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Table 3.4.7 Technical Targets

Charactenstic

Platinum group metal total 9 /KW (rated,” gross)

@ Fl

content (both electrodes)” 150 kPa (abs) 0.16° 0125
Platinum group metal (pgm) 2

mg PGM / cm” electrode P
total Ioaong (both pontd 013 0.125
electrodes)

Almg PGM @ n
Mass activity” 900 MViaraee >05 044
Loss in intial catalytc .

tivity® % mass activity loss 66 <40

Loss in performance at 0.8 mv 13 <0
Aem’*
Electrocatalyst support »
stability? % mass activity loss 4 <40
k,o;;u; performance at 1.5 mv 65" <0
PGM-free catalyst actmty Alem’ @09 Vi 0.016 >0.044

Ballard FCgen®-1040 prototype fuel cell stack, with
Non Precious Metal Catalysts

O Catalyst cost still a major contributor to high fuel cell price
O Pt price volatility and supply shortage with mass production of fuel cells

= University of (1 Development of non-PGM catalyst can likely resolve the issues
Pittsburgh 2
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Timeline

JProject Start Date: 10/1/2017
Project End Date: 1/30/2021

Barriers Addressed
dDurability (catalyst; MEA)
dCost (catalyst; MEA)

Budget
QTotal $2.49 million Technical Targets
- DOE share $1.99 million Design Mn-based PGM-free
cost sharing S500K catalysts to meet DOE catalyst
- Spent $ 1.73 million activity >0.044 A/cm? @ 0.9 Vg ¢
(by 5/14/2020) in a MEA test
Collaborators The catalyst extends the durability

by 50% (compared to state-of-the-

QU. Buffalo: Gang Wu art PGM-free catalyst)

dU. Pitts.: Guofeng Wang

AGM: Anusorn Kongkanand

Northeastern University:
Sanjeev Mukerjee

#72 University of
% Pittsburgh ’

dThe catalyst mitigates membrane
degradation caused by Fe-based
catalysts by 50%
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Milestones and Project Progress

Recipient Name:

Milestone Summary
Giner, Inc.

Project Title:
IComputation of Mn- . . . - . . .
. . \/erify/refine the predicted active sites  |At UP, provide detailed comparison o
ggtsﬁg dcez;talysts and [Milestone M1-4 Wwith highest stability and 4e- ORR between predictions and RDE results M27 Q9 100% Completed
IComputation of Mn- . . . . _
based catalysts and  [Milestone M15 Modellng mass transport process in the [At UP,_ provide detailed predictions and M30 Q10 100% In Progress
athodes MEA with high-power fanalysis results
IComputation of Mn- . . . |At UP, provide detailed comparison
based catalysts and [Milestone M1-6 Identify 2 key Qescrlptors for modeling between predictions and MEA M33 Q11 100% In progress
Imass transport in the MEA
cathodes erformance results
Synthesize and . .
. . - At SUNY, potential cycling (0.6 to 1.0
1,
creen Highly ——jpirectone M2-5 yichieve stability ABY <10 mVafter  \, 5 1v/jcy in 0, saturated 0.5 M [M21 Q7 100%  [Complete
ctive and Stable 30,000 potential cycling
H,SO,
Mn Catalysts
ynthesize and
creen Highly . : Achieve E,, > 0.85 V; generate 0.75 At SUNY, using RDE steady-state o
Active and Stable Milestone M2-6 mA/cm? at 0.90 V; ORR polarization M30 Q10 40% In Progress
IMn Catalysts
For a PGM-free & Fe-free catalyst,
Fabricate MEAs and demonstrate > 20 mA/cm? at 0.90 V (iR, ~: .
Evaluate Initial GO/.N.O'GO M3-4 corrected) in an H,-O,; maintain partial e e SU.NY’ U211y [PLOISE1,0 M24 Q8 100% ICompleted
decision |free catalyst testing protocols for MEAS
Performance pressure of 02 at 1.0 bar (cell
temperature 80 ° C).
Fabricate MEAs and . .
Evaluate Initial ~ [Milestone M35 1.0 Alcm?at 0.50 V pAGiner, Using DOE PGM-free 35 QuL 100%  [Completed
catalyst testing metrics
Performance
For a PGM-free catalyst demonstrate >
. 30 mA/cm? at 0.90 V (iR-corrected) in
[ELOTEED N."?As Gk Go/No-Go ln H,-O, fuel cell and 150 mA/cm? affAt Giner and GM using DOE PGM-
Evaluate Initial . M3-6 . . ] . M36 Q12 50% In Progress
decision 0.80 V in an H,-air fuel cell (measured);jfree catalyst testing protocols for MEAS
Performance Lo ;
maintain partial pressure of O, + N, al
[1.0 bar (cell T=80 ° C).
S e o v Somiatooas [Lorr 0 OV I OENER
. Y 9 IMilestone M4-1 IA/cm?; activity loss < 100 mA/cm? at 9p g M36 Q12 100% Completed
Different cycles (0.6 to 1.0 V) under H,-N,
0.6 V .
Approaches condition.
Perform Catalyst Deliver a 5-page cost analysis for the . . )
ICost Analysis and  [Milestone M5-1 Mn-based PGM-free catalysts and At Giner and .GM’ using small-scale, M36 Q12 0% Not Started
. short production
System Economics cathodes.

University of

Pittsburgh
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J PGM Catalyst J Fe Based PGM-free Catalyst
- High cost - Insufficient stability
- Scarcity - Membrane degradation

- Catalyst poisoning
(d Mn Based PGM-free Catalyst

reduced reduced carbon
demetallation corrosion
o [}

Normalized Current Density / %

0 20 40 60 80 100
Time / hours

Catalyst Stability improvement Improved MEA

H,0,
|()‘ HO

()\ldalnn of RH,
HO,* ¢======== HO," R(:::(l:(()::()
hydroperoxyl

Durability

Fenton reaction mitigation

{&y University of
& Pittsburgh Adv. Mater. 2020, 1908232 5
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Catalyst Development

Design

Computation

'

Feedback
-—
for ampwron cment

é ; Samples
£ Z -
E 7 | Electrode
W= ' (Giner, SUNY, GM, PITT)
A strong team was formed to transform
the discovery of Mn-based catalyst into
fuel cell application with expertise in the
following areas:
University of
Pittsburgh

Technical Approach @

Membrane Electrode Assembly

Fuel Cell Performance

S YT s s T

Component

Feedback
—eeee. /
for ymprovememt

Device
(GM, Giner, and SUNY)

O Catalyst modeling

L Catalyst synthesis

O MEA fabrication

O Fuel cell system integration
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’-\r Synthesis

Methanol

500

Synthesis of Mn-N-C-S Catalyst

Quantity assorbed (cm® g' STP)

(=]

T T T T
0.0 0.2 0.4 0.6

Relative pressure (P/P )

T
0.8

1.0

Technical Accomplishment

1. Adsorbing
Thiourea & Mn

—_—

2. Pyrolysis

N-C host

Intensity (a.u.)
r
L =
=1
-
E O

T T
10 20 30 40 50 60 70 80
2 p/degree

O Sulfur-doping can introduce more defects on the carbon surface and increase

surface area.

Q Sulfur-doping didn’t introduce MnS nanocrystal as shown in XRD pattern.
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| vty st Structure and Component of Mn-N-C-S Catalyst @
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O Mn, N and S elements have been successfully doped in the catalyst as shown in elemental

mapping images.

0 no Mn metal or Mn oxides particles can be found in STEM images, implying that Mn should exist
as isolated single atom.

O XAS results show that the Mn samples are more like single atom materials which do not have

strong Mn-Mn scattering.
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The Stae Unbarsty of New York the ORR Activity of Mn-N-C-S Catalxst @

1 Poison tests
14 14
l::l o™
5 g
‘é 24 —e—nNc < 24
£
- —e—N-C-S =
- —&— Mn-N-C — —s—KSCN
—¥— Mn-N-C-§ —8—H,S
-3 1 Commerical PY/C -3 4 .
—v— Not poison
-4 - -4 -
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
0 E/V vs. RHE 0 E/V vs. RHE
Temperature Time
14 14
o
o™
£ g
< 5 ‘é 24 —=—15min
E ) -~ —s— 30 min
—_ ¢ SOODC - —»— 60 min
—s—900°C —4— 75 min
3 —e—1000°C 39 ——90 min
—a—1100°C
-4 4
4
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
E/V vs. RHE E/V vs. RHE

U Mn-N-C-S shows higher half wave potential (~0.81 V) compare to other PGM-free catalyst.
U Poison tests demonstrate the active sites should be the Mn-N structure.

U Mn-N-C-S catalyst is very sensitive to treatment temperature and time.
10
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Carbonization

Post-treatment

R 2

O Solid-state precursor methods are developed for Mn-N-C catalysts, which can be

easily scaled up for MEA studies.
O More porous structure and higher activity can be obtained by post treatment,

facilitating the intrinsic activity and mass transport.

11
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| vy st Mn-N-C from Solid State Precursors m

0f —e—3.5Mn a o L —e—10°C/min =
| ——25Mmn | —e—15°C/min S
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£ Sost {032
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© =t 02l / ] 01"
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O High half-wave potential E,,, ~ 0.83 V is achieved by post-treatment on such Mn-N-C
catalyst derived from solid state precursor, maintaining the original morphology.
0 Mn-based catalyst from such method is sensitive to the Mn content and ramping rate.

12
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| ety et Performance Improvement @

=y
o

N --.—gn:: 4004 [_]0.9V (H,/0,, iRfree) 3710 500 4928
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O Consistent improvements have demonstrated over time

O Initial (2018) MEAs utilized catalyst prepared via one step-NMP synthesis

O MEA performance was improved in 2019 by using 2-step water synthesis
catalyst and optimizing electrode structure

O The MEA performance was further improved this year due to the
development of S-doped catalyst and optimized electrode fabrication

FC170 13
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20.6 mAfcmz @0.9V iR-free 371 mA/cmZ @ 0.7 V,' 89 mA/cmZ @ 0.

/ —J— S-doperL catalyst 0.9 1
0.8
E - / So07 \'\
® Oxygen 2" ~—
{=] O .
= N os S Air
© 090 =
> \_ Qos
2 80°C, 250 kPa S\ ﬁ 0.4 \
o= 100 % RH . T —— ' N
= 0851 yic=0s ! 0.3
Loading ; 7.5mg cm” o2 BG“(_:,;I;I;?‘;PR-I
0.88V @ D.044 A/sz "] Flow rrte: uﬂ;:uuey"](cathodf} SLM
0.80 0.1 ' I I
0.00 0.02 0.04 0.06 0.08 0.10 00 02 04 06 08 10 12 14
Current density (Alcm?) Current density (Alcm?)

Performance comparison between Mn and Fe based catalysts

_ 0.7 V power density (H,/air) | 0.8 V Current density (H,/air) | iR-free V@ 0.044 A/cm?

Mn (250 kPa) 371 mW/cm? 89.5 mA/cm? 0.88V

Fe (150 kPa) 471 mW/cm? 113 mA/cm? 0.89V

L Using UB’s S-doped catalyst, the performance has been tremendously improved.

O 0.9V H,/0, performance (20.6 mA/cm?) has met 2" year Go/NoGo milestone.

L 0.7 V power density of Mn-based catalyst is 260, closed to Fe-based catalyst.

O 0.8 V current density of Mn-based catalyst is 89 mA/cm?, closed to Fe (113 mA/cm?)

S-doping improves catalyst activity tremendously.

14
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1.0
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0.8 4
S 0.7
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o
o
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1 S-doped catalyst demonstrates improved RDE and MEA performance
over two-step water synthesis catalyst reported last year.
1 The performance enhancement is due to the effect of sulfur doping.

S-doping improves catalyst activity tremendously.

15
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The first-principles density functional

theory (DFT) calculations were performed 3. Microkinetic modeling of ORR on Mn active sites

using software VASP For each ORR elementary reaction,
1. Adsorption of ORR species on Mn active sites the forward reaction constant is calculated as
—A. _ Ea(U)
k=A-exp( T )

here, E,(U) is the activation energy

the backward reaction constant is calculated as
AG(U)
kgT )
here, AG(U) is the free energy change
Free energy change AG = AE + AEgoy, + AEzpg — TAS + neU The outputs include polarization curves:

k_ = %and K = exp(—

Adsorption energy AE = Esystem - Ecatalyst - Emolecule

2. Transition state calculation of ORR 4. Thermodynamic prediction of active site stability

Activation energy Metal Leaching in form of metal-oxide (MO,)

Eq = Ers — E;

MN,RO, + 2H* + 2¢~ = H,N,R — MO,

5

Free Energy(eV)

Reaction Coordinates

& University of
Pittsburgh
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Pittsbu?gh Free Energy Evolution for ORR on S doped MnN, @

a4
U=0.73V —— MnN4-S
— MnN4
3
MnN,
Ox+ ~  *OOH+
5 Z.M:L_umﬂe-)
() ~ \
& 1 \:\
o 4 W\
Reaction side e \‘\
\\\ *O+H,0+ *OH+H,0+
\‘,2(H++e')__ (H*+e™) 2H,0
—————————————————— e e e e e - e ———
\_—’—’
2 4 6 8

Reaction Coordinates

Limiting potential

MnN, 0.53V
MnN,-S 0.73V
Enhancement +0.20 V

J DFT Prediction: With adsorbed sulfur nearby, the limiting potential of MnN, for
ORR increases from 0.53V to 0.73V. Hence, the ORR activity in Mn-N-C catalysts

can be enhanced by S doping.

17
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& Pittsburgh Elucidation of Effects of S Doping @

(a) without S +1.36

(b) With S +1.42

difference +0.06
Spatial effect | O adsorption
energy (eV)

(c) without S -6.29

(d) with S -5.90

difference +0.39

() DFT Prediction: The adsorbed S only induces very little change in the charge of
central Mn atom and hence the charge effect is insignificant. More importantly,
the repelling interaction between S and ORR intermediates leads to weaker
adsorption of ORR intermediates and enhanced ORR activity at the MnN, site.

18




hs :2!

University at Buffalo XA S St u d y 0) f

The State University of New York

Argonneé

NATIONAL LABORATORY

MnN, —— S.doped catalyst
' —— two-step water synthesis

0 1 2 3 4 5
Radial Distance (A)
Fourier transform XAFS spectra

of as-synthesis catalysts

coooo

In-temperature XAS study

. Technical Accomplishment

Active Site Formation

(MnCl,+NC synthesis|@
5

—s— MnCI,+NC (precursor) ——RT MnO
——MnO ——215°C
44 ——mincl, 4] ——422°C
——627°C MnN,
——820890°C !
3 3 1000 °C \
5 ° 5 .
S L1 Y
S | 2 | !
=22 = 7
l 1
1 1 )
1 1 ; I I
ﬁ-/ | I '
! ! " oy
0 ; . : Pl L R
0.5 1.0 1.5 2.0 2.5 0.5 1.0 1.5 2.0 2.5
R (A) R (A)
2 0 € 1000C
—_ —MnNC 1 —_
—MnNCRT RT fitting result 05 b g 1000 °C fitting result
=99 I gt —oa L
X X
=06 =03 |
() 3
= =02 |

R (A)

0.1 F

0.0

Water synthesized catalyst is the combination of MnO and Mn,0;.

S-doped catalyst possesses more MnN, structure which accounts for higher activity.
For the CVD approach, balling milling of MnCl, with NC results in the formation of amorphous MnO.
The precursor started to form in-plane MnN, from 627 °C.
The fitting result of the XAFS confirms that the bonding length decrease from 2.17 A to 2.00 A. This is

the indication of the phase transformation to in-plan MnN, structure.

19




-% . Technical Accomplishment

sy st Electrode Structure Optimization @
Freeze Drying Approach to Improve the Transport in Electrode

Catalyst particle

More Porous
Electrode Structure

Dense Electrode Structure

= -
o o
w
12
5
o
-
=

0.9 —sa— Baseline
—a— Freeze D st Freeze D
0.8 \ v 0.8 id
Zo7] So7
[ [
gos . gos ~
Sos R.\ Sos .
E 04 \.\\- E 04 ¥
03] H,J0,| 150 kPa, _ '\-.\\_ 03 N,
0.2 \ 0.2 \
0.1 0.1
0.0 0.4 038 12 16 2.0 00 02 04 06 08 10 12
Current Density (Alcm?) Current Density (Alcm?)

U The volume expansion of the water during freeze drying process will increase the pore volume
in the electrode which will facilitate the oxygen and water transport.

O The MEA made from freeze drying approach shows better performances at high current density
region due to better transport.

O The results agree well with the electrode modeling result that higher porosity will increase the
oxygen concentration and electrolyte phase potential, which enhance the MEA performance.

20
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Electrode Modeling

Comparison between 1.0 1/C with 40% por
50% and 40% porosity

—=—50% porosity, 1.0 lIC
—s—40% porosity, 1.0 lIC

=
=]

=
o
1

[--]
1

H,fair, 250 kPa_,
80 °C, 100% RH

0, concentration {mol/m’)
-]

0.0 0.2 04 0.6 0.8

Membrane  pimensionless thickness GDL
-0.1005 -0.15 —=— 50% porosity, 1.0 I/C

01275 —&— 40% porosity, 1.0 l/IC

-0.155%
-0.1822 -0-201
02098
@

-0.2642
02015
-0.3185.-0.30
03452
-0.3738 H.fair, 250 kPa_,_
-0.400i 0351 go°c, 100% RH

High value means less loss
in proton transport

0.0 0.2 0.4 0.6 0.8
Membrane  pimensionless thickness

O, concentration will be increased with higher porosity due to better O, transportation in the catalyst layer.
The electrolyte phase potential will also increase with higher porosity. The higher electrolyte phase
potential reflects less proton transport loss in the catalyst layer. The difference is more significant in the
region close to the GDL.

0o
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I/C Ratio Effect on MEA Performance

T —s— S-doped catalyst, 0.6 I/C 0.8V
== bed catalyst, 0.8 1/C <350 4 0.7V
0.8 ved ¢ 1.0l1C E )
> —— ved catalyst, 1.1 1/C < 3001
= E
% -\'\ \ 2 2004
E SO 8
o4 PN € 1504 H,/air, 250 kPa
o . AW 5 2/ally abs
Hzlalr, 25)I(Paabs \% E 100 100% RH, 80 oc o
0 80°C, 100 %RH NN 3] o —
50
0.0 0.2 04 06 0.8 1.0 1.2 1.4 {I.IE l].l? 0:3 0:9 1.I|] 1:1
Current density (Alcm?) c
12 10000 -0.10
_ —=—0.61/C < —=061lC
nE i ——0.81/C E-ﬂ.ﬁ- ——0.81/C
S 104 E ——1.01/IC £ —a—1.0l/C
g E 1000 - £ 0204 ——1.11/C
é 81 g ;-0.25-
g c £
3 6. 2 1004 0301
g o =
S 2 S 0.35
O 4. ﬁ-u.:w-
0.0 0:2 0:4 {I:E {I.IS 1.0 10{].0 0:2 0:4 {I:E {I.IS 1.0 0.0 0:2 0:4 {I:E {I.IS 1.0
Membrane Dimensionless thickness GbL Membrane Dimensionless thickness GDL Dimensionless thickness
O 1.01/Cis optimal for S-doped catalyst MEA.
O Samples with 1.0 I/C and 1.1 I/C demonstrate slightly higher oxygen concentration and
oxygen reaction rate.
O The advantage of higher I/C is the higher electrolyte phase potential which is the
indication of less loss in proton transport.
O Transport through ionomer is not considered in this model.
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Testing conditions: 250 kPa, 80C, 100%RH @

O, concentration effect ., Durability: 16 h 0.65 V constant voltage
0.9y —=—BOL 0.9 —-—BJZJL ‘
¥ | —=—EOL- 4% oxygen, 16h 0.85 V constant voltage '} =+=—EOL- air, 16h 0.65 V tonstant voltage
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< 7.5% loss per hour s Mn S0 AN S0 N
90 - s s b 8 e -
2 Sos S ~—] Sos ‘\_.__
/] sl sl
& 80 D04 \‘-e — D04 . .
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o 1.5% loss per hour 4% 0, durability test Air durability test
2 70 4 P 0.2 2 0.2
E 01 01
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c -~ 110 100
- 0
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é Hzfalr 065 V ;E_,ﬂ]l]- -E‘ 90 1.6% loss per hour
40 T T T T T T T T o 90 5 80
0 2 4 6 8 10 12 14 16 18 E €
. i [ ] L.
Time (h) & 80 E ™
S . 3] 7.5% loss per hour
S 704 EOL performance degradation D 60
® :E 1.5% loss per hour]
O The MEA degrades more in higher® so- —-—4A‘fk oxygen E 501 = 4% oxygen 0.65V
. et alll . - .
concentration of O,. 50 S I
D Under air condition’ the MEA ShOWS a 01 0.2 0.3 0.4 0.5 06 0 2 4 6 8 10 12 14 16 18
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two-stage degradation behavior.

U For both 4% O, and air cases, the voltage drops after durability at different current densities are the same.
Indicating the mechanism is dominated by the catalyst activity degradation.

U The cell voltage loss of the MEA under air durability condition is more than the one under 4% O, condition,
indicating O, can accelerate the catalyst activity degradation.

U Fe catalyst decays much faster at the initial stage.
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| sy t gt Study of MEA Degradation Mechanism @
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O Initial degradation is caused by two aspects:
* Storage degradation- MnN, was oxidized to MnO and Mn,0;.

e Catalyst degradation during the MEA fabrication (Hot pressing and ink preparation)- MnN, was
partially oxidized to MnO.

O During MEA durability test, more active MnN, sites change to MnO.
O Active site agglomeration is another mechanism for the performance decay during durability test.
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1 S-doping has been applied to Mn-based catalyst for a better catalytic
activity. The DFT calculations predict that S-dopants will help to
weaken the adsorption of ORR intermediate on MnN, active site and
thus enhance its ORR activity.

O Solid state synthesis approached has been developed with great
potential for catalyst synthesis scaling-up and the post-treatment of
this catalyst is comparable with other Mn-based catalysts

Electrode modeling is helpful to understand the effect of porosity and
|/C ratio on the MEA performance and to guide the MEA design.

Freeze drying approach has been developed to improve the porosity of
the electrode and enhance MEA performance.

Testing protocol, oxygen concentration both have impacts on MEA
durability of Mn-based catalyst.

o o O O

In-situ XAS was used to study the active site formation and change in
order to better understand MEA durability and degradation
mechanisms, which include active site oxidation and agglomeration.

#72 University of
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Giner Inc. (Giner) Prime, oversees the project; MEA design and
Hui Xu (P1), Fan Yang, Shuo Ding, and Shirley fabrication; performance and durability tests;
Zhong cost analysis

University of Buffalo(UB) Mn-based non-PGM catalyst synthesis; RDE
Gang Wu (Co-Pl), Mengjie Chen, and Lin Guo  screening; MEA test

University of Pittsburgh (Pitt) Catalyst and electrode modeling using DFT;
Guofeng Wang (Co-Pl) molecular dynamics and pore network
General Motors (GM) MEA optimization; fuel cell system

Anusorn Kongkanand (Co-Pl) integration and cost analysis

University of California, Irvine (UCI)
Yun Wang (collaborator)

Electrode and transport modeling

Northeastern University (NEU)

Sanjeev Mukerjee, Qingying and Jia and XAS Characterizations and ORR mechanisms
Thomas Stracensky (collaborator)
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High resolution TEM and STEM, for catalyst, electrode and MEA
ORNL before and after durability tests. In-situ TEM to observe MEA under
operating conditions

Ex-situ X-ray absorption spectroscopy (XAS) to determine Mn-related
active sites; X-ray tomography to study Nano- and micro-structure of

ANL materials and cell layers; in-operando electrochemical XAS as a
function of potential and potential cycling in an aqueous electrolyte
and in a MEA

MEA design and fabrication to maximize the fuel cell initial
LANL performance and durability, which include: (i) catalyst ink
optimization, (ii) catalyst layer deposition

High angle annular dark field (HAADF) STEM tomography to elucidate

ORNL . . .
the interaction between catalyst and ionomer.

Operando differential cell measurements of electrochemical kinetics
NREL and transport, providing insight into the reaction mechanisms and
transport resistance measurements

#72 University of
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1 Sulfur doping to improve the performance of Mn-N-C
catalyst synthesized from solid state precursors.

1 Hollow structure control on Mn-N-C catalyst for
performance improvement.

 /n-operando Study of the MEA degradation in real-time.
This information will be used for the guidance for MEA

durability improvement.
( DFT modeling of various degradation processes.

 Temperature, relative humidity and voltage effects on
the MEA durability.

(1 More electrode fabrication study for MEA performance
enhancement.

¢= University of
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Any proposed future work is subject to change based on funding levels ﬂ
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U The project’s weaknesses include the poor performance demonstrated in MEA testing. It is hard to
envision that any of the PGM-free systems would be able to meet expectations in real systems.

We have demonstrated that Mn-based catalyst has comparable performance with Fe-based catalyst.
O As of yet, the project has not placed sufficient emphasis on addressing durability.
Tremendous efforts have been made on the MEA durability study this year.

U The claim of improved stability is not supported by any sufficient datasets. There is a lack of statistical
data from the catalyst batches and no inductively coupled plasma data on the main leaching elements.

The stability test has been carried out in this year and the degradation mechanism studied by
combining TEM and XAFS characterizations. ICP analysis has also been conduced.

QO It is not clear whether the project is on track to hit its year 2 performance goal. No MEA durability has
been shown yet, although it looks like this is not yet a milestone. The team should consider whether
the DFT modeling is proving helpful for the synthesis and durability efforts.

Year 2 performance goal has been met. MEA durability has been extensively studied in this year. The
DFT modeling has been used to model S-doping synthesis approach and predict the metal leaching
tendency of the MnN4 sites.

U The project has presented many misreported, inconsistent, and “optimistic” conclusions. It also has
unclear differentiation from other projects, except for the Mn approach. The DFT contribution is also
lacking. Is this true?

The property of Mn-based catalyst is unique and many aspects are different from those of Fe-based
catalysts. DFT calculation was focusing on the active site prediction and durability. In this year, DFT
has elucidated the performance enhancement mechanism of S-doping thus providing guidance for
catalyst synthesis.
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