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Abstract

Proton batteries operate via a typical rocking chair mechanism, which endows them with great potential
to yield a high energy density owing to their electrolytes without participation in full cell reaction.
Employing aqueous inorganic acid electrolytes or the equivalents where protons are transported
effortlessly both in their bulk phase and at their electrochemical interface via the structural diffusion is
one of the basic requirements to trigger the rocking chair mechanism. However, a high free proton
concentration resulting from it inevitably restricts an increase in the operating voltage and impedes the
application of some active materials with inferior resistance to acid corrosion. Herein, a novel liquid-
state H* conductor prepared by reacting L-lysine with phosphoric acid in an aqueous medium is
demonstrated as an electrolyte for proton batteries and renders them operational not only via the rocking
chair mechanism but also in a near-neutral electrolyte environment. L-lysine molecules capture the free
protons via the protonation at the € and a amino groups, leading to the formation of the near-neutral
electrolyte environment. The generated L-lysine ions are typical of the electromigration of cations and
transport the protons in the bulk phase of the electrolyte via the vehicular diffusion. By contrast, the
carboxy group of the L-lysine ions enables the facile proton transport at the electrochemical interface
instead of the protonated amino groups thanks to its stronger acidity as well as the structural diffusion

mediated by the counter ions (H,PO,").

Introduction

Proton transport in a liquid or a solid medium is a fundamental physicochemical process in many areas
of science. For example, in biology, adenosine triphosphate’s (ATP) synthesis is driven by the
electrochemical potential gradient of protons built up by the proton pumps (complexes |, lll, and IV) of
the electron transport chain in the inner mitochondrial membrane.! With respect to electrochemical
energy storage (EES), proton transport decides, to a large extent, how energy storage devices such as
batteries operate. Previous reports have pointed out that both the thermodynamically and kinetically
accessible proton transport at an electrode-electrolyte interface triggers the co-intercalation of protons
with charge carriers more easily even in a near-neutral aqueous electrolyte.? 2 This is normally believed
to endow aqueous batteries with a higher power density.* ®> Notably, whether or not the proton transport
at an electrode-electrolyte interface occurs is a result of the inherent properties of both electrode
materials (e.g., crystal structure and chemical constitution) and electrolytes (e.g., proton transport
mechanism), especially, the latter.® 7 8.9 Thus, on the basis of proton transport mechanisms in different
media, a series of advanced batteries with distinct characteristics have been developed.

In an aqueous medium, the structural diffusion is the most representative proton transport
mechanism.!% 11.12.13.14,15,16,17,18,19 |t has 3 more prevalently used term, known as the Grotthuss
mechanism. From a modern viewpoint based on the Marcus theory for electron transfer, the initiation of
the structural diffusion requires a proton-receiving species presenting a coordination pattern analogous
to that of the species into which the proton-receiving species will be transformed after receiving a
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proton.’ 8 As a result, a so-called pre-solvation process, which involves a complicated rearrangement
of the local hydrogen bond network around the proton-receiving species to hand a structural defect

across one hydrogen bond, is necessary. In other words, the structural diffusion transports a structural
defect and its coordination pattern through the fluctuating hydrogen bond network in essence. Copious

free protons in the form of the Zundel (H50,%) and Eigen (HgO,") ions are a basic requirement for the

structural diffusion.’ 20 21 Thus, the structural diffusion becomes more prominent in aqueous inorganic
acid solutions with a pH value below 1 and thanks to this feature aqueous acid batteries hold a
compelling advantage for rapid EES. Recently, aqueous proton batteries (APBs) as a new class of
aqueous acid batteries have been proposed and are characterized by a typical rocking chair mechanism
like that of commercial lithium-ion batteries.?> 23 24 The electrolytes of APBs, normally being aqueous
sulfuric acid or phosphoric acid solutions, only serve as a transmitter of protons without participation in
full cell reaction so their energy density is expected to be higher than traditional lead-acid batteries.?®
Despite a fast proton transport enabled by the structural diffusion, a high free proton concentration also
elevates the risk of the hydrogen evolution side reaction and renders electrolytes highly corrosive,
drawbacks that do not benefit an increase in the operating voltage of APBs and the application of some

active materials with inferior resistance to acid corrosion for APBs, either.

Besides the structural diffusion, another proton transport mechanism in an aqueous medium is the
vehicular diffusion in which a proton travels a physical distance with its vehicle under an applied electric
field.2® The vehicular diffusion can be described by the Stokes-Einstein equation.?’- 28 Thus, the
contributions of the structural ([H,0-*H--OH,]*) and vehicular diffusions (H30") to the ionic conductivity
of an aqueous phosphoric acid solution are quantified separately through a series of experimental and
theoretical approaches.?’ In spite of a slower proton transport in comparison to that via the structural
diffusion, one of the characteristics of the vehicular diffusion is that it allows protons to transport in a
near-neutral electrolyte environment. For example, ammonia molecules function as a vehicle to carry
protons in the form of NH,*.3% 31 However, owing to the extremely strong interaction between

an ammonia molecule and a proton, the actual species that undergoes mass transport at an electrode-
electrolyte interface is an ammonium ion, that is, the nominal “proton transport” in the bulk phase of an

aqueous ammonium salt electrolyte but the “proton transport” at its electrochemical interface not

thermodynamically occurring.3 3°

Unlike in an aqueous medium, proton transport in a solid medium should more accurately be described
as hydrogen ion transport. This is because both a proton and a hydride ion (H™) serve as a viable charge
carrier and topologically travel via a hopping manner.32 33 3435 Thys, proton transport mechanisms in a
solid medium can be vividly referred to as the hopping diffusion. Among various hydrogen ion
conductors, a pioneering one reported by Chen et al., 3CeH;@BaH, with a core-shell structure, can be
used, for the first time, as a solid-state electrolyte for all-solid-state H™ batteries.3® It shows a H™

conductivity of more than 0.1 mS cm™" and of great significance is that the all-solid-state H™ battery
(CeH,|3CeH;@BaH,|NaAlH,) fabricated by it with the rocking chair mechanism delivers an impressive
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specific capacity of 984 mAh g™". It is evident that the acid corrosion from the protons in liquid-state
electrolytes is fundamentally solved thanks to the advent of the solid-state H™ conductor. However, a

similar liquid-state H* conductor with negligible corrosivity and fast proton transport both in its bulk
phase and at its electrochemical interface, to our knowledge, is not yet developed.

In this work, inspired by protons’ vehicular diffusion, we proposed an amino acid-inorganic acid coupling
concept based on which a series of aqueous amino acid salt electrolytes were developed. Amino acids
are able to neutralize the free protons from inorganic acids in an aqueous medium by the protonation of
their amino group (-NH3"), resulting in a near-neutral electrolyte environment. Protonated amino acid
ions typified by the electromigration of cations transport the protons in the bulk phase via the vehicular
diffusion. Their carboxy group with a stronger acidity than the -NH;" and solvent water enables the fast
proton transport at the electrochemical interface and avoids solvent water taking part in full cell
reaction. Such electrolytes render APBs operational not only via the rocking chair mechanism but also in

a near-neutral electrolyte environment and thus fill a gap in liquid-state H* conductors used for proton
batteries.

Results

According to the proposed amino acid-inorganic acid coupling concept, four amino acids were adopted
including two nonpolar amino acids, glycine (Gly) and L-proline (L-Pro), and two polar amino acids, L-
serine (L-Ser) and L-lysine (L-Lys). With regard to inorganic acids, sulfuric acid (H,S0O,), hydrochloric acid
(HCI), and phosphoric acid (H;P0,) were chosen. Subsequently, an orthogonal experiment was
conducted. Specifically, the molarity of the different amino acids was all fixed at 1 M and then the
variation of the ionic conductivity and the pH value of different amino acid salt electrolytes was recorded
by altering the molarity of the inorganic acids at a regular interval. An ionic conductivity of more than 5
mS cm™! and a pH value ranging from 3 to 6 were used as the benchmark to determine whether or not
an amino acid salt electrolyte could be employed for near-neutral aqueous proton batteries (NAPBSs)

characterized by the rocking chair mechanism.3’: 38

The ionic conductivity of twelve kinds of amino acid salt electrolytes (4 x 3) was shown in Fig.

1a and Supplementary Table 1.. For the amino acid sulfate and the amino acid hydrochloride
electrolytes, their ionic conductivity increases rapidly with inorganic acid concentration. In comparison,
the increase in ionic conductivity is relatively moderate for the amino acid phosphate electrolytes due to
a lower acidity demonstrated by H;PO,. In addition, compared to Gly, L-Pro, and L-Ser, the electrolytes
prepared by L-Lys normally have a lower ionic conductivity at the same inorganic acid concentration. All
the twelve kinds of amino acid salt electrolytes show an acceptable ionic conductivity of above 7 mS
cm™! regardless of the inorganic acid concentration adopted. However, there was a significant difference
in the variation of the pH value of these amino acid salt electrolytes (Fig. 1b and Supplementary Table
2.). First, for the electrolytes prepared by Gly, L-Pro, and L-Ser, the pH values of almost all of them are

below 3 except for the one mixed by 1 M Gly and 0.25 M H3PO, with a pH value of 3.04. Second, owing
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to a stronger alkalinity shown by L-Lys, the pH value of the L-Lys salt electrolytes fluctuates over a larger
range, among which the L-Lys hydrochloride and phosphate electrolytes are much easier to maintain a
near-neutral electrolyte environment even at a high inorganic acid concentration of 1.25 M. Thus, the
three electrolytes, 1 M Gly + 0.25 H;PO4, 1 M L-Lys + 1.25 M HCI (pH = 3.36), and 1 M L-Lys + 1.25 M
H;PO, (pH = 3.31), seem to serve as an electrolyte for NAPBs more suitable. On the other hand, in view
of a relatively high ionic conductivity (10.5, 57.8, and 18.5 mS cm™") and a unique effect of the counter
ions (H,PO,", this will be discussed later), 1 M L-Lys + 1.25 M H3PO, was eventually selected as the
optimum electrolyte.

Then, the coupling behavior of L-Lys and protons was studied by nuclear magnetic resonance (NMR)
spectroscopy. Fig. 1¢c shows the "H NMR spectra of 1 M L-Lys aqueous solutions with different pH
values adjusted through H3PO, or potassium hydroxide (KOH). For L-Lys (Supplementary Fig. 1), three
active sites are available to couple with protons, including the a amino group (a-NH,), the € amino group
(e-NH,), and the carboxylate group (-COO~). However, in an aqueous solution, it is hard to identify the

labile hydrogen atoms in these groups (a-NH3*, e-NH3*, and ~-COOH) from a "H NMR spectrum due to the

ultrafast chemical exchange between these labile hydrogen atoms and the ones from water molecules.3°
Fortunately, these labile hydrogen atoms can be indirectly identified by observation of a change in the 'H
chemical shift (6) of the alkyl groups (-CH3, ~CH,-, and -CH<) adjacent to these basic groups enabled

by the inductive effect of protons. For instance, the change in the 'H & of L-Lys’s € methylene group (e-
CH,) is a good indicator to estimate whether or not the e-NH, is coupled with a proton; similarly, the

change in the 'H & of L-Lys’s a methine group (a-CH) enables analysis of the protonation at the a-NH,,
and the -COO".

Hence, the "H & of the e-CH, and the a-CH as a function of pH was further plotted in Fig. 1d. For the &-
CH,, its "H & moves downfield with the decrease of the pH value above the isoelectric point (9.74) but is
independent of the pH value below the isoelectric point.? This indicates that L-Lys’s &-NH, is almost
fully protonated at the isoelectric point. Different from that, throughout the pH range studied (11.21 to
2.62), the "H 6 of the a-CH continuously increases without a sign of tending to be steady. Interestingly,

the increase rate of the "H 6 of the a-CH within a pH range of the isoelectric point to 8.2 is significantly
higher than those within other pH ranges (11.21 to the isoelectric point and 8.2 to 2.62). According to the
above results, three key conclusions can be drawn. First, L-Lys’s a-NH,, can also be protonated above

the isoelectric point, however, owing to its weaker alkalinity compared to the e-NH,, it cannot be fully
protonated until the pH value reaches 8.2. Such a conclusion is further confirmed by the evolution of the
TH & of the B-CH,. Second, the -COO" starts to bind a proton from the isoelectric point downward. Thus,
the steep increase in the 'H 6 of the a-CH is observed within the isoelectric point to 8.2 because of the
simultaneous protonation at the a-NH, and the -COO". Third, L-Lys's -COOH is a stronger Brgnsted acid

than solvent water so the ~-COO™ cannot be fully protonated even at a pH value of 2.62. Based on the pK,
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of L-Lys's ~-COOH, about 0.07 M -COO" exists in the form of its conjugate acid at a pH value of 3.31 (1M
L-Lys + 1.25 M HyPO,).

In addition, the coupling behavior of L-Lys and protons as revealed by NMR spectroscopy could also be
evidenced by the DFT calculations. Fig. 1e shows the Gibbs free energy diagram of a L-Lys anion being
protonated step by step. Among the three basic groups, the e-NH, is the most favorable to bind a proton
in energetics, followed by the a-NH, and the -COO™. Notably, the L-Lys anion binding a proton at the e-
NH, or the a-NH, has a similar AG value (-16.14 versus -16.00 kcal mol™"). It explains why both the &-
NH, and the a-NH, start to bind a proton at a pH value as high as 11.21. Overall, the L-Lys phosphate
electrolyte, 1 M L-Lys + 1.25 M H3PO,, with a pH value of 3.31 was a feasible electrolyte for NAPBs,

where the protonated L-Lys ions are positively charged and are able to transport the protons in the bulk
phase via the vehicular mechanism.

Subsequently, as a proof of concept, an orthorhombic molybdenum oxide (a-MoO;) single crystal was

chosen as the model material and its electrochemical behavior was investigated in the above electrolyte.
The a-MoO5 single crystal used in this work was synthesized via a hydrothermal method. It has a layered
crystal structure and a ribbonlike crystal morphology with the feature of a large aspect ratio
(Supplementary Fig. 2-4). The terminal oxygen (O,) in its interlayer and the asymmetric oxygen (O,) that
bonds with two molybdenum ions along the a direction in its intralayer form several pathways that allow
migration for protons (Supplementary Fig. 5).4" 42

Fig. 2a and 2b show the galvanostatic charge-discharge (GCD) curves of the first three cycles at 0.5 C (1
C =372 mA g™") and the corresponding dQ/dV curves, respectively. Significant electrochemical activity is
observed for the a-MoO; electrode, as reflected by the two potential platforms and the four pairs of
redox peaks of the reversible cycles. It delivers an initial discharge capacity of 372 mAh g™' and a
reversible charge capacity of 183 mAh g™' at 0.5 C (Fig. 2c and 2d). As the current density increases to
40 C, a specific capacity of 84 mAh g~' remains corresponding to a rate capability of 46% versus 0.5 C.
An initial capacity retention of 76% is achieved over 1000 GCD cycles at 20 C (Fig. 2e). The
electrochemical properties of the a-MoOj; electrode were also studied in a 1 M L-Lys aqueous electrolyte
andin a 1.25 M H3PO, aqueous electrolyte for comparison. No significant electrochemical activity is
demonstrated by the a-MoO4 electrode in 1 M L-Lys (Supplementary Fig. 6). By contrast, the
electrochemical behavior of the a-MoOg electrode in 1.25 M H3PO, is highly similar to thatin 1 M L-Lys +
1.25 M H3PO, (Supplementary Fig. 7). Different from the L-Lys phosphate electrolyte, a higher electrode
potential is observed in 1.25 M H3PO,, which is in accordance with the tendency predicted via the Nernst
equation (Supplementary Fig. 8). Moreover, kinetics analysis using the Randles-Sev¢ik and the
Dahms-Ruff equations shows that the electrochemical reactions of the a-MoO; electrode in the L-Lys
phosphate electrolyte have homogeneous electron self-exchange rate constants between 0.393 and
2.521 x 108 mol™" m3 s™" which are close to or even higher than those of reversible proton storage
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reactions (Supplementary Fig. 9, Supplementary Table 3., and Supplementary Note 1).#3 44 4> Thus, the
above electrochemical results preliminarily confirm that the L-Lys phosphate electrolyte enables
reversible proton storage in the a-MoO; electrode.

Then, the evolution of the crystal structure of the a-MoO; electrode during the initial cycle was analyzed

in the L-Lys phosphate electrolyte via ex-situ X-ray diffractometry (XRD).#3 4647 The selected states of
charge (SOC) were highlighted in Fig. 3a. As the polarization potential decreases from open circuit
potential (OCP) to b (Hy 3M005) (Fig. 3b and 3c), a two-phase reaction occurs with the orthorhombic a-
MoO, transforming into the orthorhombic hydrogen molybdenum bronze (HMB) | phase (H,Mo003, 0.23 <
x < 0.4, Supplementary Fig. 10). From b to ¢ (Hy (M003), a new phase is detected corresponding to the
HMB Il phase (H,Mo003, 0.85 < x < 1.04, Supplementary Fig. 11). As the electrode is further discharged to
d (H;Mo0;), the HMB | and Il phases still exist, however another new phase, which corresponds to the
HMB Ill phase (H,Mo0s, 1.55 < x < 1.72, Supplementary Fig. 12), emerges. Almost all the HMB | and ||
phases transform into the HMB Il phase at e (H; (M005) so the electrochemical reaction from e to g
(H,M005) is mainly attributed to the solid-solution reaction of the HMB Ill phase (Supplementary Fig.
13). During the initial charge process, both the solid-solution reaction of the HMB IIl phase (g to h) and
the two-phase reaction from the HMB Il to Il phases (h to k) are reversible (Supplementary Fig. 13). Not
only that, but the electrochemical reaction from k to |, related to the solid-solution reaction of the HMB |l
phase, is reversible, too. Note that the evolution of the d-spacing of the (020) plane is always less than

5% during the whole initial cycle, indicative of the electrochemical reactions only bare protons take part

in (Fig. 3c).*8

The occupancy of protons was also studied using ex-situ Fourier transform infrared spectroscopy (FTIR).
As Fig. 3d shows, no characteristic peaks of L-Lys are detected from all the FTIR spectra, again
demonstrating such electrochemical reactions that only involve protons. The zoomed-in FTIR spectra

within a wavenumber range of 1100 to 700 cm™" was further shown in Fig. 3e where the spectral band
with a wavenumber of 996 cm™" at the OCP is assigned to the v(Mo=0,) of a-M003.#° It blue-shifts to
1005 cm™" at b, suggesting a slight shrinkage in the Mo=0, bond of the HMB | phase.>? As the electrode
is discharged to ¢ at which the HMB Il phase emerges, two new spectral bands are probed. One with a
higher wavenumber of 987 cm™ is assigned to the v(Mo=0,) from a Mo=0,-H--0, motif; the other one
with a lower wavenumber of 950 cm™" is related to the v(Mo=0;) from a Mo=0,<H,--0, motif. This

implies that most of protons occupy the intralayer sites (the 8h site in the Cmcm space group) and bond
with the O, in the HMB | phase, however, for the HMB Il phase protons can further occupy the interlayer

sites in the forms of a single proton or a proton pair (the 4i or 8j site in the C2/m space group) bonding
with the O, (Fig. 3f).%" %% 53 5% On the other hand, at the SOCs of e to g, only the spectral band

at 950 cm™ is detected, suggesting that the occupancy of the protons at the interlayer sites is almost in
the form of the proton pair in the HMB Ill phase (Fig. 3f).>® °* The same conclusion can also be drawn
from the FTIR spectra of the initial charge process. Thus, the diffractometry and spectroscopy results
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unambiguously demonstrate the reversible proton storage of the a-MoO; electrode in the L-Lys
phosphate electrolyte.

In-situ attenuated total reflection surface-enhanced infrared absorption spectroscopy (ATR-SEIRAS) and
in-situ surface-enhanced Raman spectroscopy (SERS) were employed to yield a clear mechanistic
picture for the proton transport behavior at the electrode-electrolyte interface. As shown in Fig. 4a and

4b, the spectral bands at 1679, 1535, and 1355 cm ™ 'are attributed to the v(C=0) of the -COOH and

the v,4(CO,) and v4(CO,) of the ~COO~, respectively.>> °° The intensity of the v(C=0) gradually increases
below -0.2 V and then remains almost unchanged above -0.2 V during the charge process. By contrast,
the variation of the v(C=0) in intensity is reversed during the discharge process, that is, being stable
above -0.2 V but being gradually attenuated below -0.2 V. It demonstrates that the ~-COOH and the

-COO™ of the protonated L-Lys ions are the sites responsible for transporting protons at the interface. In
addition, the in-situ pH monitoring at the interface was conducted to further verify this conclusion. As
shown in Fig. 4c, the variation of the pH value is not significant during both the charge and discharge
processes, however, there is a pH jump (3.1 to 3.4) once the direction of current is switched. According

to the Henderson-Hasselbalch equation,57 about 5 mol% of the ~-COOH will transfer into the -COO™ in
contrast to a change of 0.08 mol% for H,P0,?” to HPO,~ if the pH value increases from 3.1 to 3.4
(Supplementary Note 2). In other words, the -COOH/-COO™ couple enables the fast proton transport at
the interface by instantaneously regulating the molar ratio of itself with an extremely low barrier in
thermodynamics. Moreover, this result also proves that the counter ion, H,P0,%", has few contributions
to the proton storage of the a-MoO; electrode. The in-situ SERS spectra further show that the
characteristic peaks (v,5(NH3) of the -NH,* at 2975 cm™’, v,((CH,) of the ~-CH,- at 2940 cm™', and
vs(CH,) of the -CH,- at 2877 cm™', Supplementary Fig. 14) of the protonated L-Lys ions remain stable in
intensity over the entire course of the electrochemical measurement, suggestive of the steady-state
proton transport at the interface (Fig. 4d and 4e).>®

Despite the few contributions of proton storage from H,PO,", we found that it significantly influences the
rate capability of the electrode. As shown in Fig. 4f to 4h, in 1 M L-Lys + 1.25 M HCI which shows a
similar pH value (3.36) but a higher ionic conductivity (57.8 mS cm™') compared to 1 M L-Lys + 1.25 M
H,;PO,, the a-Mo0j5 electrode delivers a reversible charge capacity of 186 mAh g™' at 0.5 C, a rate
capability of 25% at 40 C versus 0.5 C, and an initial capacity retention of 18% over 1000 GCD cycles at
20 C. It suggests that in an amino acid salt electrolyte the rate-determining step of the proton storage of
electrode materials is governed by the proton transport at the interface rather than in the bulk phase.
Thus, we further compared the IRAS spectra of the L-Lys phosphate electrolyte at the interface and in the
bulk phase to provide greater insight into the correlation of the proton transport at the interface with

H,PO,". The former was extracted from the data of the in-situ ATR-SEIRAS experiment (Fig. 4a) and
meanwhile the IRAS spectra of 1 M KH,PO, and 1 M K,HPO, aqueous solutions were also involved as a

reference.
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As shown in Fig. 4i, a set of spectral bands are identified at 1160 and 1077 cm™", corresponding to

the v,,(PO,) and v4(P0,) of H,PO,” ions in the bulk phase of the L-Lys phosphate electrolyte,>
respectively. For the one at the interface, the highly similar spectral bands are also detected, however,
with a slight blue-shift that could be related to the Stark effect;?? besides, a new peak at 1288 cm™" and a
significant enhancement in absorbance within a wavenumber range of 1140 to 1100 cm™" are observed
and are assigned to the 6(P-0-H--0-P) of (H,P0,*3), (x = 2, 3, or 4) aggregates®' and the vibrational
modes of H,PO,* ions simulated through the DFT calculations (Supplementary Fig. 15, 16). It should be
noted that the former periodically varies in absorbance during the charge and discharge processes and a

similar trend is also observed for the shoulder peak (marked by a red dashed box) close to it with a

barely discernible absorbance (Fig. 4b and 4i). Moreover, another component representing the v(P=0) of

1

H;P0O, molecules at 1180 cm™ ' is also identified via the Gaussian fit of the spectrum (interface, 0 V)

ranging from 1250 to 1025 cm™' (Supplementary Fig. 17).>° A previous study reported by Kreuer et al.
suggests that in neat liquid H;PO, its superior proton conductivity originates from the extended
Grotthuss chains formed by the (H,P0,*3), aggregates.®? These extended Grotthuss chains with a
strong but frustrated hydrogen bond network enable fast intramolecular proton transport via

the structural diffusion driven by a hydrogen bond rearrangement. In our case, although the hydrogen
bond network built up by H,0 is interrupted at the interface from the disturbance of the protonated L-Lys

),%% a new pathway established by the (H,P0,"3), aggregates is made accessible. This

ions (Fig. 4j
allows the fast proton transport at the interface via the structural diffusion by dynamically adjusting the
hydrogen bond network of the (H,P0,*3),, aggregate themselves and the one of the surrounding

environments around them, which can be proved by the periodic variation of the absorbance of
the 6(P-0-H:---0-P) and its shoulder peak as mentioned earlier.

Lastly, the universality of such an electrolyte for aqueous proton batteries was further verified by testing
a small molecule quinone cathode, tetrachloro-1,4-benzoquinone (TCBQ), in it, whose electrochemical
behavior is still dominated by proton storage (Supplementary Fig. 18-20). In addition, a NAPB was
fabricated by using a protonated a-Mo0O4 anode (H,M003), the L-Lys phosphate electrolyte, and a TCBQ

cathode (Supplementary Fig. 21). It delivers a specific capacity of 181 mAh g™ and an energy density of

83 Wh kg™' (based on the mass loading of the anode). According to the disclosed proton transport
mechanisms, the electrochemical processes of the device operating are described as follows,

Anode: H,M005 - e” + NH5*(CH,),(NH5")CO0™ & HM0O + NH5*(CH,),(NH5*)COOH,
Cathode: C4Cl,0, + 2™ + 2NH3*(CH,)4(NH3")COOH « CgCl,(OH), + 2NH3*(CH,)4(NH3")COO0",

Full cell: 2H,M004 + C4Cl,0, & 2HMo00O4 + C4Cl,(OH),.

Discussion
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Aqueous amino acid salt solutions were proposed for the first time as an electrolyte for aqueous proton
batteries (APBs). Among them, the aqueous L-Lys phosphate solution (1 M L-Lys + 1.25 M H3PO,) with
both a high ionic conductivity and a suitable pH value was screened as the optimum one. In its bulk
phase, the free protons from H3PO, are captured by L-Lys molecules via the protonation at their a-NH,
and e-NH,, groups; as a result, a near-neutral electrolyte environment is formed and the resulting L-Lys
ions being positively charged transport protons via the vehicular diffusion. Its feasibility as an electrolyte
for APBs was further demonstrated by testing the metal oxide anode (a-MoO3) and the small molecule
quinone cathode (TCBQ) in it, both of which exhibit typical proton storage behavior. The in-situ

spectroscopy results reveal that the ~-COOH/-COQ™ couple is the sites responsible for the proton
transport at the electrode-electrolyte interface. In addition, the chemical constitution at the interface can

significantly impact the proton mobility across it. The counter ions, H,PO,", are spontaneously
assembled into hydrogen-bonded (H,P0,*"3), aggregates at the interface during the electrochemical
processes. These aggregates serve as the extended Grotthuss chains and accelerate the proton mobility

across the interface via the structural diffusion. Thus, compared to the L-Lys hydrochloride electrolyte,
the electrodes in the above electrolyte show a better rate capability even with a lower ionic conductivity.

The aqueous proton battery (H,MoO;|L-Lys*-H,PO, |TCBQ) was fabricated using this electrolyte. It
operates not only via the rocking chair mechanism but also in a near-neutral electrolyte environment and
delivers a specific capacity of 181 mAh g~' and an energy density of 83 Wh kg™".

Methods

Reagents and Materials

Graphite foil (F02510Z) was purchased from SGL Carbon (Germany). Poly(vinylidene fluoride) (PVDF,
Solef 5130) was purchased from Solvay Pharmaceuticals Co., Ltd. (France). Aqueous
polytetrafluoroethylene (PTFE, 60 wt%, D-210C) dispersion was purchased from Daikin Industries, Ltd.
(Japan). Ketjenblack (ECP-600JD) was purchased from Lion Specialty Chemicals Co., Ltd. (Japan).
HNO; (65 wt%, AR), H,SO, (98wt%, AR), HCI (37 wt%, AR), KOH (AR), and N-Methyl-2-pyrrolidone (NMP,
AR) were purchased from Tianjin Komiou Chemical Reagent Co., Ltd. (PR China). H3PO, (85 wt%, GR),
glycine (99%), L-proline (99%), L-serine (99%), L-lysine (99%), (NH,)¢M050,,-4H,0 (AR), and tetrachloro-
1,4-benzoquinone (TCBQ, 98%) were purchased from Aladdin Chemical Reagent Co., Ltd. (PR China). KCl
(GR) and absolute ethanol (AR) were purchased from Sinopharm Chemical Reagent Co., Ltd. (PR China).
High-purity N, (99.999%) was purchased from Dalian Kerui Gas Co., Ltd.

Synthesis of a-MoO; Single Crystal

2 g (NH,)gMo50,,-4H,0 was dissolved in 50 mL deionized water, and then 10 mL 65 wt% HNO3 was
added. After stirring for 20 min, a transparent solution was obtained and then transferred into a 100 ml
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Teflon-lined stainless-steel autoclave. The autoclave was heated at 200 °C for 24 h in an electric forced
air-drying oven. The obtained powder was alternately washed with deionized water and absolute ethanol
and collected via centrifugation. A a-MoOj single crystal was eventually obtained after the drying of the

wet powder under vacuum at 60 °C for 12 h.

Preparation of a-MoO; Electrodes

The a-MoOj single crystal, PVDF, and Ketjenblack was first mixed at a weight ratio of 7:2:1. Then, NMP
was added into the above mixture to form homogeneous slurry after grinding; a a-MoOg electrode was
prepared by casting the slurry onto a graphite foil. Last, the a-MoO; electrode was dried under vacuum at
60 °C for 12 h to remove residual NMP.

Preparation of TCBQ Electrodes

Commercially available TCBQ was first mixed with Ketjenblack and then aqueous PTFE dispersion with a
dilute mass fraction of 10% was added. The weight ratio of the three was 5:4:1. Homogeneous slurry
was obtained after grinding. A TCBQ electrode was prepared by drop-casting the slurry onto a graphite
foil. The TCBQ electrode was dried under vacuum at 60 °C for 12 h to remove residual water.

In-Situ ATR-SEIRAS Measurements

In-situ ATR-SEIRAS measurements were carried out in a homemade spectro-electrochemical cell with a
hemicylindrical Si prism whose surface was chemically plated with an Au film, a Pt wire, and a saturated
calomel electrode (SCE) as the working electrode, the counter electrode, and the reference electrode,
respectively. Dilute a-MoOg dispersion made by a method similar to that in Section 1.3 was drop-cast
onto the surface of the working electrode to form an ultrathin a-MoO; coating. A Fourier transform
infrared spectrometer (Thermo Fisher Scientific, Nicolet iS50, USA) equipped with a liquid nitrogen-
cooled MCT-B detector was employed for in-situ ATR-SEIRAS measurements. Infrared spectra were
acquired over a wavenumber range of 4000 to 1000 cm™', with a spectral resolution of 4 cm™, at a time
interval of 20 s, and by averaging 32 scans and were expressed using an absorbance unit (A), which is
defined as A = -log R/R,, where R and R, are the intensity of reflected radiation at a state of charge and
the one at open circuit potential, respectively. The angle of incidence was set at 60 degrees. During the
whole electrochemical process, high-purity N, (99.999%) with a constant flow rate was injected into the
optical path to purge the air in it.

In-Situ SERS Measurements

In-situ SERS measurements were conducted in a homemade spectro-electrochemical cell. An Au
electrode with an electrochemically roughed surface was used as the working electrode. Dilute a-MoO4
dispersion was drop-cast onto its surface to form an ultrathin a-MoO; coating. The obtained electrode
was placed behind the sapphire window with a thick of 0.5 mm. A Pt wire and a SCE were employed as

the counter electrode and the reference electrode, respectively. Raman spectra were collected in a range
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of 3500 to 2700 cm™" using a customized confocal Raman spectrometer (HORIBA Jobin Yvon, LabRAM
HR800, Japan) equipped with an 18 mW He:Ne 633 nm laser source for excitation, a 600 lines/mm
grating to disperse scattering light, and a long working distance objective lens (Nikon, 50x/0.45 NA,
Japan) to focus the laser beam on the surface of the working electrode and collect the resulting
scattering light. The laser power was set at 1.8 mW. The integral time was set at 25 s with 2
accumulations.

Characterization

The ionic conductivity and the pH value of different amino acid salt electrolytes were measured by a
conductivity meter (REX, DDBJ-350F, PR China) and a high-precision pH meter (METTLER TOLEDO, SD20,
Switzerland), respectively. The "TH NMR spectra of 1 M L-lysine aqueous solutions with different pH
values were collected on a nuclear magnetic resonance spectrometer (Bruker, AVANCE 11l 400 MHz,
Switzerland) using a standard single-pulse sequence and calibrated to 2,2-dimethyl-2-silapentane-5-
sulfonate sodium salt (DSS) at 0 ppm. To avoid the direct contact of a reference solution of DSS in D,0

used for field-frequency lock and "H NMR spectrum calibration with samples, a coaxial NMR tube was
employed with the inner capillary filled with the reference solution and the outer tube filled with a
sample.

The crystal structure of the a-MoOj single crystal and the evolution of its crystal structure during charge
and discharge processes were analyzed through an X-ray powder diffractometer (XRD, Malvern
Panalytical, Empyrean, Netherlands) operating with Cu Ka radiation using a voltage of 40 kV and a
current of 40 mA. Rietveld refinement was conducted by the GSAS-II software. Its morphology and
microstructure were further observed using a scanning electron microscope at an accelerating voltage
of 5kV (SEM, JEOL, JSM-7800F, Japan) and a transmission electron microscopy at an accelerating
voltage of 200 kV (TEM, JEOL, JEM-2100, Japan). High-angle annular dark-field scanning transmission
microscopy (HAADF-STEM) imaging and integrated differential phase contrast scanning transmission
electron microscopy (iDPC-STEM) imaging were performed on an aberration-corrected scanning
transmission electron microscope (Thermo Fisher Scientific, Titan Cubed Themis G2300, USA) at an
accelerating voltage of 300 kV. All ex-situ FTIR spectra were acquired on a Fourier transform infrared
spectrometer (Thermo Fisher Scientific, Nicolet 6700, USA) over a wavenumber range of 4000 to 400

cm™', at a spectral resolution of 4 cm™, and by averaging 32 scans.

All electrochemical measurements were conducted on a multichannel analyzer (BioLogic, VSP-3e,
France). A commercially available three-electrode cell (Aida, C002 30 mL, RP China) was employed for
electrochemical measurements using a piece of graphite foil and a SCE as the counter electrode and the
reference electrode, respectively.

DFT Calculations
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All DFT calculations were carried out using the B3LYP functional by the Gaussian 16 A.03 software.%
The 6-311+G(d,p) basis set was adopted for the geometry optimization and frequency calculations of all
atoms.5> 6667 Moreover, the long-range dispersion interaction in a molecule or an ion was also taken
into our DFT calculations by using the Grimme’s D3 dispersion correction with the Becke-Johnson

damping (Grimme’s D3(BJ)).% 62 Water was selected as the solvent for the DFT calculations and thus its
solvation effect was described using the Solvation Model Based on Density (SMD) implicit solvation

model.”® Analysis on wave functions was conducted by the Multiwfn 3.8(dev) code.”’ 72 The Gibbs free
energies of L-lysine molecules or ions formed by the protonation of an L-lysine anion with different

numbers of protons (1, 2, and 3) or at the different basic groups (a-NH,, e-NH,, and -COQO~) were
calculated by the equation as follows,

G — E—I_EZPE _TS ...................................... Equ&tiﬂ]l 1,

where E, E;pg, T, and S were DFT energy, zero-point energy, absolute temperature (298.15 K), and entropy,
respectively. The electrostatic potential (ESP) extremum on the van der Waals surface projection of an L-
lysine anion was confirmed by quantitative analysis on its ESP surface using the Multiwfn 3.8(dev)

code’® and the isosurface map of its ESP was further rendered by the VMD visualization program using
the file exported from the Multiwfn 3.8(dev) code.”* A correction factor of 0.9688 was applied to the

fundamental frequency of the vibrational modes of H,PO,™ and H,PO,* simulated via the DFT
calculations.

Data Availability

The data supporting the findings of the study are included in the main text and supplementary
information files. Source data are provided with this paper.
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Figure 1

Screening of amino acid salt electrolytes used for near-neutral aqueous proton batteries and the
physicochemical and computational properties of L-Lys phosphate electrolytes. Variation of (a) the
ionic conductivity and (b) the pH value of the twelve kinds of amino acid salt electrolytes with inorganic

acid concentration; (c) "H NMR spectra of 1 M L-Lys aqueous solutions with different pH values adjusted
through H;P0O, or KOH and (d) plots of the 'H & of the e-CH,, the B-CH,, and the a-CH as a function of
pH; (e) Gibbs free energy diagram of a L-Lys anion being protonated step by step.
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Figure 3

Analysis on the charge storage mechanisms of the a-MoO; electrode during the initial cycle in the L-
Lys phosphate electrolyte by ex-situ XRD and FTIR. (a) Selected states of charge; (b) XRD patterns of

Wavenumber (cm-1)

N

} HME Il and HMB II

.} HMBI+HMB Il + HMB Il
'} HMBETand HME I

M} HMEl

f HMB 1l
-}.,LL
¥ A ¥ l‘ ¥ }Interlayer
0-T+T+T-
HMB I

S
‘

[ L]
IR ]-Interlayer

ﬁo-‘— —-— e
R AR
HMB |
1t [fIMo=
ooy 9_’]- Intralayer

e e B
) - )

Wavenumber (cm-1)

the a-MoOg electrode at the different states of charge; (c) Magnified XRD patterns in the region that
involves the (020) diffraction peak; (d) FTIR spectra of the a-MoO4 electrode at the different states of

charge; (e) Magnified FTIR spectra within a wavenumber range of 1100 to 700 cm™"; (f) Schematic
illustration of the occupancy of the protons in the HMB | (bottom), Il (middle), and Ill (top) phases,

respectively.
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Figure 4

Investigation into the proton transport behavior at the electrochemical interface of the L-Lys phosphate
electrolyte in electrochemical events. (a, b) ATR-SEIRAS and (d, e) SERS spectra in-situ collected from
the electrochemical interface constituted by the a-MoO; electrode and the L-Lys phosphate electrolyte;

(c) In-situ pH monitoring at the above electrochemical interface; (f) GCD curves and (g) the
corresponding specific capacities at different current densities as well as (h) the cycling stability
measurement at 20 C of the a-MoOj electrode in the L-Lys hydrochloride electrolyte (1 M L-Lys + 1.25 M

HCI); Comparison of the IRAS spectra of the L-Lys phosphate electrolyte at the electrochemical interface
and in the bulk phase, 1 M KH,PO,, and 1 M K,HPO, within wavenumber ranges of (i) 1800 to 1000 cm™"

and (j) 4000 to 2500 cm™’, respectively.
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