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Supplementary Methods

Synthesis of cobalt-oleate and other metal-oleate complex. The cobalt—oleate complex was
obtained by reacting cobalt chloride (CoCl,:6H,0) and sodium oleate. 4.75 g of CoCl,-6H,0 (20
mmol, Acros Organics, 98%) and 12.2 g of sodium oleate (40 mmol, TCI, 95%) were dissolved in
a mixture solvent of ethanol (40 mL), deionized water (30 mL) and hexanes (70 mL). The solution
was heated to 60 °C and maintained at the temperature for 4 hours. The upper purple liquid layer
with the cobalt—oleate complex was then washed three times with deionized water (30 mL) in a
separatory funnel. The hexanes in cobalt-oleate dispersion was removed by rotate-evaporation.
The obtained cobalt-oleate complex was in a waxy form, which was dissolved in a mixture of pre-
dried ODE and OAc (1.0 M) with a concentration of 0.2 M. Other metal-oleate complexes were
prepared using the similar route of Co-oleate complex, as reported in our previous work.!

Synthesis of carbon supported CoO nanoparticles. Co nanoparticles were first obtained via the
thermal decomposition of Co,(CO)s, according to the reported method.? Briefly, 18 mL of tetralin
was first mixed with 0.35 mL of OAc and 0.5 mL of dioctylamine, and purged with N, at 110 °C
for 0.5 h. After the solvent was cooled to room temperature, 0.54 g of Co,(CO)s was swiftly added
into the above mixture. The system was maintained at 100 °C for 20 min, then quickly heated up
to 210 °C at 15 °C min, and kept at this temperature for 30 min. The Co nanoparticles were
collected by centrifugation at 8000 rpm for 8 min with addition of excessive ethanol, and were
further purified twice by the addition of hexane and ethanol. The as-prepared Co nanoparticles was
then loaded on Vulcan-72 carbon by sonicating nanoparticles with appropriate amount of Vulcan-
72 carbon in hexanes, followed by centrifugation at 8000 rpm for 8 min. The carbon supported Co
was dried under vacuum for overnight and annealed in air at 200 °C overnight to obtain the carbon

supported CoO nanoparticles.



Vertical alignment of Co-TiO2 nanorods. The vertical alignment of Co-TiO; nanorods was
obtained through the self-assembly process, similar to our previous report .! Briefly, the as-
synthesized Co-TiO nanorods were dispersed in hexane with a concentration of 60 mg mL"!. The
hexane dispersion of Co-TiO2 nanorods (10 uL) was drop-cast on the surface of diethylene glycol
(DEQ) in a Teflon well. The Teflon well was covered with a glass slide for slow evaporation of
hexane. With a 2 hours evaporation of hexane, one monolayer of vertically aligned Co-TiO:
nanorods was formed on the surface of DEG, which could be transferred on TEM grid. The TEM
grid was dried to remove DEG in vacuum at the room temperature.

Example of GCQM calculation. VASP is fast for plane wave DFT, but its solvation method is
not so accurate. jJDFTx has an excellent validated solvation model (CANDLE), which has been
properly benchmarked to experiment, such as agreement through radial distribution functions,
solvation energies, and potential of zero charge (PZC) of numerous electrochemical systems.?
However, jDFTx is much slower and less convenient. Thus, we use VASP to carry out constant
electron calculations with VASPsol. Subsequently. we use jDFTx to obtain the more accurate
constant potential using the CANDLE solvation. Then we use the Legendre transformation
developed in our recent study to convert from constant electron to constant potential.* A specific
example is summarized in Supplementary Table 2, state 1-9 are referring to the different
intermediate states along the energetically most favorable adsorbate evolution mechanism (AEM)
pathway shown in Fig. 5 of the manuscript. Our computational steps progress from the left column
(dE(VASP)) to the right column (dG). We first performed geometry optimization in VASP with
VASPsol, leveraging the speed and parallelization advantage of VASP, and obtained the values in
dE(VASP) column. It is worth noting is that these numbers dE(VASP) by themselves are not

meaningful for electrochemical systems because they are calculated at neutral condition. We then



used the optimized structures obtained in VASP as the starting point for single point energy
calculation in jDFTx, leveraging the JDFTx’s specially developed CANDEL solvation model and
constant potential method best suited for electrochemistry applications. Next, we used the GCP-K
method developed in reference,* which is a Legendre transform relating the net charge of the
system to the applied voltage, and the results under the target potential 1.63 V vs. RHE are shown
in dE(jJDFTx) column. GCP-K allows us to connect to the traditional Butler—Volmer kinetics, and
with the last step of including the entropic correction -dTS term, we can directly compare dG
(which equals dE(jDFTx) - dTS) with experiment, under the experimental solvation and potential
condition. In Supplementary Table 2, we provided results under pH = 14, 1.63 V vs. RHE as an
example. Similarly, we can carry out the calculation under any pH or potential condition using

GCP-K method. The dG numbers are what we used in plotting Fig. 5.

GCQM calculation comparison of different Co single-site configuration. As shown in
Supplementary Fig. 24, we found that placing the surface Co at the 5C Ti site, rather than 6C Ti,
is more stable by 0.25 eV. In order to determine where to place the 2nd and 3rd layer Co, we
examined both the case of the 2nd and 3rd layer Co’s connecting directly to the 1st layer via O and
the non-connecting case. We found that connecting the Co dopants by O in a line is 0.15¢V more
stable than having them separated. Despite the fact that Co in a line configuration is calculated to
be more stable, we further carried out three groups of OER GCQM kinetics comparison studies to
assess different Co configurations.

Group 1. Co single site on the top layer of the catalyst (Supplementary Fig. 24a)

Group 2. Three Co single site connecting in a line configuration (Supplementary Fig. 24c¢)

Group 3. Three Co single site not in a line configuration (Supplementary Fig. 24d)



The GCQM calculation results based on Group 1 and 3 are summarized in Supplementary Tables
3 and 4, while the result for Group 2 is present in Supplementary Table 2. For each model, all
energetics are referenced to the initial state 1. The atomic illustrations for the adsorbates in state
1-9 are same as those in Fig. 5 in the manuscript. We use the values from the dG columns for free
energy landscape at a potential 1.63 V vs. RHE. The density of states (DOS) analysis has been
supplied here for group 1-3 and is plotted against E-Efermi (with Efermi at 0 V) (Supplementary
Fig. 29-31). The d-band broadening and a lower d-band center for Ti has been observed in group
2 and 3. Group 2 shows a high Co d orbital DOS at Efermi, indicating that the Co active site in
group 2 has a higher probability of d electron transfer and bonding. Group 3 Co d orbital DOS is
also higher than group 1. All 3 groups have a much higher Co d orbital DOS than Ti d orbital DOS

at Efermi, confirming that Co is more likely to be the active site than Ti in this reaction.

Using GCQM calculations, we found that the rate determining step (RDS) is consistent over all 3
groups (state 3 TS) in the interested potential range. Correspondingly, the Tafel Slope for all 3
groups is 74 mV dec’!, in agreement with experimental result (72 mV dec™!). Second, the energetics
for the RDS are 0.63, 0.61 and 0.57 eV over 3 groups, respectively. They are fluctuating within
the accuracy of 0.05 eV of GCQM calculations, which is already the best level of accuracy can be
achieved computationally with full kinetics. Based on energetics, the expected TOFs are 151.3 57!
over group 1, 307.4 s! over group 2, and 1547.9 s! over group 3 at 1.63 V vs. RHE. The variation
is also within the accuracy of GCQM calculations. The TOF for group 2 (the most stable structure)
of 307.4 s! is in excellent agreement with the experimental value. Group 2 is expected to be the
dominate structure in concentration at the target oxidation potential (1.53 — 1.63 V vs. RHE) after

stabilization and hence was the most relevant case considered in the manuscript.



GCQM calculation for specific capacitance of Co-TiO;. our GCQM formulism enables the
direct calculation of specific capacitance at operando conditions while including solvation.* The

grand canonical potential GCP(U) for the electrochemical process has the form:
GCP(U) = F(n) - ne(Usyg — U) (1)

where we can convert SHE to the experimental RHE reference, where F is the Helmholtz Energy,

n is the number of electrons that are being optimized, and U is the applied potential.

Further simplification leads to the quadratic form,
GCP(U) = ;—;(b —u+el? +c—nou+ ngel (2)

which allows us to correlate parameters a, b, ¢ to the physical macroscopically observable

properties, including the capacitance Cs,

eZCS

2

GCP(U) = (U - UpZC)Z + Tler + FO - noﬂ (3)

This leads to Ce= 18.2 uF cm under operando conditions for Co-TiO, with the (210) surface and
12.5% Co doping content. This is very close to the value for TiO, materials (25 pF cm).> We

have used this specific capacitance to calculate ECSAs, current densities and TOFs.



Supplementary Tables 1-4

Supplementary Table 1. Structural parameters of TiO; and Co-TiO2 nanorods obtained from Ti
K-edge and Co K-edge EXAFS spectra. The uncertainty in CN fitting parameter is defined as the
amount by which the parameter can be flexibly changed, meanwhile allowing the flexibility of the
other fitting parameters, without dramatically worsening the fit.

Sample Path R (A) CN AR (A) 62107 A) R-factor

Ti-O 1.936 34+03 0.056 0.0061 0.0176
TiO2
Ti-Ti 3.048 7.5+0.6 0.058 0.00456 0.0161
Ti K-edge

Ti-O 1963 34+03 0.0833 0.01383  0.00367
Co-TiO2
Ti-Ti/Co  3.054 7.7+0.6 0.0633 0.01407  0.00458

CoTio, Co-O 1998 34+03 01337 000266 0.00705
0.92V) " co-Tilco 3132 66+0.6 00674 00211  0.012

Co-TiO, Co-O 2.007 3.7+£02 0.142 0.00901  0.00126

(LIZV) " Co-Ti/Co 3126 75405 00619  0.03769  0.00453

CoTio, €00 2003 3702 0138 000677  0.00946
CoK-edge (127V)  CoTi/Co  3.134 71405 00704  0.0269  0.00519

Co-TiO, Co-O 2.006 39+02 0.141 0.00999  0.00347

(L43V)  Co-Ti/Co  3.124 7.1+04 00604 003877  0.0178

Co-TiO, Co-O 2.003 43+02 0.138 0.011 0.00437

(S7V) Co-TilCo 3133 7.0£04 00692  0.00545  0.01645




Supplementary Table 2. Energetics in eV along the most favorable pathway (AEM adsorption
evolution mechanism) at target potential 1.63 V vs. RHE to illustrate the GCP-K method.

dE(VASP) dE(jDFTx) -dTS dG

State 1 0.00 0.00 0.00 0.00
State 2 5.57 0.48 -0.40 0.08
State 3 (TS) 6.31 1.05 -0.44 0.61
State 4 5.55 0.54 -0.26 0.29
State S 10.10 0.03 -0.60 -0.56
State 6 15.14 0.03 -0.90 -0.87
State 7 25.27 -0.02 -0.99 -1.01
State 8 30.50 0.22 -1.35 -1.13
State 9 15.51 -0.48 -0.67 -1.15

Supplementary Table 3. Energetics in eV along the most favorable pathway for group 1: Co
single site on the top layer of the catalyst.

dE(VASP) dE(jDFTx) -dTS dG

State 1 0.00 0.00 0.00 0.00
State 2 5.58 0.58 -0.35 0.23
State 3 (TS) 6.33 1.07 -0.44 0.63
State 4 5.67 0.65 -0.22 0.43
State 5 10.05 0.18 -0.56 -0.39
State 6 15.13 0.09 -0.91 -0.82
State 7 25.62 0.21 -0.97 -0.76
State 8 30.75 0.42 -1.31 -0.89
State 9 15.48 -0.47 -0.66 -1.13




Supplementary Table 4. Energetics in eV along the most favorable pathway for group 3: Co
single sites not in a line configuration.

dE(VASP) dE(jDFTx) -dTS dG

State 1 0.00 0.00 0.00 0.00
State 2 5.56 0.46 -0.38 0.09
State 3 (TS) 6.23 1.02 -0.45 0.57
State 4 5.46 0.50 -0.28 0.22
State S 9.95 0.00 -0.61 -0.61
State 6 15.14 0.08 -0.93 -0.84
State 7 25.52 0.18 -1.00 -0.82
State 8 30.56 0.44 -1.31 -0.87
State 9 15.47 -0.47 -0.68 -1.15




Supplementary Figures 1-31
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Supplementary Figure 1. EDS spectrum of Co-TiO2 nanorods (12% Co).
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Supplementary Figure 2. XRD diffraction patterns of Co-TiO> nanorods (12% Co) and undoped
TiOo.
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Supplementary Figure 3. TEM images of TiO; and Co-TiO; nanorods with different doping level.
a, TiO2; b, Co-TiO: (Co 4.2%); ¢ Co-TiO2 (Co 7.5 %).

Supplementary Figure 4. HAADF STEM image of Co-TiOz nanorods (12% Co).
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Supplementary Figure 5. Multiple LSV curves of Co-TiOz in 1.0 M KOH electrolyte at 10 mV
s'1. 200 continuous LSV curves were summarized in a with all of them overlapping and oscillating
in a very narrow range. It is worth pointing out that the oscillation of repeated LSV in a is a natural
fluctuation, due to the generation and release of oxygen bubbles from the electrodes that lead to
small variations in local pH and mass transfer profile, rather than a sign of deactivation or
monotonic activity loss. To further eliminate the visually misleading information from the
oscillation, we highlighted the polarization curves of the 1%, 40, 80, 120, 160™, 200 cycles in
b. Clearly, these curves collected at fixed intervals are highly consistent with each other.
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Supplementary Figure 6. LSV plots of Co-TiO; nanorods with different Co doping levels for the
OER.
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Supplementary Figure 7. Faradic efficiency of Co-TiO2 nanorods at different geometric current

densities.
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Supplementary Figure 8. The zoom-in view of CA results in Fig. 2c at 1.65 V (a), 1.67 V (b),
and 1.69 V (c¢). All potentials in the CA measurement are applied without iR correction. The color
code of CA curve matches with the related segment in Fig. 2c.
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Supplementary Figure 9. a, The CA retention comparison of Co-TiO; nanorods, CoO and IrO»
nanoparticles catalysts at 1.62 V vs. RHE. b, The zoom-in view of CA result of Co-TiO; catalyst.

Supplementary Figure 10. TEM images of CoO nanoparticles on carbon a before and b after
electrochemical test.

14



Supplementary Figure 11. TEM image of commercial IrO; nanoparticles on Carbon.
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Supplementary Figure 12. Ti K-edge EXAFS spectra of TiO; and Co-TiO». a, Ti K-edge EXAFS
spectra of TiO2 and Co-TiO2; b, Co-TiO> Ti K-edge EXAFS spectrum fitting in R-space; ¢, Co-
TiO2 Ti K-edge EXAFS spectrum fitting in k-space; d, TiO> Ti K-edge EXAFS spectrum fitting
in R-space; e, TiO, K-edge EXAFS spectrum fitting in k-space.
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Supplementary Figure 13. Co K-edge EXAFS spectra fittings for Co-TiO at 0.92 V vs. RHE.
a, Fitting in R-space; b, Fitting in k-space.
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Supplementary Figure 14. Co K-edge EXAFS spectra fittings for Co-TiO at 1.12 V vs. RHE.
a, Fitting in R-space; b, Fitting in k-space.
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Supplementary Figure 15. Co K-edge EXAFS spectra fittings for Co-TiO> at 1.27 V vs. RHE.
a, Fitting in R-space; b, Fitting in k-space.
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Supplementary Figure 16. Co K-edge EXAFS spectra fittings for Co-TiO> at 1.43 V vs. RHE.
a, Fitting in R-space; b, Fitting in k-space.
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Supplementary Figure 17. Co K-edge EXAFS spectra fittings for Co-TiO at 1.57 V vs. RHE.
a, Fitting in R-space; b, Fitting in k-space.
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Supplementary Figure 18. XAS with soft-X-ray excitation for Co-TiO> and reference samples.
a, O K-edge XAS; b, Co L-edge XAS.
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Supplementary Figure 19. Cyclic voltammetry plots of Co-TiO; catalyst at different scanning
rates in the potential window of 0.526 V - 0.726 V vs. RHE.
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Supplementary Figure 20. Capacitive current and corresponding double-layer capacitance of Co-
Ti02 (12%) modified electrode at different scanning rates.
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Supplementary Figure 22. Comparison of the TOF values in the present work with previous
reported results of Co-based OER catalysts (All references are listed in Supplementary Reference)
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a Bulk Brookite TiO, b Top View TiO,(210), First Layer

6CTi 3CO 2C (bridging)O 5CTi

c Top View TiO,(210) d Side View TiO,(210)

Supplementary Figure 23. Slab models of the brookite-phase TiO; structure. Blue and red circles
denote Ti and O atoms respectively. a, bulk brookite TiO; structure with experimental lattice
parameter at 298 K of a=9.174 A, b=15.449 A, ¢ = 5.168 A. b, top view of TiO» (210) surface,
which corresponds to the grey shaded area in (d). There are two types of Ti on this surface: 6
coordinate Ti (denoted “6C”’) and 5 coordinate Ti (denoted “5C”). The 6C Ti is lower on z axis,
as shown in (d), while 5C Ti is higher on z axis. Similarly, there are two types of O on this surface,
3 coordinate O (3C-O) as in the bulk sitting lower on the z axis, and bridging O (2C-O) sitting
higher on the z axis. ¢, Top view of the TiO> (210) surface. d, Side view of the TiO, (210) surface,
the vertical axis is z axis.
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a Co at 5C Coordinated Site b Co at 6C Coordinated site

Supplementary Figure 24. Thermodynamic stability of Co dopant at various sites. Blue, red and
green circles denote Ti, O and Co atoms, respectively. We find that Co on the first layer has the
largest effect on the OER mechanism. a, Co dopant at 5C position is 0.25 eV more stable than (b).
b, Co dopant at 6C position. After deciding that the 5C coordinated position is energetically
favorable, we need to establish the position of Co dopants for second and third layer. ¢, Co dopants
along a line is 0.15 eV more stable than (d). d, Co dopants in second layers not in a line. Thus, we
chose Co dopants in a line with 5C position on the first layer (c) as the starting point for GCQM
calculations in main text, while the comparison and discussion between ¢ and d are included in
supplementary method and tables.
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Supplementary Figure 25. a-f, Various structures with various Co oxidation states based on
stoichiometry. Blue, red, green and black circles denote Ti, O, Co and H atoms, respectively.
Starting from the H>O covered structure, removing lattice oxygen or adding interstitial hydrogen
creates Co with the lower oxidation state abundant in bulk TiO,. We take the structure a as the
reference state at 0 eV. The extra unpaired spin on the bridging oxygen in structure b (circled)
provides possibility for O-O coupling, which motivated us to examine the LOM mechanism in
addition to the AEM mechanism we found to dominate. The hydrogen interstitial is most sensitive
to the change of pH, becomes less stable at higher pH. We fix the pH at strong basic conditions,
to reflect the experimental working condition. g, Effect of applied potential on the stability of
structures a-f at pH = 14. As the applied potential increases, lower oxidation state such as Co?",
and Co*" become less stable, so that structure a became the most stable one. The stability is
obtained by comparing the free energy of different structures with structure a.
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Supplementary Figure 26. Morphology and composition characterization of Fe-TiO> and Ni-
TiO2nanorods. a, TEM image of Fe-TiO. b, TEM image of Ni-TiO.. ¢, EDS spectrum of Fe-TiO»
nanorods (Fe 12% doping). d, EDS spectrum of Ni-TiO; nanorods (Ni 11% doping).
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Supplementary Figure 27. a, LSV plots of Ni-TiO, Fe-TiO>, Mn-TiO; and Cu-TiO> nanorods
for the OER. b, CV plots of Fe-TiO catalyst at different scanning rates in the potential window of
0.526 V - 0.726 V vs. RHE in Na-saturated KOH electrolyte; ¢, CV plots of Ni-TiO» catalyst at
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different scanning rates in the potential window of 0.526 V - 0.726 V vs. RHE in N»-saturated

KOH electrolyte.
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Supplementary Figure 28. Free energy landscape from GCQM calculations for Fe-, Co- and Ni-
TiO; for the 10 states involved in OER at pH=14 and applied potentials of 1.63 Vrue. The green,
blue, red and black spheres in the atomic models represent Co (or Fe, Ni), Ti, O and H atoms,
respectively.
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Supplementary Figure 29. DOS for group 1 catalytic surface with 12.5 % Co in the topmost layer
(model is shown in Supplementary Fig. 24a).
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Supplementary Figure 30. DOS for group 2 catalytic surface with 12.5 % Co connecting in a line.
(model is shown in Supplementary Fig. 24c¢).
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Supplementary Figure 31. DOS for group 3 catalytic surface with 12.5 % Co not in a line (model

is shown in Supplementary Fig. 24d).
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