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ABSTRACT Anion exchange membrane water electrolyzer (AEMWE) is a rising technology that
offers potential advantages in cost and scalability over proton exchange membrane water
electrolyzer (PEMWE) technology. However, AEMWEs that stably operate in pure water still
employ platinum-group-metal (PGM) catalysts, especially at the cathode. Here, by using an
appropriate ionomer at both anode and cathode, as well as a new hydrogen evolution reaction
(HER) catalyst, we achieve sustained pure-water AEM water electrolysis using only PGM-free
electrocatalysts. Our optimized AEMWE can operate stably for more than 550 h at 1 A/cm? with
a cell voltage of 1.82 V. This performance competes favorably over the state-of-the-art, PGM-
containing, AEMWESs. Unexpectedly, we find that the cathode performance is the bottleneck in
pure-water AEMWE. The application of a cathode ionomer can lower the cell voltage by up to 1.4
V at 1 A/em?. Our work reveals the importance of ionomers for pure-water AEMWEs and

identifies cathode improvement as a key area for future work.
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To combine the advantages of alkaline water electrolysis (AWE) and proton exchange membrane
water electrolysis (PEMWE), a considerable amount of time and effort have been devoted over
the last decade to the development of the technology known as anion exchange membrane water
electrolysis (AEMWE). Recently, AEMWE’s performance and stability have been enhanced to
the point where their future deployment in real applications can be seriously considered. For
example, AEMWEs’ cell voltage is reported to be as low as 1.55 ~ 1.7 V at 1 A/cm? operating in
1.0 M KOH.""¢ In addition, multiple groups have reported 500+ h stability in 1.0 M KOH at low
degradation rates>>® and one recent study showed durability over 8900 h for a 50 cm*> AEMWE
at 200 mA/cm?.” The best-reported stability was obtained by Motealleh et al.¥, whose

electrolyzer worked in 1.0 M KOH at 1 A/cm? for 11000+ h with a degradation rate of 0.7 pV/h.

Despite the rapid development of AEMWE technology operating in alkaline electrolyte,
AEMWE should be operated in a pure water-fed condition ultimately. Pure water instead of an
alkaline electrolyte, typically 1.0 M KOH, which is corrosive, means a simpler balance of plant
(BOP), less passivation for bipolar plates, and no shunt currents. All these translate into a low
cost. There are only a few attempts on developing stable pure-water-fed AEMWE.!>%716 For
example, an AEMWE based on Piper[ON membrane and PGM catalysts operated for over 175 h
with a degradation rate of 0.67 mV/h.!” Likewise Hassan et al.’ used platinum-nickel and iridium
oxide as HER and oxygen evolution reaction (OER) catalysts for AEMWE pure water operation
at the current density of 1.0 A/cm? for 500 h at an operating voltage of ca. 2 V and a low
degradation rate. Li et al.! developed an ammonium-enriched AEI to improve the pure water
AEMWE performance with the use of NiFe-based OER catalyst and PtRu/C HER catalyst.
However, this cell showed a large deviation from its transient performance during the stability

test at 200 mA/cm?. Wan et al.'® employed vertically aligned ionomer-incorporated FeNi layered



double hydroxide (LDH) nanosheet arrays OER catalyst and Pt/C HER catalyst to achieve
stability of 180 h at 500 mA/cm?. In all these cases, Pt/C is employed as the HER catalyst. Thus,
although one of the biggest advantages of AEMWE technology is the possibility to use PGM-
free catalysts, this advantage has not been demonstrated in pure-water AEMWE, largely due to
the lack of suitable PGM-free HER catalysts. Additionally, the impact of ionomer on AEM
electrolyser performance is less studied, although some reports indicate their important roles. For
example, Li et al.' designed an ionomer with no phenyl groups from the polymer backbone to
create a high local pH for efficient HER and OER. Chen et al.!! showed that ionomer swelling is
more critical than membrane swelling for AEMWE stability and reduction of ionomer swelling

could enhance the lifetime of pure-water-fed AEMWEs.

In this study, we have developed stable pure-water AEMWESs using PGM-free OER and HER
catalysts. We show that with the aid of appropriate ionomers, AEMWE performance and
stability in pure water can be greatly enhanced. Our analysis reveals cathode performance as the

main performance bottleneck in PGM-free AEMWE:s.

Catalysts and electrodes

Two representatives of PGM and PGM-free OER catalysts (IrO2 and NiFe-based catalysts)
were used in this work. For PGM-free catalyst, both self-supported and powdery formats were
synthesized. The method for self-supported PGM-free catalyst NiFeOOH has been reported'’.
The powdery NiFeOOH was prepared following a new procedure (see the Supporting
Information). Powdery catalysts were made into catalyst ink and then sprayed onto Ni felt porous

transport layer (PTL). Both PGM and PGM-free cathodes were used, including spray coated



powdery Pt/C and a new electrodeposited, self-supported NiMo on Toray TGP-H-060 PTL (C

papers), respectively. The details of the latter can be found in the Supporting Information.

Figure 1. Chemical structure of a) branched poly(biphenyl piperidinium) (b-PBP) ionomer; b)
Sustainion XB-7; ¢) branched poly(terphenyl piperidinium) (b-PTP) AEM.

The AEIs are branched poly(biphenyl piperidinium) ionomer (b-PBP)?° (Branion by
NovaMea) with an ion exchange capacity (IEC) of 3.4 mmol/g (Figure 1 a) and XB-7
(Sustainion by Dioxide Materials, IEC = 2.2 mmol/g, Figure 1b). 25 um branched poly(terphenyl
piperidinium) AEM (Branion by NovaMea) with 1 mol% of 1,3,5-triphenylbenzene comonomer

(b-PTP-1, IEC = 2.81 mmol/g) was used in this study for performance test (Figure 1c).?

Electrocatalytic performance in three-electrode cells
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Figure 2. a) OER polarization curves in 1.0 M KOH; b) HER polarization curves tested in 1.0
M KOH, inset: LSV curves of bare carbon paper.



Electrode materials assembled in AEMWE (SEM images shown in Figure S1) were first
tested in a three-electrode setup for LSV and C4 measurements. In Figure 2a, the benchmark
PGM OER catalyst IrO> shows the highest overpotential of 0.57 V at 100 mA/cm?in 1.0 M KOH
at 25 °C, while the self-supported NiFeOOH-Ni felt catalyst has the lowest overpotential of 0.32
V. The spray-coated powdery NiFeOOH-b-PBP-Ni felt is less active than self-supported
NiFeOOH due to a lower catalyst loading and the presence of b-PBP ionomer which blocks
some of the active sites. Note that as an ionomer is needed to bind catalyst particles to electrodes,
the presence of ionomers cannot be avoided for powdery catalysts. The HER catalytic
performance is shown in Figure 2b. NiMo grown on carbon paper exhibits the best HER activity,
reaching 100 mA/cm? at 0.35 V vs. RHE, which is better than the benchmark PGM catalyst of
Pt/C sprayed on carbon paper (0.58 Vs rue at 100 mA/cm?). The latter contains b-PBP ionomer
that is required to bind the catalyst to the electrode. Coating NiMo-C paper with b-PBP ionomer
decreased the HER activity (0.49 Vs rue at 100 mA/cm?), which can be attributed to ionomer-
induced electronic insulation and a decreased ECSA (Table S1, derived from Cq in Figure S2).
The ECSA-normalized LSVs arepresented in Figure S3. According to the data above, the
NiFeOOH and NiMo catalysts described here exhibit higher activity than benchmark PGM
catalysts in three-electrode cells. XRD patterns of NiMo-C paper and NiMo-b-PBP-C paper in

Figure S4 show no phase changes after ionomer coating.

Critical influence of ionomers in PGM-free AEMWE

In three-electrode experiments, the reactions are conducted in 1.0 M KOH. The KOH permeates
the porous catalyst assembly in ways that the solid ionomer cannot. Therefore, membrane-
electrode-assembly (MEA) results are not always consistent with three-electrode behaviors and

the deviations are mainly due to catalyst utilization, mass transport limitations (electrolyte access



and bubble removal), and ionic and electrical conductivity. Thus, after testing in three-electrode
setup, the catalysts are tested in alkaline and pure water-fed two-electrode AEMWEs. The MEAS
were loaded into 4 cm? Scribner hardware between single-pass serpentine flow nickel and

graphite plates. b-PTP, nickel felt and carbon paper are used as as AEM, anode and cathode

substrates, respectively.
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Figure 3. a) polarization curves of pure water-fed PGM-free AEMWEs showing the influences
of ionomers (anode: self-supported and powdery NiFeOOH have 5 % (to total catalyst mass) and
20 wt% (to total catalyst layer mass) b-PBP, respectively; cathode: 2 wt% b-PBP); b)
corresponding EIS measurements at 0.1 A/cm?; ¢) polarization curves of pure water-fed PGM-
free AEMWESs w/ ionomer, anode ionomer contents vary from 15 wt% to 30 wt%, cathode
ionomer was kept at 2 wt% (XB-7 with smaller IEC for 25 wt% case only); d) polarization
curves of pure water-fed PGM-free AEMWEs w/ ionomer, anode ionomer was kept at 25 wt%,



cathode ionomer was changing from 1 wt% to 10 wt% (XB-7 for 2 wt% case only). Cell and
electrolyte temperatures at 80 °C.

At first, we tested the influences of ionomers for PGM-free catalysts in pure water AEMWE:s.
Figure 3 a) shows that adding b-PBP ionomer to the NiMo-C paper cathode increases the
performance of the AEMWE with a self-supported NiFeOOH//NiMo electrode pair. The current
density at 2.0 V is increased from 0.17 to 0.66 A/cm?. Adding b-PBP ionomer to self-supported
NiFeOOH anode further increases the performance. The current density at 2.0 V is now 1.05
A/cm?. Replacing the self-supported NiFeOOH-b-PBP with powdery NiFeOOH-b-PBP yields
even higher performance, resulting in a current density of 1.21 A/cm? at 2.0 V. These results
suggest both cathode and anode ionomers greatly improved the full-cell performance of pure
water AEMWESs. Due to being ionomer-free, the active sites of self—supported NiFeOOH are
able to full contact with electrolyte, thus, self—supported NiFeOOH achieves the highest
performance in three-electrode cell. However, the conclusion in three-electrode test cannot be
transferred to a two-electrode electrolyser. The addition of ionomer on electrode (self—supported
NiFeOOH—-b—PBP (blue line) and powdery NiFeOOH—b—PBP (pink line)) has greatly improved

the electrolyser performance because of better hydroxide conduction.

EIS curves in Figure 3 b show that the ionomer-free self-supported NiFeOOH//NiMo pair stands
out for the largest resistance due to the low electrical conductivity of electrocatalysts and the lack
of OH conducting channel. lonomer coating has largely reduced interfacial contact resistance
between the electrode and the membrane. Moreover, the apparent charge-transfer resistance,
which includes both kinetic and mass transfer terms, largely decreases with the application of
ionomers. This can be attributed to the ionomer functioning as an OH" buffer layer to facilitate

the transport of OH™ ions, then improving the OER and HER for pure-water-fed AEMWE.



We next probed the influence of ionomer contents (Figure 3 ¢ and d). For the anode, when b-
PBP is used as ionomer, increasing its content first increases its performance, until the best
results were obtained at 25 wt%. A higher content led to lower performance, possibly because a
large amount of ionomer can block some active sites, as well as decrease electronic conductivity.
We also compared b-PBP and XB-7 as anode ionomers at 25 wt% loading and found b-PBP
worked better. We attribute this to the higher IEC of b-PBP (3.4 mmol/g) compared to XB-7 (2.2

mmol/g), which is more efficient for hydroxide transfer.

The anode ionomer was then kept at 25 wt% b-PBP, and the content of b-PBP in the cathode was
changed from 1 to 10 wt%. It was found that 2 wt% and 5 wt% ionomer content was the best.
We also compared b-PBP and XB-7 as cathode ionomers at 2 wt% loading, and the b-PBP was
again better, possibly due to a higher IEC as well. The effect of ionomer comes partially from the
accessibility of catalyst active sites to hydroxide. The higher loading of ionomer naturally
reduces the amount of accessible hydroxide ions while appropriate amount of ionomer could

enhance hydroxide tranport.

As a reference, we probed the influences of ionomers for AEMWEs working with 1.0 M KOH as
anode electrolyte (Figure S5). Only at current densities higher than 2 A/cm?, ionomers have a
noticeable, positive influence on the performance. The degree of improvement is however
modest compared to that in pure water AEMWE:s. This result can be understood considering a
more hydroxide-rich environment when 1.0 M KOH is used as anode electrolyte. In accordance
with this, the content of anode ionomer, as well as the nature of ionomer (b-PBP or XB-7), made

little to small differences (Figure S5 ¢ and d)

Comparison of PGM-free AEMWEs with PGM-containing AEMWEs



We next compared AEMWEs with PGM//PGM, PGM-free//PGM, and PGM-free//PGM-free
(anode//cathode) electrode configurations (Figure 4). For the PGM-free electrodes, we chose the
best pair from the study in Figure 3. In pure water, the PGM (IrO»-b-PBP)//PGM (Pt/C-b-PBP)
combination gave the worst result, whereas the powdery NiFeOOH-b-PBP//NiMo-b-PBP had the
same performance as NiFeOOH-b-PBP//Pt/C-b-PBP (Figure 4a). It can be concluded that the
powdery NiFeOOH is much better than IrO> for OER, and the NiMo is similar to Pt/C for HER
in pure-water AEMWESs. The electrolyser performance of IrO> MEA is comparable to those
reported in reference.>*!?? Figure 4b compares the state-of-the-art pure-water AEMWEs. Our
PGM-free AEMWE has the highest performance of 1.91 A/cm? at 2.0 V. Figure 4c shows that
the AEMWE with powdery NiFeOOH-b-PBP//NiMo-b-PBP can be stably operated for more
than 550 h at 1 A/cm?. The voltage is at around 1.82 V, with a degradation rate of 71 pV/h.
Combine with optimized testing system and materials - the optimized electrodes contain high-
performant catalysts and optimized ionomer coating as well as the high durability of AEM

proven by our previous publications?®?34

, such high performance and stability was achieved.
Post mortem analysis in Figure S7 shows that after 550 h of stability test the LSV performance
has decreased from the prestine sample due to an increase in ohmic and charge transfer
resistances. SEM images show that the anode morphology has changed while that of the cathode
remains similar after electrolysis. Likewise, XRD patterns show that the anode catalyst becomes
more amorphous whereas the cathode catalyst retains its structure after electrolysis. These

results suggest that the decrease of MEA performance is mostly due to the change of the anode

catalyst, possibly due to phase change or detachment.
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Figure 4. a) polarization curves of PGM//PGM, PGM-free//PGM, and PGM-free//PGM-free
AEMWEs in pure water; b) AEMWE performance collection in pure water from reference, red
dots for PGM-free cells, black dots for PGM-contained cells;*!*!1>2° ¢) stability at a constant
current density of 1 A/cm?. Cell and electrolyte temperatures at 80 °C. The PGM-free cell is the
same blue curve in Figure 3 d).

Analysis of performance-determining factors

We conducted EIS analysis and fitted polarization curves to trace the performance loss
sources of various pure water AEMWEs presented here. The ohmic loss was taken from
Galvano-EIS measurement. The kinetics overpotential was determined by fitting a Tafel model
to the Ohmic loss-free overpotential below 30 mA/cm?. The mass transport overpotential was

determined by subtracting the kinetics overpotential from the iR-free overpotential (see
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corresponding formulas in SlI). Figure 5a shows the contributions of each mechanism at the
current densities of 0.1 and 0.5 A/cm?. As expected, increasing the current density often leads to
higher mass transfer overpotentials, but not for the powdery NiFeOOH-b-PBP//Pt/C-b-PBP. In
the latter case, there is nearly no mass transfer overpotential, highlighting the efficiency of both
its cathode and anode ionomers. For this pair, most loss is due to kinetic overpotential.
Interestingly, the kinetic overpotentials are the lowest for the NiFeOOH-b-PBP//NiMo-b-PBP
pair, indicating the NiMo catalyst has a higher intrinsic activity than Pt/C. This result is
consistent with that of the three-electrode measurements (Figure 2b). For the NiFeOOH-b-
PBP//NiMo-b-PBP pair, a large portion of the loss is due to mass transfer resistance, and mostly
from the cathode. For reference, data for AEMWES running in 1.0 M KOH are shown in Figure
S6. Again a large difference in performance profiles is observed between AEMWEs running in

1.0 M KOH and those in pure water, due to the change of electrolyte environment.

12
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Figure 5. a) performance loss distribution in water at 0.1 and 0.5 A/cm? (derived from Figure
4a); b) and c) for anode and cathode iR- corrected potentials of AEMWE:S in pure water; d)
overpotential breakdowns. Sustainion X37-50 grade T AEM for b), c), and d). Cell and
electrolyte temperatures at 80 °C.

To obtain further details of the voltage losses, we used an extended AEM strip out of hardware
with an Ag/AgCl reference electrode to identify the potential for each electrode (Figure S8).%
EIS measurements were done between the reference electrode and the anode or cathode (Figure
S11), and the recorded potentials were corrected by the Ohmic resistance extracted from the
corresponding EIS curves. The I-V curves obtained in this system (Figure S9) are similar in trend
to those recorded in normal cells (Figures 3 and 4), even though a different AEM and active area
of the cell was used in the present case. The iR-corrected net potential losses at the anode and

cathode are shown in Figures 5b and c. For the anode, IrO,-b-PBP is clearly much less efficient
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than NiFeOOH-based electrodes. Among the latter, powdery NiFeOOH-b-PBP has the lowest
anode potential, consistent with cell data in Figure 3a. For the cathode, ionomer-free NiMo-C
paper has very negative potentials, but the coating of this catalyst with 5 wt% b-PBP greatly

improved the cathode performance, for example, by about 1.4 V at 1 A/cm?.

We further break down the overpotentials into mass transfer and kinetic overpotentials. Figure 5d
compares the contributions of various loss mechanisms for different AEMWESs at 1 A/cm?.
Ohmic loss is negligible for IrO2-b-PBP//Pt/C-b-PBP, due to the high conductivity of PGMs. The
use of less conductive PGM-free catalysts resulted in a small Ohmic loss. Surprisingly, in all
cases, the cathode kinetic overpotential is the biggest contributor to the overall cell voltage, even
for Pt/C. When NiFeOOH catalysts are used, the anode overpotential loss is rather small. These
data are in contrast to the general assumption that OER rather than HER is the bottleneck in
water splitting. We think this result arises from the particular environment of pure-water
AEMWEs, which is rather different from three-electrode cells where mass transport is often not
an issue. This could also come from relatively lower local pH in cathode/membrane interface in
pure water-fed working environment than in alkaline media. A lower pH could decelerate the
intrinsic activity of HER catalyst. The importance of OH™ transport at the cathode is highlighted
by the massive reduction of potential (1.4 V) upon application of a small amount of b-PBP to the
cathode. As expected, in AEMWEs operating with 1.0 M KOH anolyte, mass transfer
overpotentials are greatly reduced, and kinetics are even slightly improved (Figure S10). The
huge influence of cathode ionomer nearly vanishes, consistent with the abundant OH™ provided
by the anolyte, likely via cross-over through the membrane. Continuously in all cases, cathode

kinetic overpotential is the biggest contributor to the cell voltage.
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We have demonstrated sustained pure-water AEM water electrolysis using PGM-free
electrocatalyst. We have shown that such PGM-free AEMWESs perform as good as or better than
state-of-the-art PGM-containing AEMWEs under similar conditions. Our optimized AEMWE
can operate stably for more than 550 h at 1 A/cm? with a cell voltage of 1.82 V. We show that an
appropriate ionomer at both the anode and cathode is essential for a high-performance pure-
water AEMWE. The application of a cathode ionomer can lower the cell voltage by up to 1.4 V
at 1 A/cm?. Unexpectedly, we find that the cathode performance is the bottleneck in pure-water
AEMWE. Future work in improving the performance of pure-water AEMWEs should focus on

the cathode.
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