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Abstract

Anion exchange membrane water electrolyser is a highly promising electrolyser technology,
but its performance in pure water is severely limited by the unsatisfactory OH™ conductivity
of the membrane. To overcome this critical challenge, we develop a local alkalinity
engineering strategy that employs TiO2 nanoparticles in catalyst layers. These nanoparticles
enrich OH™ in the electric double layer at both electrodes, creating self-sustaining alkaline
microenvironments (pH ~14), as confirmed by a scanning electrochemical microscopy
technique integrating pH microelectrodes. As a result, the engineered electrolyser achieves
a high current density of 3.0 A cm™ at 2.08 V, approaching that of the precious-metal-based
proton exchange membrane water electrolyser under identical conditions. In addition, the

local alkalinity alleviates the degradation of non-noble metal catalysts and membrane, thus



enabling the electrolyser to realize long-term stability of ~1400 h at 1.0 A cm™. We also
demonstrate that this local alkalinity strategy can be readily extended to different types of
membranes and scaled up, providing a universal tactic to boost the performance of anion

exchange membrane water electrolysers.

Introduction

Powered by renewable electricity, proton exchange membrane water electrolysers (PEMWES) that
can produce high-purity Hz directly from pure water are currently the leading technology for
sustainable Hz production’®. Nevertheless, PEMWEs rely on precious-metal-based catalysts (IrOz
and Pt), and their large-scale future deployment would considerably increase capital expenditures
and the consumption of precious metals® . Assuming a global Hz supply of 400 GW per year, the
annual demand for Ir would reach ~126 t—far exceeding its annual production (~1 t)*>”. Recently,
anion-exchange membrane water electrolysers (AEMWES)®1® have attracted intensive attentions,
as they eliminate the need for precious metals while retaining key advantages similar to PEMWEs.

Despite significant progress, the current performance of AEMWEs still lags far behind that
of PEMWEs?® ®. Specifically, the hydrogen production current density of AEMWES supplied with
pure water typically ranges 0.2-0.8 A cm™2 at 2.0 V622 Jower than that of PEMWESs (2.0-3.0 A
cm 2 at 2.0 V)%, The main challenge lies in the low ion conductivity of hydroxyl anions (OH")
in commercial anion membranes (10°-1072 S cm™), compared to that of proton (H*) in PEMs
(>1071 S cm™1)10-12.26-28 Consequently, OH™ generated at the cathode (2H20 + 2e” — H2 + 20H")
cannot be rapidly transported through the AEM to the anode for the oxygen evolution reaction
(OER)? 2126 slowing the reaction kinetics at both electrodes. More critically, insufficient OH~

supply leads to anodic acidification, further degrading the long-term durability of AEMWESs (<200

h)l?, 18, 22.



To tackle the challenges posed by inefficient OH™ transport in AEMs, research efforts have
focused on modifying the functional groups and/or backbone structures of AEM/ionomer to
enhance OH™ conduction® 293 While significant advancement has been achieved, improvements
in OH™ conductivity are usually accompanied by increased water uptake and membrane swelling®
1135 which severely compromise the durability of AEMWEs. Therefore, the fundamental issue of
inadequate OH™ transport remains unresolved, leading to sluggish reaction kinetics at both
electrodes and high overpotentials in AEMWE. To mitigate these limitations, most reported
AEMWE studies still employ alkaline electrolytes instead of pure water®®%°, However, this
approach introduces critical issues, including bipolar plate passivation by alkali and the need for
circulation/recovery of corrosive electrolytes® °. These issues not only raise maintenance costs but
also generate substantial environmental concerns. Therefore, developing strategies to overcome
the current AEMWE limitations caused by inadequate OH™ transport remains imperative.

In this work, we overcome the performance and stability limitations of AEMWEs by
introducing titanium dioxide (TiO2) to regulate the local microenvironment pH at both anode and
cathode catalyst layers, establishing optimal alkaline conditions. Using a pH microelectrode
coupled with scanning electrochemical microscopy (SECM), we precisely monitor in situ pH
distributions in the catalyst layers. Our results show that TiO2 generates localized alkalinity within
5 um from the catalyst surface, simultaneously enhancing reaction kinetics and OH™ transport.
Crucially, this alkaline microenvironment effectively stabilizes non-precious metal catalysts and

the AEM, leading to improved AEMWE durability.
Results

Identifying performance bottleneck of AEMWE supplied with pure water. We assembled a

typical AEMWE using NiFe oxide and NiMo alloy as the anode and cathode catalysts



(Supplementary Figs. 1-3), respectively, and commercial Sustainion membrane as the AEM. As
shown in Fig. 1a, the AEMWE demonstrates poor performance when supplied with deionized (DI)
water (hereafter, AEMWE was supplied with DI water unless otherwise specified).
Electrochemical impedance spectroscopy (EIS) reveals both high ohmic resistance (Rs) and charge
transfer resistance (Rct) (Fig. 1b, inset), corresponding to inefficient OH™ transport and sluggish
reaction Kinetics?%“¢, respectively. Notably, adding KOH to the feed water reduces both Rsand Rct
values (Fig. 1b), consequently increasing the hydrogen production current density (Fig. 1a).

To investigate the reaction microenvironment of the AEMWE, we integrated a pH
microelectrode (~10 pm tip) with SECM to monitor the in situ pH distributions in the cathode and
anode catalyst layers (Fig. 1c, Supplementary Note 1 and Supplementary Fig. 4). This system
operates with the microelectrode measuring local pH in the AEMWE through bipolar plate
openings while SECM controls its precise positioning. As illustrated in Fig. 1d, at 1.9 V cell
voltage, the local pH values in the anode (pHanode) and cathode catalyst layers (pHcathode) are 3.7—
4.1 and 10.1-10.4, respectively. Similar results were also found in AEMWEs with different
catalyst layer thicknesses (Supplementary Figs. 5-7), confirming weakly acidic (anode) and
weakly alkaline (cathode) microenvironments—a deviation from the ideal strongly alkaline
conditions required for efficient operation of AEMWE. This phenomenon arises from the low OH™
conductivity of AEM—OH™ produced at the cathode cannot be rapidly transported to the anode
through the membrane?® 2+ 26 which slows reaction kinetics and increasing the local pHanode. In
this case, the anode proceeds OER via 2H0 — Oz + 4H* + 4e", causing acidification. Notably,
AEMWE supplied with 1.0 M KOH maintains pHanode and pHecathode Values of ~14 (Supplementary

Fig. 8). These collective results demonstrate that the poor performance of AEMWE operated in DI



water (Fig. 1a, b) stems from non-ideal pH conditions. Moreover, the anodic acidification further
compromises the stability of the AEMWE, which will be discussed in detail later.

Creating alkaline microenvironments for both electrodes. To overcome the fundamental
performance limitations of AEMWEs caused by non-ideal pH conditions, we developed a
microenvironment pH regulating strategy for both electrodes—a previously unexplored approach
in AEMWES. According to our previous work*’, the introduction of Cr.03 (Cré*, pKa: ~2.05%) on
a cobalt oxide catalyst can dynamically split natural seawater (pH ~7.9) and enrich OH™ near the
catalyst surface. Here, we employed TiOz2 to regulate local pH in AEMWESs (Supplementary Figs.
9-11, and Supplementary Note 2), as it combines: (i) electrochemical stability across full HER and
OER potential windows*® 0, and (ii) optimal OH™ affinity (Ti**, pKa: 2.20°!). Based on these
properties, we deposited ~ 5 nm TiOz nanoparticles onto pre-synthesized anode NiFe oxide (anode)
and NiMo alloy (cathode) catalysts (Fig. 2a, b and Supplementary Figs. 12-15).

We then assembled AEMWESs using TiO2-modified anode/cathode catalysts and commercial
Sustainion membranes (Supplementary Tables 1 and 2, and Supplementary Fig. 16). These
electrolysers, designated as TiO2-modified AEMWE-x (where a larger x represents an increasing
TiO2loading), were subjected to local pHanode aNd pHcathode Monitoring. As illustrated in Fig. 2c, d,
when no cell voltage was applied, the pHanode and pHecathode Of these TiO2-modified AEMWEs are
both ~7.0, the same as that of DI water. As the voltage increases, the pHanode and pHcathode Values
increase. Moreover, when the electrolysers were operating under the same voltage, the greater the
coating amount of TiO2, the higher the pHanode and pHcathode Values (Fig. 2c, d and Supplementary
Fig. 16). Additionally, the pHanode and pHcathode Of the TiO2-modified AEMWE-3 approach 14.0
when the cell voltage is > 1.55 V (Fig. 2c, d, Supplementary Figs. 16 and 17), demonstrating that

strong alkalinity was generated around both the anode and cathode catalyst layers. This important



finding is further supported by the measured two-dimensional uniform distribution of pHanode and
PHcathode (~14) in this TiO2-modified AEMWE-3 at 1.90 V (Fig. 2e).

Moreover, we quantified the regions where the local alkalinity acts on the surface of the anode
and cathode catalyst layers. Specifically, we varied the distance between the pH microelectrode
and the catalyst surface, and measured the local pHanode and pHcathode OF TiO2-modified AEMWE-
3. As shown in Fig. 2f, when the distance between the two is less than 5 um, the measured pHanode
ranges 13.8-12.9, and this value rapidly drops to ~7.0 when the distance exceeds 5 um. For
PHcathode, @ Similar trend was observed (Fig. 2g). These results indicate that the local strong
alkalinity is in the range of 5 um on the anode and cathode catalyst surface.

Mechanism of TiO2-mediated OH- enrichment. To elucidate the formation mechanism of local
alkalinity in AEMWEs, in situ surface-enhanced Raman spectroscopy was employed (Fig. 3). For
the anode in a neutral electrolyte, TiO2 (Fig. 3a) and TiOz-modified NiFe oxide (Fig. 3c,
Supplementary Figs. 18 and 19) exhibit potential-dependent enhancement of the H-O-H bending
vibration (~1600 cm™) from adsorbed water (H20%*)%?, accompanied by emerging OH* peaks
(~800 cm1)%2 %3, This indicates active water dissociation on TiO2 (Supplementary Note 3 and
Supplementary Fig. 20), in sharp contrast to pristine NiFe oxide under the same conditions (Fig.
3b), which shows negligible H2O* and OH* signals. Obviously, the potential-dependent evolution
of these spectral features shows a clear correlation with the pHanode measurements (Fig. 2c), where
TiO2-modified AEMWESs exhibit evident OH~ accumulation (and thus increased pHanode), While
the pristine AEMWE shows negligible change. This direct correspondence provides spectroscopic
evidence that the local alkalinity originates from accelerated water dissociation on TiO2 (H20 —
OH~ + H). Our density functional theory calculations support this point, revealing that TiO2

exhibits a low energy barrier for water dissociation under anode potential (Supplementary Fig. 21).



This facilitated dissociation leads to the accumulation of OH~ within the electrical double layer
(EDL) due to electrostatic attraction to the positively charged electrode surface (Supplementary
Fig. 22), while the generated H* is rapidly extracted from the EDL under the applied potential
gradient (Fig. 3e). This selective ion redistribution creates an alkaline microenvironment at the
anode interface.

At the cathode, while the pristine TiO2 and NiMo alloy in neutral electrolyte (Fig. 3f, g) show
weak H20* signals, TiOz-modified NiMo alloy exhibits enhanced H20* intensity and rapidly
increasing H* signals (~1950 cm1)?* with applied potential (Fig. 3h and Supplementary Fig. 23).
These observations clearly demonstrate that the local alkalinity at the cathode (Fig. 2d) develops
through a mechanism distinct from the anode’s direct water dissociation on TiO2. This should be
a synergistic mechanism between TiO2 and NiMo alloy (Fig. 3e), where the NiMo alloy catalyzes
the Volmer step of HER (H20 + e~ — OH~ + H*)**, while oxophilic TiO2°*® adsorbs and enriches
OH". This OH feedback accelerates the VVolmer step on NiMo alloy, thereby establishing a self-
sustaining an alkaline microenvironment.

The above results demonstrate that at both electrodes, TiO2 enriches OH™ in the EDL. The
resulting alkaline environments enables the anode NiFe oxide and cathode NiMo alloy catalysts to
proceed via alkaline OER and HER mechanisms, respectively. This is evidenced by the
pronounced O-O bond>® (Supplementary Fig. 24) and H* intermediates observed on the TiO:-
modified NiFe oxide and NiMo in neutral electrolyte (Fig. 3c, h), similar to their behaviour in the
alkaline electrolyte (Fig. 3d, i, Supplementary Note 4, and Supplementary Figs. 25 and 26).
Undoubtedly, this effect can enhance the reaction kinetics at both electrodes.

Performance of locally alkaline AEMWE. As discussed above, the performance of the pristine

AEMWE is limited by unfavourable OH™ transport and sluggish reaction kinetics (high Rsand Rct,



Fig. 1b). EIS measurements show that the Rsand Rct values of the locally alkaline AEMWE (TiO2-
modified AEMWE-3) are reduced compared to those of the pristine AEMWE (Fig. 4a). Moreover,
it is found that the local alkalinity can also improve the OH™ conductivity of AEM in DI water,
with its value close to that of the membrane in 1.0 M KOH (Fig. 4b and Supplementary Fig. 27).
This finding is reasonable that due to the boosted hydrogen evolution kinetics, a large amount of
OH" is produced (2H20 + 2e~ = Hz+ 20H"), which increases the occupancy and transport of OH™
in the membrane. Therefore, the local alkalinity can solve the critical issues of inefficient OH™

transport and sluggish reaction kinetics in AEMWEs.

As aresult, the locally alkaline AEMWE delivers a high hydrogen generation current density
of 3.0 A cm 2 at 2.08 V, which is 8 times that of the pristine AEMWE (Fig. 4c and Supplementary
Figs. 28 and 29). This performance is competitive with those reported for AEMWES supplied with
pure watert® 17 192156 and approaches that of the state-of-the-art PEMWE?*?% (Supplementary
Table 3). It is noteworthy that the slight performance reduction of the locally alkaline AEMWE
compared with that of the pristine AEMWE operated in 1.0 M KOH is due to the fact that TiO2

covers some active sites on the anode and cathode catalysts (Supplementary Fig. 30).

We further validated this microenvironment regulation strategy in electrolysers incorporating
additional commercial AEMs (AEMION™ and FAA), alongside the above investigated
Sustainion membrane (Figs. 1 and 2). These membranes employ distinct OH~ conduction
mechanisms: Sustainion uses imidazole-functionalized polystyrene, AEMION™ relies on
methylated polybenzimidazole, and FAA depends on quaternary ammonium groups®’. TiO:-
modification consistently establishes local alkalinity across all membrane types (Supplementary
Figs. 31 and 32), leading to performance enhancements. Specifically, at 1.9 V, the modified

Sustainion-, AEMION™- and FAA-based AEMWESs exhibit 9-, 8-, and 7-fold increases in



hydrogen production current density, respectively, compared to their unmodified counterparts (Fig.
4d, Supplementary Figs. 33 and 34). This universal performance improvement across diverse
membrane chemistries demonstrates the broad applicability of our microenvironment regulation

strategy.

Long-term stability of locally alkaline AEMWE. Another key challenge of AEMWEs for
practical applications is their poor long-term stability” 2227, As discussed above, the local reaction
environment of the anode catalyst in the pristine AEMWE is weakly acidic (pH ~4.0, Fig. 1d),

which can obviously

cause structural degradation of non-precious metal catalysts. To clarify this point, we quantified
Fe and Ni dissolution from the anode NiFe oxide catalyst after 100 h operation at 1.9 V in both the
pristine and locally alkaline AEMWEs. Note that the pHanode Values of these AEMWE:s are 3.7
(pristine), 8.7, 12.7, and 13.8 (locally alkaline) (Fig. 2c and Supplementary Fig. 35). As shown in
Fig. 5a, the pristine AEMWE shows substantial metal dissolution (43 at% Fe, 59 at% Ni),
confirming the destabilizing effect of acidic conditions (Supplementary Fig. 36). Conversely,
locally alkaline AEMWESs exhibit progressively reduced dissolution with increasing pHanode.
Specifically, for the AEMWE with local pHanode 0f 13.8, the loss of Fe and Ni from the anode
catalyst becomes negligible (Fig. 5a and Supplementary Fig. 36). Therefore, the in situ generated

local alkalinity can effectively inhibit the detrimental dissolution of the anode catalyst.

Furthermore, according to previous works!” %8 the anodic acidification can lead to
degradation of membranes. Therefore, we pay close attention to the effect of pHanode ON the
structural changes of AEM after its assembly and operation in the electrolyser. Fig. 5b shows the
X-ray photoelectron spectroscopic (XPS) spectra of the original and used Sustainion membranes

with different pHanode. As illustrated, the original membrane exhibits evident N* (401.5 eV) and



C—N*(287.0 eV) peaks®® from its imidazole groups, which are crucial for OH- conduction. Notably,
as pHanode decreases, the intensities of the N* and C—N* signals decrease, suggesting H*-induced
degradation of imidazole groups. Furthermore, when the membrane was operated at pHanode Values
of 8.7 and 3.7, a O—C=0 (288.4 eV) appears, indicating oxidative degradation of the polymer
chain®®. In contrast, there is no noticeable change observed in the membrane of the locally alkaline
AEMWE with pHanode Of 13.8. These results demonstrates that in situ generated local alkalinity

can effectively supress AEM degradation.

Afterwards, we evaluated the long-term stability of our locally alkaline AEMWE (TiO2-
modified AEMWE-3). As shown in Fig. 5c, this electrolyser works stably for more than 1400 h at
a high current density of 1.0 A cm™2, with a voltage drift as small as 60 puV h™*. Such stability is
better than those reported for AEMWES operating in pure water? 16-18.22.29 (jn the range of 10—200
h and measured at lower current densities of 1200-500 mA cm2). This finding is further supported
by our measured changes in the local pHanode and pHecathode OF our locally alkaline AEMWE as a
function of time (Fig. 5d, e and Supplementary Fig. 37), which demonstrated that the strong local
alkalinity in the anode and cathode catalyst layers was well maintained during the operation of the
electrolyser.

Scale up of locally alkaline AEMWE. We fabricated a 10-cell locally alkaline AEM stack
connected in series (Fig. 6a), featuring a total electrode area of 250 cm? (25 cm? per single cell).
As shown in Fig. 6b, individual cells perform similarly, obtaining a current density of 2.0 A cm™2
at 1.94 + 0.02 V, while the overall stack achieves the same current density at 21.0 V. Moreover,
our locally alkaline AEM stack demonstrates good durability with a degradation rate of 117 pV
h™* during 500 h of operation at 1.0 A cm2 (Fig. 6¢). Assuming maintenance of >80% initial

performance at this decay rate, the projected operational lifetime of the stack exceeds 32,000 h—



a duration that would satisfy industrial requirements. Importantly, the locally alkaline AEM stack
supplied with DI water achieves an energy consumption of 49.5kWhkg*H2 and an energy
conversion efficiency of 74.5% (Fig. 6¢), comparable to those of the state-of-the-art PEM stack
based on precious metal catalysts (46.6 kWhkgH2 and 79.2% conversion efficiency), also
approaching the Department of Energy’s (DOE) 2050 target for AEMWE technology (75%

conversion efficiency).

To assess economic viability, we conducted a levelized cost of hydrogen (LCOH) analysis
(Supplementary Note 5 and Supplementary Figs. 38-41). The results demonstrate cost advantages
for our locally alkaline AEM stack compared to precious-metal-dependent PEM systems, with a
median LCOH reduction of 25.4% (Supplementary Fig. 38). When compared to KOH-enhanced
AEM systems, our approach maintains competitive performance while effectively avoiding the
operational challenges associated with alkaline corrosion and wastewater treatment, exhibiting
economic stability (Supplementary Figs. 39-41). This combination of technical advantages and
economic benefits positions our locally alkaline AEMWE technology as an ideal solution for

commercial hydrogen production.

Discussion

In summary, we proposed an AEM-independent strategy to adjust the reaction microenvironment
of anode and cathode catalyst layers to ideal strong alkalinity, thus effectively addressing the
performance limitations associated with AEMs in electrolysers. We demonstrated that the super in
situ generated local alkalinity not only boosted the hydrogen production, but also supressed the
degradation of non-noble metal catalysts and AEM. As a result, our locally alkaline AEMWE,
assembled with commercial AEM and supplied with DI water, achieved a hydrogen generation

current density of 3.0 A cm 2 at 2.08 V, and exhibited stability up to 1400 h at an industrial required



current density of 1.0 A cm™2. We demonstrate that such in situ generated local alkalinity enables
AEMWESs to compete with the leading PEMWESs. Moreover, our specifically engineered AEM
stack contributes to lower capital expenditures and maintenance costs, minimized alkali waste
treatment demands, and paves the way for the industrial application of AEMWE electrolysis

technology.

Methods

Materials synthesis. The NiFe oxide catalyst was fabricated by a solvothermal method.
Specifically, a precursor solution was firstly prepared by dissolving 0.5 mM Ni(NOz)2:6H20 (=
99%, Aladdin), 0.5 mM Fe(NOz)3-9H20 (=99%, Aladdin) and 10 mM urea (=99%, Aladdin) in
35 mL of DI water. Then, a pre-cleaned Ni fibre felt was placed vertically in the precursor solution,
transferred to a 50 mL Teflon autoclave and treated at 120 °C for 12 h. Afterwards, the Ni fibre
felt was thoroughly washed with DI water, dried at room temperature (25 °C), and heated in N2
atmosphere at 600 °C for 2 h to obtain the NiFe oxide catalyst. Note that the loading mass of as-
prepared NiFe oxide catalyst on Ni fibre felt was ~3 mg cm™.

The NiMo alloy catalyst was synthesized according to the previous work®. Firstly, a
precursor solution was prepared by dissolving 0.08 M Ni(NO3)2:6H20 and 0.02 M
(NH4)6M07024-4H20 (99%, Aladdin) in 30 mL of deionized water. Afterwards, a pre-cleaned Ni
fibre felt was placed in the precursor solution, then transferred to a 50 mL Teflon autoclave, and
treated at 150 °C for 6 h. Next, the Ni fibre felt was washed with DI water, dried naturally and
reduced at 600 °C for 2 h under H2/Ar (v/v=15/85) atmosphere to obtain NiMo alloy catalyst. Note
that the loading mass of NiMo alloy catalyst on Ni fibre felt was ~3.2 mg cm™,

For the TiO2-modified NiFe oxide or NiMo alloy catalysts, a titanium precursor was prepared
by dissolving titanium isopropyl alcohol (TiCeH19NOs4) in ethanol. Then, the Ni fibre felt loaded
with NiFe oxide or NiMo alloy catalyst was immersed in the precursor solution, dried naturally
and heated at 400 °C for 3 h in N2 flow to obtain the TiO2-modified NiFe oxide or NiMo alloy
catalyst. Note that for 4, 8, 12 and 20 at% TiO2-modified NiFe oxide, 0.05, 0.1, 0.2, 0.5 M
TiCoH19NOs4 in ethanol were used as precursor, respectively. For 2, 7, 10, and 16 at% TiO2-
modified NiMo alloy, 0.02, 0.1, 0.2, 0.5 M TiCeH19NOs in ethanol were used, respectively.



Materials characterization. Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images were carried out on a Hitachi S-4800 SEM and a JOEL 2100 TEM,
respectively. X-ray diffraction patterns (XRD) were obtained using a Bruker D8 Advance
diffractometer with a Cu Ka radiation operating at 20 kV. Inductively coupled plasma mass
spectrometry (ICP-MS) measurements were performed on an Agilent Varian 700. XPS spectra
were collected using a Ko Thermo Fisher spectrometer. Local pH measurements were carried out
on a commercial CHI920D SECM system (CH Instruments, China), which was placed on a shock-
proof platform to minimize vibration disturbance. The whole testing system was put in a shielding
box. The performance of AEMWES was measured using a programmable DC power supply
(ITECH).

In situ surface-enhanced Raman spectroscopy. In situ surface enhanced Raman spectra were
collected using a confocal Raman microscope (Horiba LabRAM HR Evolution) equipped with an
excitation wavelength of 532 nm and a 50x objective (Supplementary Fig. 18). Each Raman
spectrum was acquired over a collection time of 30 s and was the average of three measurements.
The working electrode was a rough Au electrode loaded with catalyst. The counter electrode was
a Pt wire and the reference electrode was Ag/AgCIl/KCl (3.0 M). The latter was calibrated in H»-
saturated electrolyte using Pt foils as both counter and working electrodes. All OER and HER
potentials were converted to the RHE scale by averaging the two zero-current potentials from
cyclic voltammetry scans at 1 mV s 1. The conversion used was VRHE = Vag/agci + 0.61 V in 0.5
M Na>SO4 and VrHE = Vagagal + 1.02 V in 1.0 M KOH. In addition, laser irradiation was
performed for 1 h before in situ test.

Measurement of local pH distributions in catalyst layers of AEMWE. The Pt/IrO2
microelectrode was fabricated based on electrochemical cyclic voltammetry®®. First, the iridium
precursor solution for electrodeposition was prepared. Specifically, 0.075 g of IrCla-xH20 (99.99%,
Alfa Aesar) was dissolved in 50 mL of pure water and magnetically stirred for 30 minutes.
Subsequently, 0.5 mL of H.0: (30 wt%, Meryer) was added, and the mixture was further stirred
magnetically for an additional 10 minutes. Then, 0.25 g of oxalic acid (99.5%, Meryer) was
introduced, followed by continued stirring for another 10 minutes. Anhydrous potassium carbonate
was gradually added to adjust the pH to 10.5. The resulting solution was stirred for two days,
during which it gradually turned dark blue, and then stored at 25 °C for subsequent use. The

electrodeposition experiments were conducted in a three-electrode configuration using the



prepared iridium solution, with a 10 um diameter Pt microelectrode serving as the working
electrode, a Pt wire as the counter electrode, and an Ag/AgCI/KCI (3.0 M) electrode as the
reference electrode. Cyclic voltammetry was carried out over a potential range of 0.2t0 0.75 V (vs.
Ag/AgCl) at a scan rate of 50 mV s* for 100 cycles in the previously prepared Ir iridium solution.
After electrodeposition, the Pt/IrOz microelectrode was removed, rinsed with pure water, dried,
and then aged in an oven at 100 °C for 2 hours before being stored for further use.

To measure the local pH within AEMWEs, a three-electrode configuration was established
using a Pt/IrO2 microelectrode as the working electrode, a Pt wire and an Ag/AgCl electrode as
the counter electrode and reference electrode, respectively. Furthermore, precise movement of the
Pt/IrO2 microelectrode was realized by the controlling of SECM. For measuring the pH within the
catalyst layers, an area of 1 cm x 1 cm was opened in the bipolar plate of the AEMWE (Fig. 1c).
During the test, the Pt/IrO2 microelectrode approached the catalyst layer at a rate of 0.2 um s,
and the open circuit potential (Eoc) was monitored. Once the tip of the Pt/IrOz2 microelectrode
contacted the catalyst layer, a marked change in Eoc Was observed (Supplementary Fig. 4), and the
Pt/IrO2 microelectrode was subsequently lifted upward at a rate of 0.2 um s™X. When the tip was
1.0 um away from the catalyst layer, Eoc was recorded, and the corresponding local pH value in
the catalyst layer was deduced based on its relationship with Eoc (Supplementary Fig. 4), as shown
detailed in the previous works*" . The two-dimensional pH distribution with dimensions of 100
um x100 um was mapped at a scan rate of 40 um s™*. All measurements were performed for at
least three repetitions.

Membrane electrode assembly (MEA). For the AEMWE, commercial anion-exchange
membranes (Sustainion X37-50, AEMION™ AF1-HNNS8-50-X, or FAA-3-50; thickness: 50 um)
were employed. Each membrane was pre-treated with 1.0 M KOH for 48 h, and then treated with
fresh KOH for 24 h. Next, the membrane was washed with DI water until the pH of the water
reached neutral. The catalyst integration comprised two components: pre-grown catalysts directly
on nickel fibers and catalysts spray-coated onto the membrane. For the spray-coated catalysts,
NiFe oxide and NiMo alloy were first exfoliated from nickel felt substrates via ultrasonication.
Catalyst inks were prepared by homogeneously dispersing 100 mg of the exfoliated catalysts in 10
mL of isopropanol/water mixture (9:1, v/v) with 10 wt% Sustainion XB-7 ionomer (relative to
catalyst mass) under 3 h sonication. These inks were then deposited onto both sides of the

pretreated AEM using ultrasonic spray coating, achieving a loading of approximately 1 mg cm2.



Then, the spray-coated AEM, the Ni fibres loaded with NiFe oxide (~3.0 mg cm™2) and NiMo alloy
(~3.2 mg cm?) catalysts, and Teflon gaskets were assembled together with a torque wrench tighten
the screws to 5.0 N m™* (Supplementary Fig. 1).

For each cell of the PEM stack, a Nafion 115 membrane was utilized and subjected to
sequential 1-hour treatments at 80 °C in 5 wt% H202, 1.0 M H2SO4, and DI water, Then, the
membrane was rinsed with DI water until neutral pH was achieved. Following this, commercial
IrO2 (2.0 mg cm™2) and Pt/C (0.5 mgp: cm™2) catalysts were sprayed onto both sides of the prepared
PEM. For catalyst inks (Pt/C and RuO:) ink preparation, 100 mg of catalyst (Pt/C or RuO-) was
ultrasonically dispersed for 2 h at 25 °C in a 10 mL mixture of isopropanol and water (1:3 v/v)
containing 5 wt% Nafion. The assembly was completed by stacking the catalyst-coated membrane
with Ti fiber felts and Teflon gaskets, and tightening the screws to a torque of 5.0 N m™ with a
torque wrench.

Electrolyser and stack tests. During tests, the feed water/electrolyte was continuously supplied
to both electrodes of the AEM electrolyzer (active area: 1x1 cm?) and 10-cell stack (single cell
active area: 5x5 ¢cm?) using a two-channel peristaltic pump, with flow rates maintained at 20
mL/min for the electrolyser and 200 mL/min for the stack (Supplementary Note 6). The operating
temperature of the electrolyzer was maintained at 60 °C using a temperature controller and
thermocouples integrated into the endplates. Note that the electrolytes used were pure water
(pH=7.04+0.08) or 1.0 M KOH (pH=13.93£0.03), both solutions were freshly prepared before
each test. Prior to testing, the electrolyzer (or stack) underwent a pre-activation procedure via
chronopotentiometry, with the current density stepped from 0.1 to 1.0 A cm2 (increments of 0.1
A cm™2, 1 min per step)?*. Polarization curves without iR compensation were then recorded by
stepping the voltage from 1.4 to 2.4 V (increments of 0.02 V, 20 s per step). EIS was subsequently
conducted at 1.5 V, with a frequency range from 100 kHz to 0.01 Hz and an amplitude of 5 mV.
Data availability

The data that support the findings of this study are available within this article and its Supporting

Information. Source data are provided with this paper.
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Figure captions

Figure 1 | Performance and pH distributions of AEMWES. a, Polarization curves of AEMWE
supplied with DI water and electrolytes with different KOH concentrations. The presented voltages
are not iR-corrected. b, EIS curves of AEMWEs measured at 1.5 V, with the inset showing their
Rs and Rct values. ¢, Schematic diagram of coupling a pH ultra-microelectrode with a SECM to
monitor the in situ pH distributions in an AEMWE. d, Measured two-dimensional pH distribution
across 3884 points within the anode and cathode catalyst layers of the AEMWE supplied with DI
water. Note that the electrolyser was operated at a cell voltage of 1.9 V. Source data for Fig. 1a, b,
d are provided as a Source Data file.

Figure 2 | Monitoring in situ pH distributions in TiO.-modified AEMWEs. a and b, Atomic-
scale high-angle annular dark-field (HAADF) images of TiO2-modified NiFe oxide and NiMo
alloy, respectively. ¢ and d, Local pHanode and pHcathode Of the TiO2-modified AEMWEs under
varied cell voltages, respectively. e, Two-dimensional pH distributions within the anode and
cathode catalyst layers of the TiO2-modified AEMWE-3 at a cell voltage of 1.9 V. f, Relationship

between local pHanode and distance from the pH ultra-microelectrode tip to the anode catalyst layer.



g, Corresponding relationship for the cathode catalyst layer. Note that the local pH values in ¢, d,
f and g were averaged over measurements taken at three distinct points, and the standard deviations

were marked by the error bars. Source data for Fig. 2c-g are provided as a Source Data file.

Figure 3 | Investigating mechanism of local alkalinity. a-d, In situ surface-enhanced Raman
spectra of (a) TiO2, (b) NiFe oxide, (c) TiOz-modified NiFe in 0.5 M Na2SOs (pH=7), and (d)
pristine NiFe oxide in 1.0 M KOH (pH=14), recorded at potentials ranging from 1.2 to 2.0 V
(specifically at 1.2, 1.4, 1.6, 1.8, and 2.0 V) versus the reversible hydrogen electrode (VrHE). €,
Schematic diagram of locally alkaline microenvironments generated on anode and cathode. The
orange arrow represents the direction of external electric field (£). EDL = Electric double layer. f-
i, In situ surface-enhanced Raman spectra of (f) TiOz, (g) NiMo alloy, (h) TiOz-modified NiMo
alloy in 0.5 M Naz2SO4 (pH~7, 7.02+0.07), and (i) pristine NiMo alloy in 1.0 M KOH (pH~14,
13.93+0.03), recorded at potentials ranging from 0 to -0.3 Vrue (specifically at 0, -0.05, -0.1, -0.2,
and -0.3 V rrE). Source data for Fig. 3a-d, f-h are provided as a Source Data file.

Figure 4 | Local alkalinity enhancing performance of AEMWE. a, EIS curves of AEMWEs
operating in DI water and 1.0 M KOH, with the inset showing their corresponding Rs and Rct values.
Note that the locally alkaline AEMWE is TiOz2-modified AEMWE-3 and the EIS measurements
were performed at a cell voltage of 1.5 V. b, Measured OH™ conductivity of AEM in DI water and
1.0 M KOH. Note that the values of OH™ conductivity were both averaged over three repeated
measurements, and the standard deviations were marked by the error bars. The inset schematic
illustration shows that local alkalinity can increase the occupancy and transport of OH™ in the
membrane. ¢, Polarization curves of the pristine AEMWE and locally alkaline AEMWE supplied
with DI water. Note that the performance of the pristine AEMWE operating in 1.0 M KOH
electrolyte was added for reference. The presented voltages are not iR-corrected. d and e,
Relationship among hydrogen production current density, local pHanode, and local pHecathode OF
AEMWESs assembled with different types of AEMs. Note that the electrolysers were operated at

1.9 V. Source data are provided as a Source Data file.

Figure 5 | Stability of AEMWE supplied with DI water. a, Dissolved atomic ratios of Fe and
Ni atoms from the anode NiFe oxide catalysts when pHanode Varies. Note that the quantification of
dissolved Fe and Ni atoms from the catalysts were carried out after operating the electrolysers at
1.9V for 100 h. b, C 1s and N 1s XPS spectra of the original and used Sustainion membrane with



varied pHanode. NOte that the electrolysers were dissembled after 100 h operation at 1.9 V, then the
membranes were characterized by XPS. ¢, Chronopotentiometry curve of the locally alkaline
AEMWE operating at 1.0 A cm™2. d and e, Local pHanode and pHcathode Of locally alkaline AEMWE
as a function of time, respectively. Note that the electrolyser was operated at a hydrogen current
density of 500 mA cm 2. Note that the values of local pH in d and e were both averaged over
measurements taken at three distinct points, and the standard deviations were marked by the error

bars. Source data are provided as a Source Data file.

Figure 6 | Scale up for locally alkaline AEMWE. a, Digital picture of the 10-cell AEM stack
using Sustainion membrane. b, Polarization curves of the AEM stack and each cell supplied with
DI water. Note that the curve of the PEM stack is added for reference. The presented voltages are
not iR-corrected. ¢, Durability test and energy conversion efficiency of the AEM stack supplied
with DI water at 1.0 A cm™2. Source data for Fig. 6b, ¢ are provided as a Source Data file.



Editor’s Summary:

Current anion exchange membrane water electrolysers are hindered by poor performance in pure
water. Here, the authors report a titanium dioxide strategy that creates built-in alkaline

microenvironments, enabling high performance and long-term stability using only pure water.
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