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ABSTRACT: Generation of hydrogen peroxide (H,0,) by electrocatalytic water O, evolution H,0, evolution  OH radical
oxidation is a promising approach for renewable energy utilization that motivates the | [Subsurfacel - - GO Cr  U%o=177V.
development of selective catalytic materials. Here, we report a combined theoretical 2.0 Metals

and experimental study, showing that alloyed TiO, electrodes embedded with

subsurface redox-active transition metals enable water oxidation to H,O, at low < 5l

overpotentials. Density functional theory calculations show that first-row transition = B

metals (Cr, Mn, Fe, and Co) serve as reservoirs of oxidizing equivalents that couple ' a0 @ @

to substrate binding sites on the surface of redox-inert metal oxides. The distinct sites Tio 6 - é

for substrate binding and redox state transitions reduce the overpotential of the 35 2

critical first step of water oxidation, the oxidization of H,O0* to HO* (“*” =
adsorbed), enhancing the selectivity for H,O,. Electrochemical analysis of alloyed
TiO, electrodes with subsurface Mn fabricated by atomic layer deposition confirms
the theoretical predictions, showing enhanced selectivity for H,O, generation (>90%) due to a significant shift of the onset potential
(1.8 V vs reversible hydrogen electrode (RHE)), a S00 mV cathodic shift when compared to pristine TiO, (2.3 V vs RHE). These
findings show that otherwise inert metal oxides with subsurface redox-active sites represent a promising class of catalytic materials for
a wide range of applications due to the uncoupling of substrate binding and catalytic redox-state transitions.

KEYWORDS: selective water oxidation, electrocatalysis, hydrogen peroxide production, titanium dioxide, redox-active transition metal,
density functional theory, subsurface single atom catalyst

1. INTRODUCTION distributed on-site H,0O, production, a process which could be
powered by renewable solar and wind energy.M_16 Currently,
most studies of electrochemical generation of H,O, are
focused on O, reduction, while water oxidation is another
attractive pathway to convert water and electric energy into
high-value-added chemicals.'’ ™"

The main outstanding challenge for H,0, production via the
2e-WOR is the development of selective electrocatalysts
capable of operating at low overpotentials.”’ Water oxidation
to H,0,, with a potential of 1.77 V vs standard hydrogen
electrode (SHE), is usually outcompeted by the thermody-
namically less demanding oxygen evolution reaction (a 4e-
WOR with a standard potential of 1.23 V vs SHE).” To date,
only a few materials have been shown to preferentially produce
H,0,, notably ZnO, BiVO,, CaSnO; SnO,, TiO,, and
WO,.**"*> We note that those materials are all redox-inert
metal oxides (i.e., with metals that remain redox-inactive in
their highest oxidation state). These metal oxides cannot be

Electrochemical generation of hydrogen peroxide (H,0,) by
water oxidation is a promising approach for renewable energy
utilization.'™* However, the large-scale application of this
attractive two-electron oxidation reaction remains limited by
the lack of efficient catalysts based on inexpensive materials.”
Recent studies have revealed that the first step of the reaction
likely converts surface-bound water to hydroxyl species, an
elementary process thought to play a dominant role in
controlling the overall catalytic performance.7_9 Here, we
introduce catalytic materials based on inexpensive metal oxides
that facilitate the critical first step of the water oxidation
reaction (WOR) and enable efficient generation of H,0, at
low overpotentials with significant selectivity over oxygen
evolution.

H,0, is a versatile and environmentally benign oxidant as it
has a high oxidation potential over the whole range of pH'’
and produces only water as a byproduct. H,O, is used in a
wide range of industrial processes from paper bleaching to —
chemical synthesis and has great potential as a high-density Received:  April 27, 2023
energy carrier.'”'" Synthesis of H,0, is currently based mostly Accepted:  August 3, 2023
on the energy-intensive anthraquinone process, which requires Published: August 15, 2023
large-scale industrial facilities and significant safety precautions
regarding storage and transportation.'”"” Therefore, there is a
significant interest in realizing electrochemical methods for
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further oxidized, so the oxidation involves electron removal
from adsorbed water, a process that usually requires high
overpotentials (AGyo+ much larger than 1.77 €V vs SHE) and
forms highly unstable surface-bound h;rdroxyl radical inter-
mediates, HO* (* = surface adsorbed).” Therefore, reducing
AGyo+ is critical to favor H,0, generation at low over-
potentials. Recently, introducing dopants or oxygen vacancies
into such redox-inert metal oxides is demonstrated to
effectively improve the performance of selective water
oxidation toward H,0,, where we believe that these defects
play a key role in modulating the redox properties of the host
materials.”> 2 Thus, it is clear that the search for efficient
electrocatalysts should benefit from an analysis of the
correlation between the reactivity of the redox process, the
energy level of the charge transfer processes, and 2e-WOR
activity.

Theoretical studies have suggested that the activity trend of
electrochemical water oxidation can be expressed as a function
of AGyo+ which is defined as the free energy of oxidation of
water to form HO* on the surface.”***” In particular, AGyo-
should be kept as close as possible to 1.77 eV vs SHE to
enhance the generation of H,0,.”” Here, we introduce a new
strategy to synthesize materials which achieve those properties
by embedding redox-inert metal-oxide surfaces with subsurface
redox-active transition metals. We combine theoretical
modeling based on density functional theory (DFT) and
utilize atomic layer deposition (ALD) to demonstrate that
growing TiO, with embedded redox-active transition metals
below the surface is an effective approach to synthesize
catalytic surfaces that tune AGyg+ toward H,0O, production.
This synthesis method enables decoupling the adsorption/
desorption binding energy determined by the surface from the
redox activity of the sub-surface atoms, enabling deviation from
the otherwise linear scaling relationship of the two. Embedding
redox-active metals beneath the surface enables catalysis by
first-row transition metals over a wide range of pH, preventing
conditions that favor low oxidation states or protonation of
oxo-bridges conditions which make redox-active metal oxides
otherwise unstable in aqueous solutions.

The working mechanism is schematically illustrated in
Scheme 1. We focus on Cr, Mn, Fe, and Co as redox-active
centers embedded in TiO, and explore their functionality
through analysis of redox potentials, electronic structures, and
density of states (DOSs). Thermodynamic calculations and
spin density analysis allow us to investigate the impact of
embedded metals on substrate binding energies and reaction
energy profiles. Moreover, analysis of the activity volcano curve
and selectivity phase diagram with respect to the limiting
potentials for the generation of O, and H,0, elucidate the
structure/function relationship of these materials and provide
avenues for performance improvement.

2. METHODS

DFT calculations were performed with periodic boundary conditions
using the Vienna Ab Initio Simulation Package (VASP) version
5.4 Spin-polarized Kohn—Sham calculations were performed to
describe the open-shell species. The projector augmented wave
method®>** and the Perdew—Burke—Ernzerhof exchange—correlation
functional®* were employed to describe electron—ion interactions. A
plane-wave cutoff energy of 500 eV was adopted for all computations,
and the Brillouin zone was integrated using a Gaussian smearing
method with ¢ = 0.0S eV. Electronic and ionic optimizations were
carried out with an energy change criterion of 107 eV per supercell
and a maximum force criterion of 0.02 €V/A, respectively. The
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Scheme 1. (a) HO* Formation on TiO, Surfaces without
Subsurface Redox-Active Transition Metals; (b) HO*
Formation on TiO, Surfaces with Subsurface Redox-Active
Transition Metals

(a) water oxidation on clean TiO,
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empirical DFT + U method, following Dudarev’s approach,35 was
applied to describe strongly correlated d electrons in transition metals.
Effective Hubbard-type Uy = U — ] parameters of 3.5, 3.9, 4.0, and
3.5 eV were used for Cr, Mn, Fe, and Co, respectively.%_39 Moreover,
the London dispersion interaction was considered with Grimme’s
DFT-D3 method, with Becke—Johnson damping.****

Bulk rutile TiO, was fully relaxed using a 7 X 7 X 11 Monkhorst—
Pack type k-points mesh,** and the optimized lattice parameters a = b
= 4.606 A and ¢ = 2.961 A are in good agreement with experimental
results.” The TiO, surface was represented by the thermodynami-
cally most stable (110) facet,"* which was modeled using a 2 X 1
supercell (along the [001] and [110] directions) consisting of five O—
Ti—O trilayers with a 3 X 3 X 1 Monkhorst—Pack k-point mesh. A
vacuum layer of 16 A along the z-axis was introduced to avoid the
artificial interactions between periodically repeating images. To
consider the interaction between water and surface, both terminals
of the TiO, slabs were saturated by water molecules.*>*¢ Especially,
the water molecules at bottom were dissociated to reduce the lattice
distortion.*” The water adsorption configuration was obtained by
relaxing the pristine TiO, slab with the fourth layer frozen. And in
subsequent calculations, the bottom two layers as well as the water at
the bottom were fixed to mimic bulk properties. The DOS was
calculated with the HSEO6 hybrid functional*® using a 5 X 5 X 1
Monkhorst—Pack k-point mesh, and the energy range was converted
to the potential of SHE by considering a value of 4.44 eV relative to
the vacuum level.*

The reaction mechanisms of water oxidation toward the generation
of O, and H,0, were considered by analyzing HO*, O*, and HOO*
as intermediates.” Thermodynamic corrections of the zero-point
energy, enthalpy, and entropy at 298 K were included to calculate free
energies using the VASPKIT code.*® Especially, the free energies of
0, and H,0, were derived from their standard redox potentials.*"
The chemical potential of the proton and electron pair was treated
with the computational hydrogen electrode (CHE) model, which
defines u(H* + ¢7) = 1/2 u(H,) under the standard conditions.”'
Therefore, the calculated potentials are referred to SHE by definition.
The theoretical activity and selectivity of water oxidation on different
models were evaluated with the limiting potential (U, ), which is
defined as the lowest potential to make all the electrochemical
reaction steps downhill in free energy.” A smaller Uy indicates a lower
overpotential, in agreement with experimental onset potentials.7’8

Reaction pathway for O, evolution

H,0" - HO* + H* + ¢~

(1a)
HO* > O + H  + ¢~ (1b)

https://doi.org/10.1021/acsaem.3c01057
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0" + H,0(1) > HOO" + H* + e~ (1¢)

HOO* + H,0(l) - H,0* + O, 1 +H" + ¢~ (1d)

Reaction pathway for H,O, evolution

H,0" - O + H" + ¢~

(22)

HO* + 2H,0(1) - H,0" + H,0,(aq) + H + ¢~ (2b)

We alloyed TiO, with redox-active Cr, Mn, Fe, and Co ions since
those metal centers are all earth-abundant first-row transition metals,
particularly effective at catalyzing water oxidation in homogeneous
catalysts.>”~>* Embedded as subsurface centers in TiO,, the ions are
oxidized, promoting the first reaction step by decreasing the
corresponding AGyp«, as required for the oxidation of water to
HO*. These redox-active metals are embedded in the TiO, crystal by
replacing subsurface Ti** ions with ions of similar charge and radius.
The top TiO, protective layer prevents redox-active metals from
leaching into the solution, thus enhancing their stability and
functionality during catalysis as they cycle through different oxidation
states.> Changes in the oxidation state typically involve changes in
the protonation state of oxo bridges on the surface keeping charge
neutrality of the alloyed TiO, lattice (e.g., replacement of Ti** by
Mn(III) has an adjacent protonated oxo bridge), analogous to
interstitial protons that are common impurities in TiO, when an
additional electron forms Ti** with a rather high n-type carrier
concentration.”®” The subsurface redox-active transition metals are
experimentally realized by growing a TiO, layer on top of the redox-
active transition metal ions by ALD.*>®

We have synthesized TiO, surfaces with subsurface Mn by growing
a 5 nm TiO, layer by ALD, incorporating Mn(III) to form TiMnO,
by treatment with tris(tetramethyl-heptanedionato) Mn(III), using
ozone as the primary oxidant. Tetrakis-dimethylamido-Ti(IV) and
water were used as previously reported.’9 One MnO,, ALD cycle is
applied for every eight TiO, cycles (i.e, 8:1 TiMnO, which was
measured to have 26.7% Mn and 73.3% Ti among all cations in the
oxide™”). The resulting microstructure is amorphous, with distributed
Mn atomistic positions in amorphous TiMnO,. This is verified
experimentally by X-ray diffraction which shows the absence of any
crystalline feature (Supporting Information Section S8). Four TiO,
cycles were grown to cap the last MnO, cycle. The growth rate was
measured before starting the growth to ensure that there is a complete
surface coverage of TiO, during deposition. These films were grown
on both fluorine-doped tin oxide (FTO) and Cr-alloyed TiO,
(TiCrO,)-coated FTO.

The electrochemical behavior of (TiMn)O, electrodes was
measured in a three-electrode setup. A Bio-Logic S200 potentiostat
system connected the TiMnO, working electrode, a saturated calomel
reference electrode, and a Ti foil counter electrode in a 0.5 M
phosphate buffer (PB) solution at pH 7.4 at room temperature with
stirring. The electrolyte was purified using a two-electrode setup
where 3.5 V was applied between two planar Ti electrodes. The
solution was then purged with N, 30 prior to electrolysis. Figures are
plotted in IUPAC convention, and the potentials are IR-corrected.
The scans were started at 0.5 V vs RHE and swept anodically first at
20 mV/s.

Product accumulation was carried out in an H-cell configuration
with a Nafion 117 membrane separating the TiMnO, working
electrode from the Ti foil counter electrode. H,O, quantification was
achieved by the recommended KMnO,-based spectrophotometric
method (Section SS5). O, was not necessary due to the high FE
toward H,0, production.”’ Prior to electrolysis, all glassware was
cleaned via an RCA-2 etching process to remove trace metal
impurities, in particular iron and copper impurities, which has been
shown to decompose H,O,. Care was taken not to use metal clamps
for holding down the reactor vessel. Electrolysis was performed in the
complete dark to prevent UV-initiated degradation.
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3. RESULTS AND DISCUSSION

Figure 1 shows the model structures of TiO, (110) slabs with
subsurface redox-active metals. Ti*" ions have octahedral

A site

1
. vanal

o

[110]

001 1110 @ Ti(V) @ M(l) @0

Figure 1. Structures of model TiO, slabs with subsurface redox-active
transition metals (M = Cr, Mn, Fe, and Co). The longer axes in the
octahedron are denoted with white arrows.

coordination to six O atoms, with four O atoms defining an
equatorial plane and two other O atoms with longer Ti—O
distances along the perpendicular axis. Thus, there are two sites
to introduce a redox-active transition metal ion in the
subsurface layer of TiO, (110). Site A corresponds to the
longer Ti—O bond parallel to the (110) surface, while site B
corresponds to the longer Ti—O bond perpendicular to the
(110) surface. Since we introduce protons to maintain the
lattice charge neutrality using M(III) (M = Cr, Mn, Fe, and
Co), we test the relative stability of the models with H at
different oxo bridges adjacent to the M(III) impurity. As
expected, the lowest energy structures correspond to models
with the protonated oxo bridge along the long axis, consistent
with the Jahn—Teller distortion (see Figure S1), so they are
used for our thermodynamic and reactivity analysis. More
details are given in the Supporting Information (Section S1).

We calculated the DOS of the optimized structural models
to analyze the energy level alignment as determined by the
electronic structure (Figure 2). Only results for the A site are
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Figure 2. Element-projected DOS of pristine TiO, and models with
subsurface redox-active metal ions at the A site. The filled regions
indicate occupied states.

given here due to the similarities between the metal atoms
alloyed at different sites (see Section S2). We find that the
embedded transition metals negligibly shift the states of Ti and
O atoms but introduce occupied states close to the valence
band maximum. Electrons at these newly created states are
preferentially removed by oxidation reactions due to their

https://doi.org/10.1021/acsaem.3c01057
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Figure 3. (a) DFT-optimized structural models of H,O* and HO* on the pristine (red boxes) and Mn-alloyed (black boxes) TiO, (110) surfaces
and free energy change of the first oxidation step. The yellow iso-surface (0.03 e/bohr’) shows the spin density distribution. Atomic magnetic
moments of the corresponding ions are shown in yp. The color code is the same as in Figure 1. (b) Free energy diagrams of water oxidation on the
pristine and Mn-alloyed TiO, surfaces. The inset table shows the limiting potential (U, ) toward different products on the two surfaces, where Uy is
defined as the lowest potential to make all the electrochemical reaction steps downhill in free energy.”
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Chronoamperometry and corresponding FE measurements of TiMnO, performed at 1 mA/ cm?. Errors bars capture 3 repetitions and instrument

precision.

relative high energies and therefore require lower over-
potentials for water oxidation to HO* since they reduce the
corresponding AGyp+. In addition, Mn narrows the band gap
by inducing occupied impurity states in the band gap while
keeping the band edge properly aligned for water splitting
toward H, and H,O, generation. These features suggest that
besides boosting the electrochemical process, Mn can further
sensitize TiO, to enable visible light-driven photoelectrochem-
ical H,0, generation.

Next, we use the A site surface model of Mn-alloyed TiO, to
investigate the influence of the redox-active metal center on
water oxidation. Figure 3a shows the optimized structures and
spin density distributions of H,0O* and HO* on pristine and
Mn-alloyed TiO, surfaces, corresponding to the states before
and after undergoing the crucial first step of the WOR. On the
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pristine TiO, (110) surface, HO* is expected to be oxidized
since Ti*" centers are already in their highest oxidation state.
However, the spin density is found to be delocalized between
HO* and a lattice oxo bridge, indicating strong coupling
between these two O centers, consistent with studies of
photooxidation of water on TiO, surfaces.’”®> Considering
that the hydroxyl radical HO* is a highly reactive species, it is
expected to react with the strongly coupled lattice oxo bridge
and form a surface-bound Ti—O—O-—Ti peroxo intermediate,
consistent with in situ FTIR measurements,”” and eventually
be further oxidized and released as a dioxygen molecule.
Moreover, two adjacent HO* can react to generate H,O,.
Theoretically, TiO, should have good selectivity for 2e-
WOR toward H,O,, although experimentally it exhibits low
Faraday efficiency (FE),® likely due to the reactivity of the
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HO* radical. In contrast, on Mn-alloyed TiO, surfaces, the
spin density distribution indicates that the subsurface Mn(III)
is oxidized to Mn(IV) after the formation of HO*, which
confirms that the introduced redox-active metals serve as an
electron reservoir to facilitate the first oxidation step. In
addition, the absence of the reactive HO* radical suppresses
potential side reactions, thereby enhancing the selectivity
toward H,0, production. From the thermodynamic point of
view, the voltage required to generate H,O, is greatly reduced
from 2.41 V vs SHE on the pristine TiO, surface to 1.98 V vs
SHE on the Mn-alloyed TiO, surface. Details on the analysis of
spin density distributions and reaction free energy profiles for
all the different models investigated are provided in the
Supporting Information, Section S3.

The impact of redox-active metals on the electrochemical
H,O, generation can be further analyzed by using the free
energy diagrams shown in Figure 3b. On the pristine TiO,
(110) surface, the AGyq- is significantly higher than the ideal
value of 1.77 eV, leading to high overpotentials for H,O,
evolution. The highly reactive surface-bound hydroxyl radical
HO* can lead to side reactions compromising the reaction
selectivity. With Mn(III) as an electron reservoir, the AGys is
significantly reduced. Remarkably, the large AG of the
subsequent oxidation from HO* to O* is barely affected by
Mn(IV) since that high valent state of Mn would require a
much even higher potential to be further oxidized to Mn(V) in
the subsurface site. These results reveal that subsurface redox-
active metals promote the oxidation of water to HO* while
maintaining the unfavorable generation of O* as on pristine
TiO, surfaces, thus selectively enhancing the H,O, evolution
reaction. The subsequent free energy changes for the steps that
form H,0,* and HOO* are nearly maintained since those
transformations do not involve redox state transitions of sites
on the metal oxide surface. Remarkably, similar trends are
observed for the free energy profiles of Cr, Mn, Fe, and Co in
different sites (as detailed in Supporting Information, Section
S4).

As shown in Figure 4a, the Mn average oxidation state is
between 2+ and 3+ and resembles that of Mn;O, as
determined by the absorption K-edge and referenced against
MnO, Mn;0, Mn,0; and MnO, powder standards. The
extended-X-ray absorption fine structure (EXAFS) analysis of
the Mn K-edge (Figure 4b) shows that the as-grown Mn-
alloyed TiO, has only one peak, corresponding to a well-
defined first coordination shell. The second peak observed in
the Mn,O; reference data that indicates Mn—O—Mn bonds
(Figure 4b) is absent in the TiMnOx sample, indicating that
the Mn ions are amorphous and atomically dispersed single-
site redox-active centers, surrounded by Ti ions via oxo
bridges. Thus, the microstructures of these films are
representative of the atomistic structures in DFT modeling.

Figure 4c compares the current density—potential behavior
of Mn-alloyed TiO,, pure rutile TiO,, and TiCrO, surfaces.
TiMnO, on FTO is the electrode of interest; however, care
was taken to understand the effect of the tin oxide substrate on
performance. The TiCrO, film is conductive and metallic but
catalytically inactive in this potential window. Thus, TiCrO,
was chosen as a contact layer to verify that the catalytic
behavior was not due to the fluorine-doped SnO, (FTO)
underlayer as SnO, has been shown to be capable of producing
hydrogen peroxide.”* Pristine TiO, required a significant
overpotential of over 500 mV to achieve 1 mA/cm? The onset
potential at ca. 1.80 V vs RHE for Mn-alloyed TiO, indicates
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that the subsurface Mn atoms enable water oxidation activity,
whereas the onset potential of ca. 2.3 V vs RHE for pure rutile
TiO, can be partially attributed to the lack of redox-active
centers.

Water oxidation by the TiMnO, electrodes in an electro-
chemical H-cell (see Methods for detailed procedures) was
carried out over 8 h (Figure 4d) in the potential range of
1.80—2.00 V vs RHE. The electrodes were held at 1 mA/cmZ,
and the potential was free to adjust to maintain that current
density. The FE toward H,O, production was measured
between the time points and not taken to be cumulative. Thus,
the data points represent the discrete time points between
hours 0—1, 1-2, 2—4, and 4—8 to minimize carryover error to
the next measurement. The FE was >90% for all time points,
showing good selectivity toward H,0, and that TiO,
termination was successful in fabricating a surface that does
not decompose H,0,. Constant current measurement limit
changes in the production rate of hydrogen peroxide to
catalytic selectivity as a function of electrode potential. In a
further experiment, the system was operated at a constant
current for 50 h to measure the stability of the catalyst and
verify that the elemental composition of the alloy remained
stable throughout operation (Section S6). Linear sweep
voltammetry, LSV, was conducted with and without iR
correction to determine the operating conditions to conduct
electrolysis near 1.0 mA/cm* (Section S7). After 50 h of
constant current electrolysis at 1.0 mA/cm?, the overpotential
required to drive the current rose from 100 mV at t = S h to
150 mV at ¢ = 50 h. The significant lower onset potential of the
amorphous Mn-alloyed TiO, and its drastically higher water-
oxidation activity relative to pristine TiO, partially validate our
computational analysis of the catalytic role of Mn subsurface
ions.

Figure Sa shows the effect of different subsurface redox-
active metal centers on the free energy changes AGyo« and

5.2 -1.6
(a) (b) o = AT
A8F T T T T T TTAGA
__ 48}
% s -2.0F y
a4t < 22} Mn_B Co_A
O =)
(<Dl T o4l TiO,
4.0r AGgy. = AGyp. +2.58 0, evolution /' H,0, evolution OH radical
o 2.6F —— H,0; evolution
36 R®=0.98 0, evolution \
’ 1.2 1.6 2.0 24 04 08 12 16 20 24 28 32
AGo- (eV) AGyo- (eV)

Figure S. (a) Linear scaling relationship between AGyg« and AGgs«
on different surfaces. (b) Theoretical activity volcano and selectivity
plot based on calculated limiting potentials (U;) as a function of
AGyyo+ for O, evolution (blue line) and H,0, evolution (black line).

AGgs. It demonstrates a linear relationship with direct
correlation between the two free energy changes AGg: =
AGyo+ + 2.58 €V, indicating that the AG for the oxidation of
HO* to O* is nearly constant regardless of AGyg+. However,
we note that the slope of 2 for the linear scaling relation
between AGg« and AGyp« has been shown to represent a
limitation for catalyst design particularly for materials (metals
and metal oxides) with surface metal centers serving as both
adsorption and redox-active sites.””*® That scaling relation
leads to a simultaneous enhancement of HO* formation and
the following reaction from HO* to O* when reducing the
AGygo+, thus inevitably promoting both H,0, and O,
evolutions. By contrast, our subsurface approach separates
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the surface binding site from the redox center, breaking the
scaling relation and modifying the activity trends observed for
electrochemical water oxidation. Moreover, the data show that
all of the redox-active metals investigated promote HO*
formation by tuning the AGyo+ in a wide range of potentials,
from 1.25 to 2.16 eV.

In the following discussion, we use the limiting potential
(UL) to evaluate the theoretical activity and selectivity for
various electrochemical reaction pathways. The limiting
potential (U) for a specific pathway is defined as the
minimum potential necessary to allow all the electrochemical
reaction steps by making them thermodynamically sponta-
neous. Thus, for the 2e-WOR toward H,O,, Uy is the highest
potential between the following two electrochemical reaction
steps: H,O* to HO* and HO* to H,0,, while for the 4e-
WOR leading to O, evolution, Uy is the highest potential when
comparing the following four electrochemical steps: H,O* to
HO*, HO* to O*, O* to HOO¥*, and HOO* to O,.

Figure Sb shows the minus limiting potential (—U,) and the
selectivity phase diagram for water oxidation toward different
products. For H,0, evolution, the U; depends only on the
AGyo+ with a minimum value of 1.77 V vs SHE (i.e, the
standard redox potential of H,0,/H,0).” While for O,
evolution, the Uy is typically 2.58 V because of the linear
relationship AGg+ = AGyo« + 2.58 €V discussed above, until
AGyo+ becomes larger than the AG of the second reaction
step leading to the oxidation of HO* to O*. However, a
AGyo- larger than 2.40 eV would lead to HO* radical
generationf Therefore, the preferential H,O, production has a
wide window of AGyg+ values from 0.94 to 2.40 eV, with all
our tested models distributed in this region. Moreover, the
introduced redox-active metal ions can reduce the limiting
potentials by moving the AGyg+ closer to 1.77 eV. The model
with Co at B site is expected to exhibit excellent performance
for electrochemical H,0O, production. It should be noted that
the AGyo+ range for H,O, generation on our models is
substantially extended, compared to that on other metal oxides
(AGyo- ranges from 1.62 to 2.40 eV),® implying robust H,0,
evolution. Therefore, our results demonstrate that introducing
subsurface redox-active metals not only boosts H,O, evolution
but also suppresses O, evolution by inheriting the unfavorable
energetics of the oxidation of HO* to O* on the surface Ti**
centers.

In the heterogeneous catalytic reaction on metal oxides, the
surface metal centers often serve as both adsorption sites and
redox-active centers. On TiO,, however, the Ti*" centers are
already in their highest oxidation state so that they can only
serve as adsorption sites for substrate water molecules.
Therefore, it is unsurprising that TiO, is a poor electrocatalyst
for water oxidation. It is known that doping with transition
metal atoms can significantly lower the overpotentials for O,
evolution.”*® However, both 2e-WOR and 4e-WOR are
promoted when the doping ions are on the surface, due to the
undesirable scaling relationship between AGg« and AGyox,
leading to poor selectivity for the 2e-WOR.%>°

Our subsurface strategy maintains the surface Ti*" centers
serving as adsorption sites while introducing an allosteric
redox-active subsurface center that functions as an electron
reservoir during the critical first step of the reaction. Therefore,
the dual roles of substrate adsorption and redox-active center
of surface-alloyed metal-oxide materials are separated in the
subsurface design. By separating these two roles, we break the
linear correlation between the AG values corresponding to
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H,0* —» HO* (AGyo+) and the HO* — O* (AGg+ —
AGyo+) reactions. The former oxidation is affected by the
subsurface redox-active metal ions, while the latter depends on
the intrinsic properties; hence, the host metal oxide surface
remains almost constant at 2.58 eV.

The concept of a subsurface doping element has been
previously explored for bimetallic alloys to improve the
catalytic activity of CO oxidation,””’® oxygen reduction
reaction,”'™”* as well as the selectivity of dehydrogenation
reactions.”*”> However, to the best of our knowledge, our
study represents the first analysis of subsurface redox-active
metal centers embedded in a redox-inert metal oxide materials,
as applied to improve the selectivity of the 2e-WOR toward
H,0, under lower overpotential. We envision that the same
strategy could be used for the development of more selective
electrocatalysts in other reactions, including CO, reduction, as
already explored for Cu oxide,”® and subsurface atoms on Cu
surfaces to achieve high selectivity toward C, hydrocarbon
products.””

4. CONCLUSIONS

We have shown both theoretically and experimentally that
introducing subsurface redox-active transition metals into TiO,
could effectively enhance the activity, selectivity, and robust-
ness of the catalytic surface for electrochemical H,O,
production. The introduced redox-active metal centers serve
as electron reservoirs and facilitate the formation of HO* by
reducing the free energy change AGygo+ associated with the
first step of the oxidation reaction. We find that the subsurface
approach can dramatically reduce the limiting potential for
H,O0, evolution by tuning AGyo+ toward the ideal value while
preventing side reactions associated with the highly reactive
HO* radical intermediate. Moreover, the introduced metals
promote the H,0, generation while preserving the large
oxidation potential for O, evolution as on pristine TiO,
surfaces, thus leading to predominant H,O, production. This
strategy is experimentally validated by electrolysis studies
utilizing ALD grown electrodes, which demonstrates that the
Mn-alloyed TiO, effectively reduces the WOR onset potential
from 2.3 to 1.8 V vs RHE compared to pristine TiO, and
achieves H,0, selectivity as high as 90%. By introducing
subsurface redox-active metals to a redox-inert metal oxide
(TiO,), we separate the roles of the adsorption and redox-
active sites, breaking the linear relation between AGyp« and
AGp+« — AGyo+ that limits the catalytic performance of many
metals and metal oxides. In summary, the reported findings
show that inert metal oxides with subsurface redox-active metal
centers represent an attractive class of catalytic materials,
offering a versatile strategy to breaking scaling relation in
applications to multielectron electrocatalytic reactions.
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