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ABSTRACT: We report a synthetic method to increase the
catalytic activity of birnessite toward water oxidation by
intercalating copper in the interlayer region of the layered
manganese oxide. Intercalation of copper, verified by XRD,
XPS, ICP, and Raman spectroscopy, was accomplished by
exposing a suspension of birnessite to a Cu+-bearing precursor
molecule that underwent disproportionation in solution to
yield Cu0 and Cu2+. Electrocatalytic studies showed that the
Cu-modified birnessite exhibited an overpotential for water
oxidation of ∼490 mV (at 10 mA/cm2) and a Tafel slope of 126 mV/decade compared to ∼700 mV (at 10 mA/cm2) and 240
mV/decade, respectively, for birnessite without copper. Impedance spectroscopy results suggested that the charge transfer
resistivity of the Cu-modified sample was significantly lower than Cu-free birnessite, suggesting that Cu in the interlayer increased
the conductivity of birnessite leading to an enhancement of water oxidation kinetics. Density functional theory calculations show
that the intercalation of Cu0 into a layered MnO2 model structure led to a change of the electronic properties of the material
from a semiconductor to a metallic-like structure. This conclusion from computation is in general agreement with the
aforementioned impedance spectroscopy results. X-ray photoelectron spectroscopy (XPS) showed that Cu0 coexisted with Cu2+

in the prepared Cu-modified birnessite. Control experiments using birnessite that was decorated with only Cu2+ showed a
reduction in water oxidation kinetics, further emphasizing the importance of Cu0 for the increased activity of birnessite. The
introduction of Cu0 into the birnessite structure also increased the stability of the electrocatalyst. At a working current of 2 mA,
the Cu-modified birnessite took ∼3 times longer for the overpotential for water oxdiation to increase by 100 mV compared to
when Cu was not present in the birnessite.

1. INTRODUCTION

The water oxidation reaction is central to solar energy driven
fuel producing reactions such as hydrogen evolution and
carbon dioxide reduction.1,2 Thermodynamically, the reaction
requires 1.23 V (at pH = 0),3 but in reality due to sluggish
kinetics it is usually accompanied by a large overpotential (η).4

Precious metals such as Ru and Ir and their oxides have been
identified as excellent water oxidation catalysts; however,
implementation of these catalysts in commercial water
oxidation devices has been restricted due to the cost and
scarcity of these materials. Hence, development of cheaper and
nonprecious metal bearing catalysts is an area of intense study.
First row transition metal (Ni, Co, Fe, and Mn) oxides and
their hydroxides have been identified as possible candidates for
catalyzing water oxidation due to their earth abundance,
moderate activity, and stability.1,5−7 Recent studies have also
investigated transition metal chalcogenides,8,9 phosphates,3,10

and perovskites11 as water oxidation catalysts.
Recently, much attention has been given to birnessite (e.g., δ-

MnO2) as a moderately active water oxidation catalyst due to

its high abundance, low cost, and low environmental impact.
The oxygen evolving complex in photosystem II (PSII) is also
composed of a cluster containing Mn and Ca, and thus the
study of manganese oxides in general may help shed light on a
process that nature has perfected.12 Manganese oxides can also
serve as bifunctional electrocatalysts which can perform oxygen
evolution as well as oxygen reduction in alkaline media.13

However, the catalytic activity of manganese oxide is
significantly lower than Ru-, Ir-, Ni-, and Co-bearing systems.
The enhancement of the catalytic activity of cheap, abundant

materials without the introduction of expensive, rare materials
is a worthwhile goal. Toward this end, prior studies have
focused on enhancing the water oxidation activity of manganese
oxidesalbeit with limited successthrough synthetic strat-
egies that have included doping, coating with metals, and
integrating the material with conductive nanostructures.14−16 A
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number of studies have theoretically and experimentally
suggested that the presence of Mn3+ plays a key role in
manganese oxide based catalytic systems, though a definitive
explanation for this experimental observation is still lack-
ing.13,17−19 Dismukes and co-workers showed by investigating
the water oxidation kinetics on a variety of manganese oxides in
the presence of photoexcited [Ru(bpy)3]

2+ that those materials
containing greater proportions of Mn3+ (e.g., Mn2O3) had a
higher activity than those with higher proportions of Mn4+ (e.g.,
birnessite) in the crystal structure.20 The weaker Mn3+−O bond
(relative to Mn4+−O) and longer Mn−Mn bonds lead to a
more catalytically viable chemical environment. Suib and co-
workers subsequently showed that the electrocatalytic oxidation
of water also occurred more readily on the Mn3+-bearing
manganese oxides than on δ-MnO2.

21 These experimental
observations are also consistent with the unique activity of
Mn3+ sites, and these studies also show that the charge transfer
resistance was significantly lower for the more active
manganese oxide compounds than for birnessite.4,21 Hence,
the water oxidation activity of birnessite may be compromised
by poor electrical properties that impede charge flow that is
critical for an efficient water oxidation catalyst. This higher
resistance could conceivably be in part due to the structure of
birnessite, which features octahedrally coordinated manganese
arranged in sheets, and held together by relatively weak
interlayer forces. Therefore, it might be expected that electrical
conductivity between these octahedral sheets (out-of-plane)
during water catalysis is limited relative to conductivity within
the plane of a particular sheet.
A hypothesis tested in the present research is that the

intercalation of metal into the interlayer region of birnessite will
lower the charge transfer resistance and increase the catalytic
activity during water oxidation chemistry. An approach to test
this hypothesis is provided by recent research by Motter et al.
that developed a general strategy to intercalate zerovalent
metals (e.g., Cu, Au, and Ni) into layered nanomaterials (such
as Sb2Te3, GaSe, and MoO3). In this prior study, Cu was shown
to intercalate into the layered material during its exposure to a
Cu+ precursor that underwent a disproportionation reaction to
produce Cu0 and Cu2+ in an organic (i.e., acetone) medium.22

It was shown that materials such as Sb2Te3 could accommodate
interlayer Cu intercalation levels up to 50 at. %, while a layered
material such as MoO3 accommodated up to about 10 at. % Cu.
In this contribution we show, primarily based on X-ray

diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS) that by using the synthetic protocol described
previously, zerovalent copper (coexisting with Cu2+) can be
introduced into the interlayer region of birnessite. Electro-
chemical studies show that the presence of Cu0 in the interlayer
region leads to an enhanced activity and stability of birnessite in
the context of water oxidation chemistry. In particular, the
overpotential for water oxidation is reduced from 700 to 490
mV (at a current of 10 mA/cm2) in the presence of interlayer
Cu. Impedance spectroscopy measurements indicate that the
charge transfer resistance is reduced by 50% when Cu0 is
present, suggesting that Cu0 increases the conductivity of the
layered material. Density functional theory calculations support
this experimental observation and show that the intercalation of
Cu0 into a layered model birnessite structure leads to the
evolution of states at the Fermi level, and thus a change of the
electronic properties of the material from semiconducting
toward metallic behavior.

2. EXPERIMENTAL SECTION
2.1. Materials and Methods. All of the chemicals used in this

study were purchased from commercial vendors and used without
further purification. XRD data were acquired on a Bruker Kappa APEX
II DUO diffractometer using Mo Kα radiation from a sealed
molybdenum tube with a TRIUMPH monochromator. XPS of the
dry samples were collected with Thermo Scientific K-alpha+ at the
University of Delaware. Transmission electron microscopy (TEM)
images were collected using a JEOL JEM-1400 microscope operating
at 120 kV. Scanning electron microscopy (SEM) images were obtained
using a FEI Quanta 450 FEG-SEM microscope operating at 30 kV.
Energy dispersive spectroscopy (EDS) analysis was performed by an
Oxford systems nanoanalysis EDS system, using Aztec 2.1 as the
analyzing software. Elemental analysis was performed using a Thermo
Scientific iCAP 7000 Series inductively coupled plasma optical
emission spectrometer (ICP-OES). Raman measurements were
performed using a Horiba Labram HR800 Evo confocal Raman
spectrometer with 532 nm excitation and a 100× objective. The
resolution of the Raman spectrometer is about 3 cm−1. The excitation
laser intensity was maintained below the sample optical damage
threshold. All samples were pressed into pellets to obtain a smooth
surface for Raman analysis.

2.1.1. Synthesis of Birnessite with and without Copper. Four
different samples were used in this study: (1) synthetic birnessite, (2)
birnessite exposed to a Cu+-precursor molecule in acetone, (3)
birnessite exposed to Cu2+ in acetone, and (4) birnessite that was
synthesized in the presence of aqueous Cu2+. Synthesis details for each
case are as follows.

Synthetic Birnessite. Following the protocol of McKenzie,23

potassium−birnessite was made by adding hydrochloric acid (HCl, 4
M, 50.0 mL) dropwise via a syringe pump at 1 mL/min to a heated
and stirred (80 °C, 360 rpm) solution of potassium permanganate
(KMnO4, 0.200 M, 250 mL) in a 400 mL beaker. Heating continued at
80 °C for an additional 0.5 h after the addition of the acid was
complete. The resulting 300 mL solution was then covered to prevent
excessive evaporation overnight and aged for 15 h at 50 °C before
being washed five times via vacuum filtration with a fine frit to give
layered manganese oxide. XRD was used to confirm the existence of
postassium−birnessite. The structure of potassium−birnessite result-
ing from this synthetic protocol is characterized by cation vacancies in
the octahedral sheets with Mn3+/2+ in the interlayer region.24

Copper(I)−Birnessite. This sample was prepared by exposing 0.200
g of the prepared birnessite described previously to 0.192 g of
tetrakis(acetonitrile)copper(I) hexafluorophosphate in acetone. The
mixture was refluxed at 45 °C for 4 h, and the resulting powder was
vacuum-filtered and washed with excess acetone and ethanol. Prior
research has shown that tetrakis(acetonitrile)copper(I) hexafluoro-
phosphate undergoes slow disproportionation to Cu0 and Cu2+ in
acetone.22 Hence, this synthetic protocol exposed birnessite to both
Cu0 and Cu2+.

Copper(II)−Birnessite. As a control sample, birnessite was refluxed
in acetone at 45 °C, but unlike the preparation of copper(I)−
birnessite, this particular sample was exposed to a solution of Cu2+ [10
mM Cu(NO3)]. This Cu-modified sample was vacuum-filtered and
washed with excess acetone and ethanol.

Copper(II)-Doped Birnessite. Finally, a third Cu2+-modified
birnessite sample was synthesized by introducing Cu2+ [1 mM
Cu(NO3)] into a solution containing potassium permanganate
(KMnO4, 0.200 M, 250 mL) in a 400 mL beaker. HCl (4 M, 50.0
mL) was added dropwise to the Cu2+/KMnO4 solution (80 °C) via a
syringe pump at a rate of 1 mL/min. The temperature of the reaction
cell was maintained at 80 °C for an additional 0.5 h after addition was
completed. The resulting Cu-modified sample was washed with water
and dried via lyophilization.

2.2. Computational Details. All calculations were performed by
the Vienna ab initio simulation package (VASP)25 using periodic
density functional theory (DFT). The projector augmented wave
(PAW) method was used to describe valence-electron interactions.
The newly developed strongly constrained and appropriately normed
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(SCAN) meta-generalized gradient approximation (metaGGA)26 was
used for the exchange-correlation energy. The layered manganese
dioxide was modeled as a crystal of MnO2 with a space group P63/
mmc. Two copper atoms were then intercalated between layers of the
2 × 2 × 1 unit cell with each Cu directly connecting two oxygen atoms
of different layers. The positions of Cu were chosen such that they
were in different interlayers and as far away from each other as possible
(see Supporting Information (SI) Figures S1 and S2). The energy
cutoff was set to 520 eV, and electron smearing was employed using a
Gaussian smearing technique with a width of 0.05 eV. Spin
polarization calculations were carried out, and antiferromagnetic
configurations were used for all of the calculations. Electronic energies
were computed with the self-consistent field (SCF) tolerance of 10−5

eV, and total forces were converged to less than 0.01 eV/Å. The
energy integrations were performed in the first Brillouin zone with a γ-
centered 12 × 12 × 4 k mesh for the bulk layered MnO2 and 3 × 3 × 2
for the Cu0-intercalated MnO2.
2.3. Electrochemical Characterization. Electrochemical water

oxidation of birnessite and Cu-modified birnessite was carried out in
an alkaline medium (1 M KOH) in a standard three-electrode system
using an Ag/AgCl reference electrode and Pt wire as the counter
electrode. The oxygen evolution reaction (OER) was studied using
cyclic voltammetry (CV) and liner sweep voltammetry (LSV) using a
CHI 660E electrochemical workstation at ambient temperature (22 ±
2 °C). The working electrode was prepared by drop casting 20 μL of
catalyst ink solution on a 3 mm diameter glassy carbon (GC) electrode
(loading, 0.82 mg/cm2). The ink solution was prepared as follows: 3
mg of catalyst and 7 mg of carbon (VulcanXC-72) were dispersed in 1
mL of isopropanol and sonicated for 3 min, followed by adding 35 μL
of Nafion solution (5% in alcohol; Ion Power Inc.). The resulting
mixture was sonicated for 60 min to form a suspension. All of the
polarization curves were recorded at a 5 mV/s scan rate. For all of the
catalysts tested here, polarization curves were replicated 5 times and
the overpotential (to produce 10 mA/cm2) and Tafel slopes reported
are based on an analysis of these data.

3. RESULTS AND DISCUSSION
3.1. Characterization of Copper-Intercalated Birnes-

site. Figure 1 exhibits SEM and TEM micrographs showing the

morphology of birnessite before and after exposure to Cu0 (i.e.,
copper(I)−birnessite). Typical potassium−birnessite is com-
posed of a flower-like microsphere nanostructure which is
retained after Cu-modification. Both EDS (Figure S6) and ICP-
OES confirmed that the concentration of Cu in copper(I)−
birnessite is ∼2 at. %. Two experimental observations suggest

that at least a fraction of the Cu was located within the
interlayer region. XRD of copper(I)−birnessite and Cu-free
birnessite indicated that birnessite exposed to Cu0 led to shifts
in the (001) and (002) Bragg reflections toward higher 2θ
indicating a contraction of the interlayer spacing (Figure 2).

This experimental observation is consistent with prior studies
that showed similar shifts in Bragg reflections after the
intercalation of zerovalent metal into the interlayer region of
layered compounds.22,27,28 No such shift is observed in the
XRD associated with copper(II)−birnessite and Cu(II)-doped
birnessite (SI Figure S11). Based on the shift of the (001)
reflection observed for copper(I)−birnessite, the interlayer
spacing decreased from 7.37 to 7.25 Å upon Cu addition,
suggesting that the Cu resides in the interlayer region. Further
characterization via Raman spectroscopy (Figure 3) suggests
that there is some disordering of the octahedral sheets when
birnessite is exposed to the Cu(I) precursor. Cu-free birnessite
exhibits two primary Raman features at 575 cm−1 (in-plane
symmetric stretching of the Mn−O bond) and at 646 cm−1

(out-of-plane symmetric stretching of Mn−O of MnO6
groups).29 In Figure 3, both copper(I)−birnessite and copper-

Figure 1. Electron microscopy images of birnessite: (a) TEM and (b)
SEM. Images of copper(I)−birnessite: (c) TEM and (d) SEM.

Figure 2. XRD patterns of birnessite and copper(I)−birnessite which
indicates the shift in Bragg reflections toward higher 2θ signifying a
contraction of the interlayer spacing.

Figure 3. Raman spectra of birnessite, copper(II)−birnessite, and
copper(I)−birnessite.
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(II)−birnessite exhibit similar Raman spectra where the Mn−O
stretching mode shows significant broadening or weakening
relative to the out-of-plane mode, possibly indicating some
disruption of the Mn−O bonding in the sheets. SI Figure S9
shows the gradual, consistent evolution of the Raman spectrum
with copper concentration. The similarity between the
copper(I)− and copper(II)−birnessite data suggests that
Cu(II) on the mineral surface (and not in the interlayer
region) is the main contributor to the disordering. Cu0 in the
interlayer are likely not contributing to the disordering and only
to the change in the interlayer distance.
Cu 2p XPS data, exhibited in Figure 4, indicate that Cu0

exists along with Cu2+ in the structure of copper(I)−birnessite.

The presence of well-defined shake up peaks in the 940−946
eV region, similarly observed in copper oxides (Cu2+), verifies
the presence of Cu2+ in copper(I)−birnessite, although we
cannot rule out that Cu2+ is the result of exposing the sample to
air prior to analysis. The copper(I)−birnessite spectrum also
contains spectral weight consistent with the presence of Cu0.
We also present Cu 2p XPS of copper(II)−birnessite, and as
anticipated the spectra (Figure 4) show the characteristic
satellite peak structure characteristic of copper oxides. Based on
the spectral fitting of the Cu 2p3/2 peak in the copper(I)−
birnessite spectrum, we estimate that 4.1% Cu0, 63.1% CuO,
and 32.8% Cu(OH)2 contribute to the Cu 2p peak. Analysis of
the fitted Cu 2p3/2 peak for copper(II)−birnessite shows that
all of the spectral weight is due to Cu(OH)2 where a significant
amount of the Cu2+ in the copper(I)−birnessite is due the

oxidation of Cu0 to Cu2+ in the interlayer region. We support
this assignment with two experimental observations. First, when
birnessite is exposed to only Cu2+ in solution, there is
significant K+ loss from the interlayer region (see Table 1).
Second, in contrast we find significantly less K+ is lost from the
interlayer region when birnessite is modified to form
copper(I)−birnessite. Our interpretation is that the introduc-
tion of Cu2+ directly into the interlayer region via diffusion
from solution displaces K+ from the interlayer due to charge-
neutrality considerations. In contrast, the diffusion of charge-
neutral Cu0 (resulting from the disproportionation of the Cu(I)
reagent) into the interlayer region can occur without K+

displacement. This line of reasoning leads to the conclusion
that some portion of the Cu0 in the interlayer is oxidized to
Cu2+, presumably with the concomitant reduction of a
stoichiometric amount of Mn(IV) and/or Mn(III) in the
octahedral sheets. To investigate possible changes in Mn
valency, we acquired and compared Mn 2p XPS data for
copper(I)−birnessite and Cu-free birnessite (see SI Figure S4),
but found no discernible difference. We add, however, that the
maximum amount of Mn that could change oxidation state due
to redox chemistry is ∼4% and such a change would be difficult
to resolve in the XPS measurement.

3.2. DFT Study of Copper(I)−Birnessite. First-principles
density functional theory (DFT) calculations were employed to
investigate the effect of Cu intercalation on the electronic
properties of copper(I)−birnessite. The structure of pristine
birnessite was modeled as layers of MnO2, each layer of which
is composed of MnO6 octahedra (SI Figure S1). Placement of
Cu into the interlayer region was also carried out to model the
copper(I)−birnessite system (SI Figure S2). SI Figure S3
exhibits density of states (DOS) plots determined by SCAN.
Importantly, DOS plots of copper(I)−birnessite show Mn 3d
derived states at the Fermi level (0 eV energy) suggesting that
hybridization of the d-levels of Cu and Mn result in a more
metallic-like DOS compared to Cu-free birnessite. Intercalated
Cu also has an effect on the geometric structure of MnO2. Cu
in the interlayer binds to its closest oxygen atoms, resulting in
the dilation of the bond length of the oxygen with its nearest
Mn neighbors from 1.894 to 1.931 Å (SI Table S1). This result
from calculation is consistent with our experimental observa-
tion from Raman spectroscopy that disorder appears in the
vibrational spectrum upon Cu addition (SI Figure S9). Charge
density plots also suggest that the intercalated Cu0 is partially
oxidized suggesting that Mn in the octahedral sheets is reduced.
Finally, while the intercalation of Cu0 has little effect on the
geometry of each individual layer, there is an expansion of the
interlayer region upon Cu intercalation by about 1.3 Å. XRD of
our samples conversely suggested that the introduction of Cu
led to a contraction of the interlayer distance. We emphasize,
however, that the model structures do not include interlayer
water, which is present in the samples that were analyzed by
XRD. Hence, the difference in the interlayer environment

Figure 4. Cu 2p XPS of copper(I)−birnessite and copper(II)−
birnessite. The spectra are fitted with three peaks corresponding to
Cu0 (blue curve), CuO (green curve), and Cu(OH)2 (purple curve).
The black curve corresponds to the raw data, and the red curve
corresponds to the simulated curve after the peak fitting process.

Table 1. Summary of Catalytic Activities and Atomic Ratios from ICP-OES and EDS

catalyst
K/Mn atomic

ratio
Cu/Mn atomic

ratio TOF (s−1) at η = 0.45 V mass activity (A g−1) at η = 0.45 V Tafel slope (mV dec−1)

birnessite 0.10 0.00 0.0004 1.92 243
copper(I)−birnessite 0.09 0.10 0.003 10.24 126
copper(II)−birnessite 0.05 0.13 0.0006 2.57 233
copper(II)-doped birnessite 0.06 0.14 0.0004 1.37 285
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between theory and experiment precludes any direct compar-
ison in this regard.
3.2. Electrocatalytic Measurements. Figure 5 exhibits

polarization curves for copper(I)−birnessite, copper(II)−

birnessite, Cu(II)-doped birnessite, and Cu-free birnessite.
Inspection of these data show that copper(I)−birnessite is the
best oxygen evolution catalyst among all of the samples
measured. For example, to reach a current of 10 mA/cm2,
copper(I)−birnessite requires 490 ± 6 mV of overpotential, a
decrease of more than 200 mV with respect to Cu-free
birnessite. We mention that this overpotential of 490 mV (at 10
mA/cm2) is the lowest overpotential reported in the literature
for birnessite. Furthermore, the overpotential measured for
copper(I)−birnessite is similar to the value (490 mV) that has
been reported for α-MnO2, which is considered to be the most
active manganese oxide among all of the polymorphs of
MnO2.

4 In addition, the superiority of copper(I)−birnessite
with respect to other catalysts studied in this contribution is
highlighted by a comparison of Tafel slopes (SI Figure S5). In
particular a Tafel slope of 126 ± 3 mV/decade is associated

with copper(I)−birnessite while the other Cu-modified
birnessite and Cu-free birnessite exhibit Tafel slopes ∼240
mV/decade (similar to the literature value for birnessite).4 The
experimental observation that copper(II)−birnessite, Cu(II)-
doped birnessite, and birnessite all exhibit similar Tafel slopes
suggest that the mechanism of water oxidation is similar on all
of these surfaces, but dissimilar to copper(I)−birnessite.
The improved catalytic activity of copper(I)−birnessite is

also illustrated by a comparison of turnover frequencies (TOF)
and mass activities for the different birnessite samples (see
Table 1). Copper(I)−birnessite exhibits a water oxidation TOF
(at η = 0.45 V) that is 6.8 times higher than Cu(II)-doped
birnessite and 4.6 times higher than copper(II)−birnessite
(TOF for Cu-free birnessite agrees well with the literature).4

Prior studies have shown that the stability of birnessite under
water oxidation conditions is less than that observed for
nonlayered manganese oxides such as Mn2O3. The reason for
this is not well understood, but we find that copper(I)−
birnessite exhibits a significant improvement in stability relative
to Cu-free birnessite, based on chronopotentiometry measure-
ments (Figure 6) for two different current densities: 2 and 5
mA/cm2, respectively. As shown at the lower current density (2
mA/cm2) both birnessite and copper(I)−birnessite show good
stability over the time period of the experiment (3000 s). When
the measurement is performed at the higher current density (5
mA/cm2) Cu-free birnessite exhibits a comparatively poor
stability, evidenced by the experimental observation that to
maintain a current density of 5 mA/cm2 the potential needs to
be increased to 1 V in the first 320 s. In the case of copper(I)−
birnessite, the current density can be maintained at 5 mA/cm2

for 1100 s before the potential reaches 1 V. We analyzed the
catalyst using XPS before and after the electrochemical
deactivation (SI Figure S10), and results show that there is
still a significant amount of Cu left after the catalysis shows
deactivation. Hence Cu loss may not be responsible for the
deactivation. We point out that a change in the structure of the
birnessite catalyst during electrocatalysis likely contributes to
the deactivation as it probably does in the Cu-free birnessite.
Future studies will also address this possibility.
Charge transfer kinetics play a key role in electrochemical

catalysis where an efficient catalyst should transport charge with
low resistance.30 Electrochemical impedance spectroscopy
(EIS) serves as the technique of choice to evaluate the charge
transfer resistance in electrochemical catalysts. In a typical
Nyquist plot, the low frequency area is useful to evaluate the

Figure 5. Polarization curves for birnessite and Cu-modified birnessite
samples. Copper(I)−birnessite shows a lower overpotential for water
oxidation than the other materials. The experiments were carried out
in 1 M KOH.

Figure 6. Chronopotentiomentry curves for birnessite and copper(I)−birnessite at current densities of 2 mA/cm2 (left panel) and 5 mA/cm2 (right
panel).
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charge transfer resistance between electrolyte and catalytic
surface, whereas the high frequency area is capable of providing
information about charge transfer resistance between the
catalytic surface and reactants.30 The obtained Nyquist plots
for birnessite and the Cu-modified birnessite materials used in
this study are shown in Figure 7. Charge transfer resistances

were obtained from fitted equivalent circuits (SI Table S1). The
observed charge transfer resistance of 680 Ω for birnessite
agrees well with values reported in the literature.4 Consistent
with our DFT calculation that the intercalation of Cu into the
birnessite interlayer increases the conductivity of the material,
we find a charge transfer resistance of 472 Ω for copper(I)−
birnessite, significantly lower than for birnessite. The
impedance spectra for carbon black alone, which is used to
increase the conductivity of the birnessite samples on the
working electrode, showed a charge transfer resistance of about
3000 Ω. Hence, carbon black is a good electrical conductor but
poor catalyst for water oxidation as evidenced by the high
charge transfer resistance (SI Figure S8).
Interpretation of the experimental results in view of the DFT

calculations suggest that one role of the interlayer Cu is to
lower the charge transfer resistance of the catalyst. In short, the
realization from calculation that Cu intercalation leads to filled
electron states at the Fermi level of copper(I)−birnessite would
be consistent with the lower resistance for charge transfer. The
increase in the stability of birnessite when Cu is in the interlayer
could also be due to an improvement in charge conductivity
between sheets (out-of-plane). Such a change in the electrical
properties of birnessite with interlayer Cu might allow more
sheets to be active for electrocatalytic water oxidation. We
cannot rule out, however, that other effects play a role in the
enhancement due to Cu. As mentioned before, redox chemistry
between interlayer Cu0 and Mn(IV) could lead to the
production of Mn(III), a species that has been shown in
other studies to be particularly important for enhancing water
oxidation on manganese oxides.17,18,31 The relatively low
concentration of Cu in the interlayer (<4%) suggests that the
maximum amount of Mn(III) that could be formed from the
interaction of Cu0 and Mn(IV) (∼4% increase in Mn(III))
would be too low to be responsible for our experimental

observations. Also, there is a small contraction in the interlayer
distance of copper(I)−birnessite when compared to birnessite.
It is plausible that the reduced spacing leads to enhanced water
oxidation in the interlayer region, and it would be an interesting
area of future investigation.
It is informative to compare the properties of copper(I)−

birnessite to α-MnO2, which has been shown to be the
manganese oxide with the most attractive electrocatalytic
properties for the oxygen evolution reaction. Unlike birnessite,
the structure of α-MnO2 is a manganese octahedral molecular
sieve with the Mn having both +3 and +4 oxidation states.32

This particular material has been shown to exhibit an
overpotential for water oxidation of ∼500 mV with a stability
that is much greater than birnessite.4 In particular, at a current
density of 5 mA, α-MnO2 can maintain a relatively stable
overpotential (after reaching 0.8 V) for water oxidation for ∼3
h (Δη = 0.2 V after 3 h), while the stability time for birnessite is
∼5 min for the same current density and similar overpotential
increase. We showed in this contribution that modification of
birnessite via the intercalation of Cu into its interlayer region
results in a lowering of the overpotential (from >0.7 to 0.49 V)
to a value similar to α-MnO2 and the stability time for a current
density of 5 mA/cm2 increased to 20 min (compared to 5 min
for Cu-free birnessite). Hence, these studies show that the
electrocatalytic behavior of birnessite can be improved through
the judicious use of intercalated atoms. Studies are underway to
further improve the catalytic reactivity of birnessite by changing
the metal center as well as the intercalated metal concentration.

4. SUMMARY

A strategy to enhance the catalytic activity toward water
oxidation in layered manganese oxide has been realized by
introducing Cu within the interlayers. Both XRD and Raman
spectroscopy measurements support the presence of Cu in the
interlayer of birnessite. XPS results suggest that a portion of Cu
that enters the interlayer remains as Cu0 and another significant
fraction of Cu exists as Cu2+ in the interlayer, likely resulting
from the oxidation of Cu0. DFT calculations suggest that the
introduction of Cu0 into the interlayer results in a change in the
electrical properties of birnessite from a semiconductor to
metal. Consistent with calculation, electrochemical impedance
measurements acquired during water oxidation reaction show
that the charge transfer resistance of copper(I)−birnessite is
lower than birnessite. Perhaps, more importantly, the TOF for
water oxidation increases by a factor of ∼6 when Cu is present
in the birnessite interlayer. We anticipate that these results will
have broad utility in devising strategies for improving the
catalytic activity of layered materials with intercalated metals.
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Figure 7. Nyquist plot obtained from EIS measurement at an applied
potential of 0.65 V (vs Ag/AgCl) for pristine birnessite and
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