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ABSTRACT: Aqueous proton batteries (H-ion batteries) hold the potential

to fill the gap between batteries and capacitors but suffer from severe

electrode material corrosion caused by caustic acid electrolytes. Here, we Proton
report a mildly acidic proton battery in which an interfacial functionalization
technique together with an ultradiluted H,SO, electrolyte (0.01 M) achieves
stable cycle performance of MoO; anode materials. The surface functional-
ization, specifically hydroxyl and carboxyl groups grafted on the interface of
MoO; electrodes, facilitates successive adsorption and insertion of H* and/or
H;0" even in proton-deficient electrolytes. The usage of mildly acidic
electrolytes obviates the corrosion challenge, achieving promising stable cycle
performance of MoO; that otherwise rapidly loses capacity in strong acids.
The MoO;//0.01 M H,SO,//CuFe-TBA mildly acidic full battery delivers
109.1 mAh g™' capacity after long cycling with 91.18% capacity retention.
This work opens an avenue for the rational design of low-corrosion and long-
life aqueous proton batteries.
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queous proton batteries (APBs) occupy a distinct after only 85 cycles in nonaqueous 1.0 M H;PO,/acetonitrile
Aspace in the energy storage territory, in particular, for electrolyte.*®

low-temperature energy storage' ' and ultrahigh rate A fundamental question is whether a low-corrosive ultra-
supplies.'”~>” Motivated by the minimal ionic size of H* and diluted acidic aqueous solution can serve as an electrolyte for
fascinating Grotthuss conduction topochemistry,”™" there APBs. The answer seems to be no from the perspective of
has been increasing research interest in proton-insertion ensuring the concentration of charge carriers in electrolytes.
electrode materials.'7'%207232538=43 14 this emerging field, However, the insertion of H" and/or H;O" occurs at the
more focus is allocated to research on high-capacity electrode interface between the electrode and the electrolyte. If the
materials.>>**™* However, it was soon discovered that the charge carrier concentration around the interface is consis-
toughest challenge of APB development is that the caustic acid tently maintained at a high level, APBs with ultradiluted acid
electrolytes corrode most potential electrode materials.**™>” electrolytes may operate stably. Based on the above
Moreover, the incompatibility of strong acid solution and speculation, employing surface functionalization that is capable

commercial battery encapsulation materials hinders the of strongly adsorbing H™ and/or H;0" at the electrode surface
practical application of APBs.%”* is a promising strategy to realize long-life APBs in low-
Currently, the typical range of acid concentration applied is corrosive ultradiluted acidic electrolytes.

from 0.1 to 2 M>'™>5616 (Table S2, Table S3), essentially due Herein, we report a mildly acidic proton battery that
operated stably in a low-corrosive ultradiluted H,SO,, solution

electrolyte (0.01 M). The surface functionalization, consisting
of hydroxyl and carboxyl hydrophilic groups, was constructed
through plasma surface modification of the MoOj electrode.

to the rigid demand to ensure a suitable H' charge carrier
concentration of the electrolyte. These caustic electrolytes
inevitably cause piecemeal loss of the active mass of electrodes
and associated capacity fading. For example, orthorhombic
MoO;, the state-of-art anode material of APBs, loses 33% of its

initial capacity after 100 cycles in solution.”* Sporadic efforts Received: November 28, 2023
have been carried out to mitigate the corrosion of electrolytes Revised: ~ March 21, 2024
of APBs, including the usage of weaker phosphoric acid or the Accepted: March 27, 2024

exploitation of nonaqueous acetonitrile solvents.”” However, Published: April 1, 2024

the cycling stability of MoOj; in these electrolytes is still
unsatisfactory. MoOj; anode loses 25% of its initial capacity
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Figure 1. Modification of surface functionalization for MoOj; electrodes. (a) MoOj; electrode film. (b) Oxygen plasma treated MoO,
electrode film. (c, d) O 1s pattern for MO and OPMO. (e, f) C 1s pattern for MO and OPMO. (g, h) In-situ FTIR (infrared spectroscopy)
pattern for MO after dipping in 0.01 M H,SO,. (i, j) In-situ FTIR pattern for OPMO after dipping in 0.01 M H,SO,.

As H' and H;0" can be adsorbed on the interface of the
electrodes via hydrogen bonds, a localized H' rich environ-
ment will be created on the interface between the MoO; anode
and the electrolyte. A successive H" and H;O" adsorption—
insertion process of MoOj; was observed in an ultradiluted 0.01
M H,SO, solution. The constructed mildly acidic APB not
only tolerates stable operations in ultradiluted acid but also
exhibits substantially better reversibility than its strong acidic
counterpart. The MoO,//0.01 M H,SO,//CuFe-TBA (TBA =
Turnbull’s blue analogue) mildly acidic full battery retains a
capacity of 109.1 mAh g™' after long cycles with 91.18%
retention at 1 A g '. The feasibility of ultradiluted acid
electrolytes and a fundamental understanding of the role of
interfacial functional groups provide an avenue for the
development of long-life mildly acidic proton batteries.

We aimed to design a surface functionalization to attract
charge carriers (protons/hydronium ions) in ultradiluted
electrolytes and to enable APB electrodes to work in mildly
acidic electrolytes. The oxygen-plasma-treated electrode
(OPMO) was prepared after oxygen plasma treatment (plasma
cleaner PT-2S, Figure S1) in a Swagelok cell (Figure S2). An
illustration of the electrode interface is presented in Figure
lab. Due to insufficient charge carriers at the electrode
interface in the ultradiluted electrolyte, the MoOj; electrode
(MO) is hardly able to work in the ultradiluted electrolyte
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(Figure la). After the oxygen plasma treatment, the interface
of the OPMO forms a series of functional groups such as
hydroxyl and carboxyl (Figure 1b). These functional groups
attract the charge carriers (hydronium ions and protons) via
hydrogen bonds, and they can adsorb protons/hydronium ions
from the ultradiluted electrolyte to the electrode interface. As a
result, the surface functionalization drives protons and
hydrogens to the interface of the electrode successively and
enables the MoO; electrode to work with sufficient charge
carriers in mildly acidic electrolytes. Such a strategy effectively
creates a stable working condition for MO electrodes in mildly
acidic electrolytes.

To reveal the types of surface functional groups that are
created by oxygen plasma, an XPS test was applied to identify
them. The O 1Is spectra of MO showed 34.3% O=C-O
bonds around 529.3 eV (Figure 1c), whereas the O 1s spectra
of OPMO exhibited not only 47.3% O=C—O bonds around
529.3 eV>**° but also additional O—H bonds at 530.5 eV*’
(Figure 1d). This result demonstrates that hydroxyl and
carboxyl groups generated by oxygen plasma treatment lead to
an increase in the number of O=C-O and O—H bonds. In
addition, the C 1s bonds around 285.5 eV (C—O bonds) and
286.8 eV (C=O0 bonds) are 12.4% and 8.8% in the MO
electrode (Figure le),”' while they increase to 24.7% and
19.3% in OPMO electrode (Figure 1f). This result shows that
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Figure 2. Electrochemical performance of OPMO and MO. (a—c) Galvanostatic charge/discharge (GCD) measurements in 1, 0.1, and 0.01
M H,S0, electrolyte at 5 A g”'. (d) Cyclic voltammetry tests of OPMO and MO (CV) with a mercurous sulfate electrode (MSE) at 10 mV
s7". (e, f) In-situ electrochemical impedance (EIS) plots of the MO electrode and OPMO electrode in the discharge process. (g) Cycling
performance of the MO electrode and OPMO electrode in 0.01 M H,SO, at 5 A g”". (h) Capacity performance in the first cycle and 100th
cycle in 0.01 M H,SO,. The C rate of the MoOj electrode is provided as 1 C = 200 mA g~ '.*>*

additional C—O bonds and C=O bonds are attributed to
hydroxyl and carboxyl that are produced by oxygen plasma.
Besides, an obvious increase in oxygen can be seen in EDS
mapping results (Figure S3f—i). As a result, these functional
groups, which are grafted on the interface of the electrode, are
functional groups that pertain to hydroxyl and carboxyl groups.

To find more evidence to support the in-situ XPS results, the
zeta potential of the OPMO was determined. The original
hydrophobic electrode interface showed a positive zeta
potential with a value of 3.6. Following plasma treatment,
the interfacial sulfate became hydrophilic, and the zeta
potential of OPMO had a value of —61.5, suggesting that
plasma treatment successfully modified the electrode interface.
The surface functional groups participate in hydrogen bonds.

To elaborate on the force that motivates interfacial
functional groups in the adsorption process, in-situ FTIR was
used to examine the acting force of interface groups in
ultradiluted electrolytes. The OPMO and MO electrodes were
immersed into a mildly acidic electrolyte (0.01 M H,SO,) and
exposed to air from 0 to 16 min to observe the interfacial
characteristics between the electrode and the mildly acidic
electrolyte. Typically, the signal of water is located around
3500 cm™! in FTIR spectra, and will occur with symmetric
vibration and asymmetric vibration. The asymmetric vibration
of water is caused by the formation of hydrogen bonds, and it
will lead the FTIR spectrum to shift to a lower wavenumber. In
this case, the MO electrode exhibits a hydrophobic interface
(Figure S4a) which is unable to adsorb sufficient charge
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carriers or electrolytes at the interface of the electrode,
especially in ultradiluted electrolytes. Hence, there is no
obvious signal around 3500 cm™ in the in-situ FTIR spectrum
(Figure 1gh). In contrast, the in-situ FTIR spectrum of the
OPMO electrode showed a clear signal around 3500 cm™
(Figure 1ij) due to its hydrophilic interface (Figure S4b).
More importantly, this signal shifts from 3590 to 3420 cm™" in
0—16 min (Figure li), demonstrating that the vibration of
water is changed from symmetric vibration (3590 cm™) to
asymmetric vibration (3420 cm™"). This asymmetric vibration
is caused by the formation of hydrogen bonds between
interfacial functional groups and hydronium ions/protons.
Consequently, it is believed that the force that drives interfacial
functional groups to attract charge carriers in the adsorption
process is from hydrogen bonds.

Further, according to the ex-situ measurements, the water
contact angle of the electrode changed from a high angle to a
low angle during treating time from 0 to 14 min (Figure S3a).
The interface properties of the electrode were modified via
oxygen plasma. The full Raman spectrum of the OPMO
electrode (Figures S3c) demonstrated clear spectrum-fading of
the MoO,; Raman spectra (Figure S3b) and showed no
variation in the D and G bands (Figure S3d) when the applied
time of oxygen plasma treatment increased. This is attributed
to the fact that these functional groups are mainly located at
the interface of MoOj; leading to a decrease in its spectra.
Therefore, the dynamic property of the electrode interface is
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improved via interfacial functional groups that are grafted on
MoOQOs.

The morphology of the MoOj; electrode material is
nanowires as shown in SEM and TEM images (Figures SS
and $6), and the Rietveld refinement of MoO; (Figure S7)
nanowires shows that the phase is a-MoO;. Moreover, the Ti
current collector, which is a more stable current collector than
carbon cloth, graphite, glassy carbon, and Pt (Figure S8) in a
traditional three-electrode testing cell (Figure S9), delivers a
—1.5 to 2.5 V working window. The pH and ionic conductivity
of various electrolytes are enumerated as detailed information
about electrolytes (Figure S10, Table S1). In ultradiluted
electrolytes, the hydronium ions and protons move like cradle
balance balls (Figure S11c,d) via Grotthuss conduction, which
is identical to traditional high-concentration proton con-
duction via the well-known Grotthuss conduction (Figure
S1lab). The OPMO remains quite stable in mildly acidic
electrolytes (Figure 2g), which certifies that our strategy is
effective in making MoO; work in mildly acidic electrolytes.>”

To investigate the electrochemical performance of OPMO
and MO, various electrochemical tests were applied to
elucidate the function of interfacial functional groups in the
insertion process. For a stable electrochemical state compar-
ison, the second cycle is selected. The plots of the first cycle
corresponding with Figure 2a,b,c are provided in Figure S12.
In the second cycle, GCD plots of OPMO reveal capacities of
395.2, 291.9, and 126 mA h ¢! with the rate of S A g”' in
three different electrolytes (Figure 2ab,c). This capacity
performance is higher than that of the MO electrode (174.1,
1484, and 109.4 mA h g™'). The observed augmentation in
electrode capacity can potentially be attributed to inadequate
electrode activation during high current circumstances. This
behavior is not present in situations characterized by low
electrical current. The electrochemical performance of OPMO
was found to be satisfactory at a low current of 0.5 A g~!
(Figure S13). The OPMO electrodes exhibited a decrease in
electrochemical polarization (A0.24 — AO0.14, A0.14 —
A0.04), which can be attributed to the enhanced dynamic
features at the electrode interface by the presence of functional
groups. The presence of these functional groups facilitates the
movement of protons at the electrode interface, resulting in
enhanced dynamic behavior and reduced polarization during
the cyclic voltammetry (CV) test.

Notably, the hydrogen evolution reaction (HER) is found in
both OPMO and MO electrodes, which might be attributed to
the large current causing the HER at the electrode surface. The
plasma treatment may be responsible for the obvious HER at
OPMO with low Coulombic efficiency in the original 50 cycles
in Figure 2g, which is attributed to plasma-induced active sites.
And the HER becomes less obvious after 50 cycles with high
Coulombic efficiency, attributed to the fact that these active
sites are not stable and become disabled after 50 cycles. The
active site, like the oxygen vacancy, is the main reason that
causes the HER reaction. These active sites are unstable and
become less active, which is shown by the gradually increased
Coulombic efficiency in Figure 2g. The electrochemical
performance gradually stabilized even when the sites became
less active, indicating that the electrochemical performance
benefits from the carbonyl and hydroxyl groups instead of the
active sites.

To compare the electrochemical information on OPMO and
MO, the peaks of CV curves were investigated. The
comparative analysis of the C-peak and D-peak areas of
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OPMO electrodes was found to be 49.8% and 50.2%,
respectively (Figure 2d), elucidating the high reversible redox
reaction of the OPMO electrode. The OPMO redox reaction
exhibits sharp and reversible peaks, suggesting that the surface
functionalization of the electrode enhances the redox reactions
of the electrode. In contrast, the MO sample exhibits rounded
reversible redox peaks for the C-peak (49.3%) and D-peak
(50.7%), indicating that the redox processes at the interface
occur at a sluggish rate. The OPMO electrode exhibits a redox
peak that demonstrates a high degree of reversibility. This is
evident from the sharp and prominent peaks shown in the
cyclic voltammetry (CV) curve, which was obtained at scan
rates ranging from 10 to 50 mV st (Figure S14). In a word,
these results demonstrate that the electrochemical polarization
is effectively diminished via surface functionalization, endow-
ing OPMO electrodes with high-capacity performance.

Here, a proportional relationship exists between the peak
currents and the square root of the scan rates (Figure S15a),
and a nonlinear relationship is observed between the peak
currents and the scan rates (Figure S15b), demonstrating that
the reaction kinetics of the OPMO electrodes are determined
by diffusion control. Generally, when the b value is close to 0.5,
it suggests that the electrochemical reaction is diffusion-
dominated. When the charge is stored in the electrode, the
charge carrier is inserted into the electrode via vehicular
transport. When the b value is close to 1.0, it indicates
electrode behavior controlled by a surface electrochemical
reaction. In this work, the b values of OPMO and MO are
close to 0.5 (Figures S16b,f), indicating that the MoO,
electrode is diffusion-controlled. The b value of OPMO is
higher than that of MO (Figure S16c) in 0.01 M H,SO,
indicating that the dynamic property of OPMO is higher than
that of MO in diluted electrolytes. The OPMO in 2 M H,SO,
shows a higher b value than the OPMO in 0.01 M H,SO,,
which is attributed to the fact that the higher concentration of
the electrolyte shows higher dynamic properties.

To demonstrate the interfacial electrochemical properties,
OPMO and MO were further studied by in-situ EIS. The radii
of semicircles in the in-situ EIS plots correspond to interface
resistance.”*"®® The radii of the semicircles in the MO
electrode exhibited an escalating trend (~2000) during
discharge processes (Figure 2e), whereas in the OPMO
electrode (Figure 2f), the radii of semicircles exhibited very
small values in discharge processes, revealing that the OPMO
electrode presents a higher ionic diffusion rate than the MO
electrode. The angle of the Nyquist plot for OPMO (Figure
S17b) is higher than that of MO (Figure S17a), revealing that
the dynamic properties, of OPMO are higher than those of
MO. To further investigate interfacial dynamic properties, the
2D plots of in-situ EIS were investigated with Warburg
impedance (Figures S16d and S17a). The Warburg impedance
is part of the diffusion impedance and is a diagonal segment of
the diffusion impedance spectrum with a slope of curves. The
Warburg factors of OPMO and MO are shown in the in-situ
EIS (Figure S17b,c). The slope value of the MO electrode was
reduced from 146 to 0.22, suggesting that the interface
diffusion rate is inadequate and experienced a significant
decrease during the electrochemical procedure. On the other
hand, the slope of OPMO remained very stable, ranging from
1.67 to 1.6S. This observation suggests that the interface
diffusion rate of the OPMO is noteworthy and remains
consistent during the electrochemical reaction. This phenom-
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Figure 3. Structure evolution during discharge/charge. (a) Schematic illustration of the MO crystal structure in pristine/discharge/charge
states. (b) XPS investigation of the Mo 3d peak in pristine/discharge/charge states. (c, d) In-situ XRD studies of the MO electrode in the
(110) peak and (130) peak during charge/discharge. (e) Schematic illustration of the OPMO crystal structure in pristine/discharge/charge
states. (f) XPS investigation of the Mo 3d peak for OPMO in pristine/discharge/charge states. (g, h) In-situ XRD studies of the OPMO

electrode in the (110) peak and (130) peak during charge/discharge.

enon is derived from the presence of the interfacial functional
groups.

Additionally, the electrochemical impedance spectra (EIS)
of OPMO and MO were investigated (Figure S18). This
investigation serves as additional evidence to support our
findings. The EIS test was applied to identify the interfacial
diffusion features of MO (Figure S18a) and OPMO (Figure
S18c). The results obtained from EIS also indicate that the
interface diffusion impedance of OPMO (with a value of k =
4.2, Figure S18d) is higher compared to that of MO (with a
value of k = 0.58, Figure S18b).

The cycling plot of the MO electrode drops drastically
(Figure 2g). In contrast, the cycling performance of the
OPMO electrode delivers 259 mA h g™ after 400 cycles in
0.01 M H,SO,, signifying that the electrochemical performance
of OPMO is more stable than that of MO. OPMO electrode
showed satisfactory stability in 0.01 M H,SO, electrolyte
compared with the MO electrode in Figure 2g. The
electrochemical performance of the high-mass lading electro-
des demonstrated around 250 mAh g™’ after 300 cycles
(Figure S19b), which is close to the electrochemical result of
low-mass loading (Figure S19a). The electrochemical perform-
ance of plasma-treated electrodes is not influenced when the
mass loading increases. The samples were further tested in 1 M
(NH,),SO,. The MO delivered a capacity of 28, 14, and 9
mAh ¢! for 1, 17, and 35 cycles (Figure S20b). The OPMO
delivered a capacity of 77, 31, and 13 mAh g_1 for 1, 17, 35
cycles (Figure S20c). The OPMO showed higher capacity than
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the MO, indicating that the plasma enhanced the capacity
performance of the MoOj electrode in 1 M (NH,),SO,. Both
electrodes showed poor electrochemical performance because
a-MoO; shows poor cycling performance in the storage of
NH," ions.

The escalating capacity performance might be attributed to
activation of the electrode at a high rate. The comparison of
capacity performance is enumerated as a bar graph (Figure
2h), which clearly illustrates that interfacial functional groups
provide an obvious enhancement for MoQO; electrochemical
performance. The MO electrode shows dramatic dissolution in
strong acid Figure S21, while the interfacial functional groups
effectively inhibited the dissolution issue in mildly acidic
electrolytes. As a result, interfacial functional groups, which are
grafted on the interface of electrodes, improved the electro-
chemical performance efficaciously in mildly acidic electrolytes.

To enhance comprehension of the electrochemical perform-
ance of plasma modification of the electrode, a TBA electrode
was subjected to oxygen plasma treatment. The capacity
performance of the oxygen-plasma treated TBA electrode (OP-
TBA) was improved from 101 to 118.5 mAh g~ (Figure $22).
The increase in capacity performance can be attributed to the
application of plasma treatment.’” In addition, plasma-treated
TBA was tested in the 0.01 M H,SO, electrolyte. The voltage—
capacity curves remain unchanged from the first to the 100th
cycle (Figure S23) and demonstrated 97% capacity retention
for 100 cycles (Figure S24). These results suggested that
plasma-treated TBA showed stable electrochemical perform-
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Figure 4. Electrochemical performance and application of the OPMO//CuFe-TBA full battery. (a) Schematic illustration for full APB. (b)
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performance of this work compared to current APBs. (e) Electrochemical performances of OPMO-CuFe-TBA and MO-CuFe-TBA at the
rate of 1 A g%, (f) Corrosivity tests for the coin cell in 0.01 M H,SO, and 1 M H,SO,.

ance in a diluted acid solution. Thus, the plasma treatment has
the potential to be applied to other kinds of electrodes in
proton batteries.

To elaborate the relationships between the electrochemical
performance of electrodes and the function of interfacial
functional groups, ex-situ XPS and in-situ XRD tests were
applied to investigate the valence shifts and crystal structure
evolution of electrodes. First, the electrochemical processes,
with schematic illustration in Figure 3a,e, are divided into three
states (pristine/discharge/charge) that correspond to the
crystal structure of the electrode. In the discharge process,
the crystal structure of the MO electrode shows insufficient
intercalation between layer spaces in Figure 3a (red dotted
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box). For the OPMO electrode, the crystal structure exhibits
sufficient intercalation in the layer spaces during the discharge
process (red dotted box in Figure 3e). The reason for this is
attributed to interfacial functional groups imposing more
charge carriers into the interlayer structure of the OPMO
electrode in the discharge process. To demonstrate this, we
applied ex-situ XPS to investigate the valence shifts of Mo
during charge/discharge. In the discharge process (Figure 3b),
XPS spectra of Mo 3d peaks show low peaks relating to Mo**
and Mo*". In contrast, XPS spectra of OPMO present high and
obvious peaks due to Mo®" and Mo*" in the discharge process
(Figure 3f), which demonstrates that the OPMO electrode
delivers more obvious valence shifts (Mo® — Mo** — Mo*")
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than MO during the discharge process. This result is attributed
to the fact that intercalation of more charge carriers leads to a
more obvious redox reaction. Therefore, the excellent
electrochemical performance of OPMO is ascribed to the
interfacial functional groups impelling more charge carriers like
hydronium ions and protons to intercalate into OPMO
electrodes, leading to high-capacity performance.

Importantly, this phenomenon was demonstrated via in-situ
XRD patterns as well. According to Bragg’s law, the peak of the
XRD pattern relates to the lattice plane of the crystal structure
and the shifts of it during the charge/discharge process
correspond to the variation of layer spacing. The shifts of the
(110) peak in OPMO present a wider value (0.50) than those
of the MO electrode (0.26) during the discharge—charge
process (Figure 3c,g). Simultaneously, it shows a similar
variation at the (130) peak (Figure 3d,h). The shifts of the
(130) peak in OPMO display larger variations (1.83) than
those of MO (1.61). The large shifts in the XRD pattern are
caused by the intercalation of more charge carriers, especially
for charge carriers with large radii such as hydronium ions. The
stark difference in the in-situ XRD can be seen in the capacity
difference shown in Figure 4e at the same current density of 1
A g~'. The stark peak variation in Figure 3h is around 1.83°
when the capacity difference is 70 mA h g~' in Figure 4e. More
importantly, it was found that the OPMO electrode delivered
obvious peaks of H,MoO;-H,0O that were previously
undiscovered in the discharge process (Figure S25a,b),
revealing that more hydronium ions and protons are inserted
into the lattice of the electrode via interfacial functional groups
in mildly acidic electrolyte. As a result, ex-situ XPS and in-situ
XRD results revealed that interfacial functional groups attract
more hydronium ions/protons to intercalate into the OPMO
electrode, leading to higher electrochemical performance than
the pristine electrode.

To demonstrate that both hydronium ions and protons are
inserted into the OPMO electrode, the electrochemical
reaction of the electrode was studied via in-situ XRD. A
digital photo of the testing cell and device is shown in Figure
S$26, and a schematic illustration of the charge/discharge
processes is presented in Figure S27ae. The time—voltage
curves are shown in Figure S27¢f. To be specific, the XRD
pattern of the initial electrode is shown by the cyan line
(Figure S27d), and the full discharge stage is shown as a green
line (Figure S27d). The dark blue line (Figure S27d) is related
to the charging process (Figure S27b). Herein, it was found
that the electrode delivered an obvious crystal-water phase as
H,MoO;-H,0 in the discharge process (Figure S27e,g),
indicating that both hydronium ions and protons are co-
inserted into the lattice of the electrode. According to the XRD
patterns during the charge/discharge process, electrochemical
reactions of OPMO are believed to be MoO; — H,MoOs5:
H,0 — Hy3,Mo0O; in the first cycle (the x = 1.68).”
Interestingly, the phase of the OPMO electrode becomes
H,3,M00; instead of MoOj after the first discharge (Figure
S27d), suggesting that a few protons (0.34 mol) are inserted
irreversibly in MoOj;. Specifically, the original phase of the
electrode was MoO; before cycling (Figure S27d, curve @),
and the phase of the electrode shifted to H,;,MoOj after the
first cycle (Figure S27d, curve ®). The peak at 25.5° (010)
moved to 25.1° irreversibly after the first cycle (Figure S27d),
which verified the phase variation of MoO; — H;3,Mo0O;.
More importantly, the OH that is attributed to crystal water is
found in the OPMO electrode after discharging and resting at
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room temperature for 20 days (Figure S27h). Further, the
insertion of hydronium ions is higher than that of protons after
the first cycle because a few protons insert into the layer
structure of the electrode irreversibly in the first cycle. An
intercalation path (Figure 3e) is formed after the first cycle
(Figure $28). The electrochemical reactions of the electrode in
the charge—discharge process are believed to be as follows:

H;0"H* H;0"H*
MoO, —— H,,,M00; «—— H,MoO,-H,0
First cycle i

To find more evidence to support the in-situ XRD results, a
quartz crystal microbalance (QCM) was applied to investigate
the electrode variation during the electrochemical process. The
QCM results corresponding to the CV curves are shown in
Figure S29a. The first cycle QCM results showed that the mass
change started at 0 ng and ended around 40 ng in the mass
change curve (Figure S29a), indicating that there was an
irreversible mass change (40 ng) in the first cycle. This
irreversible mass change corresponded to the in-situ XRD
results. In addition, the second cycle started around 40 ng
instead of 0 ng (Figure S29b) at 0 V, which also demonstrated
that the electrode had an irreversible mass change in the first
cycle. QCM tests were performed to monitor the operando
mass change and identify the active charge carriers. In aqueous
solutions, protons are mostly bonded to water to form
hydronium ions, which can influence the surface electro-
chemistry and induce overall mass changes in electrodes.
Because the proton (H*) itself has negligible weight, the mass
change can be mostly attributed to the adsorption of
hydronium with electrodes.

To answer the question of mass change with the
intercalation/deintercalation of the charge carrier, detailed
mass change information is exhibited with the discharge and
charge processes in Figure S29b. In the discharging process,
the mass of the electrode increased from 40 to 100 ng at the
C1 peak (Figure S29b) as an up-arrow. Then, the mass of the
electrode increased from 63 ng to 70 ng at the C2 peak (Figure
$29b) as an up-arrow. The mass change curves in C1 and C2
demonstrate the fact that the mass of the electrode increased
when charges were inserted into the electrode during
discharge. In the charging process, the mass of the electrode
decreased from 36 ng to 31 ng at the Al peak (Figure S29b) as
a down-arrow. Then, the mass of the electrode decreased from
10 to 2 ng at the A2 peak (Figure S29b) as a down-arrow. The
mass change curves in Al and A2 indicate that the mass of the
electrode decreased when charges were deinserted from the
electrode during charging. In conclusion, these results are in
accordance with the fact that the electrode mass increased
when the charge was inserted and reduced when the charge
was deinserted.

Notably, the mass change is attributed to hydronium and
water, and the charge change is attributed to hydronium. What
is interesting is that there is a mass increase but no charge
change at Al’, indicating that water is adsorbed into the
electrode. This result means that the A1’ peak is the process by
which the electrode adsorbs water in the charging process.

To investigate the electrochemical performance of a full
APB, a full battery was provided as OPMO//H,SO,//CuFe-
TBA with a graphic illustration given in Figure 4a. The CuFe-
TBA exhibited a cubic shape around 100 nm (Figure $30), and
the XRD pattern corresponds to the pure CuFe-TBA phase®®
with the PDF card of PDF #01-0244 (Figure $31).'° Besides,
the CuFe-TBA half-cell in 0.01 M H,SO, exhibits a discharge
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voltage of ~0.6 V (Figure S32). As for the full battery, it
delivered 0.75 V voltage (Figure S33) and tested as 0.92 V
(Figure S34) after the first charge immediately. The full cell
exhibited 137, 107, 80, and 61 mA h g_1 at rates of 0.5, 1.0, 1.5,
and 2.0 A g™' (Figure 4b) corresponding with Figure S35. The
full battery delivered a 109.1 mAh g~' capacity after long
cycling at 1 A g (Figure 4e). The modified battery
maintained 91.18% of its initial capacity. This full battery
was capable of being applied to electronic watches (Figure 4c)
and could be further applied to the LED and LCD (Figures
S36 and S37), suggesting that our research provides a
promising energy device that applies to safe, stable, and long
life-span. It delivers a high power density (81.27 Wh kg™")
compared with current APBs (Figure 4d).”® The recently
reported APBs are listed in Tables S2 and S3 for better
comprehension. The mildly acidic electrolytes show no etching
to the battery shell (Figure 4f, Figure S38), delivering a wider
application to APB electrodes, battery encapsulations, current
collectors, and test devices.”” The full cell shows less self-
discharge phenomenon after resting for 24 h (Figure S39),
indicating that the cell is able to be applied as an energy
storage device with less self-discharge issue. Overall, the
electrochemical properties of APB electrodes were successfully
improved. Our research endows a significant enhancement to
APB research.

In conclusion, this work elaborately explains the interface
chemistry of interfacial functional groups that enable MoOj; to
work stably in mildly acidic electrolytes. It was found that
interfacial functional groups, which are assembled in an
electrode interface, promoted the adsorption of charge carriers
in the ultradiluted electrolyte according to the in-situ FTIR
results and led to co-intercalation of protons and hydronium
ions based on ex-situ XPS and in-situ XRD results. Realizing
the application of mildly acidic electrolytes enhances the life
span of APB electrodes and breaks the limitation of current
highly corrosive APB electrolytes. Besides, the utility of
ultradiluted acidic electrolytes widens the potential application
in numerous undiscovered electrodes and extends the
application in battery encapsulations, current collectors, and
test devices, which will promote rapid development for APB
research in the near future. In the end, revealing the interfacial
functional group’s interface chemistry may lead to an
instructive inspiration in the design of long-life-span APBs
and may guide the practical construction of APBs.
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