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Overall Objectives 
• Identify and develop acid-stable non-platinum-

group-metal (non-PGM) oxides with high 
intrinsic oxygen reduction reaction (ORR) 
activity. 

• Optimize non-PGM metal oxide catalyst 
particle size and morphology and catalyst 
interactions with ionomer and support for 
membrane electrode assembly (MEA) catalyst 
layers. 

• Fabricate an MEA containing non-PGM metal 
oxide ORR catalyst with performance of 44 
mA/cm2 at 900 mViR-free at 80°C. 

• Demonstrate electrocatalyst durability 
according to the Electrocatalyst Cycle 
Accelerated Stress Test in the Fuel Cell 
Technologies Office Multi-Year Research, 
Development, and Demonstration Plan [1]. 

Fiscal Year (FY) 2019 Objectives 
• Evaluate the acid stability of doped manganese 

oxides and develop descriptors for acid 
stability. 

• Develop novel acid-stable oxide systems based 
on computational phase stability predictions 
and acid stability descriptors. 

• Evaluate the activity of acid-stable oxides 
toward ORR. 

Technical Barriers 
This project addresses the following technical 
barriers from the Fuel Cells section of the Fuel 
Cell Technologies Office Multi-Year Research, 
Development, and Demonstration Plan1: 

• Cost (the use of PGM-free catalysts will 
reduce the cost of MEAs) 

• Performance (performance of PGM-free 
catalysts must be dramatically improved) 

• Durability (inherent acid-stability of PGM-free 
catalysts will improve durability). 

Technical Targets 
This project is developing novel acid-stable non-
PGM metal oxide ORR electrocatalysts and 
incorporating the catalysts into MEAs. To date, the 
team has focused on the development of design 
rules for acid-stable oxides and evaluated 
candidate oxides for acid stability and 
electrochemical performance. Catalysts developed 
from these studies will be incorporated into MEAs 
to meet the following DOE MEA performance and 
durability targets: 

• PGM-free catalyst activity: >44 mA/cm2 at 
900 mViR-free 

• Loss in initial catalytic activity: <40% mass 
loss 

• Loss in performance at 0.8 A/cm2: <30 mV 

• Loss in performance at 1.5 A/cm2: <30 mV 

• Electrocatalyst support stability: <40% mass 
activity loss. 

1 https://www.energy.gov/eere/fuelcells/downloads/fuel-cell-technologies-office-multi-year-research-development-and-22 
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FY 2019 Accomplishments • Developed a diverse class of acid-stable 
oxides based on rutile antimony oxide. 

• Evaluated the acid stability of manganese-
based oxides and developed descriptors for • Demonstrated stable ORR activity from an 
acid stability. acid-stable transition metal antimony oxide. 

INTRODUCTION 
The ORR catalyst is a major cost driver for polymer electrolyte membrane (PEM) fuel cells due to the use of 
PGMs, requiring the development of catalysts with reduced PGM loading or no PGMs [1]. However, the 
performance and durability of PGM-free electrocatalysts must be dramatically improved to replace the use of 
PGM catalysts. Currently, research has focused on the development of carbon-based non-noble-metal catalysts 
(M/N/C catalysts) [2]. This project focuses on the development of alternative non-PGM metal oxide ORR 
electrocatalysts. 

To date, acid-stable PGM-free transition metal oxide ORR catalysts have demonstrated low performance. This 
poor performance may be attributed to the limited range of simple metal oxides that are known to be stable 
under acidic conditions [3]. However, it has been shown that the stability of bulk solid phases toward acidic 
conditions can be significantly influenced by the addition of dopants to form complex metal oxides containing 
several metal ions with variable ratios [4]. Such complex metal oxides exhibit high performance for ORR 
catalysis at high temperatures in solid oxide fuel cells and in alkaline conditions at room temperature [5]. This 
creates the possibility that complex, multi-component metal oxides may be discovered that are both acid stable 
and have high activity toward oxygen reduction under acidic conditions through a rational design approach to 
complex oxides, the focus of this project. 

APPROACH 
The project will develop acid-stable PGM-free transition metal oxide ORR catalysts from first principles to 
incorporation into MEAs. This will be accomplished with a multi-step approach: (1) materials modeling and 
experimental screening to identify acid-stable oxides with high ORR activity, (2) optimization of catalyst 
particle size and catalyst/carbon/ionomer catalyst layer composition, and (3) fabrication of MEAs for 
performance and durability testing. The first step will be accomplished by a combination of computational and 
experimental screening. Intrinsic ORR catalytic activity will be established experimentally by electrochemical 
characterization, culminating in design rules to predict acid stability and activity and an optimized ORR 
catalyst. The initial phase of this step was performed during FY 2019. 

The second step, optimizing inks for identified ORR catalysts to be used for spray coating onto MEAs, will be 
accomplished by optimizing the particle size of the ORR catalysts and optimization of the 
catalyst/carbon/ionomer composition of the ink with rapid assessment of the performance impacts through 
electrochemical characterization. In the final step, MEAs will be fabricated and in-cell performance will be 
evaluated on a PEM fuel cell test stand. The microstructure of the catalyst layer will be modeled to determine 
primary performance losses and determine potential mitigation pathways. The MEAs will be durability tested 
according to the accelerated stress tests protocols for electrocatalyst and catalyst layer durability. 

RESULTS 
Evaluation of the Acid Stability of Manganese-Based Oxides and Development of Descriptors for Acid 
Stability 
The acid stability of Mn-based oxides with a wide range of chemistry, structures, and Mn oxidation states was 
evaluated by comparison of computational properties of the bulk oxide phases with experimental dissolution 
into 0.5 M HNO3 over a 24 h period normalized to the surface area of the oxide, an estimate of the intrinsic 
(in)stability of the oxides. Formation energies of bulk O and Mn vacancies for each of the oxides was 
computed under acidic conditions using methodology developed previously [6, 7]. Density functional theory 
(DFT) calculations of the formation energies of O and Mn vacancies demonstrated a strong correlation 
between the calculated Mn vacancy formation energy and the dissolution of the oxide in acid (Figure 1a). 

FY 2019 Annual Progress Report 2 DOE Hydrogen and Fuel Cells Program 
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The formation energies of vacancies are physically connected to the electronic structures of metal oxides. 
Previous studies [8, 9] have suggested that the formation of vacancies in oxides can be understood by two 
energetics: (1) the formation enthalpies of oxides (i.e., the metal-ligand bond strength) and (2) energy penalty 
for electron redistribution (e.g., the energy difference between O 2p bands and Fermi levels). When Mn 
vacancies are formed, electron redistribution is calculated to be nearly independent of the oxide composition, 
suggesting that the Mn vacancy formation energy can by rationalized as increasing as the Mn-O bond strength 
increases, calculated as the difference between the M 3d and O 2p band centers (Figure 1b). The Mn-O bond 
energy, in turn, increases with increasing nominal Mn oxidation state (Figure 1c). 

Apart from the Mn-O bond strength and the formation energy of Mn or O vacancies, surface acid-base 
chemistry also plays an important role in the (in)stability of metal oxides. Surface protonation has been shown 
as a crucial step in the dissolution of many compounds in aqueous solutions [10, 11], and the thermodynamic 
tendency of such protonation is described by the surface acidity/basicity of metal oxides, which can be 
estimated by their Fermi levels on the absolute energy scale [12]. Having a higher energy Fermi level indicates 
a higher oxide surface nucleophilicity, to a first-order approximation, which leads to easier surface protonation. 
This property also varies with Mn oxidation state with surface nucleophilicity decreasing with increasing Mn 
oxidation state, reinforcing the trends in Figure 1. 

Mn-O bond strength and/or Mn oxidation states have been identified as key descriptors that interrelate the bulk 
electronic structures and the (in)stability of Mn oxides in acid. The trend in acid stability is most accurately 
described by the bulk Mn vacancy formation energy. This understanding of bulk (in)stability of oxides in 
acidic conditions will be utilized to design future generations of Mn oxide ORR catalysts with better stability 
in acidic electrolytes, and these analyses may be extended to more complex oxide systems. 

Figure 1. Mn dissolution relative to (a) Mn vacancy formation energy, (b) Mn nominal oxidation state, and (c) difference 
between DFT M 3d and O 2p band centers 

Subsection Development of a Diverse Class of Acid-Stable Oxides Based on Rutile Antimony Oxide 
Metal antimony oxides have been identified as promising manganese- and cobalt-containing acid-stable oxides 
with potential electrocatalytic activity [4, 13]. Other studies have shown that a rutile-type phase (with general 
stoichiometry of MO2) is the most stable phase for these materials, in which the metal and antimony ions are 
randomly disordered over the single cation crystallographic site. It was demonstrated that at least three 
elements may be disordered over the crystallographic site, with a range of possible oxidation states from 2 to 5 
[14]. To examine the range of possible elemental compositions that rutile-type structures may be formed and 
determine under what conditions each element may not dissolve into acidic solutions, a series of metal 
antimony oxides were formed with up to six additional metal ions from Cr, Mn, Fe, Co, Zn, In, Ti, Sn, and V 
using standard high-temperature solid-state syntheses. The sample Mn0.33Fe0.33Cr0.33Ti0.33V0.33Sn0.33SbO6 is the 
first example of a high entropy rutile-phase oxide, and it demonstrates the wide range of elements that may be 
present on the same crystallographic site at the same time (Figure 2). 

FY 2019 Annual Progress Report 3 DOE Hydrogen and Fuel Cells Program 
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Utilizing the design rules for acid stability, high-oxidation-state Mn-bearing antimony oxides were prepared 
with nominal compositions of MnSnSbO6 and MnFeTiSbO8, in which the oxidation state Mn is nominally 
expected to be 3+ and 4+, respectively. Although MnFeTiSbO8 forms a two-phase material containing Mn2O3 
in addition to a rutile-type phase, both materials passed a dissolution screening test in which 2% or less of each 
metal ion dissolved over a 24 h period in 0.5 M H2SO4, suggesting the presence of the rutile antimony oxide 
phase may stabilize manganese oxides toward dissolution. These studies demonstrate the capability of rational 
design of acid-stable metal antimony oxides. 

Figure 2. X-ray diffraction diffractogram of Mn0.33Fe0.33Cr0.33Ti0.33V0.33Sn0.33SbO6 

Demonstration of Stable ORR Activity from an Acid-Stable Transition Metal Antimony Oxide 
The ORR specific activity of metal antimony oxides screened for acid stability was measured using rotating 
disk electrode techniques and compared to the activity of manganese oxides. An electrochemical activity of 0.2 
µA/cm2oxide that was stable over 1 h was measured at 0.8 V vs. reversible hydrogen electrode for MnFeTiSbO8. 
This activity is higher than the long-term activities of 𝛼𝛼-MnO2 and γ-MnO2 but less than the 2 µA/cm2oxide 
measured for β-MnO2. With further improvements in the electrical conductivity of the oxide and post-
processing to enhance the concentration of Mn on the surface of the oxide, the target activity of 4.4 µA/cm2oxide 
at 0.9 V vs. reversible hydrogen electrode may be achievable. 

Figure 3. Intrinsic electrochemical activity of manganese oxides and Mn-bearing antimony oxides 

CONCLUSIONS AND UPCOMING ACTIVITIES 

FY 2019 Annual Progress Report 4 DOE Hydrogen and Fuel Cells Program 
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This work has established descriptors for the acid stability of manganese-based oxides, which will form the 
foundation to design novel acid-stable oxide materials. In the upcoming activities, the generality of these 
descriptors to alternative oxide systems will be examined. This work has also established broad compositional 
variety in the rutile metal antimony oxide system with high acid stability. This compositional space is being 
explored for high ORR electrochemical activity combined with high acid stability. In upcoming activities, 
identified electrochemically active acid-stable oxides will be incorporated into MEAs with the potential to 
form high-performance, durable non-PGM MEAs to meet the DOE 2020 technical targets. 

FY 2019 PUBLICATIONS/PRESENTATIONS 
1. Timothy C. Davenport, “High Performance Non-PGM Transition Metal Oxide ORR Catalysts of 

PEMFCs,” presented at the DOE Hydrogen and Fuel Cells Program Annual Merit Review and Peer 
Evaluation Meeting, Washington, DC, April 29, 2019). 
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