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ABSTRACT: We show that the activity of cobalt for the oxygen evolution reaction
(OER) can be enhanced by confining it in the interlayer region of birnessite (layered
manganese oxide). The cobalt intercalation was verified by employing state-of-the-art
characterization techniques such as X-ray diffraction, Raman spectroscopy, and electron
microscopy. It is demonstrated that the Co*/birnessite electrocatalyst can reach 10 mA
at an overpotential of 360 mV with near-unity Faradaic efficiency. This
overpotential is lower than that which can be achieved by using a pure cobalt hydroxide
electrocatalyst for the OER. Furthermore, the Co’'/birnessite catalyst shows no

cm™?

degradation after 1000 electrochemical cycles.
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mplementation of sustainable and affordable clean energy

technologies requires cheap and highly active (electro)-
catalysts." Among all renewable energy research, electro-
chemical and photoelectrochemical water splitting have been
identified as promising fuel-producing reactions, although the
reaction is hindered by sluggish kinetics.”” Recent develop-
ments in renewable energy research have led to the discovery of
highly active hydrogen evolution reaction (HER) catalysts with
earth-abundant materials such as MoS,, WS,, CoP, Ni;Se, with
overpotentials (7) less than 100 mV.*~” Even the best precious-
metal-based oxygen evolution reaction (OER) catalysts, IrO,
and RuO,, suffer from high overpotentials (>300 mV) and
stability issues in alkaline media.®” Recent research, however, in
the context of lowering # for the OER, has shown that a ternary
catalyst (FeCoW oxyhydroxide) exhibits a # of ~200 mV for
OER."

Apart from heterogeneous water oxidation catalysts (WOC),
molecular-based WOC have been extensively studied mainly
due to the ease of designing well-defined catalytically active
centers, which is convenient for elucidating reaction mecha-
nisms.'”'* Developments in molecular-based WOC research
have been able to discover extremely active catalysts where the
reported turnover frequency (>300 s™') is comparable with
nature’s WOC, photosystem II (PS II)."* However, successful
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integration of these molecular-based catalysts into commercial
water splitting devices is yet to be reported.

Numerous studies have investigated manganese-based
materials for OER."*~"” The motivation for these studies has
in part been due to nature’s use of manganese as an active
component in the PS II cluster, which is known to perform
water oxidation. As part of this prior research, birnessite, a
material composed of two-dimensional layers of edge-sharing
manganese octahedra (MnOg), has been investigated. It has
been shown that this layered material is a moderately active
electrocatalyst for the OER.'°™' Compared to other
manganese oxide phases, however, birnessite is one of the
least active materials, exhibiting a 77 of ~750 mV (at 10 mA
cm ™) in alkaline media.'®'”**** Despite being a moderately
active electrocatalyst, birnessite can be an active water oxidation
catalyst when ceric ammonium nitrate (CAN) is used as a
sacrificial oxidizing agent.”"> The reason for this discrepancy
between electrochemical water oxidation and chemical water

oxidation using CAN is still under debate.””**
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A prime motivation for the current study is to investigate
whether the activity of cobalt for the OER can be further
enhanced by intercalating the catalyst in the interlayer region of
birnessite. A prior study from our laboratory showed that
birnessite intercalated with nickel (Ni**/birnessite) was more
active than either a nickel hydroxide or birnessite catalyst
alone.”* In particular, the Ni**/birnessite and nickel hydroxide
catalysts exhibited a 7 of 420 and 550 mv (at 10 mA cm™),
respectively, for the OER. Rationale for this experimental
observation was based on a recent molecular dynamics (MD)
simulation study.”> This study suggested that the interaction
between interlayer water molecules and intercalated metal
cations in birnessite leads to a unique water structuring (ie.,
frustrated water), which enhances electron transfer reactions in
the interlayer. The current study aims to determine whether
this strategy to increase the OER activity of a catalyst by
confining it in a unique spatially confined region continues to
hold true. Relative to manganese oxide, cobalt-based materials
show superior activity toward OER catalysis.® This superior
catalytic activity of cobalt-based OER catalysts is presumably
due to optimal binding (i.e., not too strong and not too weak)
of reaction intermediates (*OOH and *OH) on the catalytic
sites that facilitate the OER.>® Thus, cobalt was chosen as an
intercalant in this study. We believe that enhancing this activity
still further would be noteworthy.

Cobalt was intercalated into the interlayer of birnessite using
a simple jon exchange reaction using a cobalt hydrazine
complex [Co(N,H,), (HZO) 1** (see SI for details) at room
temperature. We refer to thls material as Co®'/birnessite.
Generally, the interlayer spacing of a layered material is
sensitive to the presence of guest molecules or atoms in the
interlayer region.””** X-ray diffraction (XRD) data presented in
Figure 1 show that the (001) Bragg reflection for Co*'/
birnessite is shifted toward a higher two theta value relative to
birnessite, indicating that the interlayer spacing of birnessite is
decreased when birnessite is exposed to the cobalt hydrazine
complex. The XRD data show that the interlayer spacing
decreases from a value of 7.51 A for pristine birnessite to 7.30 A
at a Co concentration of 8.4 at. % and to 7.22 A at a Co

Birnessite
Co”"/Birnessite(8.4 atomic %)
Co®'/Birnessite(12.2 atomic %)

Intensity (a.u.)

20 (Degrees)

Figure 1. Powder X-ray diffraction pattern of birnessite and Co>*/
birnessite. The inset is the enlarged (001) reflection which indicates
that interlayer spacing changes with cobalt confinement within the
interlayer.
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concentration of 12.2 at. % (determined by inductively coupled
plasma optical emission spectroscopy). Both scanning and
transmission electron microscopy (SEM and TEM) show
similar nanoflower morphologies for pristine birnessite and
Co®*/birnessite (Figure S1). However, a closer look at electron
microscopy images reveals that there are changes in particle size
before and after intercalation. We carried out Brunauer—
Emmett—Teller (BET) specific surface area analysis to obtain
further information. The resulting BET surface areas were 33
and 95 m*/g for birnessite and Co*"/birnessite, respectively. To
confirm the spatial distribution of the intercalated Co, we
performed electron energy loss spectroscopy (EELS) across a
cross section of the Co**/birnessite. Figure 2a is an annular
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Figure 2. EELS line scan across the cross-section of the Co*t/
birnessite. (a) STEM ADF image of the cross section of the birnessite;
(b) relative composition of O, Mn, and Co, scattered dots are original
data, mean value, and standard deviation of each element are shown by
solid line and dashed area; (c) EEL spectrum showing O K-edge, Mn
L;,-edge, and Co L;,-edge that are used for quantitative composition
analysis.

dark field (ADF) scanning transmission electron microscopy
(STEM) image taken of a cross section of Co’*/birnessite,
where the lattice fringes of (001) plane are visible. Quantitative
analysis of the relative composition of O, Mn, and Co is shown
in Figure 2b. The atomic composition of each element is 59.8%
+ 4.0% for O, 28.4% =+ 3.3% for Mn, and 11.8% + 3.9% for Co.
The EEL spectrum collected from a line scan for quantitative
analysis is displayed in Figure 2c. This particular data gives
direct evidence of interlayer Co, consistent with the conclusions
drawn from the XRD data. We mention that while atomic
resolution STEM imaging found no evidence for structural
defects in Co-free birnessite (Figure S2), it did show the
presence of defects such as edge dislocations and grain
boundaries after cobalt intercalation (Figure S3). As a control
experiment, birnessite was exposed to hydrazine (without
complexing with cobalt), and as expected it led to significant
structural changes (Mn;0, formation was observed, Figure S4).
XRD of this material (Figure SS) showed that that the 001
reflection was at the same two-theta position as pristine
birnessite. This experimental observation supports our
contention that the shift of the 001 reflection associated with
birnessite after exposure to cobalt/hydrazine is due to Co
intercalation and a change in the interlayer spacing of birnessite.
Additionally, BET specific surface area analysis on birnessite
exposed to hydrazine (108 m*/g) yielded a significant surface
area enhancement. On the basis of this experimental result, we
believe that the enhancement in surface area for Co®*/
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birnessite was due to the presence of hydrazine during the
intercalation process.

The oxidation state as well as chemical nature of intercalated
cobalt was investigated using X-ray photoelectron spectroscopy
(XPS). Figure 3a shows the Co 2p region of Co™"/birnessite
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Figure 3. XPS spectra of birnessite, Co**/birnessite, @-Co(OH), and
p-Co(OH),. a) Co 2p region and b) O 1s region.

along with cobalt hydroxide standards. The similarity of the
spectra suggests that the interlayer Co is in a +2 oxidation state.
Based on the presence of an O 1s feature (Figure 3b) at $31.3
eV for both Co**/birnessite and Co(OH), (absent for pristine
birnessite), we propose that the intercalated Co exists at least in
part as a hydroxide. Additional insight into the structure of
Co**/birnessite was obtained with Raman spectroscopy. A
typical Raman spectrum of birnessite exhibits two main modes
at 575 cm™" (in plane Mn—O vibration) and ~646 cm™ (out
of plane Mn—O stretching).”” Broadening of these modes can
be attributed to a disorder of the structure induced by
intercalation of guest molecule or atoms in the interlayer
space.'””” We experimentally observed such a broadening in
our Raman spectra for Co**/birnessite compared to birnessite
(Figure S7). We take this result as further evidence to support
the notion that cobalt resides in the interlayer region of
birnessite, causing structural disorder in the layered birnessite,
as observed by STEM (Figures S2 and S3). Finally, XPS as well
as energy-dispersive spectroscopy (Figure S8) shows that Co**/
birnessite does not contain K, suggesting that Co?*
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intercalation leads to the displacement of K' from the interlayer
to maintain charge neutrality.

The electrocatalytic activity of Co**/birnessite toward OER
in alkaline media (pH ~ 14) was evaluated using a typical
three-electrode configuration. A catalyst ink was prepared by
mixing catalyst with conductive carbon and nafion (binder).
The ink was drop-cast onto a glassy carbon electrode, which
was used as the working electrode (see SI for details). For
comparison, the catalytic activities of a-cobalt hydroxide, f-
cobalt hydroxide, cobalt oxide (Co;0,), cobalt substituted
birnessite, and Ir/C (20 wt %) were also examined (Figure 4a).
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Figure 4. (a) Linear sweep voltammagrams and (b) chronoamper-
ometry of various catalysts tested. Inset shows the chronoamperom-
etry curve for birnessite (at # = 800 mV) in comparison with Co**/
birnessite (at 7 = 360 mV).

The cobalt-substituted birnessite sample was prepared by
synthesizing birnessite in the presence of CoCl, (see SI for
details). This preparation method led to a birnessite with 12 at.
% cobalt. In contrast to Co*/birnessite, XRD (Figure S9) of
this material did not show a shift of the (001) reflection relative
to pristine birnessite, and K" was not displaced during the
synthesis of cobalt-substituted birnessite. These experimental
observations suggested that Co** did not reside in the interlayer
of this material and instead, Co** replaced manganese ions in
the 2D sheets.
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Table 1. Summary of OER Activities in 1 M KOH and Atomic Ratios from ICP-OES and EDS

confined or substituted atomic 7 (mV) at
catalyst Co % 10 mA cm™>
birnessite 770
Co®*/birnessite 122 360
Co** /birnessite 8.4 392
Co-substituted birnessite 12.4 490
B-Co(OH), 420
a-Co(OH), 380
Co,0, 500
20% Ir/C 350

TOF (s7') at mass activity (A g7*) at Tafel slope

=040V n =040V (mV dec™)
0.0004 2.0 243 + 7
0.023 92 46 + 3
0.011 45 66 + 4
0.0023 3.0 82 +3
0.0051 30 52+3
0.013 54 S1+4
0.0008 4.5 76 + 4
0.018 72 72 + 4

As shown by the polarization curves presented in Figure 4,
the Co-intercalated Co>*/birnessite electrocatalyst exhibits a
remarkable OER activity compared to all the other catalytic
materials that were tested. Co**/birnessite exhibits an 5 of 360
mV at a current density of 10 mA cm™ with a Tafel slope of
~46 mV dec™!, whereas cobalt-substituted birnessite shows an
n of ~490 mV (with a Tafel slope of 82 mV dec™'). This
particular comparison is direct evidence to support the
contention that a significant portion of OER catalysis occurs
in the interlayer region.”* Furthermore, assessment of the OER
activity for 8.4 and 12.2% Co®*/birnessite (Figure S10) showed
that # decreased as the concentration of cobalt was increased
within the interlayer region. This observation further supports
the claim of interlayer cobalt being the active site for these
cobalt-modified materials. Evaluation of the data compiled in
Table 1 also shows that the # associated with Co?*/birnessite is
lower than a-Co(OH), (380 mV), f-Co(OH), (420 mV), and
Co;0, (500 mV). This additional comparison leads to the
conclusion that incorporation of an active catalyst into the
interlayer region of birnessite leads to an even more active
catalyst, consistent with the conclusion from our prior study of
Ni**/birnessite.”*

We also conducted electrocatalytic studies at pH 7 solution
conditions (using 0.5 M phosphate buffer as the electrolyte) in
an effort to observe the possibility of similar enhancement due
to metal intercalation (see Table S1) when H,O was being
directly oxidized (in contrast to OH™ at pH 14). Data in Figure
S11 shows that at pH 7, as expected, the OER activity for the
different electrocatalysts are suppressed relative to their
performance in an alkaline medium, consistent with prior
studies’””" with transition-metal-oxide OER catalysts. More
important to the focus of this contribution is that the trend in
OER activity for different electrocatalysts is similar to the trend
obtained in an alkaline medium ( for OER for Co>"/birnessite
< cobalt hydroxides < birnessite). These results taken together
with the pH 14 results suggest that the superior activity of
Co**/birnessite (relative to pure Co(OH), phases) is
maintained whether H,O or OH™ is the dominant species
being oxidized.

To further support the validity of our conclusions, we
determined the electrochemically active surface area (ECSA) of
the electrocatalysts. Because the double layer capacitance (Cy)
of an electrocatalyst is proportional to ECSA, one can
investigate Cy to estimate the ECSA. Figure S12 depicts Cy
values for the different catalysts tested. The absence of a
significant enhancement in Cy for Co*/birnessite suggests that
the improved OER activity is not primarily due to surface-area-
related phenomena (Figure S12) but instead is due to favorable
interactions of interlayer water with intercalated cobalt toward
OER. Moreover, electrochemical investigation of birnessite
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exposed to hydrazine (Figure S13) revealed that there is no
enhancement in OER activity even with the significant
enhancement in surface area. Thus, we believe that the
increased activity of Co”*/birnessite for the OER is not
attributable to an increased surface area but rather due to cobalt
active sites in the interlayer. Furthermore, inspection of
polarization curves for Co**/birnessite and cobalt hydroxides
reveal that the oxidation of Co** to Co®" occurs at a lower
potential (1.07 V vs RHE) for Co**/birnessite relative to cobalt
hydroxide (1.13 V vs RHE). Consistent with this experimental
observation are previously mentioned MD simulations”"** for
Ni?*/birnessite that suggested that there is a lowering of the
barrier for electron transfer for a metal cation (e.g, Ni**)
coordinated by interlayer water compared to the same metal
cation coordinated by bulk water. In analogy with the current
results for the Co**/Co* couple, it was shown in the earlier
work that Ni** oxidized to Ni*" at a lower potential when it was
intercalated in birnessite than when it was present in bulk
Ni(OH),. This phenomenon®* was proposed to be due to
frustrated water in the interlayer of birnessite. In essence, if
interlayer cations are abundant, coordination of water to the
cation to form a complete solvation shell is hindered resulting
in enhanced solvent fluctuations (i.e., frustrated) as individual
water molecules seek to align their dipoles with interlayer
cations. These enhanced fluctuations of interlayer water lower
the reorganization energy for electron transfer reactions.'””’

As illustrated by Table 1, the improved OER activity of
Co** /birnessite is further emphasized by turnover frequencies
(TOF) and mass activities. Specifically, Co**/birnessite (TOF
~ 0.02 s7") shows an order of magnitude improvement in TOF
relative to cobalt-substituted birnessite (TOF ~ 0.002 s').
Furthermore, the Faradaic efficiency (~99%) was determined
by performing electrolysis at a constant current using an airtight
H-type cell, and evolved oxygen was analyzed using gas
chromatography (SI Figure S14). In order to evaluate the
stability of the catalyst, chronopotentiometry (at constant
current of 20 mA cm™2) and chronoamperometry (at 360 mV
overpotential) were performed, and the Co®"/birnessite catalyst
was stable for more than 24 h (Figure 4b and SI5).
Additionally, electrochemical redox cycling was performed on
this cobalt-confined birnessite, and even after 1000 cycles, no
degradation of catalytic activity was experimentally observed
(Figure S16).

In closing, we mention that the results presented in this
contribution for Co®*/birnessite taken together with those
published elsewhere for Ni*'/birnessite further emphasize the
unique interlayer environment of birnessite. In short, both Co**
and Ni*', when intercalated in birnessite, exhibit a lowering of
their respective oxidation potentials and an enhancement in
their activity toward the OER. In stark contrast, the simple
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substitution of Co®" into the octahedrally coordinated sheets of
birnessite or adsorption of Ni** on the octahedral sheets of
birnessite”* does not lead to the enhancements in OER activity
that are observed when the metal cations are intercalated.
Ongoing research in our laboratory is further investigating the
unique chemical environment of the interlayer with experiment,
MD simulations, and theory.
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