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Progress in the field of electrocatalysis is often hampered by the difficulty in identifying the active site

on an electrode surface. Herein we combine theoretical analysis and electrochemical methods to

identify the active surfaces in a manganese oxide bi-functional catalyst for the oxygen reduction

reaction (ORR) and the oxygen evolution reaction (OER). First, we electrochemically characterize

the nanostructured a-Mn2O3 and find that it undergoes oxidation in two potential regions: initially,

between 0.5 V and 0.8 V, a potential region relevant to the ORR and, subsequently, between 0.8 V

and 1.0 V, a potential region between the ORR and the OER relevant conditions. Next, we perform

density function theory (DFT) calculations to understand the changes in the MnOx surface as a

function of potential and to elucidate reaction mechanisms that lead to high activities observed in

the experiments. Using DFT, we construct surface Pourbaix and free energy diagrams of three

different MnOx surfaces and identify 1/2 ML HO* covered Mn2O3 and O* covered MnO2, as the

active surfaces for the ORR and the OER, respectively. Additionally, we find that the ORR occurs

through an associative mechanism and that its overpotential is highly dependent on the stabilization

of intermediates through hydrogen bonds with water molecules. We also determine that OER occurs

through direct recombination mechanism and that its major source of overpotential is the scaling

relationship between HOO* and HO* surface intermediates. Using a previously developed Sabatier

model we show that the theoretical predictions of catalytic activities match the experimentally

determined onset potentials for the ORR and the OER, both qualitatively and quantitatively.

Consequently, the combination of first-principles theoretical analysis and experimental methods

offers an understanding of manganese oxide oxygen electrocatalysis at the atomic level, achieving

fundamental insight that can potentially be used to design and develop improved electrocatalysts for

the ORR and the OER and other important reactions of technological interest.

1. Introduction

Fundamental understanding of electrochemical reactions on

surfaces has improved significantly in recent years, yet many

microscopic processes occurring during electrochemical reac-

tions are still poorly understood due to difficulties in simulating

electrochemical reactions computationally and in pinpointing

active sites experimentally. The ultimate challenge in electro-

catalyst development is to identify the active sites on a given

catalytic surface and determine the reaction mechanisms on

those sites. If one can achieve such level of fundamental under-

standing, one could accelerate the design and development of

improved electrocatalysts.1–5

The electrochemical oxygen reduction reaction (ORR) and

oxygen evolution reaction (OER) are of great interest as they

are processes involved in energy conversion between fuel and

electricity and vice versa. The development of a bi-functional

catalyst for both reactions is an important challenge in electro-

chemistry; such a catalyst could be particularly useful for energy

storage applications. For example, the catalyst could be

employed in a unitized regenerative fuel cell (URFC), which is
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an energy storage device that can utilize intermittent renewable

energy such as wind or solar. During operation, a URFC splits

water into H2 and O2, in the electrolysis mode and consumes H2

to produce electricity, in the fuel cell mode.6,7 Both the fuel cell

reaction and the water electrolysis reaction require large over-

potentials at the oxygen electrode – no current catalyst material

operates near the equilibrium potential for either the ORR or

the OER. Consequently, improved oxygen electrode catalysts

will increase the efficiency of the full conversion cycle from

electricity to hydrogen and back to electricity in an URFC.8,9

Furthermore, it is desirable to develop highly active catalysts

from cheap and abundant materials, i.e. alternatives to IrO2/Pt

or IrO2–RuO2/Pt catalysts, which are the best catalysts known

for these reactions.10–12

In this study, we investigate ORR/OER catalytic activity of

manganese oxides (MnOx) surfaces. Several characteristics of

MnOx motivate our study: (1) Mn changes oxidation states

from +2 to +3 to +4 near the equilibrium potential for the

ORR and the OER,13 suggesting that Mn can exchange

oxygen atoms with the electrolyte at relevant potentials – a

property that could potentially facilitate ORR and OER

chemistry, (2) manganese is an inexpensive, earth-abundant

element, and thus is scalable for large-scale energy applica-

tions, and (3) there is precedent for Mn oxides effectively

catalyzing the OER: the Oxygen–Evolving Complex (OEC) in

Photosystem II is a Mn-oxo cluster that catalyzes the OER

during photosynthesis.14–17 Historically, a number of manganese

oxides have shown promising electrocatalytic activity for either

the ORR or the OER, but not for both.18–30 Recently, it was

shown that a nanostructured a-Mn2O3 exhibited excellent

bi-functional ORR and OER activity similar to that of the best

known precious metal nanoparticle catalysts: Pt, Ru, and Ir.31

However, the bi-functional ORR/OER activities of the nano-

structured a-Mn2O3 and precious metal nanoparticles are still

short of an ideal reversible oxygen electrode.

In principle, it should be possible to develop an ideal

reversible oxygen electrode – a material that effectively

catalyzes both the ORR and the OER. With such a catalyst,

one would be able to obtain a high reduction current at

potentials just cathodic of the equilibrium potential and a

high anodic current at potentials just anodic of the equilibrium

potential. Such a catalyst would likely undergo minimal

changes in surface structure, swinging from one reaction to

the other, as it would always operate near the equilibrium

potential. For imperfect catalysts, there are large overpotentials

associated with both the ORR and the OER, which means that

the two reactions operate at significantly different potentials

away from equilibrium in opposite directions. The different

operating conditions will likely result in different surface

conditions within each potential window of activity and likely

different oxidation states of the catalyst surface at the relevant

potentials for the ORR and the OER.

To understand surface conditions of imperfect catalysts

under ORR/OER relevant potentials, a variety of in situ and

ex situ spectroscopic techniques have been employed.25,32–35

We believe that density functional theory (DFT) calculations

can also be used to help elucidate active catalyst surfaces.

While DFT methods have problems describing transition

metal oxides accurately, they have been shown recently to

describe trends in reactivity of metals and metal oxides for the

OER and the ORR quite well.36–40 Due to the complexity of

the systems of interest in describing these processes, DFT

calculations are the only methods available to us at the

moment. The calculations can be used to construct surface

Pourbaix diagrams, which describe surface oxidation and

dissolution processes at a given pH and potential,41 making

it possible to identify thermodynamically stable surface phases

during reaction conditions (as a function of pH and potential),

the catalytic activity of those surfaces, and the associated

mechanistic pathways for the reactions of interest. The knowl-

edge of active surfaces and reaction mechanisms gained from

DFT studies will shed light onto the surface chemistry of

catalyst materials in ways that are extremely difficult to obtain

with modern experimental tools. DFT can thus play a unique

role in contributing to the design and development of

improved materials.

In the work described herein, we present DFT calculations

in combination with electrochemical characterization to eluci-

date the active surfaces and reaction mechanisms for the ORR

and the OER on a bi-functional Mn oxide catalyst. First, the

electrochemical characterization of a recently developed nano-

structured manganese oxide catalyst demonstrates excellent

ORR and OER activity, but suggests that the catalyst under-

goes a change in the oxidation state in the onset region of

ORR activity as well as in the potential region between ORR

and OER activity. Attempts to characterize the surface oxida-

tion state under operating conditions using ex situ X-ray

photoelectron spectroscopy have yielded some information

on the active surfaces involved.35 To gain greater insight into

the surface chemistry of this catalyst during reaction condi-

tions, we turn to DFT calculations to identify the precise

surface structures involved as well as associated reaction

mechanisms for both oxygen reduction and oxygen evolution.

Our study involves the following elements. The first step is to

determine which surface structures of manganese oxide are

present as a function of pH and applied potential versus the

reversible hydrogen electrode (RHE).We obtain this information

by employing DFT calculations to generate surface Pourbaix

diagrams for different adsorbate (e.g. O* and HO*) covered

surfaces. To link the calculated surface structures of manganese

oxide to ORR or OER conditions, we then use DFT to calculate

binding energies for all reaction intermediates involved in the

ORR and the OER and predict ORR and OER overpotentials

for each surface structure. These overpotentials are then inserted

into the previously developed Sabatier model42 to produce a

computationally derived linear sweep voltammogram (LSV).

The computationally derived LSV reveals activity as a function

of applied potential for manganese oxide surfaces in a self-

consistent manner, meaning that reaction turnover can only

occur on surface phases that are identified to be present at a

given potential. Our results indicate that the active surface for the

ORR is 1/2 ML HO* covered Mn2O3 and for the OER, O*

covered MnO2. Having identified the active surfaces involved in

these reactions, our DFT calculations can offer further insight

into mechanistic pathways: the associative mechanism is the

expected pathway for the ORR pathway on 1/2 ML HO*

covered Mn2O3 and the direct recombination mechanism is the

most likely OER pathway on O* covered MnO2.
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When the computationally derived LSV is compared to

the experimental LSV measured on a recently developed

nano-structured manganese oxide catalyst, the theoretical

predictions closely match experimental onsets for ORR and

OER catalytic activities. The close match between theory

and experiment validates the application of a first-principles

theoretical analysis to the electrochemical oxygen reduction

and oxygen evolution reactions on surfaces at the atomic level.

By focusing our analysis on reaction energetics, namely the

binding energies of reactive intermediates, we expect our

approach to be robust and not very dependent on the computa-

tional setup and the exchange and correlation functional

applied in the DFT simulations.

2. Methods

2.1 Computational methods

The spin-polarized DFT calculations are performed at the

generalized gradient approximation (GGA) RPBE level43

using the plane wave implementation in Dacapo and the

Atomic Simulation Environment Ultra-soft pseudo-potentials

are used to deal with the ion cores.44 Therefore the electronic

wave-functions can be represented well by a plane wave basis

set with a cutoff energy of 350 eV. The electron density is

treated on a grid corresponding to a plane wave cutoff at

500 eV. A Fermi smearing of 0.1 eV and Pulay mixing are used

to ensure the fast convergence of the self-consistent electron

density. Atomic positions are relaxed until the sum of the

absolute forces is less than 0.05 eV Å�1. For reference, the

calculated equilibrium lattice constants of MnOx are 4.5 Å/

MnO, 5.78 Å (a), 9.59 Å (c)/Mn3O4, 9.51 Å/a-Mn2O3 and

4.43 Å (a), 2.86 Å (c)/b-MnO2, in good agreement with the

experimental measurements and previous DFT studies.45–53

The starting point for this analysis is calculations on four

well-defined manganese oxide surfaces (Fig. 1). For the OER

and the ORR it is likely that the facets control surface activity

rather than surface defects since defects are expected to be

covered by oxygen at the very oxidizing conditions relevant for

OER and ORR. In this work, we specifically consider four

close packed MnOx surfaces46 and examine their trends

in behavior: MnO(001), b-MnO2(110), Mn3O4(100) and

a-Mn2O3(110). The surface structures with the most stable

terminations are shown in Fig. 1. For Mn3O4 (in Fig. 1a) all

the surface Mn atoms are equivalent and each Mn atom

coordinates with four oxygen atoms in the same plane and

one oxygen in the second layer (see Fig. 1a). The a-Mn2O3(110)

surface has four different types of Mn atoms (Fig. 1b): two Mn

atoms coordinate with five oxygen atoms: four oxygen atoms in

the same plane and one in the second layer (site 1), and three

oxygen atoms in the same plane and two in the second layer

(site 4). The other two atoms coordinate with four oxygen

atoms: three oxygen atoms in the same plane and one oxygen in

the second layer (site 2), and two oxygen atoms in the same

plane and two in the second layer (site 3). b-MnO2 has a rutile

phase54,55 and two types of Mn atoms on the surface: five-

coordinatedMn (coordinated unsaturated site, site 1 in Fig. 1c),

with four oxygens in the same plane and one in the second layer,

and six-coordinated Mn (bridge site, site 3 in Fig. 1c) that is

considered to be the inactive sites. Our calculations show that

the MnO(001) surface (Fig. 1d) reconstructs immediately in the

presence of oxygen, and thus this oxide phase is not considered

any further.

A periodically repeating 4–8 layer slab is employed in the

model to determine the most stable MnOx surfaces in our

calculations (see Fig. 1). A vacuum of at least 20 Å is used to

separate the slab from its periodic images. Supercells with

periodicity (2 � 1) have been employed to simulate adsorption

and electrochemical reaction, with Monkhorst–Pack type of

k-point sampling of 4 � 4 � 1 for MnO(100) and b-MnO2(110),

and 2 � 4 � 1 for Mn3O4(001). For the complex crystal structure

of a-Mn2O3(110), only (1 � 1) unit cell and 2 � 3 � 1

Monkhorst–Pack type of k-point sampling are used. The 2–4

top layers as well as possible adsorbates are fully relaxed.

We apply a previously developed method, the computa-

tional standard hydrogen electrode (CSHE) for modeling

the thermochemistry of electrochemical reactions.37,38 In

this method the only way the potential affects the relative

free energy is through the chemical potential of the electrons in

the electrode. This ‘‘first order’’ inclusion of the potential has

been used to predict the activity trends for the ORR on metal

and metal alloys and in the design of electrocatalysts.36,37

Furthermore, we have shown that thermochemical features

such as phase diagrams in water are also well described by

Fig. 1 The schematic structures (top view) of different manganese oxide

phases,Mn atoms in blue, O atoms in red. (a)Mn3O4(001) – white rectangle

indicates the (2� 1) unit cell with the equivalent five-fold coordinated active

sites 1,2,3,4; (b) Mn2O3(110) white rectangle indicates the (1 � 1) unit cell

with four types of sites: 1 – five-fold coordinated (with four oxygen atoms in

the same plane), 4 – five-fold coordinated (three oxygen atoms in the same

plane and two in the second layer), 2 – four-fold coordinated (three oxygen

atoms in the same plane and one in the second layer) and 3 – four-fold

coordinated (two oxygen atoms in the same plane and two in the second

layer), and (c)MnO2(110) surfaces – a rutile type stoichiometric surface. The

dashed line indicates a (1� 2) unit cell. Positions 1 and 2 are equivalent and

represent the active sites (cus). Sites 3 and 4 are equivalent six-fold

coordinated and are called the bridge sites; (d) MnO(100) with (1 � 1) unit

cell. 1 and 2 are equivalent five-fold coordinated active sites.
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this method.56 The only effect of the pH is the change of

chemical potential of the solvated protons. At standard

conditions (pH = 0), H+(aq)+e� is in equilibrium with 1/2

H2(g) at zero potential vs. the SHE. At finite pH and potential

vs. SHE (USHE) the chemical potential of a proton and an

electron is:

(H+(aq))+(e�) = 1/2 H2(g) – eUSHE+kBT ln10 pH (2.1)

2.2 Pourbaix diagrams

To construct the surface Pourbaix diagram for the MnOx

system, we first generate a calculated bulk Pourbaix diagram

by considering the equilibrium between different bulk oxide

phases and bulk manganese metal. In the same diagram we

also include the equilibrium between different soluble products

and solid substances. As we start by exploring phase beha-

viour in the bulk, all these values can be adapted from the

Pourbaix atlas, the reference system is the bulk metallic

phase.13 More details on the construction of the diagrams

can be found in the ESI.w After constructing bulk Pourbaix

diagrams which are equivalent to the diagrams found in the

Pourbaix atlas, we go one step further and identify the

adsorbates (e.g.O* or HO*) that are present and their coverage

(e.g. 1/4 ML, 1/2 ML, etc.). We thus identify the most stable

surface structures for each oxide phase at respective pH and

potential, key information that is not found in the Pourbaix atlas.

The calculations employed to determine the stable surfaces as a

function of pH and potential employ a previously developed

model.41 In short, the surface is in equilibrium with protons and

liquid water at 298 K so that oxygen and hydroxyl may be

exchanged between the surface and a reference electrolyte.

Consider a clean surface with a quantity of X* available sites

onto which oxygen or hydroxyl can potentially adsorb. At a

given pH and potential, the surface will interact with the inter-

facial water layer such that some of the H2O molecules at the

interface will dissociate onto available sites, producing adsorbed

O or HO and releasing protons and electrons in the process. We

introduce the variables NO� and NHO� to reflect the number of

adsorbed O and HO species, respectively, and the variable N*

which represents the number of remaining free sites at the given

pH and potential after the adsorption processes have occurred.

Thus, the total number of available sites to begin with, X� ¼
NO� þNHO� þN�; i.e. after adsorption sites either contain O,

HO, or remain free sites. The stoichiometric equation reflecting

this process is as follows:

X� þ ðNO� þNHO� ÞH2Oð1Þ ! ðNO� þNHO� þN�Þads

þ ð2NO� þNHO� ÞHþ þ ð2NO� þNHO� Þe� ð2:2Þ

We can thus calculate the free energy change of the surface

covered with adsorbates relative to the clean surface, on the

DFT scale as follows:

Gsurf ¼ EDFT
NO�þNHO�þN�ð Þads � EDFT

X� � NO� þNHO�ð ÞEDFT
H2OðgÞ

þ 2NO� þNHO�ð Þ
2

EDFT
H2ðgÞ þ DZPE� TDS

� 2NO� þNHO�ð Þ eU � kBT ln aHþð Þ ð2:3Þ

where EDFT
ðNO� ;NHO� ;N�Þ; E

DFT
Xð�Þ ; E

DFT
H2OðgÞ; E

DFT
H2ðgÞ are the calculated

ground state energies of the surface with the adsorbates, of the

clean surface and of the references molecules in the gas phase.

Zero point energies (ZPE) corrections are calculated using

DFT calculations of the vibrational frequencies and standard

tables of molecules. The changes in entropy (TS0, T = 298 K)

are calculated from the standard tables for gas phase mole-

cules .57 Detailed description about how to perform all correc-

tions can be found in ref. 37 and 38.

2.3 Experimental methods

The electrochemical characterization was performed on

a-Mn2O3 nanostructured thin films electrodeposited onto

polished glassy carbon disks (GC, 0.196 cm2, SigradurG

HTW Hochtemperatur-Werkstoffe GmbH) as described

previously.31 The films were characterized using cyclic voltam-

metry (CV) in a three electrode electrochemical cell in a

rotating disk electrode (RDE, Pine Instruments) configu-

ration. All CVs were iR-compensated and measured using a

Bio-Logic potentiostat (VMP3) in 0.1 M KOH electrolyte, in

nitrogen or oxygen saturated environments, with a scan rate of

5 mV s�1 and a rotation rate of 1600 rpm. Platinum wire was

used as a counter electrode and Hg/HgO electrode was used as a

reference electrode. The potential scale was calibrated to a

reversible hydrogen electrode (RHE) and all potentials are

reported vs. RHE. CVs in nitrogen were used to identify oxida-

tion state changes in an inert environment, while CVs in oxygen

identified potentials relevant for the ORR and the OER. Base

CVs in nitrogen and ORR CVs in oxygen were performed from

0.05 V to 1.1 V vs. RHE, while OER linear sweep voltammo-

grams (LSV) were performed from 0.05 V to 1.9 V vs. RHE.

To compare ORR and OER activities of the nanostructured

a-Mn2O3 to active precious metals and metal oxides, electro-

chemical characterization was also performed on commercial

carbon-supported platinum (20 wt% Pt/C, Etek) and ruthe-

nium (20 wt% Ru/C, Premetek) nanoparticles which were

previously shown to have a comparable surface area to the

nanostructured a-Mn2O3.
31 Catalyst dispersions of precious

metal nanoparticles were prepared by adopting a known

literature procedure.51 Briefly, 14 mg of conditioned catalyst

powder were ultrasonically dispersed in 2 ml of isopropanol,

3 ml of Millipore water, and 20 ml of 5 wt% Nafion solution

(Sigma-Aldrich). For characterization, 10 ml of the dispersed

catalyst was drop-casted onto a polished glassy carbon

electrode and allowed to dry in room air. To capture both

ORR and OER activities in one linear sweep, characterization

was performed between 0.05 V and 1.7 V for Ru/C, 1.9 V for

a-Mn2O3, and 2.2 V for Pt/C. Different anodic potentials were

used in different catalytic systems in order to reach an OER

current of 10–20 mA cm�2 in each case; the highest value of

2.2 V used in Pt/C system was not applied to all other catalysts

to mitigate carbon oxidation at high anodic potentials.

Although the nanoparticles are prepared as metals, at high

anodic potentials relevant to OER, the surface of the nano-

particles is converted to a metal oxide. Consequently, while the

ORR is observed on metal or on partially oxidized metal

surfaces, the OER is observed on the electrochemically formed

metal oxide surfaces.
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3. The oxygen reduction and oxygen evolution

reactions

In an acid environment the ORR and the OER can be

written as:

O2 + 4H+ + 4e� 2 2H2O (3.1)

We consider two possible ORR/OER reaction mechanisms:

an associative mechanism that involves a HOO* species, where

* represents the active site on the metal surface, and a direct O2

dissociation/recombination mechanism.

In acid, the associative mechanism goes through the following

elementary steps (the ORR proceeds from top to bottom,

eqn (3.2) - eqn (3.5), where the OER proceeds from bottom

to top, eqn (3.5) - eqn (3.2):

O2 + H+ + e� 2 HOO* (3.2)

HOO* + H+ + e� 2 O* + H2O (3.3)

O* + H+ + e� 2 HO* (3.4)

HO* + H+ + e� 2 H2O (3.5)

In an alkaline electrolyte, H2O rather than H3O
+ may act as

the proton donor, resulting in the overall ORR and OER

equation:

O2 + 2H2O + 4e� 2 4OH� (3.6)

The analogous associative mechanism in base is as follows:

O2 + H2O + e� 2 HOO* + OH� (3.7)

HOO* + e� 2 O* + OH� (3.8)

O* + H2O + e� 2 HO* + OH� (3.9)

HO* + e� 2 OH� (3.10)

Notice that the surface intermediates (HOO*, O*, HO*) are

the same in both environments and that they all contain at

least one oxygen atom. It is through this oxygen that the

intermediates bind to a Mn ion at the surface.

The mechanism via direct O2 dissociation/recombination

mechanism consists of the following elementary steps (for

simplicity, only the steps in an acid environment are shown):

1/2O2 2 O* (3.11)

O* + H + + e� 2 HO* (3.12)

HO* + H+ + e� 2 H2O (3.13)

The ORR and OER mechanisms considered in this study

neglect the effect of the electric field in the double layer and do

not treat barriers which may depend on whether the proton

donor is H2O or H3O
+. Thus, at a fixed potential on the RHE

scale, there is no difference in the free energy of the ORR/OER

intermediates calculated in acid versus in base for the following

reasons: (1) all reactions involve the same intermediates and

the same number of protons and electrons and (2) aH+ and

aOH– are directly related by means of a pH/pOH scale since

water is in equilibrium with H+ and OH–.38 As such, we will

use the equations derived for the acid solution and apply

them to a basic environment to be commensurate with the

experimental data in the base presented herein. Although this

method cannot accurately model absolute kinetic rates, the

consistent set of assumptions will allow for direct comparison

of relative trends in activity. Despite the points made above,

we note that for a number of catalyst systems the ORR activity

has been found experimentally to be a function of pH. This

could arise for a number of reasons, for instance the possibility

of an O2
� reaction pathway in which the step producing O2

�

does not involve binding to the catalyst surface.58 Never-

theless, for the most active catalysts like Pt and Ru, the

ORR/OER overpotentials are not particularly sensitive to

pH and do not proceed through an O2
� reaction pathway.

4. Results

4.1. Electrochemical characterization

Fig. 2 shows experimental results from our electrochemical

characterization of a nanostructured a-Mn2O3 electrode

performed in nitrogen and oxygen saturated 0.1 M KOH.

Three different data sets are presented in the figure: (1) a base

CV in a nitrogen-saturated environment, (2) a CV in an

oxygen-saturated environment of the same potential window,

and (3) a linear sweep voltammogram (LSV) in a wide

potential window in an oxygen-saturated solution. The base

CV performed in the nitrogen-saturated environment was used

to identify oxidation/reduction features on the nanostructured

a-Mn2O3 surface. As seen in the inset of the figure, two

oxidation features are observed in the anodic sweep – one

between 0.5 and 0.8 V and another between 0.8 and 1.0 V.

These features likely correspond to the oxidation of Mn3O4 to

Mn2O3 and Mn2O3 to MnO2, consistent with the thermo-

dynamic standard potentials for these processes, which are

0.69 V and 1.01 V, respectively.13 The reductive feature

occurring between 0.90 and 0.65 V in the cathodic sweep of

the N2-saturated CV pertains to the discharge reaction of

MnO2 to Mn2O3, as assigned in the literature.59

Fig. 2 Electrochemical characterization of an a-Mn2O3 nano-

structured thin film. Direct comparison of a base CV in nitrogen

(also shown in the inset), a LSV in oxygen. Later in this paper the

DFT-produced surface Pourbaix diagram of Fig. 6 shows that the

relevant surface for the ORR is Mn2O3 and the relevant surface for

the OER is MnO2.
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The CV in the oxygen-saturated environment was used to

identify the onset potential for the ORR. The catalyst first

draws ORR current at approximately 0.83 V in the cathodic

direction (0.80 V in the anodic direction) and reaches a

diffusion limited current at 0.60 V. The onset potential of

0.83 V corresponds to an overpotential of 0.4 V, which

indicates a highly active non-precious metal ORR catalyst.

The experimental LSV reveals that the onset potential for the

OER occurs at 1.5 V, which corresponds to an overpotential of

0.27 V and provides evidence of high catalytic activity for the

OER. The location of the second oxidation feature between

0.8 V and 1.0 V suggests that during the anodic sweep, the

catalyst changes its oxidation state in the potential region

between ORR and OER activity. Additionally, since the

ORR region is located at the end of the reduction feature seen

in the cathodic sweep of the base CV (0.90 V to 0.65 V) and

overlaps with an oxidation feature in the anodic sweep of the

base CV (0.50 V to 0.80 V), the active surface may undergo

changes at different potentials of ORR activity. Spectroscopic

methods have been used to study oxidation state changes in

MnOx, however specific identification of the surface phases has

remained elusive.35 To identify these phases, we employ theory.

4.2. DFT studies of stable surface structures of MnOx as a

function of pH, applied potential, and starting bulk material

We aim to understand how MnOx bulk and surface structures

change across the pH-potential window, and how these

changes impact ORR and OER activity. To do so, we first

investigate the relative stability of different adsorbate surface

structures for each of three different bulk oxide phases: (a)

Mn3O4(001), (b) Mn2O3(110) and (c) MnO2(110). The MnOx

phase, crystal structure, and the surface adsorbates present

during reaction conditions (pH and applied potential) will

likely depend on how the material was synthesized in the first

place, e.g. starting MnOx crystal structure, nanoparticle size,
60

etc. Here we present a thermodynamic analysis for all possible

bulk and surface structures. Though only one combination of

a bulk and surface structure can be the most thermodynami-

cally stable at a given pH, temperature, and applied potential,

it is possible that other structures might be present due to

kinetic control, and thus those structures could also contribute

to OER and ORR activities.13

The calculated free energies for all possible surface adsor-

bate structures on each of the three bulk structures (Mn3O4,

Mn2O3, and MnO2) are plotted versus potential at pH = 0,

shown in Fig. S1 in the ESI.w The structure with the lowest

free energy at a given potential determines the most likely

surface structure as it is the most thermodynamically stable.

Fig. 3 then incorporates the effect of pH to produce three

surface Pourbaix diagrams in which the most stable surface for

each bulk oxide is constructed as a function of pH and the

electrode potential vs. SHE (USHE). Later in Section 5, we

ultimately combine this information along with thermo-

dynamic data for the bulk oxide phases in order to construct a

single General Surface Pourbaix diagram that allows for phase

changes both at the surface as well as deeper within the bulk of the

near-surface region. We first discuss details of the surface changes

for each of the bulk MnOx phases, as shown in Fig. 3.

Fig. 3 shows that at low potentials in acidic solutions,

dissolution to Mn2+ is spontaneous for all MnOx bulk phases.

In alkaline solutions this process is suppressed, and instability

is not as problematic as it is in acidic solutions. In both types

of electrolytes, corrosion is most severe at potentials higher

than 1.46 V (RHE) where the MnOx can be oxidized and

dissolved into MnO4
�. We thus focus our discussion on

the alkaline environment and within that region identify

the most stable surface structures as a function of potential

on (a) Mn3O4, (b) Mn2O3, and (c) MnO2. Note that in Fig. 3

Fig. 3 Surface Pourbaix diagram on (a) Mn3O4(001), (b) Mn2O3(110),

and (c) MnO2(110). Lines a and b represent the reversible hydrogen

electrode (RHE) line and the O2/H2O equilibrium line. The notation

‘‘b’’ within the Fig. 3(c) legend represents the adsorbates at the bridge

sites and coordinated unsaturated sites.
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the potential versus RHE at any pH can be read off as the

vertical distance from line ‘a’ to the region of interest.

(a) Mn3O4(001), Fig. 3(a): for the case of Mn3O4(001), at

low potentials (0.46 V o URHE o 0.95 V) the clean surface

(i.e. no adsorbates) is the most stable surface structure. As the

potential increases (0.95 o URHE o 1.29 V), water dissocia-

tion begins, leading to the presence of HO* with increasing

coverage, e.g. 1/4 ML HO/Mn3O4 and 1 ML HO/Mn3O4.

At potentials URHE > 1.29 V the adsorbed hydroxyls are

oxidized further to O* to form 1ML O/Mn3O4.

(b) Mn2O3(110), Fig. 3(b): for Mn2O3(110), water will

dissociate to HO* at potentials URHE > 0.53 V, with HO*

coverage increasing from 1/4-1ML HO/Mn2O3 all the way to

1 ML HO/Mn2O3 by URHE = 1.23 V. At this point, the

hydroxyls are oxidized further to produce 1 ML O/Mn2O3.

(c) MnO2(110), Fig. 3(c): at low potentials (0.78 V o URHE o
1.1 V), the surface Pourbaix diagram of MnO2(110) shows

that the bridge sites of MnO2(110) are occupied by HO*

(2OHb/MnO2). The bridge HO* then gradually dissociates

into O* within the potential region of 1.1 Vo URHE o 1.38 V

(Ob+OHb/MnO2 and 2Ob/MnO2). At higher potentials

O* adsorbs at the coordinated-unsaturated sites to form

3O/MnO2 and 4O/MnO2.

4.3. Activity of stable MnOx surface structures for the

OER/ORR

Having identified the most thermodynamically stable surface

structures as a function of pH and potential for each of the

bulk phases of MnOx, we now look to identify which of those

surfaces are likely to be present during OER/ORR operating

conditions. To accomplish this goal, we first use ORR/OER

free energy diagrams generated by DFT to calculate the

theoretical overpotentials for OER/ORR on all the relevant

MnOx surfaces (for more details see Fig. S2 and S3 in ESIw).
The ‘‘theoretical overpotential’’ to which we are referring is

the overpotential beyond which all reaction steps become

thermodynamically downhill. The ‘‘theoretical overpotential’’

is related to, but not identical to, the ‘‘onset’’ potential that

is often used as a figure of merit in experimental LSVs.

Previously described kinetic models of electrocatalytic reactions

show that the experimental ‘‘onset’’ potential is expected to

occur approximately 0.15 V prior to the ‘‘theoretical over-

potential.’’42 Our calculations of the reaction energetics for

the OER/ORR are not shown for every possible surface

configuration in Fig. 3, but rather only for the ‘self-consistent’

catalytic surfaces; that is, the surfaces that are thermodynami-

cally stable, according to the Pourbaix diagrams of Fig. 3, at the

overpotential at which catalyst is operating.

At the high potentials required to drive the OER, the self-

consistent surfaces for each of the three MnOx bulk phases are

quite similar – they are all completely covered by oxygen. This

is in agreement with our previous work investigating the OER

on rutile oxide surfaces. Since the oxide surfaces are covered

with oxygen at OER relevant potentials, no active sites are

available for water adsorption,38 and thus the effect of water

and its interactions with adsorbed reaction intermediates can

be neglected. This simplifies the analysis of OER reaction

energetics substantially.

At ORR potentials, however, the effect of water cannot be

neglected as there are available sites for water to adsorb

and potentially dissociate into HO* and O*. This leads to

considerably different MnOx adsorbate surface structures for

each of the three bulk structures, namely clean Mn3O4(001),

1/2 ML HO* covered Mn2O3(110) and MnO2(110) with HO*

at bridge sites as spectators. Notice that for all of these

surfaces, there are empty sites where water can adsorb and

impact the adsorption energies of ORR intermediates, parti-

cularly with HO* and HOO* as these adsorbates can form H

bonds with adjacent water molecules. Therefore, the effect of

water is included in the free energy diagram for intermediates

involved in the ORR.

Detailed studies on metals61 have shown that water

stabilizes surrounding HO* and HOO* species by �0.3 eV.

In our preliminary studies of this effect for metal oxide

surfaces, we investigated a single neighboring water molecule

interacting with HO* and HOO* adsorption on anMnO2(110)

surface. We obtained similar stabilization effects of �0.5 eV

and �0.35 eV, respectively. For the purposes of this work, we

choose to use �0.3 eV for the stabilization effect of water on

both HO* and HOO* intermediates and note that more

detailed studies of the effects of water at metal oxide interfaces

will be considered in future studies.

We note that in this work we identify surface structures

based solely on static equilibrium considerations. Under reac-

tion conditions the local coverage of reaction intermediates is

in a very dynamic state, and these dynamics could very well

play a role on the reaction chemistry. For low rates of

reaction, however (i.e. near the experimental ‘onset’ potential,

which occurs before the theoretical overpotential), the surface

Pourbaix diagram is a good model for determining the self-

consistent surface.

Free energy diagrams constructed for the self-consistent

surfaces, shown in Fig. 4, provide insight into the mechanistic

pathways involved in oxygen reduction and oxygen evolution.

They also point out the source of reaction overpotentials

for each surface, exactly the kind of information needed to

facilitate the development of improved catalysts.

The free energy calculations for the OER indicate that for

O* covered Mn3O4(001) and O* covered Mn2O3(110), the

associative pathway is energetically favorable compared to

the direct mechanism. For the O* covered MnO2(110) surface,

however, the direct pathway is slightly favored. Previous

studies have shown that the OER activity of metal oxides

follow a ’volcano’ relationship based on scaling relations

that correlate binding energies for the different reaction inter-

mediates.62 The O* covered MnO2(110) surface is close to the

top of the volcano where the intermediates have a better

compromise in interaction strength, which results in a more

flexible reaction mechanism. In this case, the direct mechanism

by recombination of oxygen atoms has a slightly lower free

energy than associative mechanism by only 0.08 eV, as

described in the Fig. S3(b) (ESIw).
To gain more information about the sources of over-

potential on the self-consistent MnOx surfaces, we compared

those free energy diagrams with that of an ideal oxygen

evolution/reduction catalyst, shown in Fig. 4(a). The ideal

catalyst is defined by a free energy reaction diagram in which
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the four charge transfer steps have identical reaction free energies

of 1.23 eV = 4.92 eV/4 for an electrode held at USHE = 0.

If one is able to tune the binding energy of each intermediate on

a surface to achieve this optimal situation, that catalyst surface

would approach the activity of an ideal oxygen electrode. How-

ever, as illustrated in recent work,62,63 there is a universal scaling

relationship on a wide range of metals and oxides that governs

the binding energy of the HOO* intermediate with respect to

HO*, resulting in an approximately constant difference between

the two energy levels (DGHOO� � DGHO� � 3:2 eV). This is far

off of an optimal catalyst which would exhibit an energy

difference of 2.46 eV (2e � 1.23V) between those two particular

energy levels. Thus, the ‘universal’ 3.2 eV energy difference

between HOO* and HO* levels can be used to define the

lowest possible ‘‘theoretical overpotential’’ for the OER and

the ORR [(3.2 eV �2.46 eV)/2e E 0.37 V] on a wide variety of

materials. The scaling relationship between HOO* and HO*

holds for MnOx just as well, as shown in Fig. 4(b), (c) and (d),

with values of 3.18 eV, 3.1 eV and 3.12 eV. The slight deviation

of DGHOO� � DGHO� from 3.2 eV can be attributed to adsor-

bate coverage effects.

Indeed, the scaling relationship between the HOO* and

HO* binding energies explains one major source of reaction

overpotential, however additional sources of overpotential can

also arise from sub-optimal O* binding. It has been previously

shown that the potential-determining step for the OER is

either the second water dissociation step eqn (3.3) or the

HO* oxidation step eqn (3.4).38 Both steps involve O* and

either HOO* or HO*; as the latter two species scale linearly

with one another, the expression (DGO� � DGHO� ) contains

information regarding the binding energies for all three species

and is introduced as the universal descriptor of oxygen evolu-

tion activities.

We can see from Fig. 4(b) and (c) that for the OER, the O*

covered Mn3O4(001) and Mn2O3(110) have the same

potential-determining step, the second water dissociation step

eqn (3.3) in which the third (of four) H+ and e� are trans-

ferred. The O* covered Mn3O4(001) surface exhibits a lower

‘‘theoretical overpotential’’ than the O* covered Mn2O3(110)

surface, 0.6 V vs. 0.79 V. This originates from the placement of

the O* energy level with respect to the energy levels of the

intermediates below (HO*) and above (HOO*) it; closer to

half-way is better in order to prevent large uphill reaction

steps. For the O* covered MnO2 surface, the second water

dissociation eqn (3.3) is also the potential-determining step,

according to the associative mechanism (see Fig. 4(d)), leading

to a ‘‘theoretical overpotential’’ of 0.6 V.

For the ORR, the same scaling relationship holds between

HOO* and HO*. Thus, much like the OER, one part of the

ORR overpotential originates from this correlation while the

other part arises from sub-optimal O* binding. The free energy

diagrams of the intermediates for the ORR on the self-

consistent MnOx surfaces are shown in Fig. 5. Our previous

studies have shown that the potential-determining ORR step is

either the formation of HOO* eqn (3.2) or the reduction of

HO* eqn (3.5).38 As HO* and HOO* scale linearly with one

another, DGHO� can be introduced as a universal descriptor of

oxygen reduction activities. We can see that all three self-

consistent MnOx surfaces – clean Mn3O4(001), 1/2 ML HO*

covered Mn2O3(110) and 1/2 ML HO* (bridge) MnO2(110) –

are active for the ORR. The potential-determining step is HO*

Fig. 4 Free-energy diagram for the oxygen evolution reaction on (a)

the perfect catalyst, and O covered (b) Mn3O4(001), (c) Mn2O3(110)

and (d) MnO2(110) at U = 0, pH = 0 and T = 298 K. DGHOO� �
DGHO� (vertical solid lines) values of the three manganese oxides in (b),

(c), and (d), are close to 3.2 eV, the average value found on a wide

range of metals and oxides as shown in our recent paper in ref 56. The

optimum value on the perfect catalyst is 2.46 eV.
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reduction for the first two oxides while for MnO2 it is

HOO* formation. Calculated ‘‘theoretical overpotentials’’

are approximately 0.55–0.57 V for all cases.

As mentioned above, water can stabilize ORR intermediates

during reaction and, as a result, changes in water coverage and

the number of hydrogen bonds could influence the calculated

overpotentials. A more detailed study of water adsorption and

its effects on stabilizing reaction intermediates would provide a

more accurate estimate of ‘‘theoretical overpotentials.’’

5. Discussion

The Pourbaix diagrams generated in Fig. 3 describe changes in

adsorbate surface structure as a function of pH and potential

for three different MnOx bulk structures. One question that

arises is what if the bulk structure of the catalyst could change

with respect to pH and potential? In Fig. 6, we present a

general MnOx Pourbaix diagram that accounts for phase

transitions in both the bulk (e.g. in the near-surface region)

and at the very surface of the catalyst. As seen in Fig. 6, from

0.46 VoURHEo 0.69 V, the most stableMnOx bulk/surface is

a clean (adsorbate-free) Mn3O4(001) surface. From 0.69 V o
URHE o 0.98 V, the material is oxidized into 1/2 ML HO*

covered Mn2O3(110), assuming no kinetic difficulties. From

0.98 V o URHE o 1.01 V the Mn2O3(110) surface remains,

however HO* coverage increases to 3
4
ML. Between 1.01 V o

URHE o 1.21 V, the bulk is oxidized from Mn2O3 to

MnO2(110) and at the surface, bridge sites are covered with

HO*. As the potential increases above 1.21 V, the surface is

further oxidized until the surface is completely covered by O*.

At even higher potentials the MnO4
� dissolution becomes

thermodynamically favourable at any pH.

In combination with the ‘‘theoretical overpotentials’’ for the

ORR and the OER on relevant surface structures of

Mn3O4(001), Mn2O3(110), MnO2(110) as described in Fig. 4

and Fig. 5, we can use the DFT-calculated general MnOx

Pourbaix diagram to identify the active surfaces during

operating conditions. We find that for the ORR, the active

surface in the onset region is a 1/2 ML HO* covered

Mn2O3(110), while for the OER, the active surface is O*

covered MnO2(110). The predicted change in the oxidation

state from Mn(III) in Mn2O3 to Mn(IV) in MnO2 in the

potential region between the ORR and the OER is supported

by the oxidation feature between 0.8 V and 1.0 V seen in the

anodic sweep of the base CV (Fig. 2).

‘‘Theoretical onset potentials’’ for the ORR and OER were

calculated for these two surfaces by subtracting 0.15 V from

the ‘‘theoretical overpotentials’’ based on the kinetic models

described earlier, resulting in calculated values of 0.40 V and

0.45 V, respectively. These values are in good agreement with

the experimentally observed onset potentials of 0.4 for the

ORR and 0.27 for the OER measured on the nanostructured

a-Mn2O3 electrocatalyst.

To visually relate theoretical predictions of ORR/OER

activities to experimental results, we used the Sabatier model42

to create theoretical LSVs for the ORR and the OER (Fig. 7).

Constructing the theoretical LSVs could only be possible by

having first identified the most thermodynamically stable bulk

and surface structures present during reaction conditions.

In producing these theoretical LSVs, diffusion limitations for the

ORR are included by invoking the Koutecky–Levich equation for

a rotating disk at 1600 RPM.64 Fig. 7(a) shows theoretical LSVs

for the self-consistent surface structures pertaining to bulk

Mn3O4(001), Mn2O3(110) and MnO2(110), constructed as if no

changes in bulk MnOx stoichiometry were induced by the electro-

chemical potential. In other words, the bulk structure was fixed

throughout the entire potential window – only the surface was

allowed to change as shown in Fig. 3. Fig. 7(a) thus reveals the

intrinsic catalytic activities of bulk Mn3O4(001), Mn2O3(110) and

MnO2(110) structures. All three bulk MnOx structures are

Fig. 5 Free-energy diagram for oxygen reduction on (a) Mn3O4(001),

(b) 1/2 ML HO* covered Mn2O3(110) and (c) MnO2(110) with HO* at

bridge sites as spectators at U = 0, pH = 0 and T = 298 K.
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shown to be highly active ORR catalysts. However, for the

OER only O* covered MnO2(110) and O* covered Mn3O4(001)

are highly active.

Fig. 7(b) shows a theoretical LSV in which both the bulk

structure and the surface structure are allowed to change with

applied potential. Fig. 7(b) is most relevant for MnOx catalysts

with negligible kinetic barriers to phase changes in the near-

surface region, thus allowing both the bulk and the surface to

reach their thermodynamically stable structures. For such

a catalyst, the ORR has two relevant active surfaces. At

the ORR onset potential of 0.83 V, the active surface is a

1/2 ML HO* covered Mn2O3(110). However, as the potential

decreases below 0.69 V and the current approaches diffusion-

limited values, the 1/2 ML HO* covered Mn2O3(110) is

predicted to be reduced to clean Mn3O4(001) surface. This

DFT-predicted change in the oxidation state of MnOx is

supported by the oxidation feature between 0.5 V and 0.8 V

seen in the anodic sweep of the base CV, Fig. 2.

In the OER region of Fig. 7(b), the theoretical OER activity

of the self-consistent MnOx surface is also shown. At the high

potentials of the OER, O* covered MnO2 is the expected bulk-

surface combination. Fig. 7(b) also compares the theoretical

LSVs of MnOx in both the ORR and OER regions to those of

self-consistent Ru and Pt, in which phase transitions to RuO2

and PtO2 at oxidative potentials were taken into account.13

According to theoretical LSVs shown in Fig. 7(b), the pre-

dicted activity order for the OER is RuO2 > MnO2 > PtO2,

and for the ORR is Pt >Mn2O3 > Ru. We note that that this

same model has previously been successful in predicting the

trends in ORR activity for metal-alloy catalysts.36,39 We now

turn our attention to comparing theoretical predictions with

experimental measurements for MnOx, Pt, and Ru catalysts.

Fig. 7(c) shows experimental LSVs for the nanostructured

a-Mn2O3, Ru/C and Pt/C. Pt/C demonstrates the best ORR

activity, while the oxidized Ru/C demonstrates the best OER

activity. The nanostructured a-Mn2O3 shows high activity for

both reactions. Under reductive potentials relevant to the

ORR, the Mn2O3 surface outperforms Ru/C and approaches

activity of Pt/C, while under oxidative potentials relevant to

the OER, the MnO2 surface outperforms the oxidized Pt/C

and approaches the activity of the oxidized Ru/C. For

both the ORR and the OER, the experimental activity

trends are identical to those predicted by the DFT models.

There is also excellent quantitative agreement between theory

and experiment.

Fig. 6 General surface Pourbaix diagram for MnOx catalysts. The

oxidation state of the surface and the ORR and OER potential are

constant versus the reversible hydrogen electrode (RHE). Lines a and b

represent the RHE line and the O2/H2O equilibrium line.

Fig. 7 Calculated current density for (a) Mn3O4, Mn2O3 and MnO2;

(b) self-consistent curves from DFT calculation for MnOx, Ru and Pt;

(c) experimental curves for MnOx, Ru and Pt.
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Only minor discrepancies are observed between the theore-

tically-predicted and the experimentally-observed onset poten-

tials for MnOx. One possible source of the discrepancies could

be due the assumptions made about the number of oxygen

atoms, NO, coordinated to each Mn atom at the MnOx surface

in the DFT calculations. This theoretical study focuses solely

on b-MnO2 amongst the MnO2 family as this is the most stable of

its phases. However, the presence of a-MnO2 and g-MnO2 phases

can be expected in experimental MnO2 electrodes,
19,21,22,26,28 and

the coordination environment of these phases will exhibit

different values ofNO. Furthermore, the theoretical calculations

of the catalyst surface structure as a function of electrochemical

potential (Fig. 3) examined the changes in the MnOx structure

only in the top-most layer. During the experiments, however, it

is quite possible that complete or incomplete stoichiometric

changes could penetrate deeper into the material and impact

NO, which can lead to significant variation in electrochemical

activity. Some, but not all, of the possibilities are accounted

for in Fig. 6, the general Pourbaix diagram. Fig. 8 shows the

origin of this particular effect, exhibiting the relationships

among (1) the free energy of HO* (DGHO� , descriptor for

ORR activity), (2) the free energy difference between O* and

HO* (DGO� � DGHO� , descriptor for OER activity), and (3)NO,

the number of oxygen atoms coordinated to surface Mn (see

ESI for a sample calculation of NO). For the case of Mn2O3

surfaces, as the oxygen coordination number increases, DGHO�

changes only marginally, while DGO� � DGHO� changes by

0.7 eV, which means that the catalytic activities of manganese

oxides can sometimes, but not always, be sensitive to oxygen

coordination at the surface.

The close match between theoretical predictions and experi-

mental results suggests that we have successfully modelled the

surface structure of MnOx catalysts, and in particular how

metal oxide surfaces change with pH and applied electro-

chemical potential. We have also successfully simulated the

catalytic activity of those surfaces for the ORR and the OER,

having identified the active surface structure as well as the

reaction pathways involved. This insight gained from DFT

calculations can now be used to improve the design principles

for OER/ORR catalysts. For example, our theoretical calcula-

tions have identified that the stabilization of intermediates

through hydrogen bonds with water is an important contri-

butor to ORR overpotential on MnOx catalysts. Therefore,

a rational design of more hydrophobic catalyst structures,

resulting in a reduced number of water molecules adsorbed on

the surface, can lead to a significant improvement in ORR

activity of MnOx catalysts. Our calculations have also demon-

strated that an O* covered MnO2 surface is close to the top of

OER volcano. Therefore, to improve the activity of O*

covered MnO2 for OER, it will be necessary to modify the

catalyst surface in such a way as to break the scaling relation-

ship between the energies of HOO* and HO* intermediates.

Finally, our finding that the number of oxygen atoms coordi-

nated to each Mn atom at the MnOx surface has a significant

impact on the binding energy of reaction intermediates

suggests that manipulation of the surface coordination

environment, through approaches such as nanostructuring,

doping, and alloying, can also lead to improved manganese

oxide electrocatalysts for the ORR and the OER.

6. Conclusions

The surface electrochemistry of metal oxide catalysts is

complex. Phase changes are prevalent both at the surface

and in the near-surface region that depend greatly on pH

and applied potential. And the structure of the material, both

at the surface and within the bulk, has a significant influence

on catalyst activity. In this work, we combine theory and

experiment to understand this chemistry for the specific case of

MnOx materials that catalyze the ORR and the OER. The

theoretical models developed in this work, however, are more

broadly applicable to other metal oxides as well as to other

electrocatalytic reactions.

Experimentally, we have shown that a nanostructured

a-Mn2O3 is an excellent bi-functional catalyst for the ORR

and the OER, and that the catalyst likely undergoes phase

changes at the surface as a function of applied potential, in

particular at ORR potentials and in the potential window

between the ORR and the OER. In an effort to understand

surface changes under reaction conditions, as well as how they

impact catalytic activity and reaction pathways for both

reactions, we developed theoretical models using density func-

tional theory (DFT). DFT calculations were employed to

construct surface Pourbaix diagrams for MnOx and then to

identify ‘‘theoretical overpotentials’’ for the surfaces present

during reaction conditions across the pH and potential

window. Our calculations reveal that the active surfaces for

the ORR and the OER are 1/2 ML HO* covered Mn2O3 and

O* covered MnO2, respectively. As shown in Fig. 7(b), this

phase transition between the two operating conditions is

beneficial in that MnO2 is a better catalytic surface for the

OER than Mn2O3. Thus an active catalyst phase is formed

under each of the two reaction conditions.

The calculations also suggest mechanistic pathways for the

ORR and the OER on the relevant surface structures: the

ORR proceeds by the associative pathway, while for the OER,

the direct pathway is favored slightly. With these calculations

we were able to construct theoretical LSVs for MnOx which

Fig. 8 The free energy of HO* (DGHO� , solid circle) and the free

energy difference between O* and HO* (DGO� � DGHO� , open circle)

plot against the number of O (NO) coordinated with Mn on

Mn2O3(110) and MnO2(110). I, II and III represent three different

types of Mn atoms on the Mn2O3(110) surface respectively.
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make predictions on catalytic activity for the ORR and the OER.

The theoretical LSVs agree well with the experimental LSVs

measured on the active nanostructured MnOx bi-functional

catalyst; the close match between theory and experiment suggests

that the theoretical model is accurate and robust.

By combining first-principles theoretical analysis and

experimental methods, atomic-level insight into the catalyst

chemistry can be achieved. This allows one to determine

principles for improving catalyst design. For the ORR, our

DFT model predicts that decreasing the surface’s affinity

for water adsorption should significantly increase catalytic

activity, as it is desirable to destabilize the reaction inter-

mediates HOO* and HO*. For the OER, our calculations

show that to improve the activity of MnOx, it is necessary to

design a surface structure that can break the scaling relation-

ship between the energies of HOO* and HO* intermediates. If

future ORR and OER catalysts are developed with these

design principles in mind, superior activity for both reactions

can be achieved.
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