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S1. Computational Methods 
 
S1.1 Macroscopic Equilibrium Calculation 
 
Each homogeneous reaction should maintain macroscopic equilibrium, even considering 

the Second Wien Effect. The derivation below is shown for bicarbonate dissociation, but 

similar derivations can be constructed for all reactions impacted by an electric field. 

𝜇!! + 𝜇"#"#$ = 𝜇!"#"$ + 𝜇!## (S1) 

For each species the chemical potential can be written as follows: 
𝜇!! = 𝜇!!

$ + 𝑅𝑇ln(𝑎!!) + 𝐹Φ (S2) 

𝜇"#"#$ = 𝜇"#"#$
$ + 𝑅𝑇𝑙𝑛/𝑎"#"#$0 − 2𝐹𝛷	 (S3) 

𝜇!"#"$ = 𝜇!"#"$
$ + 𝑅𝑇𝑙𝑛/𝑎!"#"$0 − 𝐹𝛷	 (S4) 

𝜇!## = 𝜇!##
$ + 𝑅𝑇𝑙𝑛/𝑎!##0	 (S5) 

We apply the equations for activity for the ions and assume that water activity in the 

polymer is unity because the polymer is in contact with liquid water. 

𝜇!! = 𝜇!!
$ + 𝑅𝑇ln5

𝑐!!𝑐!##
$

𝑐!##𝑐!!
$ 7 −

1
2𝑅𝑇ln

(𝑓(𝐸)) + 𝐹Φ (S6) 

𝜇"#"#$ = 𝜇"#"#$
$ + 𝑅𝑇ln ;

𝑐"#"#$𝑐!##
$

𝑐!##𝑐"#"#$
$ < − 𝑅𝑇ln(𝑓(𝐸)) − 2𝐹𝛷	 (S7) 

𝜇!"#"$ = 𝜇!"#"$
$ + 𝑅𝑇ln 5

𝑐!"#"$𝑐!##
$

𝑐!##𝑐!"#"$
$ 7 −

1
2𝑅𝑇ln

(𝑓(𝐸)) − 𝐹𝛷	 (S8) 

𝜇!## = 𝜇!##
$ 	 (S9) 

Substituting equations (S6)-(S9) into equation (S1) yields the following: 
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𝜇!!
$ + 𝑅𝑇ln 5

𝑐!!𝑐!##
$

𝑐!##𝑐!!
$ 7 + 𝜇"#"#$

$ + 𝑅𝑇ln ;
𝑐"#"#$𝑐!##

$

𝑐!##𝑐"#"#$
$ < − 𝑅𝑇ln(𝑓(𝐸))

= 𝜇!"#"$
$ + 𝑅𝑇ln 5

𝑐!"#"$𝑐!##
$

𝑐!##𝑐!"#"$
$ 7 + 𝜇!##

$  

(S10) 

Rearranging: 

𝜇!!
$ + 𝜇"#"#$

$ − 𝜇!"#"$
$ − 𝜇!##

$

= −𝑅𝑇ln;
𝑐"#"#$𝑐!##

$

𝑐!##𝑐"#"#$
$

𝑐!!𝑐!##
$

𝑐!##𝑐!!
$

𝑐!##𝑐!"#"$
$

𝑐!"#"$𝑐!##
$ < + 𝑅𝑇ln(𝑓(𝐸)) 

(S11) 

1
𝑅𝑇 =𝜇!"#"

$$ + 𝜇!##
$ − 𝜇!!

$ − 𝜇"#"#$
$ > + ln ;

𝑐"#"#$
$ 𝑐!!

$

𝑐!"#"$
$ <

= ln 5
𝑐"#"#$𝑐!##

$

𝑐!##

𝑐!!𝑐!##
$

𝑐!##

𝑐!##
𝑐!"#"$𝑐!##

$ 7 − ln(𝑓(𝐸))	

(S12) 

Exponentiate both sides: 

𝑓(𝐸) ;
𝑐"#"#$
$ 𝑐!!

$

𝑐!"#"$
$ <exp;

𝜇!"#"$
$ + 𝜇!##

$ − 𝜇!!
$ − 𝜇"#"#$

$

𝑅𝑇 <

= 5
𝑐"#"#$𝑐!##

$

𝑐!##

𝑐!!𝑐!##
$

𝑐!##

𝑐!##
𝑐!"#"$𝑐!##

$ 7	

(S13) 

Lastly, we recognize the following relationship: 

;
𝑐"#"#$
$ 𝑐!!

$

𝑐!"#"$
$ <exp;

𝜇!"#"$
$ + 𝜇!##

$ − 𝜇!!
$ − 𝜇"#"#$

$

𝑅𝑇 < = 𝐾%(𝐸 = 0)	 (S14) 

where 𝐾%(𝐸 = 0) is the macroscopic equilibrium constant under no electric field. 
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Finally, this provides the final expression of macroscopic equilibrium, consistent with the 

kinetic description that an increased electric field results in the shifting of the equilibrium 

towards the dissociation products: 

𝐾%(𝐸 = 0)𝑓(𝐸) = 5
𝑐"#"#$𝑐!##

$

𝑐!##

𝑐!!𝑐!##
$

𝑐!##

𝑐!##
𝑐!"#"$𝑐!##

$ 7	 (S15) 

Essentially, the above expression says that the macroscopic equilibrium is affected by the 

Second Wien Effect by the defined electric-field dependence, 𝑓(𝐸), and this equilibrium 

holds within the interstitial volume of the polymer, because the ratio 
&%#&
'

&%#&
 is simply the 

water volume fraction in the given domain. 

S1.2 Thermodynamic Potential and Kinetic Potential of the BPM Junction 
 

To determine the thermodynamic potential of a BPM junction, we can first start with the 

definition of Donnan potential across the CEL and AEL. 

𝑐'"() = 𝑐'*()
𝑐!##
"()

𝑐!##
*() exp D

−𝑧'𝐹ΔΦ+,-./0

𝑅𝑇 G (S16) 

 
Expressing the Donnan potential for protons as the species of interest: 
 

𝑐!!
"()

𝑐!##
"() =

𝑐!!
*()

𝑐!##
*() exp	(

−𝐹ΔΦ+,-./0

𝑅𝑇 ) 

 

(S17) 

Next, we multiply both sides of the equation molar concentration of pure water, divide 
by a reference concentration of 1 M, and substitute in the expression for water volume 

fraction (𝜀1"(2 =
&%#&
()*

&%#&
' , 𝜀1*() =

&%#&
+),

&%#&
' ) and rearrange. 

𝑐!!
*()

𝜀1"()𝑐345
=

𝑐!!
*()

𝜀1*()𝑐345
exp	(

−𝐹ΔΦ+,-./0

𝑅𝑇 ) 

 

(S18) 
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We now take the negative logarithm of both sides and simplify further, recognizing that  
&%!
(),

6-(),&./0
 and 

&%!
+),

6-+),&./0
 represent the proton activity in the CEL and AEL, respectively: 

− log/𝑎!!
"()0 = − log/𝑎!!

*()0 − D
𝐹ΔΦ+,-./0

𝑅𝑇 G 

 

(S19) 

Substituting in the definition of pH yields the following result for the thermodynamic 

potential across the BPM junction, which is entirely Nernstian.  

ΔΦ+,-./0 = −0.059(pH789 − pH:89) 
 

(S20) 

Thus, deviations from Nernstian behavior (i.e., potential drop across the junction 

exceeding the Nernstian potential loss) across the BPM CL are treated, in this work, as 

non-equilibrium kinetic overpotentials for WD. 

ΔΦ;<=-+<> = ΔΦ:9 − 0.059(pH789 − pH:89) 
 

(S21) 

where, ΔΦ:9 is the simulated potential drop across the CL and is described as 

ΔΦ:9 = (Φ789|:9 −Φ:9|:89) 
 

(S22) 
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S1.3 Detailed Discussion of Electric-Field Dependence 
Rate constants for the above reactions are found in Table S1. As shown by Onsager1, the 

equilibria of reactions that generate net charge are affected by the Second Wien Effect2,3 

 
𝑓(𝐸) = @1(()

@1((C$)
=

D∑ 2
3!(3!2)!

(%F()37
38' G >0H,(IF() >0H,(I) 9)

JK
2$:;<=$2>?

# LM#F(K(N.PQM) @ABC('.'E"F>9))
GH@C#('.'E"F>9))

R
. 

(S23) 

where E is local electric field, and 𝜏 is a lumped parameter.  

 𝜏 = −0.128 ln(cosh(0.235σ)) + 5.72𝜎%, 
 

(S24) 

where 𝜎 is dimensionless number defined by the ratio of the bond dissociation length and 

the Bjerrum length.4 

 𝜎 =
0.58	nm
2𝑙S

, 𝑙S =
e𝐹

8π𝜀!##𝑅𝑇
 (S25) 

𝛽 is a lumped parameter with units of inverse electric field defined as follows: 

 𝛽𝐸 = αTU
𝑙S𝐹
𝑅𝑇 𝐸. 

 
(S26) 

The value of 𝛼VW in the dimensionless electric field is a fitting parameter dictates the 

sensitivity of the WD kinetics to the field.3  

S1.4 Supplementary Notes on Electric-Field-Enhanced Water-Dissociation 
Catalyst-Layer Model 
 
Because the focus of this work is not on the water-dissociation-catalyst behavior, we 

choose not to adopt a complete framework of the surface species present in the water 

dissociation catalyst as in our prior work2 to ease convergence of the stiff buffer kinetics. 

Instead, we choose to model the WD catalyst layer as a thin neutral region in between the 

two ion-exchange layers, where simply the large field in between the layers drives the 

dissociation of water by shifting equilibrium as per Equation (S23). The thickness of the 
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catalyst layer, and the electric field sensitivity parameter discussed above are used to fit 

the WD behavior and match the electrochemical behavior to what is observed 

experimentally. Such an approach has been shown to represent adequately the ion 

transfer and electrochemical behavior of BPMs.5,6 Analogously, this approach is similar 

to the use of Butler-Volmer kinetics to model current-voltage characteristics at 

heterogeneous electrocatalysts, as it ignores double-layer structure and proton-electron 

transfer kinetics in favor of a lumped analytical approach. It is important to note that the 

fitted thickness of the catalyst layer in the simulations is merely an effective thickness of 

the high-field region in the BPM CL. Recent studies have shown that even for micron-

thick BPM CLs, only a small, nanometer-scale region of the CL is active for WD.2,7 

Therefore, for computational simplicity, the present model describes the high-field region 

as a neutral layer between the AEL and CEL, for which the effective thickness matches 

that of the active region in a typical BPM WD CL.  While this representation does not give 

a complete picture of the WD catalyst, beyond its current-voltage and ionic transport 

characteristics, a mechanistic picture of WD is irrelevant to the crux of this work, which 

focuses on carbon species management and in situ CO2 generation in the CEL. 
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S1.5 Supplementary Expressions for Modeling Transport 
In the electrolyte phase diffusion coefficients are set to their values in water (Table S1), 

but in the BPM, they are corrected by the following relationship:6,8 

𝐷',455 =
𝜙)
Y𝐷',1

𝑥1(1 +
1
𝜆 𝜁')

	, (S27) 

In this framework, q is a fitting parameter related to the tortuosity of the ionomer and 

𝑥1 	is the ratio of the moles of water in the membrane to the sum of the moles of water 

and fixed-charge groups given by 

 𝑥1 =
𝜆

1 + 𝜆, 
(S28) 

where 𝜆 is the water content of the BPM defined as the ratio of water molecules absorbed 

in the BPM to fixed charge groups. 𝜙) is the water volume fraction in the ionomer,  

 𝜙) =
Z[-

Z[-K[*
,  (S29) 

where 𝑉1 and 𝑉2 are the molar volumes of pure water and membrane, respectively. 𝜁' 

describes the ratio of the species-water and species-membrane diffusivities,9 

 
𝜁' =

𝐷',1
𝐷',2

= D
𝑉2
𝑉1
G
%
\
5
𝑀',2

𝑀',1
7

J
%
, 

(S30) 

where 𝑀',2 = = J
2I
+ J

2*
>
]J

 is the reduced molar mass.  

Water transport is not directly modeled in this work, as it has been shown that water-

transport limitations in BPMs do not occur until current densities > 600 mA cm–2, which 

is beyond the range of current densities studied in the present work.10–12 Thus, water 

activity is assumed to be unity, and the membrane channels are fully liquid-filled. In this 

scenario, water content, 𝜆, is only a function of the local ionic environment.13 
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 𝜆"() = (1 − 𝑓^!)	𝜆"(),5J!C$ + 𝑓^!𝜆"(),5J!CJ  (S31) 
 𝜆*() = (1 − 𝑓_^$)𝜆*(),5KJ$C$ + 𝑓_^$𝜆*(),5KJ$CJ (S32) 

where 𝑓^! and 𝑓_^$ are the fraction of ion-exchange groups in the CEL or AEL, 

respectively, exchanged with protons or hydroxides. 	𝜆"(),5J!C$, 𝜆"(),5J!CJ, 𝜆*(),5&%$C$, 

𝜆*(),5&%$CJ are the water contents of CELs or AELs fully exchanged with 

protons/hydroxides or counterions.6 The water concentration in the domain is thus 

defined with the following hyperbolic tangent (invoked to smooth out the boundary 

gradients at the membrane and electrolyte interface to encourage simulation 

convergence).6 To fit the water-dissociation kinetics, it was found to be necessary to 

include a volume fraction term only within the porous WD CL, which multiplies the 

water concentration by a factor of 𝜀`,") = 0.253 to account for the pore volume in the WD 

CL. 

 If |𝑥| < )(,
%

 (within porous catalyst layer): 

𝑐!##(𝑥) = 𝜀`,") g
𝑐!##
$

2 D2 − tanh D
𝑥 − 𝑥J
𝐿&ab3

G + tanh D
𝑥 − 𝑥N
𝐿&ab3

GG

+
𝜆𝑐2(𝑥)
2 Dtanh D

𝑥 − 𝑥J
𝐿&ab3

G − tanh D
𝑥 − 𝑥N
𝐿&ab3

GGk 

Otherwise: 

𝑐!##(𝑥) =
𝑐!##
$

2 D2 − tanh D
𝑥 − 𝑥J
𝐿&ab3

G + tanh D
𝑥 − 𝑥N
𝐿&ab3

GG

+
𝜆𝑐2(𝑥)
2 Dtanh D

𝑥 − 𝑥J
𝐿&ab3

G − tanh D
𝑥 − 𝑥N
𝐿&ab3

GG 

 
(S33) 

In the above expression, 𝑥J is the leftmost position of the CEL, 𝑥%	is the right most position 

of CEL, 𝑥\ is the leftmost position of AEL, and 𝑥N is the rightmost position of the AEL. 

The characteristic length used in this study is 𝐿&ab3 = 0.58	nm, related to the bond 

separation distance of water.4 Essentially, the distribution is 55.56 M in the liquid 
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electrolyte domains, and governed by the local water content, 𝜆, in the BPM domains. 

𝑐2(𝑥) is the fixed-charge concentration of the BPM, defined by the following hyperbolic 

tangent: 

 𝑐2(𝑥) =
𝜌2,14c × 𝐼𝐸𝐶

2 Dtanh D
𝑥 − 𝑥\
𝐿&ab3

G − tanh D
𝑥 − 𝑥N
𝐿&ab3

G + tanh D
𝑥 − 𝑥%
𝐿&ab3

G

− tanh D
𝑥 − 𝑥J
𝐿&ab3

GG 

 
(S34) 

where 𝜌2,14c and 𝐼𝐸𝐶 are the wet membrane density and ion-exchange capacity, 

respectively. This distribution is equal to zero in the liquid electrolyte domains and 

represents negative and positive fixed-charge in the CEL and AEL domains, respectively. 

Dielectric permittivity is defined as follows for the BPM domains.4 

 
𝜀 = 5

𝑐!##
𝑐!##
$ 𝜀!##

]J + 𝜀2]J 51 −
𝑐!##
𝑐!##
$ 7 + 𝜀\]J7

]J

, 
(S35) 

where 𝜀2 is the permittivity of the pure dioxane and 𝜀\ accounts for water-ionomer 

interactions.  

 

𝜀\ = 𝜀$p
%.N%dJ]

L%#&
*

L%#&
' e

L%#&
*

L%#&
'

]$.NfdJ]
L%#&
*

L%#&
' e]g.$\

L%#&
*

L%#&
'

+ 0.066 D1 −
&%#&
*

&%#&
' G

&%#&
*

&%#&
' r

]J

  

(S36) 

   

S1.6 Boundary-Layer-Thickness Calculation 
 
To determine the boundary-layer thickness, a simple calculation was employed. Because 

it was observed that bubbling occurred at approximately 20 mA cm–2 in the 1 M KHCO3 

electrolyte, which has a bulk CO2 concentration of 10 mM, assuming that the CO2 

concentration profile is approximately linear within the catholyte, bubbling occurs when 

the CEL|cBL interface reaches saturation, and that there is near unity faradaic efficiency 
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for CO2 regeneration, the boundary-layer thickness could be calculated as follows from 

Fick’s Law. 

 𝐿h) =
W(&#,-×j(\N	[/m]]J$[/m])

(%$	[/7	>/$#])
	  (S37) 

 

The above expression results in a boundary layer of approximately 25 µm in thickness 

to match the CO2 bubble onset seen experimentally. 

S1.7 Diffusive and Ohmic Voltage Losses through AEL and CEL 
 
The voltage losses due to diffusive and ohmic losses through the AEL and CEL are 

calculated using power loss analysis.14,15 

 
𝑉"() =

∫ $𝒊𝟐

P ]𝒊∙QP∑ rIWI,(),𝛁&IA tu(),
'RSR

  
(S38) 

 
 

𝑉*() =
∫ $𝒊𝟐

P ]𝒊∙QP∑ rIWI,(),𝛁&IA tu+),
'RSR

  
(S39) 

 
where i is the local current density vector, itot is the total ionic current density in the BPM, 

and 𝜅 is the local ionic conductivity defined as follows: 

 𝜅 = 𝐹%∑ rI
#WI
vw

𝑐''   (S40) 

 
The first and second terms in Equations (S39) and (S40) represent the ohmic and diffusive 

losses, respectively, through the ion-exchange layers. Notably, evaluating the summed 

integral within Equations (S39) and (S40) is equivalent to calculating the electrostatic 

potential drop across a given ion-exchange layer, meaning that potential losses in the 

bulk membranes are fully described by ohmic and diffusive losses.  
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S2. Table of Parameters Employed in Model 
 
Table S1: List of parameters employed in model. 

SPECIES DIFFUSIVITY UNITS REFERENCE 

𝑫𝐊! 1.96	 ×	10]P m2 s−1 16 

𝑫𝐍𝐚! 1.33	 ×	10]P m2 s−1 16 

𝑫𝐂𝐥$ 2.03	 ×	10]P m2 s−1 6 

𝑫𝑯! 6.9645	 ×	10]P m2 s−1 4 

𝑫𝐎𝐇$ 4.96	 ×	10]P m2 s−1 4 

𝑫𝑯𝑪𝑶𝟑
$ 1.18 ×	10]P m2 s−1 16 

𝑫𝑪𝑶𝟑
𝟐$	 9.55	 ×	10]J$ m2 s−1 16 

𝑫𝑪𝑶𝟐 1.91	 ×	10]P m2 s−1 17 

Table S2: List of buffer reaction constants  
REACTION CONSTANT UNITS REFERENCE 

𝑲𝟏 1	 ×	10]JN  18 

𝒌𝟏 2.861	 M s−1 18 

𝑲𝟐 4.27 × 10]Q  18 

𝒌𝟐 0.0371 M s−1 18 

𝑲𝟑 4.58	 ×	10]JJ  18 

𝒌𝟑 59.44 M s−1 18 

𝑲𝟒 4.27	 ×	10Q  18 



Supporting Information Energy and Environmental Science 
 

15 
 

𝒌𝟒 2.23	 ×	10\ M s−1 18 

𝑲𝟓 4.58	 ×	10\  18 

𝒌𝟓 6.0	 ×	10P	 M s−1 18 

Table S3: List of membrane properties employed in model. 
SPECIES PARAMETER UNITS REFERENCE 

𝑰𝑬𝑪𝑪𝑬𝑴 1.8 mmol g−1 19 

𝝆𝑪𝑬𝑴 1 g mL−1 19 

𝑳𝑪𝑬𝑴 80 µm 19 

𝝀𝑪𝑬𝑳,𝒇𝐇!C𝟎 6  19 

𝝀𝑪𝑬𝑳,𝒇𝑯!C𝟏	 9  19 

𝑰𝑬𝑪𝑨𝑬𝑴 1.8 mmol g−1 19 

𝝆𝑨𝑬𝑴 1 g mL−1 19 

𝑳𝑨𝑬𝑴 80 µm 19 

𝝀𝑨𝑬𝑳,𝒇𝑶𝑯$C𝟎	 6  19 

𝝀𝑨𝑬𝑳,𝒇𝑶𝑯$C𝟏 9  19 

𝜺𝑯𝟐𝑶,𝑴
𝜺𝟎

 53.5  20 

𝜺𝑴
𝜺𝟎

 3.5  20 
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Table S4: List of concentrations in simulated seawater. 
SPECIES PARAMETER UNITS REF NOTES 

𝒄𝑵𝒂! 0.5 M 21  

𝒄𝑪𝒍$ 0.5 without 
divalent cations 
0.626 with 
divalent cations 

M 21 When running 
simulations with 
Ca+ and Mg2+, 
this value was 
adjusted 
accordingly to 
maintain 
electroneutrality. 

𝒄𝑯𝑪𝑶𝟑$ 	 0.0021 M 21  

𝒄𝑪𝑶𝟑𝟐$ 2.03×10–5 M 21  

𝒄𝑪𝑶𝟐 2.25×10–5 M 21  

𝒄𝑴𝒈𝟐! 	 0.053 M 21 Only present in 
simulations for 
divalent 
contaminants. 

𝒄𝑪𝒂𝟐! 0.010 M 21 Only present in 
simulations for 
divalent 
contaminants. 

Table S5: List of fit parameters employed in model. 
SPECIES PARAMETER UNITS NOTES 

𝑳𝐉𝐮𝐧𝐜𝐭𝐢𝐨𝐧 3.5 nm Matches 𝐿𝐉𝐮𝐧𝐜𝐭𝐢𝐨𝐧 
value from Ref. 
27.19 

𝒒 1 A. U. Matches 𝒒 value 
from Ref. 27.19 

𝜶𝑾𝑫 0.33 A. U.  

𝜺𝒍,𝑪𝑳 0.253 A. U. Catalyst layer pore 
volume. fraction 
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S3. Schematic of Experimental Cell for BPM Measurement 

 
Figure S1: Cross sectional schematic of the five-chamber electrodialysis cell employed for 
experimental testing. 
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S4. CO2 Efflux With and Without Phase Transfer 
 

 
Figure S2: (a) Effect of CO2 bubbling on the catholyte CO2 flux for a BPM immersed in 1 M KHCO3 
as a function of applied current density. (b) Deconvoluted aqueous and bubble CO2 fluxes for a 
BPM immersed in 1 M KHCO3 as a function of applied current density. 

S5. Comparison of Experiment and Simulation, i < 20 mA cm–2 
 

 
Figure S3: Comparison of experimental (markers) and simulated (solid lines) polarization curves 
from the 4-probe BPM measurement in various electrolytes for i < 20 mA cm–2 (within the salt 
crossover and bicarbonate dissociation regime). 
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S6: Understanding the Curve Shape of BPM Polarization Curves 
in Carbon-Containing Electrolytes 
 

To resolve the origin of the early onset of electric-field-enhanced water 

dissociation, as well as to understand why the seawater BPM achieves higher current 

density for water dissociation at later voltages, the rates of dissociation reactions in the 

CL were replotted as a function of the maximum value of the electric field in the CL 

(Figures S4-S7). We choose to replot these dissociation rates as a function of maximum 

electric field, because the electric field is the driving force for the dissociation reactions in 

the CL. Additionally, we deconvolute the net dissociation rates into their contribution 

from the forward (dissociation) and reverse (recombination) pathways to evaluate which 

direction of the equilibrium reaction is affected by the change in electrolyte composition. 

First, we note that the seawater BPM possesses a larger maximum electric field than the 

1 M KHCO3 BPM at all applied potentials (Figure S4), and this relative increase in the 

interfacial electric field for the seawater BPM explains its greater current density observed 

at larger potentials where electric-field-enhanced water dissociation is dominant.  

Next, we note that when the rate for the forward direction of water dissociation 

(𝑟5 = 𝑘J(𝐸)𝑎1) is plotted against the electric field, it is unaffected by the choice of 

electrolyte (Figure S5a). This is intuitive, since we are plotting against the electric field, 

and these systems both possess a water activity of unity in the simulation, so all things 

equal, there should be no change in the forward rate of water dissociation. Conversely, 
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the simulation reveals that the presence of KHCO3 noticeably reduces the rate of the 

reverse, recombination, reaction (𝑟3 = 𝑘]J(𝐸)𝑎!!𝑎#!$)) compared to the seawater case 

(Figure S5b).  

Further analysis of the average concentration of (bi)carbonate species, protons, 

and hydroxide anions within the BPM CL (Figure S11-S12) elucidates how the 1 M 

KHCO3 electrolyte suppresses H+-OH– recombination at low potentials. The simulations 

reveal that HCO3– anion species react readily with OH– within the BPM CL to form CO32– 

through homogeneous reaction (Figure S10), scavenging OH– formed in the forward, 

dissociation reactions, and reducing the relative rate of H+-OH– recombination. 

Consequently, the reduction in H+-OH– recombination rate incurred upon application of 

the KHCO3 electrolyte manifests in a seemingly accelerated onset of the net water 

dissociation reaction in a 1 M KHCO3 electrolyte. Importantly, when the HCO3– anions in 

the junction are fully depleted (at ~0.75 V), the rate of recombination for the seawater and 

1 M KHCO3 BPMs become equal for a given electric field driving force (Figure S5, S8). 
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Figure S4: Simulated maximum electric field in the CL as a function of applied membrane 
potential for a BPM immersed in 1 M KHCO3 (solid blue line) and simulated seawater (orange 
dashed lines). 

 

Figure S5: Calculated current generated by water dissociation as a function of maximum electric 
field in the CL for a BPM immersed in 1 M KHCO3 (blue solid lines) and seawater (orange dashed 
lines). (a) Dissociation rate integrated within catalyst layer (𝐹 ∫ 𝑘!(𝐸)𝑎"𝑑𝑥#!"

). (b) Recombination 
rate (𝐹 ∫ 𝑘$!(𝐸)𝑎%#𝑎&%$𝑑𝑥#!"

). (c) Total rate (𝐹 ∫ 𝑅!𝑑𝑥#!"
). 
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Figure S6: Calculated current generated by CO2 dissociation as a function of maximum electric 
field in the CL for a BPM immersed in 1 M KHCO3 (blue solid lines) and seawater (orange dashed 
lines). (a) Dissociation rate integrated within catalyst layer (𝐹 ∫ 𝑘'(𝐸)𝑎"𝑎(&%𝑑𝑥#!"

). (b) 
Recombination rate (𝐹 ∫ 𝑘$'(𝐸)𝑎%#𝑎%(&&$𝑑𝑥#!"

). (c) Total rate (𝐹 ∫ 𝑅'𝑑𝑥#!"
). 

 
Figure S7: Calculated current generated by bicarbonate dissociation as a function of maximum 
electric field in the CL for a BPM immersed in 1 M KHCO3 (blue solid lines) and seawater (orange 
dashed lines). (a) Dissociation rate integrated within catalyst layer (𝐹 ∫ 𝑘)(𝐸)𝑎%(&&$𝑑𝑥#!"

). (b) 
Recombination rate (𝐹 ∫ 𝑘$)(𝐸)𝑎%#𝑎(&&%$𝑑𝑥#!"

). (c) Total rate 𝐹 ∫ 𝑅)𝑑𝑥#!"
). 
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Figure S8: Difference in water (a) dissociation and (a) recombination current density between a 
BPM immersed in 1 M KHCO3 and simulated seawater as a function of maximum electric field 
within the catalyst layer. 

 
Figure S9: Calculated species interconversion between CO2 and HCO3– as a function of maximum 
electric field in the CL for a BPM immersed in 1 M KHCO3 (blue solid lines) and seawater (orange 
dashed lines). (a) Forward rate integrated within catalyst layer (∫ 𝑘*(𝐸)𝑎(&%𝑎&%$𝑑𝑥#!"

). (b) 
Recombination rate (∫ 𝑘$*(𝐸)𝑎%(&&$𝑑𝑥#!"

). (c) Total rate ∫ 𝑅*𝑑𝑥#!"
). 
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Figure S10: Calculated species interconversion between HCO3– and CO32– as a function of 
maximum electric field in the CL for a BPM immersed in 1 M KHCO3 (blue solid lines) and 
seawater (orange dashed lines). (a) Forward rate integrated within catalyst layer 
(∫ 𝑘+(𝐸)𝑎%(&&$𝑎&%$𝑑𝑥#!"

). (b) Recombination rate (∫ 𝑘$+(𝐸)𝑎(&&%$𝑑𝑥#!"
). (c) Total rate ∫ 𝑅+𝑑𝑥#!"

). 

  
) 
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S7: Calculated Average Concentrations within the BPM CL 
 

 
Figure S11: Calculated average (a) H+, (b) OH–, and (c) product of H+ and OH– concentrations 
within the BPM CL as a function of maximum electric field in the CL. 

 
Figure S12: Calculated average bicarbonate (blue) and carbonate (red) concentration within the 
BPM catalyst layer for a BPM immersed in (a) 1 M KHCO3 and (b) simulated seawater. 
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S8: Concentration Profiles for a BPM Immersed in 1 M KHCO3 

 

 
Figure S13: Simulated concentration profiles of (a) HCO3–, (b) CO32–, (c) dissolved CO2, and (d) 
H+ within a BPM immersed in 1 M KHCO3 at applied membrane voltages of 0 V, 0.2 V, 0.5 V, and 
1.0 V. Zoomed into the AEL|CEL interface. Grey-dashed line in panel (c) denotes the solubility 
limit of CO2 in water.  
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Figure S14: Simulated concentration profiles of (a) OH–, and (b) pH within a BPM immersed in 1 
M KHCO3 at applied membrane voltages of 0 V, 0.2 V, 0.5 V, and 1.0 V.  

 
Figure S15: Simulated concentration profiles of (a) OH–, and (b) pH within a BPM immersed in 1 
M KHCO3 at applied membrane voltages of 0 V, 0.2 V, 0.5 V, and 1.0 V. Zoomed into the AEL|CEL 
interface. 
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Figure S16: Simulated concentration profiles of K+ within a BPM immersed in 1 M KHCO3 at 
applied membrane voltages of 0 V, 0.2 V, 0.5 V, and 1.0 V.  

 
Figure S17: Simulated concentration profiles of K+ within a BPM immersed in 1 M KHCO3 at 
applied membrane voltages of 0 V, 0.2 V, 0.5 V, and 1.0 V. Zoomed into the AEL|CEL interface. 
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S9: Concentration Profiles for a BPM Immersed in Seawater 
 

 
Figure S18: Simulated concentration profiles of (a) HCO3–, (b) CO32–, (c) CO2, and (d) H+ within a 
BPM immersed in simulated seawater at applied membrane voltages of 0 V, 0.5 V, and 1.0 V.  
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Figure S19: Simulated concentration profiles of (a) HCO3–, (b) CO32–, (c) CO2, and (d) H+ within a 
BPM immersed in simulated seawater at applied membrane voltages of 0 V, 0.2 V, 0.5 V, and 1.0 
V. Zoomed into AEL|CEL interface. 
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Figure S20: Simulated profiles of (a) OH–, (b) pH, (c) Cl–, and (d) Na+ within a BPM immersed in 
simulated seawater at applied membrane voltages of 0 V, 0.5 V, and 1.0 V.  
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Figure S21: Simulated profiles of (a) OH–, (b) pH, (c) Cl–, and (d) Na+ within a BPM immersed in 
simulated seawater at applied membrane voltages of 0 V, 0.5 V, and 1.0 V. Zoomed into AEL|CEL 
interface. 
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S10: Electrostatic Potential Profiles 

 
Figure S22: Simulated electrostatic potential profile of a BPM immersed in 1 M KHCO3 operating 
at 0 V, 0.2 V, 0.5 V, and 1.0 V. 

 
Figure S23: Simulated (a) electrostatic potential and (b) electric field profile of a BPM immersed 
in 1 M KHCO3 operating at 0 V, 0.2 V, 0.5 V, and 1.0 V. Zoomed into AEL|CEL interface. 
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Figure S24: Simulated electrostatic potential profile of a BPM immersed in simulated seawater 
operating at 0 V, 0.5 V, and 1.0 V. 

 
 
Figure S25: Simulated (a) electrostatic potential and (b) electric field profile of a BPM immersed 
in simulated seawater operating at 0 V, 0.5 V, and 1.0 V. Zoomed into AEL|CEL interface. 
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S11: Deviation of Homogeneous Reactions from Equilibrium 
S11.1 Definition of Equilibrium Deviation 
The equilibrium deviation of a given homogeneous buffer reaction is defined as follows: 
 

𝐾' 	𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 =
𝑘'∏ 𝑎'

]�I,1
�I,1�$

𝑘]'∏ 𝑎'
�I,1

�I,1�$
 (S41) 

If the forward and backward rates are equal, (their ratio is 1), the reactions are in 
equilibrium. If the ratio is greater than 1, the forward rate is favored, and if the ratio is 
less than 1, the reverse rate is favored. 
 
S11.2 Simulated Equilibrium Deviation 
 

 
Figure S26: (a-d) Simulated deviation of homogeneous reactions (2-5) from equilibrium within a 
BPM immersed in 1 M KHCO3. 
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Figure S27: (a) Simulated deviation of homogeneous reaction (1) from equilibrium within a BPM 
immersed in 1 M KHCO3. (b) Simulated pH + pOH within a BPM immersed in 1 M KHCO3. 

 
Figure S28: (a-d) Simulated deviation of homogeneous reactions (2-4) from equilibrium within a 
BPM immersed in simulated seawater. 
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Figure S29: (a) Simulated deviation of homogeneous reaction (1) from equilibrium within a BPM 
immersed in simulated seawater. (b) Simulated pH + pOH within a BPM immersed in simulated 
seawater. 

S12. Breakdown of BPM Current Density in a BPM in 1 M 
KHCO3, i < 20 mA cm–2 

 
Figure S30: Breakdown of BPM current density in the CEL and AEL of a BPM immersed in 1 M 
KHCO3 for i < 20 mA cm–2. Orange area represents current density carried by K+. Blue area 
represents current carried by (bi)carbonates. Grey area represents current density carried by 
protons or hydroxides in the CEL or AEL, respectively. 
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S13: Effective Transference Number Profiles for a BPM 
Immersed in 1 M KHCO3 

 
Figure S31: Simulated effective transference profiles of (a) HCO3–, (b) CO32–, (c) OH–, and (d) H+ 
within a BPM immersed in 1 M KHCO3 at applied membrane voltages of 0 V, 0.2 V, 0.5 V, and 1.0 
V.  
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Figure S32: Simulated effective transference number profiles of K+ within a BPM immersed in 1 
M KHCO3 at applied membrane voltages of 0 V, 0.2 V, 0.5 V, and 1.0 V.  

S14: Effective Transference Number Profiles for a BPM 
Immersed in Seawater 
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Figure S33: Simulated effective transference number profiles of HCO3–, CO32–, H+, OH–, and K+ 

within a BPM immersed in simulated seawater at applied membrane voltages of (a) 0 V, (b) 0.5 
V, and (c) 1.0 V.  

 
Figure S34: Simulated transference number profiles of (a) HCO3–, (b) CO32–, (c) OH–, and (d) H+ 
within a BPM immersed in simulated seawater at applied membrane voltages of 0 V, 0.5 V, and 
1.0 V.  
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Figure S35: Simulated effective transference number profiles of (a) Cl–, (b) Na+ within a BPM 
immersed in simulated seawater at applied membrane voltages of 0 V, 0.5 V, and 1.0 V.  

S15: Water Dissociation Efficiency of BPM in 1 M KHCO3 and 
Simulated Seawater 

 
Figure S36: Water dissociation efficiency (defined as the integration of the rate of WD in the WD 
CL divided by the total current density) as a function of applied membrane potential for a BPM 
immersed in (a) 1 M KHCO3 and (b) simulated seawater. 

S15.1 Definition of Water Dissociation Efficiency 
The water dissociation efficiency is calculated using the following expression. 
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𝜂VW =
𝐹 ∫ 𝑅J𝑑𝑥)(,

𝑖h�2
 (S42) 

where iBPM is defined as the total ionic current passed through the BPM. 

S16: Zoomed Inset of Coulombic Efficiency and Energy Intensity 
for i < 10 mA cm–2 

 

Figure S37: Simulated (a) coulombic efficiency and (b) energy intensity of CO2 regeneration via 
BPM-ED for EMCC from 1 M and 0.5 M KHCO3 as well as for DOC in simulated seawater for i < 
10 mA cm–2. 
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S17: Note on Inflection Point in CO2 Regeneration Rate  
 

 
Figure S38: Equilibrium deviation for CO2 regeneration within the catholyte as a function of 
position and applied current density. 

 

 
Figure S39: Local concentration of CO32– within the catholyte as a function of position and applied 
current density. 
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S17.1 Supplementary Note on Catholyte Equilibrium and Inflection Point in CO2 

Regeneration Rate Curve 
 
The inflection point observed in the rate of CO2 efflux is an interesting phenomenon, and 

can be described by analyzing the equilibrium of reaction (2) in the catholyte (Figure S31), 

as well as the local CO32– concentration (Figure S32). For current densities below the 

inflection point (i < 25 mA cm–2), the equilibrium of reaction (2), is approximately in 

equilibrium and not serving as a net-generator of CO2. This is due to the presence of CO32– 

within the catholyte. CO32– anions consume water-dissociation-generated H+ to form 

HCO3– by reaction (3), which in turn affects the equilibrium of reaction (2). However, 

beyond the inflection point (i > 25 mA cm–2), CO32– is almost completely consumed within 

the catholyte, and reaction (2) is driven in the direction of CO2 generation due to a surplus 

of H+ present at the CEL|cBL interface. Essentially, the inflection in the coulombic 

efficiency and energy intensity are due to the competitive reaction of H+ with CO32–. Once 

all CO32– in the catholyte is consumed, the H+ generated by water dissociation can be used 

for CO2 regeneration. 
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S18: Fluxes and Efficiencies of Sorbent Regeneration within the 
AEL 
 

 
Figure S40: Flux of (a,b) HCO3– and (c,d) CO32– out of the (a,c) catholyte and (b,d) anolyte as a 
function of applied BPM current density. The coulombic efficiency of sorbent regeneration is 
related to the transference number of CO32– at the anolyte boundary because when the 
transference number for CO32– is 2, then all the ionic current within the AEL is going towards the 
conversion of HCO3– to CO32-. 
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Figure S41: Current density of CO32– out of the anolyte boundary as a function of applied current 
density. 

S19: Effect of pH Gradient Operation on Polarization Curve and 
Efficiencies 
 

 
Figure S42: Effect of pH gradient operation on (a) polarization curve and (b) CO2 conversion 
coulombic efficiency. 
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Figure S43: Effect of pH gradient operation on transferences of fluxes of (bi)carbonates into or 
out of the (a,c) catholyte, and (b,d) anolyte.  
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S20: Effect of Boundary-Layer Thickness on Polarization Curve 
and CO2 Bubbling 
 

 
Figure S44: Effect of boundary-layer thickness on the BPM polarization curve (with bubble 
coverage effects deconvoluted) for a BPM immersed in (a) 1 M KHCO3 and (b) simulated 
seawater. 

 
Figure S45: Effect of boundary-layer thickness on the catholyte CO2 flux for a BPM immersed in 
(a) 1 M KHCO3 and (b) simulated seawater. 
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Figure S46: Effect of boundary layer thickness on the simulated bubble coverage on the CEL. 
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S21: Experimental Analysis of Flowrate Effects 
S22.1 Supplementary Experimental Methods for Flowrate Experiments 
Commercial Fumasep BPMs were used for all experiments. All tests were performed in 

our custom electrodialysis flow cell described in Section 2.2, flowing 1 M KHCO3 (unless 

otherwise stated). Stirring in the acid and base chambers was implemented for all 

experiments to minimize mass transport effects other than flow. Chronopotentiometry 

measurements were stepped from 0 to 100 mA cm-2, holding for 2 min at each current and 

measuring the resulting voltage across the BPM. Average and standard deviation of the 

voltage at each current step with the calculated for the final 60 seconds of each step. The 

standard deviation of the voltage was then used as a metric to determine the amount of 

bubbling at each current.  

 
Figure S47: Experimental measurements of bubbling at CEL surface of Fumasep BPM with 
varying flow rate. a) Comparison of the current density at which bubbling begins based on flow 
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rate through the cell, via standard deviation of measured voltage. Voltage vs. time for current 
step measurements at b) 0.2 mL min-2, c) 1 mA cm-2, and d) 5 mA cm-2.  

 
Figure S48: Polarization curves depicting average voltage vs. current density for Fumasep tested 
in a) 1 M KHCO3 and b) 0.5 M NaCl.  
 
S22: Effect of Bubbling on Polarization Curve and CO2 
Generation 
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Figure S49: Impact of bubble induced resistances on BPM polarization curves for BPMs immersed 
in (a,b) 1 M KHCO3 and (c,d) 0.5 M KHCO3. 

S23: Impact of Divalent Cations 
 

 
Figure S50: Effect of divalent cations on (a) polarization behavior and (b) CO2 regeneration rate 
for a BPM immersed in seawater. 

 
Figure S51: Catalyst layer (a) water dissociation rate and (b) electric field for the BPM immersed 
in seawater with and without divalent cations. 
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Figure S52: Transference number profiles of (a) Ca2+ and (b) Mg2+ at transmembrane potentials of 
0, 0.5, and 1.0 V for BPMs immersed with seawater containing divalent cations. 

 
Figure S53: Concentration profiles (a) HCO3–, (b) CO32–, (c) CO2, and (d) H+ at transmembrane 
potentials of 0, 0.5, and 1.0 V for BPMs immersed with seawater containing divalent cations.  
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Figure S54: Concentration profiles (a) Mg2+, (b) Ca2+, (c) Cl–, and (d) Na+ at transmembrane 
potentials of 0, 0.5, and 1.0 V for BPMs immersed with seawater containing divalent cations.  

S23.1 Supplementary Note on Impact of Ions on Terminal Electrode Performance 
At the terminal anode, the presence of Cl– ions could lead to Cl2 evolution (ClER) at the anode, 
because Cl2 evolution, while more thermodynamically unfavorable than O2 evolution (OER), is 
more kinetically facile. Fortunately, the selectivity of OER over ClER is highly pH dependent, 
with OER being nearly perfectly selective at high pH.22 Correspondingly, if one ensures that the 
anode feed is sufficiently alkaline, the ClER reaction can be suppressed. Furthermore, BPMs 
placed in reverse bias to alkalinize the anode have been shown to be successful in suppressing 
anodic ClER, further justifying their implementation in processes with impure feeds.23 At the 
terminal cathode, Mg(OH)2 or Ca(OH)2 scaling can also be prevented by implementing a BPM in 
reverse bias adjacent to the cathode. WD-generated H+ ensure the cathode environment remains 
sufficiently acidic as to circumvent formation of solid hydroxides.24 Correspondingly, BPMs 
possess great promise for both performing capture, as well as for enhancing durability in 
electrochemical systems with impure feeds. These durability effects are beyond the scope of the 
present work and will be a deep area of future exploration. 
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S24: Sensitivity Analysis 
 

 
Figure S55: Effect of ion-exchange capacity on BPM polarization curve for a BPM immersed in 
(a) 1 M KHCO3 and (b) simulated seawater. 

 
Figure S56: Effect of ion-exchange capacity on catholyte CO2 efflux for a BPM immersed in (a) 1 
M KHCO3 and (b) simulated seawater. 
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Figure S57: Effect of water dissociation transfer coefficient on BPM polarization curve for a BPM 
immersed in (a) 1 M KHCO3 and (b) simulated seawater. 

S24.1 Supplementary Note on Sensitivity to Membrane Thickness and Water 
Uptake 
 

Sensitivity analysis was also performed to discern the impacts of CEL or AEL 

thickness. Thickness sensitivity is particularly relevant given recent studies showing that 

thinning one of the membrane layers is vital to facilitate water transport to the junction 

and enable high current densities (> 500 mA cm–2).7,25 As seen in Figure S58, decreasing 

the thickness of the AEL increases the performance for the BPM for DAC operated in 1 M 

KHCO3, by increasing the rate of HCO3– dissociation. HCO3– dissociation is enhanced 

with thinner AELs because of improved delivery of HCO3– to the high field region of the 

BPM. However, while the thinner AEL improves the rate of CO2 recovery by providing 

greater H+ flux via bicarbonate dissociation, greater K+ crossover occurs because the thin 

AEL is less capable of excluding K+ cations thermodynamically from the BPM. For the 



Supporting Information Energy and Environmental Science 
 

57 
 

case of the thin CEL in DAC systems, the performance is only slightly enhanced, due to 

reduced ohmic losses through the thinner CEL. For DOC systems immersed in seawater, 

the results are similar, with the caveat that the concentration of HCO3– in seawater is too 

dilute to observe improvements in HCO3– dissociation. Thinning the individual layers of 

the BPM improves performance by reducing ohmic losses. However, these reduced 

ohmic losses come at the expense of increased co-ion crossover due to poorer electrostatic 

exclusion of co-ions from the BPM.  

 

 
Figure S58: Effect of AEL or CEL thickness on (a) BPM polarization curve (b) CO2 regeneration 
rate, and (c) K+ crossover for a BPM immersed in 1 M KHCO3 electrolyte. 
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Figure S59: Effect of AEL or CEL thickness on (a) BPM polarization curve (b) CO2 regeneration 
rate, and (c) Na+ crossover, and (d) Cl– crossover for a BPM immersed in simulated seawater. 

An alternative method for improving water transport is to increase the BPM water uptake 

(moles of water per moles of fixed charge).26,27 Fumasep has notably low water uptake 

(𝜆 = 9)28 compared to Nafion (𝜆 = 21)29 or Piperion (𝜆 = 20)30, membranes that have been 

commonly employed in next-generation BPMs.7,31,32 Simulations with BPMs containing 

water uptakes 2× that of Fumasep (𝜆 = 18), on par with Nafion or Piperion, show that 

enhanced water uptake results in marginal improvements in polarization performance, 

reducing ohmic losses in both DAC and DOC electrolytes (Figures S60-61), as well as 

enhancing the rate of HCO3– dissociation in systems with high concentrations of HCO3–. 
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However, as with modulating thickness, enhancements from improved water uptake 

come at the cost of increased co-ion leakage. These results indicate that there is a tradeoff 

between BPM energy efficiency and co-ion leakage, similar to the throughput-selectivity 

tradeoff observed in reverse osmosis membranes.33 

 
Figure S60: Effect of BPM water uptake on (a) BPM polarization curve (b) CO2 regeneration rate, 
and (c) K+ crossover for a BPM immersed in 1 M KHCO3 electrolyte. 
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Figure S61: Effect of BPM water uptake on (a) BPM polarization curve (b) CO2 regeneration rate, 
and (c) Na+ crossover, and (d) Cl– crossover for a BPM immersed in simulated seawater. 

S24.2 Supplementary Note on “Optimal BPM” Simulations 
 
To develop a sensitivity analysis for an “Optimal BPM”, the model was fit to polarization 

data collected using a recently developed freestanding BPM with a 3D-junction capable 

of achieving high WD rates at low applied overpotentials.34 The polarization data as 

originally reported was IR-corrected, but the model captures IR losses in the BPM and 

electrolyte, so the IR correction in the experimental data was removed for comparison. 

The Pintauro BPM is reported to have a greater fixed charge of approximately 5 M, so the 

fixed charge in each layer of the simulated optimal BPM was multiplied by a factor of 2, 



Supporting Information Energy and Environmental Science 
 

61 
 

and 𝛼VW was set to a value of 0.5 to account for the advanced 3D-junction WD catalyst. It 

is important to note that other membrane properties (thickness, water uptake, etc.) were 

not changed due to those parameters not having substantial effect on energy 

requirements for the BPM, along with a lack of measured transport properties, water 

uptake isotherms, etc. for the novel BPM. Thus, while the “Optimal BPM” was fit to have 

near identical polarization behavior to the reported BPM by changing IEC and 𝛼VW, all 

other properties are that of the Fumasep BPM, so it is not a perfect 1:1 comparison. 

Nonetheless, developing simulations matching the current-voltage behavior is more than 

sufficient for the purposes of the sensitivity analysis and facilitates a theoretical estimate 

of the floor for energy requirements when employing state-of-the-art BPMs. 

 
Figure S62: Comparison of (a) “optimal BPM” as simulated and (b) experimental polarization 
curve collected by Pintauro et al.34 for a BPM with a 3D-junction operating in 0.5 M Na2SO4. 
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Figure S63: Applied-voltage breakdown as simulated for (a) commercial Fumasep BPM, and (b) 
optimal BPM. 

S25: Theoretical Analysis of Performance in a BPM-ED Stack 
 
Calculations of the energy intensity and total cell potential were calculated for both the 

Fumasep and Optimal BPM operating at 100 mA cm–2. The BPM potential and Coulombic 

efficiencies are determined from the simulation for each of these BPMs as follows: 

Table S6: List of calculated voltages and efficiency from continuum model that are 
employed in the process-level calculation. 

PARAMETER VALUE UNITS 

𝑽𝑩𝑷𝑴,𝑭𝒖𝒎𝒂𝒔𝒆𝒑(𝒋 = 𝟏𝟎𝟎	[𝐦𝐀	𝐜𝐦]𝟐]) 1.059 V 

𝑽𝑩𝑷𝑴,𝑶𝒑𝒕𝒊𝒎𝒂𝒍(𝒋 = 𝟏𝟎𝟎	[𝐦𝐀	𝐜𝐦]𝟐]) 0.806 V 

𝜼𝑪𝒐𝒖𝒍𝒐𝒎𝒃,𝑭𝒖𝒎𝒂𝒔𝒆𝒑(𝒋

= 𝟏𝟎𝟎	[𝐦𝐀	𝐜𝐦]𝟐]) 

0.893 A. U. 
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𝜼𝑪𝒐𝒖𝒍𝒐𝒎𝒃,𝑶𝒑𝒕𝒊𝒎𝒂𝒍(𝒋

= 𝟏𝟎𝟎	[𝐦𝐀	𝐜𝐦]𝟐]) 

0.879 A. U. 

The performance of the overall BPM stack can then be calculated by the following 

expression. 

𝑉�cb&© = (𝑉bª«t4 − 𝑉&bca«t4 + 𝑛𝑉�«a¬'& + 𝑛𝑉h�2) (S43) 

where 𝑉bª«t4 and 𝑉&bca«t4 are the potentials of the anode and cathode, respectively, 𝑉�«a¬'& 

is the ohmic loss per unit cell, and 𝑉h�2 is the potential drop through the BPM as shown 

in Table S6. n represents the number of BPMs in the stack.  

Next, we normalize the voltage to the number of BPMs in the stack, because the CO2 

regeneration occurs for each BPM, so when calculating the energy intensity, it should be 

on a per BPM unit basis. 

𝑉��cb&© =
(𝑉bª«t4 − 𝑉&bca«t4 + 𝑛𝑉�«a¬'& + 𝑛𝑉h�2)

𝑛  (S44) 

The energy intensity of the stack, 𝐸�cb&©,can be calculated as  

𝐸�cb&© = 𝐹
𝑖�cb&©𝑉��cb&©
𝑖�cb&©𝜂"«­`«¬S

 (S45) 

where istack is the current density passed through the stack. 

We assume HER and OER in acid and base, at the anode and cathode, respectively: 

2𝐻K + 2𝑒] → 𝐻%|	𝑈$ = 0	𝑉	𝑣𝑠. 𝑅𝐻𝐸	(𝑝𝐻 = 0) (S46) 

4𝑂𝐻] → 2𝐻%𝑂 + 2𝑂% + 2𝑒]|	𝑈$ = 0.40	𝑉	𝑣𝑠. 𝑅𝐻𝐸	(𝑝𝐻 = 14)	 (S47) 
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Assuming 100 mV of overpotential to drive each reaction at 100 mA cm–2, we determine 

𝑉bª«t4 = 0.5	𝑉	𝑣𝑠. 𝑅𝐻𝐸 and 𝑉&bca«t4 = −0.1	𝑉	𝑣𝑠. 𝑅𝐻𝐸. Next, since we have found that thin 

buffer electrolyte layers (~10 𝜇𝑚) are sufficient to enable significant conversion of the fed 

(bi)carbonate, and high flow and thinner boundary layers enable better bubble 

management, a stack design with very thin electrolyte layers will likely be optimal for 

performance. Thus, we assume a conservative ohmic potential loss per unit (𝑉�«a¬'&) of 50 

mV per unit. Using these values, normalized stack potentials and energy intensity can be 

calculated as follows for BPMs operating at 100 mA cm–2. 

 

Figure S64: (a) Normalized stack potential and (b) Energy intensity of the stack as a function of 
number of BPMs in the BPM-ED stack. 
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S26. Nomenclature 

Roman 

ai Activity of species i 
ci Concentration of species i (M) 
Di Diffusivity of species i (m2 s−1) 
E Electric field (V m−1) 
fi Activity coefficient of species i 
F Faraday constant (C mol−1) 
G Gibbs free energy (J mol−1) 
IEC Ion Exchange capacity (mmol g−1) 
kB Boltzmann constant (J K−1) 
Kn Equilibrium constant in reaction n 
kn Forward rate constant of reaction n (mol m–3 s−1) 
L Length (m) 
lB Bjerrum Length (m) 
Mi Molar mass of species i (g mol-1) 
Ni Molar flux of species i (mol m-2 s-1) 
R Ideal gas constant (J mol-1 K-1) 
RB.i Source term for species i (mol m-3 s-1) 
si,n Stoichiometric coefficient of species i in reaction n 
T Temperature (K) 
x 1-dimensional position variable (m) 
zi Charge of ion i 

 
Greek 
 
β Non-dimensional electric field scaling factor (m V-1) 
ε Dielectric permittivity (F m−1) 
λ Water content 
µ Chemical potential of species i (J mol-1) 
ξ Species-membrane/Species-water diffusivity ratio 
ρ Density (g cm−3) 
σ Dimensionless dissociation bond length 
𝛷 Electrostatic potential (V) 
𝜀k Volume fraction of phase k 
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Subscript 
 
char Characteristic 
eff Effective 
i Species index 
M Value in membrane 
w Value in water 

 
Superscript 
 
0 Intrinsic value or standard state 
E Electric field dependence 

 
Acronyms 
 
aBL Anolyte boundary layer 
AEL Anion exchange layer 
BPM  Bipolar membrane 
cBL Catholyte boundary layer 
CEL Cation exchange layer 
CL Catalyst layer 
WD Water dissociation 
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