Electrochemistry and Safety

Brian M. Tackett
Assistant Professor of Chemical Engineering
Purdue University

P2SAC Fall 2025 Conference
December 2, 2025

Davidson School of
Chemical Engineering

7 =) PURDUE

UNIVERSITY.




Motivation: Opportunity for Electrochemical Processes

The Energy Transition + Shale Gas Revolution create 35 3.0
unprecedented opportunities (and need) for electrochemical ' — 5 '
systems —US Natural Gas Liquids | &/
3.0 1 - 2
i Production S - 2.5
O @
« Most chemical processes developed over w 2.5 - US Wind + Solar Energy | &' .20
the last ~100 years % 50 Consumption 2. .
* Energy only available in the form of heat = % 15
(combusting coal, oil, and gas) o 1.5 c
c @
* Fuel - heat 2 electricity = industrial process [°) 8! - 1.0
is inefficient, when electricity can just be cut out = 1.0 S
L S
~o5 - 0.5
For the first time in history, we have substantial energy
in the form of electricity produced via wind & solar 0.0 ' 0.0
« At the same time, US also has abundant feedstock to make essential O}‘Q q(bg Q)Q)Q QQ QQ,Q
chemicals N N N 2) YV
* This allows us to reimagine a sustainable Year
and electrified chemical industry [ A. Bhadouria, A. Biswas, B. M. Tackett. ACS Catalysis, 2025, 15, 6296-6314. ]

[ How do we ensure these electrochemical systems are safe? ]
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Review: Electrochemical Reaction Fundamentals

3 elements of an electrochemical reaction:
« Current = reaction rate (rate of flow of electrons)

1. Molecular transformation where an electron (e°) » Voltage = driving force (impetus for electron flow)

is a reactant or a product

2H* + 2e"> H, 4

2. Inherently heterogeneous process with at least o
2 phases /1 electrode Ze'> i
Electron conducting phase (electrode) | electrolyte ol M,
* lon conducting phase (electrolyte) T H,O 2H*+ 15 O,
. . ) 2e.L 267 electrode
3. Contains 2 electrodes to maintain
electroneutrality H,0 2 2H* + %2 O, o+ 2€

Let’s leverage these principles to support a safe and
electrified chemical industry
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Two Examples

Electrochemical Manufacturing
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0.7 ,

(a)
0.4

n

-0.21

E/V

 Oscillatory instabilities can occur
in almost any E-chem reactor,
\_ posing operation hazards
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Electrochemical Energy Storage

-

Electrode

~100pm Zp2e e
2

|||||||||p|
to
I s

* Aqueous batteries are inherently
safe, but abundant water/H*

\__causes issues with viability
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Manufacturing: safe(r) Echem alternatives

From P2SAC Spring '25:

* We can come up with
good ideas for
electrochemical
replacements for
hazardous or inefficient
process

But what hazards will
be associated with
electrochemical
reactors?
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Case Study 2: Synthesis

The incident

* Oct 13, 2002, Pascagoula, MS
First Chemical Corp.
Produce isomerically pure MNT- used for dyes,
rubbers, and agricultural chemicals.

Process:

« Reaction:
HNO; + 2H,50, < NO; + H30" + 2HSO,
Ce¢HsCH; + NOS — C,H,NO, + H'

« Initial Separations: remove excess acid and toluene

+ 3-column Distillation: separate ortho-, meta-, and para-
MNT

TNT, can explosively decompose at temperatures >
230C

Davidson School of
Chemical Engineering

-
Electrochemical Alternative

Electrochemical nitration via nitrite at room temperature

NO, >NO, + e

this work:
1.5 eq. HFIP
Rex 3.0 eq. NBuyNO,

| = MeCN, r.t., Cg, electrodes
15 mA/em?, 2.5 F, 50 min
H divided cell (glass frit)

S. P. Blum, C. Nickel, L. Schaffer,
T. Karakaya, S. R.

Waldvogel, ChemSusChem 2021,
14, 4936.

Challenge: can this be efficient in continuous flow? Can

J
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Reactivity Hazards for Continuous Reactors

Thermochemical Reactors

Runaway Reactions

ern > Qrem

Qrem

Heat removal due
to cooling
ern

Heat generation due to
exothermic process

Temperature

G

« Heat generated via reaction exceeds
heat removed via heat-exchange

« Hazardous scenarios understood by
analyzing multiple steady states
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Electrochemical Reactors

. )
Runaway Reactions?
* Echem rxns don't experience substantial T
effects as result of reaction
* Energy of reaction manifests as electron
potential, rather than heat
Ex) AKN.
2
AH,, = -242 kJ/mol
1 Ze:'\
1.23V @ 298K
\.in electrochemical reactor Energy out )
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Reactivity Hazards for Continuous Reactors

Thermochemical Reactors

Runaway Reactions

ern > Qrem

Qrem/"
Heat removal due

to cooling

Heat generation due to
exothermic process

ern

Temperature

« Heat generated via reaction exceeds
heat removed via heat-exchange

» Hazardous scenarios understood by
L analyzing multiple steady states
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Electrochemical Reactors

Runaway Reactions?

« But echem reactors can still experience
multiple steady states, creating potentially
hazardous operating conditions

250 (" Mass transfer:

D
e r==(G-¢)

3

o
0

]
0

ION OR MASS TRANSFER RATE

S0

Kinetics: N
(k1 C]* eXp[aV]) . O e
r= )2 )

(1 + k,C; explaV]
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Reactivity Hazards for Continuous Reactors

Thermochemical Reactors Electrochemical Reactors

(" . (" .
Runaway Reactions Runaway Reactions?

* And echem systems often exhibit oscillatory
behavior due to competing activator/inhibitor
processes

ern > Qrem

e’ 0
fiodt removal iiue rem Heat genera'tion due How can we | ]
to cooling exothermic prog
. ) measure, model, and
o control these non- _
Temperature linear dynamics?
. Ir;leatt genera’ijed.wz re*?CtIOE exceeds _0.21 (" Periodic oscillations
cat removed via heat-exchange during electrochemical

formate oxidation

» Hazardous scenarios understood by
analyzing multiple steady states ) L )

G

Chemical Engineering

E PURDUE | ossitsonscholot Electrochemistry and Safety

UNIVERSITY.



Conditions for Electrochemical Oscillations

For a Single Reaction (O + e- 2 R):

det (J) tr{Jd)’—4det(d)=0

Stable Unstable
foci foci

Re(A; 2)>0

Stability understood as interplay of kinetics
and mass transport

Re(; 2)<0

Re(d2)=

Stable
nodes

Andz <0

Saddle points

Charge Balance W0 o
dpa U—¢da I
= — = I = —nFAk:C,(0,t
Mass Balance
dC,(0,t) 2D 2k¢C,(0,t)
Odt = 520 (Cgulk — Co (0, t)) - g = f2(Co, Par)
i dh Both eigenvalues of J
J = dbar dlo| | mustbe negative for
dfa  dfs the system to be stable
—d¢dl dCo—Ss

Davidson School of
Chemical Engineering
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Prerequisite for oscillation:

0dai agbdl
<0 & R;>
61F aIF
Negative Large
Differential “system”
Resistance resistance
region of
| négative
I:CLI rrem} resistance
E
(voltage)
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Conditions for Electrochemical Oscillations

For a Multiple Reactions / Multiple Pathways:

Oscillations can arise due to competing kinetics
« Ex) electrochemical formate oxidation:

HCOOH - CO, + 2H* + 2e-

Direct Pathway
HCOOH,q + * <> x HCOOH

* HCOOH —» * COOH + H" + e~

* COOH - CO, +H" + e~
Indirect Pathway

HCOOH,, + * ¢> * HCOOH
* HCOOH - « COOH + H* + e~
* HCOOH — = CO + H,0
H,0 ++x—*«0H+H"'+ e~

*CO++0H > CO,+H"+e  + 2«

Davidson School of
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Poisoning of Surface
Oxidation of Surface

Prerequisite for oscillation:

0dai agbdl
<0 & R.>
61F S aIF
Negative Large
Differential “system”
Resistance resistance
region of
| négative
I:CLI rrem} resistance
E
(voltage)
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Conditions for Electrochemical Oscillations

For a Multiple Reactions / Multiple Pathways: r — —— 2
Prerequisite for oscillation:
Oscillations can arise due to competing kinetics 0 0d 4
+ Ex) electrochemical formate oxidation: oy 0 & R;> Y
. - F
@ low solution resistance (R,) .
Negative Large
= H " n
Pt(111) Pt(110) Pt{100) Differential system
15+ . Reverse scan <0.7V- Resistance resistance
1M HCOONa + Desorption of OH and
N 0.5 M H,S0, FA oxidation.
‘E 10+ Scan rate — 10 mV/s ° 0.5-0.3V- COis slow
p .- to poison, direct FA on of
i i region o
.‘_‘E: / oxidation | nggaﬁve
I:CLI FF'EFIT} resistance
5 B | il— _..1,
\ 0.5-0.7 V- Poisoned ,
/\//’ CO removed by i
0 S : . adsorbed OH
1o 05 1o 0.5 ! > 0.7 V - Adsorbed
Usce /V OH acts as a poison =
Catalyst surface covered wi (voltage)
CO (poison), hence low rat L

PURDUE
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Conditions for Electrochemical Oscillations

For a Multiple Reactions / Multiple Pathways:

Oscillations can arise due to competing kinetics#

- Ex) electrochemical formate oxidation:

@ 100 Q resistance (R,) T oso

- 0.40

0.20

Polarization Curve @ 100Q, 500 rpm 0.00
5.00

1.40

4.50 o

4.00 o

3.50 < 0.80

3.00 £ 060

< 2.50 0.40

E 2.00 020

B 1.50 0.0
1.00

0.50 0.10

0.09

\*n 0.08

-0.50 -0.500.00 0.50 1.00 150 0

E, . Ag/AgCI (V) 2005

—0.04

[

Current is rate - so what is happening | .=
chemically when current oscillates?

0.00
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Prerequisite for oscillation:
i
— Al <0 & R >
@ 055 V Negative
Differential “system”
100 200 300 400 500 600 RQSistance rQSiStance
time (s)
@ 060V ,
region of
| négative
resiStance
(current) ettt
time (s) " :
@ 0.65V
E
(voltage)
100 200 300 400 500 600 N\

time (s)
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Implications of Electrochemical Oscillations

0.281
For a Multiple Reactions / Multiple Pathways: 0.26.
Oscillations can arise due to competing kinetics 0.241
« Ex) electrochemical formate oxidation: 0.22
égozo-

~0.18:

0.161

H* + e H* + e 014

J= *COOHL CO, Direct pathway g,

*HCOOH —

> x CO Indirect pathway
N 0T, <O

Capon, Andrew, and Roger Parsons. Journal of Electroanalytical Chemistry and Interfacial Electrochemistry. 1973, 45.2: 205-231.

CO and OH poisoning

Direct FA oxidation /

N

S

—— pH=1.5, E\F,‘VZE =838 mV,Ropmic = 1450 Q
® Oscillation onset

0 100 200 300 400 500
time (s)

600

Many factors can influence these
unstable behaviors
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Implications of Electrochemical Oscillations

Anion affecting *OH binding energy Anion hydration effect on R ;mic and lcg ox
BE*OH(G-Q‘) = BE*OH(Q) + AEsolvation(*OH) —e¢ 6000 - s, % z 2904
1 | 500 L2
) ) : gaooo ié 15 !
Oscillation % o < o _
I No & 300 £10 i
! illati : g :
o S Oscillations ©Oscillations 8, .
I L4
No ! o Binding Energy 1000 s oo
- . | 0
Oscillation i SECIEITEL threshold " 520253035 40 50 0 70 T2 e T
ulk pl
| > . .
R ’ Strong hydration, high Roumic Strong hydration, Iow Igg o,
Anion concentration effect on R ,ic and lcg ox. Future Work
1500 25
250 EER HCIO, " . + 06 Estimating *OH binding pH-dependent
%mo % } 052 strength microkinetic model
5 2 5 . 0,4%
-% 280 51 s * 0‘3*5 - CO displacement « Approximating the rate
S soo 510 } 0y 3 experiments with different coefficients as a function
£ 8 ‘ e anion concentrations. of pH.
250 5 ) 010
(] [ ]
0452025303540 50 60 70 T 7 " + CO displacement
Bulk pH Bulk pH experiments with anions
H'Qh Canion’ h|gh Rohmic ngh Canion’ low ICO 0X. of varying hydration.
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Two Examples

Electrochemical Manufacturing

-

0.7 ,

(a)
0.4

n

-0.21

E/V

 Oscillatory instabilities can occur
in almost any E-chem reactor,
\_ posing operation hazards
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Electrochemical Energy Storage

-

Electrode

~100pm Zp2e e
2

|||||||||p|
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* Aqueous batteries are inherently
safe, but abundant water/H*

\__causes issues with viability
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Electrochemical Energy Storage: Enabling Zn metal batteries

Zn metal batteries can support grid-level storage

* Znis cheap, abundant, non-hazardous

1000
* Anode reaction is simple aqueous electrodeposition <Imermis,
— Lirmis, > CE;NCA NTP/NMO
é 100 L”!_\EO ; %BCQJEO C/NCM111 SIILCO LiPb,sb
Zn2+ + 2e- 9 Zno ~ NiCd, 1899 N?’;ﬁ LTOMM AQDS/Br g ZZ0;::V;0,
- ZniNIOOH, 1899 : Lirair 38— wCu
i ice ¢ ‘ﬁ;MD(S:‘jLMO Na/P2- ﬁéff %“JLRn(ﬂ:(_‘JKL:MIq(_‘JCJNCMﬁ22
. . ) v G LMP
Uneven Zn plating hinders battery stability 8 oL Dus P o SLSA @ Lsseriom
QO e an.M'nO Zn/Brf ® @ FerFe C,LFP e
. ] . r— e e 2 Na/NiCl, LLS fair (H")
* Electrocatalytic hydrogen evolution reaction (HER S !Nazs,air(om
. . . — Na/s :
is undesired and contributes to uneven Zn & . ° B esiaren
deposition/instability 5
+ -
2H + 26 9 H2 01 /./// :

1950 1960 1970 1980 1990 2000 2010 2020
Year
Y.-M. Chiang, et al. Joule, 2017, 1: 306-327.
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Electrochemical Energy Storage: Enabling Zn metal batteries

Zn metal batteries can support grid-level storage
« Znis cheap, abundant, non-hazardous
* Anode reaction is simple aqueous electrodeposition
Zn?* + 2e- > Zn°
Uneven Zn plating hinders battery stability
« Electrocatalytic hydrogen evolution reaction (HER)
is undesired and contributes to uneven Zn

deposition/instability

2H*+ + 2e- > H,

5=) PURDUE | s

UNIVERSITY. Chemical Engineering

0.5M Zn(SO),,

Scan rate: 20 mV/s

Zinc Morphology

Current (mA)

-1.6 -1.5 -1.4 -1.3 -1.2 -1.1 -1 -0.9
Voltage (V vs. Ag/AgCl in 1M KCI)

-0.8

(Strategy: Use an electrode/electrolyte that disfavors )
catalytic H, formation without hindering Zn plating
Challenge: Both reactions contribute to current

\_SImultaneously )

[ K. Roy, A. Rana, J. N. Heil, B. M. Tackett, J. E. Dick. Angew. Chem. Int. Ed.,

2024, 63: €202319010.
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EC-MS Analysis of Zn plating and HER

Typical Approach: Measure catalytic HER in the (b) O =z
absence of Zn?* to isolate kinetics of unwanted reaction = Cu Substrats
< -5t
* In the absence of Zn?*, HER onset is: é
« ~-1.35V on Cu electrode -10; .
 ~-150 V on Zn electrode 15 —n o
2.4 -2.0 -1.6

Our Approach: Measure HER partial current with EC- E (V) VS. AglAgCI

MS in the presence of Zn?*

Electrode

* In the presence of Zn?*, HER onset is: .
-~ um Zn2+ H+

||||||||qp|

e ~-0.8 Von Cu electrode

« Coincident with onset of Zn?* reduction

HER appears to originate
from water solvating Zn?*

-1.0 -0.8 -06 -04 -0.
(@) of —me———
15} E Onset of Zn Deposition
< -30}
=
- — '45
-60 : —
- . Scan Direction
-75F .
(f) :
— 0'9 :
e ECMS Signal
© 0.6} .
e .
o .
""-c: 0.3F . Onset of HER
I F : Baseline
0_0 ------- l {_

250 200 150 100 50

E (V) vs. Ag/AgCI

Time (s)

2

0

A. Rana, K. Roy, J. N. Heil, J. H. Nguyen,, C. Renault, B. M. Tackett, J.
E. Dick. Adv. Energy Mater. 2024, 14, 2402521,

)
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EC-MS Analysis of Zn plating and HER

Typical Approach: Measure catalytic HER in the

absence of Zn?* to isolate kinetics of unwanted reaction

« In the absence of Zn2*, HER onset is:
* ~-1.35V on Cu electrode
* ~-150 V on Zn electrode

Our Approach: Measure HER partial current with EC-
MS in the presence of Zn?*

* In the presence of Zn?*, HER onset is:
* ~-0.8 Von Cu electrode

« Coincident with onset of Zn?* reduction

Roy, B. M. Tackett, J. E. Dick. Adv. Energy Mater. 2025, e03155.

[ A. Rana, S. Paul, A. Bhadouria, A. Bano, J. H. Nguyen, Md. A. Faisal, K.

|
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(A)

What is implication for intrinsic kinetics?

aFV
[ = lgexp|—=
CONTROL 1 CONTROL 2
/ 1M ZnSQO, (pH: 5.3) \ m K,SO, + H,S0, (pH: 5%
H*/H;0* ions
Solvated
Zn? Zn?* ions H, (1)

W’/Zno
2e /
\ Cu Current Collector /

io, HER
26', /
\ Cu Current Collector /

0 L ) — —
L Ol > = An : 370 mV
2+ !/ \
<< 4t //v/f%\»
- F /&
8L A2 =
| A3 WE.: Cu PlSk
-10F ‘{,«"" g:ﬁ ,':tg/AgCI inMKkel [{
-1.8 -1.6 -1.4 -1.2 -1.0 -0.

E (V) vs. Ag/AgCl

Electrochemistry and Safety
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REALITY

/ 1M ZnSO, (pH: 5.3)

Solvated Zn?* jons
Solvated

Water
4
Hy (1) ’ s

-
"

) IO, Zn2+/Zn0
WER Zno
\ Cu Current Collector /

HER Zn Dep

Are they really similar?




EC-MS Analysis of Zn plating and HER

[Typical Approach: Measure catalytic HER in the ]

absence of Zn?* to isolate kinetics of unwanted reaction

* In the absence of Zn?*, HER onset is: (A)
¢ ~-1.35V on Cu electrode

aFV

What is implication for intrinsic kinetics?

l—loexp— -y~ k

Voltage Ramp vs. RHE

0.6V

* ~-150 V on Zn electrode

MS in the presence of Zn?*

2 I
Our Approach: Measure HER partial current with EC- é 0.3}
8
2

Onset of HER +~— |

Zn (+HER)
ip: 1.05 mA

| Exchange Current .:-
* In the presence of Zn2*, HER onset is: 09}
¢ ~-0.8 V on Cu electrode 12l M3 Basalino ',
« Coincident with onset of Zn?* reduction e g g T e Ry i
O 50 100 150 200 250 300
Time (s)
If we use current plus MS, we can determine relevant
A. Rana, S. Paul, A. Bhadouria, A. Bano, J. H. Nguyen, Md. A. Faisal, K. k . f . / .
Roy, B. M. Tackett, J. E. Dick. Adv. Energy Mater. 2025, e03155. Inetics for rational Improvement
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Two Examples

Electrochemical Manufacturing
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Electrochemical Energy Storage

-

Electrode

~100pm Zp2e e
2
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* Aqueous batteries are inherently
safe, but abundant water/H*

\__causes issues with viability
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