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Nature-Inspired Synthesis of Nanostructured
Electrocatalysts through Mineralization of Calcium
Carbonate
Jong Wan Ko, Eun Jin Son, and Chan Beum Park*[a]
Biomineralization is a biogenic process that produces elaborate
inorganic and organic hybrid materials in nature. Inspired by
the natural process, this study explored a new mineralization
approach to create nanostructured CaCO3 films composed of
amorphous CaCO3 hemispheres by using catechol-rich polydopamine (PDA) as a biomimetic mediator. The thus synthesized biomimetic CaCO3 was successfully transformed to nanostructured films of metal-oxide minerals, such as FeOOH,
CoCO3, NiCO3, and MnOOH, through a simple procedure. The
CaCO3-templated metal-oxide minerals functioned as efficient
electrocatalysts; a CaCO3-templated cobalt phosphate (nanoCoPi) film exhibited high stability as a water-oxidation electrocatalyst with a current density of 1.5 mA cm@2. The nanostructure of nanoCoPi, consisting of individual nanoparticles
( & 70 nm) and numerous internal pores (BET surface area:
3.17 m2 g@1), facilitated an additional charge-transfer pathway
from the electrode to individual active sites of the catalyst.
This work demonstrates a plausible strategy for facile and
green synthesis of nanostructured electrocatalysts through biomimetic CaCO3 mineralization.

protection, is the most abundant biomineral.[8] It has been utilized in various industrial fields such as paper fabrication,
water purification, drug delivery, and many others.[9] Moreover,
a promising possibility of utilizing CaCO3 as a facile template
for the synthesis of nanomaterials was reported recently.[10]
Herein, we report the development of a new amorphous
CaCO3 (ACC) film induced by catechol-rich polydopamine
(PDA), which can function as a versatile template for the synthesis of nanostructured MOMs such as FeOOH, CoCO3, NiCO3,
and MnOOH. ACC is well-known as a safe and biocompatible
material with high transformability.[11] We envisioned that PDAinduced ACC could serve as a template to form nanosized
MOMs. We obtained different MOM films by simply incubating
PDA-induced ACC films in solutions of metal ions (e.g., FeCl2,
CoCl2, NiCl2, and MnCl2) at room temperature. In particular,
PDA-induced ACC functioned as a sacrificial material for the
synthesis of MOMs by solid-state transition. When a PDA-induced ACC film was immersed in a slightly acidic metal (e.g.,
Fe2 + , Co2 + , Ni2 + , and Mn2 + ) chloride solution (pH < 5), individual ACC granules decomposed into Ca2 + and CO32@ ions with
concurrent precipitation of MOMs (e.g., hydroxides and carbonates) on the substrate (Figure 1).

Metal-oxide minerals (MOMs) contain various functions for diverse applications in sustainable environment research, such as
electrocatalysis and energy storage.[1, 2] For example, metal
phosphates [e.g., Co3(PO4)2·8 H2O,[3] Mn3(PO4)2·3 H2O[4]] can catalyze the electrolysis of water, and metal hydroxides [FeOOH,[5]
Ni(OH)2[6]] have promising capabilities as active materials for
supercapacitors and alkaline rechargeable batteries. Conventionally, MOM-based electrocatalysts (e.g., hydroxides, carbonates, and phosphates) are synthesized by hydrothermal treatment, electrodeposition, and incipient impregnation,[7] which
suffer from limitations such as long reaction time, harsh conditions, requirement of surfactants, and additional calcination
processes. For this reason, it is highly desirable to develop
a general, less energy-consuming, and environmentally friendly
way to synthesize MOMs while retaining their properties.
CaCO3, which is a key element of biological hard materials
essential for various life functions such as skeletal support and
[a] J. W. Ko, E. J. Son, Prof. Dr. C. B. Park
Department of Materials Science and Engineering
Korea Advanced Institute of Science and Technology (KAIST)
335 Science Road, Daejeon 305701 (Republic of Korea)
E-mail: parkcb@kaist.ac.kr
Supporting Information and the ORCID identification number(s) for the
author(s) of this article can be found under https://doi.org/10.1002/
cssc.201700616.

ChemSusChem 2017, 10, 2585 – 2591

Figure 1. Transition of amorphous CaCO3 to MOMs (e.g., carbonates and hydroxides). Under metal ion-containing solution, the PDA-induced ACC takes
up metal ions (e.g., Fe2 + , Co2 + , Ni2 + , and Mn2 + ) as a substitutional cation
for Ca2 + , and ACC dissolves into Ca2 + and CO32@ while forming MOMs. The
composition and structure of the synthesized metal carbonates/hydroxides
are influenced by the hydrolysis rates, which vary with the degree of hydration enthalpies for each metal ion.
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We prepared the ACC film through heterogeneous CaCO3
mineralization by using catechol-rich polydopamine (PDA) as
an artificial organic mediator to simulate the natural CaCO3
mineralization process. PDA, a mimicry for mussel adhesive
proteins that contain a high content of dihydroxyphenylalanine (DOPA), exhibits a universally adhesive property on any
type of material.[12] Furthermore, the numerous catechol
groups in PDA function as a redox-active ligand that chelates
to multivalent cations (e.g., Ti4 + , Fe2 + /3 + , Zn2 + , and Cu2 + ).[13]
This study shows that PDA can induce (1) accumulation of
Ca2 + ions, (2) nucleation of a primitive form of ACC, (3) stabilization of ACC from the solution phase, (4) aggregation of
CaCO3 nanoparticles, and (5) formation of a thin CaCO3 film.
We found that PDA inhibited phase transition of CaCO3 to
thermodynamically stable crystalline forms and retained the
amorphous state of CaCO3 (Figure S1 in the Supporting Information). To investigate PDA-induced CaCO3 mineralization, we
analyzed interactions between Ca2 + ions and PDA. We performed a cyclic voltammetric (CV) analysis of a PDA layer
formed on an indium-doped tin oxide (ITO) glass as a working
electrode in a solution containing Ca2 + ions. As shown in Fig-

ure 2 A, a prominent oxidation peak at 0.126 V (vs. Ag/AgCl)
and a corresponding reduction peak at @0.52 V (vs. Ag/AgCl)
were observed during the first CV cycle. These anodic and
cathodic peaks correspond to the oxidation of catechol and
the reduction of ortho-quinone, respectively (Figure 2 B). With
an increasing number of CV cycles, the initial oxidation and reduction reactions disappeared, and new redox reactions were
observed; the position of the anodic peak shifted toward
a more positive potential (0.8 V vs. Ag/AgCl). The anodic peak
corresponds to the oxidation of catecholate to ortho-quinones[14] with the release of Ca2 + ions (Figure 2 B). This result is
attributed to the gradual transition of the redox pathway from
proton-catecholate to Ca2 + -catecholate during the redox cycling. The fact that catechol and ortho-quinones exhibit
a strong binding affinity with multivalent cations (e.g., Cu2 + ,
Zn2 + , and Al3 + )[15] suggests that the emerging new cathodic
peak at @0.7 V (vs. Ag/AgCl) is caused by the conversion of
ortho-quinones to Ca2 + -catecholates. The change in the CV
spectra indicates that Ca2 + ions affect the redox cycles of PDA
through coupling with functional ligands (e.g., ortho-quinone
and catecholate) in PDA. In the absence of Ca2 + ions in a phos-

Figure 2. (A) CV profiles of PDA were measured through 20 cycles in a 0.5 m Ca(NO3)2 electrolyte solution. The shift of reduction and oxidation peaks corresponds to the change of redox property of catechol groups. (B) Proposed coupling and redox mechanism of catechol groups in PDA with protons (1$2) or
Ca2 + ions (3$4) during CV analysis. (C) TEM image of early-stage PDA-induced ACC mineralization exhibiting ACC clusters attached to formerly stabilized ACC
nanoparticles on the PDA layer. (D) SEM image of PDA-induced ACC layer showing individual ACC particles in contact with each other during intermediatestage ACC mineralization. (E, F) SEM images of PDA-induced CaCO3 at different reaction times: (E) 60 min and (F) 150 min.
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phate buffer (0.1 m, pH 7.0; Figure S2), the CV of PDA showed
a redox behavior corresponding to the reported, two-electrontwo-proton coupling of catechol.[16] These results indicate that
the redox behavior of PDA in the presence of Ca2 + ions is governed by a two-electron and one-Ca2 + ion process that reduces ortho-quinones to Ca2 + -catecholates.
We confirmed the interaction between Ca2 + ions and catechol moieties in PDA by using Fourier-transform infrared spectroscopy (FT-IR). We observed complexation of PDA with Ca2 +
ions by a change of the stretch vibration modes for hydroxyl
groups (O@H)[17] (Figure S3); the absorption peak centered at
approximately 3380 cm@1 is characteristic for the O@H stretching mode of catechol, the intensity of which decreased significantly in the presence of Ca2 + ions. The change in the FT-IR
spectra is attributed to the complexation of catechol groups
with Ca2 + ions, which indicates the strong affinity of catechol
and multivalent ions under ambient conditions. According to
the literature,[18] biological macromolecules form complexes
with Ca2 + ions during the initial stage of CaCO3 mineralization.
Based on the results, we envisioned that a high concentration
of hydrated Ca2 + ions near the PDA layer may trigger and initiate CaCO3 mineralization. In addition to the high affinity for
Ca2 + ions, a PDA coating could modify the substrate surface to
become hydrophilic. As shown in Figure S4, the ITO glass surface became more hydrophilic after PDA coating, exhibiting
a decrease in contact angle of a water droplet from 78.57 to
53.028. The high PDA ad-layer surface energy of 54.80 mJ m@2
(calculated from the contact angle measurement) is enough to
accelerate and facilitate heterogeneous nucleation of CaCO3,[19]
providing an energetic advantage for ACC film formation
(Table S1).
The observation of the strong affinity of PDS for Ca2 + ions
led us to attempt PDA-induced CaCO3 mineralization by using
ammonium carbonate as a carbonate source. In an early stage
of CaCO3 mineralization on the PDA layer, CaCO3 nanoparticles
would nucleate spontaneously on the layer because of the
high affinity of Ca2 + ions for PDA. According to the literature,[20] CaCO3 particles grow with the supply of pre-nucleated
forms of CaCO3 clusters. By continuous supply of CO32@ ions,
the pre-nucleated CaCO3 would form in solution and be attached to CaCO3 nanoparticles on the PDA layer. To verify the
hypothesis, we conducted an ex situ TEM analysis on the PDA
layer during CaCO3 mineralization. As shown in Figure 2 C,
CaCO3 clusters grew into hemispherical-shaped CaCO3 nanoparticles on the PDA layer. Using selected-area electron diffraction (SAED) pattern analysis, we confirmed that the CaCO3
nanoparticles and clusters were amorphous-phase CaCO3 (i.e.,
ACC; Figure S5 A). Individual ACC nanoparticles grew along the
lateral direction, covering the surface of the PDA layer, the
growth of which stopped finally by impingement (Figure 2 D).
The growth of pre-nucleated ACC on the PDA layer and spontaneous nucleation of independent ACC nanoparticles occurred concurrently as shown in Figure 2 E. Therefore, the morphology of CaCO3 film is represented by a closely packed ACC
film of hemispherical structures with diverse sizes (Figure 2 F).
The crystal structure of the resulting CaCO3 film was found to
be an amorphous phase according to our XRD analysis (FigChemSusChem 2017, 10, 2585 – 2591
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ure S6). The scanning electron microscopy (SEM) image of the
resulting CaCO3 film in Figure S5 B shows a dense layer of
900 nm thickness with individual ACC hemispheres connected
together.
We applied the ACC films to the synthesis of MOM films.
The transition of ACC to MOMs was observed by using XRD, Xray photoelectron spectroscopy (XPS), and SEM, which clearly
showed the formation of nanostructured MOMs accompanied
by the disappearance of ACC. The XRD analysis confirmed the
formation of MOMs corresponding to FeOOH (PDF#08-0098),
CoCO3 (PDF#11-0692), NiCO3 (PDF#12-0771), and MnOOH
(PDF#24-0713) (Figure S7). In addition, we analyzed the chemical compositions of the PDA-induced ACC film and MOM films
by XPS (XPS survey spectra shown in Figure S8 and Figure 3 A,
C, E, and G; XPS elemental spectra of metal 2p and O 1s
shown in Figure S9). According to the XPS spectra of MOM
films, the main peaks of metal 2p3/2 denoted characteristic
metal states such as Fe3 + (711.3 eV[21]), Co2 + (781.0 eV[21]), Ni2 +
(861.1 and 857.7 eV[21]), and Mn3 + (643.4 and 641.5 eV[21]) (Figure S9 A, C, E, and G). In the O 1 s spectrum of the MOM film
containing Fe3 + ions, the prominent two peaks at 529.8 and

Figure 3. Compositions and structures of metal hydroxides/carbonates from
ACC templating with Fe2 + , Co2 + , Ni2 + , and Mn2 + ions. XPS elemental survey
spectra for (A) FeOOH film, (C) CoCO3 film, (E) NiCO3 film, and (G) MnOOH
film. SEM images of (B) FeOOH film, (D) CoCO3 film, (F) NiCO3 film, and
(H) MnOOH film with distinguished substructures (e.g., lath-like, nanosized
spherical, worm-like, and granular particles).
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531.3 eV[21] indicated the coexistence of O2@ and OH@ ions associating Fe3 + (Figure S9 B). The compositions of CoCO3 and
NiCO3 were confirmed by the assignment of carbonate ions integrated in the MOM films with Co2 + (C@O bonding at
531.7 eV[22] in Figure S9 D) and Ni2 + ions (two oxygen species
peaks at 532.0 and 531.1 eV[23] in Figure S9 F). The state of constituents in manganese ion-containing films was confirmed as
MnOOH with the O2@ (529.2 eV) and OH@ (531.0 eV) peaks in O
1s spectra (Figure S9 H). To sum up, the individual XPS results
suggest that the components of MOM films are FeOOH,
CoCO3, NiCO3, and MnOOH, respectively. In particular, metal
ions such as Co2 + and Ni2 + were favorably adsorbed to the
surface of ACC layer owing to a slower hydrolysis rate of the
cations,[24] inducing substitutional transformation of CaCO3 to
MCO3 (M = Co2 + and Ni2 + ). In the cases of Fe2 + and Mn2 + ions,
the pH value in the vicinity of ACC particles would increase
owing to a faster hydrolysis rate of Fe2 + and Mn2 + ions,[24] resulting in their coupling with hydroxyl ions and precipitation
of metal hydroxides rather than metal carbonates. The preformed minerals such as Fe(OH)2 and Mn(OH)2 spontaneously
transformed into FeOOH and MnOOH, respectively, owing to
the oxidation reactions of metal ions by oxygen in the reaction
solution.[25] To confirm complete conversion of ACC to MOMs,
we conducted etching-profile experiments by XPS. The XPS
survey scans of MOMs were conducted after Ar ion etching at
0.5 keV for 0, 60, and 120 s. As shown in Figure S10, there was
no trace amount of Ca in the MOMs films, which indicates full
conversion of CaCO3 to MOMs.
The morphologies of the as-prepared MOM films, such as
FeOOH, CoCO3, NiCO3, and MnOOH were examined by SEM.
The low-magnification SEM images in Figure S11 show that
MOM films had different thicknesses, and the enlarged SEM
images (Figure 3 B, D, F, and H) clearly show that MOM films
had secondary structures distinguishable by metal elements.
Nanoparticular CoCO3 and worm-like NiCO3 structures appear
to retain the original geometry of hemispherical PDA-induced
ACC, whereas lath-like FeOOH and MnOOH aggregates formed
in ways entirely different from the morphology of PDA-induced
ACC. The different morphologies of MOM films are attributed
to varied hydration enthalpies of each metal ion (Table S2),
which can affect the solid-state transition rate of ACC to
MOMs, thus resulting in diverse substructures of MOM films.
Relatively higher hydration enthalpies for Co2 + and Ni2 + ions
than those for Fe2 + and Mn2 + ions should cause slower transition reactions from PDA-induced ACC to MOMs, maintaining
the hemispherical shape of PDA-induced ACC for CoCO3 and
NiCO3.
The PDA-induced ACC templating for the synthesis of nanostructured MOMs occurs through a very simple and environmentally friendly procedure in an aqueous solution at room
temperature without any additives. Furthermore, an ACC-templated MOM film comprised of nanosized particles and numerous internal pores could facilitate increased performance as an
electrocatalyst because of enhanced mass transportation and
larger surface area. To test the idea, we performed electrochemical experiments with ACC-templated MOM films for the
electrocatalytic water-oxidation reaction (WOR). We prepared
ChemSusChem 2017, 10, 2585 – 2591
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a cobalt phosphate (CoPi) electrocatalyst film by incubating
the CoCO3 film (Figure 4 A) in a phosphate buffer (100 mm,
pH 7) under an applied potential of 0.95 V (vs. Ag/AgCl). According to our analysis of the CoPi film by XPS (Figure 4 B and
C), the emergence of the phosphate peak (P 2p) clearly indicated successful transition of CoCO3 to CoPi. The cobalt (Co 2p)
peaks at 781.1 (Co 2p3/2) and 794.9 eV (Co 2p1/2) of the CoPi
film could be denoted as an activated form[2] of Co2 + for water
oxidation (Figure 4 C). A magnified SEM image in Figure S12 A
shows that the CoPi (denoted as nanoCoPi) film consisted of
spherical granules ( & 70 nm) with numerous pores (Figure S12 B). The presence of the PDA layer increased the electrical resistance between nanoCoPi and ITO, but the PDA layer
was very thin, less than 10 nm, and the resistance increase was
low (18.0–39.9 W), making the PDA-coated ITO a conductive
current collector. According to the CV analysis (Figure 4 D), the
anodic current increment above 1.0 V (vs. Ag/AgCl) was observed, which indicates a facile electrocatalytic reaction of the
nanoCoPi film for WOR. The CoCO3 film exhibited much lower
WOR activity than nanoCoPi when we compared the peak current intensities for Co2 + oxidation reactions by the electrocatalysts (Figure S13). For comparison, we prepared a CoPi electrocatalyst by using a conventional electrodeposition method according to the literature,[1] through which a dense CoPi film
was obtained (Figure S14). The electrodeposited CoPi exhibited
a lower electrochemical WOR activity (1.36 mA cm@1 at 1.15 V
vs. Ag/AgCl) than nanoCoPi (1.84 mA cm@1 at 1.15 V vs. Ag/
AgCl) according to the CV analysis (Figure S15). In our test for
long-term stability, the nanoCoPi film exhibited a stable current density of 1.5 mA cm@2 over 9 h without decrease in catalytic performance. In contrast, the WOR current density of CoPi
prepared by conventional electrodeposition continuously decreased over the reaction time as reported in the literature[26]
and exhibited around 0.8 mA cm@2 after 9 h electrolysis of
water (Figure 4 E). We attribute the enhanced performance of
the nanoCoPi film to the smaller nanosized particles of CoPi
and the numerous pores, which provided a more than ten
times larger surface area (BET surface area for nanoCoPi film:
3.17 m2 g@1; electrodeposited CoPi film: 0.24 m2 g@1) and efficient mass transportation, facilitating charge transfer from electrolyte to the surface of an individual catalyst. To verify the relationship between the porosity of the CoPi catalyst film and
WOR activity, we conducted electrochemical impedance spectroscopy (EIS) and ex situ XPS depth-profile analysis after electrochemical WOR. The EIS result indicated an enhanced
charge-transfer capacity of nanoCoPi. The electrochemically
active area of nanoCoPi increased significantly compared to
electrodeposited CoPi (Figure S16). According to Figure S17 A,
the Co element mainly existed as a form of Co3 + at the outer
surface of the electrodeposited CoPi (black line in Figure S17 A)
with a higher intensity ratio of Co3 + /Co2 + = 9.1, and the Co3 +
/Co2 + ratio changed along the depth of the electrodeposited
CoPi (from 9.1 to 1.04). The high ratio of Co3 + state indicated
that a proton-coupled electron-transfer process[27] occurred
sluggishly, resulting in the delay of the overall WOR. In contrast, the Co3 + /Co2 + ratios ( & 1.05) in the nanoCoPi film remained constant (Figure S17 B) regardless of the etching time.
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Figure 4. (A) Schematic representation of the synthetic process for the nanostructured CoCO3 film (nanoCoPi) using ACC as a sacrificial template. (B) Surfacecomposition analysis of the CoCO3 film and the CoPi film with the XPS survey showing Co 2p, O 1s, and C 1s signals. The peak corresponding to the P element exists only in the CoPi film. (C) High-resolution XPS spectra of Co 2p for the CoCO3 film and the nanoCoPi film exhibiting the shift of Co 2p1/2 and Co
2p3/2 peaks toward lower binding energy and the change of two shoulder peaks of Co 2p shown in CoCO3. (D) CV curves for the nanoCoPi film on ITO glass
in 0.1 m sodium phosphate buffer (pH 7.0) with different scan rates. (E) Long-term stability test for water electrolysis conducted with the nanoCoPi film and
the CoPi film prepared by conventional electrodeposition under an applied voltage of 1.15 V (vs. Ag/AgCl) in a phosphate buffer (0.1 m, pH 7.0).

The higher porosity of the nanoCoPi film led to facile charge
transfer throughout the nanoCoPi film from the catalyst to the
electrode with proton-coupled electron transfer during WOR.
Taken together, the enhanced electrochemical performance of
the nanoCoPi film is attributed to its distinguished nanostructure consisting of individual nanoparticles and numerous internal pores that provided charge-transfer pathways from the
electrode to individual active sites of the catalyst.
In summary, we demonstrated biomimetic CaCO3 mineralization for the fabrication of amorphous CaCO3 (ACC)-templated
metal-oxide minerals (MOM) films as nanostructured electrocatalysts. The high binding affinity of the catechol groups of
polydopamine (PDA) to Ca2 + ions played an important role for
ACC mineralization. We also verified that PDA-induced ACC
mineralization occurred through calcification, nucleation, and
growth processes, starting with Ca2 + ion accumulation on the
PDA layer. A facile strategy for the synthesis of functional
MOM films was demonstrated through developing ACC-temChemSusChem 2017, 10, 2585 – 2591
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plated cobalt phosphate (nanoCoPi) films as an electrocatalyst
for water oxidation. The excellent electrocatalytic performance
of the nanoCoPi film was attributed to the synergistic effect of
nanosized CoPi particles with large surface area and numerous
pores capable of transferring charges. This work suggests that
biomimetic mineralization can provide a new approach to the
development of green electrocatalysts with enhanced performances beyond the conventional metal-oxide materials.

Experimental Section
Materials
CaCl2 (trace metal basis, 99.9 %), MgCl2·2 H2O (99.0 %), (NH4)2CO3
(98 %), dopamine hydrochloride, FeCl2·4 H2O (98.0 %), CoCl2 (98.0 %),
NiCl2·6 H2O (99.9 %), MnCl2·4 H2O (99 %), and other reagents were
purchased from Sigma–Aldrich (St. Louis, USA) and used without
purification.
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PDA coating
2

An ITO glass (1 V 4 cm ) was cleaned with acetone, ethanol, and deionized (DI) water before use. A PDA layer was created on the surface of ITO by oxidative polymerization of dopamine molecules
(2 mg mL@1) dissolved in Tris buffer (10 mm, pH 8.5) for 16 h. The
PDA-coated ITO glass was separated from the solution, washed
with DI water, and dried under vacuum conditions at room temperature.

PDA-induced ACC mineralization
The reaction solution for the CaCO3 mineralization was prepared
by dissolving CaCl2 (20 mm) and MgCl2 (80 mm) in DI water. PDAinduced ACC mineralization was conducted by using the (NH4)2CO3
diffusion technique. Briefly, (NH4)2CO3 (9 g) was placed in a chamber, and a PDA-coated substrate was immersed upside-down into
the reaction solution for 5 h at room temperature. The ACC film
was separated from the reaction solution, washed with DI water,
and dried under N2 flow.

Characterization
The morphologies of each sample were observed with an S-4800
field-emission scanning electron microscope (FE-SEM) (Hitachi Co.,
Japan) at an electron acceleration voltage of 5–10 kV and with
a Tecani F20 field-emission transmission electron microscope (FETEM) (FEI Co., USA) with 200 kV of operating voltage. The FT-IR
spectra of the samples were obtained using a FT-IR 200 spectrophotometer (Jasco Inc., Japan). The contact-angle measurements
of a PDA-coated ITO glass and an ITO glass were conducted at
room temperature and a relative humidity of 30 % with an SEO
Phoenix 300 (SEO Co. Ltd, Korea). XPS was performed by using a Kalpha (Thermo Scientific, UK) in the range of 0–1200 eV.

Electrochemical analysis for PDA-coated ITO in Ca2 + solution
A three-electrode system was used to obtain CV profiles, using an
WMPG 1000 potentiostat (WonATech, Korea) with a PDA-coated
ITO glass as the working electrode, a platinum wire as the counter
electrode, and an Ag/AgCl reference electrode. The electrochemical
analysis for Ca2 + and PDA interactions was performed in calcium
nitrate solution (0.5 m, pH & 5.5) at room temperature with a scan
rate of 10 mV s@1.

Preparation of MOM films

pH 7.0) with an applied potential of 0.95 V (vs. Ag/AgCl) for 10 min
at room temperature. The resulting nanoCoPi film was rinsed with
DI water and dried under N2 flow.

Preparation of electrodeposited CoPi
An ITO glass (1 V 2 cm2) was cleaned with acetone, ethanol, and DI
water before use. The ITO glass was immersed in Co2 + -containing
(1 mm) potassium phosphate (0.1 m, pH 7.0) buffer with an applied
voltage of 0.95 V (vs. Ag/AgCl) for 5 min at room temperature. The
resulting CoPi film was rinsed with DI water and dried under N2
flow.

Electrochemical characterization and impedance spectroscopy
The electrochemical water-oxidation test was conducted by using
an WMPG 1000 potentiostat (WonATech, Korea) with a three-electrode configuration (nanoCoPi as the working electrode, a platinum
wire as the counter electrode, and an Ag/AgCl reference electrode).
The electrochemical reactions of nanoCoPi, CoCO3, and electrodeposited CoPi were performed in sodium phosphate solution
(100 mm, pH 7.0) at room temperature with different scan rates (5–
100 mV s@1). Long-term stability tests for the electrolysis of water
were conducted with the three-electrode configuration under an
applied voltage of 1.15 V (vs. Ag/AgCl) in a phosphate buffer
(0.1 m, pH 7.0) at room temperature. The impedance spectra were
recorded in a three-electrode configuration. Pt wire was used as
the counter electrode, catalyst-loaded ITO glass (1 V 1 cm2) as the
working electrode, and Ag/AgCl as the reference electrode.
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PDA-induced ACC on ITO glasses (1 V 2 cm2) were immersed in
FeCl2·4 H2O (0.1 m, 20 mL), NiCl2·6 H2O (0.1 m, 20 mL), CoCl2 (0.1 m,
20 mL), and MnCl2·4 H2O (0.1 m, 20 mL) solution for 2 h at room
temperature. The MOM (e.g., FeOOH, CoCO3, NiCO3, and MnOOH)
films were separated from the solutions, washed with DI water,
and dried under N2 flow.

Preparation of nanoCoPi film
The nanoCoPi was prepared with CoCO3 film (1 V 2 cm2). A threeelectrode system was configured with the CoCO3 film as the working electrode, a platinum wire as the counter electrode, and an
Ag/AgCl reference electrode. The electrochemical preparation of
nanoCoPi was performed in potassium phosphate buffer (0.1 m,
ChemSusChem 2017, 10, 2585 – 2591

www.chemsuschem.org

2590

·

[1] G. M. Carroll, D. K. Zhong, D. R. Gamelin, Energy Environ. Sci. 2015, 8,
577 – 584.
[2] M. W. Kanan, D. G. Nocera, Science 2008, 321, 1072 – 1075.
[3] D. Gonz#lez-Flores, I. S#nchez, I. Zaharieva, K. Klingan, J. Heidkamp, P.
Chernev, P. W. Menezes, M. Driess, H. Dau, M. L. Montero, Angew. Chem.
Int. Ed. 2015, 54, 2472 – 2476; Angew. Chem. 2015, 127, 2502 – 2506.
[4] K. Jin, J. Park, J. Lee, K. D. Yang, G. K. Pradhan, U. Sim, D. Jeong, H. L.
Jang, S. Park, D. Kim, J. Am. Chem. Soc. 2014, 136, 7435 – 7443.
[5] L. O’Neill, C. Johnston, P. S. Grant, J. Power Sources 2015, 274, 907 – 915.
[6] a) F.-S. Cai, G.-Y. Zhang, J. Chen, X.-L. Gou, H.-K. Liu, S.-X. Dou, Angew.
Chem. Int. Ed. 2004, 43, 4212 – 4216; Angew. Chem. 2004, 116, 4308 –
4312; b) H. Xie, S. Tang, D. Li, S. Vongehr, X. Meng, ChemSusChem 2016,
https://doi.org/10.1002/cssc.201600150.
[7] a) H. Du, L. Jiao, K. Cao, Y. Wang, H. Yuan, ACS Appl. Mater. Interfaces
2013, 5, 6643 – 6648; b) K. Chen, X. Chen, D. Xue, CrystEngComm 2015,
17, 1906 – 1910.

T 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Communications
[8] a) A. Gal, V. Brumfeld, S. Weiner, L. Addadi, D. Oron, Adv. Mater. 2012,
24, OP77 – OP83; b) E. Beniash, Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2011, 3, 47 – 69; c) A. Arakaki, K. Shimizu, M. Oda, T. Sakamoto,
T. Nishimura, T. Kato, Org. Biomol. Chem. 2015, 13, 974 – 989.
[9] a) Y. Peng, B. He, L. Zhao, J. Appl. Polym. Sci. 2015, 132, 41640; b) K.
Liao, X.-Y. Ye, P.-C. Chen, Z.-K. Xu, J. Appl. Polym. Sci. 2014, 131, 39897;
c) J. Zhang, Y. S. Choi, B. H. Shanks, ChemSusChem 2015, 8, 4256 – 4265;
d) W. Wei, G.-H. Ma, G. Hu, D. Yu, T. McLeish, Z.-G. Su, Z.-Y. Shen, J. Am.
Chem. Soc. 2008, 130, 15808 – 15810.
[10] a) L. Zhang, R. Rajagopalan, H. Guo, X. Hu, S. Dou, H. Liu, Adv. Funct.
Mater. 2016, 26, 440 – 446; b) J. W. Ko, S.-W. Kim, J. Hong, J. Ryu, K.
Kang, C. B. Park, Green Chem. 2012, 14, 2391 – 2394; c) S. Kim, J. W. Ko,
C. B. Park, J. Mater. Chem. 2011, 21, 11070 – 11073; d) X. Zhong, W. Yuan,
Y. Kang, J. Xie, F. Hu, C. M. Li, ChemElectroChem 2016, 3, 144 – 151; e) W.
Yuan, Z. Lu, C. M. Li, J. Mater. Chem. 2011, 21, 5148 – 5155.
[11] S.-F. Chen, H. Cçlfen, M. Antonietti, S.-H. Yu, Chem. Commun. 2013, 49,
9564 – 9566.
[12] H. Lee, S. M. Dellatore, W. M. Miller, P. B. Messersmith, Science 2007, 318,
426 – 430.
[13] Y. Liu, K. Ai, L. Lu, Chem. Rev. 2014, 114, 5057 – 5115.
[14] K. Hern#ndez-Burgos, G. G. Rodr&guez-Calero, W. Zhou, S. E. Burkhardt,
H. c. D. AbruÇa, J. Am. Chem. Soc. 2013, 135, 14532 – 14535.
[15] Y. J. Kim, W. Wu, S. E. Chun, J. F. Whitacre, C. J. Bettinger, Adv. Mater.
2014, 26, 6572 – 6579.
[16] J. H. Kim, M. Lee, C. B. Park, Angew. Chem. Int. Ed. 2014, 53, 6364 – 6368;
Angew. Chem. 2014, 126, 6482 – 6486.
[17] R. A. Zangmeister, T. A. Morris, M. J. Tarlov, Langmuir 2013, 29, 8619 –
8628.

ChemSusChem 2017, 10, 2585 – 2591

www.chemsuschem.org

[18] P. J. Smeets, K. R. Cho, R. G. Kempen, N. A. Sommerdijk, J. J. De Yoreo,
Nat. Mater. 2015, 14, 394 – 399.
[19] a) J. K. Berg, T. Jordan, Y. Binder, H. G. Bçrner, D. Gebauer, J. Am. Chem.
Soc. 2013, 135, 12512 – 12515; b) Q. Hu, M. H. Nielsen, C. Freeman, L.
Hamm, J. Tao, J. Lee, T. Y.-J. Han, U. Becker, J. Harding, P. Dove, Faraday
Discuss. 2012, 159, 509 – 523.
[20] D. Gebauer, A. Vçlkel, H. Cçlfen, Science 2008, 322, 1819 – 1822.
[21] M. C. Biesinger, B. P. Payne, A. P. Grosvenor, L. W. Lau, A. R. Gerson,
R. S. C. Smart, Appl. Surf. Sci. 2011, 257, 2717 – 2730.
[22] L. Su, Z. Zhou, X. Qin, Q. Tang, D. Wu, P. Shen, Nano Energy 2013, 2,
276 – 282.
[23] Y. Jia, T. Luo, X.-Y. Yu, J.-H. Liu, X.-J. Huang, New J. Chem. 2013, 37, 534 –
539.
[24] V. E. Jackson, A. R. Felmy, D. A. Dixon, J. Phys. Chem. A 2015, 119, 2926 –
2939.
[25] J. Nai, Y. Tian, X. Guan, L. Guo, J. Am. Chem. Soc. 2013, 135, 16082 –
16091.
[26] M. W. Kanan, J. Yano, Y. Surendranath, M. Dinca, V. K. Yachandra, D. G.
Nocera, J. Am. Chem. Soc. 2010, 132, 13692 – 13701.
[27] M. W. Kanan, Y. Surendranath, D. G. Nocera, Chem. Soc. Rev. 2009, 38,
109 – 114.

Manuscript received: April 12, 2017
Revised manuscript received: May 10, 2017
Accepted manuscript online: May 10, 2017
Version of record online: May 24, 2017

2591

T 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

