£
° IRAIamos

NATIONAL LABORATORY
- (31.194) ~ -

LA-UR-19-22475 (Accepted Manuscript)

Unusually High Concentration of Alkyl Ammonium Hydroxide in the
Cation—Hydroxide—Water Coadsorbed Layer on Pt

Kim, Yu Seung
Dumont, Joseph Henry
Spears, Andre J.
Maurya, Sandipkumar
Li, Dongguo

Watkins, Erik Benjamin
Hjelm, Rex Paul Jr.
Yuan, Guangcui

Provided by the author(s) and the Los Alamos National Laboratory (2020-11-18).
To be published in: ACS Applied Materials & Interfaces
DOl to publisher's version: 10.1021/acsami.9b17096

Permalink to record: http:/permalink.lanl.gov/object/view?what=info:lanl-repo/lareport/LA-UR-19-22475

Disclaimer:

Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by Triad National Security, LLC for the National
Nuclear Security Administration of U.S. Department of Energy under contract 89233218CNA000001. By approving this article, the publisher
recognizes that the U.S. Government retains nonexclusive, royalty-free license to publish or reproduce the published form of this contribution, or
to allow others to do so, for U.S. Government purposes. Los Alamos National Laboratory requests that the publisher identify this article as work
performed under the auspices of the U.S. Department of Energy. Los Alamos National Laboratory strongly supports academic freedom and a
researcher's right to publish; as an institution, however, the Laboratory does not endorse the viewpoint of a publication or guarantee its technical
correctness.



Downloaded via LOS ALAMOS NATL LABORATORY on December 23, 2019 at 20:27:53 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IENAPPLIED MATERIALS

Research Article

INTERFACES

@& Cite This: ACS Appl. Mater. Interfaces XXXX, XXX, XXX—=XXX

www.acsami.org

Unusually High Concentration of Alkyl Ammonium Hydroxide in the
Cation—Hydroxide—Water Coadsorbed Layer on Pt

Joseph H. Dumont t Andre] Spears, Rex P. H]elm,T§ Marilyn Hawle?rT§ Sandip Maurya,

Dongguo Li Guangcui Yuan, Erik B. Watkins,'

and Yu Seung Kim

b3

TMPA-11: Materials Synthesis and Integrated Devices, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, United

States

*National Security Education Center, Los Alamos National Laboratory, New Mexico Consortium, Los Alamos, New Mexico 87545,

United States

SFuel Cell Research Center, Korea Institute of Energy Research, Daejeon 34129, Korea
I'National Institute of Standards and Technology, Gaithersburg, Maryland 20899, United States

© Supporting Information

ABSTRACT: Interactions between a catalyst and electrolyte
have paramount importance for the performance of electro-
chemical devices. Here, we present the cation—hydroxide—
water coadsorption on the Pt surface by a rotating disk
electrode and neutron reflectometry. The rotating disk
electrode experiments show that the current density of Pt
rapidly dropped at hydrogen oxidation potentials due to
tetramethylammonium hydroxide (TMAOH)—water coad-
sorption. Subsequent neutron reflectometry in 0.1 M
TMAOD/D,0 reveals that the thickness of the coadsorbed
layer increased to 18 A after 10.5 h exposure at 0.1 V vs
reverse hydrogen electrode (RHE). The scattering length
density analysis revealed that the TMAOD to water ratio in
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the coadsorbed layer was 4.5, which was significantly higher than the reportedly highest TMAOH concentration in aqueous
solution. Finally, we discuss the potential impact of the coadsorbed layer on the performance and durability of alkaline
membrane fuel cells, which sheds light on the material design of high-performance alkaline electrochemical devices.

KEYWORDS: cation adsorption, alkaline fuel cells, hydrogen oxidation reaction, neutron reflectometry, tetramethylammonium,

anion exchange membrane

B INTRODUCTION

Interfacial structure at the catalyst—electrolyte interface has
long been an essential topic for academic and applied research
as the performance and durability of electrochemical devices
significantly rely on the interfacial phenomena.”” In this
portfolio, the interfacial structure of the catalyst and alkaline
electrolytes for alkaline membrane fuel cells (AMFCs) is of
great interest.” What makes the catalyst—alkaline electrolyte
interface unique is that the cation—hydroxide—water can
adsorb on the hydrogen oxidation catalyst* as opposed to the
adsorption of anionic species on the oxygen reduction catalysts
in proton exchange membrane fuel cells (PEMFCs).” This
attribute makes the AMFCs free from anion species poisoning
at the cathode, but hard to make immune from the adverse
impact of cation coadsorption. The electrochemical impedance
analysis suggested that hydrogen oxidation reaction (HOR)
under high pH conditions may be inhibited by slow hydrogen
access through a cumulative cation—hydroxide—water coad-
sorbed layer.”” As a result, the excellent performance of
AMFCs was typically obtained with high hydrogen stoichiom-
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etry, ca. >10,57'° unlike PEMFCs, which show high perform-
ance with a low hydrogen stoichiometry of 1.5—2.""

The adverse impact of cumulative cation adsorption was first
studied by Unli et al, who observed substantial AMFC
performance loss with a Pt electrode in 0.1 M TMAOH."
Since then, researchers have investigated the different aspects
of alkali metal or organic cation adsorption on HOR catalysts
under high pH conditions."*~"> McCrum et al. found that the
peak shift in the cyclic voltammetry (CV) of Pt desorption
under high pH conditions cannot be explained by the cation
adsorption alone, but must include the interaction between the
cation, hydroxide, and water, ie. cation—hydroxide—water
coadsorption.'® Later, they showed from density functional
theory that the van der Waals interaction between cations and
Pt metal surface is favorable to adsorb cations at low
potentials.”> Dunwell et al. investigated the adsorption of

Received: September 20, 2019
Accepted: December 10, 2019
Published: December 10, 2019

DOI: 10.1021/acsami.9b17096
ACS Appl. Mater. interfaces XXXX, XXX, XXX—=XXX



ACS Applied Materials & Interfaces

Research Article

a 14
(R —
1.0 -
'\I‘E 08 \
€ L
£ 06 —o01v
= o4l —— 03V
| = 0.6V
02+ =10V
0.0 -
1 1 1 1 1

0 5 10 15 20 25 30

Time (min)

12

1.0 -

0.8 -

0.6 -

i (mAcm?)

04 -

0.2 -

0.0 -

Il Il Il Il

00 01 02 03 04 05

Potential (V vs. RHE)

Figure 1. (a) Chronoamperometry at 0.1, 0.3, 0.6, and 1.0 V of Pt in 0.1 M TMAOH. (b) HOR voltammograms obtained after the 30 min
chronoamperometry, recorded at 25 °C with a rotating speed of 900 rpm and a scan rate of 0.1 V s™".
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Figure 2. (a) Reflectivity curves of Pt in 0.1 M TMAOD in D,0 as a function of potential after a 4.5 h potential hold. (b) Reflectivity curves of Pt
in 0.1 M TMAOD in D,O as a function of the potential hold time interval. (c) Effect of exposure duration on SLD profiles as a function of distance
from the surface from fitting the experimental NR data from (b). (d) Thickness of the coadsorbed layer as a function of cell potential and time.
Fitting parameters and SLD profiles are detailed in Table S1 and Figure S6. Vertical error bars are the standard deviation between several fits

(Figure S7).

alkali metal and organic cations on Pt and Au surfaces,
indicating that alkali cations exhibit stronger adsorption than
Maurya et al. showed that palladium
catalysts, which have high hydrogen absorption characteristics,
could minimize the coadsorption on HOR catalysts."” These
previous studies suggested that the driving force of the
cumulative cation—hydroxide—water coadsorption is the van
der Waals interaction on the negatively charged Pt at the HOR
potentials. However, the structural information of the
coadsorbed layer, such as the thickness and composition, has
been unexplored.

. . 16
organic cations.

In this communication, we investigate the cation—hydrox-
ide—water coadsorption on Pt using a rotating disk electrode
(RDE) and neutron reflectometry (NR). From the RDE
experiment, we measured the current density of polycrystalline
Pt at constant potentials over time. This experiment was
intended to investigate the impact of cell potential on the
cation—hydroxide—water coadsorption behavior. After the
current density measurement under static conditions, we
measured the HOR voltammogram to show the effect of the
cation coadsorption on the HOR activity of Pt. The NR
technique uses neutrons reflected and refracted at grazing
incidence angles as a surface and interfacial structure probe as a
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function of depth.'®™*' We use the neutron contrast, due to

the high scattering length density (SLD) differences between
deuterated and protonated materials, to highlight the depth
profile of the coadsorbed layer of ammonium hydroxide in
aqueous solutions using TMAOD in D,0, tetraethylammo-
nium hydroxide (TEAOD) in D,O, or perdeuterated d-
TMAOH in H,O. The solution of TMAOD in D,O is
particularly essential because the TMAOD coadsorption will
dominate the NR signal at the Pt—D,O solution interface due
to the high SLD difference between TMAOD and both Pt and
D,0. The Pt/Ti substrate dominates the NR from d-TMAOH
in the H,O solution; therefore, changes in NR from the
coabsorbed layer are subtle. Even so, the alternate contrast
provides essential validation of the depth profile model derived
from NR data. The depth profile was measured from the
surface of Pt at various potentials using a custom-designed
three-electrode cell that replicates, as much as possible, the
conditions that are present at the catalyst—solution interface

(Figure S1).

B RESULTS AND DISCUSSION

Figure la shows the chronoamperometric experiments of
polycrystalline Pt in 0.1 M TMAOH at different potentials.
During the chronoamperometry at 0.1 V vs reverse hydrogen
electrode (RHE) over a 30 min period, the HOR current
density of the Pt electrode rapidly drops from 0.880 to 0.647
mA cm™> The current loss gradually decreased as the cell
potential increased, such that, at 1.0 V vs RHE, the current
density loss was minimal. The HOR current was influenced by
the adsorption of oxygenated species (OH,y) on pt,>*
consistent with our previous results®*® that cation—hydrox-
ide—water coadsorption reduces the current density at HOR
potentials. After the chronoamperometry at 0.1 V vs RHE, the
kinetic current density measured at 0.01 V decreases from
0.253 to 0.150 mA cm > (Figure 1b). In contrast, the HOR
activity improves after holding the voltage at 0.3 V or above for
30 min. On holding the potential at 1.0 V, the HOR activity of
the Pt became high, similar to the initial activity.

The structure of the catalyst—electrolyte interface was
examined using NR. The current change at different cell
potentials during the NR experiment was recorded (Figure
S2). Similar current behavior to the RDE chronoamperometry
was observed with the sputtered Pt electrode. The cyclic
voltammograms of the sputtered Pt electrode in TMAOD in
D,0 after the preconditioning of the NR experiment (Figure
S3) showed typical features of the Pt electrode, in spite of the
slightly different shape of CV, possibly due to the high
resistance, calibration of the reference electrode, and different
surface structure of the sputtered Pt vs Pt nanoparticles. The
CVs suggested that hydrocarbon or metal impurities did not
severely contaminate the sputtered Pt electrode. The CVs of
the sputtered Pt electrode in d-TMAOH in H,0 and TEAOD
in D,0 showed a trace of contaminants by the suppression of
hydrogen adsorption at low potentials and more pronounced
oxidation at high potentials, although the CVs still show
features of the Pt electrode. Figure 2a shows the reflectivity
curves of the Pt working electrode in TMAOD/D,0, where
the data is plotted as RQ* to factor out the Q* Fresnel
reflection. Here, R is the reflectivity as explained in the
Supporting Information. The changes in reflectivity with
voltage and time at 0.1 V occur as a decrease in the reflectivity
of around 0.08 A™' after a 1.5 h potential hold at different
potentials. The thickness of the coadsorbed layer is determined

directly from the density profiles derived from the
reflectometry data. The reflectivity curves as a function of
time and the depth profiles indicate that the coadsorbed layer
increases from 8 to 18 A for the potential hold at 0.1 V vs
RHE, as the experimental time increases from 1.5 to 10.5 h
(Figure 2b,c). Furthermore, the respective SLD profiles after
4.5 h as a function of distance from the surface at various
potential (Figure S4) show the potential dependence of this
coadsorption as suggested by Figure 1. The thickness of the
TMAOD/D,0O coadsorbed layer decreased to 3.5, 2, 1, and 1
A as the cell potential increased to 0.3, 0.6, 1.0, and 1.4 V vs
RHE, respectively. The model fit for the data at 210 A for the
cell measured at 1.0 and 1.4 V vs RHE could be an oxide layer
(SLD = 5.737 107 A™2) or a depletion of TMAOD presented
next to the Pt interface as the profile falls below the SLD for
PtO, within a few angstroms. The measured oxide or depletion
thicknesses at 1.0 and 1.4 V were S and 12 A, respectively. A
similar potential effect on the coadsorbed layer thickness was
observed with &-TMAOH/H,O (Figure SS). For example, the
thickness of the layer of d-TMAOH/H,O after 7.5 hat 0.1 V
was 16.5 A, slightly lower than that of the TMAOD/D,O0.
Figure 2d summarizes the thickness change of the coadsorbed
layer as a function of applied potential and time. The thickness
of the coadsorbed layer is most prominent at 0.1 V vs RHE and
decreases as the applied potential increases.

The compositions of the coabsorbed layers were calculated
from the SLD of the density profiles (Table 1). In this

Table 1. Calculated Scattering Length Densities of the
Materials Used in the Fitted Layer Model

0.1 M d- 0.1 M
pure pure TMA TMA
layer Sio, Pt TMA? 4d-TMA (H,0) (D,0)“

SLD 4.187 6.37 —0.726 7.850 —0.478 6.33

( 10—6 A—z)a
“Values calculated using the neutron SLD calculator of the National
Institute Standards and Technology.24

calculation, we assumed that the concentration of TMA cation
and OD anion was identical. McCrum and Janik showed that
the surface charge of hydroxide increased from —0.5 to —0.6 as
the surface coverage of potassium cation increased from 0 to
0.2."% Therefore, it may be a reasonable assumption that the
concentration ratio of TMA and OD is close to 1 at the
cumulative coadsorbed layer. The molecular ratio (n) of
TMAOD to D,O in the coadsorbed layer after 10.5 h at 0.1 V
was calculated as 4.5 + 0.2 using the TMA SLD of —0.169 +
0.01 107® A% The TMAOD to H,O ratio in the coadsorbed
layer is 2800-fold higher than that of the bulk electrolytes. The
ratio of d-TMAOH to H,O of the coadsorbed layer after 7.5 h
of chronoamperometry at 0.1 V vs RHE was calculated to be
4.8 from the average SLD of 7.787 + 0.01 107% A2,

Figure 3 shows the TMAOD/D,0O and d-TMAOH/H,0
concentration profiles of the Pt electrode after chronoamper-
ometry at 0.1 V vs RHE from the SLD analyses. The TMAOH
composition in the coadsorbed layer is high (n = 4.5—4.8), and
the concentration of TMAOH in the outer layer rapidly
decreased over the next 80 A to reach bulk concentration (n =
0.002). The concentration of TMAOH in the coadsorbed layer
is unusually high. Typically, the crystalline hydrates of
TMAOH containing five, three, and one moles of water
(corresponding n = 0.2, 0.3, and 1, respectively) have been
produced.”*® Further, dehydrated TMAOH was prepared
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Figure 3. TMAOD/D,0 and d-TMAOH/H,O concentration profiles
after chronoamperometry at 0.1 V vs RHE.

only in an alcoholic solvent but was not allowed to separate
from the alcohol due to the decomposition of TMAOH at an
elevated temperature.”® This means that the TMAOH
composition in the coadsorbed layer is 4.5—4.8 times higher
than the TMAOH monohydrate in aqueous solution. In our
previous infrared reflection absorption spectroscopy study,"’
the existence of highly concentrated TMAOH (n = ~0.2) was
suggested by two separate hydroxide peaks at ~3600 and
~2800 cm™' (Figure S8) but was unable to detect such a
highly concentrated coadsorbed layer due to the high detection
depth (1—2 pm) of the surface infrared technique.”*”**
However, the NR experiments revealed that the coadsorbed
layer may have much more concentrated TMAOH and outer
layer with the concentration gradient. The highly concentrated

TMAOH crystalline formation at the coadsorbed layer
suggested that the initial structure of the coadsorbed layer
may be changed as the concentration of TMAOH increases.
Initially, the coadsorption was driven by the attractive van der
Waals interaction between the TMA and Pt surface in which
highly mobile dissociated TMA cations started to adsorb on
the surface of Pt. However, as the coadsorption proceeded, the
high concentration of TMAOH forms a less mobile crystalline
structure that drives water from the coadsorbed layer. While
this adsorption process is still speculative, this explains the NR
and IR spectroscopic data.

We examined the impact of cation type on the coadsorption
using the TEAOD/D,O solution. Figure 4a,b shows the
reflectivity curves of the Pt electrode in TEAOD/D,O. Like
the TMAOD/D,O case, at 0.1 V, the reflectivity changes
progressively from its highest value at 1.5 h, followed by the
4.5,7.5, and 10.5 h curves. The corresponding SLD profiles are
given in Figure 4c. However, the molecular ratio of TEAOD to
D,0 was calculated to 5.3 from the average SLD of 0.62 =+
0.15 107% A2, which is similar to TMAOD. The mass of the
coadsorbates (layer thickness X 1) was plotted as a function of
time at either 0.1 or 1.4 V vs RHE (Figure 4d) and compares
TMA*, d-TMAY, and tetraethylammonium (TEA") cations.
Note that the mass of the TEA" in the coadsorbed layer was
~2-fold less than that of the TMA". This result is consistent
with the previous results that TEA* has much lower adsorption
energy on the Pt surface due to the steric hindrance from the
bulky cation structure.”'
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Figure 4. (a) Reflectivity curves of Pt in 0.1 M TEAOD in D,O as a function of potential after a 4.5 h potential hold. (b) Reflectivity curves of Pt in
0.1 M TEAOD in D,O as a function of the potential hold time interval. (c) SLD profiles as a function of distance from the surface from fitting the
experimental NR data from (b). (d) Comparison of the mass of coadsorbates as a function of cell potential and time. Vertical error bars are the

standard deviation between several fits.
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B CONCLUSIONS

This study directly detects the coadsorbed layer of cation—
hydroxide—water on Pt using NR. The SLD results indicated
that the composition of TMAOH in the coadsorbed layer is
unusually high. The extremely high cation—hydroxide
concentration in the coadsorbed layer may impact the
AMEC performance and durability in three ways. First, the
high concentration of cation—hydroxide would impact the
hydrogen access to the electrocatalyst layer.”” The estimated
hydrogen solubility and diffusion coeflicient based on the
molar concentration of the coadsorbed layer are 0.12 cm® L™!
and 0.1 X 107 cm s, respectively, approximately 140- and
46-fold lower than those in pure water (Figure $9).%° Second,
the cation—hydroxide—water coadsorption would inhibit the
water transport at the anode. When the cationic functional
groups are adsorbed on HOR catalysts, the thin-film ionomer
becomes more hydrophobic and an effective water barrier is
formed by the highly concentrated ammonium coadsorbed
layer. Under this circumstance, water transport through the
anode becomes less, and the hydration of the alkaline
membrane can reduce. It was found that cell resistance using
a methylammonium-functionalized ionomer increases over
time because of the more severe coadsorption of the
ammonium on Pt—Ru than that of TEA" (Figure S10).
Third, the chemical stability of the cationic group would be
weakened at such a high pH condition. It is well known that
between 6 and 4 M NaOH (n = 0.12 and 0.076), the half-life
of TMAOH drops by 70%.”" The increased cationic group
concentration at the surface of the HOR catalyst may
accelerate the anode ionomer degradation during fuel cell
operation. Further investigation of the anode ionomer stability
is necessary from this aspect.

B EXPERIMENTAL SECTION

Cationic Electrolytes. TMAOH (0.1 M (or mol L)) in D,0,
TEAOH in water, and d-TMAOD in H,O electrolytes were prepared
from concentrated TMAOH (25 wt % in H,O, Sigma-Aldrich),
TEAOH (35 wt % in H,O, Sigma-Aldrich), and 4-TMAOD
(American Elements), respectively. The stocks were diluted to the
final concentrations with deionized (DI) water or deuterium oxide
(Sigma-Aldrich).

Electrochemical Characterization. All of the RDE measure-
ments were carried out at room temperature, in a glass cell from Pine
Research. The electrolyte was 0.1 M TEAOH (diluted from 25%
solution, EMD Millipore). A graphite rod (99.995% trace-metal basis,
Sigma-Aldrich) was the counter electrode and a Hg/HgO electrode
was the reference electrode. A polycrystalline platinum tip (S mm
from Pine Research) was used as the working electrode. Before the
experiment, the Pt working electrode surface was polished by 0.05 pm
alumina and then rinsed and sonicated in DI water. All reference
potentials were converted to RHE. The cell resistance was monitored
before and after each measurement to ensure that the change of the
HOR slope did not result from the resistance change. The HOR
voltammogram was measured at 25 °C with a rotating speed of 900
rpm. A relatively fast scan rate (100 mV s™') was used to minimize
further cation—hydroxide—water coadsorption during the collecting
HOR current density.

Neutron Reflectometry. The NR measurements were performed
at the National Institute of Standards and Technology Center for
Neutron Research (NCNR) using an NG-7 horizontal reflectom-
eter.’” The wavelength (1) of the neutron used was 4.75 A with A1/A
around 0.02. The reflectivity measurements were performed over a
range of angles and the data was presented as a function of the
neutron momentum transfer perpendicular to the surface, Q = (4z/
A)sin 6, where 0 is the incident and reflected angle of the specular-
reflected neutron beam. Slits were used to control the angular

divergence of the beam through the angular scan to give a relative Q
resolution AQ/Q of 0.025. Since reflectivity observations are sensitive
to the in-plane averaged neutron SLD profile perpendicular to the
sample surface, the elastic coherent SLD values were used to
determine concentration profiles. Web-based programs, reductus®®
and calculator of neutron and X-ray reflectivity,”* were utilized for
data reduction and modeling of the NR data, respectively.

Electrochemical Cell for Neutron Reflectometry. The electro-
chemical cell for in situ NR was designed to provide for the optics
required for NR while simultaneously meeting the conditions needed
for electrochemical measurement. The device, shown in Figure SI,
was fabricated from Teflon. A quartz plate with the sputtered
substrate was placed on the upper part of the cell, in contact with the
electrolyte solution on the cell chamber. The plate was clamped and
its contact was sealed with the chamber by Viton O-rings. The
neutron beam entered through the quartz to probe the Pt/electrolyte
interface; quartz was chosen due to its relative transparency to the
neutron beam. The Pt/Ti deposited on the plate was the cell working
electrode. The working electrodes were prepared through the
successive deposition of titanium (8—11 nm) and platinum (12—18
nm) on the quartz substrates (7.5 cm diameter) using in-house
electron beam sputtering. A reference electrode (Hg/HgO) and a
counter electrode (Pt wire) completed the applied voltage and
measurement system. These electrodes were sealed using Teflon. The
metal layers were carefully monitored before and after the
measurements, using X-ray reflectivity (Rigaku Ultima IV X-ray
diffractometer) to assure that their thickness remains constant
throughout the experiment.

A typical NR plot shows the reflectivity, R, defined as the reflected
beam intensity relative to the incident beam, as a function of the
scattering vector as shown in eq 1, where 4 is the neutron wavelength,
and @ is the angle of the incidence and of the specular-reflected beam

4 .
Q 1 sin(0) 1)
Prior to the experiment, the cells were filled with the electrolyte, while
ensuring that no air bubbles were trapped at the surface of the
electrode. Prior to any reflectometry measurements, the Pt electrode
was cycled between 0 and 1.0 V at 50 mV s™" until the voltammogram
was stable and the potential was held at 1.4 V vs RHE for 30 s to repel
any adsorbed species at the surface of the electrode. Neutron
reflectometry data was collected between 6 and 12 h at a given
potential. We used a transport code, Motofit,*® for the reflection and
refraction of the neutron beam through the layers to model the
experimental data and provide a measure of the thickness and
chemical composition of the TMA® cation coadsorbed layer.
The SLD estimate for TMAOH/D,0O was conducted as follows:

e SLD of pure D,0: 6.39 A
e SLD of pure TMAOH: —0.726 A™>
In 1L of 0.1 M TMAOH in the D,O solution

e 5542 M D,O
e 0.1 M TMAOH
e SLD of (D,0)ss4, + (TMAOH),, = 6.33 A™>
According to fittings, depending on the conditions,
e —042 A7 < SLDy; < 0.86 A™?
e With (SLDyy) = 0.46 + 0.26 A™>
e 10% < D,0 < 17.5%
e 82.5% < TMAOH < 90%
e One D,0 molecule for fivye TMAOH
The SLD estimate for TEAOH/D,O was conducted as follows:

e SLD of pure D,0: 6.39 A~
e SLD of pure TEAOH: —0.567 A™*

In1L of 0.1 M TEAOH in the D,O solution

e 5542 M D,0
e 0.1 M TEAOH
e SLD of (D,0)ss, + (TEAOH),, = 6.33 A™>

According to fittings, depending on the conditions,
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e 0.18 A™2 < SLDy, < 0.996 A~

e With (SLDy;) = 0.62 + 0.15 A™?

e 14% < D,O < 18.2%

e 81.8% < TEAOH < 86%

e One D,0 molecule for five TEAOH.
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AMFC, alkaline membrane fuel cell

CV, cyclic voltammetry

HOR, hydrogen oxidation reaction

NR, neutron reflectometry

PEMFC, proton exchange membrane fuel cell
RDE, rotating disk electrode
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SLD, scattering length density

TEAOH, tetraethylammonium hydroxide
TMAOH, tetramethylammonium hydroxide

B REFERENCES

(1) Stamenkovic, V. R.; Strmcenik, D.; Lopes, P. P.; Markovic, N. M.
Energy and fuels from electrochemical interfaces. Nat. Mater. 2017,
16, 57—69.

(2) Itkis, D. M.; Velasco-Velez, J. J.; Knop-Gericke, A.; Vyalikh, A.;
Avdeev, M. V,; Yashina, L. V. Probing Operating Electrochemical
Interfaces by Photons and Neutrons. ChemElectroChem 2015, 2,
1427—144S.

(3) Gottesfeld, S.; Dekel, D. R;; Page, M,; Bae, C; Yan, Y. S;
Zelenay, P; Kim, Y. S. Anion Exchange Membrane Fuel Cells:
Current Status and Remaining Challenges. J. Power Sources 2018, 375,
170—184.

(4) Li, D; Chung, H. T,; Maurya, S.; Matanovic, I; Kim, Y. S.
Impact of Ionomer Adsorption on Alkaline Hydrogen Oxidation
Activity and Fuel Cell Performance. Curr. Opin. Electrochem. 2018, 12,
189—198S.

(5) Viswanathan, V.; Hansen, H. A.; Rossmeisl, J.; Norskov, J. K.
Universality in Oxygen Reduction Electrocatalysis on Metal Surfaces.
ACS Catal. 2012, 2, 1654—1660.

(6) Chung, H. T.; Martinez, U.; Matanovic, I; Kim, Y. S. Cation-
Hydroxide-Water Co-adsorption Inhibits the Alkaline Hydrogen
Oxidation Reaction. J. Phys. Chem. Lett. 2016, 7, 4464—4469.

(7) Chung, H. T,; Choe, Y. K; Martinez, U.; Dumont, J. H;
Mohanty, A.; Bae, C.; Matanovic, I; Kim, Y. S. Effect of Organic
Cations on Hydrogen Oxidation Reaction of Carbon Supported
Platinum. J. Electrochem. Soc. 2016, 163, F1503—F1509.

(8) Wang, Y,; Wang, G. W,; Li, G. W.; Huang, B.; Pan, J.; Liu, Q;
Han, J. J; Xiao, L,; Ly, J. T.; Zhuang, L. Pt-Ru catalyzed hydrogen
oxidation in alkaline media: oxophilic effect or electronic effect?
Energy Environ. Sci. 2015, 8, 177—181.

(9) Wang, L.; Magliocca, E,; Cunningham, E. L.; Mustain, W. E.;
Poynton, S. D.; Escudero-Cid, R.; Nasef, M. M.; Ponce-Gonzalez, J;
Bance-Souahli, R.; Slade, R. C.; Whelligan, D. K; Varcoe, J. R. An
optimised synthesis of high performance radiation-grafted anion-
exchange membranes. Green Chem. 2017, 19, 831—843.

(10) Maurya, S.; Noh, S,; Matanovic, L; Park, E. J.; Villarrubia, C.
N.; Martinez, U,; Han, J.; Bae, C; Kim, Y. S. Rational Design of
Polyaromatic Ionomers for Alkaline Membrane Fuel Cells with > 1 W
cm™* Power Density. Energy Environ. Sci. 2018, 11, 3283—3291.

(11) Kongkanand, A.; Mathias, M. F. The Priority and Challenge of
High-Power Performance of Low-Platinum Proton-Exchange Mem-
brane Fuel Cells. J. Phys. Chem. Lett. 2016, 7, 1127—1137.

(12) Unlii, M.; Abbott, D.; Ramaswamy, N.; Ren, X. M.; Mukerjee,
S.; Kohl, P. A. Analysis of Double Layer and Adsorption Effects at the
Alkaline Polymer Electrolyte-Electrode Interface. J. Electrochem. Soc.
2011, 158, B1423—B1431.

(13) McCrum, I. T.; Janik, M. J. pH and Alkali Cation Effects on the
Pt Cyclic Voltammogram Explained Using Density Functional
Theory. J. Phys. Chem. C 2016, 120, 457—471.

(14) Chen, X; McCrum, I. T; Schwarz, K. A; Janik, M. J.; Koper,
M. T. M. Co-adsorption of Cations as the Cause of the Apparent pH
Dependence of Hydrogen Adsorption on a Stepped Platinum Single-
Crystal Electrode. Angew. Chem., Int. Ed. 2017, 56, 15025—15029.

(15) McCrum, 1. T.; Hickner, M. A.; Janik, M. J. Quaternary
Ammonium Cation Specific Adsorption on Platinum Electrodes: A
Combined Experimental and Density Functional Theory Study. J.
Electrochem. Soc. 2018, 165, F114—F121.

(16) Dunwell, M.; Wang, J. H,; Yan, Y.; Xu, B. Surface enhanced
spectroscopic investigations of adsorption of cations on electro-
chemical interfaces. Phys. Chem. Chem. Phys. 2017, 19, 971-975.

(17) Maurya, S.; Dumont, J. H; Villarrubia, C. N.; Matanovic, L; Li,
D. G; Kim, Y. S.; Noh, S.; Han, J. Y.; Bae, C.; Miller, H. A.; Fujimoto,
C. H,; Dekel, D. R. Surface Adsorption Affects the Performance of
Alkaline Anion-Exchange Membrane Fuel Cells. ACS Catal. 2018, 8,
9429-9439.

(18) Wood, D. L.; Chlistunoff, J.; Majewski, J.; Borup, R. L. Nafion
Structural Phenomena at Platinum and Carbon Interfaces. J. Am.
Chem. Soc. 2009, 131, 18096—18104.

DOI: 10.1021/acsami.9b17096
ACS Appi. Mater. Interfaces XXXX, XXX, XXX—=XXX



ACS Applied Materials & Interfaces

Research Article

(19) Dumont, J. H; Hjelm, R. P.; Watkins, E. B.; Chung, H. T.;
Martinez, U. P.; Atanassov, P.; Kim, Y. S. In Investigating Catalyst-
Electrolyte Interface by Microelectrode, Infrared Reflection Adsorption
Spectroscopy and Neutron Reflectometry, 230th ECS Meeting; The
Electrochemical Society, 2016; pp 2474.

(20) DeCaluwe, S. C.; Baker, A. M.; Bhargava, P.; Fischer, J. E;
Dura, J. A. Structure-property relationships at Nafion thin-film
interfaces: Thickness effects on hydration and anisotropic ion
transport. Nano Energy 2018, 46, 91—100.

(21) Wood, M. H,; Casford, M. T.; Steitz, R,; Zarbakhsh, A,
Welbourn, R. J. L; Clarke, S. M. Comparative Adsorption of
Saturated and Unsaturated Fatty Acids at the Iron Oxide/Oil
Interface. Langmuir 2016, 32, 534—540.

(22) Markovic, N. M,; Sarraf, S. T.; Gasteiger, H. A.; Ross, P. N.
Hydrogen electrochemistry on platinum low-index single-crystal
surfaces in alkaline solution. J. Chem. Soc., Faraday Trans. 1996, 92,
3719-3725.

(23) Chung, H. T.; Choe, Y.-K; Martinez, U.; Dumont, J. H;
Mohanty, A.; Bae, C.; Matanovic, I; Kim, Y. S. Effect of Organic
Cations on Hydrogen Oxidation Reaction of Carbon Supported
Platinum. J. Electrochem. Soc. 2016, 163, F1503—F1509.

(24) Brown, D.; Kienzle, P. Neutron Activation and Scattering
Calculator. https://www.ncnr.nist.gov/resources/activation (accessed
Nov 13, 2019).

(25) McMullan, R. K;; Mak, T. C. W,; Jeffrey, G. A. Polyhedral
Clathrate Hydrates.11. Structure of Tetramethylammonium Hydrox-
ide Pentahydrate. J. Chem. Phys. 1966, 44, 2338—2345.

(26) Walker, J.; Johnston, J. Tetramethylammonium hydroxide. J.
Chem. Soc.,, Trans. 1905, 87, 955—961.

(27) Harmon, K. M.; Harmon, J.; Southworth, B. A.; Cichocki, C.
A,; Brooks, D. M. Hydrogen-Bonding.52. Ir Spectral Study of
Hydrogen-Bonding in Tetraethylammonium Hydroxide Tetrahydrate
and Tetraethylammonium Hydroxide Trihydrate. J. Mol. Struct. 1994,
317, 243—248.

(28) Gennick, I; Harmon, K. M. Hydrogen-Bonding. 6. Structural
and Infrared Spectral Analysis of Lithium Hydroxide Monohydrate
and Cesium and Rubidium Hydroxide Hydrates. Inorg. Chem. 1975,
14, 2214-2219.

(29) Park, E. J.; Maurya, S.; Lee, A. S.; Leonard, D. P.; Li, D.; Jeon, J.
Y.; Bae, C,; Kim, Y. S. How does a small structural change of anode
ionomer make a big difference in alkaline membrane fuel cell
performance? J. Mater. Chem. A 2019, 7, 25040—25046.

(30) Riietschi, P. Solubility and Diffusion of Hydrogen in Strong
Electrolytes and Generation and Consumption of Hydrogen in Sealed
Primary Batteries. J. Electrochem. Soc. 1967, 114, 301—305.

(31) Marino, M. G.; Kreuer, K. D. Alkaline Stability of Quaternary
Ammonium Cations for Alkaline Fuel Cell Membranes and Ionic
Liquids. ChemSusChem 2018, 8, 513—523.

(32) Ankner, J. F.; Majkrzak, C. F.; Satija, S. K. Neutron Reflectivity
and Grazing Angle Diffraction. J. Res. Natl. Inst. Stand. Technol. 1993,
98, 47—358.

(33) Maranville, B.; Ratcliff, W.; Kienzle, P. Reductus: A Stateless
Python Data-Reduction Service with a Browser Frontend. J. Appl.
Crystallogr. 2018, 51, 1500—1506.

(34) Maranville, B. B. Interactive, Web-Based Calculator of Neutron
and X-ray Reflectivity. J. Res. Natl. Inst. Stand. Technol. 2017, 122, 1.

(35) Nelson, A. Co-refinement of multiple-contrast neutron/X-ray
reflectivity data using MOTOFIT. J. Appl. Crystallogr. 2006, 39, 273—
276.

DOI: 10.1021/acsami.9b17096
ACS Appi. Mater. Interfaces XXXX, XXX, XXX—=XXX



