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Project Overview: project objectives

1) To design and fabricate tandem electrodes to

direct the cascade reaction of

CO2→CO→C2H4;

2) To develop a functionally graded catalyst

layer in the tandem electrodes to balance the

transport of electron, ions, and reactants;

3) To explore the pulse electrolysis technology

to boost the production yield of C2H4 and

lower the overpotential;

4) To demonstrate the MEA-type cell integrating

the tandem electrodes for CO2 pulse

electrolysis.

Tandem CO2 reduction

in the gas diffusion electrode



Project Overview: budget, period, and 

participants

1. Project budget and period

• Funding: $1,000,000 DOE, $250,000 Cost Share

• Overall Project Performance Dates

09/01/2020 to 08/31/2022 (1 year no cost extension was requested)

2. Project participants



Technical and Scientific Background

A massive, unprecedented challenge to our species
Not only dramatically and rapidly reduce global emissions of CO2, but remove 

billions of tons of CO2 from the earth’s atmosphere and oceans by mid-century.

A historic opportunity 
Madam Secretary of DOE, “We're really interested in carbon capture, use, and 

sequestration CCUS on all fossil fuels… you can't get to net-zero carbon 

emissions without CCUS.” 

CCUS is arguably the largest economic opportunity of the next hundred 

years.
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Electro-conversion of CO2 to Chemicals:

electrocatalysts

• Modular processes that can be easily coupled with renewable electricity.

• Ease to scale-up to MW or GW plants. 



Electro-conversion of CO2 to Chemicals:

CO as the Key Intermediate for C2+ Products

• C-C coupling has various 

pathways, all of which involves 

CO.

• *CO has been identified a key 

intermediate for C2+ products 

formation.

• Increasing the *CO surface 

coverage enhances the C-C 

coupling kinetics according to 

the law of mass action.

Plausible C-C coupling  pathways



How to Utilize the Intermediate *CO to Promote 

the formation of C2H4?

• Realize cascade reaction CO2→CO→C2H4 in one electrolyzer to simplify the reactor design.

• Maximize the CO utilization by using a tandem electrode design.



Project Progress: Tandem Electrodes

• Tandem electrode design principle: maximize the Θ*CO at the Cu surface, leading to 

simultaneously maximized selectivity and productivity of C2H4 through cascade 

reaction CO2→CO→C2H4.

• Effectiveness:  segmented > layered > tandem catalyst
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Tandem Electrode Design: along-the-channel

conversion of generated CO

S1

S2

S3

S4

S5

S6

Gas 

diffusion 

layer

Cu layer

Ag layer

CO

C2H4

0

20

40

60

80

100
0.0 0.2 0.4 0.6 0.8 1.0

 L

E6E5E4E3E2

 CO   C
2+

 

 Cu CL Area (cm
2
)

F
a
ra

d
a
ic

 E
ff

ic
ie

n
c
y

 (
%

)

E1

 FE

0

-500

-1000

-1500

0.0 0.2 0.4 0.6 0.8 1.0

 L

 j
CO  

 j
C2+

 

 Cu CL Area (cm
2
)

j 
fo

r 
E

le
c
tr

o
d

e
s
 (

m
A

 c
m

-2
)

E1 E2 E3 E4 E5 E6

 j

exfoliation

Gas diffusion layer

Cu

Nozzle

Ag

Template

E1 E2 E3 E4 E5 E6

sealing

0 2 4 6 8
-200

-400

-600

-800

S6

 layered tandem electrode

 segmented tandem electrode

S1

S2
S3

S4

S5

S5

S6

S4

S3

S2

 

 

j C
2
+
 f

o
r 

S
e
g

m
e
n

ts
 (

m
A

 c
m

-2
)

CO Flow Rate (10-7 mol s-1)

S1

y
x

z S1

S2

S3

S4

S5

S6

Gas 

diffusion 

layer

Cu layer

Ag layer

CO

C2H4

0

20

40

60

80

100
0.0 0.2 0.4 0.6 0.8 1.0

 L

E6E5E4E3E2

 CO   C
2+

 

 Cu CL Area (cm
2
)

F
a
ra

d
a
ic

 E
ff

ic
ie

n
c
y

 (
%

)

E1

 FE

0

-500

-1000

-1500

0.0 0.2 0.4 0.6 0.8 1.0

 L

 j
CO  

 j
C2+

 

 Cu CL Area (cm
2
)

j 
fo

r 
E

le
c
tr

o
d

e
s
 (

m
A

 c
m

-2
)

E1 E2 E3 E4 E5 E6

 j

exfoliation

Gas diffusion layer

Cu

Nozzle

Ag

Template

E1 E2 E3 E4 E5 E6

sealing

0 2 4 6 8
-200

-400

-600

-800

S6

 layered tandem electrode

 segmented tandem electrode

S1

S2
S3

S4

S5

S5

S6

S4

S3

S2

 

 

j C
2
+
 f

o
r 

S
e
g

m
e
n

ts
 (

m
A

 c
m

-2
)

CO Flow Rate (10-7 mol s-1)

S1

y
x

z

1) As CO concentration decreases down the length of the

segmentedGDE, C2+ productivity decreases as well.

2) Segmented GDE delivers higher CO concentration and

C2+ productivity than layered GDE.

Nature Catalysis, 2022, 5, 202–211.



• Shrinking Ag CL providing more concentrated CO for C-C coupling on the Cu CL, and thus

yielding higher selectivity and productivity of C2+ products.

Tandem Electrode Design: optimal catalyst

layer area ratio



• Cu/Fe-N-C tandem electrode (Cu : Fe-N-C area ratio = 1 cm2 : 0.05 cm2) achieving 60%

FE of C2H4 at current density > 1 A/cm2 in a flow cell with a thin catholyte layer.

• Severe catalyst layer flooding limiting the long-term operation of tandem electrodes,

especially at current density > 500 mA/cm2.

Activity and Selectivity Stability
CL flooding

Tandem Electrode Design: synergy between Cu

and CO-generating catalyst



Tandem Electrode Design: enhanced gas mass

transport

• Interdigitated flow channel forces gas convection into the electrode and then exit to the outlet

channels, enhancing mass transport of CO2/CO into the catalyst layer.

• Maximum FE of C2H4 increased from 60% with serpentine flow field to ~70% with the

interdigitated flow field at a partial current density of over 750 mA cm-2 on Cu/Fe-N-C tandem

electrode.

X. Feng et al., Nature Communications, 
2011, 12, 136 .



Tandem Electrode Design: flooding issue of 

current GDE structure

• Solubility in water at 1 atm and 25 oC: CO (0.98 mM) versus CO2 (33 mM)

• CO reduction reaction (CORR) as the probe for catalyst layer flooding

• The current GDEs with structure and formulation adapted from PEMFC are prone to flooding in a 

short time, limiting the CO utilization efficacy. 

Increase mass transfer 

polarization
Decrease selectivity towards C2+

Flooding model of CL

Galvanostatic electrolysis of CORR at 400 mA cm-2 on a GDE composed of  SGL 39BB GDL and Cu CL

J. Electrochem. Soc., 2022.



Tandem Electrode Design: flooding issue of 

current GDE structure

• Flooding extends to gas diffusing layer.

• Design CL and GDL microstructures with effective water management is the focus of 

future work in order to increase the performance and stability of tandem electrodes.



Project Progress: Pulse Electrolysis

Control pulse potential: CO supply from CO-generation catalyst layer in the tandem electrode
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Pulse Electrolysis: enhancement of C2H4

selectivity and productivity on Cu GDE

J. Electrochem. Soc., 2022.
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Integration in a MEA cell: pulse electrolysis + 

tandem SGDE

Cu/Fe-N-C Tandem SGDE + Pulse Electrolysis + MEA Cell with a Serpentine Flow Field 

• MEA cell shows lower selectivity of C2H4 and compared to flow cell due to the change of GDE surface 

micro-environment (e.g., local pH and water saturation in the GDE). 

• Pulse electrolysis compensates the decline In the MEA cell, prompting the FE of C2H4 to 59% at a C2H4 

partial current density of 340 mA cm-2. 



Milestone Title and Description Planned 

Completion Date

Actual

Completion Date

Fabrication of tandem electrodes with a dimension > 2 

× 2 cm2

June 30, 2021 March 31, 2021

Achieving a current density > 0.5 A/cm2 for the 

electrolysis

June 30, 2021 March 31, 2021

Achieving the cathodic energy efficiency of 50% at a 

current density of 0.5 A/cm2

March 31, 2022 July 31, 2022

Achieving a selectivity of 90% towards ethylene at 1 

A/cm2

August 31, 2022 70% at 1 A/cm2 

by July 31, 2022

Project Progress: Milestone



Summary

1. Major accomplishments
• Established the design principle of tandem electrodes
• Achieved 70% selectivity of C2H4 at 1 A cm-2 current density on segmented electrodes in the 

flow cell
• Developed pulse electrolysis protocol involving two reduction potentials and applied pulse 

electrolysis to tandem electrodes
• One formal patent for tandem electrodes was filed.

2. Future work
• Develop advanced Cu-based catalysts to increase the selectivity to C2H4

• Optimize the microstructure of catalyst layer to increase the CO flux and CO utilization 
efficiency in the tandem electrodes

• Intensify the process in the MEA cell
• Perform final TEA and LCA
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