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McKone Group: The Pitt Redox Lab
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Reducing the C-intensity of chemical manufacturing
still requires a lot of carbon and hydrogen...

Top 5 Commodity Chemicals CO, E.m.issions
(520 billion kgly) (1760 billion kgly)

= Ammonia (NH3)

= Ethylene (C2H4)

Production

= Methanol (CH40) 38%
End of Life

Propylene (C3H6) 62%

= BTX (C6H6)

Data from Schiffer and Manthiram Joule 2017, 1 (1), 10-14. [:.n.t:.:’ University of
O Plttsburgh




Opportunities from renewable (over)supply

Cheap electrons from renewables provide an opportunity to use carbon-rich
feedstocks and sequestered CO, for value-added chemical production

Future Solar Costs by Year

$0.08 Assumes 30% Learning Rate, 16% Compound Annual Growth of Solar Industry
N Ultra Low Cost Locations
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Hedging our bets...

Electrolytic hydrogen is an attractive alternative to fossil-derived hydrogen

{ PV/Wind F-
|LPH ‘ |HPH ‘
{Electrolyzer 2,| H, storage 2, thermal J
& transport reactor

Surface or
desal’ed
water
low-energy
(oxidized)
substrate
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Hedging our bets...

Electrolytic hydrogen is an attractive alternative to fossil-derived hydrogen

{ PV/Wind F-
|LPH ‘ |HPH ‘
{Electrolyzer 2,| H, storage 2, thermal J
& transport reactor

Surface or x
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Hedging our bets...

Process intensification: radical decrease in process complexity, cost, and/or footprint
by replacing several individual process units with one electrochemical reactor

PV/Wind
; LP H, | H,storage |HPH,| thermal
> Electrolyzer
& transport reactor
Surface or 5
desal’'ed \ single electrochemical reactor
water b
‘ low-energy
(oxidized)

We StUdy this too! substrate
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Electrochemically Pumped Membrane Reactor

Linking thermal & electrochemical steps across a charge-conducting membrane

Inspiration: Photosynthetic CO, Fixation

enzymes uses electrons
and H* ions to convert
CO, into sugars

Sugar

) Light is absorbed
in chlorophyll and used
to power photosynthesis

Biosynthetic
enzymes

—————————

) Enzymes extract electrons Path of electrons

v
and H* ions from water ___@__. Path of protons

and transport them
across the cell membrane /\ Chemical reactions

Also see work by Surendranath, Berlinguette, CoorsTek, and others

Vision: a Chemical Industry Based on CO, Reuse

k) Methanol can be used
to create an array of
fuels and commodity
chemicals

A second catalyst uses the
electrons and H* ions to
convert CO, into methanol

.
Existing
chemical
infra-
structure

Products

Renewable electricity is fed to a catalytic
assembly that extracts electrons and

H* ions from water and injects them into
an inorganic membrane

l*] University of

&J Pittsburgh

image credit: J. McKone & Rick Henkel



Wish list:

1. Inorganic proton-electron conductor, stable
under reducing conditions and elevated T
2. Congruent oxide redox reactivity under
thermal and electrochemical conditions
o creteanaray of . Low barrier to electrochemical oxide
et hydrogenation
products 4. Facile H (reverse) spillover to thermal
hydrogenation catalyst
5. Ability to tune reactivity of hydrogen within
oxide phase to match reactant

Vision: a Chemical Industry Based on CO, Reuse

a A second catalyst uses the
electrons and Ht ions to
convert CO, into methanol Existing
chemical
infra-
structure

H,O 0O,
Renewable electricity is fed to a catalytic

assembly that extracts electrons and
H* ions from water and injects them into
an inorganic membrane

image credit: J. McKone & Rick Henkel m Umver31ty oF

&J Pittsburgh



Wish list:

1. Inorganic proton-electron conductor, stable
under reducing conditions and elevated T
2. Congruent oxide redox reactivity under
thermal and electrochemical conditions
o creteanaray of . Low barrier to electrochemical oxide
et hydrogenation
products 4. Facile H (reverse) spillover to thermal
hydrogenation catalyst
5. Ability to tune reactivity of hydrogen within
oxide phase to match reactant

Vision: a Chemical Industry Based on CO, Reuse

9 A second catalyst uses the
electrons and Ht ions to
convert CO, into methanol Existing
chemical
infra-
structure

e Ge— N
‘L/Hﬂz Transition metal hydrogen bronzes
assombly that extracis slectone and. H X \Y C)Y
H* ions from water and injects them into 0
an inorganic membrane : (M - TI y V, MO y etC .)
- )

image credit: J. McKone & Rick Henkel o o] University of
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Vision: a Chemical Industry Based on CO, Reuse

to create an array of
fuels and commodity

9 A second catalyst uses the elhenrfeslls

electrons and Ht ions to
convert CO, into methanol Existing
chemical
infra-
structure

H,O 0O,
Renewable electricity is fed to a catalytic

assembly that extracts electrons and
H* ions from water and injects them into
an inorganic membrane

image credit: J. McKone & Rick Henkel

Wish list:

1.

2.

Inorganic proton-electron conductor, stable
under reducing conditions and elevated T
Congruent oxide redox reactivity under
thermal and electrochemical conditions
Low barrier to electrochemical oxide
hydrogenation

Facile H (reverse) spillover to thermal
hydrogenation catalyst

Ability to tune reactivity of hydrogen within
oxide phase to match reactant

. N
Transition metal hydrogen bronzes

H,MO,
(M =Ti, V, Mo, etc.)

o o] University of
="a"a"n

<) Pittsburgh



H-spillover and H-intercalation
classical pictures imply different pathways

@D
Ca X @ |

O)
Pt WO, [ .)electrode

\f—>

Adapted from: Conner, W. C.; Falconer, J. L. Chem. Rev. 1995, 95 (3), 759-788. v Unwer31tyof

Pittsburgh



Dynamics of hydrogen uptake and diffusion
Imaging lateral H migration via H WO, “fronts”

in-situ optical
measurement

eIectrode electrolyte
mask
WO3/HxWO3
‘ substrate

Migrating Front

6X speed

Direction
> of
Propagation

Electrode
Shadow }
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Dynamics of hydrogen uptake and diffusion
Imaging lateral H migration via H WO, “fronts”

in-situ optical 1.0 1
measurement '
eIectrode \ f%electrolyte 8
c
mask ©
F WO3/HxWO3 E
(@)
n
substrate a |
_<c'§ Sampling
v 'Slice'
Migrating Front A
©
L &
Direction -
(@)
> Of =
Propagation Y] NN\
Electrode 0.0 2.7
Shadow | , Distance (mm)
I
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Dynamics of hydrogen uptake and diffusion
H-front migration rates imply single mechanism

3.5
0.200 Platinum Intercalation
30 E— 0.175 Gold Intercalation
’ -] .
c y; gquunE" = x Pt/WO; Spillover
E 2.5 - L ~
. - = 0.150
N /r. n E ..
520 iu < 0125 J(
- /m T
0 /- o 0.100{ -4
8 15 /‘ .r_E l
Y 2 0.075
1.0 u IS
= J = 0.0 Vvs RHE 0.050
051 / +0.1 V vs RHE 0.025
Thermochemical ‘
0.0 0.00 0.05 0.1 0.15
0 10 20 30 40 50 60

Time (seconds) Potential (V vs RHE)

Initial migration rate is constant and way too fast
to be gated by H* (or H atom) diffusion! 15
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Dynamics of hydrogen uptake and diffusion
H-front migration rates imply single mechanism

("
gi —e__ 0.200 Platinum Intercalation
0.175 Gold Intercalation
0 x Pt/WO; Spillover
" E 0.150
H2 ; 0.125 J(
S e S o100 G
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Initial migration rate is constant and way too fast
to be gated by H* (or H atom) diffusion! 16
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Wish list:

Vision: a Chemical Industry Based on CO, Reuse

to create an array of

fuels and commodity
9 A second catalyst uses the elhenrfeslls
electrons and H* ions to

convert CO, into methanol

Existing
chemical
infra-
structure

5. Ability to tune reactivity of hydrogen
within oxide phase to match reactant

el - n B\
‘L//‘\ ' Transition metal hydrogen bronzes

enewable electricity is fed to a catalytic H M O Y

assembly that extracts electrons and
H* ions from water and injects them into -
an inorganic membrane (M p— TI V M O et C )
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Using quantum chemistry Cotlah i G,
to predict bronze PCET thermochemistry Mpourmpakis

O X yge ns are bo Si C Calculate random Train linear model and
—Pp hydrogen binding — evaluate binding
\ energies with DFT energy at all sites
Choose lowest energy | INO
Yes [ site from initial ] 4 :r?;;;:itlgg’
DFT batch -
Intercalate / Yes
next H unit? \

Choose lowest energy Calculate new site
site from initial + new | €= hydrogen binding

energies with DFT

DFT calculations

No
o Ba Train lfemel.model on Pre_dict binding 'AI;DIY Boltzmann
Metals are acidic pciie - il e [ et ool [ |t paiia
Regression models: trained on DFT- DFT Calculation
predicted acid/base properties on Midliiple Iinear Regression

subset of H-locations in H WO, S —— .
erne ge hegression
18
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Using quantum chemistry Cotlah i G,
to predict bronze PCET thermochemistry Mpourmpakis

5 :
. BN —— Local p-band
Oxygens are basic 2, iy v A
§ | ? éo\‘b &
. § & ¢
8 Sl IS
g 2] DFT BE [eV]- 100 . g 2
‘E?' Bader Opefore - 1.00 .Q7 g §’$ &
- @ & O
_:.E’ 1 Bader Oafer - 0.74 1.00 . S A &
2 Bader Wpefore - -0-58 1.00 .Q7 Q;Db qs
[) s} S
A 0- ¢ Bader Wafter - 0.61 0.86 1.00 ég 5
-5 0 5 o Bader Ofer - -0.78-0.69 100 5}0 )
Energy [eV] 0 Bader W,pe,- 0.60 099088 100 .° q:g\& .
5 : ‘ &p, before - 062 0.63 o700 6?030
= —— Local d-band £p, after - 0.80 0.61 -0.73 o [ f” é
] @ >
T4 —— Band Center Ed,before” DBl 099 0.83 ~ -0.99 0.62 100 & g
Q 6 §
g ‘ €d, after - 1.00 o,vzr
E 3 O &p, after - 0.56 -0.85 1.00
Metals are OCidic § 0 €4, after - 060 0.69 079 -0.73 065 -0.57 1.00

32

Regression models: trained on DFT- = Correlation coefficients for DFT-

. . . 2 . o
predicted acid/base properties on £ predicted energy (related to E°) vs
- - O " - .
subset of H-locations in H WO, — : ; DFT-predicted acid/base

Energy [eV] properties 19
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Using quantum chemistry Cotlah i G,
to predict bronze PCET thermochemistry Mpourmpakis

a) b) 3
1 0.0 % i ¥ m U= 0.44Vvs. RHE
1 5 . 1 £ 2 U= 0.23Vvs. RHE
) - 5 -0.2 O U =-0.04 V vs. RHE
: & ¥ % % |2 U =-0.18 V vs. RHE L
1.0 -1 % -0.4 . X ; . ]
! I N B2 | .
) B |4 T |
- & & 04 1 -
0 ' 5 1 ;: =08 X Site-Specific Energy g
— K —— Convex Energy Hull
o 0 0 d ! -0 Expectation g:ergy =k < > —
E ). f—; 12 95% Confidence Interval )
g : 0.0 02 %4 0.6 0.0 02 064 0.6
< _0.5' i X in HyWO3 X in H,WO3
€ : i 0.2 Intercalation De-Intercalation
—=1.01 i Experimental H,WOs (Reduction) (Oxidation)
i —=== WO3/Ho.125sWOs3 0.0 *--"* H® HY H* HY
— 4 1 .
1.5 : Ho.125WO3/Ho.250WO3 3 -02 4
1 w
—-2.0- ! Ho.250WO3/Ho.500WO3 2 -04]
1 v s
i Ho.500WO3/Ho.62sWO3 it 2,
-2.51 ' ) :
i i ' ' : SiEd & 00 m GC Electrode WO,
0.5 0.0 0.5 1. 0 1.5 2.0 ,0 Co w‘ol 5010 Sulfuric Acid = H,WO;
V vs. RHE -08 —0.6 -0.4 —02 00 02
DFT BE [eV]

DFT + regression models: greatly decrease computational cost for convex hull calculations

Important feature of H,WO;: fast reduction but severely inhibited oxidation 20
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Using quantum chemistry

With G.
to predict bronze PCET thermochemistry Mpourmpakis
1.5 !
. : CsHs/CsHB
X7 ' = - HTIO, C0,/CO =
0'5 i ¢ ] " —— E
— | ! > ool CO,/CH,OH lo £
£ 0.0 it > T CuH/CuHa 2
g : ~— — ~
< —0.51 1 e C
- = Wy 1
:E. ~1.0- E —— Experimental H,WO3 = 0.2 HMOO,  Hwo, |50 '8
D i === WO3/Ho.12sWO3 2 e/ CHe c
. 7S 1
—1.5 ! Ho.12sWO3/Ho250WO3 GEJ 0.41 - . &
-2.04 |. E Ho.250WO3/Hg.500WO3 5 GH/GH | 100 .g
] o
z5] : | E | Ho. sooW03l/Ho.625WI03 5 o6 .H,V205 ;é
-05 00 05 10 15 2.0 = S O
V vs. RHE 0.8l —150

Model is highly extensible: input requires only reactant oxide crystal structure -
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Chemical Looping Hydrogenation Wit

Electrochemical properties of H WO, allow us to predict G. Veser
how it will behave in a looping conflguratlon

CoHe/CH,
@ -0.27 H.TiO 7 ;E
HMO, B A
wn
> ool CO,/CH,OH 1o E
> CyoHa/CioHy, iy
substrate g =
hydrogen- Wooa S
. — «MOU; HWO, t—50 &
ation S CoHuo/CeHz 0
5o >
2 o
S o I :
) 0.6" HxV205 -
8 [o}
Q Q)
L
osl l-150 G

Model reaction: acetylene hydrogenation
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Chemical Looping Hydrogenation witn NG
Electrochemical properties of H, WO, allow us to predict C. Veser L=
how it will behave in a looping conflguratlon

Cyclic voltammogram DFT calculations
CAN i
-~ hydrogenate I
£ CAN :
&;‘ hydrogenate/ i
5 . CANNOT

> \h,,z*::gtfz:m X s
2 :
c |
3} I
Q I
E :
g |
3 l
o I
! I

-0.5 0.0 0.5 1.0 1.5 2.0 -0.5 0.0 0.5 1.0 1.5
Potential [V vs. RHE] Equilibrium Potential [V vs. RHE]
— HXWO3 CoH5/CoHy * WO3/Hp.125WO3 Equilibrium CoH,/CoHg
HxV20s C2H2/C3He V50s5/Hp.125WO3 Equilibrium CyH>/CoHg

Both results suggest that H, WO, will hydrogenate C,H, and H,V,O will not 23
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Chemical Looping Hydrogenation

Predictions validated: HXWQO3 hydrogenates acetylene and
HxV205 does not

WO —m— C,H, conversion V O —u— C,H, conve_rs_lon
3 4— C,H, selectivity T 2~5 —4— C,H, selectivity
- B = = = - % - ..
100% RN —e— C,H, selectivity 100% —o— C,H, selectivity
] - ]
80% A \ C balance 80% - C balance
1 \ 1
2 609 2 609
2 - Soey mag
= | \ 8 | = = = =k — - 5 — -ama
D 40% n D 40% |
Q [<H)
7] 1 N 7 1
1 H 1
c 20% « 20% -
A=) 1 i) 1
g 0% T T * g (L7 S ———————— e T 'Y
> ]0.30 0.29 0.28 0.27 0.26 > 0.3969 0.3968  0.3967 0.3966 0.3965 0.3964  0.3963
[ c
O -20% + . o - - .
o 0% xin HWO, o 0% xin HV,05
-40% -40% -
-60% - -60% —

ALSO: note product distribution — ethylene is primary C2 product
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Chemical Looping Hydrogenation

Predictions validated: HXWQO3 hydrogenates acetylene and

HxV205 does not

100%
80% —
60% —
40% —
20% —

0%

WO,

= - — — —E_

~

~m

\

—m— C,H, conversion

—&— C,H, selectivity

—eo— C,Hj selectivity
C balance

Conversion - selectivity

-20%

-40% -

10.30

-60%

0.29

0.26

G. Veser ,
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8.0E-06

v 6.0E-06

9

o

= 4.0E-06

2.0E-06 @

0.0E+00
1 2 3 4 5 6 7 8 9 10

Cycle #

nC2H6 nC2H4
® C2H4-pulse C2H6-pulse

ALSO: note product distribution — ethylene is primary C2 product
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Electrochemically pumped syngas-methanol

Applied voltage to increase chemical potential of hydrogen

(a) H, activation
via H-spillover

CO,H,,CO,,H,0

CH50H,H,0 .-~ 4@ C0,CO,,H,0
‘ 3 : 2 - . 2! 2  — carc02 feed > < ) ] | Y -
: e O “f
H,WO; (b) CO hydrogenation = N S e . T
( using solid-state H — 1
'\CO Legenz;‘i‘gzm =) = e, Fume Hood |
G co e oK -
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Electrochemically pumped syngas-methanol

Applied voltage to increase chemical potential of hydrogen

Open Circuit Potential of CO2 - N2 and CO2 - H2 Cells

0.3
I
(a) H, activation 02" :
. . 1
via H-spillover Gl | /\
k! % 1
x o O
CO,H,,C0,,H,0 W — E E
= o €O, and N, : CO, and H,
=2 2-02- 1
CH3OH,H,0 .. " 4 CO0,C0,,H,0 o !
‘ : Z - ‘ adiad B &-0.3— :
— I
(HXW03 (b) CO hydrogenation 04r \ .
= I 1 |
<\ USIng SOlId State H O‘50 500 1000 1500 2000 2500 3000 3500
CcO Time (s)
§ co
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Final thought: electrochemical intensification

Are there circumstances under which heat and electricity together can enhance
catalytic reactivity more than either can individually?

Reaction Rate

applied
potential

Temperature

w S
o
\e/

28
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