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[bookmark: _Hlk219564843]1. Supplementary Figures
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Supplementary Fig. 1 ESP map of an L-lysine anion; the values in the map represent the ESP extrema on its van der Waals surface projection around the three basic groups.
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Supplementary Fig. 2 XRD pattern of the α-MoO3 single crystal and the corresponding Rietveld refinement result.
Note for Supplementary Fig. 2: The crystal structure of the as-prepared α-MoO3 single crystal is indexed to the orthorhombic system with a space group of Pbnm. Its lattice constants are a = 3.97 Å, b = 13.85 Å, c = 3.70 Å, and α = β = γ = 90°, respectively.
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Supplementary Fig. 3 SEM images of the α-MoO3 single crystal.
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Supplementary Fig. 4 (a) Bright field TEM image, (c) high-resolution TEM image, and (c) SAED pattern of the α-MoO3 single crystal.
[image: ]
Supplementary Fig. 5 (a) HAADF-STEM and (b) the corresponding iDPC-STEM images of the α-MoO3 single crystal; (c, d) Schematic illustration of the migration pathways of the protons in its interlayer and intralayer.
Note for Supplementary Fig. 4 and Fig. 5: The as-prepared α-MoO3 single crystal show a ribbonlike crystal morphology, with a ribbon width of ~ 200 nm (Figure S4a). The high-resolution TEM image and the SAED pattern collected in the areas highlighted in Figure S4a further suggest that the growth directions of the ribbon length and the ribbon width are along [001] crystal orientation and [100] crystal orientation (Figure S4b and S4c), respectively. Thus, its (010) plane exhibits a significant preferred orientation in line with the XRD result (Figure S2). Figure S5a shows the HAADF-STEM image of the as-prepared α-MoO3 single crystal along [100] crystal orientation. Its lattice constants are measured to be b = 13.98 Å and c = 3.76 Å with a an interaxial angle of β = 90°. On the other hand, the corresponding iDPC-STEM image displays that abundant oxygen anions exist in the interlayer (Figure S5b). They form an oxygen anion array that allows the topological travel of the protons in the interlayer. This can be further visualized using the ball-and-stick model of the crystal structure obtained by the Rietveld refinement (Figure S5c). Not only that, but the zigzag pathway built up by the asymmetric oxygen anions in the intralayer (Figure S5c and S5d) is also a possible pathway for proton migration according to previous reports.1, 2, 3, 4
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Supplementary Fig. 6 GCD curve of the first cycle at 0.5 C of the α-MoO3 electrode in 1 M L-Lys.
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Supplementary Fig. 7 (a) GCD curves of the first three cycles at 0.5 C and (b) the corresponding dQ/dV curves, (c) GCD curves and (d) the corresponding specific capacities at different current densities, and (e) the cycling stability measurement via GCD technique at 20 C of the α-MoO3 electrode in 1.25 M H3PO4.
Note for Supplementary Fig. 7: The electrochemical protonation and deprotonation of the α-MoO3 electrode were investigated in a 1.25 M H3PO4 aqueous electrolyte. The acquired GCD curves and the corresponding dQ/dV curves are highly similar to those in the L-Lys phosphate electrolyte (Figure 2a and 2c), however, with a higher electrode potential. It shows specific capacities of 195 and 122 mAh g−1 at 0.5 C and 40 C, respectively. An initial capacity retention of 46% is delivered over 1000 GCD cycles at 20 C.
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Supplementary Fig. 8 Linear fit of the scatter of the electrode potential of the two-phase reaction from the HMB III to II phases versus pH.
Note for Supplementary Fig. 8: On the basis of the revealed charge storage mechanisms (Figure 3a), the electrochemical reaction occurring at the first potential platform (that is, the O2/R2 redox peaks in the dQ/dV curves, Figure 2a and 2b) is attributed to the two-phase reaction from the HMB III to II phases and can be described by the chemical equation as follows,

		Equation 1.
Accordingly, its Nernst’s equation is written as,

		Equation 2,
where R is the universal gas constant (8.314 J K−1 mol−1) and F is Faraday’s constant (96485 C mol−1). If this electrochemical reaction is taken at 298.15 K, Equation 2 is further transformed into,

		Equation 3.
According to our previous report as well as the experimental data in this work, the pH value of a 1 M H2SO4 aqueous electrolyte and the φ value of the above two-phase reaction are 0 and 0 V (versus SCE) at 298.15 K, respectively (not shown in this work); correspondingly, the pH values and the φ values are 1.02 and −0.058 V for 1.25 M H3PO4, and 3.31 and −0.182 V for the L-Lys phosphate electrolyte. By a linear fit of the scatter of φ versus pH, a slope of −0.0548 is obtained, which is very close to the theoretical value (−0.0592), indictive of the proton storage behavior of the α-MoO3 electrode in the L-Lys phosphate electrolyte.
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[bookmark: OLE_LINK3]Supplementary Fig. 9 (a) CV curves of the α-MoO3 electrode at different scanning rates in the L-Lys phosphate electrolyte; (b) Analysis on the b values at the redox peaks.
Note for Supplementary Fig. 9: In a CV curve, the relationship of a current at a fixed potential (i(v)) between a scanning rate (v) can be described by the equation as follows,5

		Equation 4.
By taking the logarithm of both sides of Equation 4, it is transformed into,

		Equation 5.
As a result, the b value can be obtained from the slope of a plot of log i(v) as a function of log v by a linear fit. As shown in Figure S9, the b values at the redox peaks are 0.63 (O1), 0.62 (R2), 0.56 (O2), and 0.48 (R3), respectively, suggesting that the electrochemical reactions of the α-MoO3 electrode in the L-Lys phosphate electrolyte are mainly diffusion-controlled.
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Supplementary Fig. 10 XRD pattern of H0.3MoO3 and the JCPDS card of the HMB I phase (H0.31MoO3).
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Supplementary Fig. 11 XRD patterns of H0.6MoO3 and H1MoO3 as well as the JCPDS cards of the HMB I phase (H0.31MoO3) and the HMB II phase (H0.95MoO3).
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Supplementary Fig. 12 XRD patterns of H1MoO3, H1.6MoO3, H1.8MoO3, and H2MoO3 as well as the JCPDS cards of the HMB II phase (H0.95MoO3) and the HMB III phase (H1.68MoO3).
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[bookmark: _Hlk218773085]Supplementary Fig. 13 Schematic illustration of the charge storage mechanisms of the α-MoO3 electrode during the initial GCD cycle in the L-Lys phosphate electrolyte based on the ex-situ XRD results.
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Supplementary Fig. 14 Raman spectra of 1 M L-Lys + x M KOH aqueous solution (x = 0.25, 0.5, 1, and 2).
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Supplementary Fig. 15 IRAS spectrum of H2PO4− simulated through the DFT calculations.
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Supplementary Fig. 16 IRAS spectrum of H4PO4+ simulated through the DFT calculations.
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Supplementary Fig. 17 Gaussian fit of the IRAS spectrum of the L-Lys phosphate electrolyte at the interface (0 V, Figure 4i) within a wavenumber range of 1250 o 1025 cm−1 using the characteristic vibrational modes of PVDF (νas(CF2)), H2PO4− (νas(PO2) and νs(PO2)), H3PO4 (ν(P=O)), and H4PO4+ (ν(POH)); Notably, the blue-shift of the vibrational frequencies caused by the Stark effect was also considered during the fit process.
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Supplementary Fig. 18 SEM images of commercially available TCBQ.
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Supplementary Fig. 19 (a) GCD curves of the first three cycles at 0.5 C and (b) the corresponding dQ/dV curves, (c) GCD curves and (d) the corresponding specific capacities at different current densities, and (e) the cycling stability measurement via GCD technique at 20 C of the TCBQ electrode in the L-Lys phosphate electrolyte.
Note for Supplementary Fig. 19: The TCBQ electrode shows significant electrochemical activity in the L-Lys phosphate electrolyte (Figure S19a and S19b). It delivers a specific capacity of 138 mAh g−1 at 0.5 C (1 C = 218 mA g−1). With the current density increasing to 40 C, a specific capacity of 40 mAh g−1 remains (Figure S19c and S19d). It exhibits an acceptable long-term lifespan with an initial capacity retention of 59% upon 1000 GCD cycles at 20 C (Figure S19e).
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Supplementary Fig. 20 Analysis on the charge storage mechanisms of the TCBQ electrode during the initial cycle in the L-Lys phosphate electrolyte by ex-situ FTIR.
Note for Supplementary Fig. 20: The charge storage mechanisms of the TCBQ electrode in the L-Lys phosphate electrolyte were studied by ex-situ FTIR. During the entire electrochemical process, no characteristic peaks of L-Lys are observed from the FTIR spectra, implying that L-Lys serving as a vehicle does not intercalate into the bulk phase of TCBQ along with protons. At open circuit potential, the spectral bands with wavenumbers of 1690 and 1680 cm−1 are assigned to the ν(C=O) of TCBQ and the ν(C−C) in its quinone ring, respectively.6, 7 Both of them attenuate in intensity during the discharge process. Instead, the intensity of the ν(C−O) at 1380 cm−1 and the ν(C−C) in an aromatic ring at 1410 cm−1 gradually enhances.8, 9 This demonstrates that the carbonyl group of TCBQ is reduced to a phenolic hydroxyl group with the help of intercalated protons during the discharge process. As a result, a necessary transformation from the original quinone structure to an aromatic structure occurs, interpreting the increased peak intensity of the ν(C−C) at 1410 cm−1. During the charge process, an inverse change was observed, suggestive of the reversible proton storage of the TCBQ electrode in the L-Lys phosphate electrolyte.
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Supplementary Fig. 21 (a) Schematic illustration of the matching mechanism of a near-neutral aqueous proton battery using a protonated α-MoO3 anode (H2MoO3), the L-Lys phosphate electrolyte, and a TCBQ cathode; (b) GCD curves at different current densities, (c) Ragone plot, and (d) cycling stability measurement at 7.44 A g−1 of H2MoO3|L-Lys+·H2PO4−|TCBQ.


2. Supplementary Tables
Supplementary Table 1. Ionic conductivity of different amino acid salt electrolytes.
	
	Glycine
	L-proline
	L-serine
	L-lysine

	0.25 M H2SO4
	26.3
	18.5
	28.1
	15.5

	0.5 M H2SO4
	46.4
	39.4
	50.0
	26.1

	0.75 M H2SO4
	82.7
	64.9
	111.5
	35.8

	1 M H2SO4
	141.7
	101.2
	188.6
	45.9

	1.25 M H2SO4
	160.3
	152.7
	212.3
	73.3

	1.5 M H2SO4
	202.6
	188.6
	250.9
	99.2

	1.75 M H2SO4
	232.5
	221.7
	283.7
	150.7

	2 M H2SO4
	250.1
	230.5
	290.0
	190.1

	0.25 M HCl
	20.2
	14.5
	20.0
	12.3

	0.5 M HCl
	37.8
	26.9
	35.8
	25.7

	0.75 M HCl
	49.2
	45.0
	46.1
	39.9

	1 M HCl
	70.7
	51.6
	63.2
	47.0

	1.25 M HCl
	95.3
	79.9
	93.1
	57.8

	1.5 M HCl
	149.5
	107.6
	130.1
	68.3

	1.75 M HCl
	173.7
	142.8
	185.8
	75.3

	2 M HCl
	210.6
	171.3
	213.4
	86.5

	0.25 M H3PO4
	10.5
	7.9
	8.3
	10.8

	0.5 M H3PO4
	17.1
	13.0
	13.7
	15.71

	0.75 M H3PO4
	22.6
	18.0
	18.1
	16.5

	1 M H3PO4
	28.0
	21.3
	26.4
	17.2

	1.25 M H3PO4
	32.0
	25.6
	22.6
	18.5

	1.5 M H3PO4
	36.6
	29.7
	31.1
	19.8

	1.75 M H3PO4
	41.7
	33.8
	35.8
	26.6

	2 M H3PO4
	46.1
	39.4
	41.4
	28.4


Note: The molarity of all the amino acids was fixed at 1 M; the unit of ionic conductivity was mS cm−2.


Supplementary Table 2. pH of different amino acid salt electrolytes.
	
	Glycine
	L-proline
	L-serine
	L-lysine

	0.25 M H2SO4
	2.52
	2.00
	2.33
	9.39

	0.5 M H2SO4
	1 ~ 1.5
	1 ~ 1.5
	1.66
	8.29

	0.75 M H2SO4
	< 1
	1 ~ 1.5
	1 ~ 1.5
	2.67

	1 M H2SO4
	< 1
	1 ~ 1.5
	1 ~ 1.5
	1.96

	1.25 M H2SO4
	< 1
	< 1
	< 1
	1 ~ 1.5

	1.5 M H2SO4
	< 1
	< 1
	< 1
	1 ~ 1.5

	1.75 M H2SO4
	< 1
	< 1
	< 1
	< 1

	2 M H2SO4
	< 1
	< 1
	< 1
	< 1

	0.25 M HCl
	2.85
	2.63
	2.72
	9.70

	0.5 M HCl
	2.40
	2.07
	2.18
	9.32

	0.75 M HCl
	1.93
	1.63
	1.75
	8.95

	1 M HCl
	1 ~ 1.5
	1 ~ 1.5
	1 ~ 1.5
	8.42

	1.25 M HCl
	1 ~ 1.5
	1 ~ 1.5
	1 ~ 1.5
	3.36

	1.5 M HCl
	< 1
	< 1
	< 1
	2.59

	1.75 M HCl
	< 1
	< 1
	< 1
	2.03

	2 M HCl
	< 1
	< 1
	< 1
	1.68

	0.25 M H3PO4
	3.04
	2.73
	2.84
	9.42

	0.5 M H3PO4
	2.65
	2.38
	2.46
	8.23

	0.75 M H3PO4
	2.36
	2.15
	2.21
	6.21

	1 M H3PO4
	2.15
	1.96
	2.00
	4.86

	1.25 M H3PO4
	1.94
	1 ~ 1.5
	1.80
	3.31

	1.5 M H3PO4
	1 ~ 1.5
	1 ~ 1.5
	1 ~ 1.5
	2.95

	1.75 M H3PO4
	1 ~ 1.5
	< 1
	1 ~ 1.5
	2.45

	2 M H3PO4
	< 1
	< 1
	< 1
	2.27


Note: The molarity of all the amino acids was fixed at 1 M; because the linear range of our pH meter’s probe was from 2 to 12, for the electrolytes with a higher acidity, their pH was estimated via precision pH paper with a range of 0.5 to 5.


Supplementary Table 3. Calculated Dapp and kex values at the redox peaks (marked in Figure S9).
	Redox peaks
	Dapp (10−6 cm2 s−1)
	kex (106 mol−1 m3 s−1)

	O1
	5.893
	2.521

	R1
	3.829
	1.639

	O2
	4.237
	1.813

	R2
	1.386
	0.393




3. Supplementary Notes
Supplementary Note 1: Calculations of Homogeneous Electron Self-Exchange Rate Constants
[bookmark: _Hlk219643380]As shown in Figure S9, the electrochemical reactions of the α-MoO3 electrode in the L-Lys phosphate electrolyte (1 M L-Lys + 1.25 M H3PO4) are mainly controlled by the semi-infinite diffusion. Thus, their homogeneous electron self-exchange rate constants (kex) could be further obtained using the Randles−Ševčík and Dahms−Ruff equations. The apparent diffusion coefficients (Dapp, cm2 s−1) of the electrochemical reactions (O1/R2 and O2/R2) were calculated from the Randles−Ševčík equation. It was described as follows,10

		Equation 6,
where ip(v) (A) is the current at the redox peak in a CV curve, n is the number of electrons transferred; F is Faraday’s constant (96485 C mol−1), A is electrode area (cm2), C is the concentration of a redox species (mol cm−3), R is the universal gas constant (8.314 J K−1 mol−1), T is absolute temperature (K), and v is the scanning rate of a CV measurement (V s−1). First, ip(v) was plotted as a function of v0.5 using the experimental data extracted from the CV curves (Figure S9). Then, the Dapp values of the α-MoO3 electrode, which were calculated from the slop obtained via a linear fit, were 1.386 to 5.893 × 10−6 cm2 s−1.
Last, kex (mol−1 cm3 s−1) was calculated using the Dahms−Ruff equation. Its mathematical expression was shown as follows,10

		Equation 7,
where δ (cm) is the distance charge carriers and electrons move. It can be estimated by (NAC)−1/3 where NA is Avogadro’s number (6.022 × 1023 mol−1). By substituting the obtained Dapp values into the above equation, the kex values were calculated to be 0.393 to 2.521 × 106 mol−1 m3 s−1.


Supplementary Note 2: Calculations of the Mole Fractions of the Species in the L-Lysine Phosphate Electrolyte
The Henderson−Hasselbalch equation was given as follows,11

		Equation 8,
where [HA] and [A−] represent the molarities of an acid and its conjugate base in an aqueous medium, respectively. By a rearrangement of Equation 9, another form of the Henderson−Hasselbalch equation was as follows,

[bookmark: OLE_LINK2]		Equation 9.
Defining

		Equation 10,

thus, the mole fractions (f) of HA and A− could be calculated using the equations as follows,

		Equation 11,

		Equation 12.
According to the pKa value of L-lysine’s carboxy group (2.18), the mole fractions of −COOH and −COO− are 10.73% and 89.27% at a pH value of 3.1and 5.68% and 94.32% at a pH value of 3.4, respectively. Similarly, the mole fractions of H2PO4− and HPO42− are 99.992% and 0.008% at a pH value of 3.1and 99.984% and 0.016% at a pH value of 3.4, respectively (pKa = 7.20). In other words, with the pH value increasing from 3.1 to 3.4, about 5 mol% of the −COOH group transfers into the −COO− group in contrast to a change of 0.08 mol‰ for H2PO42− to HPO4−.
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