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Sandia National Laboratory sites are located
across the nation

Albuquerque,
New Mexico

SNL's major facilities are located at
Albuquerque, New Mexico;
Livermore, California; and at a test

range near Tonopah, Nevada.

Carlsbad, New Mexico
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Electrocatalysis in energy devices

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

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

'Y.?;[é-phé'rl__e ' Nanowire/ Néfio\g_ :

Om, | 40 2 0Oy [ ;40 Graphene Nanoribbon/Ag CoP
4+
" T Thin Films
-/ ."" | "’\ ,?i ‘
\ § e A

5nm l’:;/:”: 1—&—“ v'“'\' / 1_p_rn v

(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 submitted, RSC Adv. 2015




Cobalt based catalysts for bifunctional
electrochemistry:

02 + 2H20+ 4e”

yv’

CoP

« Synthesis and Characterization

* Electrocatalysis




Synthesis of Ni,Co; ,0, Spinel Films

- A
Co(NOs), ——» Co(OH),., (NOs),-y(H,0) > Co,0,
Co(NO,), o A
+ > Co4,Ni,(OH),,(NOj3),*y(H,0) > Ni,Co,;,0,
Ni(NO,),

Co;0,

Co:Ni = 1:0.5 = NiCo,O, (theoretically)

00-004-0850 Ni -

Co(OH),.,(NO;), - y(H,0) } 00-009-0418 Co,0,

E. B. Castro et al. Int. J. Hydrogen Energ. 2004, 29, 255-261. : I: : ' - I = I: — ":
J.-S. Do and R.-F. Dai, J. Power Sources 2009, 189, 204-210. - 00-020-0781 NiCo,0, T
Variety of substrates, scalable, T | d I |

| |I| | |l_
no carbon and no binder 10 20 30 40 50 60 70 80




Synthesis of Ni,Co; ,0, Spinel Films

- A
Co(NOs), ——» Co(OH),., (NOs),-y(H,0) > Co,0,
Co(NO,), o A
+ > Co,,Ni,(OH),,(NOj3),*y(H,0) > Ni,Co,;,0,
Ni(NO,),

Co:Ni = 1:0.5 = NiCo,O, (theoretically)

Co(OH),.,(NO;), - y(H,0)

E. B. Castro et al. Int. J. Hydrogen Energ. 2004, 29, 255-261.
J.-S. Do and R.-F. Dai, J. Power Sources 2009, 189, 204-210.

High surface area and porosity Sy

[/ S I\ N ._...II S .lj‘ .
Co1-zNiz(OH)Z-x(NO3)x.y(H20 Nixco3-xo4




Electrocatalysis of ORR & OER

Oxygen reduction reaction (ORR) Oxygen evolution reaction (OER)
0 . 15 — . : . ]
—_ Ni foil — [ Ni,Co, O / ]
L I & IOI / o _ (Co: Ni=1?0.5; :
£ : £ [ _
:t’ 2| 2%C :t’ N Co,0,
£ | E T Ni foil 20% Ir/C
b -3 - Co;0, b
2 | 20% PY/C 2 | ‘ f
o 4 @ - _
o Ni,Co,,0, ] S 5t 20% Pth/'
c 5 (Co: Ni=1:0.5) c ) ]
S | 1 £ /]
= '6 [ ) - : ) A/ :
(&) i 25 ug (127 ug cm2) (&) [ 25 g (127 pug cm2)
B 2500 rpm L 1600 rpm /
-7 L 1 ] I 1 1 I L] 0 T \;I/v ! ]
04 05 06 07 08 09 1 1.1 1 12 14 16 18 2
Potential (V vs. RHE) Potential (V vs. RHE)
Ni,Co, O, performs well against the commercial benchmarks
20% Pt/C (ORR)
20% Ir/C (OER)




Co;0, and Ni,Co; 0O, Spinel Films

Ni,Co; O, from (Co: Ni=1:0.5)

0 T T T T T :
_1 [ Ni,Co,,0, / g

Current density (mA cm'z)

Ni Co,,0,/ Ni
(Co: Ni = 1:0.5)

014 015 016 017 018 019 1 1.1
Potential (V vs. RHE)

High activity is a result of nanostructure
and attachment to Ni foil




Reaction Order (n value)

Ni,Co,; O, from (Co: Ni=1:0.5)

Koutecky-Levich Analysis RRDE Analysis
Ni,Co,; 0,/ Vulcan Ni,Co,,0,
7000 . . . . . 4 W
——y =2092.8 + 33219x R=0.99991
6500 | 1
n=3.9-4.0
35
E 6000 | _
el )
S 5500 |- by
o £ s
©
g 5000 |- >
S c
£ 4500 | 05|
4000 |
3500 1 1 1 L 1 2 L L L L 1 1 1
0.04 0.06 0.08 0.1 012 0.14 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7
o 12 Potential (V vs. RHE)

ORR proceeds via an efficient 4e - process




ORR and OER Stability

ORR Stability OER Stability
800 . . . . . 2.1 . . T
" (Co: Ni =1:0.5) :
m 750 llllllllllllllllllllllllllli — 2 [ -
E % s 20% Ir/C -
> » 19 (e .
> > |
£ 650 - S
— © ML ]
© = 188" m EEmnm m .
S 600 | = ' "Maatgt anny
S ]
2 ®e IS _ Ni,Co;,0, |
[ ] ) “Ni=1-
o 550 L .... . 20% Pt/IC o 1.7 i (Co: Ni =1:0.5) )
0000ccccccccccccced
500 L . L L L 1.6 [ L 1 I I ! ]
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (min) Time (min)

Ni,Co, O, exhibits better stability than
20% Pt/C (ORR)
20% Ir/C (OER)




Electrocatalytic Selectivity

CH;OH Crossover

[ @ E1/2I
i CH3OH

Current density (mA cm'z)
A &

1 00000000000000 _
20% Pt/C }

46%

' 6%
-llIIllllllllll.....lllllllll :
-5 i Ni,Co, .0, ]
[ (Co: Ni=1:0.5) ]
'6 I | 1 | : . |
90 95 100 105 110 115 120
Time (min)

Preliminary probe to
examine crossover effects
in alkaline methanol fuel
cells

Arrow indicates injection
of methanol (2 wt.% final)

20% Pt/C suffers a ~46%
decrease in current

Ni,Co,,0, only shows a
~6% decrease in current




Synthesis of Ni,Co; ,0, Spinel Films

CO(NO3)2 e- A
+ > C04,Ni,(OH);,,(NO3),*y(H,0) > Ni,Cosz,0,
Ni(NO;),
Calculated ~°;olublllty2 Acid Digestion/ ICP Analysis
vs. pH for *and Ni4* . . s
S.pHTo C°_ and Co: Ni Ratio Stoichiometry
- species
110;; i TZt:m::nn 1 05 = Ni0_6C02_404
_ 10" L
=—'§~ 10° QCM & TGA
S 103: 1000 ’ ’ r T T
E 10: i Co soln:
s 10y 800 | 29.9 +1.13 ug cm=2 min;
10° |
10°% : <
107 [ E 600 |
10-90 é 1ID 1|5 g
PH @ 400 |
log[Co?*] = 12.60 — 2pH =
log[HCoO,7] =-19.10 + pH 200 |
log[Ni2*] =12.18 — 2pH Co:Ni soln: L
log[HNiO,] =-18.22 + pH . 29.0 £ 0.37 ug cm™ minr

. . 0 5 10 15 20 25 30 35
M. Pourbaix, Atlas of electrochemical equilibria in

aqueous solutions, Pergamon Press, Oxford, 1966. Time (minutes)
I ———————



Synthesis of Ni,Co; ,0, Spinel Films

Co(NO,), . A
o F > C04,Ni(OH);(NO3),*y(H;0) > Ni,Co,,0,
Ni(NO;),
Calculated Solubility Acid Digestion/ ICP Analysis
vs. pH for Co?* and Ni?* Co: Ni Ratio Stoichiometry
. species | 59% | 1:0.25 = N!(,_4C02_5604
107 | oo r incorporation 4 1:0.5 = Niy sC0, 40,
109: 11 - NIO 9C02 104
10" | . .
% 10° [
E 0 f QCM
> . f 1000 —
£ 10t Co soln:
2 10| 29.9 + 1.13 pg cm2 min-
? 103 [ 800 |
10° | —
107 E, 600 |-
1075 5 10 15 g
PH @ 400
log[Co?] =12.60 — 2pH =
log[HCoO,] =-19.10 + pH 200 |- Ni <l
og[Ni#]  =12.18 — 2pH 26,0+ 0,37 g cm? min
log[HNiO,] =-18.22 + pH N AR
0 5 10 15 20 25 30 35

M. Pourbaix, Atlas of electrochemical equilibria in

aqueous solutions, Pergamon Press, Oxford, 1966. Time (minutes)
I EEEEEEEE—————————



Ni,Co, 0, Stoichiometry & Loadings

Current density (mA cm'z)

04 05 06 07 08 09 1 1.1

Optimal Stoichiometry ?

Co;0,

Niy 4Co0,,0,
(Co: Ni=1:1)

Niy cC0,,40, -
(Co: Ni =1:0.5)

Ni, ,C0,,0,
(Co: Ni=1:0.25)

Potential (V vs. RHE)

Mass activity (mA pg”'cm?)

Mass Activity vs. 20% Pt/C

25 ug (127 pg cm'z)-.
12.5 ug (64 pg cm-2)

5 ug (25 pg cm?) |

20% Pt/C

Ni, ,C0,,0, ]
(Co: Ni=1:0.25)]

04 05 06 07 08 09 1 11

Potential (V vs. RHE)

Most Active films has the least amount of Ni — Geometric or Electronic ?




Ni,Co,; 0, Analysis

Is the larger crystallite size of Ni, ,Co, ,O,leading to more conductive sample ?
How does the surface area change ?

Charge transfer resistance (BET) Surface Area
Ni, ,Co0,0,(0.44 kQ) Ni, ,C0,:0,(99.8 m? g)
Ni, ;Co, ,0, (0.52 kQ) Ni, (C0,,0,(94.2 m? g)
Ni, ,Co0,,0, (0.47 kQ) Ni, ,Co0,,0, (101.4 m2 g)
Co;0, (0.62 kQ) Co;0, (88.7 m?2 g)
ECSA Scherrer (XRD) B TGA/MS
T T T . r , , r : . ; 210 | ; ; ;
®r C, = 40 uF cm?2 » 120 Co;0, H
88 |- | €
] S T 1510° Ni. .Co..O
_ 8ot 1a 1ot S 04C0260,
E gl { |8 2 |
SR L
W s 1 é 90 | o %
sl | ‘g @ 510 \
wl * | E 80 | I,
(I) 0i2 0:4 0i6 0:8 1 0.3 0:4 0:5 0:6 0:7 0:8 0:9 1 qll]l} 260 360 460 5IIJO 660 760 860 900
Ni content (x) in NiXCo3_x04 Ni content (x) in NiXCo3_XO4 Temperature (°C)




Spectral (Electronic) Analysis

Raman spectroscopy XPS O1s
T T T 3 I T
NiyoCo,,0,
25¢
z 3 2
2 :1
?g 1.5
c
g
£
1
2(I)0 3(.)0 4;0 5:)0 6(;0 7;)0 800 i 0.5
Raman Shift [cm'1] N I0'4C02'604
. - . 0 1 1
Co,0, within 3 cm' of literature 525 530 535 540

Binding Energy (eV)
Broad line widths = crystalline disorder

) ) ) XPS did not show any difference in
(increases with Ni)

Ni valence

Raman could not Find NiO (fcc) XPS shows A Ni = A hydroxyl




Summary

Co(NO;), -
+ > C0y Ni,(OH);,(NO;),*y(H,0)

Ni(NO),
10 . .
8 b Ni, Co,_O,
6 - Co,0, 20% Ir/C 3
4t
2E  ORR _
0 f 20%PC 3

- 20% Ir/C

Co50, OER -
20% Pt/C .
| Ni,Cos,0, 3
04 06 08 1 12 14 16 1.8 2
Potential (V vs. RHE)

Current density (mA cm'2)

* Activity Ni, ,€0; 560, > Niy sC0, ,0, > Niy 4Co, ,0, > Co;0,
( Conductivity or increased presence of NiQO )

« A(OER-ORR) = 0.96, competitive with other Ni,Co; O,




Bifunctional CoP-based nanostructured films
for the HER and OER

Au
CO(NOa)z, NaNO3 A NaH,PO,, A
or —— L > — > [—
G a-Co(OH), /substrate Co0;0, /substrate CoP /substrate
Ni Ti
Co;0
2NaH,PO, >PH; ) + Na,HPO, Isubstrate
NaH,PO




Bifunctional CoP-based nanostructured films
for the HER and OER

X I B NOR-

Intensity (a.u.)

Ni (00-004-0850) 1
L | L 1 I E

CoP (00-029- 1
|||

0497)

20 3|0 4IO 50 60 70 80
Two-Theta (degrees)

Mostly CoP (some oxide possible)




Bifunctional CoP-based nanostructured films

for the HER and OER
X Ty I A NONS
W e A

NQS

a: CoP (Co°)

b: Co-phosphate/oxide

Intensity (a.u.)

805 800 795 790 785 780 775
Binding Energy (eV)

1 c¢: Phosphate

| b: Phosphide (2py; &
1 2P3)

Intensity (a.u.)

140 135 130 125
Binding Energy (eV)

Cobalt phosphide and phosphate
(surface oxidation of nano)




Bifunctional CoP-based nanostructured films
for the HER and OER

Hydrogen Evolution Oxygen Evolution
0 20 T T T T
. @ 1600 rpm
CoPITi @5mV s
-2 [ CoPINi 1 | 0.4 MKoH
CoP/Au _
"t 4| 20%PtC e
o o
< <
E £
g o g
8t
-10 1 1 1 1 1 1 1 1
-0.5 -0.4 -0.3 -0.2 -0.1 0 1 1.2 1.4 1.6 1.8 2
E (V vs. RHE) E (V vs. RHE)

HER (HO"): CoP/Au > CoP/Ni > CoP/Ti
OER (HO"): CoP/Au ~ CoP/Ni > CoP/Ti




Bifunctional CoP-based nanostructured films
for the HER and OER

HER: Stability testing OER: Stability testing
-8 — 1.05
@ 1600 rpm
@5mVst - .
0.1 M KOH LT T Bl I B Ly
had 0.95 |
‘\FE\ - [ | mm N u [ |
o ] 09 | ol - [ [l
< 9 U\.lo
£ 0.85 |
S
> CoP/Ti
0.8 |
9.5 CoP/Ni ®
CoP/Au 075 L o000 eo®0®0 000 oo
20% Pt/C
10 L I ! | | ! 0.7 L I 1 1 |
055 -05 -045 -04 -035 -0.3 0 20 40 60 80 100 120
E (V vs. RHE) Time (minutes)

HER (HO’): CoP/Au > CoP/Ni > CoP/Ti




Bifunctional CoP-based nanostructured films
for the HER and OER

Au
Co(NOj;),, NaNO; A NaH,PO,, A
oR — - —
G a-Co(OH), /substrate Co030, /substrate CoP /substrate
Ni Ti
80 ! ! nj’l ! ! ' 100 nm
AE(OER-HER)copcop = 1.64V
60 I AE(OER-HER)pyp, =183V 1  HER: 4H,0 + 4¢¢ ——> 2H, + 40H-
AE(OER-HER),,, =1.78V
5
< 20 - - 178
E
o 1.76
(<)
~> 0+ 4 _
E1"Tl.ll = " ....
_20 B ] 172
o won 0 s o [EERS
_40 1 1 v,1 1 Time (seconds)

03 02 01 0 133 152 1.71
E (V vs. RHE)
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Seeking Postdoc

Job #652439: Postdoctoral Appointee — Electrochemistry
Application Window: 2/08/2016 — 3/09/2016

Primary Responsibility:
Reversible Zn/MnO, batteries for grid energy storage

Other:
Electrocatalysis — Materials and Testing




Thank you




People and Budget

(As of October 11, 2011)

FY11 ina R
=On-site workforce: 11,876 Oggrzté?l?ionwe"ue

=Regular employees: 9,122
=Gross payroll: ~$943 million

Technical staff (4,557) by discipline

(Operating Budget)

# Nuclear Weapons

i Defense Systems & Assessments

4 Energy, Climate & Infrastructure Security

M International, Homeland, and Nuclear Security

— Computing 17%
Other fields 12%
Other science 6%
Physics 6%
Chemistry 5%
Math 2%




Spectral Analysis

TEM EELS

Co-L
o (offset for clarity)

8500

820 830

Energy Loss [eV]

Co,0, 2.9 +0.17
Ni, ,C0, 0, 3.0 +0.15
Ni, ;C0, ,0,3.0 +0.19

Ni, ,C0, ,0,2.7 + 0.21 «—— Higher
Co3* content?

LyL, is sensitive to the valence state of the corresponding element
Z. L. Wang, et al. Micron 31 (2000) 571-580.

o o
- o
CI) Co=Ni=0. 1:0.5 (50)
7000 - | - )
O 500 CO.L2 N|'L3 Co~Ni-0 1:1 {50)
Q 6000
D Ni-L,
N 5000
%' 4500 \
4000-
% 3500
3000
El 2500 i “‘.‘ |
_.(Q 2000 *“
% 1500 ‘ 4 ~ H} 0
(@)
O

TEM SAED

| planes for
o topotactic
rocksalt
2.4A

Evidence from diffraction that
rocksalt may be present in low
quantities for all samples
Direct imaging evidence for
rocksalt found for Ni, ,Co, O,
Unexpected peak at ~ 1.61-
1.65A for all samples




Spectral (Electronic) Analysis

Raman spectroscopy

Niy4Co, 10, ? ? ! ? ' '

Niy cC0,,40,

Niy 4C0,60,

Intensity

Co;0,

Raman Shift [cm'1]

Raman could not Find NiO (fcc)




Spectral (Electronic) Analysis

XPS
O1s Co 2p Ni 2p

o
N

0 1 0 1 o 1 1 1
525 530 535 540 780 790 800 810 850 860 870 880

Niy 4C0,,0,

N
N

Ni, ¢C0, 4,0,

-
(4]

Intensity (a.u.)

Intensity (a.u.)
Ihtensity (a.u.) |
(3,

-
-
-

Niy4C0,60, 05

=)
o0
o

o

Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

XPS did not show any difference in Ni valence

XPS shows A Ni = A hydroxyl




Bifunctional CoP-based nanostructured films
for the HER and OER

Hydrogen Evolution Stability testing
0 : -8
. @1600 rpm
CoPI/Ti @5 mV s
2 | CoPINi 0.5 M H,SO,
CoP/Au -8.5 |
S 20% Pt/IC S
E 4t £
(&) (&)
< 9
E E
Ty 8f g
95 |
8L [
_10 1 1 1 1 1 -10 1 1 1 1 1 1
-0.2 015  -0.1 -0.05 0 -0.22 -0.21 -0.2 -0.19 -0.18 -0.17 -0.16
E (V vs. RHE) E (V vs. RHE)

HER (H*): CoP/Ti > CoPAu > CoP/Ni




Bifunctional CoP-based nanostructured films

for the HER and OER

CoPITi
CoPINi
CoP/Au
20% Pt/IC

0.14

0.12

HER: 2H* + 2e = H,

59 mV decade-!

69 mV decade-" -
60 mV decade-!

32 mV decade- |

-0.2 0 0.2 0.4 0.6

log, /.., (MA cm?))

| 1. Volmer Reaction (Primary Discharge Step):

H,O0* +e > H, +H,0 b=2.3 RT/aF = 120 mV
2a. Heyrovsky reaction (Electrochemical Desorption Step):

Hags + H:O* + & & H, +H,0 b= 2.3 RT/(1 +a)F = 40 mV

OR
2b. Tafel Reaction (Recombination Step):

Hags * Hags @ Ha b=23RT/2F =30 mV




Bifunctional CoP-based nanostructured films
for the HER and OER

HER: 4H,0 + 4e¢ ——> 2H, + 40H
OER: 4OH- —_—> 02 + 2H20 + 4e-

10

HER | OER

™~ : 7

AE(OER - HER) =
CPP/CPP :1.64-1.74V
Pt/C/Pt/IC:1.83V y
IrIC/IrIC : 1.78 V

-0.2 -0.1 0 1.3 1.4 1.5 1.6 17

-10

E (V vs. RHE)




The Pathways of ORR

Alkaline Media

(i) Direct four electron pathway:
02 + 2H20 + 4e > 40H"

(ii) Indirect (peroxide) pathway:
Oz + H20 + 2e' 2 OH + HOZ

followed by either
(a) the further reduction of peroxide:
HO2 + H20 + 2e = 3 OH-

or (b) the catalytic peroxide decomposition:
HO2 = % 02+ OH-




Importance of O, Electrochemistry

Electrical Energy Storage Multi-electron ceramic/air batteries (Primary)
Gravimetric Energy Densities 1. VP + 16 OH- 1 VO,3 + PO,>+ 8 H,0 + 10 e"; E®=1.07 VV vs NHE
5000 o 2. 0,+2H,0+4e[140H; E° = 0.40 V vs NHE
o000 ;’? B Practical 3. VP+60H +520,[ vo43- + PO,% + 3 H,0; Eo=1.47V
25000 ’E B Theoretical TN Lambert et al. Chem. Commun. 2011 47, 9597-9599.
20000 | 9
o /§ Practical volumetric capacities:
oo | 5 l « Gasoline = 2.7 KWh L'
ol ® . l « Li-ion = 0.5 kWh L
|- - «Zn-Air =1.75 kWh L' at 1.3 V
Ky A \\& *VP-air=4.3kWh L' (10 e’) at1.47 V
"“@"' IS S «VB,=5kWhL'(11e)at1.3V
Cheng et al. Chem. Soc. Rev. 2012
Sodium/air batteries (Secondary) Adapted from: S Licht et al. Chem. Commun. 2008 3257-3259.
Anodic half-reaction: Na = Na*+ e E% =0.00 V/Na
Cathodic half-reaction: O, + 2H,0 +4e- =4 OH- E®=+3.1V/Na Na/air ~ 1690 Wh kg
Full cell reaction: 4Na + O, + 2H,0 = 4Na + 40H- Li-ion 200-250 Wh kg’

J. Power Sources 2011, 196(16), pp 6835-6840
Solar Fuels Synthesis

Fuel Generation: 2H* + 2e [ H, E®=0.00 V/RHE
or CO, + 6H* + 6e” [1 CH;0H + H,0 E® = +0.05 V/RHE
Source of protons: 2H,0 [1 20, + 4H* + 4e- E® = +1.23 V/IRHE

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



