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This study presents the validation of protocols for measuring ion exchange
capacity (IEC) and alkaline stability of anion exchange membranes (AEMs) for
low-temperature water electrolysis. While protocols are often tested within
individual laboratories, their results across multiple laboratories with varying
equipment, environmental conditions, and personnel qualifcation remain
unverifed. The validation involved Los Alamos National Laboratory (LANL),
National Renewable Energy Laboratory (NREL), and University of Oregon (UO)
using the same commercially available AEM to assess reproducibility and
reliability of the protocols under diverse conditions. For the IEC protocol,
results across laboratories were consistent within £10% of the NMR-determined
reference value. The alkaline stability protocol could pose greater challenges
due to factors such as variations in sample collection timing, preservation
methods, and analytical techniques, but consistent test results for percentage
IEC loss were demonstrated across institutions. These results highlight the
reliability and applicability of the protocols, emphasizing the importance of
validation to ensure consistency in diverse research environments.

KEYWORDS

green hydrogen, water splitting, low-temperature water electrolysis, anion exchange
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1 Introduction

Standard operating protocols (SOPs) have been developed for characterizing and
benchmarking low-temperature electrolysis (LTE) materials, components, and sub-scale
cells. Tese protocols ofer valuable guidance on testing key properties of ion exchange
membranes, such as ion exchange capacity (IEC) (Yan et al., 2023a), gas permeability
(Park et al., 2022), water content (Capuano, 2023), conductivity (Yan et al., 2023b), and
alkaline stability (Ramani and Meek, 2023). Tese protocols are designed to support
the development of both proton exchange membranes (PEMs) and anion exchange
membranes (AEMs). Te goal of these protocols is to assist researchers, particularly
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those new to laboratory work or unfamiliar with material testing,
by providing comprehensive, reproducible, and (largely) universal
procedures. A carefully structured protocol incorporates insights
gained from extensive testing and ensures reproducible results.
By standardizing these procedures, researchers can minimize
discrepancies in results and achieve greater consistency across
diferent laboratories. T erefore, benchmarking these protocols
is essential to reduce variability in reported results and ensure
reliable comparisons, enabling more accurate evaluations within the
research community.

A number of protocols have been developed and published
for LTE materials over the last several years (Yan et al., 2023g;
Park et al., 2022; Capuano, 2023; Yan et al., 2023b; Ramani and
Meek, 2023; Meek, 2023a; Meek, 2023b; Arges et al., 2023; Alia
and Danilovic, 2023; Serov, 2023; Morgan and Xu, 2023; Ouimet,
2023; Ouimetetal., 2022; Serov and Creel, 2021; Glenn, 2023; Ayers,
2023); however, they have not yet been cross-validated across
multiple laboratories. While these protocols are typically tested and
validated within the originating laboratory during development,
they should be universal and adaptable for use in diverse settings to
minimize result discrepancies between laboratories. Each laboratory
may operate under unique conditions including variations in
equipment from diferent manufacturers and with uncontrolled
environmental factors. It is essential to assess whether the protocol
remain consistent throughout these diferent settings. Identifying
and documenting any necessary updates or adjustments to ensure
the protocols work reliably in various laboratory environments is a
critical step in achieving standardization across felds.

Los Alamos National Laboratory (LANL), the National
Renewable Energy Laboratory (NREL), and the University of
Oregon (UO) were selected to evaluate the SOPs LTE-P-7 AEM
IEC (Yan et al., 2023a) and LTE-P-22 alkaline stability (Ramani and
Meek, 2023). Te goal was to assess the protocols’ applicability
in multiple laboratories with varying conditions, equipment,
chemicals, personnel, and environmental factors, while also
adapting these protocols to best mitigate the potential discrepancies
that arose. To minimize variability, a commercially available AEM
sourced from the same batch was purchased and tested as a base
material. LANL initiated the testing process, documenting any
observations or updates needed while following the protocol. NREL
and UO subsequently conducted the same protocols, using that
laboratory’s distinct equipment and supplementary materials. Te
results from all three laboratories were compiled and analyzed
to identify necessary refnements to the protocols. Based on
these fndings, the protocols were updated to enhance clarity and
reliability. In this paper, the process of protocol validation, the results
and discussion of the validation, and the subsequent updates made
to improve the protocols are reported.

2 Protocol scope
2.1 Scope and availability
T e purpose of this protocol is to provide guidance for validating

procedures for SOPs LTE-P-7 (AEM IEC) and LTE-P-22 (alkaline
stability).
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2.2 Summary of method

A commercially available AEM, PiperlON (PAP-TP-85-HCO,
by Versogen) (Wang et al., 2019; Yan et al., 2019), was distributed
among institutions for the validation process. T e selection of the
membrane is not restricted to PiperlON. T e validation team can
select a membrane of interest, preferably sourced from the same
batch and roll, and proceed the validation. One institution began by
reviewing, testing, and improving the protocols by updating details.
Te updates include enhanced instructions for equipment, supply,
and chemical choices, additional procedure steps, and replacement
of alternative titration methods and characterizing techniques to
improve clarity and consistency. T e revised protocols were then
executed by other institutions, noting minor variations in equipment
or supplementary materials. T e results from all laboratories were
compiled and analyzed to refne the protocols.

For SOP LTE-P-7 (AEM IEC), AEM samples (050.0 mg) in
the bicarbonate counter-ion form were converted to the Br~ form
by soaking them in 4.00 M KBr solution with 0.0200 M KOH.
Afer thoroughly rinsing with ultrapure water, the membranes were
dried under vacuum, and their dry weight was measured. Te
samples were then exchanged with 1.00 M KNOj, solution twice for
24 h each with agitation. T e exchange solutions were combined,
and 2.00% HNO5; was added to adjust the pH ca. 3—4. An auto-
titrator was used to titrate the solution with 0.0200 N AgNO,, and
a silver/sulfde combination ion-selective electrode monitored the
titration progress.

For SOP LTE-P-22 (alkaline stability), AEM samples (02.00 x
102 mg) were immersed in 1.00 M KOH at 80 °C for varied time
intervals in polyethylene wide-mouth bottles. Samples were taken
out from the bottles and washed with ultrapure water at regular time
intervals (20, 50, 100, 200, 300, 400, and 500 h), and the procedure
for IEC testing was carried out for each sample prior to IEC
evaluation. For the associated ionic-conductivity measurements, the
samples were converted to their chloride form by ion exchanging in
a1.00 M NacCl solution.

2.3 Personnel qualifcations/
responsibilities

Operators are required to have basic laboratory safety
training required by their respective institutions. Tey should
also have knowledge of basic laboratory procedures, including
an understanding of titration, conductivity measurements, and
nuclear magnetic resonance (NMR) analysis. Additionally, operators
must be trained in the proper use of relevant equipment and
associated sofware.

2.4 Health and safety warning

All solutions must be handled with care, using appropriate
personal protective equipment (PPE). Operators should
review the safety data sheets (SDS) for all chemicals
involved. Concentrated KOH is caustic and skin contact
must be avoided.
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2.5 Equipment and supplies

For SOP LTE-P-7 (AEM IEC), the following materials and
equipment are required: KBr (e.g., ACS reagent, =99.0%, Sigma
Aldrich), ultrapure water (e.g., Milli-Q@Type 1 Ultrapure Water,
18.2 MQ cm resistivity), AQNO; (e.g., ACS reagent, 299.0%, Sigma
Aldrich), KNO; (e.g., ACS reagent =99.0%, Sigma Aldrich),
HNO; (e.g., ACS reagent, 70%, Sigma Aldrich), KOH (e.g.,
Semiconductor grade, 99.99%, Sigma Aldrich), and a titrator
equipped with a silver/sulfde ion-selective electrode. Te AgNO,
solution used in IEC titration must be stored away from light to
prevent photodecomposition, which could afect the subsequent
measurement. Suitable instruments include the Hanna H1931 with
H14115, the T ermo Scientifc™ Orion Star T940 All-in-One Titrator
paired with Orion™ Silver/Sulfde ISE Electrode 9416BNWP, the
Mettler Toledo T90 Autotitrator with Silver Ring Electrode DM141-
SC, or an equivalent equipment.

For SOP LTE-P-22 (alkaline stability), the required materials
and equipment include an oven with temperature control (e.g.,
25°C-95 °C), polyethylene wide-mouth bottles, inert gas (i.e.,
argon), ultrapure water (e.g., MiIIi-Q®Type 1 Ultrapure Water,
18.2 MQ cm resistivity), KOH (e.g., Semiconductor grade, 99.99%,
Sigma Aldrich), and NaCl (e.g., ReagentPlusp), =99.0%, Sigma
Aldrich). Additional instrumentation, if available, includes NMR
spectrometers for structural analysis, conductivity measuring
equipment such as an electrochemical impedance spectroscopy
(EIS) system and a frequency response analyzer (FRA).

2.6 Nomenclature and defnitions

lon exchange capacity (IEC); anion exchange membrane (AEM);
nuclear magnetic resonance (NMR); electrochemical impedance
spectroscopy (EIS); frequency response analyzer (FRA).

3 Results
3.1 Evaluation of LTE-P-7 AEM IEC

To initiate the validation process among three institutions,
LANL conducted an initial evaluation of the protocols in LTE-P-7
and the reference by \Wang et al. (2022) Standard Operating Protocol
for lon-Exchange Capacity of Anion Exchange Membranes. Front.
Energy Res.). T e calculated IEC of the AEM of interest, determined
using NMR analysis, was found to be 2.01 + 0.02 meg/g in the
Br~ form and 2.30 £ 0.02 meqg/g in the OH™ form. Tese NMR-
derived IEC values serve as a comparison to the titration-based IEC
measurements and align with the previous report (\Wangetal., 2019),
which reported an IEC of 2.37 meg/g in the OH™ form.

Both procedures begin by soaking the membrane (050.0 mg)
in 4.00 M KBr with 0.0200 M KOH for 24 h, and then rinsing it
thoroughly with ultrapure water. Te membrane is subsequently
dried and weighed immediately. T e key diference in procedures
from the two sources lies in the ion-exchange step. In Method 1
(Yan et al., 2023a), the dried membranes are exchanged twice with
fresh 1.0 M KNOj solutions for ion exchange over a total period of
2 days, and the solution is saved. In contrast, Method 2 (\Wang et al.,
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FIGURE 1
Titration curve and frst derivative of potential over volume. The

endpoint of the titration is given by the vertical blue line.

2022) recommends using 050.0mg of dry lithium trifate
(LiOTf) mixed with 0150 mL of ultrapure water to complete ion
exchange in 30 min.

Following the ion-exchange step in both methods, the IEC
titration is performed using 0.0200 N AgNO; with the auto-titrator.
T e auto-titrator determines the titration endpoint by monitoring
the infection point in the potential vs titrant volume curve
(Figure 1). Based on the titrant volume displayed on the auto-titrator
screen, the IEC can be calculated using Equation 1:

_ Vagno, X Cagno,

IECq,-

mdry
Volumeo f AgNO; titrant (mL) x Normality o f AgNO, (%)
B Weightof dry AEM sample (g)
5.72 (mL) % 0.0200 /mL
= 272(mb) (mea/mb) _ ; go (M9 @
0.0602(g) g

V agnos 18 the titrated volume of AgNO; titrant (mL); Cagnog is
the normality of AGNO; (mmol/mL or meg/mL); and my;, is the
weight of dry AEM sample (g).

Using Method 1 (Yan et al., 2023a), where KNO5 was used for
ion exchange, the average IEC obtained was 1.90 + 0.01 meg/g in the
Br~ form (Table 1). T e corresponding value in the OH™ form was
2.16 £ 0.01 meg/g. In Method 2 (Wang et al., 2022), where LiOTf
was used for ion exchange, the average IEC was 1.82 + 0.08 meqg/g
in the Br™ form (Table 1), and 2.06 + 0.10 meqg/g in the OH™ form.
Compared to the NMR-derived IEC of 2.30 + 0.02 meg/g (OH™
form), Method 1 (Yan et al., 2023a) using KNO; produced values
closer to the NMR-derived IEC and demonstrated a smaller standard
deviation, indicating better consistency.

Method 1 has the advantage of having the closest IEC value to the
theoretical IEC value, better reproducibility, chemical availability,
and lower cost although it takes 5days for ion exchange with
nitrate anions. Method 2 has the advantage of taking shorter time
(03 days) due to the faster exchange rate of trifate ions, but the
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TABLE 1 IEC values obtained from titration using LTE-P-7 and the SOP from Frontiers in Energy Research.

Method Weight (Br', mg) 0.0200 N AgNO3 (mL) IEC (Br", meqg/g) | Average IEC (meqg/q)

Br- form OH™ form

Method 1: LTE-P-7 (Yan et al., 2023a) 60.2 5.72 1.90 1.90+0.01 2.16+£0.01
53.0 5.04 1.90
56.7 5.13 1.81

Method 2: Frontiers in Energy

Research (Wang et al,, 2022) 56.9 543 191 1824008 | 206%0.10
51.8 453 175
TABLE 2 Comparative IEC values obtained using the updated protocol implementation and measurements resulting in the £10%
LTE-P-7 protocal range in values.

Average IEC (meg/g) | Diference from 'H Te experiments were conducted in a normal lab setting

NMR measurement (30%—-60% RH, 25°C), minimizing the impact of environmental

(%) variations on the results. Potential errors from diferences in
chemical grades and sample handling methods were limited by
specifying chemical grades and following the same procedure. A
most signifcant source for variation in results could be using
IHNMR | 2.01+0.02 2.30 +0.02 diferent autotitrators across laboratories, including the instrument
precision, as well as calibration status and maintenance history.

Br~ form Br- form OH™
form

LANL 190001 | 216+0.01 -5.47 -6 : .
609 However, our results came reasonably consistent with an acceptable

NREL 2074001 | 2384001 209 348 level of variation, falling within a £10% range.

uo 194001 | 221£0.02 -3.48 -3.91

3.3 Evaluation of LTE-P-22 alkaline stability

Initiating the validation process for LTE-P-22 (alkaline stability)
result came with larger standard deviation, indicating insu®cient  required LANL to frst test and compare the conditions outlined
ion exchange with the given time. Extending the exchange time  in the original LTE-P-22. LANL investigated whether 1.00 M or
and performing multiple exchanges (e.g., decanting and reflling  4.00 M KOH provided adequate testing conditions. T e evaluation
with fresh ion exchange solution, as in Method 1) can optimize the  also included time intervals for sample collection (20, 50, 100, 200,
ion exchange process. Additionally, LiOTf is expensive with limited 300, 400, and 500 h) and the identifcation of critical steps for sample
chemical availability than KNO,. preparation and preservation.

Afer the alkaline stability test, the membranes were preserved

in 1.00 M NacCl solution. In a subsequent trial, UO processed and
3.2 Protocol validation for LTE-P-7 AEM IEC  measured each sample immediately afer each timer interval, while
the reproduction by NREL maintained the preservation method
Based on the results obtained at LANL, Method 1, which  originally used, measuring all samples at once at the conclusion of
uses KNOj as the ion exchange solution, was selected for further  the test. Prior to analysis, it was found crucial to completely dry
testing. Te protocol was subsequently revised and formalized  the membranes and repeat the ion exchange process by immersing
into the updated LTE-P-7, incorporating the detailed procedures  them in the appropriate solution. Without thorough drying, ion
of Method 1, and further validation was conducted using the  exchange appeared inefective. Storage of AEMs for a short time
updated protocol by NREL and the UO. NREL and UO, reported  scale of up to several weeks may be done in a neutral pH electrolyte
average IEC values (Br~ form) of 2.07 + 0.01 meg/g and 1.94 +  solution such as NaCl. For long-term storage, a sealed container
0.01 meqg/g (Table 2). Comparing the LTE-P-7 IEC values across  is recommended with approximately 100 ppm biocide (NaN,) or
the three laboratories to the *H NMR reference value determined ~ 1-3wt% sodium sulfte (Na,SO;) to prevent biological fouling
by LANL, the percent diferences between the measurements in  (Fuel Cell Store, 2025a; Fuel Cell Store, 2025b).
the Br~ form were --5.47% for LANL, +2.99% for NREL, and Using the updated LTE-P-7 protocol, LANL measured the
—-3.48% for the UO (Table 2). Because these diferences are much ~ IEC of membranes exposed to either 1.00 M or 4.00 M KOH at
larger than the standard deviations within samples measured  various time intervals (Figure 2; Table 3). Both conditions showed
at each site, there evidently remain small diferences between  aninitial decrease in IEC between 0and 100 h, followed by a gradual
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FIGURE 2

IEC values as a function of time for membranes in alkaline solutions: (A) 1.00 M KOH and (B) 4.00 M KOH.

TABLE 3 IEC values and percent changes for membranes after exposure
to 1.00 M and 4.00 M KOH alkaline solutions.

IEC (meq/g) (Percent change)

Time (h) 1.00M 400M

0 1.78 (+0.00%) 1.78 (+0.00%)
20 1.72 (-3.37%) 1.69 (~5.05%)
50 1.58 (~11.2%) 1.63 (~8.42%)
100 1.49 (-16.3%) 1.55 (~12.9%)
200 1.35 (~24.2%) 1.51 (-15.2%)
300 1.43 (-19.7%) 1.52 (~14.6%)
400 1.45 (-18.5%) 1.47 (~17.4%)
500 1.52 (~14.6%) 1.41 (~20.8%)

decline for the remaining time intervals. Minimal diferences in
IEC were observed between the membranes treated with 1.00 M
KOH and 4.00 M KOH, indicating that the harsher 4.00 M KOH
condition did not result in signifcantly greater degradation. All
IEC measurements were conducted in the Br~ form. T e retention
percentage was calculated based on changes in the IEC at diferent
time intervals, relative to the initial IEC value.

Chloride conductivity was measured using a two-probe cell
with membranes ion-exchanged into CI~ form. Te procedure
included drying the membranes, ion-exchanging them in 1.00 M
NaCl for 2 days, and equilibrating them in ultrapure water for
1 day. Conductivity measurements were performed at 25 °C and
80°C, with membranes equilibrated at the respective temperatures
before measurement. Minimal variations in chloride conductivity
were observed between membranes treated with 1.00 M KOH and
4.00 M KOH (Figure 3; Table 4). While there was a slight decrease
in chloride conductivity for membranes treated with 4.00 M KOH,
the diference remained minimal. Interestingly, for membranes
with 1.00 M KOH, a slight increase in conductivity was noted
during the frst 50 h, which may indicate morphological changes
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in the alkaline stability environment. A similar trend was observed
for 4,00 M KOH.

3.4 Protocol validation for LTE-P-22
alkaline stability

LANL compared the alkaline stability results afer exposure
to 1.00 M KOH using the updated LTE-P-22 protocol (Table 5).
While UO started the sample preparation for IEC measurements
immediately afer removing the samples from KOH solution, LANL
and NREL stored their samples in 1.00 M NaCl prior to IEC testing.
Tis diference enabled the evaluation of whether the two diferent
sample-handling methods resulted in variations in membrane
degradation profles. Afer approximately 50 h of exposure, the
percentage of IEC loss was 11.2% for LANL, 10.1% for NREL, and
11.0% for the UO, with a maximum diference of 1.1% between the
values. Afer 500 h of exposure, the percentage of IEC loss was 14.6%
for LANL, 13.7% for NREL, and 15.1% for the UO, with a maximum
diference of 1.4% between the values. Across all three institutions,
the validation showed consistent results in terms of percentage of
IEC loss. T e consistent sample results across institutions highlights
the reliability of the alkaline stability testing method, validating the
updated LTE-P-22 as a reliable method for assessing alkaline stability
of AEMs. Additionally, storing the samples in a NaCl solution
until ready for IEC testing was found to efectively prevent further
degradation of the membranes, given the similarity of the results to
those obtained when the membranes were immediately tested.

4 Discussion

Te protocol validation processes for LTE-P-7 and LTE-P-
22 were successfully conducted across multiple institutions. A
consistent and detailed procedure was provided to the participating
labs. However, there were slight variations in equipment, such as
the titrator or conductivity measurement setup, which provides
information on the universality of the protocols and the typical
variations introduced across laboratories. T ese variations allowed
us to determine whether the protocols remained reliable across
diferent setups and conditions.
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FIGURE 3

Chloride conductivity values as a function of time for membranes in alkaline solutions: (A) 1.00 M KOH and (B) 4.00 M KOH.

TABLE 4 Chloride conductivity values and percent changes for
membranes after exposure to 1.00 M and 4.00 M KOH alkaline solutions.

Time (h)

Chloride conductivity (mS/cm) (Percent

TABLE 5 Alkaline stability results after exposure to 1.00 M KOH using
updated LTE-P-22.

Institution Time of IEC (Br~, % IEC loss
exposure (h) meq/qg)
50 158 1.2
LANL
500 152 146
47 1.90 10.1
NREL
521 179 137
50 172 11.0
uo
500 164 15.1

change)
1.00 M 4.00 M
25°C 80°C ‘ 25°C
0 11.0 24.4 11.0 24.4
20 12,0 29.2 10.0 27.2
(+9.09%) (+19.7%) (-9.09%) (+11.5%)
50 12,6 322 9.8(-109%) 234
(+14.5%) (+32.0%) (-4.10%)
100 12,0 316 10.0 221
(+9.09%) (+29.5%) (-9.09%) (-9.43%)
200 11.9 320 89(-19.1%) 217
(+8.18%) (+31.1%) (-11.1%)
300 116 314 84 (-236%) 221
(+5.45%) (+28.7%) (-9.43%)
400 12,6 316 8.8(-20.0%) = 20.6
(+14.5%) (+29.5%) (-15.6%)
500 116 315 73(-336%) = 17.9
(+5.45%) (+29.1%) (-26.6%)

Given the minimal diferences between 1.00 M and 4.00 M KOH, in IEC, and conductivity,
1.00 M KOH, which aligns with operational conditions of AEM, water electrolysis, appears
sufFcient for alkaline stability testing.

Te validation process for LTE-P-7 (AEM IEC) focused solely
on measuring 1EC, simplifying the comparison of results across
participating labs. With the availability of a reliable reference,
the NMR-determined IEC, the validation process was further
streamlined. As a result, the IEC values across the labs were
consistent and reliable within +10% of the NMR-determined
reference.

Validating LTE-P-22 (alkaline stability) posed challenges due
to the variety of characterization methods available and the
greater number of samples involved. T e process required careful

Frontiers in Energy Research

attention to variables such as sample collection timing, preservation
methods, and the specifc analytical techniques employed, which
varied depending on each lab’s capabilities. While IEC is a critical
parameter for validation, additional methods like conductivity
and NMR may be utilized if available and relevant. However,
these methods should not be universally required, as the primary
objective is to confrm that the protocol functions efectively within
the constraints of diferent laboratories. LANL, NREL, and UO
compared the percentage of IEC loss and demonstrated consistent
results, validating the reliability of the LTE-P-22 protocol.

Te validation of LTE-P-7 and LTE-P-22 was successful and
demonstrated the protocols’ reliability across diferent institutions
and equipment setups. Tis process highlights the importance
of universal applicability in protocol design. Based on these
results, similar validation eforts should be conducted for other
protocols to ensure consistency and reliability across diverse
research environments.
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