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Amorphous cobalt—calcium phosphate composite (CCPC) films are electrochemically prepared on various
electrodes by utilizing the solid phase of hydroxyapatite as a phosphate source. The CCPC film formation is
surface process in which the dissolution of hydroxyapatite and the deposition of CCPC film concurrently
occur on the electrode surface without the mass transfer of phosphate ions into the bulk solution.
Elemental, crystallographic, and morphological analyses (EDX, ICP-AES, XPS, and XRD) indicate that the
CCPC is composed of amorphous cobalt oxide with calcium and phosphate. The film exhibits durable
oxygen evolution reaction (OER) catalytic properties under neutral and basic aqueous condition.
Compared to using solution phase of phosphate source, our preparation method utilizing solid
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Introduction

Metal phosphates are generally considered as chemicals pos-
sessing strong corrosion resistance.' Therefore, various tran-
sition metal phosphates have been recently utilized for fields
demanding high material stability and durability. For examples,
so-called Co-Pi* (amorphous cobalt oxide containing phosphate
and potassium) and its derivatives are applied to oxygen
evolution reaction (OER) catalysts, photoanodes, and cathodes
for rechargeable batteries.>” It is known that most metal
phosphates are insoluble salts except for alkaline or ammo-
nium phosphate (NaH,PO,, K,HPO,, and NH,H,PO, etc.).
Therefore, electrochemical film preparations of transition
metal phosphates have been a considerable challenge because
precipitation in bulk solution is faster than growth of thin film
on electrodes. So far, aqueous solution of phosphoric acid or its
alkaline/ammonium phosphate salts are used for the source of
phosphate.*° To prevent precipitation of metal phosphates in
bulk solution, electrocoating have been done under highly
acidic electrolyte solution™** or low metal concentrations.™

In this study, we report on the novel preparation method of
cobalt-calcium phosphate composite (CCPC) film in which
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other chemical species in bulk solution.

solid hydroxyapatite* (HAP, Ca;o(PO,4)s(OH),) is utilized as
a phosphate source. The CCPC film is formed by anodic
oxidation of HAP loaded on ITO glass under aqueous Co>*
solution. We find that the deposition of the CCPC film
concurrently proceeds with the dissolution of HAP. The usage of
HAP enables the formation of the CCPC film without any
unwanted precipitation in bulk solution. In addition, anodic
deposition can be done under high concentration of cobalt ions
(~20 mM).

Result and discussion

For the CCPC film preparation, the prepared HAP ink is loaded
on ITO glass (details are included in ESIf). HAP is mainly
composed of calcium cation/phosphate anion (Ca;o(PO4)sOH,)
and is a hardly soluble in neutral pH (K, = 2.35 x 10>,
25 °C)."* The CCPC film is deposited on HAP loaded on ITO
glass by anodic electrolysis at +1.3 V vs. NHE under 20 mM of
aqueous Co>" solution. White color of HAP on the ITO glass is
changed into dark brown after 3 h electrolysis (Fig. 1a). In
addition, Movie S1t includes the entire process of in situ
formation of the CCPC film. White color of HAP is gradually
changed into dark brown until 50 min. After 50 min, color
change is hardly observed. Fig. 1b shows the sequential XRD
patterns every 10 min time lapse for 1 hour. The crystallinity of
HAP decreases as anodic electrolysis progresses. Finally, HAP
crystallites no longer exist after 50 min. Fig. 1c shows the
current profile during the formation of the CCPC film. The
current density amounts to maximum value (0.077 mA cm™?) at
15 min, and gradually decreases to 0.016 mA cm 2. And current
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Fig. 1 (a) Comparison of color between HAP (white) and the CCPC

film (dark brown), (b) the change of XRD patterns during CCPC film
formation, (c) current density profile for anodic oxidation at +1.3 V vs.
NHE in 20 mM Co?*.

density reaches baseline value after ~60 min with small fluc-
tuation (0.002 mA cm~2). The total charge flow for 60 min is
289 mC cm > In a control experiment, the current density
under identical solution using bare ITO glass is a baseline level
of less than ~0.006 mA cm > (Fig. 1c). The color of bare ITO
glass is changed into brownish yellow which can be obviously
distinguished by the dark brown color of the CCPC film
(Fig. S1t). Based on our observations; dramatic change of (i)
color, (ii) XRD patterns, and (iii) current profile within 60 min
during electrolysis, we conclude that the formation of the dark
brown film and the dissolution of HAP concurrently occurred
for the initial 60 min. It should be noticed that no precipitation
resulting from reaction of phosphate ions of HAP with cobalt
ions in bulk solution is observed during entire film formation.
The morphological and elemental analyses of the CCPC film are
studied by SEM/TEM and EDX/XPS/ICP-AES. Fig. 2a shows the
SEM image of HAP loaded on an ITO glass before anodic
oxidation. The HAP exhibits typical elongated hexagonal rod
shape'® with approximately the length of 50-200 nm (Fig. 2a and
3a). After 3 h anodic oxidation, the elongated individual crys-
tallites cannot be identified on the ITO glass (Fig. 2b). Instead,
the electrodeposited film seems to be formed by coalesce of
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Fig.2 SEMimages of (a) HAP, (b and c) CCPC film, vertical SEM images
of (d) the CCPC film and (e) the film growth on bare ITO glass.

individual HAP crystallites. There are cracks on the film and the
ITO glass can be identified through the cracks (Fig. 2c). The
vertical SEM image of the CCPC film verifies that the overall film
thickness is uniform with approximately 1.21 pm (Fig. 2d). In
the case of the control film prepared using bare ITO glass,
however, the film thickness is hardly measurable due to insuf-
ficient film formation (Fig. 2e). The TEM image of electro-
deposited film (Fig. 3b) additionally confirms lack of particular
shape. Moreover, no electron diffraction patterns is observed in
the CCPC film (inset in Fig. 3a and b). The change of the crys-
tallinity into amorphous phase is well accordance to the XRD
data (Fig. 1b). STEM-EDX element mapping measurements
(Fig. 3c-h) show that the cobalt, calcium, phosphorous, and
oxygen species are well dispersed in the entire film. And the
atomic compositions of elements are Co (26.35 at%), Ca (5.81
at%), P (7.18 at%) and O (60.65 at%). Additional elemental
analysis for larger areas of the CCPC film is done using EDX
housed in SEM (Fig. S2t). The composition of the film is Co
(24.93 at%), Ca (3.22 at%), P (4.74 at%) and O (67.12 at%)
(Fig. 3i). The atomic ratio of Co : Ca : P measured by ICP-AES is
1:0.29:0.21. All elemental analyses indicate that the major
cation is Co instead of Ca. And the oxygen content much
exceeds four times of the phosphorous content in the phos-
phate group (PO,), which indicates that the CCPC film is mainly
composed of the mixture of amorphous cobalt oxide/
phosphates with small amount of calcium ions. The surface
composition of the CCPC film on the ITO is analysed by XPS.
The CCPC survey spectrum verified the existence of calcium,
cobalt, oxygen and phosphine (Fig. 2j and S3t). The binding
energy at 780.7 and 790.5 eV (Fig. 2k) are attributed to Co2ps,
and Co 2p;,, respectively. The observation of both main Co2p3/,
and its weak shoulder peak imply that higher oxidation state of
cobalt (Co®* or Co*") can be present in CCPC film.7*8

To investigate the details of the CCPC film formation
process, we monitor the morphology change of HAP on ITO
without applying potential under identical solution (50 mL of
20 mM Co*" solution). No notable morphological change is
observed by simple immersion of the sample into the cobalt
solution for 3 h (Fig. S4bt). Additionally, we run electrolysis
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Fig. 3 TEM images of (a) HAP and (b) CCPC film (inset; SAED of HAP
and CCPC film), EDX elements mapping of CCPC film (c) TEM image,
(d) Co, (e) Ca, (f) P, (g) O and (h) overlapping of Co, Ca, P and O, (i)
atomic percent of CCPC film from TEM/SEM-EDX, survey (j) and Co2p
(k) XPS spectra of pure HAP and CCPC film.

experiment under the electrolyte without Co®" in which 20 mM
of aqueous NaNO; solution is chosen instead of 20 mM of
Co(NO3), solution. The current density is negligible at +1.3 V vs.
NHE (Fig. S57), and morphology of HAP is not changed
(Fig. S6bt). Therefore, we conclude that both bias (+1.3 V vs.
NHE) and presence of Co>" are essential for the formation of the
CCPC film.

Previously, we studied the surface characteristics and
microscopic dissolution of HAP using in situ AFM.">*° In addi-
tion, we prepared specific ions incorporated HAPs by
immersing HAP into aqueous solution containing their ions,
such as Co®", Ag" and F~.?"*> We found that the ion-exchange
reaction or adsorption of metals (or metal oxide) takes place on
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the surface not into the bulk of HAP. Therefore, simple
immersion of HAP into Co®* solution (0.1 M) and Ag" solution
(0.1 M) (Fig. S7b and ct) does not induce the change of XRD
patterns or the morphology of HAP. Bias driven CCPC forma-
tion is proposed in Scheme 1. First, immersing HAP on ITO into
Co** solution induces the incorporation of cobalt ions on the
surface of HAP (CoHAP). Unless biases (+1.3 V vs. NHE) is
applied, hexagonal shape of HAP is preserved because incor-
poration of cobalt ions takes place on the surface of HAP, which
is consistent to no change of HAP morphology by simple
immersion into Co®" solution (Fig. S4a and b¥). Second, when
the biases applied, the dissolution of HAP on ITO is proceeded
by local increase of H' ions caused by catalytic water oxidation
of CoHAP. OER catalytic property of COHAP is recently reported
in neutral pH condition.*® Concurrently, calcium and phos-
phate ions produced from HAP dissolution recombine with
cobalt ions or reactive oxygen species from water oxidation.
Recombination of these ions results in precipitation of the
CCPC film on the surface of ITO. Importantly, the recombina-
tion of these ions near the electrode surface are faster than the
rate of ions diffusion into bulk solution. Consequently, the
unwanted precipitation such as cobalt phosphate/oxide is pre-
vented in the bulk solution. Finally, the CCPC film formation is
terminated by the entire dissolution of HAP.

An in situ formed Co-Pi* reported by Nocera group by anodic
electrolysis in phosphate buffer has been widely investigated for
OER catalyst. It was proposed that relatively small amount of
phosphate group in Co-Pi plays key role OER catalytic property.
In addition, various amorphous metal oxide/phosphates
showed enhanced catalytic activity over crystalline counter-
parts.”*?® High density of local surface defects or coordinatively
unsaturated metal centers presumably serve as catalytic active
sites in amorphous materials. Because our CCPC film is basi-
cally composed of amorphous cobalt oxide with phosphate and
calcium, we test OER catalytic properties. The CCPC film
prepared on ITO evolves oxygen gas with high durability under
pH 7 for 48 h (Fig. 4a and Movie S2t). In addition to ITO, the

&= HAP
® Cobaltion

Incorporation
of Coions
on HAP surface

| Bias : +1.3 Vvs NHE
i) Local H* concentration increases
2H,0 COHAP. 4+ 4 0, + de
ii) Dissolution of HAP
4H* +HAP— Ca™ +HPO, + OH
iii) Deposition of CCPC film
7 Ca™ +HPO, +OH +Co™— CCPC <
L= T =
Concurrent

: )
& CoHAP—— - -
S dissolution & deposition

Completion of
CCPC film
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Scheme 1 The process of CCPC film formation, the top three images
represent early, middle, and last steps of SEM images during film
formation.
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Fig.4 (a) OER durability of CCPC film on ITO (2 x 0.5cm?) in 0.1 M KPi
(pH 7) buffer at 1.91 V and 1.71 V vs. RHE, and (b) current-voltage
characteristic curves of CCPC film on GC-RDE (diameter; 5 mm) in
0.1 M KPi buffer (pH 7) at 1600 rpm (inset; corresponding Tafel plot).

CCPC film can be formed on the glassy carbon electrode.
Current-voltage characteristic shows the presence of oxidative
wave at 1.0 V vs. NHE (inset in Fig. S8at). This oxidation peak
was previously reported in Co-Pi catalyst and originated from
the oxidation state change of Co>* to Co®" (or Co*").?”?® 556 mV
of overpotential is needed to drive 10 mA cm™ > of the current
density at 1600 rpm at pH 7 (Fig. 4b). This result is comparable
to catalytic properties of other cobalt based catalysts near
neutral pH condition.*?*=** Fig. 4b (inset) shows the Tafel plot of
the CCPC film. Tafel plot is fitted to equation: n = a + b log j (1 is
overpotential, b is the Tafel slope, andj is current density). Tafel
slope is almost same (144-150 mV dec ") without dependence
on rotating speeds (Fig. S8bt). Moreover, we introduce the
CCPC film on Ni-foam (1 x 1 cm?) and evaluate its OER catalytic
property in 1.0 M KOH solution (Fig. S91). While bare Ni-foam
needs 466 mV of overpotential to get 30 mA ¢cm ™2, the CCPC
coated Ni-foam requires only 378 mV (Fig. S9at). In addition,
Tafel slope (Fig. S9b¥) is improved after deposition of the CCPC
film (144.2 and 126.5 mV dec ' for bare Ni-foam and the CCPC
coated Ni-foam, respectively). Multi-step chronopotentiometric
curves of bare Ni-foam and the CCPC film are compared in
Fig. S9c.t The potential level off at 1.56 V for the CCPC film and
1.63 V vs. RHE for Ni-foam at 5 mA cm ™2, The CCPC film on Ni-
foam needs lower potential than bare Ni-foam in entire current
range (5-50 mA cm ™ 2).

Conclusions

In summary, we develop the novel method of electrochemical
composite film having phosphate group using hydroxyapatite as
phosphate source. To the best of authors' knowledge, solid
phase of HAP has not been applied as phosphate source in
electrochemical film preparation. The concurrent electro-
chemical dissolution of HAP and the deposition of the CCPC
film occurs on the surface of electrodes without diffusion of
phosphate ions into bulk solution. Consequently, unnecessary
precipitation of metal phosphate is prevented. We demonstrate
that the CCPC film exhibits OER catalytic properties in neutral
pH as well as basic condition. Compared to OER catalytic
properties of previous CoHAP studied by our group,* CCPC film
exhibit approximately 10 times improved current density.
Additionally, our preparation method of the CCPC film is
applicable to various substrates. Finally, we will further

© 2021 The Author(s). Published by the Royal Society of Chemistry
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investigate the feasibility of film formation for other transition
metal phosphates using HAP loaded electrodes.
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