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As an alternative to proton exchange membrane fuel cells 
(PEMFCs), hydroxide exchange membrane fuel cells 
(HEMFCs) hold promises to reach the system cost target 

of US$30 per kW (ref. 1). The HEMFC’s less corrosive, alkaline 
environment offers stack cost advantages including cheaper cata-
lysts, bipolar plates and membranes2–7. The past few years have 
witnessed the rapid progress in HEMFC development, including 
the demonstration of alkaline-stable membranes8–15, inexpensive 
cathode catalysts16–21 and high-performance single cells of increas-
ing durability22,23. However, one major remaining barrier is the 
deleterious effect of atmospheric CO2, which readily reacts with 
hydroxide anions at the HEMFC cathode forming carbonates, and 
thereby brings about a substantial loss in cell performance due to 
reduction of pH at the anode where carbonates accumulate and, 
to a lesser degree, the reduced ionic conductivity of the polymer 
electrolyte24–26.

Traditional approaches to remove CO2 from the air, such as irre-
versible CO2 sequestration using an aqueous alkaline solution27 
or solid sorbents28–30, and/or thermal swing CO2 adsorption using 
amine-functionalized resins31,32, fall short of demands of system sim-
plicity, particularly in transport applications. Recently, there has been 
growing interest in electrochemical CO2 capture methods for various 
CO2 containing streams, including air, ocean and flue gases33–42, which 
could be more energy efficient compared with other CO2 removal 
methods. Among those, an electrochemically driven CO2 separator 
(EDCS) based on a hydrogen-powered cell with an anion-conducting 
membrane was developed for HEMFC applications, showing 
good CO2 separation efficacy at low hydrogen consumption43. The 
CO2-mitigated HEMFC system is shown in Supplementary Fig. 1. A 
similar EDCS has also been demonstrated for enabling use of ambient 
air as feed for an operating HEMFC44. However, as long as an EDCS 
uses fuel cell components such as bipolar plates, current collectors 
and a load control system, scaling up the EDCS and integrating it in 

a HEMFC power system remains a challenge considering the volume 
and cost limitations defined by the application.

To completely free the EDCS from the conventional fuel cell 
components, we decided to internally short-circuit the EDCS via a 
shorted membrane that can transport anions and electrons simul-
taneously. One important advantage of this shorted membrane 
approach is that it allows the catalysed membrane to be packaged, 
like a typical gas or liquid separation membrane, into a spiral-wound 
module that is known to have a high separation area to volume ratio 
and is compact. However, the shorted membrane configuration also 
presents challenges such as control of the current density.

Here, we report an internally shorted HEMFC that could be scaled 
up to a compact EDCS module for CO2 removal. The shorted mem-
brane was prepared by introducing carbon-based materials to the 
membrane, where both carbon nanotubes (CNTs) and Vulcan XC-72R 
were demonstrated to be suitable additives. We showed the perfor-
mance of the shorted membrane EDCS can be successfully controlled 
by hydrogen concentration, thus enabling the EDCS to respond to 
dynamic conditions. The optimized shorted membrane EDCS single 
cell with a 25 cm2 active area exhibits a comparable performance with 
a normal EDCS, scrubbing more than 99% CO2 up to 3,000 standard 
cubic centimetres per minute (sccm) of air with 400 ppm CO2. We also 
show that the shorted membrane EDCS can maintain more than 99% 
CO2 removal from 2,000 sccm of air for more than 450 h of continuous 
operation. We further designed and assembled a spiral-wound mod-
ule with a 2 × 200 cm2 active area that can remove more than 98% CO2 
from 10,000 sccm of air. Finally, we carried out an in-depth technoeco-
nomic analysis for the module, showing a total cost of US$112 for an 
80 kWnet HEMFC stack at 99% CO2 removal.

CO2 effect on HEMFC performance
CO2 is known to cause substantial voltage losses in HEMFCs due to 
the formation of a pH gradient between anode and cathode as well 
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as other more minor factors25,26. Using thermodynamic data from 
aqueous solutions and neglecting activity coefficients, the local pH 
at the anode can be calculated from the local anode population of 
anions under given steady-state cell current and the pH dependent 
equilibrium between CO2, hydroxide, carbonate and bicarbon-
ate at 80 °C, as shown in Fig. 1a. All calculations are detailed in 
Supplementary Note 1. With the cathode pH maintained at roughly 
13.5, the CO2-related overpotential is calculated by combining the 
ionic potential gradient with the thermodynamic effect of the pH 
gradient on HEMFC electrode reactions and subtracting the ohmic 
overpotential for a hydroxide-form membrane. The relationship 
between CO2-related overpotential and pH gradient is shown in 
Fig. 1b. The effect is dominated by the pH dependence of the elec-
trode reactions (roughly 70 mV per pH unit at 80 °C), but transport 
effects cause some non-linearity in the pH ranges where transitions 
from hydroxide to carbonate and carbonate to bicarbonate occur. 
Although different ionomers and materials will affect the conduc-
tivity ratios between the anions, and in turn, the overpotential‒pH 
relationship in the pH range where bicarbonate and carbonate are 
the major anions, the sensitivity to these transport properties is neg-
ligible above pH 11.

Taken together, Fig. 1a,b shows that the level of CO2 in the air 
supply has to be exceedingly small to have a negligible impact on 
HEMFC performance at steady state. The limited available litera-
ture data support this conclusion, with a loss of 130 mV observed 
for 5 ppm of CO2 in anode or cathode at 60 °C and 1 A cm−2 (ref. 26). 
In a real application, the challenge is greater. At steady state, mod-
elling has shown that nearly 100% of the incoming CO2 in air will 
be transported into the anode gas stream25 and given the difference 
in air intake and hydrogen exhaust flow rates, CO2 is concentrated 
within the anode gas stream.

Instead of attempting to eliminate the CO2 effect at steady state, 
an intermittent electrochemical purge can be used to remove car-
bonate before it accumulates to steady-state levels, restoring full 
performance. The CO2 in the air supply must still be reduced to a 
level that allows a reasonable time interval between purges. Because 

air feed and hydrogen consumption are directly linked, the purge 
interval can be expressed in terms of hydrogen consumption or, by 
using vehicle fuel economy, distance travelled. Figure 1c shows the 
calculated distance travelled between carbonate purges for a light 
duty vehicle, assuming carbonate is purged when it has accumulated 
to 50% of the steady-state level.

Generally, the purge interval can be extended by increasing 
the carbonate storage capacity of the anode and membrane, and 
HEMFC optimization for carbonate storage could be a fruitful 
research direction. The anode approaches 100% carbonate, and 
the membrane carbonate storage can be calculated analytically if 
the carbonate level at the anode-membrane interface is known, as 
detailed in Supplementary Note 1. However, the carbonate level at 
the interface depends on anode properties, and results are given 
in Fig. 1c for a range of 50% to 100% carbonate at the interface to 
reflect this uncertainty. Typically, higher anode overpotential leads 
to a larger anode carbonate gradient and lower membrane carbon-
ate storage, which is also the principle behind electrochemical purg-
ing. If the vehicle range is 650 km and the goal is to avoid purging 
while the vehicle is in operation, the level of CO2 allowed in the air 
supply may be 4–11 ppm, depending on HEMFC parameters. For 
the present work, a target of 4 ppm of CO2 is used, reflecting 99% 
CO2 removal from air.

Mechanism of the shorted membrane EDCS
With the essence of a HEMFC, the shorted membrane EDCS is 
self-powered by hydrogen and air, and its mechanism is shown in 
Fig. 2b. At the cathode, the oxygen reduction reaction produces 
hydroxide (equation (1)), which scrubs CO2 from air via carbon-
ate formation (equation (2)). At the anode, the hydrogen oxida-
tion reaction generates protons (equation (3)), creating a low pH 
environment. The formed carbonates migrate from cathode to 
anode through the membrane, where they become bicarbon-
ates and finally CO2 due to the pH gradient (equations (4) and 
(5)). Consequently, the cathode-captured CO2 is concentrated 
and purged from the anode, resulting in continuous operation. 
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Fig. 1 | Effect of CO2 on HEMFC performance. a, Equilibrium between CO2 and aqueous solution of hydroxide, carbonate and bicarbonate at 80 °C and 
5 mol kg−1 cation concentration, assuming water activity of 1 and neglecting activity coefficients. The top x axis gives the equivalent parts per million of CO2 
at a typical HEMFC operating pressure of 2.5 bar. b, CO2-related overpotential caused by the membrane pH gradient, assuming a cathode boundary with 
100% hydroxide. The different curves represent different ratios of carbonate (κc) and bicarbonate conductivity (κb) to hydroxide (κh). Conditions match 
a. c, Estimate of driving distance between carbonate purges for an initially CO2-free HEMFC assuming purge occurs at 50% of steady-state carbonate 
accumulation, given different loadings of anode ionomer (An. Ion.) and different boundary conditions for the membrane (Mem.) carbonate fraction (yc) at 
the anode interface. Calculations assume a temperature of 80 °C, membrane ion exchange capacity of 2 mmol g−1, ionomer density of 1.2 g cm−3, current 
density of 2 A cm−2, air stoichiometry of 1.5, hydrogen stoichiometry of 1.02, membrane thickness of 20 μm, hydroxide conductivity of 0.1 S cm−1, HEMFC 
stack area of 10 m2 and vehicle fuel economy of 116 km kg−1. Anode ion exchange capacities of 0.50 and 1.75 μmol cm−2 correspond to the HEMFCs in refs. 46 
and 23, respectively. Fuel economy and range are representative of the 2021 Toyota Mirai XLE48.
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However, unlike any other reported EDCS based on HEMFC, in 
the shorted membrane EDCS, electrons can transport through the 
membrane directly rather than travel along the external circuit since 
the membrane is electronically conductive. Furthermore, without 
the limitation of conventional fuel cell components, the shorted 
membrane EDCS can be made into a compact, high-performance 
module. Two large-area catalyst-coated shorted membranes can be 
combined with low-cost polypropylene feed distributors and wound 
into a compact spiral-wound module.

The performance of the EDCS is determined by a combination of 
gas-phase CO2 transport within the cathode and the kinetics of CO2 
reacting with hydroxide. To minimize CO2 mass transport resis-
tance, the gas diffusion layer (GDL) used in fuel cells is eliminated 
and the land-channel flow field is replaced with a plastic mesh feed 
spacer, which enhances convective flow. To improve carbonate for-
mation kinetics, a porous carbon–ionomer interlayer is introduced 
between the membrane and cathode catalyst layer to provide more 
reaction sites for hydroxide and CO2 (ref. 43). As the current density 
determines the generation of hydroxide and the potential gradient 
affects the migration and back diffusion of carbonates/bicarbonates, 
the shorted membrane is critical for determining the overall CO2 
removal performance. Supplementary Fig. 2 illustrates the cell pro-
cess for the shorted membrane EDCS while Supplementary Fig. 3 
shows the importance of controlling both electronic and ionic resis-
tances in the shorted membrane. The operating point of the shorted 
membrane EDCS is explained in Supplementary Note 2.

O2 + 2H2O+ 4e− → 4OH− (1)

CO2 + 2OH−

→ CO2−
3 +H2O (2)

H2 → 2H+
+ 2e− (3)

CO2−
3 +H+

→ HCO−

3 (4)

HCO−

3 +H+
→ CO2 +H2O (5)

Preparation and characterization of the shorted membrane
As shown in Fig. 3, the shorted membrane was prepared by first 
mixing dry PiperIon PAP-TP-85 polymer resin (Versogen) and 
carbon additive in ethanol, then sonicating and stirring the mix-
ture to obtain a homogeneous dispersion and finally casting the 
dispersion to form a membrane under room temperature. Two 
carbon-based materials were screened as potential candidates for 
the electronically conductive additive in the membrane: CNTs and 
Vulcan XC-72R. An unmodified PiperIon PAP-TP-85 ionomeric 
membrane was provided by Versogen. Supplementary Fig. 4 shows 
the unmodified membrane and two composite membranes, all of 
a thickness of roughly 40 μm. The composite membranes contain 
30% carbon additive by weight. On the basis of the scanning elec-
tron microscopy (SEM) images seen in Fig. 3, the CNTs and Vulcan 
XC-72R appear to be well distributed in the membrane with rod- 
and ball-like morphologies, respectively. A large-area shorted mem-
brane (55 cm in length, limited by the laboratory casting machine) 
could be reliably obtained, demonstrating that such shorted mem-
brane should by readily scalable for large-format cells.

The membrane’s electronic and ionic resistances were measured 
using electrochemical impedance spectroscopy (EIS) technique, 
and the results are shown in Fig. 3g,h. The shorted membrane with 
30% CNTs shows much higher electronic resistance than that with 
30% Vulcan XC-72R (202 mΩ cm2 for CNTs versus 3.4 mΩ cm2 
for Vulcan XC-72R). As the desired operating current density for 
the shorted membrane EDCS is expected to be below 50 mA cm−2, 
the electronic overpotential for the shorted membranes with 30% 
CNTs and 30% Vulcan XC-72R is less than 10.1 mV and 170 µV, 
respectively. Therefore, both shorted membranes have sufficient 
electronic conductance. The ionic resistances of the shorted mem-
branes were examined using a hydrogen pumping cell where the cell 
current is practically determined by the cell’s ohmic resistance. To 
be electronically separated from the current collectors at the anode 
and cathode, two additional single-sided, catalyst-coated mem-
branes (CCMs) or half CCMs, were introduced around the shorted  
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membranes as shown in Supplementary Fig. 7. The total resistance 
of the two half CCMs was measured separately and subtracted to 
obtain the ionic resistances of the unmodified and shorted mem-
brane. As shown in Fig. 3h, the ionic resistance of the unmodi-
fied membrane, shorted membrane with 30% Vulcan XC-72R and 
shorted membrane with 30% CNTs are 146, 216 and 328 mΩ cm2, 
respectively, at 60 °C and 70% relative humidity. The ionic resistances 
measured under other conditions are shown in Supplementary Figs. 
8 and 9. Higher ionic resistance for the shorted membranes can be 
observed on the addition of carbon additives, which would be help-
ful for reducing the back diffusion of carbonates/bicarbonates43 as 
long as the cell voltage is non-zero under cell current in the EDCS 
typical range.

A tensile strength measurement was also conducted for the 
unmodified and shorted membranes and the results are shown in 
Fig. 3i. Compared with pure membrane (stress of 73.7 MPa and 

strain of 56.2% at break), the shorted membranes are more brittle 
due to the addition of rigid carbon materials. Despite this, both 
shorted membranes maintain certain mechanical strength, so that 
they could both be implemented in EDCS cells. Notably, the shorted 
membrane with Vulcan XC-72R exhibits higher robustness (stress 
of 57.1 MPa and strain of 12.3% at break) than the shorted mem-
brane with CNTs (stress of 34.9 MPa and strain of 8.4% at break). 
The CNT additive does not provide better electronic resistance or 
better mechanical properties compared with the Vulcan XC-72R 
additive.

Considering the need of improving membrane flexibility, a 
shorted membrane with 20% Vulcan XC-72R was also prepared, 
which showed an electronic resistance of 320 mΩ cm2, an ionic 
resistance of 185 mΩ cm2 (at 60 °C and 70% relative humidity) and 
a much better mechanical strength (stress of 63.0 MPa and strain 
of 41.6% at break) as shown in Fig. 3. Taking all the membrane  
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properties and costs into account, the shorted membrane with 
Vulcan XC-72R was used for further investigation in the shorted 
membrane EDCS.

Operating current control of the shorted membrane EDCS
A key challenge for implementing the shorted membrane EDCS is 
control of the current density that in this case cannot be done by 
adjustment of the (absent) external load. Instead, a strategy of con-
trolling the current density by the rate of hydrogen supply to the 
anode has been developed. By supplying the anode with hydrogen 
diluted in nitrogen and/or using a hydrogen diffusion barrier in the 
anode in the form of a thin polypropylene membrane, the EDCS cell 
limiting current density can be defined by the availability of hydro-
gen to the anode catalyst layer and, meanwhile, hydrogen starvation 
near the anode outlet region can be prevented. Nitrogen is used in 
our experiments for convenience and can be replaced by recycled 
CO2 to achieve the desired dilution of hydrogen.

As shown in Fig. 4, the shorted membrane EDCS was tested 
under a series of H2 flow rates at two cathode flows rates of 1,000 
and 3,000 sccm air (400 ppm CO2). With non-conductive polypro-
pylene components on both sides of the MEA, the shorted mem-
brane EDCS was electrically insulated from the outside and the cell 
current could not be directly monitored. Therefore, a PEM based 
electrochemical hydrogen pump was used as a hydrogen flow sen-
sor to determine unreacted hydrogen flow rate coming out of the 
anode outlet of the shorted EDCS (Fig. 4a). From it, the hydrogen 
consumption rate in the EDCS, which was equivalent to the EDCS 
current, could be determined by subtracting the unreacted hydro-
gen flow from the hydrogen feed rate. Figure 4b,d shows that the 
current density of the shorted membrane EDCS was nearly propor-
tional to H2 flow rates for both cathode air flows rates (1,000 and 
3,000 sccm). A significant change of CO2 separation efficiency with 

the H2 feed rate was recorded, as can be seen in Fig. 4c,e. As the 
H2 flow rate increases, the CO2 separation efficiency improves sig-
nificantly at first and then plateaus. The plateau is understood to be 
the point where the rate of the reaction between hydroxide anions 
and CO2 stops determining the overall rate of CO2 removal from 
the air stream. On the basis of the results presented, to achieve 99% 
CO2 removal with a 25 cm2 shorted EDCS, the H2 feed rate require-
ment is 2 and 8 sccm, respectively, at air flow rates of 1,000 and 
3,000 sccm. These H2 feed rates correspond to only around 0.7% and 
0.9% of the stack’s H2 demand assuming 99% and 65% use of H2 and 
O2, respectively. It is noteworthy that the shorted membrane EDCS 
with 1,000 sccm of air generates higher current density compared 
with 3,000 sccm of air under the same H2 flow rate of 4 sccm, which 
is because of lower electrochemical performance of the shorted 
membrane EDCS with more carbonation.

Performance and durability of the shorted membrane 
EDCS
The performance of the shorted membrane EDCS was tested and 
compared to that of an EDCS with an external load. According to 
Supplementary Figs. 12 and 13, 60 °C and 70% relative humidity was 
determined as the optimal operating condition for both the nor-
mal and shorted membrane EDCS. As seen in Fig. 5, both types of 
EDCS remove more than 99% CO2 at air flow rate up to 3,000 sccm 
(2.7 ppm residual for the normal EDCS and 3.3 ppm residual for the 
shorted membrane EDCS), indicating practically equal efficiency 
of CO2 removal. In the normal EDCS, the current density was 
load-controlled at 50 mA cm−2. For the shorted membrane EDCS, 
10% H2 in N2 (total flow of 100 sccm) was fed to the anode, result-
ing in a cell current <50 mA cm−2 (Fig. 4). The shorted membrane 
EDCS performed noticeably better than the normal EDCS at low air 
flow rates (1,000 and 2,000 sccm), and slightly worse at high air flow 
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rates (3,000 and 4,000 sccm). At low air flow rates, the higher ionic 
resistance of the shorted membranes versus that of the unmodified 
membrane could better reduce back diffusion of carbonates and 
bicarbonates.

Figure 5b shows the total CO2 mass transport resistance (calcu-
lated by equation (39) in Supplementary Note 3) can be as low as 
20 s m−1 for both the normal and the shorted membrane EDCS, as 
measured at air flow rates of 3,000 and 4,000 sccm. For compari-
son, a PEMFC with a conventional architecture exhibits oxygen  

transport resistance of roughly 110 s m−1 at 250 kPa (absolute)45, 
clearly showing the advantage of high gas-phase transport rates of 
the cathode designed by us for use in the EDCS.

A first durability test was performed for the shorted membrane 
EDCS of 25 cm2 with ultra-low loadings (0.01 mgPt cm−2) of a plati-
num group metal catalyst in both electrodes, showing >99% CO2 
removal from 2,000 sccm of air stream over 168 h as shown in 
Supplementary Fig. 14. To improve durability, catalyst loading was 
increased to 0.05 mgPt cm−2, which prolonged the operating time to 
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Fig. 5 | Performance and durability for the shorted membrane EDCS. a,b, Comparison between the normal EDCS and the shorted membrane EDCS for the 
CO2 removal performance (a) and total CO2 mass transport resistance (b) at a series of cathode flow rates. The H2 flow rate was 20 sccm for the normal 
EDCS and 10 sccm (the anode flow was 10% H2 in N2 with a total flow rate of 100 sccm) for the shorted membrane EDCS. The normal EDCS was operated 
at a current density of 50 mA cm−2. The catalyst was 0.01 mg cm−2 Pt/C for both the anode and cathode and for both the normal and shorted membrane 
EDCS. The membrane was pure PAP-TP-85 membrane (40 ± 2 µm) for the normal EDCS and PAP-TP-85 membrane (40 ± 2 µm) with 30% Vulcan XC-
72R for the shorted membrane EDCS. SGL 29BC and nickel mesh were used for anode GDL and cathode feed spacer, respectively, for the normal EDCS. 
c, Durability of the shorted membrane EDCS. The H2 flow rate was 15 sccm (the anode flow was 3% H2 in N2 with a total flow rate of 500 sccm) and 
the air (400 ppm CO2) flow rate was 2,000 sccm. The catalyst was 0.05 mg cm−2 Pt/C for both the anode and cathode. The membrane was PAP-TP-85 
membrane (40 ± 2 µm) with 20% Vulcan XC-72R. d, Dynamic performance of the shorted membrane EDCS cycling between 3,000 sccm air (400 ppm of 
CO2), 16 sccm H2 (the anode flow was 16% H2 in N2 with a total flow rate of 100 sccm) and 1,000 sccm air (400 ppm of CO2), 5 sccm H2 (the anode flow 
was 5% H2 in N2 with a total flow rate of 100 sccm). The catalyst was 0.01 mg cm−2 Pt/C for both the anode and cathode. The membrane was PAP-TP-85 
membrane (40 ± 2 µm) with 30% Vulcan XC-72R. Refer to Fig. 4 for other test conditions.
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450 h with an average increase of the CO2 level in the EDCS exhaust 
of around 6 ppb of CO2 per hour (Fig. 5c). As shown in Fig. 5c, the 
operating current density of the shorted membrane EDCS decreased 
from 83 to 30 mA cm−2 during the 450-h test. The transmission 
electron microscopy (TEM) images of Pt before and after the 450-h 
durability test in the shorted membrane EDCS (Supplementary Fig. 
15) show no sign of catalyst aggregation/degradation, suggesting 
the irreversible degradation of CO2 removal performance could be 
due to degradation of the ionomer network. It is unclear whether 
the degradation is chemical or physical in nature. Improved diag-
nostics are needed, and further improvements could be focused on 
electrode optimization and water management, which are also the 
main challenges and efforts currently in the HEMFC field22,23. In 
addition to the steady-state performance, dynamic performance 
was also investigated, where the shorted membrane EDCS was 
cycled between two different levels of CO2 removal demands (1,000 
and 3,000 sccm of air) with corresponding dry hydrogen supplies 
(5 and 16 sccm). Figure 5d shows the transition between the two 
conditions is rapid and with almost no overshoots when simultane-
ously changing the anode and cathode flow rates, indicating a timely 
response inside the shorted membrane EDCS for CO2 removal. 

This result indicates that the shorted membrane EDCS can handle 
dynamic conditions as encountered in a drive cycle by a HEMFC 
powered vehicle.

To fulfil the realistic applications, the shorted membrane EDCS 
needs to be integrated into the HEMFC system in a compact form. 
For demonstrating proof of concept, a spiral-wound EDCS module 
with 2 × 200 cm2 active area was assembled and tested as shown in 
Fig. 6 and Supplementary Video 1. Without optimized conditions, 
the EDCS module could scrub more than 98% CO2 from 10,000 sccm 
air and an 80-h stability test with more than 98% CO2 removal from 
4,000 sccm air was implemented as shown in Supplementary Fig. 16, 
showing the feasibility for scaling up the shorted membrane EDCS.

technoeconomic analysis
We performed technoeconomic analysis (TEA) for an appropriately 
sized shorted membrane EDCS module that can enable an 80 kWnet 
HEMFC system to operate on air containing 400 ppm of CO2. The 
TEA considered two key parameters: the required EDCS active area 
and the cost per unit active area. The detailed calculation proce-
dure is described in Supplementary Note 3. The total cost of the 
module is obtained by multiplying these two factors. The EDCS 
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cost breakdown by component is shown on a per-metre-squared 
basis in Fig. 7a. The largest cost components are the catalyst lay-
ers (41%) and membrane (37%). A sensitivity analysis is shown in 
Fig. 7b revealing opportunities for cost reduction and risks of cost 
escalation. A key factor that determines the active area required 
and, consequently, the cost of most EDCS components is the CO2 
mass transport resistance. Platinum loading per unit active area is 
the second most important factor, driven high by the required dura-
bility. In this regard, non-Pt catalysts could be used in the future 
to further lower the cost since a high operating current density is 
not needed for the shorted membrane EDCS. Ionomer cost is the 
third most important factor considering the uncertainty assigned to 
this parameter. The CO2 removal target is of moderate importance, 
due to the logarithmic relationship between residual CO2 and the 
EDCS active area43. Membrane thickness is moderately important, 
and the high baseline membrane thickness was selected to minimize 
back diffusion of carbonate and bicarbonate in a membrane of high 
ionic conductivity. Although not shown in Fig. 7, the cost of adding 
a polyolefin reinforcement was estimated to be equivalent to 4 μm 
of added membrane thickness. Platinum cost and glue line thick-
ness are relatively minor factors. Generally, the best opportunities 
for cost reduction are increasing performance, replacing platinum 
catalysts, using low-cost, low-conductivity ionomers and using thin, 
reinforced membranes.

Conclusion
We have developed a shorted membrane EDCS that can remove 
>99% CO2 from the air feed to a downstream HEMFC stack with 
H2 consumption <2% of that of the stack. This type EDCS can be 
scaled up, for example to a compact spiral-wound module, as it does 
not use fuel cell components such as bipolar plates or current collec-
tors. For the same reason, it is projected to cost only US$1.4 per kW. 
Shorted membranes were prepared via the addition of carbon addi-
tives and current control by H2 feed rate was demonstrated to be 
effective for such shorted membrane cells. With optimized cell build 
and operation conditions, a shorted membrane EDCS of 25 cm2 
active area demonstrated >99% CO2 removal from 2,000 sccm air in 
continuous 450-h operation, with an average rise of roughly 6 ppb 
of CO2 per hour in the EDCS air exhaust stream. A rapid dynamic 
response without any overshoots was demonstrated for changes of 
the air flow rate between 1,000 and 3,000 sccm. We designed and 
fabricated an early prototype of the spiral-wound EDCS module 
with 98% CO2 removal from a 10,000-sccm air stream. We also 
performed a TEA for the EDCS module that would serve for an 
80 kWnet HEMFC stack, showing a total cost of US$112 (US$1.4 per 
kW) at 99% CO2 removal. Sensitivity analysis of the module cost 

with several key factors shows that future cost profile improve-
ments need to focus on reducing the CO2 mass transport resistance, 
platinum loading and ionomer cost. This EDCS technology moves 
the HEMFC technology closer to the market and can be further 
developed for other applications such as life support in spacecraft 
or nuclear submarines, where H2 is readily available and airplanes 
and buildings where increased air recirculation is desired to save 
energy and hydrogen may become available as hydrogen economy 
develops.

Methods
Preparation of the shorted membrane. The shorted membrane was prepared 
by first adding successively dry PiperIon PAP-TP-85 polymer resin (Versogen), 
carbon additive and ethanol into a glass vial with a magnetic stir bar. The weight 
ratio of carbon additive to polymer is 3:7 or 2:8 and the weight ratio of ethanol to 
polymer is 9:1. CNTs (Multi-Walled Carbon Nanotubes, Cheap Tubes) and carbon 
black (Vulcan XC-72R, Fuel Cell Store) were used as carbon additives. The mixture 
was sonicated for 1 h and stirred overnight to ensure that the polymer resins 
were fully dissolved and the carbon additives were well dispersed. The obtained 
homogeneous dispersion was cast onto a cellulose acetate film (Grafix) using an 
automatic film coater with vacuum chuck (MTI Corporation) and a doctor blade 
(MTI Corporation). The dispersion was dried under room temperature for 30 min 
to evaporate the solvent. The solidified membrane was peeled off of the backing 
film while in contact with deionized water. Unmodified membrane of the same 
ionomer with no carbon additive was prepared for reference. The thickness of all 
the unmodified and shorted membranes was controlled at 40 ± 2 µm.

Morphology characterization. SEM images were taken on an Auriga 60 
CrossBeam (FIB/FE-SEM) operating at 1.5 kV. Before the test, the membrane 
samples were made by low-temperature brittle fracture using liquid nitrogen and 
then Au/Pd was sputtered to enhance electrical conductivity.

Tensile measurement. The mechanical properties of the shorted or pure 
membranes in bicarbonate form (width of roughly 5 mm, thickness of 40 µm) 
were measured using a TA Instruments Q800 DMA at room temperature and 50% 
relative humidity with a 10% per minute strain rate.

Electronic resistance measurement. The cell for electronic resistance 
measurement was assembled with the shorted membrane, two SGL 29BC GDLs 
and two 127-µm fluorinated ethylene propylene (FEP) gaskets using a 5 cm2 
single cell hardware (Scribner Associates Inc.). A potentiostat system (VMP2, 
BioLogic) was used to probe the impedance characteristics of the cell by EIS. 
The membrane is placed between two GDLs so that electronic current enters the 
membrane. After correcting for the impedance of the GDLs and hardware, the low 
frequency impedance gives the membrane electronic resistance. The cell set-up and 
equivalent circuit is shown in Supplementary Fig. 5. Supplementary Fig. 6 shows 
representative EIS scan curves from electronic resistance measurements.

Ionic resistance measurement. A Pt/C catalyst (40 wt% Pt on Vulcan XC-72R, 
Fuel Cell Store), a roughly 18-µm PiperIon PAP-TP-85 membrane (Versogen) 
and PiperIon PAP-TP-85 ionomer (5 wt% in ethanol) were used for fabricating 
the ‘half CCM’. The electrode inks were prepared by adding 10 mg catalyst, 50 μl 
of deionized water (DIW), 72 mg of ionomer solution and 1 ml of isopropanol 
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(IPA) successively into a glass vial, followed by sonication for 1 h in an ice bath. 
Then the half CCM was made by spraying catalyst ink onto one side of the 
PiperIon PAP-TP-85 membrane with the electrode area of 5 cm2 using an airbrush 
(Iwata-Medea) and leaving the other side of the membrane bare. Before cell 
assembly, the half CCM was immersed into 1 M KOH solution for 1 h (exchange 
the solution every 30 min) to remove acetate46 and then rinsed thoroughly with 
deionized water to remove all excess KOH.

The cell for ionic resistance measurement was assembled with the shorted or 
unmodified membrane sandwiched between two half CCMs, two SGL 29BC GDLs 
and two 127-µm FEP gaskets in a 5 cm2 single cell hardware (Scribner Associates 
Inc.). The membrane side of the half CCM faced the shorted or unmodified 
membrane and the catalyst layer side of the half CCM faced the GDL. The flow 
field was single serpentine for both anode and cathode. A cell with two half CCMs, 
two GDLs and two gaskets but without the unmodified or the shorted membrane 
was assembled for measuring the ionic resistance of two half CCMs. This ionic 
resistance is deducted from that of the previous cell with the shorted membrane or 
the unmodified membrane. After correcting for the impedance of the half CCMs 
and hardware, the low frequency impedance gives the membrane ionic resistance. 
A fuel cell test system (Scribner 850e) was used for controlling cell temperature,  
gas flow and relative humidity. The detailed set-up and equivalent circuit for  
ionic resistance measurement is shown in Supplementary Fig. 7. A potentiostat 
system (VMP2, BioLogic) was used to probe the impedance characteristics of the 
cell by EIS.

EDCS preparation and test. A Pt/C catalyst (5 wt% Pt on Vulcan XC-72, 
Premetek), carbon black (Vulcan XC-72, Fuel Cell Store), a roughly 40-µm 
shorted membrane prepared in laboratory or a roughly 40-µm unmodified 
PiperIon PAP-TP-85 membrane (Versogen), PAP-TP-85 ionomer (5 wt% in 
ethanol) were used for fabricating the MEAs. The electrode inks were prepared 
by adding catalyst, DIW, ionomer solution and IPA successively into a glass vial. 
The interlayer ink was prepared by adding carbon black, ionomer solution and 
IPA successively into a glass vial. All the inks were sonicated for 1 h in an ice bath. 
Then the anode and interlayer inks were sprayed directly onto the membrane and 
the cathode ink was sprayed on top of the interlayer ink using an Iwata-Medea 
airbrush over the 25 cm2 active area to produce the MEAs.

The EDCS cell was assembled with the prepared MEA, an anode GDL, a 
cathode feed spacer and gaskets in a 25 cm2 single cell hardware from Fuel Cell 
Technologies, Co. For the normal EDCS, SGL 29BC and nickel mesh (roughly 
520-µm thickness, roughly 1 × 1 mm2 hole size) were used as an anode GDL and 
cathode feed spacer, respectively. For the shorted membrane EDCS, polypropylene 
membrane (roughly 200 µm thickness, roughly 0.45-µm pore size, RS30429, 
Tisch Scientific) was used as an anode GDL, and polypropylene mesh (XN4800, 
Industrial Netting) was used as the cathode feed spacer. For both cases, a single 
serpentine flow field was used for the anode and a flow-through flow field was 
used for the cathode. Gasket thickness was adjusted on the basis of the GDL/
feed spacer to ensure the GDL/feed spacer were not overcompressed. For SGL 
29BC or polypropylene membrane, a 152-μm polytetrafluoroethylene gasket was 
used together with a 13-μm FEP gasket. For nickel or polypropylene mesh, three 
152-μm polytetrafluoroethylene gaskets were used together with a 76-μm FEP 
gasket. A Scribner 850e fuel cell test system with a backpressure module was used 
for testing. Cathode outlet CO2 concentration was monitored using a Teledyne 
TML20 CO2 analyser preceded by a chilled condenser.

After assembly, the temperature was set to 60 °C for cell and 57.8 °C (90% 
relative humidity) for the anode and cathode humidifiers. Once temperatures were 
close to the setting points, anode and cathode gas flows were switched to 500 sccm 
of H2 and 500 sccm of air (CO2-free), respectively, and 150 kPag backpressure 
was applied for both sides. After stabilization of temperature and backpressure, 
the break-in for the normal EDCS were conducted by galvanostatic holds at 0.1, 
0.2, 0.3, 0.4, 0.5 and 0.6 A cm−2 for 3 min each and the break-in for the shorted 
membrane EDCS was done by leaving the cell in this condition for 20 min 
without controlling the current. When testing the EDCS, air containing 400 ppm 
of CO2 was fed to the EDCS cathode from a 10,000 ppm CO2 air mixture (Keen 
Compressed Gas Co.) combined with CO2-free air. Pure hydrogen was fed to the 
anode of the normal EDCS, and hydrogen diluted in nitrogen was fed to the anode 
of the shorted membrane EDCS. For the dynamic performance test, dry hydrogen 
was fed bypassing the humidifier and mixed with humidified nitrogen before 
entering the shorted membrane EDCS.

Shorted membrane EDCS current density measurement. A PEMFC functioned 
as a H2 sensor was assembled with a commercial 25 cm2-active-area MEA 
(0.3 mg cm−2 Pt on NR212, Ion Power), two SGL 29BC GDLs and two 127-µm FEP 
gaskets in a 25 cm2 single cell hardware from Scribner Associates Inc. The flow field 
was triple serpentine for both anode and cathode. The PEMFC was placed at the 
anode outlet of the shorted membrane EDCS and operated at 40 °C and 150 kPag. 
A potentiostat system (VMP2, BioLogic) was used to apply constant 0.6 V to the 
PEMFC for oxidizing the unreacted H2 from the shorted membrane EDCS. The 
accuracy of the PEMFC was checked by comparing the measured current density 
and theoretical value when flowing hydrogen (diluted in nitrogen) directly to the 
PEMFC, with all the flow rates used in the shorted membrane EDCS test as shown 

in Supplementary Fig. 11. The operating current density for the shorted membrane 
EDCS can then be calculated by equation (6),

iEDCS = iH2,inlet − iH2,outlet (6)

where iEDCS is the operating current density for the shorted membrane EDCS, 
iH2, outlet is the current density measured by the PEMFC at the anode outlet of the 
shorted membrane EDCS as shown in Supplementary Fig. 10 and iH2, inlet is the 
current density measured by the PEMFC with the same H2 flow rate but bypassing 
the shorted membrane EDCS as shown in Supplementary Fig. 11.

Shorted membrane EDCS spiral-wound module assembly and test. The 
spiral-wound module was made by winding two large-area catalyst-coated 
shorted membranes and two polypropylene meshes into a spiral element that was 
assembled into a stainless-steel sanitary spool. Pt/C catalyst (40 wt% Pt on Vulcan 
XC-72R, Fuel Cell Store), carbon black (Vulcan XC-72, Fuel Cell Store), roughly 
40-µm shorted membrane with 20% Vulcan XC-72R, PAP-TP-85 ionomer (5 wt% 
in ethanol) were used for fabricating the large CCMs. A two-part polyurethane 
adhesive (Parbond 905) was used for sealing the element. After assembly, the 
module was tested in a fuel cell station under ambient temperature and pressure.

Catalyst characterization before and after durability test. TEM images of the 
catalysts before and after durability test of the shorted membrane EDCS were taken 
on a JEOL 2010F field emission high-resolution transmission electron microscope 
operating at 200 kV. The Pt catalysts were carefully scraped off the MEA after the 
durability test from the anode and cathode respectively and compared to fresh 
catalyst as received from the manufacturer. The catalyst was suspended in IPA 
with a weight loading of 0.5 wt% of the total suspension weight and the suspension 
was sonicated to form homogeneous dispersion and deposited onto a lacey 
carbon-coated copper TEM grid.

Data availability
The data presented in this study are available in figshare47 at https://doi.
org/10.6084/m9.figshare.16744258.
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