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Synthesis of Co(OH)2 and LiCoO2 nanosheets

We synthesized sheet-like nanoparticles of cobalt hydroxide, Co(OH)2, and LiCoO2 
following procedures we described previously.1, 2 Co(OH)2 nanosheets were prepared via a 
precipitation method. First, 20 mL of 1 M Co(NO3)2 was added dropwise to a 0.1 M solution of 
LiOH and the precipitate was collected immediately after addition. The precipitate was isolated 
and washed by 3 repeated cycles of centrifugation for 5 min at 4696  g (Thermo Scientific, Sorvall 
Legend X1) and resuspension in water. After washing, the supernatant was decanted, and the 
solid product was dried in a vacuum oven at 30 °C overnight. The Co(OH)2 precursor was lithiated 
to form LixCoO2 by to a molten salt flux of 6:4 molar ratio of LiNO3:LiOH at 200 °C in a 
poly(tetrafluoroethylene) container with magnetic stirring in a silicone oil bath. After 30 min the 
reaction was quenched with water. The precipitate was isolated by decanting the supernatant, 
washed by 3 repeated cycles of centrifugation, and dried in a vacuum oven at 30 °C overnight.

Synthesis of LiCoPO4 nanoparticles

As a control sample, we synthesized rod-like Cmcm LiCoPO4 nanoparticles using a 
microwave-assisted solvothermal method adapted from a method published previously.3 
Successful synthesis of the Cmcm LiCoPO4 polymorph is extremely sensitive to any contributions 
of moisture, and therefore all reagents were stored and handled in an argon-atmosphere 
glovebox. First, ~15 mL of tetraethylene glycol (TEG) was dried with anhydrous magnesium 
sulfate in an approximate 1:3 volume ratio. This solution was stirred for approximately 2.5 hr, 
allowed to settle overnight, and then decanted and centrifuged at 4696  g for 10 min to fully 
separate out any remaining magnesium sulfate. Lithium hydroxide monohydrate, cobalt (II) 
acetate tetrahydrate, and anhydrous (solid) phosphoric acid were mixed in 1:1:1 stoichiometric 
ratio (2.38 mmol) in 12 mL of dried TEG in a 35 mL borosilicate microwave vessel and stirred 
overnight. Next, the mixture was removed from the glovebox and quickly loaded into a CEM 
Discover® SP microwave synthesizer equipped with Activent® capabilities to avoid over-
pressurization. The microwave settings were set to 300 W, ~50 psi, and 260°C for 30 minutes 
with continuous high-speed stirring. The resulting pink/purple product was transferred from the 
microwave vessel to a 50 mL centrifuge tube and separated from the TEG solvent by 
centrifugation. After decanting, the product was washed in 3 cycles by suspending in ~20 mL 
acetone through mixing and ultra-sonication, and then centrifugation at 4696  g for 10 min. 
Finally, the wash solution was decanted, and the particles dried in a vacuum oven at 30 °C 
overnight.
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Chemical information and minimal medium with dextrose composition

Table S1. Reagent information.
Reagent Supplier Purity (%)
Magnesium chloride anhydrous Alfa Aesar 99.0%
Dextrose (D-glucose) Sigma Aldrich 99.5%
Indium foil Sigma Aldrich 99.995%
Nitric acid Sigma Aldrich 70.0%
Cobalt (II) choride hexahydrate Sigma Aldrich 98.0%
Ammonium chloride Sigma Aldrich 99.5%
NAD+ free acid Sigma Aldrich 99.9%
Ophthalmic acid Sigma Aldrich 97.0%
L-Glutathione, reduced Sigma Aldrich 98.0%
Tetraethylene glycol Sigma Aldrich 99.0%
Magnesium sulfate Sigma Aldrich 99.5%
Lithium hydroxide hydrate Sigma Aldrich 98.0%
Cobalt (II) acetate tetrahydrate Sigma Aldrich 98.0%
Anhydrous phosphoric acid Sigma Aldrich 99.999%

Table S2. Composition of model bacterial growth medium “minimal medium” with dextrose used 
for nanoparticle dissolution experiments.

Component Concentration (mM)
NaCl 11.6

HEPES 10.0
Dextrose
(D-glucose) 10.0

KCl 4.0

Na2SO4 2.8

NH4Cl 2.8

MgCl2 1.4

Na2HPO4 0.088
CaCl2∙H2O 0.051
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Fluorescence and ICP-MS calibration

Figure S1. Fluorescence calibration curve of standard NADH solutions. Y = (0.00395 ± 
0.00015)X, R2 = 0.9850, n = 12.

Figure S2. Representative ICP-MS standard calibration curves for quantifying A) Co, Y = (13.98 
± 0.04)X + (0.40 ± 0.08), R2 = 0.99992, and B) Li, Y = (57.1 ± 0.2)X + (1.2 ± 0.3), R2 = 0.99994. 
Standards were prepared by serial dilution from certified reference standards (1 g∙L-1, Sigma 
Aldrich).
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TEM images of LiCoO2 nanoparticles

Figure S3. Transmission electron microscope (TEM) images of LiCoO2 nanoparticles A) before 
and B) after exposure to minimal medium. Samples were washed twice for 20 min in nanopure 
water and drop-casted on a copper grid (Ted Pella, carbon type-B 300 mesh). Images taken on 
a JEO 2100 CRYO TEM with accelerating voltage at 200 kV and single-tilt holder.
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Quantified [Li] release determined by ICP-MS

Figure S4. Dissolved Li concentrations in minimal medium solutions for A) LiCoO2, B) LiCoPO4, 
and C) Co(OH)2 after 24-hr exposure to each molecule under study. A small amount of Li is 
present in Co(OH)2 solutions as impurities within the synthesis (LiOH used to basify the solution) 
or within the commercial salts used to prepare minimal medium.
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Changes in solution pH before/after nanoparticle exposure

Table S3. Measured pH of solutions containing the indicated molecule before and after 24 hr 
exposure to the indicated nanoparticles in minimal medium. Uncertainty for the pH probe used is 
estimated at pH ± 0.02.

Nanoparticle Molecule Initial pH Final pH ΔpH
LiCoO2 None 5.33 7.15 1.82
LiCoO2 NADH 5.18 7.32 2.14
LiCoO2 NAD+ 4.61 7.16 2.55
LiCoO2 GSH 4.52 7.16 2.64
LiCoO2 OA 4.57 7.14 2.57
Co(OH)2 None 5.33 7.50 2.17
Co(OH)2 NADH 5.18 7.46 2.28
Co(OH)2 NAD+ 4.61 7.44 2.83
Co(OH)2 GSH 4.52 7.32 2.80
Co(OH)2 OA 4.57 7.47 2.90
LiCoPO4 None 5.80 6.85 1.05
LiCoPO4 NADH 5.51 7.49 1.98
LiCoPO4 NAD+ 4.63 6.74 2.11
LiCoPO4 GSH 4.46 6.74 2.28
LiCoPO4 OA 4.57 6.78 2.21
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Additional control experiments regarding NADH fluorescence

First, we tested if dissolved Co2+ and Li+ ions alone (no particles) reproduced the decrease 
in [NADH] observed during LiCoO2 dissolution, as this would suggest an aqueous phase reaction 
between the ions and NADH after nanoparticle dissolution. A 0.5 mM NADH solution was 
prepared with [Co] and [Li] typical after 24-h dissolution experiments (0.45 mM and 9.6 mM, 
respectively) from chloride salts. The fluorescence spectrum of this ion control solution after 24 h 
is nearly identical to that of the initial NADH solution (Figure S5A). Additionally, Co(OH)2 releases 
similar amounts of Co to LiCoO2 yet does not show the same dramatic decrease in [NADH] as 
with LiCoO2. These data show that Li+ and Co2+ ions themselves have no effect on NADH 
concentration in our experiments.

Next, we were concerned that NADH might be lost during centrifugation steps or by 
molecules adsorbing onto the filter used during nanoparticle removal.  To rule out this 
experimental error, a standard NADH solution (no particles) was treated in the same manner as 
unknown samples, including passing through the finely porous filter. The fluorescence spectra 
before/after passing through the filter are nearly identical (Figure S5B), showing that loss of NADH 
during the nanoparticle removal steps is minimal.

Removal of nanoparticles at the experiment stop time is necessary not only to halt 
dissolution, but also because nanoparticles would interfere with fluorescence analysis by 
absorbing and scattering light. To check that residual nanoparticles did not influence the 
experiment, nanoparticle dissolution samples without 0.5 mM NADH were analyzed by 
fluorescence. Samples without NADH yielded negligible fluorescence (Figure 4), as expected due 
to the lack of the fluorescent NADH. This eliminates the possibility of nanoparticles remaining in 
solution and interfering with NADH fluorescence spectra. NAD+ also contributes negligible 
fluorescence, as shown in Figure S7.

Figure S5. Fluorescence spectra of 0.5 mM NADH in minimal medium: A) after a 24-h period with 
(blue) and without (red) Co and Li ions, and B) before (red) and after (blue) filtration. There are 
no observed decreases in NADH fluorescence from filtration or exposure to Co2+ and Li+ ions.
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Additional control experiments regarding NADH and NAD+ UV-visible absorbance

Standard solutions of NADH and NAD+ in minimal medium and pure water were analyzed 
by UV-visible spectroscopy. Using minimal medium vs. pure water as the solvent yields no 
difference in results if the same solvent is used as the blank. Serial dilutions were performed to 
prepare 9 samples ranging logarithmically in concentration from 1 – 500 μM (Figure S6A-B). 
Peaks are present at 203 nm, 259 nm, and 339 nm (NADH only). Absorbance values and linear 
least squares analysis were used to calculate molar absorptivities for both species at each 
wavelength (Table S4). Figure S7C illustrates each peak and compares absorbance for solutions 
of NADH and NAD+ at nominally the same concentrations. When the concentration of either 
species increases beyond ~200 μM, The 203 nm peak shifts to slightly higher wavelengths and 
the 259 nm peak splits in two (Figure S6D-E). In either concentration range, NADH and NAD+ 
both absorb similarly below 280 nm and NADH absorbs much more strongly above 300 nm.

Table S4. Molar absorptivities of NADH and NAD+ (1 – 100 μM) in pure water.
Species ε203 nm (cm-1∙M-1) ε259 nm (cm-1∙M-1) ε339 nm (cm-1∙M-1)

NADH (30.9 ± 0.9)103 (13.1 ± 0.1)103 (5.12 ± 0.03) 103

NAD+ (27.8 ± 0.4)103 (15.3 ± 0.3)103 (0.018 ± 0.004)103

Figure S6. UV-visible absorbance spectra of standard solutions in nanopure water: A-B) NADH 
and NAD+ (respectively) in the linear range of 1 μM to 100 μM, C) 10 μM NADH and NAD+ 
spectra comparing absorbances at 259 nm and 339 nm, D-E) NADH and NAD+ (respectively) in 
a higher concentration range showing shifts in lower wavelength peaks.
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Comparison of NADH and NAD+ fluorescence spectra

Figure S7. Fluorescence spectra of solutions containing NADH (red), NAD+ (blue), and NAD+ 
after 24-hr exposure to LiCoO2 nanoparticles (green). Both NAD+ solutions (blue and green) 
overlap near baseline, insignificant compared to NADH fluorescence.
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Representative x-ray photoelectron spectra for NADH binding to nanoparticles

Figure S8. Representative XPS spectra for LiCoO2 (LCO), LiCoPO4 (LCP), and Co(OH)2 
nanoparticles pressed into indium foil after soaking for 24 hr in aqueous solutions with or without 
0.5 mM NADH, arranged by the atomic transition measured. High-resolution spectra were 
obtained summing 10 (Co(2p)), 20 (O(1s) and C(1s)), or 50 (N(1s) and P(2p)) scans with step 
size of 0.2 eV and pass energy of 50 eV.
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Description of XPS calculations

To quantify bound NADH on each type of nanoparticle, we first determine the N atom 
surface coverage using the following equation:

Eq. S1
𝑁 𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒 =

𝐴𝑁(1𝑠)

𝐴𝐶𝑜(2𝑝)
×

𝑆𝐹𝐶𝑜(2𝑝)

𝑆𝐹𝑁(1𝑠)
×

𝑠𝑐𝑎𝑛𝑠𝐶𝑜(2𝑝)

𝑠𝑐𝑎𝑛𝑠𝑁(1𝑠)
 𝜌𝐶𝑜𝜆𝐶𝑜(2𝑝)cos 𝜃

Where AN(1s) and ACo(2p) are the areas for the respective peaks, SFCo(2p) and SFN(1s) are the 
sensitivity factors for the respective peaks (SFCo(2p)  = 4.429 and SFN(1s)  = 0.407), “scans” 
represents  the number of scans summed for each peak, ρCo is the density of Co in the bulk, λCo(2p) 
is the inelastic mean free path (IMFP) of Co(2p) electrons at the surface ( estimated at 1.92 nm),2 
and θ is the angle of the analyzer relative to the surface normal (45°). This equation assumes the 
layer of NADH is thin relative to the electron IMFP and treats the bulk (Co) as an internal standard. 
The molecular coverage of NADH is obtained by subtracting the N coverage of samples not 
exposed to NADH and using the stoichiometry of 7:1, N atom to NADH molecule.
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Determination of electrochemical potential for LiCoO2 half reaction

The electrochemical potential for the reaction LiCoO2 + 4H+ + e- → Li+ + Co2+ + 2H2O was 
determined using  the free energy of formation of LiCoO2, combined with known electrochemical 
reactions, as outlined below:4
Li(s) + Co(s) + O2(g) → LiCoO2 ΔG0= -615 kJ∙mol-1

Co2+
(aq) +2e- → Co(s)  E0= -0.28 V

Li+(aq) + e-
(SHE) → Li(s)  E0= -3.04 V

O2(g) + 4H+ 
(aq) + 4e- → 2H2O E0= +1.229 V

Using ΔG = -nFE, the electrochemical potentials are converted to free energies, with 
electrochemical potentials of electrons referenced to the standard hydrogen electrode, ΔG0

(SHE)

Li(s) + Co(s) + O2(g) → LiCoO2 ΔG0 = -615 kJ∙mol-1 =  -6.37 eV

Co2+
(aq) +2e-  → Co(s)  ΔG0

(SHE) = +0.56 eV as written

Li+(aq) + e- → Li(s)  ΔG0
(SHE) =  +3.04 eV as written

O2(g) + 4H+
(aq) + 4e-→ 2H2O ΔG0

(SHE) = -4.916 eV as written

The overall reaction: LiCoO2 + 4H+
(aq) + e-  -> Li+(aq) + Co2+

(aq) + 2H2O can then be written as 

LiCoO2→ Li(s) + Co(s) + O2(g)  ΔG0 = + 6.37 eV

Co(s)  →  Co2+
(aq) +2e-   ΔG0

(SHE) = - 0.56 eV as written

Li(s) → Li+(aq) + e- ΔG0
(SHE) =  - 3.04 eV as written

O2(g) + 4H+
(aq) + 4e-→ 2H2O ΔG0

(SHE) = - 4.916 eV as written

The sum of these reactions, and their corresponding energies, then leads to 

LiCoO2 + 4H+
(aq)

  + e- → Li+(aq) + Co2+
(aq) + 2H2O   

ΔG0
(SHE) = +6.37 + (-0.56) +(-3.04) +(-4.916) = -2.14 eV 

Finally, the standard electrochemical potential is determined as E0=ΔG0
(SHE)/nF (here, n=1)

LiCoO2 + 4H+
(aq)

  + e- → Li+(aq) + Co2+
(aq) + 2H2O   E0

(SHE)= + 2.14 V
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Density functional theory (DFT) Computations

The free energy associated with the initial release of Co from LiCoO2(001) surfaces was 
described previously.5 Here we applied the identical methods and level of theory to determine the 
free energy associated with the initial release of Co from LiCoPO4(010) surfaces. This approach 
couples first-principles calculations with thermodynamic experimental data. The overall 
dissolution process is following a two-step transformation. The starting surface is a LiCoPO4(010) 
that has ½ monolayer of Li ions terminating the exposed surface. The half-monolayer Li 
termination corresponds to the surface that would be exposed by cleaving LiCoPO4 along with 
(010) plane through a layer of Li atoms, with half the lithium atoms going to each of the two 
separating surfaces; this distribution of Li  leads to free surfaces with zero net charge. In the first 
step, a Li/H ligand exchange occurs:

a. ½ Li-terminated LiCoPO4 + 2H → ½ H-terminated LiCoPO4 + 2Li Eq. S2

In the next step, a Co atom is removed from the ½ H-terminated surface, yielding a LiCoPO4 with 
a surface Co vacancy, denoted as LiCoPO4-vacancy:

b. ½ H-terminated LiCoPO4 → ½ H-terminated LiCoPO4-vacant + Co Eq. S3

This procedure does not remove a complete unit cell and therefore is distinct from the overall 
thermodynamic energy associated with complete dissolution of the material. We previously used 
similar methodology for LiCoO2.5 For LiCoPO4 at pH = 7, our calculations yield ∆G for initial 
release of Co from the LiCoO2(010) surface to be -0.87 eV. As a point of comparison, using the 
same methodology 5 for LiCoO2 at the same pH and the removing the same fraction of Co atoms, 
the energy associated with initial release of a Co is +1.15 eV.  This indicates that in pure water 
(i.e., in the absence of any reducing agents), the initial release of Co from the LiCoO2(001) surface 
is much less favorable than release from the LiCoPO4(010) surface. 

Computational methodology:

Density functional theory (DFT) calculations were carried out using the Quantum Espresso 
open source suite.6, 7 Exchange-correlation energies were approximated using GGA-PBE 
functional.8 As pure DFT is known to over-delocalize the charge density, a remedial Hubbard U 
correction term of 5.00 eV magnitude was applied to Co2+ sites.9-11 To describe atomic species 
GBRV ultra-soft pseudopotentials were employed.12 In accordance with the criteria set for the 
pseudopotentials used, a plane-wave cutoff of 40 Ry for the wavefunction and 320 Ry for the 
charge density was selected for Kohn-Sham states. To account for the effect of unpaired electrons 
in Co(II), spin-polarization effects were included in the calculations. During the geometry 
optimization calculations, all the atoms in the structures were fully relaxed until the residual of 
forces was smaller than 5 meV∙Å-2 per atom. For bulk calculations, the orthorhombic Cmcm phase 
of LiCoPO4 was relaxed using a 6 × 4 × 6 grid of k-points and the obtained lattice constants were 
a = 5.54 Å (-2.21%), b = 8.29 Å (-1.59%), and c = 6.26 Å (-0.64%), in agreement with their 
experimental analogues of a = 5.42 Å, b = 8.16 Å and c = 6.22 Å.13 The overprediction of the 
lattice constants by up to ~2% is attributable to the inherent shortcomings of the GGA-PBE 
exchange-correlation functionals. 14 The optimized bulk structure was cut along the (010) plane 
afterwards to create a P-1 slab possessing 3 Co layers. The resulting surface was expanded 
along the y axis to create a 1 × 2 supercell, providing four Co sites on each of its topmost layers 
(Figure S9). The generated slab has the dimensions of 6.26 × 11.07 × 12.57 Å3. 25 Å of vacuum 
was inserted along the cleaved plane to evade undesirable interactions between periodic images 
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of surfaces exposed. A 4 × 4 × 1 and a 4 × 2 × 1 mesh was used to sample the reciprocal space 
for 1 × 1 and 1 × 2 slabs, respectively. All slab models have inversion symmetry and are optimized 
in accord with the best available practices for such calculations.15, 16

To quantify the energetics of dissolution, we turn our attention to ∆G of the cation release 
process. We use a combination of first-principles calculations and thermodynamics experimental 
data to obtain the cation release energetics. Our approach has, in the recent past, been 
successfully applied to several cases of release process in a wide variety of Li-ion rechargeable 
battery cathode materials, ranging from LiCoO2 (LCO)5 to LiNi1/3Mn1/3Co1/3O2 (NMC)17 and its 
compositionally tuned variants.18, 19 In this approach, we divide the overall ∆G into two sub-terms. 
∆G1 sub-term which accounts for the energy penalty to be paid to remove the transition metal 
from the lattice structure. This term is obtained by calculating the ∑Eproducts - ∑Ereactants where DFT 
total energies are related to Gibbs free energies by accouting for zero-point energy and vibrational 
contributions, and all terms are purely DFT-calculable. As the (010) surface of LiCoPO4 has an 
exposed layer of under-coordinated Co sites, the removal of this site dictates the magnitude of 
the ∆G1. The thermodynamics pathway for this term starts with the surface terminated with a half-
layer (50% occupancy) of Li atoms; this structure corresponds to the electrically charge-neutral 
surface that would be produced by cleavage through a layer of Li atoms, with half the Li atoms 
going to each opposing surface. In water, this surface undergoes a Li/H ligand exchange that 
leaves a ½ H-terminated surface, as shown in equation S2. In the next step, a cation is removed 
from the ½ H-terminated surface, yielding a LiCoPO4 with a surface Co vacancy, denoted as 
LiCoPO4-vacant, as shown in equation S3.

Since the created slab is a 1 × 2 supercell, it has 4 exposed penta-coordinated Co sites in its 
outermost layers (Figure S9). Therefore, the removal of one exposed Co from each side of the 
slab translates to a vacancy density of 25% per surface. Total ∆G1 is the sum of the energetics of 
products minus those of reactants for the sum of steps a and b above, including the ZPE 
correction. The total energies of Li, Co, and H are computed based on their DFT atomic energetics 
predicted at their standard states, namely, Li(s), Co(s), and H2(g). The indirect outcome of this choice 
for the energetics of the elemental species, is that ∆G1 is a measure of lattice stability upon the 
release of Co. 

∆G2 which accounts for the energy given off upon the hydrolysis of released species is purely 
based on experimental data. This term is computed using the Nernst equation:

Eq. S4
x y

z
SHE e SHE B B H AOH

G G n eU . n k TpH k T lna
     0

2 2 303

In the above equation, ΔG°
SHE is the change in free energy of the aqueous species with respect 

to their standard states, referenced to the Standard Hydrogen Electrode (SHE). These values are 
tabulated in the literature.20 We have also included them in Table S5. ne is the number of electrons 
in the half-reactions for each species starting with their standard state, transforming to their 
oxidized forms under aqueous conditions. e is the charge of electron and USHE is the applied 
potential (set to zero here), nH+ is the number of protons associated with the oxidation chemical 
half-reactions considered for each species. HxAOy

z- denotes the concentration of the constituent 
ions, assumed here to be 1 × 10-6 M, in line with the experimental data formerly reported for similar 
release experiments.21

In discussing the ∆G2 terms, it is noteworthy that the values for  Li+ and Co2+ are the pH-
independent while those of H and O, as H2O, are pH-dependent. Table S5 contains the total 
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values of ∆G2 various terms for the relevant species utilized in this work to predict the free energies 
of release from the LiCoPO4 surface at neutral pH. Pourbaix diagrams show that Li+(aq) and Co2+

(aq) 
are the dominant speciations for, respectively, Li and Co elements at up to neutral pH. The 
chemical reactions giving rise to ΔG0

SHE for Li, H2, Co, and O2 are:

1. Li(s) → Li+(aq) + e- 

2. ½ H2(g) → H+
(aq) + e-

3. Co(s) → Co2+
(aq) + 2e-

4. O2 +4H+ +4e-  --> 2H2O

Table S5. Experimental19 ΔG0
SHE values of each aqueous species and their respective ∆G2 at 

pH = 7.
Reactants Product ΔG0

SHE (eV) ∆G2 (eV) at pH = 7
Li(s) Li+ -3.039 -3.394
H2(g) H+ 0 -0.414
Co(s) Co2+ -0.563 -0.918

½ O2(g), 2H+ H2O -2.458 -1.632

    

Figure S9. Top-view along c (left) and side-view along b (middle and right) of 1 × 2 supercells of 
½ H-terminated (left and middle) and ½ Li-terminated (right) slabs used for surface calculations. 
Dark blue, light blue, grey, red and white spheres are Co, P, Li, O and H, respectively.
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