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Alkaline fuel cell:

Anode: 2H, + 40H™ — 4H,0 + 4e”
Cathode: O, + 2H,0 + 4e~ — 40H™ Oxygen Reduction Reaction
(ORR)
Overall: 2H, + 0, — 2H,0
Fuel cell schematic
Secondary metal-air battery (e.g. Zn-air):
Discharge Anode: 2705y — 2Zn** + 4e”
Cathode: 0, + 2H,0 + 4e~ — 40H™ ORR
Overall: 2Zns) + 0y + 2H,0 = 2Zn** + 40H™
§ Moo G (@ Duros Charge Anode: 2Zn*t +4e” — 2Zns)
Zn-air battery schematic Cathode: 40H™ — 0, +2H,0 + 4e~ Oxygen Evolution Reaction
(OER)
Overall: ~ 2Zn** +40H™ - 2Zn(s + 0, + 2H,0
Alkaline Electrolyzer:
Anode: 40H™ — 0, +2H,0 + 4e” OER
Cathode: 4H,0 + 4e~ — 2H, + 40H~ Hydrogen Evolution Reaction
(HER)

Electrolyzer schematic

Overall: 4H,0 — 2H, + 0,



Nanoscale Electrocatalysts ) e,

Approach: Develop new nanoscale non-PGM electrocatalysts

Graphene/Ni-a-MnO, MnOx/PEDOT PEDOT Ni,Co;,0,
Cu-a-MnO, Nanowires Thin Films <% Thin Films

Graphene [Nanowire/ Nafion',

CoP

2 1 pm te V4 1uym

(ORR/OER): ACS Appl. Mater. Interfaces 2016, in prep., ACS Appl. Mater. Interfaces 2015, Chem. Commun. 2015, J. Phys. Chem. C
2014, Electroanal. 2013, ACS Nano 2012, Chem. Commun. 2012: (HER/OER): J. Mater. Chem. A 2016, RSC Adv. 2015

-5 nm




RDE Electrode Data i) it
ORR: 0, +2H,0+4e - & 40H E°=1.23Vvs. RHE
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* SDS ¢ LiClO,-3H,0° EDOT ® Mn(OAc), PEDOT

« PEDOT discovered in 1980’s
 Prepared via chemical or electrochemical methods

« Highly Conductive ~1-100 S cm~'and stable
« PEDOT/PSS as replacement for Nafion (PEM fuel cells)

 PEDOT is catalyst for ORR in alkaline — limited literature

« MnOx/PEDOT studied extensively for super-capacitors
Core-shell structures vs. Structures with good dispersion/inter-mixing
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MnOx/PEDOT composite thin films for the ORR (i) o
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MnOx/PEDOT composite thin films for the ORR (i) o

Oxygen reduction reaction Electrochemical Impedance
(O2 + 2H20 + 4e- = 40H") 200 Spectroscopy
o B Ll I I I I I 1 PEDOT L} L] Mnofx
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Composite improvement over components alone — synergism
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Origin of synergism ?

 MnOX/PEDOT ™ | L]
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» Co-polymerization w/ PEDOT leads to increased surface Mn3*

* Increasing Mn3* leads to better electrocatalyst
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Electron Configuration of Mn3*

d“ and d” are most active metal ions in O, B-site of perovskite oxide catalysts
=> relevant to our Mn3* here.

d4 = High Spin in Octahedral coordination

0z o2
Oxygen - 02-/;"'} I v‘.,u\
Mn3* (Mn3+‘
o c|>2- 0z
gt ’Ilr. :
Transition metal (B-site) Lanthanide (A-site) d f Id . h d_manifold in
: -manifold wit
S d*4: d-manifold : tetragonal
@25pA0m;; > oxygen ligands
1.0 3 (hl hs In) symmetry
@ 05 g §oM gn sp (high spin)
?i 0.8 _,_:_' - ‘-J "3;:(? & e _________________________ — X -y
SEEE RN & — 4B 4+ d
ol 5 8 Y4 44 hd L
IlaCato, B Y lamNo, T 4_4_4_125::: ------------------ dxy
0.6 T T T T L — BT e 4—4—
1 2 3 4 5 6 7 8 9 d
d-electron Xz, yz

Adapted from J. Suntivich et al. Nature
Chemistry. 2011. 3, 546-550.




The role of Mn3*/Mn* Couple ) S,

H,0 + e * The transfer of the e, electron during

O—M"‘“'—O the OH/0,% exchange drives the
reaction forward
e n OH- _
* O, adsorption energy trends of Mn-O,, can

be approximated by those of Mn-O"

OH-
O— Mh*—0 O—Mn*—0 Hence more covalent structures should
have faster kinetics
O, +e
ooz Rate-limiting step
N 4+ -
O + e O Mn O a* (0-0) eg a* (0-0)
dze_T_ 4 dzg_” !
Mn3*: d4 ion =
High Spin in Octahedral coordination Mn3-OH- + O, + & —> Mn*-00% 4+ OH

*Adapted from: J. Suntivich et al. Nature Chemistry 2011 3, 546-550.
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Comparison to Pt/C and
other PEDOT systems

ORR onset potential
(V vs. RHE)

ORR half-wave
potential (V vs. RHE)

ORR terminal mass
activity (mA mg1)

n(e-)

MnOx/PEDOT materials are
promising replacements for
Pt/C




PEDOT/MnOXx electrocatalysts ) .
, | |

|| Summary
AE,, =0.75V vs. SCE Hydrous
: > MnO,
L]
. e PEDOT
[

T = Simple electrodeposition

| PEDOT | = MnO,/PEDOT >> PEDOT or MnOx
= Synergistic behavior observed

-0.4

qTE"

q 08| = MnO,/PEDOT (n = 3.92) on par with
5, Pt/C (n = 3.98)

ey 20% Pt/C = |CPs as potential replacement for C ?

nOx/P| = Synergism, Stability & Future Work
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Oxygen Reduction Reaction )

Laboratories

Direct 4 e reduction n=4
02 (9) + 2H20 () + 4e T —> 40H _(aq)

2 e reduction to form peroxide n=2 Electrocatalyst
O2(g + HO0 )+ 2" — HO, " (oq)+ OH ™ () ~OERROE

Indirect2+2=4 ¢ n=a4 methodology

b
H02 ) (aq) + H20 (l) + 29 T — 3OH - (aq) /ele./crr'ad.e
Disproportionation ;_ d - - l

2HO; " (39 = 20H" () + O (g




Increase Electrocatalysis with carbon @i,

0 [ T T T
Cu-a-MnO, NWs / GLC / Nafion
S 0.1 M KOH Ta |
g 1 0, || Good
P dispersion of
£ catalyst
2 i
2 CuMnO,/GLC
v
o NiMnO,/GLC
o -3 - GLC:
- Conductivity = 2.59 S/cm
Surface Area (carbon) = 900-1000 m?/
qc, 20% Pt/C E)l(lcealfeent g;inZZio:nof NWs "
-
= -4 4
(_:)‘ Cu-a-MnO, NWs / Vulcan XC-72 / Nafion

-5
-600 -500 -400 -300 -200 -100 0 100 200
Potential [mV vs. Hg/HgO]

Cu-MnO,: 78% of current obtained by Pt/C, n= 3.9

Ni-MnO,: 91% of current obtained by Pt/C, rate = 3.50 x 10-2cm/s
Pt/C rate = 3.24 x 10-2cm/s . DU

CuMnO, outperforms Pt/C in the potential range of -127 mV to -267 mV Vulcan:

Conductivity = 107.5 S/cm
For GLC (Prof. JM Tour@ Rice) synthesis see: Surface Area (carbon) = 230-250 m?/g
Z. Jinetal. J. Am. Chem. Soc. 2010, 132, 15246-15251. Poor dispersion of NWs
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Analyzing the Catalytic Perf
Linear Scanning Usi
sing
Voltammogram (LSV)  current Koutecky-Levich Equation
0 Steady density
< 0001 Statet values at a
' curren
g plateau cons.tant 1 1 1
<, 0.002 region potential for - = — 4+ —
g each l Ik ld
5 0003 rotation
g -0.004 speed, 1 1
2 — construct a - o . 273 _
3 0.005 . Koutecky- nFAKC 062nJDADO/, v~ Y6 COpl/2
) Levich plot. )
%6 05 04 03 02 01 0 01 02 n = number of electrons transferred
Potential [V vs. Ag/AgCl] /i = slope of K-L plot
= Koutecky-Levich Plot F = Faraday constant
<
= 3500 » A = geometric electrode area (cm?
S 5000 — Use slope of ? (em’)
g e k = rate constant for oxygen reduction
5 2500 - the K-L Plot to
3 2000 y = 13124x + 1655.1 solve for ° = saturated concentration of O, in 0.1M KOH
g 1500 number of D= diffusi ficient of
E’ 1000 electrons. o02= diffusion coefficient of oxygen
£ 500 v = kinetic viscosity of electrolyte solution
0 ‘ ‘
0 0.05 0.1 0.15 w = rotation rate

Inverse rotation rate [rad-'2s'2]




Importance of O, Electrochemistry @,

A. Multi-electron ceramic/air batteries (Primary)

1. VP +16 OH [1VO,> + PO,>+8H,0 + 10 e’; E® = 1.07 V vs NHE VP/air ~ 4.3 kWh L
2. 0,+2H,0+4e [|40H; E%=0.40 V vs NHE vs.
3. VP+60H +5/20, V0O, + PO, +3H,0; Ec=1.47V Gasoline 2.7 kWh L

TN Lambert et al. Chem. Commun. 2011 47, 9597-9599.

B. Sodium/air batteries (Secondary) Na/air ~ 1690 Wh kg
alair ~ g

Anodic half-reaction: Na = Na*+e E? =0.00 V/Na
Cathodic half-reaction: O, + 2H,0 + 4e- =4 OH" E® =+3.1 V/Na o VS. y
Full cell reaction: ~ 4Na + O, + 2H,0 = 4Na + 40H- Li-ion 200-250 Wh kg

Review: J. Power Sources 2011, 196(16), pp 6835-6840

C. Alkaline Fuel Cells (Bi-directional beneficial)

Anodic half-reaction: 2 H, +4 OH" [1 4H,0 + 4e’ Proc. Nat. Acad. Sci. 2008, 105(52), pp 20611-20614
Cathodic half-reaction: O, + 2 H,O + 4e” [ 4 OH"
Full cell reaction: 2H,+0,0 2H,0
D. Solar Fuels Synthesis
Fuel Generation: 2H* + 2e [ H, E®=0.00 V/RHE
or CO, + 6H* + 6e- (] CH;0H + H,0 E® = +0.05 V/RHE
Source of protons: 2H,0 [1 20, + 4H" + 4e- E® = +1.23 V/RHE Water Electrolysis

Gorlinet al. J. Am. Chem. Soc. 2010, 132, 13612-13614

Most effective catalysts are based on precious metals = rare, expensive
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Linear Scanning

Voltammogram (LSV) Koutecky-Levich Equation
0
USing . . . 1/2 .
Steady = =
gy S Using 1j= 1, + 1Ujc = U(Bw™) + 1/, (1)
E current density
< plateau values at a - 213 (112, -1/6 C°
S 0002 et B=(0.62nFADg??w"2v-16C° (2)
g -0.003 | potential for
e W —— each . _ )
- 0,004 rotation Jk=nFAKC (3)
§ T — speed,
5 construct a j, = diffusion limiting current densit
O -0.005 e~ Koutecky- .I.L Hsion T g | y
Levich plot. Ji = Kinetic limiting current density

-0.008 i . | . _
-0.6 0.5 -04 -03 02 01 0 0.4 0.2 n = number of electrons transferred

Potential [V vs. Ag/AgCl]

1/j, = slope of K-L plot

_ Koutecky- Levich Plot 1/jk = intercept; k = heterogeneous rate constant
Ir. 4000 F = Faraday constant
= 3500 » _
S 3000 — Use slope of A = geometric electrode area (cm?)
S 2500 / the K-L Plot to k = rate constant for oxygen reduction
O 2000 e solve for _ _
8 1500 Y : number of ° = saturated concentration of O in 0.1 M KOH
g 10 electrons. D= diffusion coefficient of oxygen
£ 500
- 0 ‘ : v = Kkinetic viscosity of electrolyte solution
0 0.05 0.1 0.15

Inverse rotation rate [rad-12s12] w = angular velocity ( = 2N, N rotation in rpm)




