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Abstract: Octahedral Mn3O4 nanoparticles with an Ag-doping and nanoporous Ag (NPS) framework was simply 
fabricated through an alloying-etching engineering. The dual-modified Mn3O4 (denoted as Ag−Mn3O4/NPS) consists of 
Ag-doped Mn3O4 nanoparticles crosslinked with three dimensional nanoporous Ag framework. The incorporated Ag 
dopant is effective in improving the intrinsic ionic and electronic conductivities of Mn3O4, while the NPS framework is 
introduced to improve the electron/mass transfer across the entire electrode. Profiting from the dual-modification 
strategy, the Ag−Mn3O4/NPS exhibits admirable rate capability and cycling stability. A high reversible capacity of 
88.7 mA·h/g can still be retained for over 1000 cycles at a current density of 1 A/g. Moreover, a series of ex-situ 
experimental techniques indicate that for Ag−Mn3O4/NPS electrode during the zinc ion storage, Mn3O4 is 
electrochemically oxidized into various MnOx (e.g., Mn2O3, MnO2) species in the initial charging, and the subsequent 
battery reaction is actually the intercalation/deintercalation of H+ and Zn2+ into MnOx. 
Key words: Ag-doped Mn3O4; zinc ion battery; nanoporous Ag; dealloying 
                                                                                                             

 
 
1 Introduction 
 

In recent years, large-scale energy storage 
technologies have garnered ever-increasing 
attention because they can integrate the renewable 
but spatially and temporally inhomogeneous energy 
sources (e.g., wind and solar) into the grid [1−3]. 
Among various energy storage devices, aqueous 
zinc ion batteries (AZIBs) using metallic Zn as 
anode and water as electrolyte solvent are considered 
as the promising one due to their competitive 
advantages in security, cost-effectiveness, and 

environmental benignity [4−6]. In particular, the 
ionic conductivity of aqueous electrolytes (~1 S/cm) 
is higher than that of the nonaqueous ones (~10−3− 
10−2 S/cm), which is well fitted for the high-power 
input/output requirement of battery-energy power 
station [7−10]. Despite the uplifting prospect, the 
application of AZIBs is still depressed by the 
unestablished and complicated battery reactions and 
the unsatisfied battery performances [2,4,11]. To 
overcome this limitation, tremendous research 
effort has been launched for the screening of 
high-performance cathode materials, such as 
hexacyanoferrates, polyanionic compounds, and 
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vanadium- and manganese-based oxides/ sulfides. As 
so far, inspiring breakthrough has been made to 
further enhance the performances of AZIBs [2]. 
Among them, manganese oxides (MnOx) are 
considered as the promising candidates due to their 
innate advantages of natural abundance, low-cost, 
and eco-friendliness [12−19]. However, the 
application prospect of MnOx is gloomy due to  
their inherently poor ionic and electronic 
conductivities [20−24]. 

Currently, lattice doping that can trigger strong 
ionic bonding (electronic interaction) between metal 
ions and lattice oxygen was proposed and proven to 
be effective in improving ion and electron 
transportation of metal oxides [25−32]. The 
ion-doped metal oxides usually show novel crystal 
structure with distinguished physicochemical and 
electrochemical properties as compared to their 
undoped counterparts [30−33]. For instance, DAI  
et al [30] reported that the electronic distribution, 
morphology, and the conductivity of α-MnO2 can 
be modified by Ag-doping. Recently, many 
researches [29,33] found that the ion dopant (e.g., 
Ni2+ and Cu2+) can effectively improve the inherent 
stability with inhibited structure collapse, the Mn- 
dissolution, and the Zn storage reaction kinetics of 
MnOx. 

Similar to other electrochemical energy 
storage systems like lithium ion batteries [31], the 
microstructure of electrode materials is considered 
as another key factor for improving battery reaction 
kinetics [34,35]. For the MnOx cathode structure, it 
is preferable with large surface area for achieving 
more active sites, abundant pores for facilitating 
mass transfer, and high electronic conductivity for 
improving electron transportation of MnOx [2,25]. 
With this recognition, nanoporous spongy materials, 
which possess three-dimensional (3D) bicontinuous 
porous structure, have been accepted as the ideal 
choice to meet the needs of cathode material due to 
their interconnected channels/ligaments for mass 
transfer and large surface area for active site 
exposure [35−37]. 

Dealloying is a simple yet highly effective 
method for the straightforward fabrication of 
spongy metal, oxide, and their complexes. For the 
dealloying of various transition metal–Al (e.g., Mn, 
Fe, Co, and Ti, etc.) binary alloys, the highly 
reactive Al atoms can be readily etched out, while 

the transition metal atoms are simultaneously 
oxidized by OH– and dissolved oxygen [38,39]. 
Whereas, the chemically inert metals (e.g., Cu, Ag, 
Pd, Pt, and Au, etc.) will self-reassemble into a 
spongy structure by surface diffusion and 
aggregation at the metal−electrolyte interface when 
dealloying their Al-based precursors [38−40]. Even 
so, a tiny amount of oxidation of these chemically 
inert metals is usually observed since their newly 
exposed atoms have ultrahigh surface energy and 
thus would be partially oxidized during the 
dealloying process. Given that, chemically inert 
metals can act as an ideal foreign component for 
achieving the as-proposed dual-modification 
strategy. 

In current work, we commit to promote the 
zinc storage performance of Mn3O4 through an 
Ag-doping and nanoporous Ag (NPS)-crosslinking 
dual-modification strategy (denoted as Ag−Mn3O4/ 
NPS). Ag is selected to function as a proof-of- 
concept owing to its comprehensive advantages in 
cost, chemical reactivity, and conductivity. The 
Ag−Mn3O4/NPS and Mn3O4 (the control sample) 
were prepared through alloying-etching engineering 
by immersing the precursor alloys of Ag1Mn9Al90 
and Mn10Al90 into NaOH solution, respectively. 
Benefiting from the dual-modification strategy,  
the Ag−Mn3O4/NPS shows much better 
electrochemical performances than Mn3O4. 
Moreover, the zinc ion storage mechanism was 
elucidated by using ex-situ XRD, Raman, and XPS, 
which indicates that the Ag−Mn3O4 is 
electrochemically oxidized into various Ag−MnOx 
(e.g., Mn2O3 and MnO2) during initial charging. 
The subsequent battery reaction is actually the 
intercalation/deintercalation of H+ and Zn2+ into 
MnOx. This work can promote the understanding of 
the Zn ion storage mechanism of low-valence 
(valence value <4) MnOx, while the Ag-doping and 
nanoporous Ag-crosslinking dual-modification 
strategy provides a promising avenue to design 
high-performance cathode for zinc ion batteries. 
 
2 Experimental 
 
2.1 Material preparation 

The Ag1Mn9Al90 and Mn10Al90 (at.%) 
precursors were prepared by melting the 
corresponding pure (>99.99 wt.%) metals in an arc 
furnace under the atmosphere of Argon (Ar) and 
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spinning in a high vacuum rotary quenching system. 
The as-prepared alloy ribbons were then immersed 
into 1 mol/L NaOH aqueous solution for selectively 
dissolving of Al. Afterwards, the as-obtained 
samples were collected by washing with deionized 
(DI) water, drying under vacuum, and storing in a 
cool dry place in air condition. 
 
2.2 Material characterization 

The X-ray diffraction (XRD) was performed 
on a Bruker D8-advance X-ray diffractometer with 
Cu Kα radiation (λ=1.5481 Å). The Raman spectra 
were recorded on a laser microscopic confocal 
Raman spectrometer (Horiba Scientific LabRAM 
HR Evolution) with an excitation wavelength of 
532 nm. The surface elemental information was 
studied by using an X-ray photoelectron 
spectrometer (XPS, Thermo Fisher Scientific 
ESCALAB 250Xi) with Al Kα X-ray excitation 
source and C 1s (284.6 eV) as the reference line. 
The morphology of these samples was observed by 
using a scanning electron microscope (SEM, JEOL 
JSM−6700) and a transmission electron microscope 
(TEM, JEOL JEM−2100). 
 
2.3 Electrochemical measurement 

The electrochemical performances of the 
as-prepared samples were studied by using 2032 
coin-type cells with Zn foil as anode. The working 
electrode was prepared by dispersing a mixture of 
active material (70 wt.%), conductive carbon (super 
P, 20 wt.%), and polyvinylidene fluoride (10 wt.%) 
into N-methyl pyrrolidinone to form a 
homogeneous electrode slurry. The slurry was then 
painted onto a titanium foil and fully dried at 60 °C. 
The mass loading of active substance on the 
electrode was 0.6−0.8 mg/cm2. The electrolyte was 
a mixed aqueous solution of ZnSO4 (2 mol/L) and 
MnSO4 (0.1 mol/L). The galvanostatic discharge/ 

charge (GDC) and cyclic voltammetry (CV) 
measurements were performed on a Neware battery 
test system and a CHI 760E electrochemical 
workstation, respectively. The electrochemical 
impedance spectroscopy (EIS) was performed in 
the frequency range of 105−10−2 Hz. For battery 
chemistry study, the cells were stopped at different 
state-of-charge (SOC) to retrieve their electrodes 
for ex-situ characterization. The as-retrieved 
electrodes were fully washed with DI water and 
dried in ambient condition before use. 
 
3 Results and discussion 
 
3.1 Structure analysis 

As schematically shown in Fig. 1, the Ag− 
Mn3O4/NPS was prepared through alloying-etching 
engineering. A ternary alloy of Ag1Mn9Al90 (by 
atom) was manufactured and used as the precursor. 
As shown in Fig. S1(a) of Supporting Information 
(SI), the Ag1Mn9Al90 alloy is mainly composed of 
Al and various intermetallic compounds (e.g., 
AlAg3, AlMn, Al81Mn19, Al6Mn, and Al0.27Mn0.73, 
Ag7Mn3, etc.). Owing to the difference in chemical 
properties, the elements of Ag, Mn, and Al show 
distinctly different evolution behaviors in alkaline 
solution. Once immersing into the NaOH aqueous 
solution, Al would be selectively removed while the 
newly exposed Mn atoms were simultaneously 
oxidized by OH– and dissolved oxygen species at 
the solid−liquid interface [38,39]. 

The phase composition of Ag−Mn3O4/NPS 
was identified by using XRD, Raman, and XPS. As 
shown in Fig. 2(a), the XRD pattern of Ag−Mn3O4/ 
NPS depicts two sets of diffraction peaks, which 
can be indexed to Mn3O4 (JCPDS #24-0734) and 
metallic Ag (JCPDS #65-2871). Interestingly, the 
diffraction peaks of (112), (103), (211), (004),   
and (220) show slight negative-shift, indicating that 

 

 

Fig. 1 Schematic diagram of preparation process of Ag−Mn3O4/NPS 
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Fig. 2 XRD patterns (a, a1, a2) and Raman spectra (b) of Mn3O4 (1) and Ag−Mn3O4/NPS (2) samples, and XPS spectra 
of Ag−Mn3O4/NPS (c, d) 
 
some of the Ag might be incorporated into the 
crystal structure of Mn3O4, and thus resulted in an 
increment of the interplanar spacing according to 
the Bragg’s law (Figs. 2(a1, a2)) [29,30,32]. Based 
on these analyses, the sample derived from 
Ag1Mn9Al90 is mainly composed of Ag and 
Ag-doped Mn3O4. It should be noted that several 
weak peaks can also be observed at 2θ range of 
25°−30° on Ag−Mn3O4/NPS, which can be well 
indexed to the Ag3Al (JCPDS #28-0034). This is 
attributed to the anticorrosion difference among 
different phases (Al and various intermetallic 
compounds) in the precursor Ag1Mn9Al90 alloy. 

For comparison, a binary alloy of Mn10Al90 
was prepared and subjected to dealloying process. 
The diffraction peaks of the as-obtained dealloying 
product matched well with the standard PDF card 
of Mn3O4. Moreover, as depicted in Fig. 2(a1), the 
width of diffraction peaks of the Ag-doped Mn3O4 
is broadened as compared to Mn3O4, illustrating the 
decrement of the grain size. Moreover, a small peak 
at 23° is also observed corresponding to Mn2O3 
(JCPDS #33-0900), indicating that some of the Mn 
atoms have been over-oxidized in the dealloying 
process. Interestingly, Mn2O3 related sign cannot be 
observed on Ag−Mn3O4/NPS. This phenomenon 

originated from two main reasons. First, the Ag−Mn 
intermetallic compounds in Ag1Mn9Al90 have 
relatively high anticorrosion and antioxidation 
abilities, thereby delaying the oxidation of      
Mn [40,41]. Second, the incorporation of Ag can 
change the chemical microenvironment (e.g.,  
atom coordination, electron configuration, and 
bond-type) of Mn3O4, and also improve its 
antioxidation ability. Note that, the amount of 
Mn2O3 is less in the dealloying product of Mn10Al90, 
therefore the resultant sample is denoted as Mn3O4 
for simplicity. 

The phase composition and evolution of the 
two samples were further characterized by Raman 
technique. As shown in Fig. 2(b), the out-of-plane 
bending of MnOx (Eg mode), an asymmetric stretch 
of Mn−O−Mn (T2g mode), and the stretching 
vibration of Mn−O (A1g mode) are clearly recorded 
on both Ag−Mn3O4/NPS and Mn3O4 [29,42]. The 
Mn—O bond in Ag−Mn3O4/NPS has obvious shift, 
which should be ascribed to the introduction of 
lattice Ag (Fig. 2(b)) [30]. Moreover, the intensity 
between the peaks at ~643 and ~345 cm−1 is 
increased, implying that the electronic structure is 
changed upon the incorporation of Ag [29,30]. 

XPS analysis was further performed to 



Xin-yuan WANG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 3693−3706 3697 

understand the chemical bonding information of 
Ag−Mn3O4/NPS. As shown in Fig. 2(c), the Ag 3d 
spectrum depicts two pairs of sub-peaks located 
around 373.9/367.9 and 373.3/367.1 eV, which are 
assigned to Ag0 and Ag+, respectively [30]. These 
results indicate that most of Ag atoms have 
remained in metallic state, while a small portion of 
Ag atoms are successfully incorporated into the 
crystal structure of Mn3O4. Moreover, the Mn 2p 
spectrum of Ag−Mn3O4/NPS can be deconvoluted 
into three couplets of sub-peaks located at 
652.2/640.8, 653.9/642.3, and 656.6/644.5 eV, 
which are associated with Mn2+, Mn3+ and Mn4+ 
species, respectively (Fig. 2(d)) [12, 43]. The Mn4+ 
should stem from the surface oxidation of the 
sample during the dealloying and/or drying process 
[40,44]. The compositions of Ag−Mn3O4/NPS were 
quantitatively estimated using energy dispersive 
spectroscopy (EDS) analysis. The atomic ratios of 
Ag and Mn after etching are 4.92% and 43.35%, 
respectively (Fig. S1(b) in SI). The integral area 
ratio of Ag+-to-Ag0 in the pristine electrode is 
calculated to be ~20.4%, indicating that the ratio of 
Ag dopant is ~0.83% in Ag−Mn3O4/NPS. 

The morphological information of the Mn3O4 
and Ag−Mn3O4/NPS was collected by SEM and 
TEM. As shown in Figs. 3(a), (b), and (S2), both 
the Ag-doped Mn3O4 and Mn3O4 octahedra have the 
particle size around 200 nm. The Ag-doped Mn3O4 
sample shows one interesting dual structure 
characterized by the nanoparticles crosslinked with 
spongy framework. As shown in Figs. 3(e−h), the 

Mn, O and Ag are matched well with the outline of 
the sample, and the signal of Ag is strengthened 
whereby the spongy materials gathered. 
Consequently, the sample derived from Ag1Mn9Al90 
is indeed an integral nanohybrid of Ag-doped 
Mn3O4 and NPS as schematically shown in Fig. 1. 
The crosslinked morphology is also proven by TEM 
(Fig. 3(c)). The HRTEM image inset in Fig. 3(c) 
clearly depicts the lattice fringes with a d-space of 
2.56 Å, which is ~0.07 Å larger than the 
corresponding interplanar spacing of (211) of 
Mn3O4. This observation is well consistent with the 
negative shift of the (211) diffraction peak of 
Ag−Mn3O4 in Fig. 2(a1), and further confirmed the 
successful Ag-incorporation in Mn3O4 crystal 
structure. Moreover, the selected area electron 
diffraction (SAED) pattern reflects the poly- 
crystalline characteristic of Ag−Mn3O4/NPS 
(Fig. 3(d)). The specific architecture of 
Ag−Mn3O4/NPS offers interconnected metallic 
skeleton for electron transportation, abundant 
channels for electrolyte penetration, and sufficient 
active site for Zn2+ intercalation/deintercalation. 

 
3.2 Zinc ion storage performance 

The zinc ion storage mechanism and 
performance of Ag−Mn3O4/NPS were 
comprehensively studied by using various 
spectroscopic, electron microscopic, and 
electrochemical techniques. Figure 4(a) shows the 
GDC profiles of Ag−Mn3O4/NPS performed in  
the voltage range of 0.7−1.8 V. In the first cycle, the 

 

 
Fig. 3 SEM images (a, b), TEM and HRTEM (inset) image (c), SAED pattern (d), and EDS elemental mapping results 
(e−h) of Ag−Mn3O4/NPS 
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Fig. 4 GDC (a) and CV (b) curves of Ag−Mn3O4/NPS 
 
Ag−Mn3O4/NPS shows an open circuit voltage of 
~1.3 V and a discharge capacity of only 4.8 mA·h/g. 
However, the subsequent charging process delivers 
an abnormally high capacity of 129.8 mA·h/g. The 
initial GDC and its corresponding dQ/dV curves are 
distinctively different from the subsequent cycles. 
As shown in Fig. S3(b) of SI, the initial dQ/dV 
curve depicts a sharp oxidation peak centered at 
~1.77 V. These results indicate that some energy- 
conversion-unrelated electrochemical oxidation 
reactions happened in the initial charge process. 
Moreover, the irreversible oxidation process in the 
initial cycle is also detected on the initial CV curve 
(Fig. 4(b); centered at ~1.69 V), which is well 
consistent with the GDC profile. These results 
imply that some of the battery components have 
been electrochemically oxidized in the initial 
charging process. Note that, the GDC profiles and 
the corresponding dQ/dV curves respectively show 
a small discharge plateau and a reduction peak at 
around 0.95 V, which can be ascribed to the 
formation of (Zn(OH)2)3ZnSO4·5H2O (ZHS) due to 
the pH change originating from the gradual 

consumption of H+ (see more details in Fig. S3   
of SI). 

To clarify this, the structure evolutions of the 
Ag−Mn3O4/NPS electrode at different SOCs were 
investigated by using ex-situ XRD, Raman, and 
XPS. As shown in Figs. 5(a−c), when discharged to 
0.7 V, the newly emerged diffraction peaks at 29.3°, 
31.2°, 33.0°, and 38.9° could be well assigned to 
ZnMn2O4 (JCPDS #24-1133). And the characteristic 
signals of MnOOH are also detected, which should 
originate from the insertion of H+ [13,19,23]. It 
should be noted that, the strong diffraction peaks of 
(112), (200), (103), (211), (202), and (004) 
obviously shift to the much lower values, which 
should come from the intercalation of H+ and/or 
Zn2+ [15,16]. Moreover, with the consumption of 
H+, the left OH− would combine with other species 
in the electrolyte (e.g., Zn2+, SO4

2+, and H2O) at  
the electrolyte−electrode interface to form ZHS 
[12,16,43]. The ZHS related signal is also recorded 
on the high-resolution Zn 2p, Zn 3p, S 2P, and O 1s 
XPS spectra (Fig. 6). The content of both Mn2+ and 
Mn3+ slightly increased, which indicates that some 
of the Mn4+ has been reduced in the initial discharge 
process (Figs. 6(a) and S3). Moreover, the insertion 
of H+/Zn2+ is also confirmed by the Ag 3d (the 
slight negative-shift of Ag+ signal), O 1s (the 
increment of the peak intensity ratio between   
Mn—O—H and Mn—O—Mn), as well as the Zn 
2p and Zn 3p (the appearance of the signals of 
intercalated Zn) spectra (Figs. 6(b–d) and (f)). Upon 
charging, the content of Mn4+ significantly 
increased while the values for Mn2+ and Mn3+ both 
show an obvious decrement (Figs. 6(a) and S4(a)). 
Meanwhile, the XRD pattern of the first charged 
electrode clearly depicts the diffraction peaks of 
MnO2 (Figs. 5(b, c)). Moreover, the content of 
lattice Ag+ in the discharged/charged electrodes is 
almost the same to that of the pristine one, which 
demonstrates that the Ag+ does not participate in  
the ion extraction and intercalation reactions   
(Fig. S4(b)). 

The evolutionary process is monitored by 
identifying the phase composition of the electrodes 
retrieved at different SOCs in the initial charging 
process. The electrode retrieved at 1.3 V shows the 
characteristic diffraction peaks of Mn2O3, whose 
signal faded with the raising charging potential. 
During the charging process, the strong diffraction 
peaks of (112), (200), (103), (211), (202), and (004) 
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Fig. 5 GDC profiles (a), ex-situ XRD patterns (b, c), and Raman characterization (d) of Ag−Mn3O4/NPS electrode 
 
gradually shift to higher values, implying the 
extraction of H+/Zn2+ ions [15]. The oxidation 
process is also studied by using Raman (Fig. 5(d)). 
A broad peak ranging from 400 to 600 cm−1 is 
observed at the beginning of the charging process 
and its intensity decreases with the increase in 
charging potential. 

By further driving the oxidation process to 
1.8 V, MnO2 related Raman signal is also recorded 
at 521.6 and 565.2 cm−1 [19,44]. This observation is 
coincident with XRD, XPS, and GDC results, 
which further confirmed the electrochemical 
oxidation of Mn3O4 to high-valence manganese 
oxides (Mn2O3 and MnO2) in the initial recharging 
process. In the subsequent discharging, the 
discharge products can be indexed to Zn—Mn—O 
compounds with different stoichiometries (e.g., 
Zn2Mn3O8, ZnMn3O7, ZnMn3O7·2H2O, and 
ZnMn2O4, etc.) and MnOOH, which should be 
attributed to the insertion of Zn2+ and H+, respectively. 
As expected, the Zn—Mn—O compounds and 
MnOOH gradually release ions and finally convert 
back manganese oxides during the second charging. 
 
3.3 Zinc ion storage mechanism 

To understand the effect of the introduced Ag, 
the zinc storage performances of Ag−Mn3O4/NPS 

and Mn3O4 were comparatively studied by using 
2032 coin-type half-cells. Prior to the electro- 
chemical measurements, the batteries were cycled 
by 10 times at 100 mA/g for battery formation and 
activation, which is not counted in the battery 
cycling number. 

As shown in Fig. 7(a), the Ag−Mn3O4/NPS 
exhibits admirable rate capability, with discharge 
capacities of 102.5, 93.3, 86.3, and 80.9 mA·h/g at 
the current densities of 0.4, 0.6, 0.8, and 1.0 A/g, 
respectively. The discharge capacity retentions are 
about 91.0% (0.6 A/g), 84.2% (0.8 A/g), and 78.9% 
(1.0 A/g) of that at 0.4 A/g. Moreover, when the 
current densities switched back to 0.4 A/g, the 
capacities of Ag-Mn3O4/NPS relapsed much higher 
(Fig. 7(b)). For comparison, Mn3O4 was also tested 
under the same condition, which shows relatively 
lower discharge capacities at different current 
densities. As shown in Fig. S5(a) in SI, when the 
current densities changed back to 0.4 A/g, the 65th 
GDC profiles show an obvious gap with the 5th 
ones. In a word, the Ag-doping and NPS 
crosslinking dual-modification strategy effectively 
improved the rate performance of Mn3O4. 

After the rate testing, both the Ag−Mn3O4/ 
NPS and Mn3O4 were further tested at 1.0 A/g for 
cyclability evaluation by utilizing the 71st cycle as 
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Fig. 6 Mn 2p (a), Zn 2p (b), Mn 3s, Zn 3p (c), Ag 3d (d), S 2p (e), and O 1s (f) XPS spectra of Ag−Mn3O4/NPS 
 
the benchmark. As shown in Figs. 7 and S5, the 
capacity difference between Ag−Mn3O4/NPS and 
Mn3O4 grows gradually with the increase of cycling 
number. The capacity fading for Ag−Mn3O4/NPS is 
~0.0036% per cycle after 70 cycles, which is much 
better than that of Mn3O4 (~0.028%). Moreover, the 
Ag−Mn3O4/NPS shows smaller polarization than 
that of Mn3O4 (Figs. 7(d), S5(c), and S5(d)). These 
results indicate that Ag that acts as both dopant and 
crosslinking network is effective in promoting the 
cycling and rate capability. 

The battery reaction kinetics were systematically 
investigated by using various electrochemical 
techniques. Figure 8(a) shows the CV curves of 
Ag−Mn3O4/NPS obtained at different scan rates. 
With the increment in the scan rate, the cathodic 
and anodic peaks are both widened, and shift 
toward low and high values, respectively. Figure 
8(b) shows the fitted curves regarding the linear 
relationship between the oxidation and reduction 
peak current (Ip) and the square root of the scanning 
rate (ν1/2). All of the peaks show a decent linear 
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Fig. 7 Rate capability and subsequent long-term cycling stability of Ag−Mn3O4/NPS and Mn3O4 (a), and GDC profiles 
(b, c) and dQ/dV curves (d) of Ag−Mn3O4/NPS and Mn3O4 
 

 
Fig. 8 CV curves (a, a′), simulation results of Ip−ν1/2 (b), and capacitive contribution rate (c) of Ag−Mn3O4/NPS 
 
relationship between Ip and ν1/2 (R2 for peak I, II, 
and III is 0.9864, 0.9687 and 0.9780, respectively), 
implying that the battery reaction is associated with 

ion diffusion. 
1/2

p =0.4463 nFvDI nFAC
RT
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                (1) 



Xin-yuan WANG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 3693−3706 3702 
1/2

1 2I k v k v= +                             (2) 
 

( )
22

2sB m
Li Ion

B

4= /
π

Em VD L D
M A Eτ

τ
τ

   ∆
   ∆   

     ( 3 ) 
 

The apparent ion diffusion coefficient (DIon) 
can be estimated by using the Randles–Sevcik 
equation (Eq. (1)) [16,29,45]. Here, n is the number 
of the electron transferred in a certain 
electrochemical reaction process; F is the Faraday 
constant (96500 C/mol); A is the geometric area of 
the working electrode (cm2); C is the ion 
concentration of Zn2+ (2 mol/L); ν is the scanning rate 
(V/s); R is the molar gas constant (8.314 J/(mol·K)); 
T is the testing temperature (298.15 K). The 
apparent DIon of Ag−Mn3O4/NPS is ~5.89× 
10−13 cm2/s. Moreover, the ion diffusion contribution 
rate was evaluated based on Eq. (2) [29,46], in 
which, k1v and k2v1/2 are the parts of pseudo-capacitive 
and ion-diffusion contribution, respectively. For 
instance, 66.42% of the capacity of Ag−Mn3O4/NPS 
is associated with the ion diffusion at 0.4 mV/s 

(Figs. 8(a′, c)). The ion diffusion contribution rate at 
different scanning rates are calculated and 
intuitively summarized in Fig. 8(c) and S6 of SI. 
Obviously, the ion diffusion part contributes most 
of the capacity of Ag−Mn3O4/NPS at lower current 
densities but its contribution rate decreased when 
the scanning rate is raised. 

The battery reaction kinetics of Ag−Mn3O4/ 
NPS were further evaluated by using galvanostatic 
intermittent titration technique (GITT). As shown in 
Figs. 9, S7 and S8 of SI, the GITT was performed 
by pulse charging/discharging with a constant 
current of 50 mA/g for 10 min (τ) followed by 
standing for 60 min to reach steady state voltage 
(Es). The DIon evolution was further analyzed as 
illustrated in Eq. (3) [16,46]. Here, Vm, MB and mB 
respectively represent the molar volume (cm3/mol), 
molecular mass (g/mol) and mass (g) of the active 
material. A and L are the geometric area (cm2) and 
thickness (cm) of the electrode, respectively. ΔEτ is 
the voltage difference between the beginning and 
the end of the 10 min pulse process, while ΔEs is  

 

 
Fig. 9 GITT curve and corresponding ion diffusion evolution of Ag−Mn3O4/NPS (a), and titration processes selected 
from discharging (b) and charging (c), respectively 
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the Es difference before and after an 
electrochemical process that contains a 10 min 
pulse and a 60 min standing process. The ohmic and 
charge transfer resistances are the main reasons 
accounting for the distinct voltage decrease at the 
beginning of discharging, while the subsequent 
voltage evolution is mainly associated with ion 
diffusion [16]. 

Figures 9(b) and S7 depict the evolutions of 
ΔEτ, ΔEs, and (ΔEs/ΔEτ)2. During discharging, the 
ΔEτ in Region II is much larger, while the ΔEs in 
Region II is obviously smaller than that in Region I. 
As a result, the (ΔEs/ΔEτ)2 in Region II is markedly 
smaller than that in the Region I, and so it is for DIon. 
As shown in Fig. 9(a), the DIon in Region I locates 
in the range of 4.72×10−12−2.76×10−9 cm2/s, which 
is several orders of magnitude higher than that in 
Region II (1.90×10−14−3.33×10−12 cm2/s). This 
result agrees well with the CV-derived apparent 
DIon (5.89×10−13 cm2/s). In view of the remarkable 
difference in ion radius, Regions I and II are mainly 
dominated by H+ and Zn2+ insertion, respectively. 
Subsequently, the DIon does not show sharp 
increment/decrement across the whole charging 
process (Figs. 9(a, c), S7 and S8), implying that the 
battery charging might be a H+/Zn2+ synchronous 
extraction process. 

Mn3O4 was also subjected to GITT test under 
the same condition (Fig. S9). The charge/discharge 
capacity of Mn3O4 is significantly lower than that of 
Ag−Mn3O4/NPS, which is coincident with the GDC 
result shown in Figs. 7 and S4. A distinct charge/ 
discharge capacity difference is also recorded, 
which indicates that some irreversible reactions 
happened in the charging process (Figs. S8 and S10 
of SI). Moreover, the DIon of Ag−Mn3O4/NPS is 
obviously higher than that of Mn3O4, which 
highlights the effectiveness of the dual-modification 
strategy in promoting the battery reaction kinetics. 
The EIS data further reveal that the Ag-doping and 
NPS-crosslinking dual-modification strategy works 
effectively in facilitating charge transfer kinetics in 
electrode (Fig. S11 of SI). Based on these results 
and analyses, the introduction of Ag, which serves 
as both dopant and conductive networks for Mn3O4, 
is beneficial for boosting the ion and electron 
transportation and thus greatly improves the 
electrochemical performance of Ag−Mn3O4/NPS 
toward zinc storage. 

 
4 Conclusions 
 

(1) An Ag-doping and nanoporous Ag (NPS)- 
crosslinking dual-modification strategy (Ag-Mn3O4/ 
NPS) is proposed for improving the zinc storage 
performances of Mn3O4. 

(2) The lattice Ag plays robust role in boosting 
the intrinsic ionic and electronic conductivities of 
Mn3O4, while the NPS framework greatly promotes 
the mass/electron transfer throughout the whole 
electrode. 

(3) Benefiting from the dual-modification 
strategy, Ag−Mn3O4/NPS shows improved 
electrochemical performances (e.g., cycling stability, 
rate capability) as compared with Mn3O4. 

(4) It is clearly demonstrated that the 
Ag−Mn3O4 gradually transformed (oxidized) into 
Ag−MnOx in the first charging process, and the 
subsequent battery reaction is actually the H+ and 
Zn2+ insertion/extraction into Ag−MnOx. 
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摘  要：通过合金化−刻蚀工程制备 Ag 掺杂和纳米多孔 Ag (NPS)交联的 Mn3O4 八面体纳米颗粒。所制备的双修

饰 Mn3O4 (Ag−Mn3O4/NPS)由 Ag 掺杂的 Mn3O4 八面体和纳米多孔银骨架交联构成。Ag 的晶格掺杂能够有效改善

Mn3O4 阴极材料的离子和电子电导率，而 NPS 框架可以改善整个电极的电子/物质传输效率。得益于双修饰策略，

Ag−Mn3O4/NPS 表现出高的倍率和循环性能，在 1 A/g 的电流密度下循环 1000 次后仍可获得 88.7 mA·h/g 的高可

逆容量。此外，一系列非原位实验技术证明了 Ag−Mn3O4/NPS 的储锌机制：其在首次充电过程中被电化学氧化为

多种 MnOx (如 Mn2O3, MnO2)，后续的电池反应为 H+和 Zn2+在 MnOx 中的嵌入/脱出。 

关键词：Ag 掺杂 Mn3O4；锌离子电池；纳米多孔 Ag；脱合金化 
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