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The high electronegativity of F in the as-designed cathode could strengthen the binding between Mn?* and *OH as well as lower the AG of the
MnOOH dehydrogenation step, thereby suppressing Mn** generation and disproportionation to prevent “dead MnO,” formation and enhance
reversibility.
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ABSTRACT: Aqueous zinc-manganese batteries face the critical issue of irreversible dissolution/deposition of manganese
dioxide (MnO:) stemmed from the disproportionation of Mn3*. Herein, the fluorine-doped manganese acetylacetonate-derived
carbon (F-MDC) was designed as the cathode substrate to realize reversible dissolution/deposition of MnO2. An *OH-mediated
deposition pathway of MnO2 was elucidated as follows: *OH — *MnOH — *Mn(OH)2 — *MnOOH — *MnO,. Attributed to the high
electronegativity of fluorine on F-MDC, such pathway was promoted by accelerating the MnOOH dehydrogenation and
strengthening the binding between Mn?* and *OH, which could effectively avoid the disproportionation of Mn3* and the formation
of “dead MnOz". The Zn-Mn battery based on F-MDC delivered a capacity retention rate of 91.7% after 4000 cycles at 3 A g™
and still retained the specific capacity of 87.5 mAh g™' even at a high current density of 10 A g~'. In addition, the assembled
pouch cell also displayed standout rate capability, cycling stability and power supply performance.

KEYWORDS: aqueous zinc-manganese battery « cathode * deposition mechanism - reversibility » disproportionation of Mn3*

1 Introduction

Aqueous zinc-ion batteries (AZIBs) are highly promising for
large-scale energy storage, due to their inherent safety,
environmental friendliness, and cost-effectiveness, coupled
with the high theoretical capacity and low redox potential of
the zinc metal anode [1-8]. Manganese dioxide (MnO2) has
emerged as a prominent candidate for aqueous zinc-ion
battery (AZIB) cathodes, owing to its diverse manganese
oxidation states, high open-circuit voltage, and
environmental friendliness [9-11]. The theoretical specific
capacity of MnO; is 308 mAh g, originating from the
Mn*/Mn3®*  redox reaction coupled with ion
insertion/extraction processes [12-15]. However, the strong
Coulombic interaction between Zn?* ions and the MnO:
matrix  triggers irreversible phase transformations
concomitant with Mn dissolution, leading to the loss of active
materials and subsequent capacity fading [16-20].
Conversely, the dissolution/deposition mechanism involving
a two-electron Mn**/Mn?* redox process facilitates a higher
theoretical capacity of 616 mAh g™! while mitigating capacity
degradation associated with structural collapse [21-25].
Nevertheless, achieving fully reversible
dissolution/deposition of MnO: remains a significant
challenge [26-28].

Owing to the sluggish deposition kinetics and poor
intrinsic conductivity of MnO;, the deposition process is
highly susceptible to inhomogeneity and structural

delamination [29, 30]. This is further exacerbated by the
diffusion of interfacial Mn3* intermediates into the
electrolyte, where they undergo disproportionation (2Mn3*
+ 2H,0 - Mn?* + MnO; + 4H*) [31-35]. This results in the
accumulation of “dead MnO;” outside the active region,
causing the loss of electrical contact [36-41]. Therefore,
precise regulation of MnO: deposition is essential for
achieving a highly reversible Mn?*/MnO- chemistry [42]. To
improve the MnO; dissolution/deposition reversibility, Liu
et al. modified pristine carbon felt with a carbon nanotube
framework [43]. This structure induced the growth of
porous MnO, effectively suppressing material cracking and
exfoliation. Lan et al. prepared the Zn/Mn co-doped Prussian
blue analog (ZnMn-PBA) with an abundant specific surface
area and strong Mn-affinity [44]. These features regulate the
Mn?* deposition Kinetics, thereby establishing a highly
reversible dissolution/deposition mechanism. Zhou et al.
immobilized Mn3* ions at the carbon felt interface using
electronegatively charged SiO: colloidal particles [45]. This
strategy effectively suppressed the diffusion of Mn3* into the
bulk electrolyte, enhancing the long-term cycling stability of
aqueous zinc-manganese batteries. Based on the
aforementioned studies, current research primarily focuses
on enhancing Mn?* deposition through strengthened
adsorption or physical confinement. However, the critical
role of Mn3* disproportionation and the fundamental
dehydrogenation process during Mn?* oxidation (Mn?* +
2H;0 - MnO; + 4 H* + 2e7) remains under-explored [46]. To
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circumvent the above issue, decoding the manganese
deposition chemistry is imperative to develop reversible
aqueous Zn-Mn battery.

Herein, we unveiled that the deposition process
proceeds via the following pathway: *OH — *MnOH -
*Mn(OH); —» *MnOOH — *MnO; (Fig. 1), mediated by *OH
intermediates derived from water dissociation. To promote
the kinetics of Mn?* binding with *OH and dehydrogenation,
F-doped manganese acetylacetonate-derived carbon (F-MDC)
was employed as a substrate to host Mn?* deposition.
Leveraging the high electronegativity of fluorine, F-MDC
promotes the kinetics of the Mn?* hydroxylation step (Mn2* +

Suppression of Mn2* oxidation to Mn3+*

*OH — *MnOH) and diminishes the activation energy
required for the dehydrogenation of *MnOOH to MnO>. This
effectively mitigated Mn3* accumulation by simultaneously
hampering the one-electron oxidation of Mn?* and the
protonation-driven conversion of interfacial *MnOOH.
Benefiting from the aforementioned attributes, the zinc-
manganese battery achieves an impressive rate capability
(87.5 mAh g at 10 A g!) and outstanding long-term
durability (91.73% retention after 4000 cycles at 3 A g'1).
Beyond performance, this study sheds light on the
underlying dissolution/deposition mechanisms and paves
the way for the design of highly reversible aqueous zinc-ion
batteries using MnOz-based cathodes.
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Figure 1 Schematic diagram illustrating the *OH-mediated MnO2 deposition pathway facilitated by F-MDC.

2 Results and discussion

Firstly, a fluorine-doped MnO-loaded carbon substrate
derived from manganese acetylacetonate (F-MDC@F-MnO)
was synthesized. F-MDC@F-MnO was fabricated into a
working electrode and then assembled into a coin cell,
galvanostatically charged to 1.9 V (referred to as F-MDC@F-
MnO-1.9) and then discharged to 0.4 V to yield the fluorine-
doped manganese acetylacetonate-derived carbon substrate
(F-MDC). The F-MDC@F-MnO was synthesized via a molten
salt method using ammonium fluoride and manganese
acetylacetonate. The F content in F-MDC@F-MnO is tunable
by varying the dosage of ammonium fluoride (NH4F) (Fig.
$1). Thermogravimetric (TG) analysis shows that F-MDC@F-
MnO has a carbon mass fraction of 74.79% (Fig. S2). The
scanning electron microscopy (SEM) image of MDC@MnO
reveals the nanosheet morphology (Fig. S3a). In contrast, F-
MDC@F-MnO exhibits a porous nanosheet morphology (Fig.
S3c and S4) triggered by gas release from precursor
decomposition and the porosity of this morphology
increases with the amount of NH4F added (Fig. S3b-d).
Nitrogen adsorption/desorption isotherms were recorded to
characterize the textural properties of F-MDC@F-MnO and
MDC@MnO (Fig. S5). Based on Brunauer-Emmett-Teller
(BET) calculations, F-MDC@F-MnO possesses a significantly

higher specific surface area (463.46 m?/g) than MDC@MnO
(220.06 m?/g), which potentially facilitates the exposure of
more active sites for MnO; deposition. Figure. S6 displays
the Raman spectra of F-MDC@F-MnO and MDC@MnO,
where the G-band (~1590 cm™) and D-band (~1350 cm™)
represent the ordered graphitic carbon and structural
defects [47]. The corresponding ID/IG values were
determined to be 1.21 for F-MDC@F-MnO and 1.09 for
MDC@MnO, respectively. This suggests that F doping
increases the defect density [48], which may endow the
electrode with more active sites for Mn?* adsorption.
Transmission electron microscopy (TEM) image of F-
MDC@F-MnO (Fig. S7a) exhibits a carbon matrix anchored
with MnO nanoparticles. This architecture is further
validated through a combination of high-resolution TEM
(HRTEM), X-ray diffraction (XRD), and X-ray photoelectron
spectroscopy (XPS) characterizations (Fig. S7-S9) [49].
Specifically, the F 1s XPS spectra (Fig. S10) confirm the
presence of C-F (688.57 eV) and F-Mn (684.67 eV) bonds
[50, 51]. Owing to the high electronegativity of fluorine, the
charge density is redistributed around the carbon defects,
which likely facilitates the nucleation and deposition of
MnO; on the electrode surface during the charging process.
Meanwhile, the F-Mn bonds on the MnO surface may alter
the surface energy and electronic structure of MnO,
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potentially lowering the overpotential for its electrochemical
oxidation to MnOx.

To activate the electrochemical activity of MnO and
preliminarily evaluate the deposition behavior on the
cathode [49], the galvanostatic charging was conducted to
1.9 V (Fig. S11). As illustrated in Fig. S12a, MDC@MnO0-1.9
appears uneven and aggregated, whereas F-MDC@F-MnO-
1.9 is uniform and fine-grained (Fig. S12b). The distinct
morphological difference between MDC@MnO-1.9 and F-
MDC@F-MnO-1.9 suggests that F-doping plays a pivotal role
in regulating the nucleation and growth kinetics of MnOa.
The MnO2 forms via both the electrochemical oxidation of
pre-existing MnO and the electrodeposition of Mn?* from the
electrolyte [49]. Elemental mappings reveal a homogeneous
distribution of C, O, Mn, and F within the F-MDC@F-MnO-1.9
(Fig. S13). The absence of diffraction peaks in the XRD
pattern suggests that the as-formed MnO: is amorphous (Fig.
S$14) [52, 53]. XPS analysis confirms the +4 oxidation state of

Mn, identifying the product obtained after charging to 1.9 V
as MnO: (Fig. S15) [54, 55].

Upon galvanostatic discharging to 0.4 V, the MnO:
almost completely dissolved, as evidenced by the extreme
weakness of the Mn 2p signal (Fig. 2a) and the complete
disappearance of the F-Mn bond (Fig. 2c), ultimately
yielding the F-MDC substrate. The fluorine in this substrate
is primarily incorporated into the carbon framework
through covalent C-F bonds. With a bond energy of
approximately 485 k]J/mol and chemical inertness within the
electrochemical window of this study (0.4-1.8 V vs. Zn?*/Zn),
the C-F configuration is expected to remain structurally
stable during prolonged cycling. This ensures that the
doping effect of fluorine is sustained over extended
operation without significant leaching. Similarly, upon
galvanostatic discharging of MDC@MnO-1.9 to 0.4 V, the
MDC substrate was obtained.

a [r-Mpc Mnzp| D Mn2p| C
R | 2p2 2p 3/2 ! N
3 3 |= MDC 3
8 I\1.8V oy “ o
= ] 2 = !
L ! 2 2 7
£ L.04V £ A&L 4 £ /o oav
660 655 650 645 640 635 656 652 648 644 640 695 690 685 68(
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
d High f

|
BUHT R

Low

051015 500 600 700 800
Voltage (V) Raman Shift (cm™)

High

Low

051015 500 600 700 800
Voltage (V) Raman Shift (cm™)

% MnOOH *ZSH # Ti foil

0.51.01520 10 20 30 40
Voltage (V vs. Zn?*/Zn)  2-Theta (degree)

Figure 2 (a) Ex situ XPS spectra of Mn 2p for F-MDC electrode at various states of charge. (b) Ex situ XPS spectra of Mn 2p for the F-MDC and MDC
electrodes at the fully charged state. (c) Ex situ XPS spectra of F 1s for the F-MDC electrode at fully charged and fully discharged states. Electrochemical

discharge/charge profiles and the corresponding operando Raman spectral contour maps of Zn-MnO: batteries using F-MDC (d) and MDC (e)

substrates. (f) Electrochemical discharge/charge profiles and ex situ XRD patterns of the F-MDC electrode at various electrochemical states.

To further elucidate the deposition behavior of F-MDC
and MDC during cycling, a combination of in situ and ex situ
characterizations was conducted on electrodes at various
states of charge. The Mn 2p XPS spectra (Fig. 2a and S16a)
exhibit a significant increase in peak intensity and a
discernible shift toward higher binding energy upon
charging, implying the oxidation of Mn species and the
subsequent deposition of MnO; [37, 56]. Compared with

MDC, the drastically enhanced Mn 2p signal in F-MDC
confirms that F-incorporation accelerates the deposition
kinetics (Fig. S16b). Moreover, the higher Mn valence state
observed in F-MDC at the fully charged state (Fig. 2b)
suggests a more complete oxidation of Mn?* to Mn** [42].
Interestingly, the absence of Mn-F bonds in the F 1s spectra
(Fig. 2c) indicates that MnO: nucleation and growth
preferentially occur at carbon active sites instead of direct
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bonding with fluorine species. In situ Raman spectroscopy
(setup illustrated in Fig. S17) was employed to monitor the
real-time deposition processes on F-MDC and MDC
substrates during a full galvanostatic charge-discharge cycle.
Figure. 2d presents the Raman heat map of F-MDC, where
the characteristic peak at 680 cm™ is assigned to the Mn-O
stretching vibration of MnO: [57, 58]. During the discharging
process, the intensity of this peak gradually diminishes until
it completely vanishes. Upon charging process, the peak
intensity progressively recovers to its initial level,
confirming the reversible dissolution/deposition behavior of
MnO: on F-MDC. Although the MDC substrate exhibits a
similar trend (Fig. 2e), its peak intensity only partially
weakens during discharging and fails to return to its original
value after charging. This discrepancy clearly reflects the
superior electrochemical reversibility of F-MDC over MDC.

To investigate the dynamic phase evolution, ex situ XRD
measurements were conducted on F-MDC and MDC
electrodes. When discharged to 1.3 V, a diffraction peak
appears at 26.1° (Fig. 2f and S18), corresponding to the
MnOOH phase (JCPDS No. 41-1379). As discharge proceeds
to 0.4 V, the MnOOH peak gradually diminishes,
accompanied by the appearance of a characteristic peak at
12.4°, assigned to Zn4S04(OH)620.5H20 (ZSH, JCPDS No. 44-
0674). The formation of ZSH is attributed to the continuous
consumption of H* during discharge, which leads to the
gradual accumulation of OH- reacting with Zn?* and SO4*~ in
the electrolyte. During the subsequent charging process, the
release of H* causes the ZSH peak to progressively weaken,
while the MnOOH reappears at 1.6 V. Upon reaching full
charge, the MnOOH peak disappears, replaced by the
formation of amorphous MnO.. This evolution aligns well

with the reported dissolution/deposition processes
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involving a two-step reaction pathway (Mn?*<> MnOOH&
MnO;) [59-61]. The typical processes are further
corroborated by additional experimental results (detailed
discussions are provided in Electronic Supplementary
Material, Fig. S19-S21) [62].

To uncover the underlying mechanism by F doping in
governing dissolution/deposition reversibility, we
performed in situ differential electrochemical mass
spectrometry (DEMS) measurements (Fig. 3a) [63, 64]. In a
MnSO4-free 2 M NaSOs electrolyte, a prominent *OH signal
(m/z = 17) is captured during the charging process for both
F-MDC and MDC electrodes, whereas the *O signal (m/z = 16)
is weak and the *OOH signal (m/z = 33) is nearly
undetectable (Fig. S22). This indicates that *OH is the
predominant intermediate involved in Mn?* coordination for
deposition. Specifically, the F-MDC electrode exhibits a
significantly stronger *OH signal compared to the MDC
electrode (Fig. 3b), suggesting that F doping effectively
facilitates water dissociation to generate *OH. Upon the
introduction of MnSO4, a marked attenuation in the signal
was observed (Fig. 3c), implying that *OH participates in
Mn?* electrodeposition via the following pathway: *OH —
*MnOH — *Mn(OH)2 = *MnOOH — *MnO:. Notably, the more
pronounced signal decay for F-MDC than for MDC suggests
that F doping significantly enhances the binding affinity
between Mn?* and *OH. This pathway effectively suppresses
the one-electron oxidation of Mn?* to soluble Mn3* (Mn?* - e~
— Mn?*), thereby inhibiting the formation of “dead MnO_"
and ultimately enhancing the dissolution/deposition
reversibility. As reflected in the weaker O signal (m/z = 32)
on F-MDC, the 0-0O coupling is inhibited towards oxygen
evolution, which further affirms the promoted binding
between Mn?* and *OH (Fig. 3d).

No MnSO,

F-MDC
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Figure 3 (a) Schematic diagram of in situ DEMS technique. m/z = 17 signals for F-MDC and MDC during charging without (b) and with (c) adding
MnSOq, respectively. (d) m/z = 32 signals for F-MDC and MDC during charging with adding MnSO4.

Density functional theory (DFT) calculations were

performed to determine the critical role of F in regulating
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the free energy of the reaction pathway and corresponding
intermediate configurations are displayed in Fig. S23 and
S24 [65]. Compared with MDC, the binding energy between
Mn?* and *OH intermediate is significantly enhanced on F-
MDC, as evidenced by the lower AG (Fig. 4a), which
promotes the formation of *MnOH. Furthermore, F-
incorporation markedly reduces the AG for the
dehydrogenation of *MnOOH, facilitating the oxidative
conversion of MnOOH to MnO.. This process effectively
suppresses the disproportionation of MnOOH in acidic
media, thereby preventing the formation of “dead MnO:".
Concurrently, the AG for the dehydrogenation of *OH to *O
intermediate on F-MDC is considerably higher than that on
MDC (Fig. 4b), which effectively suppresses the *OH
decomposition. This theoretical finding is consistent with
the intensified *OH signals detected on the F-MDC electrode
during the charging process. To elucidate the origin of this
phenomenon, the projected density of states (PDOS)
calculations were further performed. As shown in Fig. 4c,
only limited peak overlap is observed among the C 2p

orbitals, the Mn 3d orbitals of Mn?*, and the O 2p orbitals of
*OH in MDC. In contrast, F-MDC exhibits pronounced peak
overlap among these three orbitals (Fig. 4d), indicating the
strong electronic coupling between them. Manifested by this
result, the presence of fluorine can modify the electronic
configuration of carbon, thereby enhancing charge transfer
between carbon atoms and Mn?/*OH and promoting the
formation of *MnOH intermediates. To gain further insight
into the dehydrogenation of *MnOOH, which was the rate-
determining step (RDS) for the overall deposition process,
the density of states of the H 1s orbital and its adjacent O 2p
orbital in *MnOOH was calculated. In MDC, a pronounced
overlap is observed between the O 2p and H 1s orbitals (Fig.
4e), indicating strong O-H bond in *MnOOH [3]. In contrast,
F-MDC exhibits a weak O-H bond as reflected in the
remarkably low degree of hybridization between these two
orbitals (Fig. 4f). Consequently, the AG for *MnOOH
dehydrogenation is significantly reduced to facilitate the
formation of MnO-.
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Figure 4 (a) Free energy diagram of the MnO; deposition process on F-MDC and MDC substrates. (b) Free energy diagram for further dehydrogenation
of the *OH intermediate on F-MDC and MDC substrates. PDOS of C 2p, O 2p, and Mn 3d for *MnOH on MDC (c) and F-MDC (d). PDOS of O 2p and H 1s

for *MnOOH on MDC (e) and F-MDC (f).

Intrigued by the above merits, the Zn-MnO; battery
utilizing F-MDC substrate is expected to facilitate reversible
dissolution/deposition chemistry. Its electrochemical
behavior was systematically investigated via galvanostatic
charge-discharge  (GCD), cyclic voltammetry (CV),
galvanostatic intermittent titration technique (GITT), and
electrochemical impedance spectroscopy (EIS)
measurements. The optimal NH4F dosage was identified as
0.4 g according to the capacity and stability performance
(Fig. S25). Unless otherwise specified, the F-MDC substrate
prepared with 0.4 g was employed in all full-cell tests.
Figure. 5a presents the GCD curves of F-MDC and MDC at a

current density of 0.05 A g-l. During the charging process,
two distinct voltage plateaus at 1.53 V and 1.60 V are
observed, corresponding to the stepwise oxidation of Mn. In
the subsequent discharging process, the battery exhibits two
plateaus at 1.26 V and 1.36 V, attributed to the reversible
reduction of Mn species [66]. Notably, the F-MDC cathode
demonstrates a narrower voltage hysteresis and a
significantly enhanced specific capacity compared to MDC,
which can be attributed to its high specific surface area and
abundant defect sites that provide more active nucleation
sites for MnO;. This is further supported by the CV analysis
at 1 mV s™! (Fig. S26), where the F-MDC battery shows a
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larger integrated area, consistent with the GCD results.
Furthermore, the nearly overlapping CV curves during the
initial three cycles (Fig. S27) signify the excellent
electrochemical reversibility of the F-MDC electrode [67].
Rate performance tests were conducted to further evaluate
the dissolution/deposition reversibility (Fig. 5b and $28). A
gradual capacity- activation phenomenon can be observed
in the coin- cell rate test (Fig. 5b), originating from
progressive electrolyte infiltration into the electrode and
step- by- step exposure of active sites on F- MDC, which
requires several cycles to reach electrochemical equilibrium.
Similarly, such capacity activation behavior is also detected
in the long- term cycling of coin cells (Fig. 5d). The Zn-

MnO: battery featuring the F-MDC substrate exhibits a high
specific capacity of 340.3 mAh g! at 0.1 A g! and retains
87.5 mAh g! even at a stringent current density of 10 A g%,
underscoring its rapid deposition Kinetics. Conversely, the
MDC substrate shows significant capacity decay from 293.3
to 23.3 mAh g under the same conditions. Upon returning
the current density to 0.1 A g, the F-MDC electrode
recovers a capacity of 300.8 mAh g!, whereas the MDC
electrode only manages 172.9 mAh g, confirming the
enhanced electrochemical activity and reversibility afforded
by fluorine doping. Furthermore, the Coulombic efficiencies
(CEs) of F-MDC
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Figure 5 The electrochemical performance: (a) GCD curves of F-MDC and MDC at 50 mA g. (b) Rate performance of F-MDC and MDC. (c) Coulombic
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deposition mechanism. Diffusion coefficients of F-MDC and MDC during discharge (f) and charge processes (g).

remain stable across varying current densities, while those
of MDC fluctuate significantly (Fig. 5c). The result validates
that the F-MDC substrate facilitates fast conversion kinetics
for the reversible Mn?*~-MnOOH-MnO; redox process. Long-
term cycling stability was further assessed at 3.0 A g* (Fig.
5d). The F-MDC-based battery maintains a reversible
capacity of 123.2 mAh g after 4000 cycles, corresponding
to an impressive retention of 91.7%. Under identical
conditions, the MDC-based battery only retains 58.4 mAh g!
(47.1% retention, Fig. S29). Such outstanding cycling
performance outperforms most reported Zn-MnO; batteries
based on the dissolution/deposition mechanism (Fig. 5e)
[15, 25, 26, 41, 44, 68-71]. The superior durability of F-MDC
is further corroborated by cycling tests at 1.0 A g-! (Fig. S30
and S31) and disassembly-reassembly experiments (see

Electronic Supplementary Material and Table S1 for details).
The GITT curves of F-MDC and MDC display two distinct
charge-discharge plateaus (Fig. $32), which resemble their
corresponding GCD profiles. F-MDC exhibits a higher
diffusion coefficient (Dgirr) than MDC during the discharging
process (Fig. 5f). Similarly, during the charging process (Fig.
5g), F-MDC maintains a superior Dgrr compared to MDC.
This enhanced diffusion coefficient suggests that fluorine
doping not only facilitates the reversible
deposition/dissolution of MnO; but also improves charge
transfer within the active material. Furthermore, as the
potential corresponding to the minimum identifies the
dominant reaction potential, the lower charging potential of
F-MDC confirms the accelerated deposition kinetics induced
by fluorine doping [72].

6/11



Nano Research | Vol. XX, No. XX

Sun et al.

CV tests at various scan rates (0.1-0.5 mV s™!) were
performed to evaluate the impact of fluorine on reaction
kinetics. Both F-MDC and MDC exhibit one oxidation peak
and two reduction peaks (Fig. S33a and S33c). Although the
redox peaks shift slightly toward higher potentials as the
scan rate increases, the overall CV profiles remain well-
preserved, suggesting good reversibility. This peak shift is
primarily ascribed to inherent kinetic barriers associated
with the MnO2 deposition/dissolution process. To quantify
the reaction mechanism, the relationship between peak
current (i) and scan rate (v) was analyzed using the power-
law equation: i = a VP. The b-value was obtained by linear
regression of log(i) vs. log(v). A b-value of 0.5 indicates a
diffusion-controlled Faradaic process, while a b-value of 1.0
represents a surface-controlled capacitive process [73]. As
shown in Fig. S33b, the b-values for the oxidation peak (bo1)
and reduction peaks (bri, brz) of F-MDC are 0.68, 0.75, and
0.86, respectively. These values indicate a hybrid mechanism
involving both diffusion and capacitive processes. Notably,
the higher values of F-MDC compared to MDC (Fig. S33d)
demonstrate that fluorine doping effectively accelerates the
electrode reaction kinetics. The capacitive and diffusion-
controlled contributions to total capacity were
quantitatively analyzed. Fig. S34 shows the capacitive
contribution analysis for Zn-MnO: battery at various scan
rates. As the scan rate increases from 0.1 to 0.5 mV s}, the
capacitive contribution of F-MDC rises from 54% to 72%,
which is significantly higher than that of MDC. This result

electrochemical  reactivity = and reaction  Kinetics.
Furthermore, EIS analysis reveals that the charge-transfer
resistance (Rct) of F-MDC in the high-frequency region is
markedly lower than that of MDC (Fig. S35), indicating the
improved interfacial charge transport. In the low-frequency
region, F-MDC exhibits a steeper slope than MDC, implying a
reduced Warburg diffusion resistance. These results
collectively demonstrate that fluorine doping reduces
interfacial resistance and promotes ion diffusion Kkinetics,
thereby boosting overall electrochemical performance.

To further assess the practical viability of F-MDC, a Zn-
MnO: pouch cell (3 x 3 cm?) was assembled with an areal
loading of ~1.2 mg cm™? (Fig. 6a). The CV curve at 0.1 mV s7!
(Fig. 6b) displays well-defined redox peaks, aligning well
with the electrochemical behavior observed in coin cells. As
depicted in Fig. 6¢c and 6d, the pouch cell yields a high
specific capacity of 313 mAh g-! at 0.3 A g*! and retains 149
mAh g! at a high current density of 1.2 A g-'. Furthermore,
the device demonstrates robust cycling stability, retaining
77% of its initial capacity after 3000 cycles at 1.2 A g** (Fig.
6e). Different from coin cells, no obvious capacity activation
phenomenon is observed for the pouch cell. The larger
electrode area and sufficient electrolyte dosage guarantee
sufficient ion transport, thus enabling effective MnO:
deposition/ dissolution even in initial cycles. To showcase its
real-world utility, three parallel-connected pouch cells
successfully energized a 4 V LED indicator, confirming its
promising potential for practical applications.

confirms that fluorine doping effectively enhances
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Figure 6 Electrochemical performance of the soft-packaged Zn-Mn battery with F-MDC, using 2.0 mol/L ZnSO4 + 0.1 mol/L MnSO4 aqueous solution as

the electrolyte and zinc foil as the anode: (a) Schematic configuration of the soft-packaged battery. (b) CV curves. (c) Rate performance. (d) GCD curves

at various current densities. (e) Cyclic stability and (inset) photograph of a 4 V LED indicator powered by the soft-packaged battery.

3 Conclusions

To summarize, fluorine-doped manganese acetylacetonate-
derived carbon (F-MDC) was developed as the cathode
substrate, which enabled reversible MnO:
dissolution/deposition in aqueous zinc-manganese batteries.
Based on the in situ DEMS analysis and DFT calculations, the
*OH-mediated MnO2 deposition mechanism was elucidated
as *OH- *MnOH~- *Mn(OH)2— *MnOOH- *MnO,. The high
electronegativity of F in the as-designed cathode could
strengthen the binding between Mn?* and *OH as well as

decrease the AG of the MnOOH dehydrogenation step.
Thanks to the above merits, the generation and
disproportionation of Mn3* could be inhibited to
fundamentally prevent the formation of “dead MnO;". The
zinc-manganese battery with F-MDC substrate exhibited
excellent electrochemical performance, in terms of the high
specific capacities of 340.3 mAh g' at 0.1 A g and 87.5 mAh
g even at a high current density of 10 A g'!. A capacity
retention rate of 91.7% after 4000 cycles at 3 A g™! was also
realized to  highlight the superior reversibility,
outperforming most reported Zn-MnO; batteries. The
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assembled pouch cell also showed superior rate and cycling
performance. This study not only provides a feasible
strategy for regulating the reversible MnO: deposition
behavior in aqueous zinc-manganese batteries, but also
offers new insights into the manganese deposition chemistry.

4 Experimental
4.1 Materials

All chemical reagents were used without additional
purification. Sodium chloride (NaCl, 99%), potassium
chloride (KCl, 99%), ammonium fluoride (NH4F, 99%), and
N-methylpyrrolidone (NMP, 99%) were purchased from
Aladdin Reagents (Shanghai) Co. Ltd; manganese(III)
acetylacetonate (CisH2:MnOs, 98%) was purchased from
Shanghai Titan Technology Co., Ltd; zinc sulfate
heptahydrate (ZnSO4¢7H.0, 98%) was purchased from
Sinopharm Chemical Reagent Co. Ltd; polyvinylidene
fluoride (PVDF) was purchased from Tianjin Kemiou
Chemical Reagent Co. Ltd; and acetylene black was
purchased from Shanghai Haotian Chemical Co., Ltd.

4.2 Preparation of F-MDC@F-MnO

Fluorine-doped MnO-loaded carbon substrate derived from
manganese acetylacetonate (F-MDC@F-MnO) was
synthesized in one step by the molten salt method. 0.5 g of
C1sH21MnOs, a certain amount of NH4F (0.2 g, 0.4 g, 0.6 g),
and 2.5 g of mixed salts (nNaCl: nKCl = 1:1) were weighed
and fully ground in an agate mortar for 60 min until the
powder was uniform. The ground mixture was transferred
to an alumina crucible and heated to 700 °C at a heating rate
of 2 °C min! in a tube furnace, with a holding time of 5 h,
and the whole process was protected under an inert
atmosphere (N:). After the reaction, the furnace body was
naturally cooled to room temperature, and the product was
washed 3 times with distilled water and absolute ethanol
respectively to remove residual molten salts and unreacted
impurities. Finally, it was dried overnight at 60 °C to obtain
F-MDC@F-MnO samples with different fluorine doping
amounts, which were denoted as F-MDC@F-Mn0-0.2, F-
MDC@F-MnO0-0.4, and F-MDC@F-MnO-0.6 respectively. As a
control sample, pure manganese acetylacetonate-derived
carbon (MDC@MnO) without adding NH4F was prepared by
the same process.

4.3 Fabrication of Electrodes and Assembly of Cells.

70% (mass fraction) of F-MDC@F-MnO, 20% of conductive
carbon black, and 10% of PVDF were fully mixed in NMP to
form a uniform slurry. Subsequently, the slurry was
uniformly coated on a carbon cloth/titanium foil current
collector and dried in a vacuum oven at 60 °C for 12 h. After
drying, a puncher was used to punch the electrode sheet into
a circular sheet with a diameter of 12 mm, and the loading
amount of the active material was controlled in the range of
1~2 mg cm™. Electrochemical tests were conducted using
CR2025 coin cells. The electrode loaded with active material
served as the positive electrode, zinc foil (* 0.1 mm thick) as
the negative electrode, Whatman glass fiber as the separator,
and a mixed aqueous solution of 2.0 mol/L ZnSO4 and 0.1
mol/L MnSO4 as the electrolyte. Approximately 100 pL of
electrolyte was injected into each cell. The cells were
assembled in air and tested at room temperature. Before

charging, all cells were rested for 8 h to ensure sufficient
electrolyte wetting.

4.4 Preparation of F-MDC

F-MDC@F-MnO was fabricated into a working electrode and
then assembled into a coin cell, galvanostatically charged to
1.9 V (referred to as F-MDC@F-MnO-1.9) and then
discharged to 0.4 V to yield the fluorine-doped manganese
acetylacetonate-derived carbon substrate (F-MDC).

For clarity, F-MDC@F-MnO and F-MDC are defined
throughout this work. F-MDC@F-MnO denotes the as-
synthesized product containing MnO nanoparticles loaded
on the fluorine-doped carbon framework. F-MDC refers to
the bare carbon substrate obtained by electrochemically
activating F-MDC@F-MnO (charging to 1.9 V followed by
discharging to 0.4 V) to completely remove manganese
species. F-MDC serves as the working electrode substrate for
all subsequent MnO; deposition/dissolution studies.

Electronic Supplementary Material:
material (including detailed material characterizations,
electrochemical measurements, in situ/ex situ
characterizations, DFT calculation details, supplementary
figures and table) is available in the online version of this
article at https://doi.org/10.26599/NR.2026.94909104.
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Material Characterization. The morphology of the samples was characterized using a Zeiss Supra55 field-emission scanning
electron microscope (SEM) equipped with energy-dispersive X-ray spectroscopy (EDS) for elemental mapping. The
microstructure and crystal structure were further analyzed using an FEI Talos F200X transmission electron microscope (TEM)
and high-resolution TEM (HRTEM). X-ray diffraction (XRD) patterns were collected on a D8 ADVANCE diffractometer with Cu
Ka radiation (A = 0.154 nm) over a 26 range of 8-80°. X-ray photoelectron spectroscopy (XPS) measurements were performed
on an ESCALAB 250Xi spectrometer using monochromatic Al Ka radiation (1486.6 eV), and the binding energies were
calibrated against the C 1s peak at 284.6 eV. Thermogravimetric analysis (TGA) was conducted on a STA4 analyzer under air
atmosphere from 3 to 800 °C at a heating rate of 10 °C min™! to determine the carbon content of the as-prepared material.
Nitrogen adsorption-desorption measurements were carried out to determine the specific surface area and pore size
distribution; the specific surface area was calculated using the Brunauer-Emmett-Teller (BET) method. Prior to measurement,
the sample was degassed under vacuum at 120 °C for 8 h, followed by measurement under liquid nitrogen in full-pore mode.
The composition of the electrolyte was quantitatively analyzed using an iCAP 7400 inductively coupled plasma (ICP)
spectrometer. In situ monitoring of material characterization and electrochemical processes was performed using a MODEL
BX41TF Raman spectrometer.

Electrochemical Measurements. Galvanostatic charge-discharge tests and galvanostatic intermittent titration technique
(GITT) tests were performed on a BTS-5V/2-50mA battery testing system with a voltage window of 0.4-1.8 V (vs. Zn?*/Zn).
Cyclic voltammetry (CV) tests were conducted in the range of 0.4-1.8 V, and electrochemical impedance spectroscopy (EIS)
tests were carried out in the frequency range of 0.01 Hz to 100 kHz; both measurements were performed using an Autolab
electrochemical workstation.

In situ Raman measurements. In situ Raman spectroscopy was conducted using Renishaw’s 500 inVia Raman microscopes
with a 532 nm laser source in a custom cell. Carbon cloth loaded with the active material was used as the cathode, and zinc foil
as the anode. The two electrodes were immersed in an electrolyte of 2 mol/L ZnSO4 + 0.1 mol/L MnSO4. Galvanostatic charge-
discharge tests were carried out in the voltage range of 0.4-1.8 V (vs. Zn?*/Zn), and in situ Raman spectroscopic measurements
were performed synchronously throughout the entire test process.

Online DEMS measurements. Online differential electrochemical mass spectrometry (DEMS) measurements were performed
using a PM-DEMS spectrometer (Shanghai Jing-protech Co., Ltd.) in a home-made electrochemical cell with 2 mL of 2 mol/L
NazS0;4 as the electrolyte. Carbon cloth loaded with the active material was used as the cathode and zinc foil as the anode. The
electrolyte was degassed and purged until the mass spectral baseline was stabilized. Potentiostatic measurements were
conducted intermittently at 2.0 V (vs. Zn?*/Zn), and each test was terminated when the mass spectral signal returned to the
baseline.

Computational details. All density functional theory (DFT) [1] calculations were performed using the Vienna Ab initio
Simulation Package (VASP) [2, 3] with the projector-augmented wave (PAW) method to describe the ion-electron interactions.
The exchange-correlation functional was approximated by the generalized gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof (PBE) [4] parameterization. A plane-wave cutoff energy of 450 eV was adopted for the basis set. The
convergence criteria for the total energy and atomic force were set to 10-5 eV and 0.03 eV A%, respectively. The Brillouin zone
was sampled with a 2x2x1 Monkhorst-Pack k-point mesh for geometry optimization, and a 2x2x1 k-point mesh was used for
the density of states (DOS) calculations. The van der Waals (vdW) interaction was corrected using the DFT-D3 method to
accurately describe the weak interaction between the carbon substrate and Mn-based intermediates.

The free energy change (AG) for each elementary step in the *MnO: formation process was calculated using the
computational hydrogen electrode (CHE) model, as follows:AG = AE + AZPE - TAS, where AE is the electronic energy difference
obtained from DFT calculations, AZPE is the zero-point energy correction, T is the temperature (298.15 K), and AS is the
entropy change. The zero-point energy and entropy of adsorbed species were calculated from the vibrational frequencies of the
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adsorbed species, while the gas-phase entropy of H,0 was taken from the standard thermodynamic database. According to the
computational hydrogen electrode (CHE) model proposed by Ngrskov et al., the free energy of the (H* + e”) pair is defined as
1/2 G(Hz, g) at standard conditions (298.15 K, 1 bar, pH = 0, U = 0 V vs. SHE) [5].

The partial density of states (PDOS) was calculated to analyze the electronic structure of MDC and F-MDC substrates, as
well as the adsorbed Mn-based intermediates. The PDOS was calculated using the tetrahedron method (ISMEAR = -5) with
LORBIT = 11, and the energy was aligned by setting the Fermi level to 0 eV. The PDOS of C 2p, F 2p, Mn 3d, and O 2p orbitals
were plotted to investigate the orbital hybridization and charge transfer at the substrate-intermediate interface.
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Figure S1 F 1s XPS spectra of F-MDC@F-MnO prepared with varying NH4F addition amounts.
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Figure S2 Thermogravimetric (TG) curve of F-MDC@F-MnO.
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Figure S3 SEM images of F-MDC@F-MnO prepared with different NH4F addition amounts. (a) MDC@MnO, (b) F-MDC@F-Mn0-0.2, (c) F-MDC@F-MnO-
0.4, (d) F-MDC@F-MnO-0.6.

Figure S4 TEM image of F-MDC@F-MnO.
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Figure S5 Nitrogen adsorption-desorption measurements of F-MDC@F-MnO and MDC@MnO. (a) Nitrogen adsorption-desorption isotherms, (b) Pore
size distribution curves.
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Figure S6 Raman spectra of F-MDC@F-MnO prepared with different NH4F addition amounts.
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High-resolution transmission electron microscopy (HRTEM) revealed (Figure S7b) that these nanoparticles exhibit clear lattice
fringes. The measured interplanar spacing is approximately 0.256 nm, which is in good agreement with the standard value of
the MnO (111) plane, confirming that the nanoparticles are MnO.

Figure S7 TEM characterization of F-MDC@F-MnO. (a) TEM image, (b) HRTEM image.

In the X-ray diffraction (XRD) pattern (Figure S8), besides the broad diffraction peak typical of carbon materials, the
MDC@MnO sample exhibits characteristic diffraction peaks of MnO. The peaks at 34.9°, 40.5°, 58.7°, 70.1°, and 73.8°
correspond to the (110), (200), (220), (311), and (222) planes of MnO (JCPDS No. 75-1090), respectively, consistent with the
nanoparticles observed by TEM and further confirming their identification as MnO. The weak intensity of the MnO diffraction
peaks in F-MDC@F-MnO is mainly attributed to the lattice distortion induced by the addition of NH4F, which reduces the
crystallinity of MnO.
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Figure S8 XRD patterns of F-MDC@F-MnO and MDC@MnO.
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The surface elemental composition and chemical states of the F-MDC@F-MnO and MDC@MnO samples were analyzed by X-ray
photoelectron spectroscopy (XPS). All spectra were charge-corrected using the C 1s peak at 284.6 eV as a reference, and the
high-resolution core-level spectra were deconvoluted using Gaussian fitting. Figure S9a shows the high-resolution C 1s XPS
spectra and their corresponding fitting curves for the two samples. The C 1s spectra can be deconvoluted into three
characteristic peaks: the intense peak at 284.6 eV is assigned to C-C bonds, the shoulder peak at 285.9 eV corresponds to C-O
bonds, and the weak peak at 288.4 eV is attributed to C=0 bonds. The O 1s spectra (Figure S9b) are fitted into three peaks,
corresponding to Mn-O bonds (530.2 eV), C-Mn-O bonds (531.7 eV), and C-O bonds (533.4 eV), respectively. In the high-
resolution Mn 2p spectra of both samples (Figure S9c), two distinct spin-orbit doublets are observed. The peak at
approximately 641.5 eV corresponds to the Mn 2p3/2 signal, while the peak at approximately 653.0 eV corresponds to Mn

2p1/2. The fitting results indicate that Mn predominantly exists in the +2 oxidation state, further confirming that the
nanoparticles are MnO.
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Figure S9 XPS spectra of F-MDC@F-MnO and MDC@MnO. (a) C 1s, (b) O 1s, (c) Mn 2p.

F 1s
F-Mn
C-F ‘

692 690 688 686 684 682
Binding Energy (eV)

Intensity (a.u.)

Figure S10 XPS spectrum of F-MDC@F-MnO.
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Figure S12 SEM images of (a) MDC@MnO0-1.9 and (b) F-MDC@F-MnO-1.9.
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Figure $13 SEM and corresponding EDS elemental mapping images of F-MDC@F-MnO-1.9.
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Figure S14 XRD patterns of F-MDC@F-Mn0-1.9 and MDC@MnO-1.9.
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Figure S16 (a) Ex situ XPS spectra of Mn 2p for the MDC electrode at various states of charge, (b) Comparison of the relative Mn 2p peak area increase
for F-MDC and MDC electrodes, normalized to the peak area at 0.4 V.
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Figure S$17 In situ Raman setup diagram.
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Figure $18 Ex situ XRD patterns of MDC at different electrochemical states.
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To further verify the reaction mechanism, a series of control experiments were designed with a focus on the role of Mn?* and
Zn?* in the electrolyte.

1.Role of Zn?*: After fully charging a standard cell to 1.8 Vin a 0.1 M MnSO4 + 2 M ZnSO0, electrolyte, the cathode was carefully
rinsed with ultrapure water, dried, and then reassembled into new cells with three different electrolytes: (i) 0.1 M MnSO4 + 2
M ZnSO0s, (ii) 2 M ZnSO4 only, and (iii) water + buffer solution. The cell with the Mn?*-containing electrolyte delivered a slightly
lower capacity than the one with 2 M ZnSO4 only (Figure S19a). This suggests that the presence of Mn?* in the electrolyte
marginally suppresses the dissolution of Mn?* from the electrode. The cell with the water + buffer electrolyte showed a normal
capacity, confirming that Zn?* does not participate in the redox reaction and therefore does not contribute to the capacity.

2.Necessity of Mn?* for the Charging Process: To determine whether Mn?* from the electrolyte is essential for recharging, a
separate cell was first fully discharged to 0.4 V in the standard 0.1 M MnSO4 + 2 M ZnSOs electrolyte. The cathode was then
rinsed, dried, and reassembled with either the standard 0.1 M MnSO4 + 2 M ZnS0;4 electrolyte or the 2 M ZnSO4-only electrolyte
(Figure S19b). The cell with the ZnSOs-only electrolyte exhibited a dramatic capacity drop, in contrast to the stable
performance of the cell with the Mn?*-containing electrolyte. This finding demonstrates that Mn?* from the electrolyte is
indispensable for the subsequent charging process, as it is the primary species being oxidized to MnO-.

3.Capacity Preservation Mechanism: The cathode obtained after full charging to 1.8 V (rinsed and dried) was reassembled into
a cell using only 2 M ZnS0. as the electrolyte (Figure S19a). Even without any external Mn?* source, after an initial discharge
followed by charging, no capacity loss was observed. This striking result indicates that once a MnO; deposit is formed on the
cathode during the initial charge, the Mn?* ions generated from its subsequent dissolution are sufficient to sustain reversible
capacity in the following cycles.
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Figure S19 GCD curves at 0.1 A g™! after the cell was fully (a) charged to 1.8 V and (b) discharged to 0.4 V, then disassembled, with the electrodes
washed, dried, and the cell reassembled using different electrolytes.

To further verify the reaction mechanism, the concentrations of H* and Mn?* in the electrolyte were experimentally
manipulated, and the corresponding open-circuit voltage (OCV) data were recorded, as shown in Figures S20a and b. The OCV
increased with increasing H* concentration and decreased with increasing Mn?* concentration. According to the Nernst
equation, this indicates that Mn?* is generated and H* is consumed during the discharge process.
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g g
12l & 16}
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Figure S20 Open-circuit voltages of batteries with different concentrations of (a) Mn?* and (b) H* in the electrolyte.
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As shown in Figure S21, the pH gradually increases during discharge, providing additional evidence for H* consumption.
Collectively, these findings indicate that the discharge process involves H* consumption and Mn?* dissolution, whereas the

charge process corresponds to Mn?* deposition.

Cha-19V Dis-1.3V Dis-04V Cha-1.6V Dis-1.8V

Figure S21 The pH measurements under different charge-discharge states.
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Figure S22 In situ DEMS signals of OH, O, and OOH intermediates on (a) F-MDC and (b) MDC during MnSOs-free charging in 2 M NazSOs.
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Figure S23 Optimized adsorption configurations of the intermediates at each step during the deposition of Mn?* to MnO- on the F-MDC substrate. (a)
F-MDC substrate, (b) *OH, (c) *MnOH, (d) *Mn(OH)z, (e) *MnOOH, (f) *MnOx.

Figure S24 Optimized adsorption configurations of the intermediates at each step during the deposition of Mn?* to MnO; on the MDC substrate. (a)
MDC substrate, (b) *OH, (c) *MnOH, (d) *Mn(OH)2, (e) *MnOOH, (f) *MnOx.
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Figure S25 Cycling performance of F-MDC prepared with different NH4F addition amounts.
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Figure S26 CV curves of F-MDC and MDC at a scan rate of 1 mV s™%.
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Figure S27 CV curves of F-MDC for the first three cycles at a scan rate of 0.2 mV s,
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Figure $28 GCD curves of (a) F-MDC and (b) MDC at different current densities.
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Figure S30 Cycling performance of F-MDC and MDC at 1 A g™,
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Figure $31 GCD curves of F-MDC and MDC after 800 cyclesat 1 A g
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Figure S32 GITT curves of F-MDC and MDC.
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Figure S33 Kinetic analysis of F-MDC and MDC. (a) CV curves of F-MDC at various scan rates, (b) Logi vs. Logv plots of F-MDC, (c) CV curves of MDC, (d)

Logi vs. Logy plots of MDC.
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Figure S34. Pseudocapacitive behavior analysis of F-MDC and MDC. (a) Pseudocapacit- ive contribution of F-MDC at a scan rate of 0.3 mV s, (b)
Pseudocapacitive contribution ratio of F-MDC at different scan rates, (c) Pseudocapacitive contribution of MDC at 0.3 mV s, (d) Pseudocapacitive
contribution ratio of MDC at various scan rates.
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Figure S35 EIS plots of F-MDC and MDC.
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After 100 cycles, the battery was disassembled and the electrode was thoroughly rinsed with ultrapure water and dried. The
electrode was reassembled with 0.1 M MnSO4 + 2 M ZnSO, as the electrolyte. Following full charging, the battery was
disassembled again, and the Mn?* concentration in the electrolyte was measured by ICP-OES (Table S1). The Mn?*
concentration in the F-MDC electrolyte was 0.025 mol L%, which is markedly lower than that of MDC (0.031 mol L),
demonstrating that fluorine doping effectively facilitates manganese deposition. This further confirms that the F-MDC
substrate improves the reversibility of MnO; deposition/dissolution.

Table S1. ICP-OES results of the electrolytes after charging for F-MDC and MDC.

F-MDC (mol/L) MDC (mol/L)

Concentration of Mn?*

ions 0.025 0.031

in the electrolyte
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