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EXPERIMENTAL PROCEDURES

Materials

Co(NO3)2 (99.999%, Alfa Aesar), KOH (85%, VWR International), NaNO3 (99.0% min., Alfa Aesar), NaClO4 (99.0%
min., Alfa Aesar), KNO3 (99.0% min., Sigma-Aldrich), K;HPO4 (98.0% min., Alf Aesar), KH2PO4 (98.0% min., Alf
Aesar), NaxHPO4 (99.0% min., Fisher chemical) and C2H3NaOs (99.0% min., Sigma-Aldrich) were used as received. HF
(48 wt.%), NaAuCls-2H,0 (99.99%; metals basis), Na,SOs (98.5%; for analysis, anhydrous), Na>S>03-2H20 (99.999%;
trace metal basis), NH4Cl (99.999%; metal basis), and KNO3 (99.999%, trace metal basis) were used as received from
Fisher Scientific. All electrolyte solutions were prepared with deionized water (Barnstead, 18 MQ-cm resistivity). H>!*0
(97% enriched) was used as received from Medical Isotopes, NH. D20 (99.9%) was used as received from Aldrich.

Au Nanofilm Preparation

The gold nanofilm was electrolessly deposited onto Si wafers (IRUBIS GmbH, Germany) following the reported
method." The reflective surface of the Si wafer was polished on a mat using 6 and 1 pm diamond slurries (Ted Pella;
Redding, CA), then 0.05 pm alumina paste (Electron Microscopy Sciences; Hatfield, PA) with cotton swabs, for 5 min
respectively. Then, the Si wafer was cleaned with five consecutive 5 min sonication in ultrapure water and acetone
alternately. For the deposition, the Si wafer was first etched in 40% NH4F for 90 s to remove surface oxide and terminate
the surface with hydrogen atoms. Au nanofilm was plated by immersing the Si wafer into a 2:1 mixture of a plating
solution and 2% HF at 60 °C for 120 s. The plating solution contains 15 mM NaAuCls-2H>0, 150 mM Na,SO3, 50 mM
NazS203-2H>0, and 50 mM NH4Cl. The resulted resistance of the gold film is 5-10 Q.

Co-Pi or CoOx(OH),, Film Deposition

Co-Pi catalysts were electrodeposited onto substrates in a solution of 0.5 mM Co(NO3), and 0.1 M phosphate buffer (KPi)
(pH=7.0) using a Solartron analytical potentiostat by potentiastatical deposition at a potential of 1.14 V vs. the normal
hydrogen electrode (NHE) with the passage of 20 mC cm™.? CoOx(OH)y electrodes were electrodeposited onto the Pt
substrates or Au films in a solution of 10 mM Co(NO3), and 0.1 M NaCH3CO, using a VersaStat3 potentiostat (AMETEK;
Berwyn, PA). The galvanostatical deposition was set at an anodic current density of 0.05 mA cm vs. Pt counter electrode
for 5 min.?

General Electrochemical Methods

All electrochemical experiments were conducted using a CH Instruments or Solartron analytical potentiostat, a Ag/AgCl
reference electrode (0.197 V) or a saturated calomel electrode (SCE, 0.242 V), and a Pt counter electrode. Two types of
substrates were used for working electrodes: fluorine-doped tin oxide (FTO) electrode and Pt rotating disk electrode. All
the electrochemical measurements were conducted on Co-Pi-coated FTO electrodes in a single cell unless otherwise
stated. Rotating disk electrode measurements were conducted using a Pine Instruments MSR rotator and a 5 mm diameter
Pt-disk rotating electrode. All electrochemical experiments were performed using a three-electrode electrochemical cell
containing a ~15 mL electrolyte solution. Unless otherwise stated, all experiments were performed at ambient



temperature and electrode potentials were converted to the reversible hydrogen electrode (RHE) scale using an equation:
ERHE) = E(RE) + E°(RE) + 0.059 x pH, E(RHE) and E(RE) are the potential versus RHE and reference electrode,
E°(RE) is the potential of reference electrode. The electrolyte resistance between working electrode (WE) and RE was
measured by electrochemical impedance spectroscopy (EIS) and the resistance was used for iR compensation. E(RE)actual
= E(RE)measured — IR (i and R are the values of current and solution resistance, respectively).

All the water-in-salt (WiS) electrolyte solutions used in the experiments were freshly prepared before every single test.
To make the water-in-salt solutions, we first prepared KPi buffer solutions and then added salts into the KPi buffer
solutions. pH of all the solutions was adjusted to 7.0 with a freshly prepared 6 M KOH solution in order to prevent the
influence of pH on water oxidation activity. Based on the previous literature,* water activities (a,) in 0 m NaNO; @, 0.1
M KPi, 2 m NaNO; @ 0.1 M KPi, 4 m NaNO; @ 0.1 M KPi, 7 m NaNOs @ 0.1 M KPi are calculated as 1, 0.94, 0.89,
0.83, respectively.

Details of the Electrochemical Measurements

The data in Figures 3a and 3b were collected under steady-state condition, each set of data were repeated three times with
a freshly prepared catalyst of similar activity. During the data collection process, the steady-state measurement was
performed for about 5 minutes until the current was stable, and then the data was processed by making an average of the
last 20 raw data points in steady-state current density vs. potential (j-£) plots (Figure S6 is a representative example of
data collection). The data in Figures S7 and S9-S16 were collected under steady-state condition for 3 to 5 min depending
on the experiment. The data was processed by making an average of the last 20 raw data points. For Figures S17 and S20,
the samples were subjected to 3 consecutive CV measurements. The second and third CV cycles show consistent result,
so the third CV cycles were shown. For Figure S19: The data were collected with the same catalyst; we first measured
the cyclic voltammetry (CV) plot in D,O at a scan rate of 20 mV s and then performed the same measurement in H>O.

SEIRAS-ATR Measurement

All in-situ surface-enhanced infrared absorption spectroscopy in attenuated total reflection mode (SEIRAS-ATR)
measurements were carried out using nitrogen-purged Bruker Vertex 70 FTIR spectrometer (Billerica, MA) equipped
with a liquid-nitrogen-cooled MCT detector (FTIR-16; Infrared Associates; Stuart, FL). The catalyst coated Si wafer
was assembled into a customized polyether ether ketone (PEEK) spectroelectrochemical cell, and coupled vertically with
an ATR accessory (VeeMax III; Pike Technologies; Madison, WI). All experiments were run with an incident angle of
50°, a resolution of 4 cm™!, and a scanner velocity of 40 kHz. For all spectra shown, change in optical density was
calculated according to Absorbance = -log(S/R), with S and R referring to the single beam sample spectrum and single
beam reference spectrum, respectively.

Before and after spectroscopic measurements, the quality of the film electrodes was confirmed by carrying out a CV from
1.0 to 1.6 V vs. Ag/AgCl (1.61 to 2.21 V vs. RHE) at a scan rate of 20 mV s™'. All presented spectra were collected with
electrodes that exhibited Co(II)/Co(1lI) redox peaks in the CVs and a water oxidation current (Figure S2).

For spectroscopic measurements, the CoOx(OH)y, electrode potential was stepped in 0.1 V increments from 2.21 to 1.61
V vs. RHE. The steps were connected by potential ramps of 20 mV s, Each potential was held for 120 s. During this
time, infrared spectra were collected. Spectra collected at 2.21 and 2.01 V (sample potentials) are shown in Figures 2 and
S3-S5. The single beam spectra collected at 1.61 V vs. RHE served as the reference spectrum. A leakless Ag/AgCl
(ET072-1; eDAQ, Colorado Springs, CO) and Pt wire (99.95%; BASi Inc.; West Lafayette, IN) were used as reference
electrode and counter electrode, respectively. The electrolyte was prepared with 0.1 M KPi in DO, H,0O, or H>'*0 at pH
=7, and the solution pD value was corrected with a factor of 0.4 from the reading of a pH meter.’



Faraday Efficiency Measurement

Faradaic efficiency (FE) was measured with gas chromatography-online method (GCMS-QP2010, Shimadzu). A piece
of FTO (1x3 cm?) was used for growing Co-Pi catalyst. The method for growing the catalyst is the same as that described
in the Co-Pi or CoOx(OH), Film Deposition part. O, gas was detected. During the experiment, the Co-Pi-coated FTO
electrode was immersed into a reaction cell containing about 20 mL 0.1 M KPi neutral electrolyte. A constant current (3
mA) was applied to the electrode in order to generate O» bubbles. Then, the O, gas was further purged into the gas line
of gas chromatography—mass spectrometry (GC-MS) for FE measurement. The equation for calculating FE is given
below:

FE = 4 x Oxygen amount (umol - s™1)

0
Charge (umol - s1) X 100%

Computational Details

All DFT calculations were performed with Gaussian 16 Revision CO1 software package.” We used the B3LYP
functional”*® in conjugation with the def2-SV(P) basis set’ for all atoms in the geometry optimization. Frequency analysis
was performed to verify the nature of obtained stationary points and obtain harmonic frequencies to calculate the zero-
point energies and thermal correction to the entropy and free energy. We used the def2-TZVP basis set’ for single-point
energy calculation to final composite free energy changes. The solvation effect was considered the SMD implicit
solvation model'® and the dispersion correction was considered using Grimme's empirical dispersion correction version
3 with Becke-Johnson damping.!! We performed geometry optimization in both gas phase and dielectric continuum with
SMD. We found that the geometry relaxation in the solvation is quite significant (Figure S22); therefore, all the
geometries except Hy and O» used in the manuscript were optimized with the SMD implicit solvation model.

We considered different sizes of Co clusters and found the planar Co7024H>7 cluster with edge-sharing CoOs octahedral
is the most stable structure, which is consistent with the structure model suggested by EXAFS study.'> We considered
different protonation state of the Co7024Ha7 cluster by placing protons at different O positions and found the most stable
configuration corresponds to protonated ,-O and p3-O bridges, which was used for our mechanistic investigation. We
simulated the O-O vibrational frequency of the O-O bond in possible intermediates. We used the atomic masses of
specified isotopes and diagonal the Hessian matrix in the mass-weighted coordinates to obtain the vibrational frequency
for different isotopes.

The free energy changes of proton-coupled electron transfer steps were calculated with Nerskov’s computational
hydrogen electrode (CHE) approach!® to get the free energy change with respect to the reversible hydrogen electrode
(RHE) to avoid the explicit use of the hydrated proton and to include the pH effect naturally. Its procedure is given below:

1. Calculate the free energy change (AG1) with respect to the release of %2 equivalence of Ha(g):

1
RH - Ox + ZHz(g), AG,

2. Use the definition of RHE:

1
EHz(g) - H*(aq) + e~,AG,



3. Free energy change of a proton-coupled electron transfer step (AG3) with respect to RHE can be calculated by adding
AG: and AGa:

RH - Ox+ H*+ e™, AG; = AG, + AG,

We also considered the water oxidation mechanisms on CoOOH. Given the nature of this system, we applied periodic
boundary condition to study the catalytic mechanism on CoOOH surfaces. All calculations for the CoOOH system were
performed with the Vienna Ab initio Simulation Package (VASP).!*!>1617 We use the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional'® in conjugation with the projected-augmented wave (PAW) method'*?° to describe the
ion-electrons interactions. A cutoff energy of 500 eV was chosen for the plane wave basis set in all calculations. We used
the Gaussian smearing method to accelerate SCF convergence and the o value was chosen to be 0.1 eV. The standard
GGA:ss fail for strongly correlated systems such as the d electrons of Co. All calculations involving Ir and Ce atoms were
performed with the spin-polarized DFT+U method, using the rotational-invariant formalism developed by Dudarev et
al.>! The empirical U. parameters were chosen to be 3.4 eV for Co 3d electrons.?

A 9 x 9 x 9 Monckhorst-Pack type k-point grid®® was chosen for the optimization of bulk ceria. The energy convergence
criterion was set to be 10 eV per unit cell and the geometry convergence criterion was set to be 10 eV per unit cell for
energy difference between two consecutive ionic steps. The optimized lattice constants @ = b =2.88 A and ¢ = 13.17 A
are in good agreement with experimental lattice constant of a = b =2.85 A and ¢ = 13.15 A **

We prepared slab models for the CoOOH (012) surface to study the water oxidation mechanisms on the the CoOOH (012)
surface. CoOOH (012) surface with 3 layers of Co atoms with both sides terminated by water ligands are used in the
study (Figure S21). A vacuum layer of ~ 15 A was used to minimize the artificial interactions between periodic images.
A supercell of 13.52 A x 31.54 A x 14.37 A was used to model the CoOOH (012) surface. The atoms in the bottom one
layers were fixed at their optimized positions, while the atoms in the top two layers, as well as the adsorbates, were
allowed to relax during geometry optimization. A 1 x 1 x 1 Monckhorst-Pack type k-point grid was used for all surface
structure relaxations unless otherwise noted. The energy convergence criterion was set to be 10~ eV per super cell and
the force convergence criterion of 0.03 eV Al

The calculations of isolated small molecules were performed with a supercell of 15.0 A x 15.0 A x 15.0 A. The Gaussian
smearing method and a ¢ value of 0.1 eV were used in the calculations. A 1 x 1 x 1 Monckhorst-Pack type k-point grid
was used to sample the Brillouin zone and the SCF convergence criterion was set to be 10~ eV per unit cell.

The energy changes obtained from the periodic boundary calculations were corrected by the thermo-correction from the
cluster model to obtain the free energy changes given in Figure S27. The saturated vapor pressure of water at 298.15 K
(3.169 kPa) was used to obtain the free energy changes of H,O(g) = H>O(1).
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Figure S1. Experimental configuration for SEIRAS. WE, CE, and RE denote the working electrode, counter
electrode, and reference electrode, respectively.
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Figure S2. Water oxidation activity comparison between bare Au film and CoOx(OH),-Au sample. The CVs were
collected from 1.61 to 2.21 V at a scan rate of 20 mV s°'. The current data are from the third forward scan of the catalyst.
All the data were corrected with iR compensation.



0.3

a
0.1 MKPiin D,0 <
02 —201V 'S
— —221V A
Io 1
0 .
) |
(C) |
S 00 :
2 I
= :
o 0.1 !
< |
o 2 i 1 1 1 N .
850 900 950 1,000 1,050 1,100
Wavenumber (cm™)
b 0.4
0.1 M KPi in H,0 i ¥
(<)
—201V P
— —g 21V 5
o 02 !
X :
[0
(8]
C
@®© |
el 0.0 i
(@] 1
[72] 1
Q l
< |
_02 N 1 " 1 L 1 " n /\
850 900 950 1,000 1,050 1,100
Wavenumber (cm™)
c 0.3
| 0.1 MKPi in H,"°0O
81 —201v
L o .
. e L ——221V
5 |
> 01}
m 1
g8 . \AA p W
® 2 ]
5 vAVE.
) I
o 01t I
b :

02 1 " 1 1 " 1
850 900 950 1,000 1,050 1,100

Wavenumber (cm™)

Figure S3. Potential-dependence of the band centered at 1,014 cm™. The intensity of the band centered at 1,014 cm’
at 2.21 V increases with increasing applied potential in 0.1 M KPi with (a) DO, (b) H,0O, and (¢) H»'®O.



a 20 ~ <. b 10 <.
3! St 0.1 MKCI H,0 5
1.8f @ — -
1.6} : : 0.852.01y, 1%
.~ 1.4}0.1MKCID,0 § —
‘o . : ‘o
; 1.2F : ‘>_<
0 on Au : : i
S 1010 1MKPiD,O ! : 2
© , : ©
2 : : ?
S 0.6} E : e
< 0.1 M KPi D,O~ : < :
0.4t ; ; _ ;
0.2} i i 161V, 2" :
O.Ou 1 1 : 1 : 1 1 0.0'u 1 1 1 : 1 1
940 960 980 1000 1020 1040 940 960 980 1000 1020 1040
Wavenumber (cm'1) Wavenumber (cm'1)

Figure S4. Control experiments for ruling out the complication brought up by solution species. (a) A prominent
band at 1,014 cm! is observable in 0.1 M KCI with D,O at 2.21 V, while the band does not appear on a bare Au at the
same potential. PBS indicates the spectrum of a bulk phosphate solution. (b) The band at 1014 cm™' shows a potential-
dependent reversibility as potential is switched between 2.01 V and 1.61 V (two cycles are shown labeled as “1°* and
uznd”).
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Figure S5. SERIAS experiment is reproducible. SEIRAS data collected on different samples in 0.1 M KPi with (a)
D0, (b) H,0, and (¢) H>'*0, to demonstrate reproducibility at 2.21 V. Reference spectra were taken at 1.61 V.
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Figure S6. Representative steady-state electrochemical j-¢ plots of water oxidation on Co-Pi catalysts. Current was
collected in 0.1 M KPi containing 2 m NaNOs electrolyte (a,= 0.94) at various potentials as indicated. The electrode

potential was corrected for the iR drop.
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Figure S7. Potential-dependence of the current modulation ratio for different water activities on CoOx(OH),.
Steady-state water oxidation current density as in Figures 3a and 3b, but collected on a CoOx(OH)y-coated Pt electrode
under stirring condition. The data were derived from an average of three independent experiments for each a,,. Error bars
denote the standard deviation of three individual measurements. Error bars denote the standard deviation of three
individual measurements. The electrode potential was corrected for the iR drop.

11



g | = a = 1 before test
a=0.94
| ——a,=0.89
i
 4r—a,=083
e L - - - a,=1after test
(&)
<< 2t
E
S
0 = %
2 " 1 N 1 " 1 N 1 N Il

1.4 15 1.6 7 1.8
E (V vs. RHE)

Figure S8. CV stability test of the Co-Pi catalyst. CV stability test of the same Co-Pi catalyst before and after a series
of CVs in water-in-salt electrolytes at a scan rate of 20 mV s'. The CV measurements are from the first cycle of the
catalyst. The electrode potential was corrected for the iR drop.
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Figure S9. Control experiments for ruling out mass transport limitation. Steady-state water oxidation current density
as in Figure 3a, but collected on a Co-Pi-coated Pt RDE at a rotation rate of 2,000 rpm. The electrode potential was
corrected for the iR drop.

13



1.2
S 5
1.0 m-ay =1 /
- A- aw = 0.94 //
08F -e-a,=0.89 I’
S -v-a,,=0.83 /
£ 06 Y i %
A
T 04} s 4" "
: P /i./'/‘ /A // -v
0.2+ ,‘5./'f,A.j,/. -V’
TSN
0 0 “ ,“f_,
1.60 1.65 1.70 1.75
E (V vs. RHE)

Figure S10. Control experiments for ruling out substrate effect. Steady-state water oxidation current density on a Co-
Pi-coated Pt RDE as that in Figure S9 but collected at a rotation rate of 0 rpm. The electrode potential was corrected for
the iR drop.
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Figure S11. pH titration experiments in 2 m NaNOj electrolyte. pH titration under (a) controlled-potential (1.237 V
vs. NHE) and (b) controlled-current (30 pA cm™) for a Co-Pi-coated Pt RDE in 2 m NaNO3;@0.1 M KPi (a,= 0.94) at

two different rotation rates, as indicated. These data were collected under steady state conditions.
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Figure S12. pH titration experiments in 4 m NaNOs electrolyte. pH titration under (a) controlled-potential (1.237 V
vs. NHE) and (b) controlled-current (30 pA cm™) for a Co-Pi-coated Pt RDE in 4 m NaNO3;@0.1 M KPi (a,= 0.89) at

two different rotation rates, as indicated. These data were collected under steady state conditions.
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two different rotation rates, as indicated. These data were collected under steady state conditions.
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Figure S14. Tafel data for different buffer concentrations. Tafel data for (a) 4 m NaNOs (b) 7 m NaNOs containing
different concentrations of KPi indicate that there is no significant dependence of the slope and reaction rate on KPi
concentration. These data were collected under steady state conditions. The electrode potential was corrected for the iR
drop. Error bars denote the standard deviation of three independent measurements.
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Figure S15. Control experiments for ruling out anion effect. To study the influence of the anion on the electrocatalytic
activity, we replaced NaNO3 with NaClOj4 to perform a similar potentiostatic measurement. The buffer solution was 0.1

M NaPi to avoid precipitation of KClO4. These data were collected under steady state 0.2 M conditions. The electrode
potential was corrected for the iR drop.
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Figure S16. Control experiments for ruling out cation effect. Current modulation ratios in a, = 0.94 with different
cations. The concentration is limited by the KNO; solubility. These data were collected under steady-state conditions.
The electrode potential was corrected for the iR drop.
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Figure S17. Control experiments for ruling out impurity effect. Comparison of CV data collected in 2 m 99%
KNO; and 2 m 99.99% KNO; at a scan rate of 20 mV s™'. The CV measurements are from the third cycle of the
catalyst. The electrode potential was corrected for the iR drop.
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Figure S18. The faradaic efficiency for O,. The faradaic efficiency for O, was measured at a current of 3 mA in 7
m NaNOj solution containing 0.1 M KPi buffer with gas chromatography.
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Figure S19. Comparison of CV data collected in DO and H,O. The scan rate is 20 mV s!. The electrode potential
was corrected for the iR drop. The CV measurements are from the first cycle of the catalyst. The shift of the half-wave

potential was calculated according to the following equation:
Shift of anodic feature + Shift of cathodic feature

2

Shift of redox half wave potential =

25mV+ 31 mV
= > =28 mV
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Figure S20. A series of CVs of the Co-Pi catalyst in water-in-salt electrolytes. The scan rate is 20 mV s in (a) full
range and (b) zoomed range. The CV measurements are from the third cycle of the catalyst. The electrode potential was

corrected for the iR drop.
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Figure S21. The structural models of (a) the CoOOH (012) surface and (b) the Co-Pi catalyst. The cluster model of
the Co-Pi catalyst is based on previous EXAFS study.'? The Co7 core in the cluster model resemble the highlighted Co7
unit in the CoOOH structure. The atomic model of Co cluster (Co7024H»7) is constructed for our theoretical study with
the water and hydroxides ligands. The blue, red, and white spheres represent Co, O, and H atoms, respectively.
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AG (gas) =0.00 AG (gas) = 1.40 AG (gas) =1.03
AG (sol) = 0.00 AG (sol) =0.78 AG (sol) =0.45

Figure S22. Relative free energies of the Co70:4H»7 cluster with different protonation states in gas phase and in
aqueous solution. The most stable protonation state (left) has alternative HO---H>O hydrogen bond interactions at
peripheric Co pairs and the bottom p3-O bridges being protonated. Destroying the alternative HO---H,O hydrogen bond
interaction by preparing H>O---H>O and HO---HO hydrogen bonding pattern increases the energy (middle). Removing
the protons from p3-O bridges to terminal OH™ increases the energy (right) since it disturbs the strong HO---H,O hydrogen
bond interactions. We choose the most stable protonation state (left) for our mechanistic study. It is worth pointing out
that the free energy different in the solution is much smaller than in the gas phase due to a large geometry relaxation due
to the high dielectric solvation environment. Therefore, we optimized all geometries in the SMD implicit solvation model.
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Figure S23. Optimized Co—O bond lengths around the Co(II) and Co(IlII) centers in intermediate I. The Co—O
bond lengths are somewhat longer around the Co(Il) center since the ground state of Co(Il) is a high-spin quartet. In
contrast, the low-spin Co(I1l) center has much shorter Co—O bond lengths and stronger metal-ligand interactions which
are crucial for the stability of the molecular-like Co-Pi water oxidation catalyst.
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AG (Calc.) =1.57 eV
AG (Expt.)=1.25eV

Reduced form: Oxidized form:
Co(IIT);Co(III) Co(II1);Co(IV)

Figure S24. Optimized structures of the Co4O04(OAc)4(Py)s complex in its reduced and oxidized form. Magenta and
yellow isosurfaces show the alpha and beta spin density distribution and are plotted with an isovalue of 0.01 A~. The
calculated and experimental® free energy changes with respect to the normal hydrogen electrode (NHE) are 1.57 and
1.25 eV, respectively. Our calculation using the B3LYP functional overestimates the potential for oxidation potential of
Co(II) to Co(IV) by 0.3 eV, which is consistent with a recent benchmark study,’® highlighting the difficulty to describe
the high oxidation Co complex.
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Intermediate I1I Intermediate IV’

Figure S25. Optimized structures of intermediates III and IV’. Magenta and yellow isosurfaces show the alpha and
beta spin density distribution and are plotted with an isovalue of 0.01 A~. The numbers next to Co and O ions indicate
their Mulliken spin density population. It can be seen clearly that the OH™ coordinated to the Co(IV) center has significant
radical character while the Co(IV)=0 in intermediate IV’ is best described as Co(III)-O".
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Co(II)-00+-Co(III) Co(IIT)-00¢---H,0 Co(IlT)-OOH---H,0

H,%0 : 1083 cm'! H,%0 : 1173 cm! H,'%0 : 827 cm!
H,80: 1021 cm’! H,'80: 1107 cm’! H,'80: 783 cm!
D,0: 1083 cm'! D,0: 1175 cm’! D,0: 835 cm’!

Figure S26. Calculated O—O vibrational frequencies and associated isotope shifts for possible intermediates.
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Figure S27. Possible routes of water oxidation on the CoOOH (012) surface suggested by the DFT calculations.
Similar to the results of Co-cluster model for Co-Pi system, the IMOC mechanism is possible under low applied potential
while the WNA mechanism require higher potential to be accessible. The calculated free energy changes (AG) are given
in the unit of eV. The numbers shown in green are the free energy changes of electrochemical steps vs. the computed

hydrogen electrode.
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Table S1. Viscosities (77), densities (d), and stagnant layer thickness (ys) of water-in-salt electrolytes.

m (mol/kg) n (cP) d (g/mL) yyat £=2000 rpm (pum)
0* 1 1 249
2.14° 1.04 1.11 241
3.32° 1.19 1.16 252
4.62° 1.30 1.21 258
6.02° 1.62 1.26 283
7.56° 1.92 1.30 302

? Based on the assumption that the viscosity and density of 0 m solution are 1 cP and 1g/mL.
® Based on Ref (28)

The stagnant layer thickness (ys) is calculated based on

N[~

Ve =36 X (%)

where v = gls the kinematic viscosity, and w = eiof is the angular rotation rate at f (rotation rate in revolutions per

minute).?’

The viscosity of water-in-salt solutions are expected to increase from 1 to ~ 2 cP when increasing the molality from 0 to
7.56 m.”® The stagnant layer thicknesses at all molalities fall in the range of 200-300 um, which are expected for
conventional RDE measurements at a rotating rate of 2000 rpm. The thickness first decreases with the addition of high
molality salt, then it increases as the molality increases. When the molality increases from 2 to 7.56 m, the thickness
increases ca. 25%.
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