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Electrochemical binders used to immobilize electrocatalysts on electrodes are essential in all fields of
electrochemistry. However, conventional organic-based binders like Nafion generally suffer from
oxidative decomposition at high potentials on anodic electrodes and have high charge transport
resistivity. This work proposes the use of acidic redox-assisted deposition to form cobalt manganese
oxyhydroxides (CMOH) as a solid-state inorganic binder. CMOH remains stable under high oxidative
currents and ensures catalyst adhesion even under significant peel-off stress as shown by experiments
involving the alkaline oxygen evolution reaction (OER) using RuO, as a catalyst immobilized on a rotating
disc electrode. While the molecular structure of Nafion decays significantly after 45 minutes under OER
conditions at 3.86 V, the CMOH binder is able to support the powder catalysts (RuO, and NiO,) showing
stability around 1000 mA cm~2 without significant current decay over 24 hours. The robust catalyst
adhesion is a result of the formation of chemical bonds between the electrode and the binder and it can
be further improved by increasing the applied loading of CMOH. Unlike Nafion, both the OER activity
and the diffusion kinetics are not significantly affected by the CMOH binder. It has also been shown that
using CMOH as a binder leads to lower charge transfer resistances R and higher electrochemical
surface areas compared to systems using Nafion. This is partially due to the presence of metal sites in

different oxidation states which has been shown to increase intrinsic conductivity, facilitating the charge
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Accepted 12th September 2024 hopping at the binder/electrocatalyst interface. With this, the present work provides a proof-of-concept

for inorganic metal oxides as promising solid-state binders for a wide range of applications in
electrochemistry, demonstrating CMOH's outstanding characteristic of strong adhesion to support other
highly active but adhesion-weak electrocatalysts.
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functionalities that provide a certain level of adhesion for
electrocatalysts." However, the insulating nature of organic

Introduction

Almost all research setups and devices based on electro-
chemical processes (e.g., sensors, batteries, supercapacitors,
etc.) require binders to immobilize -electrocatalysts/active
materials on the surface of electrodes or current collectors. An
ideal binder should provide sufficient adhesion for the tested
electrocatalyst and exhibit low electrochemical background
noise. Binders based on organic materials (e.g., Nafion, poly-
vinylidene fluoride, etc.) have molecular structures and
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binders hinders the charge transfer from the surface of current
collectors to the active sites of the electrocatalysts. This may
eventually result in circumstances where the performance of an
electrocatalyst may not be correctly judged when evaluating its
electrocatalytic properties.®”

Another issue associated with organic binders is that during
electrochemical oxidation processes like the oxygen evolution
reaction (OER), the carbon-based backbone of organic binders
can be degraded, thus weakening the adhesion of the catalyst,
which, in return, affects the reliability of an electrochemical
device. Particularly in the case of the OER, operating at high
currents leads to the formation of massive amounts of gas
bubbles. This, in return, results in strain at the interface
between electrocatalysts and electrodes, resulting in possible
electrocatalyst peel-off." Due to these issues, the OER represents
one of the harshest electrochemical scenarios for testing
binders. Since an increasing number of research studies are
focusing on achieving large currents of 500 mA cm ™2 or higher
for water splitting,® new binder materials that can preserve full
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functionality and structural stability at extremely high oxidative
potentials are absolutely essential. Under such conditions, the
typical practice of using ionomers like Nafion to bind OER
catalysts on electrodes™® may not be suitable for long-term
operation. As reported in a recently published paper by
Boettcher et al.,* Nafion binder degradation can be observed at
a current density of ~0.5 A cm ™~ and/or a potential above 2.4 V.
This problem is not limited to electrochemical systems in
aqueous environments. It is, for instance, equally essential and
challenging to develop binders for Li-ion batteries that show
decent stability at high oxidative potentials.”™*

As long as there is no binder material that is more suitable
than the typical organic binders, the most straightforward
solution to deal with binder degradation is to apply a higher
amount of binders to compensate for it. However, this usually
slows down the mass and charge transport. Alternative
approaches use carbon materials like carbon black or graphene
to immobilize catalysts on a substrate.**>'* However, the
vulnerability of these catalytic systems to degradation under
oxidizing environments, resulting in loss of adhesion, remains
an unsolved problem.****

Given the drawback of the binders mentioned above, the
concept of “binder-free” electrocatalysts has emerged lately.
This typically involves the direct electrochemical deposition of
the catalysts onto the electrode surface via anodization or
electroplating’®™*® to improve the adhesion of electrocatalysts.
Stronger adhesion has been shown to lower the charge transfer
resistivity and thus enhances the electrochemical activity.***°
An additional problem faced by many of the earlier studies on
binder-free electrocatalysts is that the proposed catalytic
systems rely on the interaction of the electrocatalysts with very
specific substrates, so the concepts are not universally
applicable.

The limited success of the mentioned concepts in immobi-
lizing electrocatalysts indicates that some issues have not been
taken into account sufficiently when attempting to design new
binders so far. On the one hand, an effective binder should form
chemical bonds to reinforce the attachment of the electro-
catalyst to the electrode, rather than relying solely on physical
adhesion. On the other hand, the binder material should ideally
be carbon-free to prevent problems related to oxidative corro-
sion. To address the latter point, we propose the usage of
inorganic binders. The concept of inorganic binders is hardly
encountered in the literature as there are several difficulties that
need to be overcome when using ordinary inorganic solids like
metals, metal oxides, or salts as binders. In general, depositing
such solids uniformly on a surface to form a strongly bound
layer with atomic-scale thickness is challenging in operation
and/or involves high costs.”"** If one wants to develop metal-
based binders, one would require metals that are stable
enough under extreme electrocatalytic pH conditions, like Au or
Pt.>*** However, such metals are often very expensive and are
electrochemically too active to be a binder. In contrast, the
major problems with ionic salts are that they either tend to
dissolve into the aqueous environment or fail to provide suffi-
ciently strong adhesion at relatively low temperatures due to
their bonding nature. Similarly, most metal oxides also suffer

© 2024 The Author(s). Published by the Royal Society of Chemistry
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from weak adhesion unless they are directly grown on the
substrate surfaces. In addition, the typically insulating char-
acter of metal oxides may also be a problem for electrochemical
research.>>?®

Previously, we developed the acidic redox-assisted deposi-
tion (ARD) method to deposit complex oxide coating layers onto
the surfaces of metals, ceramics, plastics, etc.>** which has
been proven to completely withstand mechanical or electro-
chemical abrasion. One oxidant often used in ARD is KMnQ,,
which tends to oxidize various substrate surfaces, yielding
a directly deposited oxyhydroxide layer. For example, the cobalt
manganese oxyhydroxide (CMOH) film through ARD can theo-
retically possess high-adhesion Mn-O-substrate bonds, which
may also occur on various catalyst surfaces.”® Both the adhesion
and stable structure of CMOH under high potentials, confirmed
by operando Raman spectroscopy, enhance its electrochemical
stability under alkaline electrolyte conditions.**** The varying
oxidation states of the metals within CMOH, due to the redox
reaction, are crucial for the electrical conductivity required for
charge transport between the substrate and the catalyst.”®**
Thus, this work explores whether the new concept of binder
materials based on solid-state, inorganic oxides, using CMOH
as an example, is possible and compares it to conventional
organic binders. Whether the inherent OER activity of CMOH
could be an issue that hinders its applicability as a binder,
particularly in an experimental set-up evaluating electro-
catalysts, is also an issue to be addressed in this study.

Herein, we evaluate whether the properties of ARD-driven
oxide coating of CMOH make it a suitable candidate as an
inorganic binder. For this, we will focus on evaluating the
robustness of electrocatalyst adhesion and resistance against
corrosion at elevated oxidative potentials. For a proof-of-
concept, we use powdered RuO,, as well as NiO, as model
electrocatalysts and immobilize them with CMOH or with
Nafion (as a representative example for organic binders) on an
electrode to conduct long-term stability tests. The so-obtained
electrodes are then used to perform the OER under alkaline
conditions to demonstrate the superiority of the CMOH over
organic binders in terms of catalyst adhesion and resistance
against oxidative corrosion at elevated potentials. Thus, this
work investigates and highlights the role of CMOH as a binder,
rather than as an electrocatalyst.

Results and discussion

Loading of the inorganic binder and the corresponding
properties

The typical procedure for applying the CMOH binder to
immobilize a tested electrocatalyst is shown in Fig. 1a. In brief,
RuO, in powder form is first dispersed in 25% aqueous iso-
propanol and then drop-cast on the electrochemical substrate,
in this case a rotating-disc glassy carbon electrode (GCE), and
then covered with a premixed solution containing Co>" and
MnO, . After 15 minutes of aging, the surface is rinsed with
deionized (DI) water to complete the application of CMOH as
a solid-state binder.

Chem. Sci., 2024, 15, 16966-16976 | 16967


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc04088k

Open Access Article. Published on 18 September 2024. Downloaded on 06.12.2025 22:37:27.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Chemical Science Edge Article

15
/ 25 (b) P p—rer
% % Nafion
10 pL 3 =
‘ RuO, solution : 20+ :(" —C1
€ E 10{C35
< 15 <z |----c140
glassy carbon 8 i —R 8
electrode - ] R+C1 = 5] 010
; & |-—-R+C35 & 0.05
drying 5 5{----R+C140 3 o
a [§) R+ Naf o 0.00
ation 14 16
10 L o] ; : - ! 9 T T T T
addition CMOH solution solid-state 1.0 1.2 14 1.6 1.8 1.0 12 14 1.6 1.8
/ (C1, C35, C140) inorganic binder Potential (V vs. RHE) Potential (V vs. RHE)
g . =\ on RuO, - 8
arerd (@, (R+C1,R+C35 3 1004 B
6 s KMnO, - R +C140) < (e) | P
0 ‘ Co(OAc), G 804 2 643 8 R .
| a & Taannd 358 2
\ € 60 ) i OS5
RuO, a é 2, g o :2: 202 288 284 280 276
S 2
o B
40
3 8
-mi i N E 5
L mins rinsing T 0] 2
aging with water £ [me
2 R + Nafion
0 : T v v v v - . : :
CMOH solution 0 500 1000 1500 2000 2500 3000 3500 1000 800 600 400 200 0

Time (s) Binding Energy (eV)

Fig. 1 Schematic illustration of the preparation of the RuO, catalyst immobilized by the inorganic solid-state binder CMOH on rotating-disc
glassy-carbon electrodes (GCEs) (a) as well as various electrochemical tests and structural characterization studies of RuO, bound with different
binders to GCE((b)—-(d)) or SiO, wafers (e). (a) To bind the RuO, (denoted as R) drop-cast onto a glassy carbon electrode using CMOH, the binder
is deposited onto the electrode surface through the aging of a mixed solution of KMnO,4 and Co(OAc), (denoted as CMOH solution, yellow circle)
with different concentrations (marked with labels C1, C35, and C140) at room temperature. (b) The linear scan voltammetry (LSV) curves showing
the OER activities, under alkaline conditions, of RuO, immobilized by CMOH, prepared using CMOH solutions of varying concentrations. For
comparison, the data for binder-free RuO; (R) and Nafion-bound RuO; (R + Nafion) are also shown. (c) The background LSV curves of the (RuO,-
free) Nafion- and CMOH-only samples. (d) The potentiostatic coulometry curves for the CMOH-bound RuO, samples recorded at 1700 rpm; the
vertical axis shows the current densities normalized to the initial current density. The measurements are performed at a potential corresponding
to 25 mA cm~2 according to (b). (e) The survey XPS spectra of selected CMOH-bound RuO, samples over SiO, wafers; the inset shows the

detailed comparison of C 1s and Ru 3d signals.

According to previous studies, the synthesis of CMOH
involves the reaction between highly oxidative MnO, and the
reductant Co**, as shown in the reaction below:>**!

9C0(q)”" + 3MnOy(q) + 14H,0g, — CogMn3056H 3

+ 15Hag)" 1)
where CooMn;0,6H 5 is the idealized formula of the depos-
ited solid-state species, CMOH. The Co/Mn ratio of the deposit
is typically in the range of 3/1 to 2/1.>” Previous X-ray absorption
spectroscopic characterization of the material has shown that
Co is present as Co®>" and Mn is present as Mn*".?* CMOH
exhibits, with a sheet resistance of 13.0 x 10’ Q [0, an elec-
trical conductivity that is two orders of magnitude higher than
the corresponding value for the monometal oxides CoO, and
MnO,.”*** In addition, these experiments and simulations*®
have proven that CMOH can form strong chemical bonds with
diverse substrates via surface oxidation, making CMOH a suit-
able binder material.

To understand whether and how the applied amount of
binder interferes with the intrinsic activity of the electro-
catalysts, we varied the concentrations (denoted as C) of the
CMOH precursor solution and denoted the different solutions
as C1, C35, and C140. Samples prepared by combining RuO,,
abbreviated as R, with the different CMOH precursor solutions
are labeled as R + C1, R + C35, and R + C140, respectively. C1

16968 | Chem. Sci, 2024, 15, 16966-16976

represents a solution with the minimum concentration that is
needed to prepare CMOH coatings that have some durability
against abrasion and dissolution.** The concentration of C35 is
35 times higher than that of C1. This concentration represents
the threshold reported in the literature® that is required to
synthesize CMOH samples that begin to show weak OER
activity. With C140, we produced a thicker layer of deposition
than with C35, as we attempt to study how a thicker solid-state
binder layer influences the electrochemical activities.

Fig. 1e displays the X-ray photoelectron spectroscopy (XPS)
data for R + C35 and R + C140. In contrast, the spectra of R + C1
are not shown, as it seems to be too thin to give any recognizable
signals. The XPS spectra of both R + C35 and R + C140 feature
weak but appreciable signals for Co 2p (purple) and Mn 2p (red)
which correspond to the characteristic signals of CMOH.>***
The inset of Fig. 1e shows that a weak signal associated with the
Ru 3d peak at 281 eV (ref. 33) can be observed. This gives an
indication of the thickness of the CMOH binder layer covering
the RuO, catalyst. As the sampling depth of XPS is typically in
the range of 5 to 10 nm, the thickness of the CMOH layer should
be in the same range.** This indicates that, even when using
the high-concentration CMOH precursor solution C140, the
CMOH deposition can still be controlled to form a thin binder
layer.

To accurately evaluate the effect of using CMOH as a solid-
state binder on the performance of the electrocatalytic system,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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we have conducted linear scan voltammetry (LSV) measure-
ments under OER conditions while operating the rotating-disc
electrode at a relatively high rotation speed of 1700 rpm.
Fig. 1b compares the OER activities of Nafion-bound, CMOH-
bound, and bare RuO,. The difference in the overpotentials (at
10 mA cm ™ 2) between the tested samples is relatively small, less
than 1.2%. This indicates that neither Nafion nor CMOH alters
the intrinsic activity of RuO,. It can be further stated that the
CMOH depositions obtained with the different precursor solu-
tions C1, C35, and C140 all show behavior similar to that of the
organic-binder Nafion. The fact that increasing the concentra-
tion of the used CMOH precursor solution has a hardly
noticeable effect on the catalytic activity, suggests that even
overloading the RuO, catalyst with CMOH does not lead to
a significant change in the intrinsic catalytic properties of RuO,,
nor does it hinder hydroxide ions from accessing the active sites
of RuO, effectively.®® To confirm that the interaction with
CMOH does not noticeably impact the catalytic activity of RuO,,
we also performed first-principles calculations to evaluate the
Gibbs free energies for the OER process on RuO, in the absence
and the presence on CMOH following the reaction steps re-
ported for the OER via the adsorbate evolving mechanism,*® see
Fig. 2. Here, we have used RuO, (110) slab models consisting of
three to seven layers and added one layer of CMOH at the
bottom of the slab to simulate the binder. The computational
details and the optimized coordinates of the considered struc-
tures are provided in the ESI.{ As observed, the presence of the
CMOH layer, does not change the potential determining step
(PDS), which is the conversion of surface O to surface OOH.
Also, the change in the Gibbs free energy for the PDS is, with
a value of 0.05 eV or smaller, rather insignificant, indicating
that the interaction with CMOH has only a minimal effect on
the inherent catalytic activity of RuO,.

As shown in Fig. 1c, we evaluated the inherent catalytic
activity of the binder material to determine whether it intro-
duces a (too strong) background noise that interferes with the
usage of CMOH as a binder in experiments investigating the
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activity of the bound catalysts. The current density measured for
pure Nafion without RuO, is as low as the value for the bare
GCE. In contrast, each of the CMOH samples prepared with
precursor solutions of different concentrations, particularly C35
and C140, shows some OER activity, which is consistent with
earlier literature.”” In this context, the noticeable background
of the samples C35 and C140 may be a concern when they are
used with electrocatalysts with weak activity. Thus, when using
solid-state binders like CMOH, one should be aware that they
are not completely inactive. However, there is no need to over-
stress this issue as the OER activities of the recently reported
electrocatalysts are generally superior to those of the C35 and
C140 samples,**® so one can safely neglect the background
noise.

To evaluate the adhesion properties of the CMOH binder, we
performed potentiostatic coulometry measurements on the
rotating-disc electrodes with CMOH-bound RuO, at a rotation
speed of 1700 rpm, see Fig. 1d. The measurements, which lasted
one hour, were conducted at potentials corresponding to
a current density of 25 mA cm™? according to the LSV data
shown in Fig. 1b. Due to experimental uncertainty, the initial
current densities recorded in the potentiostatic coulometry
measurements vary slightly from 25 mA cm 2. Thus, the current
densities in Fig. 1d are normalized to the actually measured
initial current density for easier comparison (see the ESI} for
details). Both R + C1 and binder-free RuO, suffer from a signif-
icant decrease in the current density, by 88% and 91% of the
initial value, respectively. This is mainly due to RuO, peeling off
from the electrode surface, which can be observed in the form of
a black powder in the electrolyte. However, we may not
completely ignore that there are other minor factors contrib-
uting to the observed decrease in the current density, e.g., the
accumulation of oxygen bubbles on the electrode surface which
cannot be effectively removed even at high rotation speeds.

The fact that the R + C1 sample shows a similar LSV curve as
the one recorded for binder-free RuO, shows that the small
amount of applied binder material is not enough to withstand

0.00 0.00 | [— 0.00
0f 0 (gas) + 4(H" + ) 0 (gas) G 02 (ges)
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Fig. 2 Calculated Gibbs free energy profile for the OER via the adsorbate evolving mechanism as reported in ref. 36 on RuO,(110) slab models
consisting of (a) three, (b) five, and (c) seven RuO, layers, with (red) and without an attached CMOH layer (blue) at the bottom of the slab (all
legends in the figure follow the same legend as in figure (c)). The values on the vertical lines are the Gibbs free energies for each surface structure,
while the numbers in parenthesis refer to the change in the Gibbs free energy of the corresponding reaction step. All values refer to zero applied

potential and are given in eV.
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the strains caused by bubble formation and the rotation at
1700 rpm leading to the peel-off of the catalyst. In contrast, the
R + C35 and R + Nafion samples behave relatively similarly and
show about 78% of the initial current density after one hour. For
R + C140, even 85-88% of the initial current density could be
preserved. Assuming the decrease in current density over time is
exclusively due to RuO, peeling off from the electrode, one can
state that the adhesive strength of CMOH shows a clear
dependence on the concentration of the precursor solution.
One may question here, whether this assumption is correct as
the higher preserved current density for the R + C140 sample
may also be due to the larger amount of applied CMOH, which
is also electrocatalytically active. However, this can be safely
ruled out as the LSV plots for RuO,-free C35 and C140 in Fig. 1c
are relatively similar indicating that the inherent activity of the
binder material has a negligible effect on the preserved current
density. As the R + C140 sample shows the highest stability in
terms of OER activity, all samples in the upcoming investiga-
tions will be prepared with the precursor solution of concen-
tration C140.

Effect of increasing binder loading

It is generally accepted that one can achieve more stable
adhesion of the catalyst by increasing the loading of the binder.
However, this usually slows down the overall electrocatalytic
process, as reagents and products need to diffuse through the
binder to reach the catalyst. Here, we explore how applying
multiple layers of binder to immobilize the RuO, catalyst affects
the overall electrocatalytic performance. In this case, Nafion or
the CMOH precursor solution of concentration C140 has been
deposited up to n = 4 times on the electrode surface to immo-
bilize the catalyst. The corresponding samples are thus referred
to as “R + Nafion x n” or “R + C140 x n” with n being an integer
between 1 and 4. Note that R + Nafionx1 and R + C140 x 1 refer
to the same set-up previously referred to as “R + Nafion” and “R
+ C140” when a rotating-disc GCE is used. The LSV plots
recorded with Nafion-bound RuO, on a rotating-disc GCE in
Fig. 3a show that the generated current beyond the onset
potential gradually declines with the loading of the binder. Fig.
S121 demonstrates that at 1.8 V, a significant decrease in
current density is observed as the number of Nafion binder
layers increases from 1 to 4. Notably, adding more than two
layers of Nafion results in a dramatic decline in RuO, perfor-
mance, with up to a 75% decrease in current density. In
contrast, the addition of CMOH binder layers retains the RuO,
current density more effectively, even with a higher number of
layers. On the other hand, the results of potentiostatic coul-
ometry measurements, shown in Fig. 3¢, confirm that a higher
loading of Nafion indeed leads to a stronger attachment of
RuO,.” This trade-off between catalytic activity and stability
observed for Nafion-bound systems, is less pronounced for
systems using CMOH as a binder. The LSV curves for the latter
are shown in Fig. 3b: the loading of the binder shows only
a negligible influence on the recorded current density. All
considered samples have the same OER onset potential. In
addition, in the potential range between 1.65 V and 1.85 V, the
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maximum difference in the measured current density for the
samples with different amounts of CMOH never exceeds 3 mA
ecm > This indicates that even high loadings of CMOH hardly
interfere with the diffusion of the reactant and product species.
Similarly, the potentiostatic coulometry results for the CMOH-
bound systems in Fig. 3d show that the decay of current density
over 1 hour is, across all considered samples, less than 10% of
the initial value, and therefore significantly less than the decay
observed for the Nafion-bound systems in Fig. 3c. These results
highlight an important advantage of CMOH as a binder mate-
rial over conventional organic materials: it provides increased
stability through stronger adhesion of the catalyst without
slowing down the diffusion processes.

As mentioned before, a problem with the concept of binder-
free catalysts is that they can only be applied to specific
substrates. Whether the usage of CMOH and other potential
solid-state inorganic binder materials is also limited by this
issue is explored in the following. Thus, we have tested whether
the CMOH binder can be applied to substrates like the more
commonly used porous Ni foam electrodes, which do not
feature a flat surface. Compared to glassy carbon, Ni foam is
more tolerant to high current densities at high oxidative
potentials, which allows us to test the binder materials at higher
current densities. The preparation of Ni foam electrodes with
CMOH-bound RuO, was conducted similarly to the GCEs used
above using the C140 precursor solution. Details of the prepa-
ration are described in the ESL{ In this case, all measurements
were performed using Fe-free KOH (see the preparation proce-
dure in the ESIt), as Fe tends to adsorb onto the Ni foam elec-
trodes and can lead to an artificial enhancement of the observed
OER performance.*>* Fig. 3e displays the LSV curves of CMOH-
bound RuO, on Ni foam. It appears that the loading of applied
CMOH does not affect the measured current density. All
samples containing RuO, show very similar overpotentials,
which have been determined at a current density of 10 mA
cm 2. The deviation from the overpotential determined for
binder-free RuO, is negligibly small, less than 0.03 V. This
indicates that, similar to the situation on GCEs, the CMOH
binder does slow down the diffusion processes significantly.
The CMOH binder also shows satisfying properties stability-
wise, as visible from the potentiostatic coulometry data shown
in Fig. 3f. The measurements here are conducted at a potential
of around 1.75 V, which corresponds to an initial current
density of about 50 mA cm ™2, roughly twice as high as in the
measurements using GCE. The preserved current density after
one hour ranges from 88.6% for R + C140 x 1 to 94.0% for R +
C140 x 4 showing that the exceptional adhesion of CMOH
binders is also maintained on uneven, porous surfaces. In
contrast, using Nafion as a binder on Ni foam leads to the same
problems observed on GCE. Fig. S2a and b} demonstrate that
Nafion, on the one hand, interferes with the diffusion
processes, and on the other hand, provides much weaker
adhesion of the catalyst to electrode surfaces. According to
results from previous studies,”®** CMOH has the potential to be
used as a binder material for various other substrates including
fluorine-doped tin oxide, carbon felt, and Au-plated silicon
oxide.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The dependency of the electrochemical behaviors on various loading amounts of binders. Labels of the form "R + Nafion x n” or "R +
C140 x n" refer to systems in which Nafion or CMOH has been deposited n times on RuO, on a rotating-disc GCE ((a)-(d)) or on nickel foam ((e)
and (f)). Note that "R + Nafion x 1" and "R + C140 x 1" on the rotating disc GCE represent the samples referred to as “R + Nafion” or "R + C140" in
Fig. 1. (a) and (b) The LSV curves measured for electrodes with Nafion- and CMOH-bound RuO,, respectively. (c) and (d) The potentiostatic
coulometry curves for the Nafion- and CMOH-bound systems measured at 1700 rpm. The measured current densities are normalized to the
initial current density. The measurements are performed at a potential corresponding to 25 mA cm™2 according to figure (a) and (b), respectively.
(e) and (f) The LSV curves and the potentiostatic coulometry curves, respectively, for CMOH-bound RuO, on nickel foam electrodes. The
measurements in (f) are performed at potentials corresponding to a current density of 50 mA cm~2 according to figure (e). The data for Nafion-

bound RuO, are shown in Fig. S2.1

Effect of the binder on bubble evolution at high oxidative
potential

In all electrocatalytic processes involving the formation of
gaseous products, the rapid removal of bubbles is crucial for
achieving a faster reaction rate, as the bubbles hinder the
transport of reactant species to the electrode. The removal of
bubbles can, for instance, be facilitated by increasing the
surface hydrophilicity. In the following, we want to visually
compare the influence of the binder material on the bubble
removal process. For this, we will be using glass coated with
fluorine-doped tin oxide (“FTO glass” or simply “FTO”) as
electrodes as it is transparent. The details of the preparation of
FTO glass electrodes are provided in Section S1.5 of the ESL
Fig. 4a and c show photographs of FTO electrodes with binder-
free and CMOH-bound RuO, referred to as R + C140, respec-
tively, during the OER process. The comparison of bubble sizes
on R + C140 and R + Nafion (Fig. 4b and S13t) show that the
diameters vary in a range of 0.050-0.073 cm. Nevertheless,
a significantly higher bubble coverage on the electrode surface
is observed on R + Nafion (80-87% coverage) compared to R +
C140 (3-5% coverage). A higher bubble coverage on the elec-
trode surface obstructs catalytic active sites, and thus inhibits
the electrochemical activity. The unwanted severe accumulation
of oxygen in the form of bubbles in the latter case is most likely
due to the hydrophobic perfluoroalkyl backbone of Nafion. On
a hydrophobic surface, gas bubbles tend to accumulate and

© 2024 The Author(s). Published by the Royal Society of Chemistry

undergo coalescence, leading to the formation of larger
bubbles. This large bubble formation could significantly reduce
the exposed catalytic sites, thereby potentially diminishing the
catalytic performance.** Although the present work does not
show a clear difference in the overpotential between Nafion-
and CMOH-bound RuO,, the slow removal of the bubbles from
Nafion-bound catalysts is discussed as the cause for increased
overpotentials.>**

As mentioned above, one of the main drawbacks of organic
binders is their instability at high oxidative potentials. In the
following experiment, we use a potentiostatic coulometry test to
visually demonstrate the difference between the performance of
Nafion and CMOH under OER conditions at relatively high
potentials greater than 3.5 V (also see the details in Fig. S37).
After 45 minutes, the system using CMOH as a binder (R + C140)
still retains >90% of the initial current density. In contrast, the
current density recorded with the electrodes using Nafion as
a binder (R + Nafion) drops to 46% of the initial value. The
photographs in Fig. 4e and f (also Fig. S41) show that the initial
appearance of the FTO electrode with CMOH-bound RuO, has
not changed significantly upon the potentiostatic coulometry
measurement. In contrast, Nafion-bound RuO, has majorly
peeled off from the FTO electrode likely due to oxidative
corrosion, leading to the degradation of the Nafion layer. To
confirm this, Fourier transform infrared (FTIR) spectroscopy
has been used to analyze the Nafion layer before and after the
potentiostatic coulometry measurement. Fig. 4g shows that

Chem. Sci., 2024, 15, 16966-16976 | 16971
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Fig. 4 The comparison study of electrocatalytic behaviors and stability between different binders. The bubbling behaviors between different
binders under OER conditions for (a) binder-free RuO, (R); (b) Nafion-bound RuO, (R + Nafion); and (c) CMOH-bound RuO, (R + C140). The sizes
and local distribution of the as-formed oxygen bubbles can be observed. (d) The peel-off stress tests between the binders under high potential
conditions (>3.5 V) of the OER, where the corresponding visual images of the electrode surface are shown in (e) with binder C140 and (f) with
binder Nafion. Note that the recorded current densities are normalized to the first initial current densities. (g) The infrared spectra of the
electrodes with Nafion-bound RuO, before and after the potentiostatic coulometry (referred to pc) tests shown in (d). The signals of C-F
vibrations are highlighted in yellow and the vibrational modes of O-C=0 are highlighted in orange and light blue. (h) The LSV results corre-
sponding to the tests shown in (d). The long-term potentiostatic coulometry tests for CMOH-bound RuO; (i) and NiO, (j) on nickel foam,
showing a current density of around 1000 mA cm 2. The constant potential of the long-term potentiostatic coulometry tests for CMOH-bound
RuOy; is 2.92 V while for CMOH-bound NiO,, it is 3.18 V.

after the potentiostatic coulometry measurement, the FTO
electrode with Nafion-bound RuO, features peaks at 1646 cm ™"
and 1391 cm !, which were not observed before the potentio-
static coulometry experiment. These two signals are associated
with the symmetric and asymmetric stretching modes of the
carboxylate (O-C=0) functional group.*” In addition, the decay
of the signal intensities of the peaks at 1248 cm ' and
1158 cm ™ corresponding to C-F vibrations,*>* shows that the F
groups have been removed due to oxidative corrosion. The

16972 | Chem. Sci, 2024, 15, 16966-16976

mentioned changes in the FTIR spectra of Nafion-bound RuO,
are consistent with the observations reported for the oxidative
degradation of Nafion in the literature.**** The superiority of
the CMOH binder in terms of stability is also visible in the LSV
curves measured under OER conditions in Fig. 4h. Here we
compare the results for FTO electrodes with Nafion- and CMOH-
bound RuO,, respectively, before and after the potentiostatic
coulometry measurement. While the sample using CMOH as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the binder shows comparable current densities, the electrode
using Nafion as the binder shows a massive drop.

The high-current stability of the CMOH binder was then
evaluated by subjecting CMOH-bound RuO, (R + C140 x 4) and
CMOH-bound NiO, (N + C140 x 4) on Ni foam to a durability
test at around 1000 mA cm ™2 (see the ESIf for details) in alka-
line electrolysis.**” The constant potentials chosen for the
stability test for R + C140 x 4 and N + C140 x 4 are 2.92 V and
3.18 V, respectively, which are already higher than those used
with Nafion and other commonly used anion exchange
binders®*¢ NiO, was chosen as a representative transition metal
catalyst. Fig. 4i displays the potentiostatic coulometry plot for R
+ C140 x 4 showing nearly no change in electrolyzing current
for 24 hours; similarly, the potentiostatic coulometry plot for N
+ C140 x 4 is shown in Fig. 4j. These results suggest the highly
robust adherence of the CMOH binder for electrocatalysts
under harsh oxidative conditions induced by high current
electrolysis.

The CMOH binder and the diffusion kinetics

One of the remarkable features of the CMOH binder is the
finding that it seemingly does not hinder the diffusion of the
reactant and product species, even if the electrode surface is
coated multiple times with the CMOH precursor solution, see
Fig. 3b. To confirm this issue, we should first make sure that
applying the precursor solution multiple times also leads to
a proportional increase in the amount of CMOH actually
deposited on the electrode. This issue is important to clarify, as
an earlier work from our group has shown that CMOH films
formed by immersing the substrate material in the precursor
solution at elevated temperatures reach a thickness limit of
around 10 nm.?® This is related to the interaction of the acetate
counter ions in the precursor solutions with the growing CMOH
film. In the present study, we used a quartz crystal microbalance
(QCM), equipped with a gold-coated SiO, oscillator electrode, to
investigate the change in the CMOH areal mass density, i.e., the
mass of the binder material per surface area of the electrode,
upon applying the precursor solution each time. The detailed
experimental procedure is outlined in Section S4.3.1 of the ESL.{
Also refer to Fig. S9 of the ESIf for the measured changes in the
vibrational frequencies, which are converted into the areal mass
densities shown in Fig. 5a. The figure confirms that there is
a linear relationship between the areal mass density and the
number of times the precursor solution has been applied. With
each application of the precursor solution, the areal mass
density of CMOH increases by 1.15 ug cm™> on average. The
results suggest that there is no limit to the amount of deposited
CMOH when the deposition is carried out via repeated drop-
casting steps. This is likely due to the fact the growth-limiting
acetate ions are washed away by rinsing the substrate with
water after each drop-casting process. With this issue clarified,
we can turn back to the initial question of why the CMOH
binder does not hinder the diffusion processes. As argued in
Section S4.3.2 of the ESL T the intuitive assumption that the
RuO, catalyst and the electrode surface are completely covered
with CMOH is incorrect. Instead, even after depositing four

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Thickness study of the CMOH binder. (a) The areal mass density
measured using a quartz crystal microbalance as a function of the
number CMOH layers applied on a quartz cell with a gold electrode
using the precursor solution of concentration C140. (b) The LSV curves
of RuO, covered with a thick layer of CMOH (R + CMOH-thick) in
comparison to those of the binder-free catalyst (R) on GCE and a GCE
with only the binder but no catalyst (CMOH-thick).

layers of CMOH, only about 26.4 to 44.0% of the surface area of
RuO, and the electrode is covered. In other words, large frac-
tions of RuO, remain uncovered, so it is easy to rationalize why
the diffusion kinetics are hardly affected.

To provide further evidence for the argument above, we
prepared a GCE with RuO, bound by a much thicker layer of
CMOH according to the procedure outlined in the ESI.1*® The
so-prepared binder layer should fully cover the electrode surface
and catalyst, and therefore slow down the diffusion processes,
which ultimately leads to a smaller observed current density, if
the above argument is correct. Fig. 5b shows that RuO, covered
with a thick layer of CMOH (R + CMOH-thick) indeed exhibits
much lower electrocatalytic activities than binder-free RuO,. By
comparing the LSV results of R + CMOH-thick to those for
a thick layer of CMOH without any RuO,, one sees a similar
behavior in terms of the recorded current density. We interpret
this observation as an indication that the CMOH layer is so
thick that the diffusion of hydroxide ions toward RuO,, which is
necessary for the OER, becomes unlikely.*”*® Particularly at
elevated potentials, the observed current density is likely
dominated by the inherent electrocatalytic activity of the CMOH
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layer. The similarity to the significantly reduced activity
observed for the R + Nafion x 4 sample on the GCE shown in
Fig. 3a seems to imply that large loadings of Nafion also hinder
the diffusion of OH™. Summarizing the insights gained from
this part of our work, one can state that the advantage of CMOH
is that it does not need to fully cover the catalyst to provide
sufficiently strong adhesion. With this, it can be guaranteed
that the diffusion of the reactant through the binder material
does not become the rate-limiting process.

We further studied the charge transfer resistances R, via
electrochemical impedance spectroscopy (EIS) at the open
circuit potential. The detailed procedure is described in the
ESI. This experiment uses nickel foam, which is a common
electrode for the large-scale OER. The R values were derived
from the Nyquist plots in Fig. S51 and fitted using an equivalent
circuit**® displayed in Fig. S6.7 The corresponding R, values
for the electrodes with R + C140 x 1 and R + Nafion x 1 were
determined to be 24.11 Q and 23.52 Q, respectively, which are
slightly higher than the value for binder-free RuO,, 20.46 Q.
Quadrupling the CMOH loading yields, the R + C140 x 4
sample, which shows a decrease in R by 7.7% to 18.88 Q. In
contrast, a four times higher loading of Nafion yields the R +
Nafion x 4 sample which features an R, value of 35.48 Q,
showing a +73% increase compared to R + Nafion x 1. We also
measured the double-layer capacitance Cq4 to determine the
electrochemical surface area (ECSA) for the same electrodes,?***
which is described in the ESI.{ It can be seen from Fig. S8+ that,
compared to the ECSA of binder-free RuO,, increasing the
amount of the CMOH binder leads to an increase in the ECSA,
by up to 2.84 times as observed for R + C140 x 4. In contrast,
increasing the amount of Nafion results in a visible decrease of
the ECSA.

Previous studies have revealed that metal-oxygen bonds are
formed upon growing CMOH on a surface, as KMnO, oxidizes
the surface.”®** The growth of CMOH on the substrate and
catalyst surfaces should lead to the formation of chemical
bonds between the components and contribute to a low inter-
facial electrical resistance and strong attachment. In addition,
the different oxidation states of the Co™ and Mn" cations in
CMOH?** have been shown to provide superior electric
conductivities compared to their corresponding single metal
oxyhydroxide counterparts, which results in a better overall
electrochemical performance.

So far, this study has only evaluated the potential of CMOH
as a binder material for aqueous electrochemical systems.
Whether it is equally suitable to replace existing binders in
systems with non-aqueous electrolytes such as lithium-ion
batteries,** remains to be studied. However, there are suffi-
cient reasons to be cautiously optimistic. Earlier experiments on
lithium-ion batteries using the non-aqueous electrolyte 1-
methyl-2-pyrrolidinone showed that adding an outer CMOH
layer to the cathode material causes a lowering of the solution
resistance by 62% as compared to the control samples without
CMOH.>* Hence, CMOH may potentially replace the conven-
tional polyvinylidene fluoride (PVDF) binders commonly used
in lithium-ion batteries. Given the high stability of CMOH
shown in the present study, it may even become the binder
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material of choice for batteries with high working potentials
and large storage capacities.

One issue that may need to be considered when using CMOH
as a binder material, is the inherent instability of many metal
oxides under acidic conditions. In light of this, CMOH and
Nafion may be considered as two binder materials with
complementary properties. While the latter with its sulfonate
group can facilitate proton transport** and is stable under acidic
conditions,* the former is the material of choice for alkaline
reaction conditions as demonstrated by this work. Another
minor aspect of binder materials, particularly when used in an
experimental set-up with reusable electrodes, is how easily the
binder material can be removed from the electrode surface. Our
tests have shown that this is not an issue to be worried about
since CMOH drop-cast on a GCE can be easily removed by
polishing with alumina slurry.

Conclusions

This work provides a proof-of-concept that a solution-based
ARD process can be used to deposit a solid state, inorganic
binder on various types of common electrodes, regardless of
their dimensions and porosity. The CMOH solid-state binder
features several advantages over conventional organic binders,
including a strong electrocatalyst attachment and robust
structural stability at highly oxidative potentials, particularly
under alkaline conditions. The results also suggest the potential
of CMOH as a good alternative to anion exchange binders. In
addition, the CMOH binder has only a negligible impact on
mass transport and gives rise to low interfacial electrical
resistivity.

Although CMOH has demonstrated some electrocatalytic
properties in our earlier work, many other electrocatalysts in the
literature exhibit superior electrochemical activity. We believe
that advancing the field involves leveraging CMOH's
outstanding characteristic of strong adhesion to support other
highly active but adhesion-weak electrocatalysts. The design of
this research focuses on identifying how CMOH can enhance
the stability of other electrocatalysts, rather than continuing to
optimize CMOH's activity as done in our previous studies. We
believe this solid-state binder concept has a broader impact on
the field.
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