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Abstract 
 
The reactivity of water with Li-rich layered Li2RuO3 and partial exchange of Li2O with 

H2O within the structure has been studied under aqueous (electro)chemical conditions. 

Upon slow delithiation in water over long time periods, micron-size Li2RuO3 particles 

structurally transform from an O3 structure to an O1 structure with a corresponding loss 

of 1.25 Li ions per formula unit. The O1 stacking of the honeycomb Ru layers is imaged 

using high-resolution HAADF-STEM, and the resulting structure is solved from X-ray 

powder diffraction and electron diffraction. In situ X-ray absorption spectroscopy 

suggests that reversible oxidation/reduction of bulk Ru sites is realized on potential 

cycling between 0.4 VRHE and 1.25 VRHE in basic solutions. In addition to surface redox 

pseudocapacitance, the partially delithiated phase of Li2RuO3 shows high capacity which 

can be attributed to bulk Ru redox in the structure. This work demonstrates that the 

interaction of aqueous electrolytes with Li-rich layered oxides, can result in the formation 

of new phases with (electro)chemical properties that are distinct from the parent material. 

This understanding is important for the design of aqueous batteries, electrochemical 

capacitors and chemically stable cathode materials for Li-ion batteries.  
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1. Introduction 

Layered transition metal oxides are an attractive class of materials that form the host 

structure for ion intercalation, which is the basis of several energy storage and conversion 

technologies such as Li-ion batteries[1]-[3], Na-ion batteries[4],[5] and electrochemical 

capacitors[6],[7]. The versatility of these materials lies in the fact that their chemical 

bonding and electronic structure can be modified by tuning the chemistry[8], incorporating 

structural[9],[10] or co-intercalated water[11], solvent molecules[12], ions[13], cation 

exchange[14], or by the use of polymeric and molecular species[15], providing a large range 

of functionalities.  

Lithium-rich layered oxides, Li2MO3 (M = Mn, Ru, Ir) have gained increasing attention 

in the last few years as positive electrode materials for Li-ion batteries due to their high 

capacity, which has been attributed to additional anionic redox processes beyond the 

conventional metal redox mechanisms[16]-[20]. Recently, in acidic solutions, layered 

Li3IrO4 has been shown to ion-exchange Li+ for H+ [21],[22]. In addition, chemical 

delithiation studies[23],[24] on Li2MnO3 have shown that exchange of lithium ions by 

protons is one possible means to compensate for the Li+ extraction at very low Li 

contents even under anhydrous non-aqueous environments, possibly by protons generated 

by the oxidation of electrolyte[25],[26]. The possibility of multiple (electro)chemical 

processes, specifically the triggering of the oxygen redox and ion-exchange reactions 

makes these materials very attractive for energy storage and conversion applications. 

Ion-exchanged layered oxides can exhibit (electro-)chemical and structural properties that 

are very different from their parent oxide. For instance, the ion exchange of Li+ by H+ in 

the layered Li2MnO3 is accompanied by a transition from the C2/c to the R-3m structure, 
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possibly due to the stabilization of the latter by strong hydrogen bonds[27]. Such a 

structural transformation is absent for spinel LiMn2O4 where the charge associated with 

the delithiation process is accommodated solely by the Mn3+/4+ redox couple[28]. While 

the insertion of protons in the lattice is detrimental for the chemical stability of non-

aqueous Li-ion battery positive electrode materials[23],[24], and is considered as a side 

reaction for aqueous Li-ion battery positive electrode materials where only Li+ insertion 

in the host material is desired[29], it is advantageous for increasing the pseudocapacitance 

or capacity in aqueous solutions. Such strategies have been exploited to increase the 

pseudocapacitance of Ru, Ir and Mn based materials, where the pseudocapacitance is 

associated with the faradaic charge-transfer in the surface or near surface region over a 

given potential range[6]. A prominent example is that of perruthenic acid nanosheets that 

were synthesized by Sugimoto et al[30]. by exchanging potassium ions from potassium 

perruthenate with protons via a topotactic proton-exchange reaction. The lamellar 

structure allows for electron conduction within the layers and proton conduction between 

the layers, which is a significant advantage compared to the state-of-the-art hydrous 

amorphous RuO2 electrodes that compromise on electronic conductivity due to the 

discontinuous oxide framework[31]. Recent studies reveal that a new protonic iridate 

phase, H3+xIrO4, formed by room temperature acid leaching of Li-rich Li3IrO4
[21],[22], 

maintains a layered structure but is capable of a high overall capacity corresponding to 

1.5 e- per Ir in aqueous acidic solutions. Thus, for selected layered transition metal 

oxides, ion-exchange has shown to be a viable route to create new phases with novel 

electrochemical properties.  
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In this work, we report that the partial exchange of Li2O with H2O in Li2RuO3 exposed to 

neutral/basic solutions leads to the formation of a material with new crystal structure and 

electrochemical properties differing from those of Li2RuO3. Structurally, Li2RuO3 differs 

from the layered LiMO2 structures as Li2RuO3 has 1/3 of the Li ions in the transition 

metal layer, resulting in a formula of Li(Li1/3M2/3)O2
[32]. Each Li-substituted transition 

metal layer consists of a honeycomb lattice of edge sharing RuO6 octahedra forming 

hexagonal rings centered with the LiO6 octahedra. Slow delithiation process by treating 

the sample with water at room temperature for extended time periods (~1 month) results 

in the extraction of 1.25 Li+ ions per formula unit, with the formation of a structure that 

exhibits enhanced capacity. High-resolution transmission electron microscopy coupled 

with electron and X-ray powder diffraction reveal that the resultant structure is a 

modulated O1-type hexagonal closed packed structure, formed by shearing of the oxygen 

closed packed planes upon delithiation. In situ X-ray absorption studies confirm that this 

phase is capable of undergoing bulk Ru-redox in basic solution that results in the large 

capacity (~120 mAh/goxide) of the resultant phase. The unique interaction of Li-based 

layered compounds with water induces structural and chemical transformations to form a 

phase with improved electrochemical activities providing a new avenue for material 

design for energy conversion and storage applications. 

 

2. Results and Discussion 

2.1. Cyclic voltammogram of as-prepared Li2RuO3 in 0.1 M KOH 

Li2RuO3 was shown to exhibit two reversible redox processes in Ar-saturated 0.1 M 

KOH, as shown in Figure 1. Micron-sized particles of Li2RuO3 were prepared via solid-
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state synthesis similar to previous work by Goodenough et al[32].  and Tarascon et al.[16], 

and powder X-ray diffraction data of as-synthesized Li2RuO3 revealed a slightly 

improved fit for a P21/m structure[33],[34] with a = 4.939 Å, b = 8.770 Å, c = 5.889 Å,  β = 

124.453o, χ2 = 2.4 (Figure S1A) than a C2/c structure with a = 4.941 Å, b = 8.773 Å, c = 

9.867 Å, β = 100.073o, and χ2 = 3.09 (Figure S1B). While space group C2/c has been 

commonly used for Li2RuO3
[32],[35],[36], the energetic difference among these two 

structures from DFT results is comparable with kT (~30 meV/f.u.).   

Cyclic voltammograms of the as prepared Li2RuO3 particles in 0.1 M KOH show large 

pseudocapacitance and redox currents ~0.10 mA/cm2
oxide (~1 A/goxide) compared to other 

Ru, Ir and Mn based oxides (Li2Ru0.5Ir0.5O3, Li2Ru0.5Mn0.5O3, Li2Ru0.5Sn0.5O3, Li2IrO3, 

LaMnO3, Li2MnO3, RuO2), which have current densities ranging from ~0.1-0.25 A/goxide 

(Figure S2). The cyclic voltammograms of Li2RuO3 show two distinct redox peaks at 0.7 

VRHE and 1.1 VRHE. These distinct redox transitions at ~0.7 VRHE and ~1.1 VRHE could be 

attributed to the partial dissociation of –H2O and deprotonation of adsorbed –H2O/OH on 

surface coordinatively unsaturated Ru sites, respectively, following previous assignments 

based on redox features from rutile RuO2 (110) single crystals[37],[38]. Interestingly, these 

redox features were found to grow with each successive cyclic voltammetry scan, which 

were performed every 2 hours and the electrode was kept at open circuit during 2 hours 

between scans (cyclic voltammograms without 2 hour potentiostatic holding at open 

circuit is shown in Figure S3). The redox currents of as-prepared Li2RuO3 grew with 

increasing time of exposure in the electrolyte, even after 12 hours (6 consecutive cycles), 

indicative of an increase in the electrochemically accessible Ru. We examined chemical 
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and structural changes of Li2RuO3 in 0.1 M KOH using X-ray diffraction and X-ray 

absorption spectroscopy in the following sections. 

Figure 1: Cyclic voltammogram (CV) of as-prepared Li2RuO3 drop-cast on glassy 
carbon disk electrode in Ar-saturated 0.1 M KOH at 10 mV/s using a three-electrode cell. 
CV measurements were performed every 2 hours between 0.05 and 1.25 VRHE for 6 
cycles and the electrode was left at open circuit (~0.9 VRHE) between adjacent 
measurements. The light blue curve corresponds to the first scan and the dark blue curve 
corresponds to the sixth scan. The nominal oxide loading is 0.255 mgoxide/cmdisk

2 and the 
carbon loading is 0.05 mgcarbon/cmdisk

2.  

 

Unlike rutile RuO2, a well known catalyst for oxygen evolution[39]-[42], Li2RuO3 was not 

stable at OER-relevant potentials. Oxidative currents measured from cyclic 

voltammogram scans up to 1.7 VRHE decreased rapidly after the first scan and become 

diminished after 50 cycles (Figure S4A). TEM imaging of the electrode after 50 cycles 

shows faults along the layers across individual crystals, indicating the instability of the 

layered structure at OER potentials (Figure S4B,C), presumably attributable to 

considerable oxygen loss and Ru dissolution. Thus we limited our measurements of these 

reversible redox processes in Figure 1 to 1.25 VRHE in this study. 
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2.2. Lithium loss and structural changes of Li2RuO3 exposed to water and 0.1 M 

KOH 

 Li2RuO3 pellets were exposed to water, 0.1 M KOH and held at three potentials (0.40, 

0.65 and 0.90 VRHE) in 0.1 M KOH for 24 h. These potentials were chosen since they 

were at lower and higher potentials relative to the redox peak at 0.7 VRHE shown in 

Figure 1. The changes in the crystal structure were analyzed using XRD and leached Li 

and Ru concentrations in the electrolyte were measured using mass spectrometry with 

inductively coupled plasma (ICP-MS). Comparable lithium concentrations were detected 

in the solutions at these five conditions (Figure 2A), where Li2RuO3 pellets lost ~0.1 Li 

per formula unit. Lithium loss from Li2RuO3 was accompanied with the appearance of a 

new minor phase (Figure 2B and Figure S5; the peaks associated with the new phase are 

marked by *). The amount of the new phase obtained in water and 0.1 M KOH was 

greater than in the samples held at 0.40, 0.65 and 0.90 VRHE.  It was not straightforward 

to determine the structural details of the new phase as it remained a minority in these 

samples (Figure 2B), which will be discussed in more detail in later sections.  
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Figure 2: (A) The concentration of Li ions in the solution after exposure of Li2RuO3 
pellet (50 mg) to water, 0.1 M KOH and after holding at three potentials (0.40, 0.65 and 
0.90) in 0.1 M KOH for 24 h, measured by inductively coupled plasma mass 
spectrometry, and corresponding lithium stoichiometry present in LixRuO3. (B) Parts of 
the X-ray powder diffraction data of pellets after exposure described in (A) (CuKα 
radiation, full patterns are shown in Figure S5).  
 

When the voltage of potentiostatic measurements was increased to 1.1 and 1.25 VRHE 

(before and after the second redox transition in Figure 1), oxidative currents were 

observed and increased markedly with greater applied voltage (Figure 3A). Lithium 

stoichiometries of 1.8 and 1.4 per formula unit were obtained from ICP-MS analysis 

(Figure S6) for pellets held after 1.1 and 1.25 respectively. While the XRD pattern of the 
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pellet held at 1.1 VRHE was similar to those exposed to water and 0.1 KOH without 

potential holds, having a mixture of the major phase derived from Li2RuO3 and the new 

phase (marked by *), that of pellet held at 1.25 VRHE was considerably different (Figure 

3B), resembling that of as-prepared Li2RuO3. The XRD pattern of “Li1.4RuO3” was fitted 

to a single phase with space group of P21/m, with similar unit cell parameters of a = 

4.915 Å, b = 9.019 Å and c = 5.854 Å and β = 123.2o (Figure S7) to those of Li2RuO3 

(Figure S1) and Li2-xRuO3 (a = 4.9398 Å, b = 8.6271 Å and c = 9.9353 Å and β = 99.262 

Å, space group C2/c) upon lithium de-intercalation in non-aqueous electrolytes[35],[43]. 

The amount of charge found in the potentiostatic measurement of 1.25 VRHE in Figure 

3A is equivalent to 0.5 Li per formula unit, which was comparable to that expected for 

removal of 0.6 Li per formula unit electrochemically, indicative of the key role of 

electrochemical oxidation in lithium removal from Li2RuO3. To provide further insights 

into processes responsible for the observed lithium loss and structure changes, we 

performed X-ray absorption spectroscopy experiments on these electrodes, which are 

discussed in the next section. 
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Figure 3: (A) Potentiostatic measurements of pristine 50 mg Li2RuO3 pellets at noted 
potentials in 0.1 M KOH. Potentiostatic measurements were made for 24 hours at 0.4 
VRHE, 0.65 VRHE, 0.90 VRHE and 1.10 VRHE and for 48 hours at 1.25 VRHE to ensure that 
the oxidative current is stabilized at ~0 µA (B) X-ray powder diffraction data of pellets 
after exposure described in (A) (CuKα radiation, full patterns are shown in Figure S5).  
 

2.3. X-ray absorption spectroscopy of pellets exposed to 0.1 M KOH at different 

voltages 

In order to learn more about the oxidation state changes of Ru cations in Li2RuO3 upon 

exposure to 0.1 M KOH, in situ X-ray absorption spectroscopy studies of the Ru K-edge 

(Figure 4A) and the Ru L3-edge (Figure 4B) were performed in a home-made three-
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electrode cell (as detailed in reference[44]) as a function of voltage. The working electrode 

is glassy carbon where a mixture of Li2RuO3 and carbon with volume ratio of 1:19 was 

deposited, to form a thin layer of ~10 µm thick. With increasing voltage from 0.4 VRHE, 

open circuit potential (~0.9 VRHE) to 1.25 VRHE, both Ru K-edge onset and L-edge white 

line position shifted positively, indicative of bulk Ru oxidation[45],[46]. In addition, in the 

Ru L3-edge the features corresponding to t2g (c.a. 2840 eV) and eg (c.a. 2843 eV) splitting 

showed increasing separation as a function of applied potential, indicative of stronger 

ligand field splitting and oxidation of Ru4+ to Ru4.5+, further supporting the trend of edge 

onset shift. As the voltage was reduced back to 0.4 VRHE, the edge shift of Ru K-edge and 

peak shift of Ru L-edge returned back reversibly, where nearly identical Ru K-edge and 

L-edge energy was found at each potential (Figure 4C, Figure S8-S11), suggesting that 

bulk Ru can be oxidized and reduced reversibly in this experiment.   

Calibrating Ru K-edge energy collected at each potential to Ru references in previous 

work[47], the oxidation state of Ru was estimated as a function of potential, as shown in 

Figure 4C (right vertical axis). Interestingly, the oxidation state of Ru was found to 

change from ~4+ in as-prepared Li2RuO3 and that at open circuit potential (~0.9 VRHE) to 

~3.4+ at 0.4 VRHE and ~4.5+ at ~1.25 VRHE, which is in agreement with the presence of 

increasing oxidative charge passed at higher potentials (Figure S8). These results suggest 

that ions can be reversibly removed and intercalated from Li2RuO3 in 0.1 M KOH, 

similar to reversible lithium de-intercalation and intercalation reported for LiMn2O4 in a 5 

M LiNO3 aqueous solution[48]. 
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Figure 4: In situ X-ray absorption spectroscopy data in 0.1 M KOH of (A) Ru K-edge 
(22.117 keV) in fluorescence mode with an acquisition angle of approximately 45o. Time 
of acquisition of one spectrum is ~30 min (B) Ru L3-edge (2.8379 keV) in fluorescence 
mode with an acquisition angle of approximately 45o. Time of acquisition of one 
spectrum is ~ 50 min. Measurements were first collected at open circuit potential and 
then the potential was increased from 0.4 VRHE to 1.25 VRHE and decreased back to 0.4 
VRHE. The working electrode is a glassy carbon where a mix of Li2RuO3 and carbon with 
volume ratio of 1:19 was deposited, to form a thin layer of ~10 µm thick. The reference 
electrode is Ag/AgCl. (C) The shift in the edge position (for the K-edge) and the peak 
position (for the L-edge) suggests oxidation of bulk Ru with increasing potential. The Ru 
oxidation state corresponding to the Ru K-edge shift has been extracted from previous 
work.[47] 

 

2.4. Identification of a new phase with greater redox currents  

The formation of phase-pure O3-“Li1.4RuO3” obtained from potentiostatic holding at 1.25 

VRHE in 0.1 M KOH did not increase the redox current densities (normalized to oxide 

weight) relative to that of pristine Li2RuO3 (Figure 5A). We hypothesize that the 

formation of the new phase upon exposure to water and 0.1 M KOH (in Figure 2) is 

responsible for enhanced redox currents as redox currents were found to increase with 

greater exposure time to 0.1 M KOH (Figure 1). As nearly identical lithium loss from 

Li2RuO3 and structural changes were found for pellets exposed to water and 0.1 M KOH 
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electrolytes with and without applied potentials (Figure 2), these chemical and structural 

changes and the formation of the new phase could be attributed to chemical reactions 

between Li2RuO3 and water but not electrochemical reactions. This argument is 

supported by the fact that potentiostatic measurements (Figure 3A) showed no oxidation 

currents, thus no lithium de-intercalation from electrochemical oxidation from Li2RuO3. 

We then performed a number of experiments to obtain a single-phase of this new 

structure including exposure to 1 M LiOH, 1 M H2SO4 and water at 90 oC (Figure S12). 

Eventually a single-phase of this new structure was found by soaking Li2RuO3 (50 mg) in 

water (20 ml) for ~30 days as seen in Figure 6A and Figure S13 where ICP-MS analysis 

of the resultant solution revealed ~1.25 lithium loss per formula unit of Li2RuO3 (Figure 

S13).  
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Figure 5: (A) Cyclic voltammograms at 10 mV/s of as-prepared Li2RuO3 (in grey), 
“Li1.4RuO3” (in red) and “Li0.75H1.25RuO3”(in blue) synthesized by holding at 1.25 VRHE 
in Ar-saturated 0.1 M KOH for 48 hours and soaking in water for ~30 days respectively. 
Oxide particles were deposited on a glassy carbon disk and the nominal oxide loading 
was 0.255 mgoxide/cmdisk

2. Helium ion microscopy images of the particles for the (B) as 
prepared and (C) “O1-“Li0.75H1.25RuO3”” in water shows that exposure to water results in 
breakdown of particles causing a three-fold increase in surface area. (D) Cyclic 
voltammograms for the “O1-“Li0.75H1.25RuO3”” sample in Ar-saturated 0.1 M LiOH, 
NaOH, KOH, RbOH and CsOH at 10 mV/s. The presence of Li ions in solution results in 
a decrease in the redox peak currents with cycling (increasing scans are indicated by 
darker shades of blue). However, there is no change in the bulk structure of the sample 
soaked in a Li containing solution for a period of ~1 month. This suggests that the 
influence of Li results in a chemical/structural modification of the surface/interface of the 
electrode, causing loss of the redox currents (E) Variation of the log of the peak current 
as a function of the log of the scan rate for the anodic redox peak at ~0.7 VRHE for 
“Li1.4RuO3” (in red) and “Li0.75H1.25RuO3” (in blue). A value of 0.5 for the slope suggests 
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a semi-infinite diffusion case and a value of 1.0 suggests that the reaction is surface 
controlled.  
 

The new structure formed upon exposure of Li2RuO3 in water was found to be a layered 

structure with the closed packed oxygen planes sheared to form an O1 structure. The 

XRD pattern (Figure 6A) and brightest reflections in the electron diffraction patterns 

(Figure S14) can be indexed with a primitive hexagonal unit cell with a ~5.0 Å and c 

~4.6 Å, corresponding to the O1-type hexagonal close packed structure with the P-31m 

space group. Besides the main reflections, the weaker satellites that are visible in both 

powder XRD (Figure S15) and electron diffraction patterns (Figure S14) correspond to 

the modulation vector q = 1/3(a* + b*) + 0.2434(4)c*, as refined using the LeBail fit of 

powder XRD pattern (Figure S15A). However, due to weakness and small number of 

observable satellites, the Rietveld refinement of this new structure was performed from 

the main reflections only (Figure S15B), where the results are summarized in Tables S1-

S3. The O1 stacking sequence of the RuO6 octahedral layers was confirmed by high 

angle annular dark field scanning transmission electron microscopy (HAADF-STEM) 

images along the [001] in Figure 6B and [-110] in Figure 6C. While the O1 structure 

viewed along [001] provides separate projections of the Ru, Li and O columns, only 

hexagons of the Ru columns are visible in the [001] HAADF-STEM image (Figure 6B). 

Partially occupied Li positions form columns at the centers of the Ru hexagons, but Li 

and O atoms are not visible in the HAADF-STEM image due to their low atomic number. 

[-110] HAADF-STEM image (Figure 6C) demonstrates “hexagonal” stacking of the 

close-packed layers typical for the O1 structure. In this stacking sequence Ru atoms in 

octahedral oxygen interstices are located exactly on top of each other along the c-axis, 
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contrary to the O3 structure of Li2RuO3 (Figure 6D), where the layers are systematically 

shifted by 1/3{110}. Similar shearing of close-packed oxygen planes to adopt the CrOOH 

structure[49] was observed by treating Li2MnO3
[27] and Li3IrO4

[21] in acid. The new 

structure might have a composition of Li0.75H1.25RuO3. Water might have exchanged with 

Li2O upon soaking Li2RuO3 in water for ~1 month, Li2RuO3 + 0.625 H2O à 

Li0.75H1.25RuO3 + 0.625 Li2O, where the Li2O can further react with water to form LiOH. 

Further support for the exchange of Li2O in the structure for H2O comes from Diffuse 

Reflectance Infrared Fourier Transform Spectroscopy measurements as shown in Figure 

S16, where vibrations between 3000 cm-1 and 3400 cm-1 were found for the delithiated 

sample O1-“Li0.75H1.25RuO3” suggesting the presence of –OH groups within the 

structure[50]. Additionally, the absence of any noticeable differences between the open 

circuit potential for the as prepared and de lithiated sample also suggests no significant 

change in the Ru oxidations state (Figure S17B). We note that while most studies have 

reported ion-exchange between Li+ and H+ in acidic solutions[13],[21]-[24] with a high proton 

concentration, our work demonstrates that Li2O units within the Li2RuO3 structure can be 

replaced by H2O upon interaction with water in neutral solutions. Reactivity of 

delithiated and Li-rich layered oxides with water is also demonstrated in recent work by 

Grimaud et al. which shows that the chemical reaction of water with delithiated β-Li2IrO3 

(β-IrO3) results in the formation of a protonated iridate structure, β-H2IrO3 with the 

evolution of oxygen[51] as well as the work from Yang et al. which shows that reaction of 

Li2MnO3 in acidic, neutral and basic solutions leads to delithiation and proton 

incorporation into the structure[52]. However, it is virtually impossible to localize the 

hydrogen atoms in the O1-“ Li0.75H1.25RuO3” using conventional laboratory XRD data.  
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Figure 6: (A) XRD pattern of a pure delithiated phase synthesized by two different 
methods – the O3-“Li1.4RuO3” phase in red synthesized by electrochemical delithiation at 
1.25 VRHE in 0.1 M KOH and the O1-“Li0.75H1.25RuO3” phase in blue synthesized by 
soaking pristine Li2RuO3 in water for 1 month. (B) [001] HAADF-STEM image of 
perfect “honeycomb” ordering. (C) [-110] HAADF-STEM image showing a sequence of 
the hexagonal close-packed layers typical of the O1 structure. (D) Schematic indicating 
that slow delithiation kinetics upon exposure of as-prepared Li2RuO3 to water results in 
the transformation of the O3 structure to an O1 hexagonal close packed structure. Blue, 
red and yellow spheres represent Ru, O and Li respectively. Exchangeable cations are 
shown in grey on the right, where these sites can be filled with Li or H.  
 

Remarkably this O1-“Li0.75H1.25RuO3” phase was found to have 10 times greater redox 

current densities (normalized by oxide weight) than pristine Li2RuO3 and O3-

“Li0.75H1.25RuO3” obtained electrochemically, Figure 5A. This observation supports our 

hypothesis that growing redox currents found in Figure 1 can be attributed to the 

formation of this new phase found in Figure 2B. The oxide surface area for O1-

“Li0.75H1.25RuO3” measured using N2 adsorption BET measurements was 2.42 m2/g, three 

times greater than that of as-prepared Li2RuO3 (0.77 m2/g), which is in good agreement 

with noticeable differences in particle morphology between as-prepared (Figure 5B) and 

O1-“Li0.75H1.25RuO3” (Figure 5C), where larger particles of Li2RuO3 are broken down 
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into smaller particles upon interaction with water. The increased specific surface area 

translates to three times greater specific redox current densities for O1-“Li0.75H1.25RuO3” 

(Figure S17) than Li2RuO3, which can be attributed to increasing accessibility of Ru sites 

in O1-“Li0.75H1.25RuO3”. These redox currents did not come from lithium intercalation 

and de-intercalation from the layered structure of O1-“Li0.75H1.25RuO3”. This argument is 

supported by the observation that the redox current at 0.7 VRHE of O1-“Li0.75H1.25RuO3” 

was found to reduce markedly with subsequent scans from 1 to 7 when 0.1 M KOH was 

replaced with 0.1 M LiOH and the redox process of 1.1 VRHE disappeared completely 

(Figure 5D). On the other hand replacing 0.1 M KOH by 0.1 M solution of NaOH, 

RbOH and CsOH made negligible changes. Therefore,	 it	 is	 proposed	 that	 the	

increased	 redox	 currents	 can	 be	 attributed	 to	 the	 electrochemical	 redox	 reaction:	

O1-"Li0.75H1.25RuO3"	 +	 xOH-	→	O1-	 "Li0.75H1.25-xRuO3"	 +	 xH2O	+	 xe-	 similar	 to	 those	

found	for	nickel	hydroxides[53]. Based on the integrated charge of both the redox peaks 

at a scan rate of 1 mV/s, x = 0.7 per formula unit of O1-“Li0.75H1.25RuO3” between 0 and 

1.2 VRHE, with x ~ 0.4 for the first redox transition. Removing half the protons per 

formula unit (~0.6 H+) from O1-“Li0.75H1.25RuO3” would translate to 110 mAh/goxide, 

which is in agreement with a capacity of ~120 mAh/goxide obtained from charging by 

galvanostatic testing at 18 mA/goxide (Figure S20).  

The two different redox processes at 0.7 VRHE and 1.1 VRHE for O1-“Li0.75H1.25RuO3”  

exhibit different kinetics – the lower potential redox peak corresponds to a diffusion-

limited process involving charge transfer within the bulk and the high potential redox 

peak corresponds to surface redox pseudocapacitance. The currents as a function of scan 

rate in the cyclic voltammogram of O1-“Li0.75H1.25RuO3” were examined. These 
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measurements showed that redox processes centered at ~0.7 VRHE and ~1.1 VRHE Figure 

5E, S18) were bulk- and surface-controlled, respectively. For surface-controlled 

electrochemical processes the current varies linearly with scan rate ν, whereas for 

diffusion-controlled processes of ion intercalation, the peak current scales with ν0.5  [54]-

[56].  The log-log plot of peak current at 0.7 VRHE versus scan rate revealed a slope of 

0.58, suggesting that bulk redox might govern the redox process, while that at 1.1 VRHE 

exhibited a slope of 0.86 (Figure S19), indicative of largely surface redox 

pseudocapacitance. In contrast, such measurements of O3-“Li1.4RuO3” revealed a slope 

of 0.75 for peak current at 0.7 VRHE (Figure 5E), indicative of mixed bulk and surface 

control[57],[58].  

We further characterized the high-rate capacity exhibited by O1-“Li0.75H1.25RuO3”. This 

material exhibited high capacity of ~120 mAh/goxide at 2 mV/s, which reduced to ~40 

mAh/ goxide (Figure 7A) at larger scan rates of 200 mV/s. The high capacity at low scan 

rates can be attributed to the reversible, bulk Ru redox within the delithiated structure. At 

high rates, the charge-discharge profiles exhibit a small intercalation plateau, with a 

dominant pseudocapacitance behavior. O1-“Li0.75H1.25RuO3” showed moderate rate 

capability, where gravimetric capacities from ~75 to ~50 mAh/goxide (~270 – 180 C/goxide) 

were found at current densities from 10 A/goxide (2.55 mA/cm2
geometric) to 30 A/goxide 

(7.650 mA/cm2
geometric) in Figure 7B, respectively. Finally, this material could be cycled 

with stable voltage profiles (Figure 7C) and capacity over 5000 cycles, where capacity 

loss of 20% was observed (Figure S21). The loss in capacity can be attributed to a 

number of factors ranging from bulk structural modifications including changes in the 

degree of hydration[59], surface structural modifications that can influence the interfacial 
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water structure[22], cointercalation of electrolyte cations[60] or (electro)chemical 

degradation of  O1-“Li0.75H1.25RuO3”. Further studies are required to understand and 

improve the cycling performance.  In comparison to other crystalline metal oxides shown 

in Figure 7D, O1-“Li0.75H1.25RuO3” exhibits 2-3 orders of magnitude higher charge per 

mass of oxide. Particularly in comparison to as-prepared Li2RuO3, it has an order 

magnitude increase in charge, due to the greater bulk Ru redox owing to structural 

transformation upon delithiation. Similarly high charge has been observed for chemically 

delithiated Li3IrO4 samples in acidic solutions (0.1 M H2SO4) that form a protonic 

phase[21]. Noticeably the charge storage is comparable to amorphous, hydrous RuO2 

nanoparticles which have BET surface area ~30-80 m2/g[61], significantly higher than that 

of O1-“Li0.75H1.25RuO3” (2.42 m2/g). This suggests that developing nanostructures of this 

material, using similar strategies adopted for metal oxides such as RuO2 and MnO2 could 

increase the surface area per mass and consequently the charge per unit mass by the 

surface redox capacitance[57],[62],[63].   

At slower charging rates of 18 mA/goxide higher capacity is observed, ~120 mAh/goxide 

due to the larger contribution of the intercalation Ru redox reaction, which is diffusion 

limited at fast charging rates. The large capacity in basic solutions, resulting from bulk 

metal redox provides promising alternatives to aqueous lithium intercalation batteries 

which are complicated by side reactions such as dissolution of electrode materials in 

water and/or presence of oxygen and proton cointercalation[29]. However, both the parent 

Li2RuO3 and water exchanged Li0.75H1.25RuO3 would be unsuitable candidates for 

aqueous batteries based on Li+ intercalation/deintercalation due to possible parasitic 

reactions with water in solution, resulting in exchange of some Li2O units with H2O from 
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the solution. This is in agreement with results on LiCoO2 and LiCo1/3Ni1/3Mn1/3O2 

electrodes in aqueous solutions which show significant degradation at pH< 9 and 11 

respectively[29]. The ability of Li-rich layered oxides to interact with water and exchange 

a significant fraction of Li2O with H2O under mild neutral conditions as opposed to 

previous studies which demonstrate ion exchange in acidic solutions, provides new 

opportunities to synthesize layered oxides that exhibit fast charging/discharging and high 

energy density. 

 

Figure 7: (A) Capacity normalized to oxide loading as a function of scan rate.	   (B) 
Galvanostatic charge-discharge profiles for current densities of 10 A/g (2.550 
mA/cm2

geometric), 15 A/g (3.825 mA/cm2
geometric), 20 A/g (5.10 mA/cm2

geometric), 25 A/g 
(6.375 mA/cm2

geometric), 30 A/g (7.650 mA/cm2
geometric) 35 A/g (8.925 mA/cm2

geometric) and 
40 A/g (10.2 mA/cm2

geometric), (C) Charge-discharge curves for cycle 1, 500, 1000 and 
2000 for a constant current of 20 A/g. All measurements were performed in Ar-saturated 
0.1 M KOH electrolyte in a three-electrode cell. Oxide particles were deposited on a 
glassy carbon disk and the nominal oxide loading was 0.255 mgoxide/cmdisk

2. (D) 
Comparison of the charge stored for different crystalline oxides, RuO2 (Sigma-Aldrich, 
99.9% trace metal base), LaMnO3, Li2MnO3, Li2Ru0.5Mn0.5O3, Li2Ru0.5Sn0.5O3, Li2IrO3, 
Li2Ru0.5Ir0.5O3, and as prepared Li2RuO3. The data was extracted from cyclic 
voltammograms measured at 10 mV/s in Ar-saturated 0.1 M KOH between 0.65 VRHE 
and 1.1 VRHE as shown in Figure S2 and between 0.04 VRHE and 1.3 VRHE for Li2RuO3.  
Blue bars show the data for the new phase of chemically delithiated Li2RuO3 
(Li0.75H1.25RuO3) measured at 10 mV/s and 1 mV/s in Ar-saturated 0.1 M KOH between 
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0.04 VRHE and 1.3 VRHE. Data for H3+xIrO3 in 0.1 M H2SO4 has been extracted from 
reference[21], where this material was prepared by chemically treating Li3IrO4 in 0.1 M 
H2SO4. Data for crystalline RuO2 obtained from Alfa Aesar and hydrated RuO2.0.03H2O 
and RuO2.0.5H2O at 2 mV/s scan rate between 0.44RHE and 0.99 VRHE in 0.5 M H2SO4 
are also shown for comparison[61],[64].  

 

3. Conclusions 

Ru-based oxides exhibit fascinating electrochemical activities that are of relevance to Li-

ion battery cathode materials, oxygen evolution reaction catalysts and electrochemical 

supercapacitors. The interaction of water is important to understand and improve the 

activity and stability of Ru-based oxides for these applications. In this work, we have 

demonstrated that Li2RuO3, a Li-rich layered oxide, can react with water to exchange 

Li2O within the structure with H2O, under neutral conditions to form a new phase that is 

structurally distinct from the parent material. The oxygen close packed planes are sheared 

to form a modulated O1 structure with a maximum delithiation of 1.25 Li ions per 

formula unit. The formation of this new phase depends significantly on the delithiation 

kinetics, where faster kinetics by delithiating at high potentials in aqueous 

electrochemical conditions or under acidic conditions does not result in a drastic 

structural transition. The partially water-exchanged phase allows for reversible bulk Ru-

redox reactions and thus provides large capacity by bulk Ru redox as well as 

pseudocapacitive redox by surface Ru atoms in basic solutions. This new phase exhibits a 

high ionic and electronic conductivity in the bulk, which is a highly desired property to 

achieve high mass activities for aqueous electrochemical devices.  

 

4. Experimental Section 
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Sample Preparation: Li2RuO3 particles were synthesized by mixing RuO2 and Li2CO3 

in a molar ratio of 1:2.1 to compensate for Li evaporation at high temperature. The 

powders were dried at 300oC for 4 hours at a heating rate of 5oC/minute. The dried 

powders were ground together in a mortar until a homogeneous mixture was obtained and 

then the powders were pressed into a pellet. The pellet was annealed at 900oC for 24 

hours with a heating rate of 2oC. Following the first annealing, the pellet was ground in a 

mortar again. The reground powder was formed into a pellet, which was annealed at 

1000oC for 48 hours with a heating rate of 2oC/minute.  

Materials Characterization: X-ray powder diffraction analysis was carried out on a 

PANAlytical X’Pert Pro powder diffractometer with Bragg-Brentano geometry with the 

Cu-Kα radiation (λ1=1.54056 Å, λ2=1.54433 Å). Acquisition was performed using an 

X’Celerator detector in the 2θ range from 15o - 90o. Refinements of the XRD patterns 

with the LeBail and Rietveld methods were obtained using the FullProf[65] and 

JANA2006[66] programs. 

The surface area of the oxide particles was determined by BET analysis on a 

Quantachrome ChemBET Pulsar from a single-point BET analysis performed after 12 

hours outgassing at 100oC. TEM samples were prepared by crushing the powder in a 

mortar in anhydrous ethanol and depositing drops of suspension onto holey carbon grids. 

Electron diffraction (ED) patterns and high angle annular dark field scanning 

transmission electron microscopy (HAADF-STEM) images were obtained with an 

aberration-corrected FEI Titan G3 transmission electron microscope operated at 300 kV. 

Electrochemical Measurements: The rotating disk electrode (RDE) configuration was 

employed for electrochemical measurements. A rotation speed of 1600 rpm was chosen. 
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A Pt wire was chosen as the counter electrode and a Hg/HgO reference electrode was 

used as the reference electrode. All potentials were calibrated to the reversible hydrogen 

electrode (RHE) scale. The working electrode was prepared by drop-casting oxide ink on 

a glassy carbon electrode, as described previously[67], with an oxide loading of 0.25 

mgoxide/cm2
disk and a mass ratio of 5:1:1 of oxide catalyst to acetylene black carbon to 

Nafion®. Where applicable, pellet electrodes were used. 50 mg pellets of pure active 

material were prepared and attached to a Ti foil using conductive carbon paste. The 

remaining Ti foil was covered with OmegaBond epoxy to make it electrochemically 

inactive. The electrolyte was prepared by dissolving appropriate amount of salt in 

deionized water (18 MΩ). The potential was controlled using a Biologic VSP-300 

potentiostat. Cyclic voltammograms and potentiostatic measurements were performed in 

Ar (99.999% Airgas) saturated and bubbled electrolyte. Ohmic losses were corrected for 

by subtracting the ohmic voltage drop from the measured potential, using an electrolyte 

resistance determined by high-frequency alternating current impedance.  

In situ X-ray absorption measurements: In situ XAS measurements were performed 

using a home-made 3 electrode setup in situ cell. The working electrode was a glassy 

carbon electrode where a mixture of catalyst powder and carbon with a volume ratio of 

1:19 was deposited, to form a thin layer, ~10 µm in thickness. An Ag/AgCl (Pine 

Instrument Co.) reference electrode was used. Ru L-edge measurements were carried out 

at the Stanford Synchrotron Radiation LightSource (SSRL) on beamline 14-3 with the 

energy range of 2-5 keV. Acquisition was performed at the Ru L3-edge (2.8379 keV) in 

fluorescence mode with an acquisition angle of approximately 45o. Time of acquisition of 

one spectrum is ~50 minutes. Ru K-edge measurements were performed at beamline 20-
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BM-B at the Argonne Advanced Photon Source (APS) in fluorescence yield mode using 

a 4-element Vortex SDD detector in a helium atmosphere. A homemade electrochemical 

cell[44] having a 100 µm thick glassy carbon working electrode, graphite counter electrode 

and a Harvard Instr. Ag/AgCl reference electrode was used.	All spectra were normalized 

by subtracting a constant before the shown edge and by division of a constant after the 

edge.  

Density Functional Theory Calculations: We used the Perdew-Burke-Enzerhof 

(PBE)[68] formulation of the density functional and projected augmented wave (PAW) 

potentials implemented in Vienna Ab-initio Simulation Package (VASP)[69]-[70] with 

Dudarev’s rotationally invariant Hubbard-type U[71] applied on the transition metal where 

we applied a Ueff = 4 eV on Ru 4d orbital as reported from previous work[72]. A k-point 

per reciprocal atom of 8000 was used. 

 

Supporting Information  

Supporting Information is available from the Wiley Online Library 
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Main Text Figures 

Figure 1: Cyclic voltammogram (CV) of as-prepared Li2RuO3 drop-cast on glassy 
carbon disk electrode in Ar-saturated 0.1 M KOH at 10 mV/s using a three-electrode cell. 
CV measurements were performed every 2 hours between 0.05 and 1.25 VRHE for 6 
cycles and the electrode was left at open circuit (~0.9 VRHE) between adjacent 
measurements. The light blue curve corresponds to the first scan and the dark blue curve 
corresponds to the sixth scan. The nominal oxide loading is 0.255 mgoxide/cmdisk

2 and the 
carbon loading is 0.05 mgcarbon/cmdisk

2.  
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Figure 2: (A) The concentration of Li ions in the solution after exposure of Li2RuO3 
pellet (50 mg) to water, 0.1 M KOH and after holding at three potentials (0.40, 0.65 and 
0.90) in 0.1 M KOH for 24 h, measured by inductively coupled plasma mass 
spectrometry, and corresponding lithium stoichiometry present in LixRuO3. (B) Parts of 
the X-ray powder diffraction data of pellets after exposure described in (A) (CuKα 
radiation, full patterns are shown in Figure S5) 
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Figure 3: (A) Potentiostatic measurements of pristine 50 mg Li2RuO3 pellets at noted 
potentials in 0.1 M KOH. Potentiostatic measurements were made for 24 hours at 0.4 
VRHE, 0.65 VRHE, 0.90 VRHE and 1.10 VRHE and for 48 hours at 1.25 VRHE to ensure that 
the oxidative current is stabilized at ~0 µA (B) X-ray powder diffraction data of pellets 
after exposure described in (A) (CuKα radiation, full patterns are shown in Figure S5).  
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Figure 4: In situ X-ray absorption spectroscopy data in 0.1 M KOH of (A) Ru K-edge 
(22.117 keV) in fluorescence mode with an acquisition angle of approximately 45o. Time 
of acquisition of one spectrum is ~30 min (B) Ru L3-edge (2.8379 keV) in fluorescence 
mode with an acquisition angle of approximately 45o. Time of acquisition of one 
spectrum is ~ 50 min. Measurements were first collected at open circuit potential and 
then the potential was increased from 0.4 VRHE to 1.25 VRHE and decreased back to 0.4 
VRHE. The working electrode is a glassy carbon where a mix of Li2RuO3 and carbon with 
volume ratio of 1:19 was deposited, to form a thin layer of ~10 µm thick. The reference 
electrode is Ag/AgCl. (C) The shift in the edge position (for the K-edge) and the peak 
position (for the L-edge) suggests oxidation of bulk Ru with increasing potential. The Ru 
oxidation state corresponding to the Ru K-edge shift has been extracted from previous 
work.[47] 
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Figure 5: (A) Cyclic voltammograms at 10 mV/s of as-prepared Li2RuO3 (in grey), 
“Li1.4RuO3” (in red) and “Li0.75H1.25RuO3”(in blue) synthesized by holding at 1.25 VRHE 
in Ar-saturated 0.1 M KOH for 48 hours and soaking in water for ~30 days respectively. 
Oxide particles were deposited on a glassy carbon disk and the nominal oxide loading 
was 0.255 mgoxide/cmdisk

2. Helium ion microscopy images of the particles for the (B) as 
prepared and (C) “O1-“Li0.75H1.25RuO3”” in water shows that exposure to water results in 
breakdown of particles causing a three-fold increase in surface area. (D) Cyclic 
voltammograms for the “O1-“Li0.75H1.25RuO3”” sample in Ar-saturated 0.1 M LiOH, 
NaOH, KOH, RbOH and CsOH at 10 mV/s. The presence of Li ions in solution results in 
a decrease in the redox peak currents with cycling (increasing scans are indicated by 
darker shades of blue). However, there is no change in the bulk structure of the sample 
soaked in a Li containing solution for a period of ~1 month. This suggests that the 
influence of Li results in a chemical/structural modification of the surface/interface of the 
electrode, causing loss of the redox currents (E) Variation of the log of the peak current 
as a function of the log of the scan rate for the anodic redox peak at ~0.7 VRHE for 
“Li1.4RuO3” (in red) and “Li0.75H1.25RuO3” (in blue). A value of 0.5 for the slope suggests 
a semi-infinite diffusion case and a value of 1.0 suggests that the reaction is surface 
controlled.  
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Figure 6: (A) XRD pattern of a pure delithiated phase synthesized by two different 
methods – the O3-“Li1.4RuO3” phase in red synthesized by electrochemical delithiation at 
1.25 VRHE in 0.1 M KOH and the O1-“Li0.75RuO3” phase in blue synthesized by soaking 
pristine Li2RuO3 in water for 1 month. (B) [001] HAADF-STEM image of perfect 
“honeycomb” ordering. (C) [-110] HAADF-STEM image showing a sequence of the 
hexagonal close-packed layers typical of the O1 structure. (D) Schematic indicating that 
slow delithiation kinetics upon exposure of as-prepared Li2RuO3 to water results in the 
transformation of the O3 structure to an O1 hexagonal close packed structure. Blue, red 
and yellow spheres represent Ru, O and Li respectively. Exchangeable cations are shown 
in grey on the right, where these sites can be filled with Li or H.  
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Figure 7: (A) Capacity normalized to oxide loading as a function of scan rate.	   (B) 
Galvanostatic charge-discharge profiles for current densities of 10 A/g (2.550 
mA/cm2

geometric), 15 A/g (3.825 mA/cm2
geometric), 20 A/g (5.10 mA/cm2

geometric), 25 A/g 
(6.375 mA/cm2

geometric), 30 A/g (7.650 mA/cm2
geometric) 35 A/g (8.925 mA/cm2

geometric) and 
40 A/g (10.2 mA/cm2

geometric), (C) Charge-discharge curves for cycle 1, 500, 1000 and 
2000 for a constant current of 20 A/g. All measurements were performed in Ar-saturated 
0.1 M KOH electrolyte in a three-electrode cell. Oxide particles were deposited on a 
glassy carbon disk and the nominal oxide loading was 0.255 mgoxide/cmdisk

2. (D) 
Comparison of the charge stored for different crystalline oxides, RuO2 (Sigma-Aldrich, 
99.9% trace metal base), LaMnO3, Li2MnO3, Li2Ru0.5Mn0.5O3, Li2Ru0.5Sn0.5O3, Li2IrO3, 
Li2Ru0.5Ir0.5O3, and as prepared Li2RuO3. The data was extracted from cyclic 
voltammograms measured at 10 mV/s in Ar-saturated 0.1 M KOH between 0.65 VRHE 
and 1.1 VRHE as shown in Figure S2 and between 0.04 VRHE and 1.3 VRHE for Li2RuO3.  
Blue bars show the data for the new phase of chemically delithiated Li2RuO3 
(Li0.75H1.25RuO3) measured at 10 mV/s and 1 mV/s in Ar-saturated 0.1 M KOH between 
0.04 VRHE and 1.3 VRHE. Data for H3+xIrO3 in 0.1 M H2SO4 has been extracted from 
reference[21], where this material was prepared by chemically treating Li3IrO4 in 0.1 M 
H2SO4. Data for crystalline RuO2 obtained from Alfa Aesar and hydrated RuO2.0.03H2O 
and RuO2.0.5H2O at 2 mV/s scan rate between 0.44RHE and 0.99 VRHE in 0.5 M H2SO4 
are also shown for comparison[61],[64].   
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ToC text 
 
Upon interaction with water, micron-sized particles of Li2RuO3 transform from an O3 
structure to an O1 structure by shearing of the oxygen closed pack planes, with the loss of 
1.25 Li ions per formula unit by exchanging Li2O with H2O. This novel, resultant phase 
allows bulk Ru redox resulting in an order of magnitude increase in the gravimetric 
capacity in basic solutions.  
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