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Abstract

Rational design and synthesis of efficient electrocatalysts for the oxygen evolution reaction (OER) are
paramount to the development of electrochemical devices for clean energy and fuel conversion. However,
the structural complexity of heterogeneous electrocatalysts makes it a grand challenge to obtain qualitative
and quantitative information of surface catalytic sites and the definitive understanding of OER
mechanisms. Here, we report the construction and mechanistic understanding of catalytic single-site Co
doped in monodisperse quadrangular TiO2 nanorods (Co-TiO2) with the brookite (210) surface for the
OER in alkaline medium. The Co-TiO> presents turnover frequencies (TOFs) that are among the highest
for Co-based heterogeneous catalysts reported to date, reaching 6.6 + 1.2 s'and 181.4 + 28 s’ at 300 and
400 mV overpotentials, respectively. The atomic structure of the Co single-site is studied using a suite of
in-situ and ex-situ spectroscopic probes, leading to a verified surface structure model for Quantum
Mechanics understanding. Using Grand Canonical Quantum Mechanics (GCQM) calculations, we
establish a full description of reaction kinetics for the Co-TiO: system as a function of applied potential,
revealing an Adsorbate Evolution Mechanism (AEM) for the OER on the Co single-site. The
computationally predicted Tafel slope and TOFs (13.7 s and 307.4 s™! at 300 and 400 mV overpotentials)
exhibit unprecedented agreement with experiment. This validates the accuracy of the GCQM methodology,
enabling the integration of in-silico search and controlled synthesis of well-defined single-site catalyst for

improved catalytic systems.



The oxygen evolution reaction (OER) is an important reaction and often a limiting step in many
electrochemical devices that hold great potential for clean energy conversion and fuel transformation, such
as water electrolyzers,® 22 rechargeable metal-air batteries,* ® and electrochemical synthesis.® ’ There has
been extensive effort over past decade for new OER catalysts that exhibit the required activity, durability,
and selectivity.® ® 1% Many catalytic materials have been studied with impressive catalytic performances
in alkaline electrolytes, including layered double hydroxides,® 12 perovskites,® 1 1 spinel metal
oxides™ ¢ and carbon materials.}” 1 However, most heterogeneous catalysts studied thus far have non-
uniform physical dimensions (morphology, structure and composition) and surface arrangements (facets),
making it difficult to refine the structures of the most active surface catalytic sites to serve as synthetic
targets.'> 1" 1° This same issue has obstructed accurate mechanistic studies that might provide new
understanding of OER catalysis to suggest strategies for improved catalysts. Therefore, the two
unanswered questions critical to heterogeneous OER catalysis are (1) how to identify and construct well-
defined catalytic centers for efficient OER catalysis, and (2) how to delineate unambiguously the atomistic
mechanism and kinetics for OER and competitive reactions at this center.

Recent advances in full solvent quantum mechanics (QM) and metadynamics (AIMD) 2% 2*methods have
made it possible to simulate and determine atomistic reaction mechanisms and free energy reaction
barriers (dG*) for electrocatalytic reactions. For example, our QM metadynamics calculations for the
oxygen reduction reaction (ORR) on the Pt (111) surface led to a predicted dG* within 0.05 eV of
experiment.?? For the CO reduction reaction (CORR) over Cu (100),% 24 our calculations predicted that

the difference in the barrier for ethanol production compared to ethene is 0.06 eV, which is in agreement



with subsequent experimental validation of 0.066 eV. These calculations established that this level of QM
(PBE-D3 flavor of DFT) can achieve an accuracy of 0.05 eV or better in reaction free energy barriers not
only in gas-solid interfacial systems,?> 2% 27 put also in liquid-solid conditions.?3 282930

However, to correlate directly to experiment, we must describe all reaction steps at the same applied
potential, including reactants, transition states, and products. To achieve this, we developed recently the
Grand Canonical QM (GCQM) method to keep the applied potential constant rather than the number of
electrons as in usual QM.3! These GCQM methods have been applied to the OER over 1rO; (110)* and
Fe doped y—NiOOH?®® systems, predicting an onset potential for 10 mA cm2 within 0.05 to 0.10 V of
experiment. It has also been used for in-silico prediction of new OER catalysts.? Despite this progress,
the uncertainty of using these theoretical OER results is that we do not have direct experimental evidence
on the surface structure of the catalyst.

Herein, we report, for the first time, the seamless integration of controlled synthesis of nanocrystals with
well-defined catalytic single-sites and the GCQM calculations demonstrating a detailed validation of the
theory against experiment for the kinetics of OER. The model catalyst is Co-doped TiO. brookite-phase
nanorods (Co-TiO2) with primarily (210) surface facets. The Co is uniformly doped in the nanorods as
single-site substitution and is stable during OER conditions, as indicated by in-situ extended X-ray
absorption fine structure (EXAFS) and in-situ synchrotron radiation X-ray diffraction (SRXRD). These
Co-TiO2 nanorods with Co single-site in the (210) TiO2 surface deliver OER turnover frequencies (TOFs)
of 6.6 + 1.2 s and 181.4 + 28 s* per site at 300 mV and 400 mV overpotentials, which are very close to

the GCQM calculations (13.7 st and 307.4 s). Moreover, the experimental Tafel slope of 72 mV dec™



agrees with the GCQM prediction (74 mV dec?), revealing the most favorable adsorbate evolution
mechanism (AEM) over the Co single-site. This work highlights the benefits of synthesizing well-defined
catalytic single-site over monodisperse nanocrystal surfaces together with GCQM calculations in
understanding and verifying the OER Kinetics, providing a methodological basis for further fine-tuning
electrocatalysts for improved efficiency.

Synthesis and characterization of as-synthesized Co-TiOz2 nanorods

The Co-TiO2 nanorods were synthesized via the thermal decomposition of titanium chloride (TiCls) and
cobalt oleate precursors in a solution of 1-octadecene (ODE) with the surfactants of oleic acid (OAc) and
oleylamine (OAm), according to our previously reported method.*® During the synthesis at elevated
temperatures, as we demonstrated previously, OAc reacts with OAm to release a small amount of water,
triggering the controlled hydrolysis of TiCls during the reaction, while OAm guides the anisotropic growth
of TiO to nanorods.>® The Co doping level was tuned by the ratio of TiCls and cobalt oleate and measured
with energy dispersive X-ray spectroscopy (EDS) (Supplementary Fig. 1). Formation of the brookite-
phase TiO- is evidenced from the X-ray diffraction (XRD) pattern with a characteristic brookite (121)
peak at 26 = 30.81° (Supplementary Fig. 2, JCPDS No. 29-1360, orthorhombic). Our present synthetic
method can yield up to 12% Co dopant level (Co atomic percentage out of all metals) without changing
the brookite phase of TiO». Transmission electron microscopy (TEM) and scanning TEM (STEM) images
(Fig. 1a, Supplementary Fig. 3 and 4) show that the as-obtained Co-TiO> with different Co doping levels
exhibit a consistent and uniform nanorod morphology with an average width of 4 + 0.5 nm and a length

of 40 + 8 nm, similar to undoped TiO> nanorods. The high-resolution TEM (HRTEM) image of Co-TiO>



and Fast Fourier Transformation (FFT) (Fig. 1b) suggest that these nanorods are single crystals and grow
along the <001> direction with (210) surface at side planes of nanorods. Due to the uniform size and
shape, the Co-TiO: can be readily assembled into a nanorod array in the liquid-air interface and viewed
along the longitudinal direction. We found that the nanorods have a rhombic cross-section shape with an
angle of ~ 80°/100°, confirming that the nanorods expose four (210) planes as the side facets (Fig. 1c).
Such a well-defined surface structure was also observed previously in pure TiO, and Fe-doped TiO>
brookite-phase nanorods.*

The uniform distribution of Co dopant in the nanorods was confirmed by the high-angle annular dark field
(HAADF) STEM image coupled with electron energy loss spectroscopy (EELS) elemental mapping (Fig.
1d-f). The coordination environment of Co dopant was further revealed by the Co K-edge EXAFS. The
Fourier-transformed (FT) EXAFS acquired at the Co-TiO; sample along with the reference samples are
presented in Fig. 2a. We found that Co-TiO: does not show a peak at 2.17 A, which is related to the Co—
Co bond and can be observed in metallic Co foil. Instead, a peak at 1.56 A corresponding to the Co—O
bond, is clearly observed in the Co-TiOx spectrum. This first coordination shell peak is located at a position
slightly different with that from CoO, Co304 and LiCoO, implying a Co coordination environment
different to these cobalt oxides. This peak may correspond to the Co dopant in the TiO2, showing the Co-
O bonding in the TiO2 matrix. More obviously, no peak similar to Co-Co pathway in CoO, Co304 and
LiCoO., typically in the range of 2.1-2.4 A, is observed in Co-TiO sample. This excludes the possible
existence of Co metal and Co oxide secondary phases in the samples, which indicates that Co is distributed

in the TiO; as single-site substitution (more details are discussed in the in-situ EXAFS section).



Electrocatalysis over Co-TiO2

The Co-TiO> dispersion was air-sprayed onto commercial carbon paper (Toray paper) and then annealed
at 200 °C in air overnight to remove organic ligands before electrochemical study. The OER analysis was
carried out in an O»z-saturated 1M potassium hydroxide (KOH) aqueous solution. Linear scan voltammetry
(LSV) curves are shown in Fig. 2b, indicating much lower onset potential of Co-TiO, compared to other
catalytic materials (continuous 200 LSV curves are also provided in Supplementary Fig. 5). The
overpotentials at a current density of 10 mA cmgeo and 100 mA cmgeo? (Geo indicates current density
normalized over electrode geometric area) for Co-TiO> are 332 mV and 396 mV, respectively, superior to
CoO nanoparticles and IrO; nanoparticle catalysts with the same loading of active metals. Compared with
Co-TiO, undoped TiO2 and carbon paper barely generate current, suggesting that the activity of Co-TiO:
is exclusively contributed by the Co in the nanorod surface. Among the Co-TiO; nanorods with different
Co dopant levels, the one with 12% Co exhibited the lowest overpotential (Supplementary Fig. 6),
possibly due to the highest Co single-site density in the nanorod surface. Therefore, this material is

specifically discussed in subsequent sections.

The on-line gas chromatography (GC) analyses showed that the Faradaic Efficiency (FE) for O, formation
is > 95% on carbon paper supported Co-TiO; at a current density of 50 mA cm?Geo. Even at 100 mA cm’
Geo, the FE for O formation is still > 90% (Supplementary Fig. 7). The 42-hour chronoamperometry
(CA) test at various potentials demonstrated the high stability of Co-TiO2, with a slight current density

decay observed only at high current density conditions (Fig. 2¢, Supplementary Fig. 8). In another 10-



hr CA test at 1.62 V vs. reversible hydrogen electrode (RHE), Co-TiO; preserved with 99% of its original
current density, while that using CoO and IrO» nanoparticles decreases to ~ 65% and 90%, respectively
(Supplementary Fig. 9-11). In addition, no obvious nanorod morphology change was observed after the
OER stability test as shown by HRTEM image in Fig 2d, indicating the excellent stability of Co-TiO»

catalyst.

Co single-site structure during catalysis and intrinsic activity

We employed a suite of spectroscopic probes to confirm the structural stability of Co-TiO> catalyst under
the OER conditions. /n-situ SRXRD analysis showed that the brookite phase of TiO> is intact under high
potentials, without Co phase segregation or TiO, phase transition to anatase/rutile (Fig. 3a). More
importantly, in-situ Co K-edge EXAFS spectra, acquired with hard X-ray excitation under the OER
conditions, demonstrated that the Co single-site dopant structure can be maintained within Co-TiO: (Fig.
3b and Supplementary Fig. 12-17). Supplementary Table 1 summarizes the structural details we
obtained from high-quality EXAFS spectra for the Co-TiO> under catalytic potentials as well as the
pristine TiO2. The Ti coordination environment (atomic distances and coordination numbers in the first
and second coordination shells) is consistent in Co-TiO2 and TiO2 samples. Co coordination profiles are
not only very close under different electrochemical potentials, but they also match with that of Ti.
Specifically, for the first coordination shell, the Co-O bond distance is similar to that of Ti-O in TiO»,
indicating the substitution of Co in the TiO». For the second coordination shell, the Co-Ti pathway is
consistent with Ti-Ti in TiO2 and Co-TiO», further verifying that Co is present as single-site substitution

in the TiO> brookite lattice and is preserved under OER potentials.



X-ray absorption spectroscopy (XAS) with soft X-ray excitation was used to probe the electronic structure
of the Co-TiO; material before and after thermal annealing as well as after electrochemical stability testing.
For the as-synthesized Co-TiO,, Ti L-edge and O K-edge XAS spectra showed typical TiO» spectra
profiles, meanwhile the Co L-edge XAS spectrum displays a CoO-like profile (Fig. 3c-e). It indicates that
the Co is doped in the TiO2 matrix as single-site; however, the Co does not form strong hybridization with
the O in the TiO> matrix at this stage. Therefore, for the as-synthesized Co-TiO; nanorods, the
hybridization between Co and O resembled that of CoO, suggesting a +2 oxidation state for Co that is
associated with oxygen vacancy in the crystal. We also found that annealing the sample does not change
the electronic structure of the Co-TiOz, implying that annealing does not provide sufficient driving force
to initiate stronger hybridization between Co and O.

Interestingly, a clear change in electronic structure of Co-TiO2 can be seen after electrochemical testing,
as suggested by the changed Co L-edge and O K-edge XAS spectra and the unchanged Ti L-edge spectrum.
The unchanged Ti L-edge XAS spectrum (Fig. 3¢) indicates that the TiO2 matrix overall remains the same,
while the changes in the O K-edge and Co L-edge XAS spectra are an indicator of clearly different
hybridization. The O K-edge XAS spectrum (Fig. 3d and Supplementary Fig. 18) exhibits decreased
peaks in the range of 528-538 eV, corresponding to the transition from O 1s to O 2p-transition metal (TM)
3d hybridized state. Since the peak intensity is determined by the occupation of the unoccupied O 2p-TM
3d hybridized orbital, decreased peak intensity indicates the appearance of more 3d electrons in the
hybridized orbitals.>* 336 Given that the Ti L-edge spectrum does not show any obvious difference, the

extra accumulated 3d electrons are most likely to be from Co-O hybridization. Meanwhile, the Co L-edge



spectrum (Fig. 3e and Supplementary Fig. 18) also shows a changed profile at 780 eV, confirming a
strong Co-O hybridization and an emptier Co 3d orbital. Moreover, it is noteworthy pointing out that the
O K-edge spectrum of electrochemically tested sample displays a typical TiO2 spectrum profile and is
different to all the CoOx species, indicating that Co-O hybridization is determined by the TiO» crystal
electric field.>” Thus, we suggest that, driven by electrochemical potential, Co doped in the TiO, matrix
presents Ti**-like crystal electric field property and is converted into the higher oxidation state.

Such a clear structure, Co single-site in brookite TiO2 (210) surface, provided an unprecedented chance to
precisely evaluate the intrinsic activity of catalytic centers. First, we obtained electrochemical active
surface area (ECASA) of the Co-TiO: catalyst via electrochemical double-layer capacitance
measurements (Method, Supplementary Fig. 19 and 20). Since the Co-TiO2 nanorods dominantly expose
the (210) plane in the surface and a certain proportion of surface Ti is substituted by Co, we then calculated
the surface Co amount from ECASA, leading to the subsequent analysis of TOFs. Controlling Co doping
level at 12% allows the optimization of TOFs, which is slightly higher than that of Co-TiO: with lower
Co content (Supplementary Fig. 21). The experimentally observed TOFs over Co-TiO> nanorods (12%
Co)are 6.6+ 1.25",343+ 95" and 181.4 + 28 5™ at overpotentials of 300, 350 and 400 mV, respectively,
which are among the highest for Co-based heterogeneous catalysts reported to date (Supplementary Fig.

22).

GCQM calculations
We carried out GCQM calculations for the experimentally identified brookite TiO2 (210) surface with

12.5% Co substitution dopants (Method section). Supplementary Fig. 23 shows the constructed three



double-layer slab models with inversion-symmetry to avoid net dipoles in the cell. We used a 15 A vacuum
in the Z direction to prevent periodic image interactions. The transition states were calculated using the
Climbing-Image Nudge Elastic Band method and confirmed to have one negative frequency.

There are two types of Ti sites in (210) surface, 5 coordinated and 6 coordinated sites (denoted as 5C and
6C). 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 eV more stable than having them separated
(Supplementary Fig. 24). Our in-situ EXAFS analyses suggest that the Co is the single-site substitution
in the brookite TiO: lattice; however, the two cases of “Co single-site substitutes connecting in a line via
O” and “non-connecting Co” become indistinguishable in Co K-edge EXAFS, as the second coordination
shell in both cases contains identical Co-Co and Co-Ti pathways with the same atomic arrangement and
distance (Co-Ti will be primary due to concentration). We believe that these Co lines are likely to be
formed at the surface under OER conditions. As revealed by XAS with soft X-ray excitation, Co (+2) is
doped in the as-synthesized nanorods coupled with oxygen vacancy and is further converted into the
higher oxidation state after electrocatalysis. Along with the increase of Co oxidation state and the
elimination of oxygen vacancy in the surface layers at high potentials, the induced Co migration can
facilitate the formation of such a Co line structure that is more energetically favorable.

We studied systematically the most stable surface structure, including the oxidation state of Co site and

surface H>O under experimental conditions (pH = 14, various potentials (U)) using slab models of the top



three layers (Supplementary Fig. 25). We found that the H>O binds strongly to the surface, with a binding
energy of -1.12 eV per water molecule, consistent with previous calculations.®® At U=1.53 V vs. RHE, all
Co in the top three layers of lattice prefers an oxidation state of +4, leading to a d° configuration. This is
clearly more stable than cases with Co?* and Co** which can be created using H interstitial or O vacancy
in the lattice, as summarized in Supplementary Fig. 25¢.

Important for the reaction mechanism, we found that each Co dopant introduces 0.19 unpaired spins on
the O bridging Co and Ti, as shown in Fig. 4. This radical character motivated us to further investigate
the OER mechanism by treating this bridging O as a possible active site, in addition to the Co catalytic
site. Previous studies on perovskites suggested that the lattice O can interact with adsorbed OH* to form
oxygen vacancy and O, leading to a reaction pathway named lattice oxygen mechanism (LOM).1% 3% 40
For some perovskites, LOM can allow the higher OER activity than the adsorbate evolution mechanism
(AEM),?® 4 which involves only the metal site and associated H,O. This previous calculation is based on
simple scaling relation rather than calculation of explicit barrier height.*

We studied both AEM (blue) and LOM (orange) in our system with barrier heights calculated explicitly,
in order to compare directly with our experiments, as shown in Fig. 4. We started with one monolayer of
explicit H>O solvent to which one additional H>O was needed at higher U. The overall half reaction under
strong basic condition is 4 OH" — 2 H,O + 4 ¢ + Oy, and each elementary step is included in Fig. 4. The
AEM was calculated to be the more favorable reaction pathway for our Co-TiO> catalyst, with all favorable
intermediate structures labelled. Based on the most favorable reaction pathway, we plotted the free energy

landscape in Fig. 5 at pH=14, as a function of applied potential, U. At lower potential (U=1.43 V vs. RHE),



both state 8 (O2 desorption step) and state 3 (O-O coupling) are rate determining. In contrast, at higher
potential (1.53 V and 1.63 V vs. RHE), only state 3 (O-O coupling) is the rate determining step (RDS).

This leads to a linear Tafel Slope region to occur at higher potential (1.53 V to 1.63 V vs. RHE).
Direct Comparison of Tafel Slope and TOFs between QM and Experiment

Our previous studies of OER on IrO>% and on Fe-NiOOH?® had to assume the surface structure, but for
the Co-TiO> system we can be confident about the surface structure. In particular we obtained activity per

active site in experiment, allowing its direct comparison with the GCQM calculated result.

The GCQM predicted a TOF that is normalized to Co single-site in the surface can be expressed as follows:

107 <17 sp (-45)

where %T =6.26x10"? s kT=0.0257 eV at 298 K and dG" is the calculated to be the free energy difference
between the RDS and the resting state. The overall comparison is summarized in Fig. 6. At 1.53 V, 1.58
Vand 1.63 V (300 mV, 350 mV and 400 mV OER overpotential), TOFs in theory are calculated to be 13.7
s, 64.8 s and 307.4 s per site, presenting an exceedingly good agreement with experiment (6.6 1.2 s

1,343+ 951 and 181.4 £ 28 57!, respectively).

The Tafel Slope is sensitive to the reaction pathway and mechanism. Fig. 6 shows clearly that the most
favorable AEM mechanism leads to a Tafel Slope of 74 mV dec™!, which is also highly consistent to the
experiment result (72 mV dec™). In contrast, LOM leads to a reaction rate orders of magnitude smaller
with a predicted Tafel slope of 247 mV dec™!, confirming the dominant role of AEM in our Co-TiO> system.

It is worth noting that although our kinetic study is built on the most energetically favorable structure,



such a GCQM approach was also applied to other possible single-site Co configurations which we
discussed above, including “Co connecting in a line” and “Co not connected.” We concluded that these
possible structures with single-site Co in the (210) surface exhibited highly consistent Tafel Slope with
the predicted TOFs fluctuated within QM calculation accuracy, further confirming the AEM over our Co

single-site catalytic center (Supplementary Method).

Further extension to other M-TiO> (M=Mn, Fe, Co, Ni, Cu) nanorods allows us to understand the general
OER kinetics over well-defined single-site electrocatalysts. M-TiO2 nanorods were readily prepared using
the same approach, leading to consistent surface facet, physical dimension, and M content and atomic

arlrangernent33

(Supplementary Fig. 26). Experimentally, these single-site M exhibited intrinsic activities
in the order of Co>Ni>Fe, while Cu- and Mn-TiO: displayed negligible activities (Supplementary Fig.
27). The experimentally observed TOFs for Ni-TiO, and Fe-TiO; are 2.4 = 0.6 s' and 0.7 = 0.1 s™' at 350
mV overpotential, and 9.4 + 1.5 s and 1.6 £ 0.2 s! at 400 mV overpotential, respectively. As shows in
Fig. 7, our GCQM theoretical results (Tafel Slopes and TOFs) are highly consistent to experimental values.
It further indicates that the seamless integration of controlled synthesis and advanced GCQM method
leads to “digital twin”, a faithful digital matching between experimental observables and theoretical

prediction, allowing to validate and predict the well-defined catalytic system’s performance and

mechanism.

By comparing the free energy landscape of Fe-, Co- and Ni-TiO; at the same potential (1.63 V), we found

that the O-0 coupling step and the resting state {the fully covered H>O state on Co and Ni (state 1), but




OH covered on Fe (state 2), see Supplementary Fig. 28} control the overall kinetics of our single-site

catalysts. Single-site Co provides a favorable combination of these steps, avoiding the resting state energy
trap observed in Fe as well as the high deprotonation barrier over Ni (state 1 to state 2), which makes Co-
TiO2 to be the most efficient among these well-defined M-TiO> nanorods. It also suggests that the
screening of these initial OER steps over a broad range of Co single-site catalytic centers with different
inorganic solid coordination environment (e.g., different TiO> crystal phases and surface facets)>®, coupled

with controlled synthesis, will likely enable the further optimization of OER catalysts.

Conclusion

Using a model catalyst with well-defined Co catalytic single-site, we demonstrated a methodological
advance for the study of OER by combining the atomic-precision synthesis of nanocrystals and GCQM
calculations. Our synthetic strategy of TiO2 nanorods with substitutional Co-doping incorporates Co
single-site into the brookite-phase TiO> (210) surface. The resultant Co-TiO2 nanorods are highly efficient
in catalyzing the OER under basic condition, and these materials are stable against phase transition or
segregation under the reaction conditions, as revealed by in-situ and ex-situ spectroscopic studies. Based
on the well-characterized structure, our GCQM calculations provide an atomistic understanding of the
OER kinetics in excellent agreement with experiment. With the accuracy of GCQM calculations validated
here, it can potentially allow us to perform high-accuracy in-silico design of rational catalyst and

subsequently maximize its benefit through controlled synthesis of nanocatalysts.

Methods



Chemicals and materials. Titanium chloride (TiCls, 99%) was purchased from Fluka Analytical. Cobalt
carbonyl (Co2(CO)s, stabilized in 1.5% hexane) was obtained from Stream Chemical Inc. 1,2,3,4-
tetrahydronaphthalene (Tetralin, 98%), 1-octadecene (ODE, 90%) and cobalt chloride hexahydrate
(CoCl2+6H20, 98%) were purchased from Acros Organics. Dioctylamine (97%), oleylamine (OAm, 70%)
and oleic acid (OAc, 90%) were purchased from Sigma Aldrich. Hexane (ACS Certified) and 2-propanol
(IPA, ACS Certified), KOH (ACS Certified) were purchased from Fisher Scientific. Toray carbon paper
060, plain carbon cloth and Iridium oxide (IrO.) was obtained from Fuel cell store.

Synthesis of Co-TiOz, Ni-TiOz, Fe-TiOz, Cu-TiO2, Mn-TiOz and TiO2 nanorods. TiO, and Co-TiO>
nanorods were synthesized via an organic solution colloidal approach, based on our previous publication.
As TiCls is highly sensitive to moisture, all the solvents employed in the synthesis are pre-dried at 90°C
by vacuum using a typical Schlenk link technique. For the synthesis of TiO2 nanorods, a Ti-precursor
solution containing 0.2 M of TiCls and 1.0 M of OAc was first prepared by dissolving 2.19 mL of TiCls
and 31.59 mL of OAc in 66.25 mL of ODE, and was stored in a N»-filled glovebox. In a four-neck reactor,
10 mL of ODE, 10 mL of OAm and 0.48 mL of OAc were heated under vacuum at 90 °C for one hour to
remove dissolved moisture and oxygen, and were subsequently cooled down to 60 °C under N2. 1.5 mL
of the Ti-precursor solution was then injected into the system, which was quickly heated up to 290 °C and
maintained at that temperature for 10 min. Next, 8 mL of additional Ti precursor solution was added into
the reactor at a rate of 0.3 mL min*. After cooling down to room temperature, the TiO2 nanorods were
collected and washed by the addition of isopropanol and centrifugation at 8000 rpm for 8 min. The product

was further purified twice by the addition of hexanes and isopropanol. The Co-TiO. nanorods were



synthesized via a similar route. A Co-oleate solution containing 0.2 M of cobalt oleate and 1.0 M of OAc
was mixed with the Ti-precursor solution with a desired Ti/Co ratio. 1.5 mL of the mixed solution was
injected into the degassed solution containing 10 mL of ODE, 10 mL of OAm, and 0.48 mL of OAc at
60°C, and was quickly heated up to 290°C. After being held at that temperature for 10 min, another 8 mL
of the Ti-Co mixed precursor solution was introduced into the system at 0.3 mL min™. The as-prepared
Co-TiO2 nanorods were collected and purified in the same way for TiO2 nanorods. In this synthesis, the
Co doping level was tuned by altering Ti/Co ratio in the mixed precursor solution. In specific, with the
Ti/Co molar ratio of 8/1, 8/2, and 8/3, a Co doping level of 4.2%, 7.5%, 12% can be achieved in the Co-
TiO2 nanorods. Ni-TiO2, Fe-TiOz, Cu-TiO2 and Mn-TiO2 nanorods were synthesized with the same
approach, using the corresponding metal-oleate to substitute for Co-oleate.>®* The synthesis of CoO
nanoparticles is described in the Supplementary Methods.

Structural characterizations. XRD patterns were collected using a Rigaku Smartlab diffractometer with
Cu Ka radiation (A=1.5418A). TEM images were obtained on a FEI Spirit (120 kV). To obtain the TEM
image of nanorod array viewed along longitudinal direction, the assembly method should be used, which
is described in detail in the Supplementary Methods. HR-TEM and STEM images were collected from a
FEI Talos 200x (200kV) coupled with EELS and EDS detectors, in the Center for Functional
Nanomaterials at Brookhaven National Lab. The EELS mappings and spectra were collected using a high
resolution Gatan-Enfina ER with a probe size of 1.3A. A power law function was used for EELS

background subtraction. SEM-EDS was performed on a FEI Quanta 650 microscope.



Electrocatalytic OER measurement. All electrocatalysis studies were performed at room temperature in
the O»-saturated 1.0 M KOH electrolyte, using a typical three-electrode system that is controlled by a Bio-
Logic (Model VMP3) potential station, with a carbon paper working electrode, a Pt foil counter electrode,
and a Hg/HgO (1.0 M KOH) reference electrode. To prepare the Co-TiO2 working electrode, a desired
amount of Co-TiO2/hexanes dispersion was airbrushed onto carbon paper, followed by annealing at 200
°C overnight to remove the organic ligands. The electrode was then sealed with epoxy with an exposing
geometric area of 1 cm?. The CoO nanoparticle electrode and IrO; electrode were also prepared using the
same airbrushing technique, except that the Vulcan-72 carbon supported CoO and commercial 1rO, were
dispersed in IPA. All the potentials were reported vs. reversible hydrogen electrode (RHE) using equation:
E(vs. RHE) = E(vs. HgO) + 0.926 V, where 0.926 V is the potential difference between the Hg/HgO (1.0
M KOH) reference electrode and RHE in 1.0 M KOH that is calibrated via open circuit voltage test prior
to the electrocatalysis. The overpotential (1) for OER could be calculated using n=E (vs. RHE) - 1.23 V.
The OER activity was examined by linear scan voltammogram (LSV) from 0.926 — 1.676 VV vs. RHE at a
scan rate of 10 mV s with iR compensation. The uncompensated resistance was measured with
potentiostatic electrochemical impedance spectroscopy (PEIS) method at a single-point high frequency
(100 kHz). The fixed potential was set to 0 V versus open circuit voltage (Eocv) with a sinus amplitude
of 20 mV and a delay of 0.1 period. Each test was repeated for 4 measures for averaging the values. The
uncompensated resistance (Ry) in our typical cell was around 2 Ohms. IR drop was compensated at 85 %
by Bio-Logic EC-Lab software with positive feedback. The catalytic stability was evaluated by

Chronoamperometry (CA) measurement at various potentials without iR correction.



To gain a deeper understanding in the OER Kkinetics, we calculated the electrochemical surface area
(ECASA) using the equation ECASA = Cq/Cs, where Cs is the specific capacitance of Co-TiO> obtained
from GCQM calculation under the operando conditions (18.2 uF cm, see Supplementary Method), and
Cual is double layer capacitance measured by cyclic voltammetry (CV) in the non-Faradaic region (0.526
—0.726 V vs. RHE). The amount of Co atoms in nanorod surface was estimated by the ECASA and Co

atom density in Co-TiO2 nanorods, which is described by the following equation: Nco-atom

8 X w%

= ECASA X , Where 8 is the number of Ti atoms in single cell of brookite TiO2, w is atomic ratio

cell

of Co element in Co-TiO2, and Deen is the dimension of (210) facet in a single cell of TiO2 (2.26 x10°

JGeoX S
)
4 X Nco—gqtom X F

mol cm). Based on Nco-atom, the turnover frequency (TOF) is calculated by TOF =
where jceo IS geometric current density obtained from LSV plot, s is electrode geometric area, and F is
Faraday constant.

To obtain the Faradic efficiency (FE) towards OER, a controlled current electrolysis for 12.5 hour was
performed in a gas-tight H-type cell that was separated by a Nafion-212 membrane and charged with 10
mL of N»-saturated 1M KOH in each compartment. During the electrocatalysis, a steady N2 supply of 10
sccm was introduced to the anode compartment, and the gas-phase effluent was continuously delivered to
the gas-sampling loop of a gas chromatograph (Shimadzu, GC 2014) and analyzed by a thermal
conductivity detector (TCD). The concentration of Oz was derived by comparing the corresponding peak
are of TCD with that of standards, which was further used to calculate the FE.

XAS characterization. The ex-situ and in-situ Co K-edge extended X-ray absorption fine structure

(EXAFS) were collected at room temperature in the fluorescence mode at the beamline 20BM of



Advanced Photon Source, at the Argonne National Laboratory using a customized electrochemical cell
that is detailed in our previous publication.*? For in-situ Co K-edge EXAFS analyses, a desired amount of
Co-TiO2 was airbrushed on the carbon cloth and annealed at 200°C for 12 hours to serve as the working
electrode, while a Ag/AgCl and a Pt wire were employed as the reference and counter electrodes,
respectively. The CV was conducted at 100 mV min* with continuous fresh electrolyte (1.0 M KOH)
pumping at a rate of 1.0 ml min. The processing of EXAFS raw data (background-subtraction,
normalization, and Fourier transformation by standard procedures) was performed by the ATHENA
program. The least-squares curve fitting analysis of the EXAFS y(k) data was conducted by the ARTEMIS
program. The model was built with substitution of central atom Ti in brookite phase TiO, with Co atom.
The functions the effective curved-wave backscattering amplitude (F;j(k)), the photoelectron mean free
path for all paths in A (1) and phase shifts (¢j(k)) were calculated by the ab initio code FEFF 9.05. Soft X-
ray XAS were collected at the beamline 8.0.1 in the Advanced Light Source, Lawrence Berkeley National
Lab. The signals were collected via total electron yield, measuring the drain current from the ground. The
energy scale of each spectrum was calibrated using the reference samples. The processing of soft-XAS
raw data (background-subtraction, and normalization) was performed by the ATHENA program.

SR-XRD characterization. In-situ SR-XRD measurement for Co-TiO> was conducted at the beamline
17BM (L= 0.24141 A) of Advanced Photon Source, at the Argonne National Laboratory using the same
setup described in the in-situ EXAFS characterization. The two-dimensional diffraction patterns were
collected with a PerkinElmer Si flat panel detector, which was set 200 mm behind the sample, and were

then processed using GSAS-II software to obtain plots of intensity vs. 26.



GCQM calculations. All QM calculations used the spin-polarized PBE exchange correlation functional
along with the DFT-D2* pair potential London dispersion corrections as implemented within the VASP
package.** To locate the transition states for the various reaction steps, we used the Climbing Image-
Nudged Elastic Band (CI-NEB) method, as implemented in VASP.* K-point grid is 2x3x1 and the energy
cutoff is 500 eV for all calculations. We group the 5 coordinated Ti/Co and 6 coordinated Ti/Co as one
double layer, so that the unit cell has 3 double-layer. The calculated water binding energy on brookite
TiO2 (210) surface is 1.12 eV, which compares well with 6 double-layer result of 1.1 eV reported in
literature®®.

To convert from QM energies to Gibbs free energy at 298 K, we calculated phonon vibrational density of
states using Density Functional Perturbation Theory (DFPT).*® The vibrational contributions to free
energies have been included for both surfaces and molecules. To compute free energy change of
elementary reaction steps involving gaseous or liquid molecules, such as water and hydrogen, we
considered the contributions of rotation, translation, and vibration*’ to the free molecule, which we
obtained from Jaguar package*® as well as the solvation energy of water molecule in liquid water (2.05
kcal/mol). The free energy of gas phase O is derived as G[O2] = 4.92(eV) + 2G[H20] — 2G[Hz] by
utilizing experimental Gibbs free energy of the reaction (2H>O(1) —Oa(g)+2H>(g)) at the standard
conditions. To obtain the free energies as a function of applied potential, U, we used the CANDLE®
implicit solvation model as implemented in JDFTx.>® This has been used successfully for previous OER

studies, including IrO2,?° Fe doped y-NiOOH?>® and other metals doped into NiOOH.3?



We calculated the geometries using VASP with the VASPsol°! solvation model for various numbers of
charges on the surface, then we transformed to the grand canonical potential kinetics (GCP-K)*?
formulation along with the CANDLE implicit solvation model to obtain the free energies as a function of
U. This allows the charged surfaces to be effectively screened by the ionic response in solution. A specific
example of such a transformation is provided in Supplementary Method. This GCQM calculation was also
used for Ni-TiO; and Fe-TiO, with the same structure, surface facet and reaction condition.
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Figures

Figure 1. Morphology, composition and structure characterizations of as-synthesized Co-TiO2
nanorods. a, TEM image of Co-TiO> nanorods (12% Co). b, Representative HR-TEM image of Co-TiO»
nanorods (inset is FFT). ¢, TEM image of vertically aligned Co-TiO nanorod assembly viewed along
longitudinal direction. The inset shows a representative HR-TEM image of vertically aligned nanorod. d,
dark-field STEM image of Co-TiOs. e-f, Ti and Co EELS elemental mapping in the area of d. The atomic

model illustrations in (b) and (c) are brookite-phase TiO> with blue and red circles being Ti and O.
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Figure 2. EXAFS and OER catalytic performance of Co-TiO2 nanorods. a, Co K-edge FT-EXAFS of
Co-TiOz (12% Co) and other reference materials. b, LSV plot of different catalysts for the OER. ¢, OER
stability analyses of Co-TiO; (12% Co) with chronoamperometry tests under various potentials (the
segment color code matches with the applied potential value). d, HRTEM image of Co-TiO2 nanorods
after OER stability test. The atomic model illustrations in d are brookite-phase TiO> with pale blue and

red circles being Ti and O.
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Figure 3. In-situ and ex-situ analyses of Co-TiO:2. a, In-situ SRXRD patterns of Co-TiO, nanorod

catalysts under the OER conditions. b, In-situ Co K-edge FT-EXAFS spectra of Co-TiO> nanorods under

the OER conditions. c-e, Ti L-edge (c), O K-edge (d) and Co L-edge (e) XAS with soft X-ray excitation

for Co-TiO2 nanorods catalysts before and after annealing and after electrochemical testing.
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Figure 6. Direct Comparison of experimental results and GCQM predictions. a, Tafel Slope
comparison of experimental result, AEM and LOM predictions. The experimental current density of Co-

TiO2 is normalized over ECASA. b, TOFs from experiment and GCQM predictions. The predicted TOFs

and Tafel Slopes are in excellent agreement with experiment.



A7 b 2
~=— Experimental Ni-TiO, Theoretical Ni-TiO, [ Experimental Ni-TiO, [/ Theoretical Ni-TiO,
I Experimental Fe-TiO, Theoretical Fe-TiO, Experimental Fe-TiO, Theoretical Fe-TIO,
204 7
E‘ 1.65 = .
o 69 mV dec”’ ‘_li_fs-
; w
§ | e
> 125 mV dec” 67 mV dec” "10
- 1.60 =
= 5-
1.55 Laasiul a3 s sl 1 3 sl s s saaul i1 0 “
0.01 0.1 1 10 350
Jj (mA cm?) Overpotentials (mV)

Figure 7. Comparison of experimental results and GCQM predictions of Ni-TiO2 and Fe-TiO2
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TOFs from experiment and GCQM predictions.



