021;3:4447–58. https:// doi. org/ 10. 1039/ D1NA0 0271F.

 37. Xu Y, Wang X, An C, Wang Y, Jiao L, Yuan H. Facile synthesis route of porous  MnCo2  O4 and  CoMn2  O4 nanowires and their excellent elec-
trochemical properties in supercapacitors. J Mater Chem A. 2014;2:16480–8. https:// doi. org/ 10. 1039/ C4TA0 3123G.

 38. Naveen AN, Selladurai S. Investigation on physiochemical properties of Mn substituted spinel cobalt oxide for supercapacitor applica-
tions. Electrochim Acta. 2014;125:404–14. https:// doi. org/ 10. 1016/j. elect acta. 2014. 01. 161.

 39. Dall’Oglio D, Garcia M, Fiorio J, de Abreu W, Pereira L, Braga A, de Moura E, Guldhe A, Bux F, de Moura C. Reusable heterogeneous  SnO2/
ZnO catalyst for biodiesel production from acidified/acid oils. J Braz Chem Soc. 2021. https:// doi. org/ 10. 21577/ 0103- 5053. 20200 167.

 40. Barzegar F, Bello A, Momodu D, Madito MJ, Dangbegnon J, Manyala N. Preparation and characterization of porous carbon from expanded 
graphite for high energy density supercapacitor in aqueous electrolyte. J Power Sources. 2016;309:245–53. https:// doi. org/ 10. 1016/j. 
jpows our. 2016. 01. 097.

 41. Qu L, Zhao Y, Khan AM, Han C, Hercule KM, Yan M, Liu X, Chen W, Wang D, Cai Z, Xu W, Zhao K, Zheng X, Mai L. Interwoven three-
dimensional architecture of cobalt oxide nanobrush-graphene@Ni x  Co2 x (OH) 6 x for high-performance supercapacitors. Nano Lett. 
2015;15:2037–44. https:// doi. org/ 10. 1021/ nl504 901p.

 42. Li S, Wen J, Mo X, Long H, Wang H, Wang J, Fang G. Three-dimensional MnO2 nanowire/ZnO nanorod arrays hybrid nanostructure for 
high-performance and flexible supercapacitor electrode. J Power Sources. 2014;256:206–11. https:// doi. org/ 10. 1016/j. jpows our. 2014. 
01. 066.

 43. Rani N, Saini M, Yadav S, Gupta K, Saini K, Khanuja M, High performance super-capacitor based on rod shaped ZnO nanostructure elec-
trode, In: AIP Conference Proceedings 2020: p 020042. https:// doi. org/ 10. 1063/5. 00260 84.

 44. Khan K, Ullah Shah MZ, Aziz U, Hayat K, Sajjad M, Ahmad I, Awais Ahmad S, Karim Shah S, Shah A. Development of 1.6 V hybrid supercapaci-
tor based on ZnO nanorods/MnO2 nanowires for next-generation electrochemical energy storage. J Electroanal Chem. 2022;922:116753. 
https:// doi. org/ 10. 1016/j. jelec hem. 2022. 116753.

 45. Ma Z, Shao G, Fan Y, Wang G, Song J, Shen D. Construction of hierarchical α-MnO2 nanowires@ultrathin δ-MnO2 nanosheets core-
shell nanostructure with excellent cycling stability for high-power asymmetric supercapacitor electrodes. ACS Appl Mater Interfaces. 
2016;8:9050–8. https:// doi. org/ 10. 1021/ acsami. 5b113 00.

 46. Wang X, Yang Y, He P, Zhang F, Tang J, Guo Z, Que R. Facile synthesis of MnO2@NiCo2O4 core–shell nanowires as good performance 
asymmetric supercapacitor. J Mater Sci Mater Electron. 2020;31:1355–66. https:// doi. org/ 10. 1007/ s10854- 019- 02649-3.

 47. Sui Z, Chang Z, Xu X, Li Y, Zhu X, Zhao C, Chen Q. Direct growth of MnO2 on highly porous nitrogen-doped carbon nanowires for asym-
metric supercapacitors. Diam Relat Mater. 2020;108: 107988. https:// doi. org/ 10. 1016/j. diamo nd. 2020. 107988.

 48. Ahmad R, Sohail A, Yousuf M, Majeed A, Mir A, Aalim M, Shah MA. P- N heterojunction NiO/ZnO nanowire based electrode for Asymmetric 
Supercapacitor Applications. Nanotechnology. 2023. https:// doi. org/ 10. 1088/ 1361- 6528/ ad06d3.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.electacta.2019.04.071
https://doi.org/10.1016/j.electacta.2019.04.071
https://doi.org/10.1016/j.jpowsour.2020.229315
https://doi.org/10.1016/j.jechem.2018.11.015
https://doi.org/10.1016/j.electacta.2018.11.096
https://doi.org/10.1016/j.cej.2020.125342
https://doi.org/10.1016/j.ceramint.2021.07.083
https://doi.org/10.1021/jp408993y
https://doi.org/10.1021/nl0702362
https://doi.org/10.1021/acs.energyfuels.0c03939
https://doi.org/10.1021/acs.energyfuels.0c03939
https://doi.org/10.1039/C4CE01302F
https://doi.org/10.1016/j.jallcom.2020.157718
https://doi.org/10.1039/D1NA00271F
https://doi.org/10.1039/C4TA03123G
https://doi.org/10.1016/j.electacta.2014.01.161
https://doi.org/10.21577/0103-5053.20200167
https://doi.org/10.1016/j.jpowsour.2016.01.097
https://doi.org/10.1016/j.jpowsour.2016.01.097
https://doi.org/10.1021/nl504901p
https://doi.org/10.1016/j.jpowsour.2014.01.066
https://doi.org/10.1016/j.jpowsour.2014.01.066
https://doi.org/10.1063/5.0026084
https://doi.org/10.1016/j.jelechem.2022.116753
https://doi.org/10.1021/acsami.5b11300
https://doi.org/10.1007/s10854-019-02649-3
https://doi.org/10.1016/j.diamond.2020.107988
https://doi.org/10.1088/1361-6528/ad06d3

	Zn‐doped MnOx nanowires displaying plentiful crystalline defects and tunable small cross-sections for an optimized volcano-type performance towards supercapacitors
	Abstract
	1 Introduction
	2 Experimental section
	2.1 Materials and instrumentation
	2.2 α-MnOx and Zn-doped-MnOx nanowires preparation
	2.3 Electrochemical measurements

	3 Results and discussion
	4 Conclusions
	Acknowledgements 
	References


