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What are we trying to do?

Chemicals are 7% of EU’s greenhouse gasses emissions
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* [f all of USA’s electricity went to CO production, we would only produce 4.3 times
are need of world’s carbon monoxide.



hat is th limiti f ?
What is the rate limiting step for CO (RLS):
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CO, to CO Rate limiting step

Tafe

b . . slope

Step Possible RLS Proposed Rate Expression Typ (mV/
dec)
Al CO, +*+e” = *CO,- jeq = 2Fk,,0a[CO, 10 exp(—afh) ET 1
A2 *CO,” + H* > *COOH i, = 2Fk,,0K,,0a[CO,]0"a[H*]exp(~fh) PT 59
A3 *COOH + e~ > *COOH" i = 2Fk,10K,,0K,,2a[CO,]0"a[H* ] exp[=(1+a)fh] E 39
A4 *COOH™ + H* - *CO + H,0 i = 2Fk,0K 0K, 0K, ,£a[CO,]0"a2[H*]exp(=2fh) 30
A5 *CO—> CO+ * jeo = 2Fk,,°K,20K,,0K ,,%a[CO,]0"a2[H*]exp(—2fh)/a(H,0) D 30
al CO, +*+e” > *CO,~ jeo = 2Fk_,%a[CO,]0 exp(—afh) ET 118
a2 *CO,” + H,0 - *COOH + OH" i, = 2Fk_,9K_.%a[CO,]8"a[H,O]exp(—fh) PT 59
a3 *COOH + e~ > *COOH" i, = 2Fk_.9K__°K_,%a[CO,]0"a[H* . 39
ad *COOH™ = *CO + OH" jrn = 2FkaAOK226K276K21ea[Coy]e*a OtherS fOCUS on thIS
: - 0K 6K 6K 6K O PvITNE =
a5 *CO = CO + * chfoh)/KWZ 2Fk,s°K, 7K 5K, K, %a[CO, 18 a*[H*]a[H,])exp( b 30
Bl CO, + * + e  + H* > *COOH jeq = 2Fkg,%a[CO,]0"a[H*]exp(—afE) P 118
B2 *COOH +e - *COOH_ j(‘(') = 2FkR7OKR1ea [CO7]9*a[H+]exp[—(1+a)fh] We focus On this
B3 *COOH™ + H* - *CO + H,0 i = 2Fka.0K,, 7K, %a[CO, 10" a2[H* ]exp(=2fE)
B4 *CO>CO+* jea = 2Fkq,0K-0K,, 0K, 2a[CO, 10" a2[H]exp(=2fh)/a[H, O] D 30
%k = *
b1 g?_f_ tT e v HO S TCOOH + kK, 9a[C0,18"alH,0lexp(—afh) PCET | 118
b2 *COOH + e~ > *COOH" jea = 2Fk,,%K,,%a[CO,]0"a[H,0]a[H*]exp[—(1+a)fh]/K,, ET 39
b3 *COOH™ - *CO + OH" i = 2Fk,,%K,,9K,,%a[CO,]0"a[H,0]a[H*]exp(=2fh)/Ky, PT 30
ba B T joo = 2Fky,°K50K,,%K, ,8a[CO,]6"a[H,0]a?[H ]exp(— 5 5
2fh)/K,2
,t*+e +H > Jeg = 2FKey 721 C0, |0 afRA™[expl—a
Cl co, + * H* - *COOH j 2Fk.,%a[CO,]6"a[H*]exp(-afh) PCET 119
C2 *COOH + e~ + H* » *CO + H,0 jeq = 2Fk,0K,8a[CO,10"a2[H ]exp[—(1+a)fh] PCET 39
Cc3 *CO>CO+* jeq = 2Fk2K,%K,8a[CO,]0"a2[H*]exp(—2fh)/a(H,0) D 30
* = *k

c1 gﬁzf ve +H0 = TCO0R + 11 2Rk 0a[C0,16"a[H,0]exp(~afh) PCET | 119
c2 *COOH + e~ > *CO + OH"- jeq = 2Fk ,0K ,%a[CO,]16"a[H,Ola[H*]exp[—(1+a)fh]/K,, PCET 39
c3 *CO>CO+* jea = 2Fk .9K 9K ,®a[CO,]0"a[H,0]a?[H*]exp(=2fh)/K,,> D 30




How do we test for rate order?

To investigate whether H* is part of reaction order

HE

* Vary the electrolyte pH
e if H* is involved in the RLS, current sill vary versus potential on an
absolute scale (i.e. vs. SHE)

To investigate whether H,0O is part of reaction order

0-6

* Use deuterated water (i.e D,O versus H,0)

 If water is involved in the RLS, current will vary
versus potential on an absolute scale (i.e. vs.

SHE)

7(V)

log,o(7/A em~2)

B. E. Conway, Proc. Roy. Soc. London, 1964
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Testing with pH variations

pH has substantial effect on H,

pH has no effect on CO production
production for 4 catalysts.

for 4 catalysts.
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Effects of Deutrated Water

D,0 shows no effect on CO
production for 4 catalysts.
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D,0 shows substantial effect on H,

production for 4 catalysts.
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Analysis on rate limiting step for CO production

Technique Species of Focus Rate Order
pH Variation H*

Deutrated water |H,O

Reaction Kinetics Only elementary step

Tafel
slope |H* | H,0 g
Step” | Possible RLS Proposed Rate Expression e
P P P VP \(mv/ | rder | order
dec)
€0, + v e =D, =27k, "alc0 Jorexpt-ai] T 8 [ /7
2R COor = 27k, 7K, B[CO | a] ] expl ] P o
“COOH+ e~ » *COOH Ky K, *alC0 18" a[H  Jexp[-{1+a)fh] T [']
“COOH + A" +*C0+ A0 = 2Pk, K, 7K, K, %3 [CO, |8 & H' Jexpl- 2] PT 0
*C0—CO+ KK ", " C0 107 [H Jexpl=2fhfa [ H.O) =1
a €0, " +e =D, 50[C0, 0"explaih] T 5 [
. 00, 1,0 *COOH + OF 7, o[ 016 s H.O] el -Th] T 1
- TCOGH & - ~CO0H H,7%,, *a[ 0,183l Ja|,0lexp] {Lralfh e, | ET 1
a *CO0H™ - *CO+OH- KK %K .7 €0, |8"a[H*|a[H. O expl=2FE) K,y FT. 1 -
- T D 2R OO Tl D= 0w |2 N
BL €0, + "+ ~H - *COGH Flio, AICO 15 S [enpl-alt] PCET [ 118 1 [
B2 *COOH + e~ » *COOH" s Pl Ky, %3] C0, |8 a[H" Jexp| {1 ralfh] ET 33 1 ['] #
B3 "COOH+ A +*C0 + A0 o = 2Py Ko K, %30, 0 2 [H'[expl-20E] BT 30 2 0
B o= O+ e = 2Pk 7K, K, "2 [CO 08 [H*)expl=2h}/a[H.0] | D 30 Fl -1
E Ot T T || . — — —
b1 o Joo = 26K,,3C0,18's(H,Olexpi-afh) PeET 118 |0 1
[73 TCOGH + &+ ~COOH- Jom = 2Pk K, a0, & a[H,0]a[H Jexp|-(A-ajin]/K, BT ) T T — —
b3 *CO0H" — *C0 + OH~ e = 2Pk K %0 (€O, 18"a[H. Ola[H*] expl—2fh)/ Ko PT. 30 1 1
e T w0 ke Py Ky IO, 18°alH, Cla ¥ Jexnl— | 0 |2 R
o €0+ re <K - "COOH o= 20 0 e el Terpl-ath] pCET (118 |1 ]
() *COOH e~ B *C0 - B0 |}, - 3¢k ¥s[CO J8'ai[HF jexp-(Lralin] PET_[39 |2 o
[} "0 cor- o~ 2Pk KPR 7 [CO, I8 & [H |enp =2 |/al,0] [ 30 H -1
a i o e ] peeT (119 |0 1
a “COBH + &= »>C0 1 OH- o= 2Pk, %a] CO.JE o] O] a[H |exp(1va] /K, PCET_ |39 1 T - -
e i carbon dioxiae




What is the rate limiting step (RLS)?

HE

O0=C=0

carbon dioxide
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'monoxide




w—
q
e

i

What is rate limiting step of CO, to formate?

O=C=0

carbon dioxide

O

=0
I

t H" & e-

A
o-:'-f-c 0
'H% - + e
A
~C
+ e 0”0
/‘ formate ‘



Formate: Not a wanted product

HE

* We never produce formate, but rather postassium formate

e Where does the K come from?

¢ KHCO, is produced commercially via bubbling CO, in KOH

KOH + C0, » KCOOH + 1/, 0,

1
|
/\ y
y
//

Name

Value (S/ton)

Value (S/Mmole)

Potassium hydroxide

1800

16

Potassium formate

1000

5




What is the rate limiting step (RLS)?

HE

* Apply same analysis as CO,=>CO for CO, = formate

Step | Possible RLS Proposed Rate Expression
D1 CO,+*+e > *CO,” jucoo- = 2Fky;%a[CO,]0"exp(—afh)
D2 *CO,” + H* = *OO0CH jucoo- = 2Fky,%Ko,%a[CO,16"a[H*1exp(—fh)
D3 *OOCH + e~ > *O0CH" jucon. = 2FKo2%K-,°K, 2a[CO, 10" a[H ]exp[—(1+a)fh]
D4 *00CH- - HCOO™ + * jcon= 2FK0,%K028Ko,0K,8a[CO, 10" a[H ] exp(=2fh)
d1l CO, +*+e > *CO,~ jucoo- = 2Fk,,%a[CO,]0"exp(—afh)
d2 *CO,” + H,0 = *OOCH + OH"~ jucoo- = 2Fk,,°K ,8a[CO,]10"a[H,0]exp(—fh)
d3 *OOCH +e™ — *OCOH"~ Jhcoo- = 2Fk43°K4,%K4,a[CO,]6"a[H*]a[H,O]exp[-

(1+a)fh]/Ky
d4 | *OOCH™ — HCOO™ + * oo = 2Fky,%K %K ,0K;%a[CO,]0"a[H*]a[H,0]exp[-

2h]/K,,
EL_ | CO,+*+e +H — *00CH ineon = 2Fk.%a[CO,10"a[H Jexp(—afh) We focus on this = 0
E2 *OOCH + e~ - *OO0CH" jucon- = 2Fke,%K:,8a[CO,]10 a[H*]exp[—(1+a)fh] ET 39 1 0
E3 *00CH™ — HCOO™ + * jucon = 2Fk:20K,,9K,,%a[CO,]0%a[H*]exp[=2fh] PT 30 1 0
el CO,+*+e +H,0 > *OOCH + OH"~ jucoo- = 2Fk.,%a[CO,]0"a[H,0]exp(—afh) PCET | 118 0 1
e2 *OOCH + e~ - *OO0CH" jucon- = 2Fk_,%K_,%a[CO,]0"a[H,0la[H*]exp[—(1+a)fh]/K, ET 39 1 1
e3 *00CH™ — HCOO™ + * jucoo = 2Fk_.9K_,PK_.a[CO,]0a[H,0]a[H*]exp(=2fh)/K,, | PT 30 1 1
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Testing with pH variations

Potential (V vs. SHE)

Potential (V vs. SHE)

Potential (V vs SHE)

Potential (V vs. SHE)

Deng, et. al., Nature Communications volume 13, Article number: 803 (2022)
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Effects of Deutrated Water

@

Sn

* Deutrated water experiments did not show any ! x\ -
change for formate production. ' \
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o
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Analysis on rate limiting step for formate production

HE

Species of Focus Rate Order

H* 0

Technique

pH Variation

Deutrated water | H,O 0

Only elementary step with 0,0 rate order
Reaction Kinetics

Tafel H H.0
Step Possible RLS Proposed Rate Expression Type | slope seder o:der
(mV/dec)
D1 CO,+*+e = *CO," jucon- = 2Fkn;%a[CO,]0"exp(—afh) ET 118 0 0
D2 *C0,” + H* = *OOCH jcon = 2Fkp;%Kp,%a[CO,]6"a[H ]exp(~fh) PT 59 1 0
D3 *OOCH + e~ — *OOCH- icoo- = 2Fkn:%Kn,8Kp:#a[CO,18"a[H"Jexp[—(1+a)fh] ET 39 1 0 H
D4 *OOCH™— HCOO™ + * juicoo= 2Fkna’Kn#Kp9Kn9a[CO,]8"a[H* Jexp(-2fh) PT 30 1 0 |
d1 CO,+*+e = *CO, jucan- = 2Fks°a[CO,]0"exp(—afh) ET 118 0 0 C
d2 *CO,” + H,0 - *OOCH + OH" Jucon- = 2Fk;%K;,%a[CO,]6"a[H,0lexp(~fh) PT 59 0 1 Of: :‘\O
d3 *OOCH + e~ — *OCOH- incoo- = 2Fk ;% 1,%K4;7a[C0O,16"a[H a[H,Olexp[- | ET 39 1 1 ~ . + -
(1+a)fh]/Ky, he—— e
da *QOCH™ — HCOO™ + * Jwcoor = 2Fkys®Ke:?K,K,%a[CO,)0"a[H Ja[H,O)exp[- | PT 30 1 1
2fh]/Ky H
E1 CO,+*+e +H — *OOCH jucon- = 2Fke;°a[CO,]0"a[H Jexp(=afh PCET | 118 1 0 é
E2__ | *OOCH + e~ — *OOCH- jicon = 2Fk;%K;2a[C0,16"a[H Jexp[—{1a)fh] ET_ |39 1 0 _ :
E3 *OOCH™ — HCOO™ + * Jicon- = 2Fkea%Ke,°Ke;%a[CO,10"a[H Jexp[-2fh] PT 30 i 0 M + - O’-«/‘ ‘\:?o@
el CO,+*+e +H,0— *OOCH + OH" Jucon- = 2Fk.,%a[C0O,]0"a[H,0]exp(-afh) PCET | 118 0 1 e
e2 *OOCH + e~ - *OOCH" jicoo = 2Fk.,7K.,%a(C0,]8"a[H,0]a[H*Jexp[—(1+a)fh]/Ky, ET 39 1 1 ‘ formate ‘
e3 *00CH™ — HCOO™ + * jucon- = 2Fk..%,8K.,Pa[CO,]0"a[H,0]a[H Jexp(=2fh)/Ky PT 30 1 1



Local pH

* Local pH could have an effect on our results

HE

* We measured a boundary layer of 8 um using ferricyanide redox couple.

 We then modelled surface pH based off the Gatrell model.

Bulk Boundary layer Electrode

solution > o > 8 -
[COaq)], i :[COaq)a
[HCOs], i [HCOglua CO

—

- s |

~E
0.1 M K,PO, bulk pH=6.6

' 0.1 M KH,PO, bulk pH=4.3

[POZ], i [HPOZ],  HCOO +— 4-

TERTTE] 0.1 M KH,PO, with H,PO, bulk K
4 lIx - 4 Ix s

[COSZ]; E : [CO3ZT]x+Ax

(=2
1

[HPO, | i[H;PO, H,
[H,PO], | i[H,PO;],

Local pH

[OH], ~ ~ [OHlusn 2- 0.1 M H,PO, bulk pH=1.6
x=0 X=X X=x+Ax X=0
Model based off Gupta et al, J. 44 13 12 41 40 08

Appl. Elec., 2006 Potential (V vs. SHE)



HE

Ensuring sufficient mass transfer

* 8 um boundary layer thickness is quiet small

* Our reactor, designed by Ezra Clark, bubbles CO, in a separate chamber and
the reactor itself only sees a very fast flow of saturated CO.,.

a Ag/AgCI reference

(o)

—
o
Jeo (MAJCmM?)
3
(3
S

-
1

| wsu —=— KOH (D,0) \
0sM T KHCO, KOH (H,0)
KHCO, COngas > Membrane Q 0.1

L]
Peristaltic pump -1.6 -1.4 1.2 -1.0
Potential (V vs. SHE)

* This quick mass transfer may even allow us to measure CO, reduction in
KOH in an H—cell design



Conclusions

HE

e Using pH & deutrated water gives us unique insight into reaction mechanisms
* pH variations and deutrated experiments are simple to do.

* We feel this provides clarity to determining rate limiting steps for CO,

electrolysis.
Rate Limiting Step
For CO production For formate production
+ e O* + e %
0=C=0 - = 0=C=0 — 0“3

‘ carbon dioxide ‘

carbon dioxide
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