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ABSTRACT

      Aqueous lithium ion batteries (ALIBs) have attracted increasing attentions due to their high 

safety. The water-in-salt electrolyte (WISE) enabled a wider voltage window (3.0 V) through the 

formation of solid-electrolyte-interphase (SEI) on the anode. However, the cathodic limit of WiSE 

and its derivatives still cannot effectively support the desired energy dense anodes, such as 

Li4Ti5O12 (LTO). At the anode, the hydrogen evolution reaction (HER) is the main parasitic 

process that competes with the desired lithiation process therein. In this work, we investigated the 

catalytic activity of different coating layers and put forward the selection criterion for the surface 

layers. We demonstrated that Al2O3 is such a surface that effectively suppresses HER and enables 

the cycling of LTO anode in WiSE, delivering a capacity of 145 mAh/g. Such understanding 

provides important guidelines for designing future electrolytes and interphases for aqueous battery 

chemistries.
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Aqueous lithium ion batteries (ALIBs) are promising energy storage technology due to their 

non-flammable nature, the capability to be manufactured in the ambient environment, and the low 

reliance on the battery management systems at the module or pack levels1-5. However, traditional 

ALIBs are limited by their inferior energy densities, which is primarily caused by the narrow 

electrochemical stability window of water (1.23 V)3, 6. Recently, the expanded stability window 

(3.0 V) of the so-called “water-in-salt” electrolyte (WiSE) overcame this restriction and enabled a 

series of high voltage/energy aqueous battery chemistries that were once prohibited in the aqueous 

systems 4, 7-10. The expansion of the cathodic limit by 0.6 V was realized by the formation of a 

solid-electrolyte-interphase (SEI) on the anode surface derived from the reduction of salt anions 

and overall reduction of water activity9, 11. However, since the cathodically-polarized anode 

surface would repel the anions away from the inner-Helmholtz layer of the surface, further 

expansion of the cathodic limits via anion-reduction becomes very challenging even with a higher 

concentration11, 12. As a result, the cathodic limit of the WiSE is still not low enough to support the 

anode materials such as Li4Ti5O12 (LTO), whose redox potential is 1.55 V vs Li and sits near the 

cathodic limit of WiSE13. 

    The passivation capability of SEI formed in most non-aqueous electrolytes enables a cathodic 

stability limit well below 1.0V, which is obviously more effective than anion-derived SEIs formed 

in WiSE  14-18. Apparently, the chemical nature of the SEI is critical for expansion of electrolyte 

stability window. The primary criterion for an effective SEI is its electrolyte nature, i.e., insulating 

electrons while conducting ions of significance to the cell reactions 17, 19-22; for aqueous systems, 

this criterion can be translated into low catalytic activity for the hydrogen evolution reaction (HER), 

since the HER is the main parasitic process at anode and competes with the desired lithiation 

process therein. While suppressing the HER catalytic activity of the zinc metal anode in the 

aqueous batteries is regarded as effective to avoid water decomposition23-26, kinetically 

suppressing HER of LTO anode is rarely investigated by the scientists from battery perspective. 

On the other hand, HER have been intensely investigated, with a purpose quite the opposite, i.e., 

splitting water electrochemically, whose behavior is represented by the well-known volcano plot 
27-35. Thus, reversed use of the traditional volcano plot could help us find that materials that is least 

catalytic for HER, which in theory could serve as an electrode surface friendly to SEI growth.
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 In this work, guided by the theoretical calculation using the Gibbs free energy for atomic 

hydrogen adsorption (ΔGH) and density of states (DOS), we investigate the electrochemical 

performances of uncoated, Al2O3, ZnO and TiO2-coated LTO electrodes in the WISE. We 

demonstrated that Al2O3 is such a surface that effectively suppresses HER and enables the cycle 

of LTO anode in WiSE, delivering a capacity of 145 mAh/g. This selection criterion for SEI-

friendly surface in aqueous electrolyte provides a novel approach to engineer interphases for next 

generation battery chemistries. 

    

Figure 1.  (a) The schematic illustration of the HER process on the electrode/electrolyte interfaces. 
(b) The simulation results of the free energy of adsorption of hydrogen (ΔGH) for the different 
surface coatings. The density of state for (c) Al2O3 and (d) LiTi2O4. The red dash lines indicate the 
Fermi energies, and the band gaps (BG) are listed.

 When evaluated as the electrode substrate in WiSE, various metallic current collectors 

demonstrate completely different cathodic stability limits, which, as determined by the HER 

potentials, increases by the order of Al<Ti<SS<Carbon<Cu<Ni (Figure S1), and are well 
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consistent with the volcano curve reported for the HER on metal electrodes. This suggests that 

there should be a correlation between metal surface passivation and the reduction in their catalytic 

activities 28, 34. In particular, the reduction onset potential for Al is significantly lower than the 

others, indicating a possible combined contribution of its inherent low catalytic activity and the 

dense surface passivation. Although as a common practice the electrochemical stability window 

of electrolytes is typically assessed using linear sweep technique on non-porous electrode surfaces, 

such window varies significantly with the electrode materials. The difference could be 

pronounced, especially if the electrode materials used are composites such as those in real-life 

electrochemical devices 36, where appreciable amount of conductive carbon and polymer binder 

lead to much higher surface area and catalytic activities than non-porous metal surfaces. As a 

result, the actual reduction or oxidation stabilities of an electrolyte in those devices will be largely 

affected by the surface properties of the carbon and active materials, with a minor contribution 

from the current collectors. 

HER is a surface reaction that has been known to heavily depend on the interaction between the 

adsorbed hydrogen atom (Hads) and the catalytic activity of the electrode surface (Figure 1a)31, 35, 

37. Thus, to improve the performance of a battery anode in aqueous electrolytes, one must attempt 

the exact opposite of electrocatalysis, i.e., making the electrode surface as little catalytic as 

possible. Based on this line of thought, we sought to apply materials of “poor” catalytic activity as 

a conformal coating on electrode, which serves to physically prevent the direct contact between 

electrolyte and electrode. 

Using DFT we calculated the free energy of hydrogen (ΔGH) on various coating materials as 

well as their electronic conductivity, and use the two parameters to screen for the best candidate 

material. Since volcano plots state that the materials with suitable hydrogen adsorption (neither 

too strong nor too weak) locating at the top of the plots would have the optimum activity, then 

reversely, the materials with either very strong (highly negative -ΔGH) or very weak bonding 

(highly positive +ΔGH) should be ideal candidates to suppress HER. The high ΔGH of Al2O3 

(Figure 1b) suggests that its suitability, while TiO2, despite its high ΔGH, becomes highly catalytic 

toward HER once lithiated into LiTi2O4 that is characterized by a low ΔGH. This increased catalytic 

activity with lithiation degree might explain why LTO in non-aqueous batteries effectively 

catalyzes the decomposition of trace H2O existing in both electrodes and electrolyte. With highly 
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negative ΔGH, ZnO would also serve as a good candidate for HER suppression, however, its high 

electronic conductivity accelerates the charge-transfer between electrolyte and electrodes, which 

kinetically favors the electrochemical reduction of water. On the contrary, Al2O3 has a rather large 

band-gap of 5.33 eV (Figure 1c), suggesting a very poor electrical conductivity that prevents the 

charge transfer, in sharp comparison with the band-gaps of lithiated LiTi2O4 (0 eV) and ZnO (1.48 

eV), respectively. In fact, the latter two were well known for their metallic and semiconducting 

behaviors (Figure 1d and Figure S1). Therefore, the insulator Al2O3 makes the best candidate 

surface for HER suppression.

Figure 2. (a) The SEM image of the Al2O3 coated LTO electrode and the corresponding EDX 
results. (b) The element mapping, (c) the Al-XPS spectra and (d) the TEM image of the Al2O3 
coated LTO electrode. 

   An Al2O3 layer with a nanometric thickness was coated on an LTO electrode using atomic 

layer deposition (ALD) technique. As shown in the scanning electron microscope (SEM) image 

(Figure 2a), LTO maintains the particle morphology and crystallinity after coating. Energy 

Dispersive X-Ray Analysis (EDX) confirms the existence of Al on the electrode surface. The 

uniform distribution of Al in elements mappings (Figure 2b) reveals that the electrode surface was 
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uniformly covered by Al2O3. The Al2p peak at ~74.8 eV in X-ray photoelectron spectroscopy (XPS, 

Figure 2c) is well indexed to Al2O3. The thickness of the coating was determined to be ~3 nm by 

transmission electron microscopy (TEM) (Figure 2d). An additional peak at ~350 cm-1    38 in 

Raman spectroscopy (Figure S2) in comparison with pristine LTO also confirms the existence of 

Al2O3 coating. 

Figure 3. The cathodic limits evaluated by linear sweep voltammetry on LTO surfaces coated with 
different materials (inset the enlarged view). Counter electrode: activated carbon; Reference 
electrode: Ag/AgCl; Scan rate: 1 mV/s. 

   The electrochemical performance of LTO electrodes coated with various materials was 

evaluated by linear sweep (Figure 3). The hydrogen evolution begins at ~1.8 V vs Li on pristine 

LTO surface, which is higher than its lithiation potential (1.55V). The HER process rather than 

lithiation of LTO dominates the cathodic reaction during the scan. The carbon-coating enhances 

the electronic conductivity of LTO, thus accelerating the HER reactions as evidenced by the higher 

currents and positively shifted HER potential. TiO2-coating also positively shifts the cathodic limit 

due to its high catalytic activity. By contrast, both ZnO- and Al2O3-cotings negatively shift the 

cathodic limit potential by 0.1V. In addition, the HER currents on ZnO- and Al2O3-coated LTO 

electrode are also much lower compared with the pristine LTO. The HER suppression capability 

as quantified by the onset potential of HER should increase in the order of 

TiO2<C<LTO<ZnO<Al2O3, which is consistent with what predicted in Figure 1. The Al2O3-
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coating not only suppresses the HER catalytic activity but also acts as a kinetic barrier to slow 

down the electron transfer from electrode bulk to the proton in the electrolyte39. Since Al2O3-

coating successfully shifts the HER potential to <1.5 V, thus Li+-intercalation is enabled before 

HER, as evidenced by a sharp lithiation peak at 1.55 V (Figure 4a). In similar approaches, we also 

evaluated the effect of surface coating on oxygen evolution reaction (OER). Al2O3- and TiO2- 

coating on LiNi0.5Mn1.5O4 only slightly reduces the side reactions on this high voltage (4.8 V) 

cathode material (Figure S3).

Figure 4. a) Cyclic voltammetry (CV)  scan of Al2O3-coated LTO anodes in water-in-salt in 
electrolytes at the scanning rate of 5 mV/S using an activated carbon counter electrode and an 
Ag/AgCl reference. b) The voltage profile of the full cell using Al2O3-coated LTO anode and LMO 
cathode at 1 C current. c) The cycling performance of the full cell using Al2O3-coated LTO anode 
and LMO cathode.

     As shown in the CV curves of Al2O3-coated (Figure 4a) and pristine LTO (Figure S4), the 

oxidative current peak at 1.8 V is clearly observed on the former, and it increases with the cycling, 

while very low oxidation current is detected on pristine LTO. Therefore Al2O3-coating on LTO 
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effectively suppressed the HER and Li+-diffusion in Al2O3 is gradually activated during the initial 

few CV scans 39-41.  

LiMn2O4 (LMO) was used as a cathode to evaluate the electrochemical performance of Al2O3-

coated LTO in the WiSE (Figure S5). The LMO/LTO mass ratio was set as 2.5:1 to accommodate 

the low CE of LTO during the initial several cycles. 1 C was used instead of the high rate to 

demonstrate the stability of electrolyte in the full cell. Such LTO/LMO full cell delivers a voltage 

plateau at ~2.4 V during the discharging process. The discharging capacity based on LTO mass is 

145 mAh/g. In the first cycle, a coulombic efficiency of 84.5% was delivered, indicating a 

relatively low amount of electrolyte was consumed to form additional LiF-rich SEI on the Al2O3-

coated LTO anode. In comparison, pairing the uncoated LTO and LMO only delivered a low CE 

of 50% (Figure S6), further confirming the effect of the Al2O3 coating in suppressing the side 

reaction. As reported in our previous work, the reductions of salt anions bis(trifluoromethane 

sulfonyl)imide (TFSI)  happens between 1.9 ~ 2.9 V4. Although the reduction of TFSI anions are 

still expected to happen when there is no Al2O3 coating (Figure S7), the formation of complete 

SEI needs long time (i.e few cycles in galvanostatic charge/discharge cycles). Since lithiation 

potential of pristine LTO resides beyond the cathodic limit of WiSE, significant HER will happen 

before the lithiation. The persistent gas evolution undoubtedly prevents complete SEI formation. 

For the initial cycles where the robust SEI has not been constructed, the protection of Al2O3 surface 

serves as a key barrier to ensure that SEI chemistry occurs, and the SEI ingredient formed from 

the reduction of TFSI anion adhere to anode surface. After the most challenging period in the 

initial cycles, dense and complete SEI will come into shape (Figure S7), eventually providing long-

term protection and allowing LTO to deliver a reversible capacity. 

The cycling performance of LTO/LMO full cell is shown in Figure 4c. The capacity of 

LTO/LMO full cell gradually decrease rapidly, while the Coublmbic efficiency (CE) increased 

from 84.5% to ~99% after 60 cycles. The decay should be induced by the persistent consumption 

of Li source from LMO, as indicated by the low CE42. After taking apart the cycled cell and 

replenishing a fresh LMO cathode, the cell capacity recovered to 150 mAh/g from 106 mAh/g, 

confirming that the capacity decay was indeed due to the excessive Li consumption, while LTO 

itself is chemically stable in the aqueous electrolytes. The cycle performance could thus be 
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extended to 200 cycles. More efficient surface passivation using new coating materials holds the 

potential to further optimize the LTO electrode for superior performance.  

    In summary, we investigated how to suppress the surface HER activity to enable the 

reversible lithiation/de-lithiation reactions of LTO anode in aqueous electrolytes. Combining the 

simulation and the experiment results, Al2O3 was identified to be an optimum surface passivation 

material, based on its high ΔGH and low electronic conductivity. Dramatic electrochemical 

performance improvement has been realized with Al2O3-coating on the LTO electrode via ALD. 

The Li-ion full cell constructed with LTO and LMO delivered a high working voltage of 2.4 V for 

200 cycles. More importantly, we raised the importance of catalytic electrode surface in dictating 

the electrochemical stability of electrolyte materials. The work could also impact other aqueous or 

non-aqueous devices that face similar challenges.
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