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Abstract: The slow diffusion dynamics hinder aqueous MnO; /Zn batteries’ further development.
Here, a Ni/Fe bimetallic co-doped MnO, (NFMO) cathode material was studied by density functional
theory (DFT) calculation and experimental characterization techniques, such as cyclic voltammetry
(CV), galvanostatic intermittent titration technique (GITT) and electrochemical impedance spectra
(EIS). The results indicated that the energy band structure and electronic state of MnO, were ef-
fectively optimized due to the simultaneous incorporation of strongly electronegative Ni and Fe
ions. Consequently, the NFMO cathode material exhibited a faster charge transfer and ion diffusion
dynamics than MnO, (MO), thus, the assembled NFMO/Zn batteries delivered excellent rate perfor-
mance (181 mA h gfl at3 A gfl). The bimetallic ions co-doping strategy provides new directions for
the development of oxide cathode materials towards high-performance aqueous zinc-ion batteries.

Keywords: aqueous zinc ion batteries; bimetallic ion-doping; Ni/Fe co-doped MnO;; vacancy defects

1. Introduction

Compared with flammable and toxic organic electrolytes, the aqueous electrolyte of a
water system battery has inherent advantages of high safety, low cost, and environmental
friendliness, which makes its deployment in the field of large-scale energy storage have
great potential [1-4]. In particular, aqueous zinc ion batteries (AZIBs) have induced the
greatest attention for the rich resources, high theoretical specific capacity (820 mA h g~ 1)
and low reduction potential (—0.76 V vs. standard hydrogen electrode) of zinc metal as
negative pole [5-8]. Hitherto, various cathode materials, including Mn-based compounds,
V-based composites, Prussian blue analogs, and organic compounds, have been widely
reported in AZIBs [9-13]. Among all of these materials, Mn-based cathode materials, such
as MnQO,, are generally considered to be more promising due to their high theoretical
specific capacity, low price, and suitable voltage [14,15].

Nevertheless, the further development of MnO; cathode material is restricted due to
its poor electronic conductivity, blocked ionic diffusion, unstable structure, and complex
reaction mechanism [16]. Strenuous efforts have been made to improve the electrochemical
performance of MnO, by ion-doping [17], pre-intercalation strategy [18], and compositing
with heterogeneous conductive materials [19]. Among them, the ion-doping method
has been favored by a multitude of researchers because it can induce some defects in
the crystal structure, thus improving the ionic conductivity, electronic conductivity and
reactivity [20]. Lv et al. proposed a copper-doped 6-MnO; nanosphere cathode material
with rich manganese/oxygen defects, which exhibited excellent cycle stability (capacity
retention rate exceeded 70% after 1000 cycles) due to the manganese defects triggering the
lattice oxygen redox reaction mechanism [21]. Pu et al. successfully realized Ag-doped
5-MnQ,, and its effective performance promotion is attributed to the improvement of
diffusion kinetics, which is due to the formation of Ag-O-Mn bonds, which result in a large
number of oxygen vacancy defects [22]. However, most reported materials are doped with
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single metal ion, showing relatively limited modification effects for the little defects [23].
At the same time, the selection of suitable elements for bimetallic doping is a problem.
Bimetallic ion-doping technology can induce abundant defects and more significantly
regulate the electronic structure of material, further enhancing the reaction kinetics and
reactivity of material [24,25]. Therefore, MnO, bimetallic ion-doping technology will be
an important method for the further development of high-performance AZIBs cathode
materials.

Herein, the material modification mechanism of bimetallic ion-doping was studied
based on DFT calculation and an NFMO cathode material was developed through a simple
hydrothermal process. The electronic conductivity, ionic conductivity, and reaction activity
of the NFMO cathode material are significantly improved compared to those of MnO, due
to the large number of vacancy defects produced by bimetallic ion-doping. As a proof of
concept, the NFMO cathode material delivered high capacity output (382 mA h g~ ! at
0.1 A g~!) and superior rate performance (181 mAhg'at3 A g™!).

2. Materials and Methods
2.1. Synthesis of NFMO and MO

Acetylene black and concentrated nitric acid were first mixed homogeneously. The
mixture was transferred to a 100 mL Teflon autoclave and sealed in an oven at 60 °C for
12 h. After being cooled to room temperature, it was washed to neutral with deionized
water and absolute ethanol, and then dried in a vacuum oven at 60 °C for 12 h. A total of
60 mg treated acetylene black, 0.79 g KMnOy, 0.29 g Ni(NO3), and 0.404 g Fe(NOs3); were
dissolved in 50 mL of deionized water. Subsequently, 1 mL of H,SO4 (10 vol%) solution
was added into the resulting solution and stirred for 30 min. The mixed solution was kept
in a water bath at 120 °C for 12 h. The resultant NFMO was collected by centrifugation,
washed thoroughly with deionized water and dried at 80 °C. MnO, without co-doping
was synthesized by removing Ni(NOj3), and Fe(NOs)3 above. NMO and FMO are obtained
by adding the same amount of dopant.

2.2. Electrochemical Measurements

For electrochemical evaluation, the batteries were assembled using the MnO, elec-
trode as the cathode, glass fiber as the separator and Zn foil as the anode in coin cells
(CR2016). The working cathode was composed of mixing active materials (70 wt%), acety-
lene black (20 wt%) and polyvinylidene fluoride (PVDF) (10 wt%) in N-methyl pyrrolidone
(NMP) solvent. The slurry was then pasted on a graphite paper followed by drying at
70 °C overnight. After that the carbon paper was cut into round sheets with a diameter of
10 mm as cathode. The aqueous electrolyte was 3 M ZnSO; + 0.2 M MnSOy. Galvanostatic
charge/discharge curves were performed on a Neware battery tester (BTS-4000, purchased
from NEWARE TECHNOLOGY LIMITED of Shenzhen, China) at different current den-
sities and in a cut-off voltage range of 0.9-1.8 V. CV and EIS were measured on EC-LAB
electrochemical workstation in the voltage and frequency ranges of 0.9-1.8 V and 0.01 to
100 kHz, respectively.

2.3. Materials Characterizations

Scanning electron microscopic (SEM) images were collected using a JEOL-7100F scan-
ning electron S-5 microscope at 20 kV. Transmission electron microscopic (TEM) and
high-resolution TEM (HRTEM) images were performed on a JEM-2100F. The elemental
distributions were obtained from energy dispersive spectroscopy (EDS) mapping analysis.
X-ray diffraction (XRD) data of the samples were collected using a Bruker D8 Discover
X-ray diffractometer equipped with a Cu Ko radiation source. X-ray photoelectron spec-
troscopy (XPS) were carried out using an ESCALAB 250Xi instrument. Raman spectra were
recorded by a Renishaw INVIA micro-Raman spectroscopy system. The carbon contents
were obtained from thermos-gravimetric (TG) (NETZSCH STA 449F5) measurements dur-

ing which the samples were heated to 800 °C in air with a heating rate of 10 °C min~1.
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The Inductively Coupled Plasma Optical Emission Spectrum (ICP) was carried out by a
PerkinElmer Optima 4300DV spectrometer. Raman spectra were recorded by the Renishaw
INVIA micro-Raman spectroscopy system.

2.4. First-Principles Calculations

The first-principles calculations were carried out by using Vienna Ab-initio Simulation
Package 5.4.4 software with DFT and projector augmented-wave plane-wave pseudopoten-
tial method. The generalized gradient approximation with the Perdew—Burke—Ernzerhof
function was applied to describe the electron exchange-correlation functions. The four
crystal surface models, based on shearing the primitive cell of MnO, along the (001) crystal
plane, had a vacuum thickness of 15 A in the z-direction to avoid interaction between the
slabs. The kinetic energy cutoff of electron wave functions was used as 400 eV. The K-point
meshes used for the first Brillouin zone integration were generated by Gamma-center as
1 x 1 x 1 for optimization, due to large size supercell, and 2 x 2 x 1 for electric properties
calculation. The energy band structure of each system was calculated by the closed K-point
grid path of G-F-Q-Z-G. An energy convergence of 10~* eV /atom and force convergence of
0.03 eV /A are ensured for all geometry relaxations. In addition, for all the calculations, spin
polarization was considered. Visualization of electronic and structural analysis software
was used to draw the crystal structure diagrams.

3. Results and Discussion

We have designed a method of synthesizing bimetallic-doped layered MnO, nanoflow-
ers with oxygen defects by a one-step hydrothermal method shown in Figure 1a. Layered
MnO; nanoflowers are composed of edge-shared MnOg octahedron, crystal water and K*
between layers to stabilize their structures. We have established four structural models for
theoretical calculation, which are shown in Figure S1: pristine MnO; structure, Fe-doped
MnO; structure (FMO), Ni-doped MnO; structure (NMO), and NFMO. The model with
the lowest formation energy is the most reasonable calculation standard [26]. The model
was based on the structure by shearing the tetragonal phase of MnO, along the (001) plane,
which was consistent with our XRD and TEM results later. Figure 1b shows the band
structures of these four cathode materials as determined by the first-principles calculations.
The band gap (Eg) between the valence band (VB) and the conduction band (CB), was
calculated to be 1.54 eV for pristine MnO;, 1.45 eV for FMO, 1.04 eV for NMO and 0.63 eV
for NFMO. The Eg value of the NFMO cathode is much smaller than that of MO, NMO and
FMO. We found that Ni dopant generates impurity bands near the CB of MnO,, causing
the Eg of MnO; to shrink, while Fe dopant generates impurity bands in the middle of the
Eg; this suggests that they can be used as a bridge for the transition of VB electrons to the
CB. Furthermore, the co-doping of NFMO introduces two types of impurity bands, which
appear in the localized states of MnO, 3d electrons [27]. However, the adjacent electron
wave functions of these two impurity bands overlap, they tend to widen and merge with
the CB at the bottom, resulting in a significant reduction in the Eg. It indicated that the
conductivity of the NFMO cathode is dramatically enhanced due to the co-doping of Fe and
Ni into NFMO, which further improves the electrochemical reaction kinetics of the cathode.

According to the partial density of states (PDOS) of the MO model (Figure 1c), the Mn
d-band center and the O p-band center are located at —0.58 eV and —2.38 eV, respectively.
The O p-band centers of FMO (—2.28 eV) and NMO (—2.19 eV) structures are closer to
the Fermi energy level than MO. Particularly in the NFMO structure, the d-band center
of Mn and the p-band center of O are the closest to the Fermi level in these models,
which indicates that the NFMO structure has the active electronic state closest to the
Fermi level and high charge delocalization, further improving charge transfer activity and
electrochemical kinetics. Moreover, it is shown that the charges are mainly distributed
around the substituted Fe or Ni atom in Figure 1d on the charge density of the central
atoms. The substitution of Mn atoms by Fe or Ni atoms results in the accumulation of
electrons on the Fe or Ni atoms, enhancing the charge delocalization of MnO5, so it can
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improve the charge storage capacity by introducing the rich d orbital energy levels of them.
Above all, the substituted Fe and Ni act as two electron donors that capture protons, which
helps increase the charge storage capacity in the NFMO structure in development [28].
In conclusion, we have proved through DFT calculation that bimetallic ion-doping can
provide more energy storage sites and enhance the reaction kinetics.
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Figure 1. (a) Synthesis schematic of NFMO, (b) band structures, (¢) PDOS and (d) charge density
of the four theoretical calculation structural models (MO, FMO, NMO and NFMO, red represents
oxygen, purple represents manganese, yellow represents iron, and silver represents nickel).

As shown in the SEM and TEM images (Figures 2a and S2a), NFMO shows a nanoflower
assembled by nanosheets with a thickness of about 3 nm, and the average diameter of
the nanoflower is about 1 um. Moreover, the 0.632 nm plane spacing in the HRTEM
images and the diffraction ring in the selected area electron diffraction (Figure S2b) corre-
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spond to the (001) plane of 5-MnO,. The peaks (001) and (002) correspond to the layered
structure of MnO; and they are symmetric. Next, energy dispersive X-ray spectroscopy
(EDX) mappings (Figure 2b) and element composition analysis (Figure S3 and Table S2) of
NEMO demonstrate that K, O, Mn, Ni and Fe elements were dispersed consistently in the
nanoflowers, exhibiting the presence of Ni and Fe. Figure 2c further shows the detailed
crystallinity information of NFMO, where the diffraction peaks of MO and NFMO both are
indexed to 5-MnO, (JCPDS No. 80-1098) [29]. The results show that introducing a scant
amount of Fe and Ni does not change the crystal structure of MO. It is worthwhile noting
that the (001) and (002) peaks of NFMO are blunter and broader than MO because the
crystallinity of NFMO is lower than that of MO, which originates from the introduction of
crystal water and heteroatoms.
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Figure 2. (a) SEM, TEM and HRTEM images of NFMO. (b) EDS elemental mapping of the NFMO
sample. (c¢) XRD patterns of NFMO and MO. (d—g) XPS characterization of NFMO and MO: (d) Mn
2p spectrum, (e) Ni 2p spectrum, (f) Fe 2p spectrum, (g) O 1s spectrum. (h) Raman spectrum.

The full spectrum of X-ray photoelectron spectroscopy (XPS) measurements (Figure
54) shows the main peaks of Mn and O elements and the peaks of embedded Ni and Fe
ions. As shown in Figure 2d, the energy splitting of the Mn 2p two peaks decreases, which
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is due to the attraction of the charge by the double substitution of low valence Ni and
Fe, leading to the increase in the Mn valence state. In addition, the successful doping
of Ni and Fe ions is further verified by the peaks in the XPS spectra of Ni 2p and Fe 2p,
respectively (Figure 2e,f) [30]. Then, ICP tests were conducted on MO, NMO, FMO and
NFMO, as shown in Table S3. The stoichiometry can be obtained by XPS analysis, combined
with the results of ICP and thermogravimetric analysis (TGA) in Figure S5, where MO
is K0.189Mn01.945-0.420H20 and NFMO is K0_047Ni(].081FeO.Ogan0.83gol_683'0.837H20. The
NFMO double-substituted generated 0.262 more oxygen vacancies compared with MO.
Additionally, the increase in Mn-O-H bond strength in O 1s peak is owing to the rise of the
crystal water content in NFMO (Figure 2g), which is identical to the result of TGA.

The Raman spectroscopy of MO and NFMO in Figure 2h shows the two typical peaks
of 5-MnO, are 632 cm~! and 577 cm~!, which correspond to the symmetric stretching
vibration (Mn-O) of MnOg groups and stretching vibration in the basal plane of the MnOg
sheets. In comparison to MO, the lower strength and wider width of the two bonds of
NFMO are attributed to lattice defects, which confirms the generation of oxygen vacancies.
Based on the above characterization results, it is proven that layered NFMO nanoflowers
with oxygen defects in Figure 1a was successfully prepared.

In order to understand the performance breakthrough that can be brought about by
doping Ni and Fe, NFMO is used as the cathode material of AZIBs for electrochemical
testing. As shown in Figure 3a, under different current densities, the discharge-specific
capacity of NFMO is well above that of NMO, FMO and MO. Especially at 3 A g~! current
density, the discharge-specific capacity of NFMO can reach 181 mA h g1, while MO only
provides 77.5 mA h g~1. When the current density returns to 0.1 A g~ !, the specific capacity
of NFMO can deliver 382 mA h g~ ! at the 50th cycle. The long-term cycling performance
at a current density of 1 A g~! is shown in Figure S6, and the specific capacity retention
of the NFMO cathode after 800 cycles was 87.9%. Furthermore, in Figure 3b, it can be
observed that the constant current charge/discharge curve of NFMO shows two different
discharge platforms near 1.4 V and 1.3 V, which correspond to the embedding of H" and
Zn?*, respectively.

CV tests of NFMO anode and MO cathode were carried out at different scanning rates
from 0.5 mV to 1.5 mV. With the increase in scanning rate, the peaks in the CV curve begin
to widen and keep the same shape. In general, the relationship between peak current (i)
and scanning rate (v) can be described by the following equation [31]:

iy = av’ (1)

log(i) = blog(v) + log(a) (2)

where a is a constant, i), is the peak current, v is the scanning rate, and b is considered the
slope of the fitting line. When the b value is within 0.5-1, it indicates diffusion controlled
zinc storage process, while when b value is close to 1.0, it means capacitance controlled
charge storage behavior. By fitting the curves in Figures 3c and S7a, it can be obtained that
the corresponding b values of the four peaks are 0.755, 0.627, 0.582 and 0.647, respectively
(Figures 3d and S7b). Therefore, according to the above definition, the linear fit b value of
NFMO stands between 0.5 and 0.8, which implies that the electrochemical reaction process
of NFMO is organized by the combination of diffusion control and capacitance control.
Then, the contribution of pseudo capacitance is quantitatively analyzed by the following
equation: i = k1v + kzv% [32]. As shown in the shaded area in Figure 3e, the capacitive
attribution was assessed to be 54.34% at a scanning rate of 1 mV s~ 1. In addition, as shown
in Figures 3f and S7d, the capacitance contribution of NFMO is greatly improved compared
to MO, and increases with the increase in scanning rates.
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Figure 3. (a) Rate performance of the four cathodes. (b) Charge/discharge profiles of NFMO at
different current densities from 0.1 to 3 A g‘l. (c) CV curves of the NFMO electrode at various scan
rates. (d) The corresponding plots of log (current) vs. log (scan rate) of MO at each redox peak, and
corresponding b values. (e) Capacitive and diffusion-controlled percentage of NFMO at a scan rate of
1 mV s~ 1. (f) Contribution ratios of the capacitive capacities and diffusion-controlled capacities in

the NFMO electrode.

As shown in Figure 4a, GITT was used to analyze the ion diffusion coefficient of NFMO
electrode, which can further judge the influence of Ni and Fe ions insertion on the ion
diffusion coefficient of materials. NFMO and MO show two different diffusion coefficient
stages in the discharge process. These two stages correspond to two discharge platforms of
the GCD curve, respectively, the diffusion of H* and the diffusion of Zn?*, which occur
mainly in the tunnel and interlayer. The diffusion coefficient of MO cathode is in the range
of 10715 t0 10719 cm? s~ 1, which is well below the diffusion coefficient of NFMO cathode
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1.0 4

(1073 t0 1078 em? s71) (Figure S8), demonstrating the excellent electrochemical kinetics of
NFMO cathode for AZIBs [33].
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Figure 4. (a) GITT curves and diffusion coefficients calculated for NFMO at charge/discharge states.
(b) The fitted EIS data of NFMO and NKMO cathodes. (c) Ex situ SEM images of the first two cycles of
NEMO in different discharge/charge states. (d) Zn 2p, (e) Mn 2p, and (f) O 1s in the fully discharged
and charged states.

The fitting results of EIS are shown in Figure 4b. The ohmic resistance (Rs) and charge-
transfer resistance (Rct) of NEMO are 1.75 () and 77.1 (), respectively, which are much lower
than those of most Zn//MnO, batteries, such as the ohmic resistance (Rs = 3.15 (2) and
charge transfer resistance (Rct = 118.1 (2) of undoped MO [34]. As shown in Figure S10, the
electronic conductivity of MO and NFMO was obtained by analyzing the voltage-current
curve, where the conductivity of NFMO material is 0.1012 S m~1, and the conductivity
of MO is 1.3588 x 107% S m~!. The above electrochemical test results indicated that
the extremely excellent ion diffusion rate and electrical conductivity of NFMO cathode
benefited from the optimization of band structure and charge distribution caused by Ni
and Fe doping.

The evolution of the valence state, morphology and element content of NFMO during
the discharge/charge cycle investigated by ex situ XPS and SEM. Figure 4c presents that a
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large number of flakes continuously appear on the electrode surface during the discharge
process and gradually disappear during the charging process, which should be caused
by the extraction/insertion of H* [35]. When the discharge voltage achieves 0.9 V, the Zn
element and S element are largely and evenly distributed in the SEM EDS mapping of
the cathode (Figure S11), while after the charge voltage reaches 1.8 V, there exist only a
small amount of Zn element and S element along with rich Mn element. This is related
to the production of Zny(OH)4(SO4)-5H,0 (ZOSH) caused by the insertion of H* [36].
Additionally, the reoccurrence and disappearance of ZOSH during the second discharge
and charging process indicated that this process is highly reversible [37]. Next, the electrode
was pretreated with dilute sulfuric acid to remove ZOSH and characterized by ex situ XPS.
From the Zn 2p spectra (Figure 4d), it can be proved that the intercalation/deintercalation
of Zn?* is also a reversible process. It is observed from the Mn 2p spectrum shown in
Figure 4e that there are Mn** and Mn3* in the charged state, and they decrease sharply in
the discharged state. In the O 1s spectrum (Figure 4f), the strength of the Mn—-O-H bond is
high during discharge and decreases after charging [38]. All these prove the co-intercalation
of H* and Zn?*.

4. Conclusions

In conclusion, we have modified 6-MnO, the cathode for AZIBs via a Ni/Fe bimetallic
ion-doping strategy, and DFT calculation proved that the energy band structure and
electronic state were optimized due to the introduction of Ni** and Fe?*. In addition, it is
confirmed that the co-doping of Ni and Fe ions effectively enhanced the ionic diffusion
rate, electronic conductivity and reaction kinetics of materials based on the advanced
characterization technology and theoretical analysis. When used as cathode materials in
AZIBs, the NFMO cathode material exhibited excellent electrochemical performance in the
field of high capacity (382 mA h g~! at 0.1 A g~ 1), superior rate capability (181 mA hg~! at
3 A g 1) and excellent cycling stability (87.9% capacity retention after 800 cyclesat1 A g™ 1).
Considering the improved electrochemical performance of our NFMO electrode materials,
the introduction of bimetallic dopants into materials provides an alternative solution for
high-performance aqueous zinc-ion batteries.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /batteries9010050/s1, Figure S1: (a—f) six structural models for the
first-principles calculations: (a) MnO,, (b) Ni-MnO,, (c) Fe-MnO,, (d) Ni-Fe-MnO, (1-1), (e) Ni-Fe-
MnO; (1-2), (f) Ni-Fe-MnO; (1-3); Figure S2: (a) TEM images and (b) SAED patterns of the NFMO
sample; Figure S3: EDS analysis result for the marked area of TEM; Figure S4: XPS characterization
of survey spectrum; Figure S5: exact molecular formula of 6-MnO; based on the TGA, XPS and ICP
results. (a) 5-MnO, without Ni-doping: Ky 159MnO 945-0.420H,0, (b) 6-MnO, with Ni and Fe-doping:
Ko.047Nig 081 Feg 081 Mng 83801 683-0.837H, O; Figure S6: cycling performance and the corresponding
coulombic efficiency of NFMO at 1.0A g~!; Figure S7: (a) CV curves of the MO electrode at various
scan rates. (b) The corresponding plots of log (current) vs. log (scan rate) of MO at each redox
peak, and corresponding b values. (c) Capacitive and diffusion-controlled percentage of MO at a
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