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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� AEMFCs are studied in the presence of 
carbon dioxide in the cathode. 
� CO2-related thermodynamic, kinetic and 

Ohmic voltage losses are quantified. 
� The effect of operating variables on the 

CO2-related voltage losses is studied. 
� Conditions are shown that significantly 

reduce voltage loss vs. existing 
literature. 
� High-performing AEMFCs, even with 

CO2 in the cathode, are reported.  
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A B S T R A C T   

Anion exchange membrane fuel cells (AEMFCs) have been widely touted as a low-cost alternative to existing 
proton exchange membrane fuel cells. However, one of the limitations of this technology has been the severe 
performance penalty related to the introduction of CO2 to the cell – typically in the air cathode feed. Introduction 
of CO2 into AEMFCs results in cell carbonation, which imparts thermodynamic, kinetic and Ohmic overpotentials 
that can add up to hundreds of millivolts. Therefore, it is important to find strategies and operational protocols 
for AEMFCs that minimize these overpotentials. In this paper, we investigate the impacts of the anode and 
cathode flowrate, as well as the cell hydration level, on the extent of cell carbonation and cell polarization. Key 
findings include: (1) decreasing the cathode flowrate generally decreases the total CO2-related voltage loss while 
changing the anode flowrate has a minimal effect; (2) increasing cell hydration helps to mitigate the performance 
loss in the presence of CO2; and (3) operational combinations are found that significantly reduce the CO2 penalty 
compared to the present literature.   

1. Introduction 

Alkaline-based fuel cells can have advantages over their more pop
ular counterpart, the proton exchange membrane fuel cell (PEMFC). For 
instance, traditional alkaline fuel cells (AFCs) can be operated with 
much lower quantities of noble metal catalyst or even with non-noble 

metal electrocatalysts like nickel, silver, etc. [1] Also, the electrolyte, 
liquid KOH, is much less expensive than Nafion®. For this reason, AFCs 
are still being pursued by companies such as AFC Energy PLC in the UK. 

However, despite their possible cost advantages, AFCs are not being 
widely implemented today and the primary reason is that the OH� an
ions in the electrolyte react with CO2 in the ambient air cathode feed to 
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form (bi)carbonates [2–4] (Equations (1) and (2)). 

OH � þCO2 ↔ HCO�3 (1)  

HCO�3 þOH� ↔ CO2�
3 þ H2O (2) 

The resulting CO3
2- anions react with the mobile Kþ ions in the 

electrolyte to form the low solubility compound K2CO3, which can 
precipitate onto the cathode electrode, lowering AFC performance and 
stability. Strategies have been proposed to solve this CO2 poisoning 
problem. For example, Cifrain and Kordesch [5] found that the negative 
effects of CO2 poisoning can be partly mitigated by circulating the 
electrolyte. Another possibility is to change the electrolyte from a liquid 
(aqueous salt solution) to an ion conducting polymer, i.e. by the use of 
an anion exchange membrane (AEM) – creating so-called anion ex
change membrane fuel cells (AEMFCs). AEMFCs avoid salting because 
the positively charged cations are stationary (typically covalently bound 
to the polymer backbone) and not alkaline earth ions, eliminating the 
possibility for precipitates to form. As a result, the CO3

2- anions are able 
to be transported through the AEM, and they are able to carry a portion 
of the charge from the cathode to the anode to complete the electro
chemical circuit [6,7]. However, this does not mean that carbonation 
has a null effect on AEMFC behavior. 

For many years it was very difficult to understand the effects of 
carbonation on AEMFC behavior due to the chemical instability of 
available AEMs and very low cell performance. Fortunately, the past few 
years have seen a significant improvement in both AEM properties and 
AEMFC performance. For instance, there have been several reports of 
AEMs with hydroxide conductivity of over 100 mS/cm (60 �C–80 �C) 
[8–10] and recent reports of AEMs having conductivity over 200 mS/cm 
(at 80 �C) [11]. State-of-the-art AEMFCs have the ability to achieve peak 
power densities over 3 W cm-2 operating on H2/O2 gas feeds [8]. One 
notable example by Huang et al. reported AEMs made from poly(nor
bornene) block copolymer with very high hydroxide conductivity, 198 
mS/cm, and record peak power density in a hydrogen/oxygen fuel cell, 
3.4 W/cm2 at 80 �C [11]. Also, the performance stability of AEMFCs has 
improved dramatically during this time, with multiple groups reporting 
500þ hour stability at low degradation rates (5–10%) [12–15]. 

Now that AEMFC performance and stability have been enhanced to 
the point where their future deployment in real applications is realistic, 
it is an important time in AEMFC development to begin to answer some 
of the contemporary issues that have to date been mostly put aside in the 
literature, including operating on real air, which contains CO2, leading 
to the carbonation discussed above. Recently, there have been several 
experimental [16–21] and modeling [22–25] studies that have allowed 
researchers in the field to well-understand how adding CO2 to high 
performing AEMFCs influences their behavior. 

There are three primary mechanisms for voltage loss. First, as car
bonate anions are formed at the AEMFC cathode from Equations (1) and 
(2), they migrate through the AEM from the air cathode to the hydrogen 
anode. Carbonate mobility is lower than hydroxide mobility, which 
leads to an increase in the area-specific resistance (ΔASR). Second, 
because hydrogen does not react with the carbonate directly at relevant 
potentials, carbonates are not immediately released on arrival to the 
anode as CO2. Instead, there is a time lag while the carbonates accu
mulate at the anode and the pH of that electrode drops [26] – forcing the 
reverse of Equations (1) and (2) to occur before the CO2 is eventually 
released. The drop in the anode pH leads to a thermodynamically-driven 
increase in the anode potential (ΔVNernst), reducing the overall cell 
voltage. This has been successfully modeled by Gerhardt et al. [23], 
Krewer et al. [24] and Wrubel et al. [27]. Third, the accumulation of 
carbonates in the anode causes low local OH� concentrations 
throughout the anode, leading to an increase in the anode charge 
transfer resistance, (ΔRctHOR). This third effect was captured quite well 
in the Gerhardt model [23]. Therefore, the operating voltage for an 
AEMFC with CO2 in the cathode feed can be described by Equation (3)16: 

Vcell¼VOCV � iðRΩ;OH þRctORRþRmtORRþRctHORÞ � ΔVNernst

� iðΔASRþΔRctHORÞ (3) 

In total, the voltage loss from these three mechanisms are typically 
several hundred millivolts under operating conditions of practical in
terest. The Nernstian voltage loss (ΔVNernst) and increase in the charge 
transfer resistance (iΔRctHOR) dominate the CO2-related performance 
loss whereas the voltage loss related to the ASR (iΔASR) increase is often 
a minor contributor (<10% of the total loss) [16,23]. 

There are several pathways by which the CO2-related voltage losses 
can mitigated. In our previous work [16], it was shown that increasing 
the AEMFC operating current density and increasing the cell tempera
ture can slightly mitigate the negative effects of CO2. Lowering the CO2 
concentration in the reacting gas below 400 ppm can also help, but at 
high cathode flowrates, even having 5 ppm CO2 in the cathode feed has 
been untenably harmful, resulting in CO2-related voltage losses of about 
100 mV [16,23,28]. Therefore, it is important to continue to explore the 
impact of cell operating conditions on the tolerance of AEMFCs to the 
presence of CO2 in the cathode feed. In this study, three new variables 
are investigated: the anode flowrate, the cathode flowrate, and the cell 
hydration. The cathode reacting gas flowrate is expected to be important 
because it sets the total dose of CO2 that is fed to the cell. The anode 
flowrate can influence the degree of cell carbonation because it will 
inevitably control the concentration of CO2 (i.e. via dilution) in the 
anode stream. The CO2 in the hydrogen stream, which is usually recir
culated, can be taken back up into the cell. Lastly, the level of cell hy
dration may influence how much CO2 can be taken up by the cell (i.e. 
Equations (1) and (2)) as well as its overall concentration. 

2. Experimental 

2.1. Electrode preparation 

The electrodes in this work were prepared using a method that has 
been detailed in our previous publications [10,15,29,30]. Briefly, the 
anode and cathode catalysts were 60 wt% PtRu supported on Vulcan 
XC-72R (Alfa Aesar HiSPEC 10000, 2:1 ratio of Pt:Ru by mass – Pt 
nominally 40 wt%, and Ru, nominally 20 wt%) and 40 wt% Pt supported 
on Vulcan XC-72R (Alfa Aesar HiSPEC 4000, Pt nominally 40 wt%), 
respectively. Electrode preparation was initiated by placing an ethylene 
tetrafluoroethylene (ETFE) benzyltrimethylammonium (BTMA) solid 
powder anion exchange ionomer (AEI, ion-exchange capacity IEC ¼
1.24 mmol g� 1) into a mortar and grinding it by hand with a pestle for 
10 min. The catalyst powder, Vulcan carbon (XC-72R, Cabot), and 1 mL 
of Millipore deionized (DI, 18.2 MΩ cm resistivity) water were added to 
the mortar and ground for an additional 10 min. The mass fraction of 
AEI in the catalyst layer was always 0.20 and the mass fraction of carbon 
was maintained at 0.48 for both electrodes. Next, the catalyst-AEI slurry 
was transferred to a centrifuge tube. Solvent was added and the mixture 
was sonicated (Fisher Scientific FS30H) for 60 min. The water in the 
ultrasonic bath was maintained below 5 �C to avoid degrading the 
supported catalyst and the AEI, and to maximize the electrochemically 
active area. The ink dispersions were sprayed onto Toray TGP-H-060 gas 
diffusion layers with 5 wt% PTFE wetproofing with an Iwata Eclipse 
HP-CS (the carrier gas was 15 psig ultra high purity, UHP, N2) to create 
gas diffusion electrodes (GDEs). The target catalyst loading on both the 
anode and cathode GDEs was 0.6 � 0.1 mgPt cm� 2. 

2.2. Anion exchange membrane fuel cell (AEMFC) assembly and break-in 
procedure 

Before cell assembly, the GDEs were soaked in 1 M aqueous KOH 
solutions (made from Fisher Chemical pellets/certified ACS and DI 
water) for 60 min, exchanging the solution twice during this time. At the 
same time, the AEM was soaked in an identical solution. After the 1 h 
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soak, excess KOH was removed from the GDEs and AEMs before cell 
assembly. The GDEs and AEMs were pressed together in the cell to form 
each membrane electrode assembly (MEA) in situ with no prior hot 
pressing. The MEAs were loaded into 5 cm2 Scribner hardware between 
two single pass serpentine flow graphite plates. The MEA was sealed and 
compressed with 6 mil (152 μm) PTFE gaskets with 20%–25% pinch at 
5.1 N m torque. An 850e Scribner Fuel Cell Test Station was used to 
control the gas stream dew points, cell temperature, gas flowrates and 
the operating current density. 

Four different AEMS were used in this study. The first was a ben
zyltrimethyl ammonium-(BTMA)-type radiation-grafted AEM [31] 
made from a 25 μm low density polyethylene (LDPE) precursor film 
(LDPE-BTMA, IEC ¼ 2.5 mmol g� 1), which was used when investigating 
the influence of flowrate on the CO2-related voltage losses. The second 
was an ETFE-BTMA-based radiation-grafted AEM [32] (ETFE-BTMA, 
IEC ¼ 2.1 mmol g� 1, 50 μm when fully swollen in water), which was 
used when probing the effect of hydration on CO2 uptake at 60 �C. Third, 
a tetra-block poly(norbornene) (PNB) copolymer with 64 mol% halo
genated monomer with different mole percent of cross-linking agent N, 
N,N0,N0-tetramethyl-1,6-hexanediamine (TMHDA) were used. The mole 
percent of TMHDA relative to the number of head-groups was 5 mol%, 
15 mol% and 25 mol%. These films are denoted as GT-64-X, where X is 
the crosslinker content. For example, GT-64-5 has 5 mol% TMHDA with 
respect to the moles of head-group within the copolymer. GT-64-X AEMs 
were tested to show how AEM water uptake can be tuned to influence 
cell carbonation. Lastly, a BTMA-functionalized radiation-grafted AEM 
made from 15 μm high density polyethylene (HDPE-BTMA, IEC ¼ 2.4 
mmol g� 1) [33] was used for experiments that were trying to find the 
minimum CO2-related voltage loss within the operating conditions of 
this study. The choice of using multiple AEMs was purposeful. First, it 
shows how widespread the carbonation issue is. Voltage loss upon 
exposure to CO2 is not a chemistry-specific phenomenon; it is intrinsic to 
operation of AEMFCs. Second, there are some physical properties of the 
various AEMs that are useful to show. For example, some AEMs have 
poorer stability at high temperature or lower water uptake – though 

developing an understanding of the explicit effects of membrane phys
ical properties is not attempted here. To be consistent, each experi
mental set in this work is internally consistent, deploying a single AEM. 

Before CO2 measurements were made, all cells underwent a break-in 
procedure. First, the cell was brought to its operating temperature under 
N2 flow on both sides of the cell at 100% relative humidity (RH). Then, 
the feed gases were switched to UHP H2 and O2 (Airgas) at the anode and 
cathode, respectively. Next, the cell was operated potentiostatically, 
stepwise from 0.7 V to 0.3 V (0.1 V steps, held for a minimum of 30 min 
at each step) as the reacting gas dew points were optimized per our 
standard procedure [15,29,30]. The optimized reacting gas dew points 
were very repeatable from cell-to-cell; dew points were typically 50 �C at 
the anode and 52 �C at the cathode for an AEMFC operating at 60 �C. 
Following the optimization of the reacting gas dew points, the cell was 
operated galvanostatically at 1.0 A cm� 2 and allowed to equilibrate for 
at least 30 min before CO2 exposure was initiated. Multiple cells were 
constructed and tested for each measurement. 

2.3. AEMFC carbon dioxide measurements 

Following the break-in procedure and 30 min equilibration, the cell 
current was held constant and 400 ppm CO2 was added to the UHP O2 
cathode stream. CO2 was added to O2 in lieu of air in order to simplify 
observations, because air has an additional O2 mass transport impact (e. 
g. N2 dilution) during cell operation that is largely eliminated by uti
lizing O2 as the reacting gas. The flowrates for O2 and H2 were varied 
from 0.2 to 1 L min-1. Typically, after CO2 addition, the cell was operated 
for 10 min, which was much longer than the time required to reach 
quasi-steady-state operation (typically < 5 min, though lower CO2 
concentrations took longer to reach steady-state). After 30 min opera
tion at constant current, CO2 was removed from the gas stream and the 
cell was allowed to decarbonate for an initial 10 min. After this, the cell 
was fully decarbonated by lowering the cell potential to 0.1 V for 2 min, 
after which no CO2 emission was measured in the anode stream and the 
operating voltage returned to the value observed before CO2 was added. 
The concentration of CO2 emitted from the anode and cathode was 
constantly monitored in real time using a PP Systems WMA-5 non- 
dispersive infrared CO2 gas analyzer (a water trap was placed in-line 
before the WMA-5 in order to preserve the unit and its calibration). 

Fig. 1. Effect of cathode flowrate on the carbonation 
of an AEMFC operating at 1 A/cm2 and 60 �C with a 
LDPE-BTMA AEM, 400 ppm CO2 fed to cathode at t ¼
0 s, 1 L/min anode flowrate, and 5 cm2 active area. a) 
Voltage loss (solid lines) and HFR increase (dotted 
lines) following the introduction of CO2 into the 
cathode; b) Concentration of CO2 in the anode (solid 
lines) and cathode (dotted lines) effluent streams; c) 
CO2 flux in the anode and cathode effluent; d) 
deconvoluted CO2-related voltage losses. In panels a)- 
c), the results are color-coded based on flowrate, as 
indicated at the top of the figure. In panels b) and c), 
the cathode “blank” plots are shown by combination 
dash-dot lines. (For interpretation of the references to 
color in this figure legend, the reader is referred to the 
Web version of this article.)   

Table 1 
Degree of steady-state carbonation as function of cathode flowrate feeding with 
400 ppm CO2.  

Anode/Cathode Flowrate (L/ 
min) 

1/1 1/0.8 1/0.6 1/0.4 1/0.2 

AEMFC carbonate NCO2/μmol 21 � 3 17 � 2 13 � 2 8 � 2 4 � 2 
Anode carbonate/μmol 8 � 2 7 � 2 7 � 2 8 � 2 8 � 2  
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3. Results and discussion 

3.1. Influence of flowrate on AEMFC performance with 400 ppm cathode 
CO2 

The effect of cathode flowrate (oxygen with 400 ppm CO2) on the 
behavior of a carbonated AEMFC is presented in Fig. 1. As shown in 
Fig. 1a, the CO2-related voltage loss decreased (i.e. improved) approx
imately linearly with decreasing cathode gas flowrate, showing that the 
total dose of CO2 fed to the cell plays an important role in carbonation. 
Additionally, as shown in Table 1, the steady-state carbonation of the 
AEM and electrode ionomer in the operating cell increased with higher 
oxidant flowrate. As described in our previous publication [16], the 
carbonate content in the AEMFC can be estimated by first converting the 
CO2 concentration vs. time data (Fig. 1b) from the anode and cathode 
exhaust into flux vs. time data (Fig. 1c) and then integrating the area 
under the flux curves for the anode exhaust, cathode exhaust and a 
“blank”. The blank is a direct measure of the amount of CO2 added to the 
cathode, a measurement that is made in the absence of the anionic 
polymer. For more information on the “blank” experiment, please see 
the Supporting Information file. Hence, the amount of carbonate/CO2 in 
the cell for any operating condition can be calculated (NCO2) by Equation 
(4): 

NCO2 ¼

Z

}blank}ðtÞ dt �
Z

}anode exhaust}ðtÞ dt

�

Z

}cathode exhaust}ðtÞ dt (4) 

Evidence for the uptake of CO2 into the cell is also given by the cell’s 
high frequency resistance (HFR with ASR ffi HFR � A where A ¼ geo
metric cell area), shown in Fig. 1a. Lower cathode flowrates resulted in a 
lower HFR. It was also interesting to note that it took a longer time for 
the cell to reach a stable HFR value and voltage at a lower flowrate. 
These dynamics also match well with what was observed with the CO2 
concentration in the anode exhaust, Fig. 1b. Even at the same operating 
current density (same charge flux through the AEM), the CO2 break
through time in the anode exhaust was longer at lower flowrates. This 
shows that CO2 accumulation is slower in the AEMFC anode at lower 
flowrate, that is, the flux of carbonate across the cell is lower. The data 
also shows that the flux of CO2 leaving the anode (Fig. 1c, calculations in 
the Supporting Information) at steady state is lower at lower flowrate; 
hence, the rate of CO2 uptake at the cathode is also less at lower 

flowrate. 
It might be thought that combining the lower rate of anode carbonate 

accumulation combined with a lower incoming flux would reduce the 
amount of carbonate in the anode during cell operation. However, the 
release of CO2 requires the accumulation of carbonates in the anode. 
Eventually the number of supplied carbonate ions result in a sufficiently 
high carbonate concentration at the anode such that the reverse of 
Equations (1) and (2) occurs. The speciation shifts from CO3

2- to HCO3
�

and then finally CO2. Because CO2 release is always observed at the 
anode, it is possible that the anode carbonate concentration may not be 
significantly different across the range of flowrates. To estimate the total 
amount of carbonate in the anode electrode, the CO2 was removed from 
the cathode feed until the cell reached a new steady state. The resulting 
cell was then pulsed to 0.1 V and the amount of CO2 in the anode exhaust 
was measured versus time. The integral of the CO2 concentration vs. 
time can be used as an estimate total amount of carbonate left in the cell, 
which, after the new steady state, should overwhelmingly be in the 
anode [16]. These values are also reported in Table 1 where it was found 
that the total amount of anode carbonate was nearly unchanged with 
cathode flowrate. This effect of AEMFC NCO2 vs. total amount of anode 
carbonate also has implications on the individual contributions to the 
CO2-related voltage loss, discussed above. However, before deconvo
luting the effect of the cathode flowrate on the root causes for cell 
voltage loss, it is important to point out from Fig. 1b that AEM-like 
devices can also act as CO2-separators which can simultaneously 
generate energy, unlike traditional approaches which consume energy. 

Though Fig. 1a is informative, data following the release of CO2 is 
needed in order to deconvolute the CO2-related voltage loss into its 
fundamental constituents: ΔASR, ΔVNernst and ΔRctHOR. That raw data is 
shown in Figure S2 – S6 in the Supporting Information and the quanti
fied values for ΔASR, ΔVNernst and ΔRctHOR are presented in Table S1. 
The details for performing the deconvolution was extensively described 
and demonstrated elsewhere [16], but a short description and visualized 
calculation of the decoupling process is provided in the Supporting In
formation file. Fig. 1d graphically display the results of the deconvolu
tion. In Fig. 1d, the ΔASR increased almost linearly with the cathode 
flowrate, and the total amount of carbonate in the cell shown in Table 1. 
ΔRctHOR increased with flowrate as the amount of carbonate in the cell 
increased, with the smallest increase at the lowest flowrates. Fig. 1d 
presents ΔVNernst as a function of cathode flowrate as well as the voltage 
loss caused by the other two mechanisms, allowing ΔVNernst, ΔVASR 
(ΔVASR ¼ iΔASR) and ΔVctHOR (ΔVctHOR ¼ iΔRctHOR) to be compared. 

Fig. 2. Anode flowrate effect on AEMFC carbonation 
and performance loss. AEMFC operating at 1 A/cm2 

and 60 �C with a LDPE-BTMA AEM, 400 ppm CO2 fed 
to cathode at t ¼ 0 s, 1 L/min anode flowrate, and 5 
cm2 active area. a) Voltage loss (solid lines) and HFR 
increase (dotted lines) following the introduction of 
CO2 into the cathode; b) Concentration of CO2 in the 
anode (solid lines) and cathode (dotted lines) effluent 
streams; c) CO2 flux leaving the anode and cathode; 
and d) deconvoluted CO2-related voltage losses.   
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Here, the overall voltage loss was dominated by the Nernstian loss and 
the increase in the charge transfer resistance. It should be noted that the 
Nernstian loss was the most significant, and was nearly constant 
regardless of the flowrate, which agrees well with the anode carbonation 
state in Table 1. This suggests that the outermost part of the anode, 
where the potential is measured experimentally, likely remains firmly 
dominated by the bicarbonate/CO2 equilibrium at all flowrates. The 
next largest contributor to the cell performance loss was the charge 
transfer resistance. It was also the most affected by flowrate. For 
completeness, Figure S7 and Table S2 show the cathode flowrate effect 
with a GT-64-15 AEM as well, which showed the same behavior. 

Next, the effect of lowering the anode reacting gas flowrate was 
investigated and the results are shown in Fig. 2. In general, the anode 
flowrate did not have a significant impact on the CO2-related over
potential. Fig. 2a shows that the CO2 overpotential only very slightly 
increased with decreasing H2 flowrate. This was not due to a significant 
increase in the amount of carbonate in the system, as evidenced by the 
similar HFR for all cases and the total cell carbonation being similar 
(Table 2). This suggests that the main reason for increased polarization 
is increased carbonate concentration in the anode, particularly right at 
the anode/GDL interface, which is evidenced by larger Nernstian and 
charge transfer losses at lower flowrates as well as the semi-quantitative 
measurement of anode CO2 content (using the procedure described 
above for the cathode) as summarized in Table 2. 

It was observed that as the anode flowrate was decreased, the CO2 
concentration in the anode exhaust increased, which is shown in Fig. 2b. 
In fact, it was possible for the concentration of CO2 in the anode exhaust 
to be significantly higher than the CO2 concentration in the cathode 
feed, showing that these devices can act as CO2 concentrators. It was also 
observed that the cathode exhaust nearly always contained 200 ppm 
CO2 regardless of the H2 flowrate, showing that the extent of carbon
ation near the cathode was very low, and suggesting that the cathode 
likely sees minimal resistance to CO2 uptake and carbonate formation. 
The carbonate uptake and flux across the cell was essentially 

independent of anode flowrate (Fig. 2c) because of the rapid reaction 
between carbon dioxide and hydroxide. Finally, as described above, the 
polarization losses were deconvoluted from the data where CO2 was 
supplied and removed from the cathode (Figure S8 - S12 in the Sup
porting information file). As shown in Fig. 2d, none of the three major 
contributors to the CO2-related overpotential changed significantly as 
the anode flowrate was changed. 

The final flowrate-related experiment involved lowering the flow
rates of both the anode and cathode gases simultaneously and equally. 
As shown in Fig. 3a, the voltage and HFR showed similar behavior to 
Fig. 1a as CO2 is applied. It is noted that the initial operating voltage is 
different in each case due to performance differences at lower reacting 
gas flowrates; low flowrates can make it more difficult to manage the 
AEMFC water production at the anode and this has an effect on the cell 
performance [15,29]. In fact, in these cells, stable operation at 0.2 L/s 
was not possible and is, thus, not reported here. There were some 
notable CO2-related cell dynamics at this condition that were not 
obvious by looking at the data in Figs. 1 and 2. For instance, in Fig. 3b, 
the amount of CO2 in the exhausts were comparable, suggesting a bal
ance between the dosing and removal. In addition, Fig. 3c shows higher 
flux at reasonably higher flowrates. But the most surprising observations 
were made after deconvoluting the data sets where CO2 was first applied 
and then released (shown in Figure S13 - S15 in the Supporting Infor
mation) to determine the contribution of each of the fundamental causes 
of CO2-related voltage loss. The Nernstian, Ohmic and kinetic losses 
from the addition of CO2 at various identical anode/cathode flowrates 
are summarized in Fig. 3d. Despite the dynamics in the CO2 flux (Fig. 3c) 
at various flowrates, lowering the flowrates symmetrically did not 
significantly impact the total CO2-derived overpotentials nor did it 
drastically change any individual contributor, though there does seem to 
be some interplay between ΔRctHOR and ΔVNernst where the former 
slightly increases with flowrate and the latter decreases. This can be 
understood based on the dynamics of the system where despite the fact 
that lower cathode flowrates reduce the dosing of the cell, the lower 

Table 2 
Degree of steady-state carbonation as function of anode flowrate feeding with 
400 ppm CO2.  

Anode/Cathode Flowrate (L/ 
min) 

1/1 0.8/1 0.6/1 0.4/1 0.2/1 

AEMFC carbonate/μmol 19 � 2 20 � 2 20 � 2 27 � 3 24 � 4 
Anode carbonate/μmol 11 � 2 11 � 6 14 � 4 14 � 2 18 � 2  

Fig. 3. Effect of symmetrically reducing the anode 
and cathode flowrate on AEMFC carbonation. All cells 
were operated at 1 A/cm2 and 60 �C with 25 μm 
LDPE-BTMA AEM, and 5 cm2 active area. The con
centration of CO2 fed to the cathode was 400 ppm, 
applied at t ¼ 0 s. a) voltage losses and HFR increases 
after the introduction of CO2, b) CO2 emission from 
the anode (solid lines) and cathode (dotted lines); c) 
CO2 flux; and d) deconvoluted CO2 related voltage 
losses at the investigated symmetrical flowrates.   

Table 3 
Degree of steady-state carbonation as function of anode/cathode flowrate 
feeding with 400 ppm CO2.  

Anode/Cathode Flowrate (L/min) 0.8/0.8 0.6/0.6 0.4/0.4 

AEMFC carbonate/μmol 15 � 4 14 � 4 15 � 3 
Anode carbonate/μmol 8 � 3 9 � 2 11 � 2  
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anode flowrate makes it more difficult to remove carbonate from the 
system. Thus, at lower flowrates, as summarized in Table 3, despite 
similar overall amounts of carbonate in the system, the anode itself 
appears to have a higher total amount of CO2 at lower flowrate than at 
higher flowrate, which is expected to increase the charge transfer 
resistance. The Nernstian voltage loss did slightly increase with 
decreasing flowrates, which is most likely the result of carbonate 
accumulation in regions of the cell other than the anode. This causes the 
pH difference between the anode and cathode to be less at lower flow
rates than higher flowrates. Figure S16 and Table S2 show the same 
flowrate effect with a different membrane, GT-64-15, which again 
showed the same behavior. 

3.2. Effect of hydration on the performance of AEMFCs operating with 
400 ppm CO2 

Another variable that may influence the CO2 uptake in the AEM cell 
is cell hydration. There are multiple ways to manipulate the amount of 
water in the cell. One way is to change the dew point of the anode and 
cathode reacting gases. The results of doing so on the CO2-related 
voltage loss is shown in Fig. 4a and summarized in Table 4. At low-to- 
intermediate dew point values, the total CO2-related overpotential 
very slightly decreased with increased hydration (evidenced the by the 
lower HFR in Table 4). As the dew points were increased, the concen
tration and flux of CO2 in the anode exhaust decreased while the con
centration leaving the cathode increased, shown in Fig. 4b–c. This 
appears to confirm that increasing the amount of free water in the cell 
slightly lowers CO2 uptake in the cathode. The presence of this free 
water most likely leads to a dilution effect, where the environment is 
made less basic in nature, decreasing the CO2 solubility. At the highest 
dew point settings, the total CO2 overpotential was low, but this was 
subject to a tradeoff where the high hydration levels led to anode 
flooding (excess liquid water), which reduced overall cell performance 
and resulted in fluctuations in the cell voltage (cathode/anode dew 
points ¼ 55/57 �C in Fig. 4a). 

A second pathway to change the water content of the cell is to 
manipulate the polymer itself. One way to do that is to vary the amount 
of water that can be taken up by the polymer, which can be done by 
changing its degree of crosslinking or the ratio of the monomers in the 
copolymer. To show this effect, the percentage of crosslinker in a GT-64 

Fig. 4. Effect of water content on the carbonation of AEMFCs operating at 1 A/cm2 and 60 �C with ETFE-BTMA AEM, 5 cm2 active area. 400 ppm CO2 in O2 was fed 
to cathode at t ¼ 0 s, and UHP H2 to the anode, both at a rate of 1 L/min a) voltage loss and HFR increase as function of dew points (anode/cathode); b) CO2 emission 
from the anode (solid lines) and cathode (dotted lines); c) CO2 flux. 

Table 4 
Influence of hydration on the CO2-related overpotential and degree of carbon
ation for an AEMFC operating at 60 �C.  

Anode/Cathode Dew 
Points 

50/52 51/53 52/54 53/55 54/56 55/57 

CO2 overpotential/V 0.277 0.277 0.272 0.261 0.244 0.151 
△HFR/mOhm 4.73 4.43 4.37 4.21 3.72 2.66 
AEMFC carbonate/ 

μmol 
17 �
1 

16 �
1 

14 �
1 

18 �
1 

15 �
1 

17 �
1 

Anode carbonate/ 
μmol 

16 �
1 

15 �
1 

17 �
1 

17 �
1 

17 �
1 

12 �
1  

Fig. 5. Influence of water uptake on AEMFC carbonation for cells operated at 1 A/cm2 and 74/74/80 �C (A/C/cell) with 10 μm thick GT-64-X AEMs. The GT-64-X 
AEMs contain increasing crosslinker content (5%, 15%, and 25%, denoted as X ¼ 5, 15, 25, respectively). 400 ppm CO2 was fed to cathode, 5 cm2 active area. 
Specifically shown are a) voltage loss and HFR increase and b) CO2 emission from the anode (solid lines) and cathode (dotted lines) as crosslinker content is increases. 
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polynorbornene copolymer AEM was varied from 5% to 25%. As the 
degree of crosslinking is increased, the water uptake is reduced [10]. 
Therefore, in this study, the GT-64-5 AEM had the highest water content 
and GT-64-25 had the lowest water content. As shown in Fig. 5a, the 
overall voltage loss decreased with increasing water content. GT-64-5, 
GT-64-15, and GT-64-25 AEMFCs showed overall CO2-related the 
voltage losses of 254 mV, 292 mV, and 300 mV, respectively. Figs. 4 and 
5 confirm that increasing the water content in an operating AEMFC 
helps reduce the CO2-related performance penalty. Fig. 5b reports the 
CO2 concentrations in the anode and cathode effluents for the GT-64 
AEMs with varied crosslinking. Interestingly, the overall amount of 
CO2 taken up by the cell does not appear to be significantly changed by 
the crosslinker content. But, the lower crosslinker content (higher water 
content) did have a clear effect on the HFR and voltage loss. This sug
gests that the membrane water can influence the cell behavior even if 
the total CO2 content of the cell is similar. 

3.3. Optimizing operating conditions to minimize the effect of CO2 on 
AEMFCs 

The results above show that lower cathode flowrate (i.e. high ratio 
between the anode/cathode flowrate) and higher cell water content 
both contribute to lower total CO2-related voltage loss. The experi
mental results in this work also agree with the modeling work by Ger
hardt et al. [23] and Setzler et al. [26] who both showed that the degree 
of carbonation increased with decreased cathode flowrate. In addition to 
these two mechanisms, our previous work [16] showed that higher 
operating current density, lower the CO2 concentration, and higher 
temperature also lowered CO2-related voltage losses. Therefore, we 
deployed a combination of the above advantageous conditions and 
operated a cell at 80 �C, anode/cathode dew points of 78/80 �C, high 
anode flowrate at 1 L/min and low cathode flowrate at 0.2 L/min. We 
then recorded point-by-point data with varied CO2 content in the 
cathode at a constant current density of 2 A/cm2 (Fig. 6a). Polarization 
curves were also recorded at several cathode CO2 concentrations 
(Fig. 6b). 

As shown in Fig. 6a, under these “optimized” conditions, operating 
an AEMFC with low CO2 concentrations did not lead to catastrophic 
voltage losses. In fact, only a 30 mV voltage loss was observed with 5 
ppm CO2 in the cathode feed. When 400 ppm CO2 oxygen was fed to the 
cathode, the total CO2-related voltage loss was 182 mV, which is half of 
the previously reported value [16], showing that the operating condi
tions are vitally important in dictating CO2 tolerance. As the CO2 con
centration exceeded 100 ppm, there was an asymptotic behavior where 
increasing from 100 ppm to 400 ppm did not significantly affect the 
CO2-related voltage losses. However, increasing the concentration of 
CO2 in the cathode feed led to further decreases in the achievable mass 
transport limiting current and peak power density. However, most 
AEMFCs (like most PEMFCs) would not actually be operated near the 
peak power density. Considering a more realistic operating point (2 
A/cm2 at 0.6 V) for various applications, including automotive, there 

was only ca. 20% reduction in the power density with 400 ppm CO2 in 
the cathode gas compared to benchmark CO2-free conditions. Some 
slightly lower concentrations (<100 ppm) experience less than a 10% 
loss. This seems to provide some good news – that AEMFCs can be 
operated with CO2 in the cathode stream, even at 400 ppm, without 
catastrophic performance losses. It is important to acknowledge that 
pure oxygen instead of air is being used here when the latter has reduced 
overall performance. The focus here is on the intrinsic effect of CO2, 
justifying the use of O2, but it is noted that the use of air is a more 
realistic operating condition for automotive and other applications. 

4. Conclusions 

In this study, it experimentally shown in high performance AEMFCs 
that decreasing the total CO2 dose to the cell (by decreasing the cathode 
flowrate) and increasing the level of hydration in an operating AEMFC 
are two possible pathways to lowering the CO2-related voltage losses. 
Considering the fundamental mechanisms for CO2-related voltage los
ses, the Nernstian voltage loss was the dominant loss and it was not 
affected by the gas flowrates. The next most important contributor to 
voltage loss was the anode charge transfer resistance, which increased 
with increasing O2 flowrate and decreasing H2 flowrate. The Ohmic 
resistance increased with increasing cathode flowrate, but was a minor 
overall contributor to overall cell performance loss. Lastly, a new set of 
operting conditions, which lowered the total CO2-related overpotentials 
to achieve practical current-voltage values was found and demonstrated. 
These insights will help both modeling groups and experimental re
searchers to better understand the operation of AEMFCs with CO2 con
taining cathode feeds, as well as allow them to pose and assess new 
solutions. 

It is also shown that AEM-like devices may be able to act as CO2 
separators that can simultaneously generate power. Finally, as the anode 
feed flowrate decreased, the CO2 concentration in the anode increased to 
levels several times larger than the cathode inlet concentration, showing 
that these devices can act as energy-generating CO2 concentrators. 
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