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Hydrogen Energy

Global primary energy consumption by energy source (201(_)-_2050). _ . e@
quadrillion British thermal units quadrillion British thermal units
1,000

history! projections
‘ 900

250 \ renewables
} petroleum and 800
| other liquids 700
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coal
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Source: U.S. Energy Information Administration, International Energy Outlook 2019 Reference case

Breakdown of US Energy Generation by Type

Current Energy Mix: Projected 2030 Energy Mix:

[l Coal M NaturalGas [ Nuclear [lHydro [l Renewable

Source: Energy Information Agency (eia.gov), Fidelity Investments, as of Nov. 1, 2019.
Current data from eia.gov and projections from Fidelity.

Hydrogen Cycle

http://www.merlin.unsw.edu.au/energyh/about-hydrogen-energy/




Hydrogen Fuel Cells: who wants them ? Trains: INNOTRANS, Germany will

produce H2 trains to replace Diesel units -
-reduce urban noise and CO2 footprint.
°ﬁ‘éP'ﬁ!HH \ Advantage: trains don’t need to stop for
refueling.

US Army/GM: Paul Rogers, director

of TARDEC, “The Army envisions a high

torque vehicle that could be used for

“silent watch” patrols with

¥ ° no engine noise and

* no significant heat signature from

. ey the exhaust. “

T =~ Consumer automotive:
o Honda Clarity Fuel Cell can

travel 366 miles on a single

tank of H2, Japanese Govt

subsidies (up to S28K for H2

D e A vehicles).
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Walmart Chooses Fuel Cell Forklift: With the hydrogen fuel cell system,
the forklift can be fueled at an indoor fueling station right in the
warehouse in a matter of minutes, and its power won't decrease as the
forklift uses the hydrogen. The fuel cell and small hydrogen tank is a
direct replacement for a typical battery —and, because the fuel cell

contains no hazardous materials, disposal is safe and inexpensive.

U 0 B B e e 0, 210 A5 e e



Renewable to Hydrogen: efficient 24

hour power generation

Energy Storage System Volume

(liters)
800 -

700 1
600
500 +

400 +

(PbA Battery Lo

==

B —

to Electricity

(NiMH Battery

Li-lon Battery

&

50 100

150

200
Range (miles)

250

350

i Fuel Cell +
| Hydrogen Tanks
(35 MPa)

N

(7TOMPa v}

Power Density (W/kg)

Differences In Energy Efficiency Among Automobile

Types
Overall energy
Type Energy source fficiency
Hydrogen produced from
Fuel-cell vehicle n | gas 40%
Hybrid vehicle Gasoline refined from crude oil 34%
o Electricity generated at thermal
Electric vehicle power station using natural gas 33%
Gasoline vehicle | Gasoline refined from crude oil 19%
Sowrce: Toyota

107
10¢

10°
10¢
10°
10?

Consumer market

Highest efficiency for renewable
energy storage and power density.

Emerging smart grid markets

Supercapasitors

10

i

Batteries

Fuel
Cells

0.01

0.1 1

10

Energy Density (Wh/kg)

100

1000



Box: The hydrogen challenge

From the article:
Hydrogen vehicles: Fuel of the future?

THE HYDROGEN CHALLENGE

The future of hydrogen fuel-cell vehicles depends on advances in four

key areas: the hydrogen source, the distribution infrastructure, Fuel tank
the on-board fuel tank and the on-board fuel cell, Fuelicall vehiclas ot shove
enough hydrogen to go

Infrastructure
Once the hydrogen is made, it must be distributed via special
pipelines and tankers to an extensive network of hydrogen refuelling
stations. But who will buy the vehicles if the stations don't exist?
And who will invest in the stations if the vehicles don't exist?

several hundred kilometres
between refuelling stops.
Liquid hydrogen requires
insulated tanks at =253 °C.
So most companies have
chosen to compress the
hydrogen inside high-
strength carbon-fibre tanks.

Hydrogen must be derived
from carbon-free renewable
sources before fuel-cell
vehicles can make a dent in
the climate problem, One
idea is to make the
hydrogen by splitting water
using electricity from wind
farms, solar panels or
nuclear plants.

This device converts hydrogen to
electric power. The challenge is to make
it light, cheap, robust and durable — yet
powerful enough to run the engine,
lights and air conditioning.




* Immature power distribution network

Elon Musk famously dismissed * The investment tax credit (30% ) for investment in

fuel cells as “mind-bogglingly

stupid” fuel cells was not extended, though parallel credits
Secretly Superior were extended for wind and solar energy, which
Most car executives agree fuel cells, not batteries, will be real breakthrou . o
slectric mobility effectively means fuel cells are about 43% more
1% expensive http://www.fool.com/investing/2016/12/26/why-fuel-cell-

Absolutely Disagree

stocks-face-an-uphill-battle.aspx

5%

Partly Disagree

16%
Neutral
45%
Partly Agree
33%
Absolutely agree
Bloomberg
Source: KPMG 2017 Global Automotive Executive Survey oy v < IUS TESEIFTUEN CArS Wil BE TAre a5 poWering VERicIes With Battéries, State HRS Count
hydrogen take off California 7
B Projected sales of new petrol/diesel [l Hybrid Plug-in hybrid [ Electric battery Hawall -]
W Fuel cell Massachussetts 4
Japan to be 1st country to reach 100 — 100% p— 3
hydrogen filling station milestone . Michigan 2
3 KYODO NEWS - Mar 23, 2018 - 19:34 | All, Lifestyle mu :
Mew York i
Pennsylvania 1
50 South Carolina 1
- - 5 Texas 1
-
o A -. Delaware 1
[ B § : - SES ] Colorada 1
W | HTTED District of Columbla 1
W < oS PR TS T P— 0 — 1 -0 Ahade Island 1
v | et Y o ] ! - 2015 2020 2025 2030 2035 2040 2045 2050
‘Wazhington 1

Source: European Climate Foundation



Compare Fuel Cell Vehicles Source: EPA.gov

Fuel cell vehicles (FCVs) are now for sale or lease in the United States although availability is limited to
areas with an adeguate number of hydrogen refueling stations. Fuel economy estimates and other THESE
information are provided below. HYDROGEN

FUEL CELL i

Cars SUVs CARS ARE
ENTIRELY
POLLUTION T

catalyst

Problems." 2022 Hyundai Nexo @ 2022 Hyundai Nexo
Blue

Reduced cost of oil
Reduced govt. subsidies

Public perception N e

Mi/Kg @ 56 58 53 60 64 56
comb city hwy comb city hwy
MPGE 57 50 54 61 65 58 I
comb __city _hwy _ comb___city  hwy Biden-Harris Administration Announces First-Ever
. Oterfstmmes | Offshore Wind Lease Sale in the Pacific
Range (miles) 354 380
California sale opens new opportunities for U.S. floating offshore wind
Vehicle Class Small SUV - 2WD Small SUV - 2WD 10/18/2022
Interior Permanent Interior Permanent - -
Motor Magnet Synchronous  Magnet Synchronous (120
(120 kw) kW) 23 Alchemr
Battery 240 V Lithium Ion 240 V Lithium Ion AEM electrolyzer
stack A i
Availability California only California only -

© 2022 ALCHEMR — Non-Confidential

Challenge: Store wind energy as hydrogen produced from sea water
Develop newer technologies: Anionic Fuel Cells and Electrolyzer

hg@cartoonstock.com



Hydrogen Technologies at TECNALIA: the largest center of applied research and technology in Spain

® Alkaline electrolysis

® PEM electrolysis @ Integration in Smart Grids
® AEM electrolysis ® Use in transport
® Photoelectrolysis @ Use in industry
@ Solid oxide electrolysis @ Use in buildings
Our Value ProPosaI ® Reforming / Pirolisis / Gasification ® Fuel cells
for the Hydrogen
Value Chain . Hydrogen . Hydrogen
¢ Production ~ ! Use

i Renewable / i Hydrogen i Cross-Curtting Issues

i Sustainable Energy i Distribution, Transport

. Generation . and Storage ¢ Materials characterisation

P ) ® Surface engineering

® Solar energy @ Injection in gas grids ® Sensoring

¢ Wind Energy ® H, purification ® Power electronics

¢ Offshore energy ¢ Hydrogen storage » Support to digitalization

LI ¢ Power to X / Energy carriers  Simulation and prototyping
® Materials in contact with H, . Support to manufacturing

& Recovery of valuable
materials Modelling

https://www.tecnalia.com/en/



Major Challenges to

Commercialization: (Meeting DOE Peak Efficiency
65%

2020 requirements by 2020!!)

Durability Power Density
1. On board hydrogen storage and S 000 howrs 650 W/L
distribution
2. Decrease Cost (membrane and catalyst)
3. Increase durability (Reduce Pt fouling) A PR 3 PR
4. Increase safety ( Units operate at 300V) 30 seconds 650 W/kg
5. Increase energy density
——2010 —e=2015 Cost
S40/kw
SBOOMKW T - = = = = = = = = = = = = = = e
sarsian | units_| DOE 2020 Target |
Platinum group metal (PGM)
oW 05
5 200/kW - PGM total loading (both mg/cm? <0.125
electrodes) ’
Loss in catalytic (mass) activity % loss <40
a 2
, S30mW Mass activity @ 900 mV, . .. Almgpgu 0.44
T L T T T T T 1

T
2010 2015

H Balance of Plant ($/kKW,

s26 525 NI IR DOE 2020 requirements




Proton Exchange Membrane Fuel Cells (PEMFC), are the type of fuel cells
which utilize a polymer membrane (such as Nafion®) to generate power by
separating the electrons and positive ions from a hydrogen gas source.
Byproducts: Water (environmentally friendly) and Carbon Monoxide (CO)

 Low temperature operation
 Relative high efficiency (40-60%)

* Anode:

H, + 2Pt —» 2Pt-H
2Pt-H — 2Pt + 2H* + 2¢°

e Cathode:

1/20, + Pt —> Pt-O
Pt-O + H* + 26 —» Pt+H,0

* Drawbacks:

» CO Poisoning
» Expensive Pt catalyst

PEMFC

j.‘.. .. _Air

4 ‘g e%

o H
ot

PEM Air + H,0

v 3

Chemical structure of Nafion
membrane containing multiple fluorine
groups as the charge carriers

Image source: Dekel, D. R. (2018). "Review of cell performance in anion exchange membrane fuel cells." Journal of power sources 375: 158-169.




Sources of hydrogen gas

Natural gas reforming CHy +H,0 © CO+ Hy

(contains up to 25% CO-) CO + H,0 — CO, + H,

Water electrolysis " Fletricily
2H,0 » 2H, + 0,
(cost: ~4.5 KWh/Nm3) 2 2R

H,C Sclar Energy -

Photocatalyst

H,

Photocatalytic water splitting o
(Expensive catalysts: Pt, Ru, Pd) i )’

R
o
o \ o
(—'b
H,0

95% of hydrogen




Reversed water gas shift reaction in hydrogen fuel cell

Reformate hydrogen gas contains large amount of CO, (up to 25%)

CO, + H,—CO + H,0
80

25 PPM CO

N
o

ppm CO in equilibrium
S
o

0 10 20 30 40 50 60
% C02 in H2

*Janssen, G.J. M., and N. P. Lebedeva. In Presented at the Conference: Fuel Cells Science and Technology,
vol. 2004, pp. 6-7. 2004.



Carbon Monoxide: Major obstacle to Meeting Department of Energy 2020
Standards

» Generated by the cell when operating in ambient conditions.

» Poisons platinum catalyst which reduces PEMFC lifetime, and power density by
more than 50%.

* Requires high temperature operation (T>80C).

» Requires expensive pure hydrogen gas stream. (Syngas/reformate H2 gas
contains approx. 20% CO?2)

1200
Pt
1000{ Power reduction from CO ) [ T
—4—H,/50ppm CO
—v—H,/100ppm CO
%‘ 800 —o~H,J250ppm CO
Atmospheric (50 PPM) S ; TR
3 200 4 H-H H-H
Syngas H2 Source (100 PPM) : \\\ T 3T % %
00 \ ~ ~ ~ =
Y RS —— e el o

i % T N LB
0 200 400 600 800 1000 1200 1400 1600
Current Density [mA/icm?)

schuk, J. J., and Xianguo Li. nternational Journal of Energy Research 25, no. 8 (200



Alkaline Exchange Membrane Fuel Cell (AEMFC)

Usage of non-platinum-group metals <
Less expensive metal catalysts ol el
Anode: 2 :
2H, + 40H" — 4H,0 + 4e
Cathode:
O, +2H,0 +4e— 40H"

= s
] - -

= (=] wi
= [C) o <
o

ey

CL
GDL
Flow field

= ORR potential vs SHE at standard conditions is reduced Anode | Cathode
(0.401 V in alkaline vs 1.229 V in acid). Only Pt, and N\+\
PGM have a high enough 02 adsorption free energy to

\
—C
bind to the surface and allow the ORR to occur. O O
= The lower potential lowers free energy of adsorption O O

for oxygen and permits the usage of many non O /XN

: . —N
Platinum group metals such as Ni, Co, Fe group metal. \%
= Easier to use under saline conditions—Seawater

- Chemical structure of mTPN1-TMA membrane and Sustainion membrane
elelctrolysis.

Image source: Dekel, D. R. (2018). "Review of cell performance in anion exchange membrane fuel cells." Journal of power sources 375: 158-1609.




Anion Exchange Membrane Fuel Cell secnaha

tecnal:a i
Anode (ox): 2 H2 +40H — 4 HZO +de
Raesy S Canalyst
Alkaline P 3 Pt catalyst
ionomer } \.J on carbon

Cathode (red): 02 +2H O+4de — 40H

Ag Catadyst

Hydroxide ion Overall: O,+2H, — 2H,0

transport
g Image: APEFC Schematic
a1 o Lu et al.; 2008, Proc. Natl. Acod,
4 \:'J){}ﬂ ‘ ™ ‘_ S:I-_ 2()'38. 105,5;(20:‘.11-2;:‘11.
—
N
—-&—/
H20 diffusion
AEM ’ Scalebar
30-40 ym el a 'y High [CO;)
H, + H,0 === = = (O, H
Co, 4==m 0,
e ) O, r—
o L~
* & K
$ £ 0,%] 32
v &
l *
'3 TL
— = T [Sitfusion P * s
H, == | —F+ ===p C(0,+0,
High [OH)

Anode AEM Cathode

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc
[tileshop_pmc_inline.html?title=Click%200n%20image%20to%
20z00m&p=PMC3&id=8955432_poly

Image: Shuttle AMFC Cell Stack

Fray, D.; 2011. “DolTPoMS: Fuel Cells.”

4 University of Cambridge.
http://www.doitpoms.ac.uk/tlplib/fuel-cells/printall.php

by NASA subs
and
submarines
in UK

From Air (Cathode):

Membrane Crossover:

To Air (Anode):

- [OH], [CO*) =0

Challenges of PEM and alkaline FC

Air
0,+2H,0+4e — 4 0OH
€O, + OH ~{HCO, )

[HCO, 1> [OH ]

2HCO, — 2 DH‘

H2 +20H — 2e + 2H20

CO, Poisoning

Ph Change, Reduced Operation,

Precipitation of Carbonates

HCO3- competes with OH-, and
migrates faster reducing the power
output.

HCO3- produces only 2 electrons, vs
OH- which produces 4 electrons when
reduced to H20.

Difficult to maintain high PH



Gold as a Novel Our Focus: The Membrane

Catalyst in the 21st * Enable lower temperature operation—Ilast longer

Tolerate CO impurities—cheaper gas sources

_ . Increase efficiency of ion transport

Working Mechanism . modifications should NOT interfere with other components
and Applications

Gold Bulletin 2004 + 37(1-2

Century: Preparation,

Masatake Haruta
Research Institute for Green Technalogy, AIST
16-1 Onogawa, Tsukuba 305-8569, Japan

E mail:m.haruta@aist.go.jp —~ 0.15
= B CO oxidation
16 E ®
Cle0 = B
235[}2 J00K s I — Au[TiO, (273 K)
2324 E o
18p16
oo Smbar 1805 @ B
* 16 < -
10mbar C 70 é 0.05
o B Pt/Si0,(437 K)
2315 3 - e
(:13{]2 = e
21 16 ‘IB e D 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
21862124 C1e0 0 5 10 15 20
_,/ | , , L~ ED_M Mean diameter of metal particles (nm)
2400 2300 2200 2100 2000
Wavenumbers (cm-1) Figure 5 - . .
Tumover frequency (TOF) for CO oxidation over Pt/Si0O- and Au/TiO-

Figure 7
FT-R spectra for the introduction of C°0 at 300 K to AuTiO- after
preadsorption of " Ck



Gold as a Novel

Catalyst in the 21st Catalyst temperature (K)
) . 800 600 500 400 350 300 250
Century: Preparation, I — — |
Working Mechanism 103 Ru (001) |
o 80 KJ/MOL |
and Applications B |
Gold Bulletin 2004 + 37/1-2 —_ _E_I{J_JI'MDL Alymio
Masatake Haruta — 1 [}1 B T .
o Gnogwe, Talnds 3055560, e W Pt (110)
E mail:m.haruta@aist.go.jp L B ‘|2|::| Hﬁmﬂ'l Ea= '
E 10-1 E'r*ﬂl|={_|,I'I'I"|Cllib‘~
CO+Au % O=C-Au -
02 + AufTiOp ——— AU[TiO32.... 02 103
AufTiO2...02+2[O=C- Au] B
105 |
0
Ti»o-C'/AU*coz 1 2 3 4
0 1000/T (K1)
O-C}Au—b CO2
© Figure 6
Surface Amhenius plots of the turn-over frequency (TOF) for CO oxidation over
0 ot noble metal catalysts. The data for Pt group metals are taken from ref. [41]
Intermediate |
C e TOF of catalyst drops steeply below 100C
on non supported PT and RU, but
Au//TiO2 rate decreases much more
slowly
* ENABLES THE REACTION AT LOWER
TEMPERATURES

Three pathways to CO oxidation



Gold Nanoparticles as Ideal Catalyst

Platelet shape are ideal for maximizing contact with surface.
Activity of particles increases when particle size shrinks.
Smaller particles have more corner atoms or “steps” for

catalysis.
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* Adrian Cho, Science,Vol.299, pp. 1684-1685

* Jens K. Ngrskov, et al, Nanotoday, Vol.2, Number 4



Accomplishments and Progress

Colloidal (electrochemical)
deposition(Adzic and Bliznakov)

r; 4
Electrochemical cells thal
allow o prepare alectrode
with geomelric areas
of 5- 500 cm?
(1) 5- 25 em??
(2) 50- 100 cm?
Picture of the semi-automated system for : (3) 100 =S o
Jectrodeposition of elect talysts with Front panel of the LabView software,
B itra-low total PGM loading, directly on  'at controls the exchange of the
B 08 ' solutions into the electrochemical cell.
‘- iz S BROOKHAVEN
20 nm

Figure 3. Nanocrystals of PtRu (SD) electrocatalyst dispersed in the carbon
matrix. The crystallites have a bimodal distribution with an average size of
2504 nmand 5.2 £ 1.2 nm,

Egberto Gomes Franco et al * Requn-’es support - _ _
Mat. Res. vol.8 no.2 S3o Carlos Apr./June 2005 * Chemical solvent deposition (interacts with

membrane)



Gold as a Novel

* High temperature deposition> 500C Catalyst in the 21st
* Poor control of size Century: Preparation,
* Requires support Working Mechanism

e NOT applicable for membranes . .
PP and Applications

Gold Bulletin 2004 « 37/1-2

P 7 Masatake Haruta

Research Institute for Green Technalogy, AIST
; 16-1 Onogawa, Tsukuba 305-8569, Japan

E mail:m.haruta@aist.go.jp

Table 1
Preparation Techniques for Nanoparticulate Gold Catalysts
Categories Preparation techniques Support materials Ref.
Preparation of mixed  coprecipitation (hydroxides or carbonates) CP Be(OH)z, TiOz*, Mnz0s, Fez0s, T304, 1,7,8,9,10
precursors of Au NiO, ZnQ, In=0s, SnO:
and the metal
component of amorphous alloy (metals) AA 210, n
supports co-sputtering (oxides) in the presence of O, CS C0304 12
deposition-precipitation (HAuCls in aqueous Mg(OH)z*, Alz0s, TiOz, Fez0s, Co30s, NiO, 13, 14
solution) DP Zn0, ZrQz, CeQy, Ti-SIi02
Ofsggggrécnﬁiggg& liquid phase grafting (ohzga?ogﬂléj complex in TiOz, MnCx, Fez0s 15,16
support materials organic solvents)
gas phase grafting (organogold complex) GG all kinds, including Si0z, ALO3-5i0;, 17,18
and activated carbon
Mixing colloidal Au colloid mixing CM TiOz, activated carbon 19, 20
with support materials
Madel catalysts using vacuum deposition VD Defects are the sites for deposition, 21,22, 23
single crystal supports (at low temperature) MgQ, Si0-, Ti0;

* The addition of Mg citrate during or after coprecipitation or deposition-precipitation is important for depositing Au as nanoparticles.

Figure 1
TEM photograph for Auja-Fe-O; prepared by coprecipitation followed
by calcination at 673K



Objective: Produce platelets of uniform size that can
be applied as a film directly on the membrane, and will
not block gas diffusion.

« Small (<5nm) gold nanoparticles

* NoO support
* Low temperature deposition

(GDL) Electrode

[P el
.AA"}‘

ldeal model:

] 7
"o llr o o

P LA VN "
,45}} .AA;.}' ,,&"T'

D Thiol-stabilized gold nanoparticles

7
A
_/

e

‘ Platinum catalyst

Nafion ®
membrane



Two-onase Meinodl
Produces particles that have a weakly bound Au core
and tightly bound Au/S shell

Dodecanethiolate palladium nanoparticles: Pd-C12, 2-phase
Dodecanethiolate Pd/Au nanoparticle: Pd-Au , 2- phase

Dodecanethiolate gold nanoparticles: Au-C10, 2-phase
(AU,)(C1,H,5SH),(CeHsMe)

PACI2*/N(CgHy7)s 7\%
NaBH,

(Pd) (R-SH), —

0.5 mmol of K,PdC,, dissolved in 20mL H,O

e 1312 mg of (CgH,;),NBr dissolved in 20mL of toluene is
added, and stirred to extract Pd salt out of H,0 phase

e 0.5 mmol of C;,SH is added and mixture is reduced with
227 mg of NaBH,

[2] Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R. J. Chem. Soc., Chem. Commun. 1994, 801.



TEM Determination of Size for Au thiol

nanoparticles

)

C
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Wl v,
G e A,

0 2 4 6 8 10 12 14

22

0 2 4 6 8 10 12 14

Aduanbali4

0 2 4 6 8 10 12 14

Diameter of Au 1-1 Particles (nm)

Diameter of Au 3-1 Particles (nm)

Diameter of Au 2-1 Particles (nm)



Pd-C12, 1-phase

FCC

Pd-C12, 1-phase Pd-C12, 2-phase

Bulk Pd

Cell Parameter a, (A) 3.98 £0.01 3.90+£0.01

[3] JCPDS-International Centre for Diffraction Data.

3.8907 B



Preparation of Monolayer of Platelet Gold

Nanoparticles

Components:

« Trough with subphase;
 Teflon Barrier:

« Pt plate detector;

Function: <« Create platelet gold nanoparticles by spreading as prepared
gold nanoparticles at the interface of water and air.*

Directly deposit platelet gold nanoparticles onto membrane

*SunY, et al., Langmuir, Vol. 22, No. 2, 2006



Deposition of Monolayer of Gold Nanoparticles

lifting up l
spreading Gold NPs and
compressing barriers ‘

2mm/min

deposition of
monolayer

/

Au clusters are weakly bound, while Au/S bond is strong.
Water displaces the Au/Sulfur hydrophobic complexes, forming platelets.



LB Isotherm Curve for Gold Nanoparticles
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Highly ordered nanoplatelet film at the correct pressure



Characterization of prepared AuPd NPs

400
| Uniform distribution with

' Average size = 1.86 nm

300

Counts (a.u.)

200

100

\
]

A A Y Pl 4 U B
05 10 15 20 25 30 35 40
Diameter of Gold Palladium nanoparticles (nm)

Lattice constant of a = 0.400 nm,
which 1s intermediate between
lattice constants for Au, 0.408 nm,
and Pd, 0.389 nm
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ASray Rejiectivity.
¢
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=)
&
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=
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o y q, =k(sing; +sina;)
— q, =k(cosea, cos y —cose;)
q, =kcosa; sin ¥
Oy = (a5 +0)"°

Fitting Parameters
S t 6x106
air 5.5 -- --
thiol 4.5 7.2 1.0
Pd/thiol 5.0 13.3 3.1
thiol 3.0 12.5 0.53
SiO, -- 13.0 2.54 Z
s —roughness (A), I
t — thickness (A), J

6— dispersive component of the refractive index. Y



Lifted AUNP monolayer directly

on Nafion membrane
ok
Ak
.% )l
=
1 g
of 2 3¢
b |
2_ -4-Thickness(nm) Nf;;n Aul/.:BiOl 0.83
3 §(E-5) 1.87 1.56 35 0.82
g 4l % 05 10 15 20 25 a0
§ S 20(Degree)
|
S Reflectivity of films lifted at
different pressures on SiOx.
10

o eeee—— == Bare Au surface is unstable
20 (degree) and recombination occurs.
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Confirmation of platelet structure:
X-ray Reflectivity Results (Angstroms)

I I

t(A) & (X1076) t (A) & (X 10"6) t (A) & (X 1076)

Si 2.239 2.239 2.239
SiO, 17.1 2.31 17.1 2.31 17.1 2.31
Au/thiol 15.8 4.33 17.4 4.33 18.5 4.33
thiol 5.0 0.95 6.1 0.95 9.6 0.95
Au/thiol 34.5 3.03
thiol Thickness at Z direction < 28.5 A (average 70 0.85

diameter of particles under TEM)

Shape changes from spherical to oblate* -l _-\P 2o b
el gy
t: thickne§s | sio:  — < : =

o: scattering length density Si
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FT Magnitude (A%
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Isothermal curve
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Cross-section TEM image of Au NPs
assembled at 3 MmN m~! on a TiO,-coate
(20 ALD cycles) Si substrate.



FIB TEM and elemental mapping

AuPd NPs lifted on a silicon wafer at surface pressure of 5 mN/m

Cross-sectional TEM STEM elemental mapping
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Voltage (V)
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PEMFC performance and durability
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GO Characterization

Graphene oxide (GO) is an oxidized
form of graphene, functionated with
oXygen-containing groups, such as
epoxide, carbonyl, carboxyl, and
hydroxyl groups

Representative structure only E

* https://www.ossila.com/products/graphene-oxide-powders?variant=5228014764061
** L. Wang, et al., 2020. Appl. Energy, 261, 114277.
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PEMFC performance

60% maximum power enhancement by 1 ng/cm? graphene oxide (GO) on the

surface of membrane or electrode, which decreases at higher GO loading.
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Electrochemical Impedance Spectroscopy

(E1S) study
0.6
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Mechanism study

As a surface effect on both anode and cathode

Co
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/ VoA /
Spray Ink Anode  Cathode A+C

Summary of maximum power enhancement percentage of PEMFC with GO spray-coated on electrode

or added into the catalyst ink; GO coated electrode at only anode, cathode or both.



CO poisoning and pure oxygen testing
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The power enhancement is only
25% In pure O, while it is 60%
In air for the coated MEA

Under 0.1% CO in H,, (O,), the
maximum power decreases only 26%
for the MEA with GO coating while

over 70% for the MEA without.



PEMFC Durability

» Maximum power density
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Challenges in AEMFCs

Most significant challenge of AEMFC technology is durability.
Reported lifetime of AEMFCs significantly inferior to that of PEMFCs.

For PEMFCs, perfluorosulfonic acids (PFSAs) are known to be chemically, and electrochemically

stable.
For AEMFCs, no such materials available for now.

Although recent improvement in performance and durability of AEMFCs is impressive even with
hydrocarbon-based materials, the current durability of AEMFCs needs to be significantly further

Improved to achieve commercially viable systems.



Fuel cell performance

« Power Output of Sustainion AEM

— a) Pt/C cathode electrode — 0.42 W/cm?
Sustainion Pt/C 0.76 Pt/C 0.76

Sustainion Pr/c $-/0 ZES0atC O/ b) FeCo-N-C cathode electrode — 0.39 W/cm?
mTPN1-TMA Pt/C 0.76 Pt/C 0.76

Table 3: AEMs with different catalyst and loadings on anode and cathode

« Power Output of MTPN1-TMA AEM
(a) 10 I I —=— PY/C on Sustainion (b) : L e Ptfclon Susltainionl
0.8 -i\\\ ::: E:go‘?gr:l?r-r::;;rsn:laﬁnion > ::: Eggoc;gt;?rT::;;rsTa‘?nion - a) Pt/C Ca‘th Ode e I eCtrOde _ O ) 35 chmz
- R, ‘EM- . |
So0.6- \\}{"ﬁh. =
o &z
] \} g 0.3
204 ] Q
\. % 0.2
0.0 0.0

00 02 04 06 08 10 12 14 00 02 04 06 08 10
Current Density (A/cm?)

12 14
Current Density (A/cm?)

Fig. 9: (a) Polarization, and (b) power density versus current density curves of AEMFCs with Pt/C and FeCo/CNT on the cathode



Durability
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Durability tests of the AEMFC with (a) Sustainion AEM and Pt/C cathode electrode (b) mTPN1-TMA AEM and Pt/C cathode electrode (c)
Sustainion AEM and FeCo-CNT cathode electrode where the voltage is plotted as a function of time at a constant current of 0.15A/cm? (d) Time
needed for MEAs to reach 0.1V



X-ray Computed Tomography

(a) X-ray source (b)

\\ X-ray source sample array detector

rotate Experiment setting:  Full-field  X-ray

rotate step-by-step |
rotation

computed tomography data sets were

collected for a series of specimens,

employing a Zeiss Xradia 520 Versa X-ray

microscope. The X-ray source was operated
at 40.20 kV and 74.7 pA (3W). The isotropic

multiple detectors

Micro-CT (800 nm voxels) Nano-CT (126 nm voxels) VOXGl Size was set to 21 Hm and a Series Of
. G ‘ . B - % = "

1601 projections were collected over 360°

with a 2.5 s image collection time per step.

Data reconstruction was performed using a

o} Section view s IS BEoR on . o '
I"ay‘""“ T LA Sando s foe 4 filtered-back projection algorithm. Data was

layer

o | e - n e visualized in ImageJ software.

* Wennberg, Ole Petter, and Lars Rennan. "A brief introduction to the use of X-ray computed tomography (CT) for analysis of natural deformation structures in reservoir rocks." Geological Society, London, Special Publications 459.1 (2018): 101-120.

* Backeberg, Nils R., et al. "Quantifying the anisotropy and tortuosity of permeable pathways in clay-rich mudstones using models based on X-ray tomography." Scientific reports 7.1 (2017): 1-12. 50



SEM-EDX

* Ptisseen inside the membraneatOh,5h
and 70 h but the intensity is different

» Membrane is completely degraded after
70 h of durability testing

» Metal migration is confirmed from the
MEA with FeCo-N-C catalyst at the
cathode.

» Fe and Co migrates from cathode to
anode without degrading the membrane
and co-localized within the Pt layer at

o - ‘U»M the anode.

@ t 0 Cathode - FeCo . . . .
:\;15- A ~ N\ Fig. 14: SEM-EDX of sample MEAs with (a) Sustainion
g Memb
212 k&( o rane) ) AEM and Pt/C cathode electrode after 0 h (b) 5 h and
2 9t Anode — Pt/

E ol t (¢) 70 h. (d) Comparison of Pt intensity in the

& 3l membrane after 0 h, 5 h and 70 h. (e) Sustainion AEM

0 [ 1 : : and FeCo-N-C cathode electrode after 52 h. (f) Image
Oh 5h 70 h

Time representation of MEA with FeCo-N-C catalyst



micro-CT
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planes and thickness of MEAs assembled with (a) Sustainion AEM and Pt/C cathode electrode

after 5 h (b) and after 70 h; (c) mTPN1-TMA AEM and Pt/C cathode electrode after 5 h (d) after 19 h; (e) Sustainion AEM with FeCo-N-C
cathode electrode after 52 h; (f) Image representation of MEA with XY and XZ plane; (g) The thickness differential in the membranes of MEAS

operated for 5 h and after failure at times above.




micro-CT

3D reconstruction micro-CT images of the cross-section MEAs with Sustainion AEM and
Pt/C cathode electrode after (a) 5 h and (b) 70 h of operation at 0.15 A/cm?2.

Pt ion migration from
cathode to anode is
the main cause of
degradation—Pt ions
penetrate the
membrane and attack
the carbon support.
The decreased
potential makes
lonization 4X easier in
alkaline medium.



Conclusion

The primary cause of decreasing durability and performance in AEMFCs was identified
as the dissolution of the Pt catalyst combined with reduction of Pt ions in the membrane.

MEASs assembled with Sustainion and mTPN1-TMA membranes, which have different
chemical compositions, were tested at 0.15 A/cm? for 5 hours and until failure.

The mTPN1-TMA membrane failed after 19 hours, exhibiting the presence of a Pt lattice
between the electrodes, causing electrical shorts and MEA failure.

The Sustainion membrane lasted longer (70 hours), but showed significant shrinking and
the presence of Pt domains within the membrane, leading to failure.

Substituting Pt/C with FeCo-N-C catalyst at the cathode resulted in more stable operation,
but a performance decrease was observed after 30 hours, with migration of Fe and Co
lons to the anode.

SEM analysis suggested that the Fe and Co ions possibly alloyed with Pt, increasing its
stability against dissolution and enhancing overall MEA stability.



Graphene-based Materials

Graphene Graphene Oxide (GO) Reduced Graphene Oxide (rGO)

« GO iIs an oxidized form of graphene, functionated with oxygen-containing
groups, such as epoxide, carbonyl, carboxyl, and hydroxyl groups.

* Reduced graphene oxide (r-GO) removes the oxygen groups and repairs the
defects in GO to restore the long-range conjugated network of Graphene and thus
restores conductivity.



Characterization of Graphene, GO and r-GO

(a) Graphene (b)
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Fig. 17: (a) Raman spectroscopy results of Graphene NPs, freshly prepared GO and prGO (b) XRD results of Graphene

NPs, freshly prepared GO and prGO

* GO was synthesized using modified Hummer’s method, and then reduced using NaBH,,.

« XRD and Raman confirms the formation of GO and prGO.



Characterization of Graphene, GO and r-GO
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Fig. 18: (a,b) high-resolution XPS spectrum of Graphene (c,d) high-resolution XPS spectrum of freshly prepared GO (e,f) high-resolution

XPS spectrum of freshly prepared prGO
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Fuel cell performance
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Graphene and GO-coated membranes enhanced the performance by almost 12.5% with P_..= 0.469 W/cm?

and P_...= 0.466 W/cm? respectively.
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The prGO in contrast increased the maximum power density by almost 56% with P, .. = 0.652 W/cm?,
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Characterization of different reductions of prGO
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To investigate the dependence of the
enhancement on the degree to which the
GO was reduced, we also sprayed prGO
that had been reduced with higher and
lower molarities of NaBH,, 6, and 24
mmol.

For prGO 6mmol, P, = 0.45 W/cm?
For prGO 24mmol, P, = 0.415 W/cm?

Fig. 20: Raman spectra (a) and XRD pattern (b) of GO reduced with 6, 12, and 24 mmol of NaBH, (c) Polarization and (d) power curves
of AEMFC with GO reduced with different degrees sprayed on the membrane and the electrode



Performance Comparison
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Fig. 21: Power density versus current density data of AEMFCs with different graphene materials sprayed on the

membrane



FeCo-N-C catalyst fuel cell performance
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« P, Of the MEA with FeCo-N-C catalyst = 0.392 W/cm? as compared to P, with Pt/C catalyst = 0.417
Wicm?

The maximum power enhancement or 0.441 W/cm? is only 16% as opposed to 56% with Pt/C, which

suggests that the effect is specific to the supported Pt/C metal catalyst.



Durability
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Fig. 23: Durability tests of the AEMFC with (a) plainSustainion AEM, (b) 1 ug/cm? Graphene, (c) 1 ug/cm? GO, and (d) 1 ug/cm? prGO coated
(e) FeCo-N-C cathode catalyst (f) FeCo-N-C cathode and 1 ug/cm? prGO coated onto the membrane where the voltage is plotted as a function
of time at a constant current density of 0.15 A/cm?,
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Fig. 24: Cyclic voltammograms of the cathode electrode in the inert gas atmosphere for the membrane sprayed with prGO

after (a) 50 h (b) 80 h (c) 140 h
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Table 5: The active Pt surface area change

60.70
56.12
72.05

50.03

36.94
77
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34.17
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micro-CT
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Fig. 25: XCT cross-sectional images of Sustainion AEM with Pt/C cathode electodes, maintained at 0.15 A/cm? (a) Without graphene materials
after 5 h (b) after 70 h; (c) With Graphene after 95 h; (d) With GO after 90 h (e) With prGO after 50 h (f) after 80 h (g) after 140 h; (h) The
thickness differential in the membranes of MEAs operated for 5 h and after failure at times above; (i) FeCo-N-C cathode electrode after 52 h

(J) FeCo-N-C cathode electrode with prGO after 61 h.



micro-CT: Graphene strikes again!

@)

Graphene and GO block
Pt ion penetration.

The OH groups on prGO
Reduce Pt effectively and®
possibly also carbon
products from CO,
preventing their
penetration into the
membrane—Hence
increase both power and
durability.

Ly T | .'”Mm

A L T

(c) A

Fig. 26: XY plane, XZ plane micro-CT images and their 3D reconstruction of the MEAs with Sustainion membrane (a) without prGO after 70 h
(b) with prGO after 80 h (c) with prGO after 140 h (d) Image representation of MEA with XY and XZ plane



Conclusions

Power output and durability are major challenges in anion exchange fuel cells.

This study investigates the impact of applying graphene materials to anion exchange
membrane fuel cells.

Graphene oxide and partially reduced graphene oxide (prGO) with different degrees of
reduction were synthesized and characterized.

AEMs with graphene materials demonstrated increased power output and improved
durability compared to unmodified membranes.

The addition of prGO with intermediate reduction showed the most significant
enhancement in power output and durability, suggesting its potential as a catalyst for
anion exchange fuel cells.

The synergy with prGO was specific to Pt/C catalyst.

Graphene materials, oxide, and partially reduced oxides are known to reduce the ions,

nucleating particle formation, which wé postulate traps the ions from further migration

hnto tget_membrane, Increasing the durability by preserving the catalyst and reducing
egradation.



Can we make a PEMFC using recyclable

and “green” materials?
Cellulose Nanofiber (CNF)

a. Mostabundant biopolymer —

b. Environmentally friendly

c. Tunable surface functionalizations THO
d. Inexpensive

Nanoscale, 2017, 9, 14758-14781, Nanoscale 2011, 3 (1), 71-85



Reducing cost and recycle: cellulose scaffold
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Chemical Formula of RDP

s Commercial filter paper: Ahlstrom cellulose
filter papers--$20.00/200 sheets, 195um

s The cellulose fibers construct a perfect
scaffold for the membrane.

< Resorcinol bis(diphenyl phosphate) (RDP) -
Inexpensive liquid form
> FEasily incorporated into the cellulose
membrane simply by immersion.

< Hydrogen bonds to cellulose enriching the
fibers in PO,-H functionalities
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Assembling the nanocellulose MEA and testing the
power output

Low Pt group metal loading
0.1 mg/cm? Pt/C

Polarization
5cm?, 100 sccm H2 & 02, 80 °C, 100 % RH

40 h Durability:

11 mA/cm? constant current density load
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Proton conductivity enhanced

0.12 lon exchange capacity
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Fig. 28: (a) lon exchange capacity of different membranes (b) Arrhenius plot of the conductivity of cellulose/RDP membrane and mixed acids
with activation energy. The straight line is a linear fit to the Arrhenius model (error bars are for conductivity data points). (c) Voltage output
of cellulose/RDP membrane treated with mixed acids under 60 mA constant current load at 60°C for 100 hours continuous operation
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SEM-EDX: RDP removes porosity

» The porosity is greatly decreased upon
addition of RDP, where a membrane
like film is observed to have formed.

* The uniformity of RDP distribution
across the membrane was confirmed
by the distinct Phosphorus signal
originating from RDP.

 The Phosphorus signal was more
prominent in the Cellulose/RDP
membrane treated with phosphoric
acid and mixed acids.

Fig. 29: SEM-EDX images of (a-c) a typical
cellulose  filter  paper membrane (d-g)
cellulose/RDP membrane (h-k) cellulose/RDP
membrane treated with phosphoric acid (l-0)
cellulose/RDP membrane treated with citric acid
(p-s) cellulose/RDP membrane treated with mixed
acids.




(a)

Experimental

'H MAS NMR
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The tH spectrum of cellulose paper that display a broad H
peak centered at 4.5 ppm could be assigned to the protons
of cellulose structural units.

A small peak at 6.8 ppm could be assigned to the H,PO,. A
slight downfield shift of thisH peak as compared to 85%
H,PO, (5.7 ppm) suggests that the acid groups may form
strong H-bonds with cellulose functional groups, consistent
with the FTIR.

In the case of cellulose with mixed acids and RDP, narrow
'H peaks corresponding to H;PO, (6.9 ppm) and citric acid
(2.6 ppm) can be clearly distinguished from the broad
cellulose 'H peak centered at 4.5 ppm, in addition to four
narrow 'H peaks of RDP in the aromatic region.

The 'H peak at 6.9 ppm (H;PO, ), which is small and broad
for cellulose mixed acids without RDP, becomes narrow
and intense for the one with RDP.

Fig. 31: (a, b, ¢)1D 'H MAS NMR spectra of Cellulose filter paper (c), cellulose mixed acids without (b) and with RDP (a) collected on a 300

MHz spectrometer using 1.6 mm double resonance probe with 29 kHz MAS speed.
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« RDP+ Cellulose: the benzene ring of the phenol groups in
RDP interacts mostly with the OH groups of the cellulose
ring, stretching the entire P-O-C bond.

« Acid+cellulose then RDP: Acid now binds to cellulose
ring and blocks RDP binding in that site. The peak for C-
H vibration in benzene ring and P-O-C stretching are back
to the position in pure RDP.

* New Binding site: The largest shift now occurs at the

P-O vibration, which shifted from 959 cm-! to 942 cm-! with

citric acid, 939 cm-* with phosphoric acid and to 935 cm-!

when a mixture of both acids is used. RDP binds to cellulose
via the P-O oxygen binding site in acid modified cellulose.

Binding is weaker enhancing ion migration

OH CH,OH

0.
- < (T>()©om Cellulose
O

”:T OH

Active C-H binding site on cellulose: RDP or Acid binding site

Cellulose (2021) 28:4455-4467



Conclusion

Proton and Anionic Fuel Cell technology is a
nanoscale process.

Nanotechnology is the key to enabling
improvements in gas exchange fuel cells.

Ensuring sustainability and affordability.



Conclusion

* Developed new membrane for PEMFCs using cellulose filter paper treated with
weak acids and reinforced with RDP.

« Addition of RDP improved proton dynamics of acid groups and prevented gas
crossover in the membrane.

« Combined treatment with citric and phosphoric acids and RDP resulted in 226%
enhancement in power output, reaching 16 mW/cm? in air and 34.3 mW/cm? in an
oxXygen environment.

 Membrane demonstrated stability under a constant current of 60mA for at least
100 hours with only an 8% loss in voltage.

 Cellulose filter paper offers a cost-effective and sustainable alternative to Nafion
membranes for low-power PEMFC applications.



RDP:

= The peak at 3066 cm..is attributed to the C-H
stretching vibration of benzene ring

" The peaks at 1591 cm.and 1488 cm..correspond to OH CH,OH

the C=C stretching vibrations of aromatic ring. O
= The absorptions at 1260 cm.,, 1186 cm., and 1120 WO - 0—<_ OH owv  Cellulose
cm.are due to the aromatic C-O vibrations. 2
H,C
|

= The peaks at 1300 cm.and 581 cm.are associated o
with the absorptions of double bonded P=0,

= The peak at 959 cm.is for P-O vibration.

= The characteristic C-H vibration of mono-substitution

product of benzene ring appears at 687 cm... /—\ ,@
Cellulose: O\~ RDP

L O . x ()\P/(
=  Absorption peaks; 3407 cmadue to O-H bending / \ /0/\\0 \O/ ()/\0 B
= 2894 cm.related to C-H stretching, 1428 cm.and Q 7 \ /
1310 cm.contributed from C-H bending — (ZOZ) A—

= 1645 cm.due to C=0 stretching, and 1124 cm..due to
C-O bending

Graphic abstract

Active C-H binding site on cellulose: RDP or Acid binding site
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