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ABSTRACT: The move toward sustainable hydrogen pro-
duction from water using renewable energy, a highly efficient
oxygen evolution electrocatalyst, is crucial because water-
splitting efficiency is restricted to the oxygen evolution
capability, which is insufficient compared to the hydrogen
evolution reaction. Herein, we report a new method that
improves the oxygen evolution activity by integration of active
nickel oxide clusters using amino acids, meaning that the
amount of electrodeposited nickel oxides is increasing with
maintaining the catalytic activity. This method enhances the
catalytic activity because the reaction sites drastically increase
in three dimensions. The detailed reaction mechanism was
investigated using operando UV/vis absorption and Ni K-edge X-ray absorption spectroscopic techniques, which suggested that
amino acids such as glycine, alanine, and glutamine promoted the electrodeposition of NiO6 octahedral structure clusters.
Meanwhile, the analysis of N and O K-edge X-ray absorption spectra showed that the amino acid (glycine) in the nickel
electrocatalyst was present in the molecular state. Therefore, it was spectroscopically demonstrated that amino acids are bound to
nickel oxide clusters accompanied by oxygen evolution activity.

1. INTRODUCTION

Electrochemical water splitting using renewable non-fossil fuel
energy sources such as sunlight, wind, and tides is a fascinating
candidate for hydrogen production toward a sustainable
society.1−6 This reaction consists of two half reactions of
hydrogen (2H+ + 2e− → H2) and oxygen (2H2O → O2 + 4H+

+ 4e−) evolution. However, the efficiency of the oxygen
evolution reaction (OER) on general electrode materials is
insufficient to develop a commercial water-splitting system due
to the high overpotentials required to extract oxygen atoms
from water molecules.5−10 Therefore, the development of
efficient OER electrocatalysts has received the most attention
owing to the potential toward highly efficient hydrogen
production.5−28

Generally, transition-metal oxides, such as MnOx,
7−10

CoOx,
11−17 and NiOx,

18−21 are known to function as efficient
OER electrocatalysts. Thus, substantial efforts have been made
to develop OER electrocatalysts for improvement of the water
oxidation efficiency. For example, Nocera and colleagues
reported that cobalt−phosphate electrodeposited from a dilute
Co2+ solution in a phosphate-buffered electrolyte (Co−Pi)
functions as an efficient OER electrocatalyst,11−14 as do similar
materials of cobalt−borate (Co−Bi)

11,13 and nickel−borate
(Ni−Bi)

18−21 complexes. Meanwhile, it was recently reported

that the addition of certain organic molecules to metal oxide
catalysts enhanced the OER activity.22−28 Singh et al. and
Hoang et al. proposed that the addition of diaminoethane, 3,5-
diamino-1,2,4-triazole, or its derivatives to the Ni2+ solution in a
borate-buffered electrolyte enhanced the catalytic activity for
water oxidation because of the difference in film morphol-
ogy.22−24 Moreover, Allen et al. suggested the enhancement of
OER activity for NiOx electrocatalysts by amino acids (Ni−
AA), and concluded that the presence of primary amines and
phosphate is the key to the formation of the catalytically active
nickel hydroxide species.24 These OER catalysts are composed
of inexpensive and earth-abundant materials and operate safely
with high activity. However, the exploration of more efficient
catalysts is still imperative to attain sustainable hydrogen
production.
The reaction rate of transition-metal oxides is not sufficiently

high, although the water oxidation reaction proceeds at a small
overpotential.6 Thus, increasing the reaction sites is the key to
drastically enhancing the water oxidation efficiency. To increase
the surface area of catalysts, various strategies have been applied
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for development of the nanoparticle assemblies.29−35 For
example, the Nishihara group reported that Pd nanoparticle
assemblies can be formed using an organic linker with a rigid
tetrahedral core.34 Meanwhile, Martis et al. reported that Pd
nanoparticles can be immobilized within the pores of metal−
organic frameworks (MOF).35 In such a situation, it was
recently proposed that some OER electrocatalysts such as Co−
Pi, Co−Bi, and Ni−Bi are formed by assembly of nanosized
clusters of transition-metal oxides.11,17,19 The unique character-
istics of these assemblies enable utilization of the thin film
inside for water oxidation sites because the proton-coupled
electron hopping proceeds within the bulk hydrated oxide
films.14,15,20 Therefore, an assembly technique to efficiently
utilize the catalyst inside is of critical importance to develop
three-dimensional (3D) functional materials with many
reaction sites.
Here, we successfully demonstrated that amino acids

integrate nickel oxide clusters in the Ni−AA electrocatalysts
to drastically increase the number of reaction sites for OER
activity. Operando observation under catalysis using differential
UV/vis absorption and Ni K-edge X-ray absorption fine
structure (XAFS) measurements supported the proposal
concerning integration of nickel oxide clusters because the
electrodeposition of nickel oxide species with the NiO6
structure was promoted by amino acids. N and O K-edge
XAFS spectra also implied that the nitrogen and oxygen species
of the amino acid (glycine) in the nickel electrocatalyst were
present in a similar chemical state as the isolated amino acid
molecule. In this report, we discuss the detailed mechanism for
the water oxidation reaction.

2. EXPERIMENTAL SECTION

A Teflon electrochemical cell was equipped with a Pt wire
counter electrode and a Ag/AgCl (saturated KCl) reference
electrode for all electrochemical experiments. Ni-AA thin films
were electrodeposited on an indium tin oxide (ITO) or a Au
thin film by controlled potential electrolysis at 1.0 V in a 0.1 M
potassium phosphate (K−Pi) aqueous electrolyte of pH 11

containing 0.4 mM Ni(NO3)2 and 1.6 mM amino acids (Ni−
AA) such as glycine (Ni−Gly), alanine (Ni−Ala), and
glutamine (Ni−Gln) (none: blank Ni). To compare with
other molecular compounds, ethylamine (Ni−EA), acetylgly-
cine (Ni−AcGly), and acetic acid (Ni−AcOH) were also used
instead of amino acids. The prepared Ni−Gly sample was
analyzed using scanning electron microscopy (SEM), X-ray
photoelectron spectroscopy (XPS), and a surface profilometer,
confirming that the substrate was totally covered with Ni−Gly
at a film thickness of ca. 100 nm with elemental composition of
Ni, N, K, and P (Figures S1−S3 of the Supporting
Information).
Operando differential UV/vis absorption spectra were

obtained in diffuse transmission mode using a UV/vis
spectrometer, according to previous work.36 The operando Ni
K-edge XAFS spectra were obtained in fluorescence mode at
BL-9A in the Photon Factory (PF) and at BL01B1 in the
SPring-8 facility, in accordance with previous work.37 Soft X-ray
XAFS measurements were performed in the total electron yield
mode at the BL3U of the UVSOR Synchrotron and in the
fluorescence yield mode at the BL-7A in the PF. Additional
experimental details are included in the Supporting Informa-
tion.

3. RESULTS AND DISCUSSION

Time courses of current densities for Ni−Gly in a K−Pi
aqueous electrolyte containing Ni(NO3)2 and glycine are
shown in Figure 1a. The OER current of Ni−Gly was higher
than that of the blank Ni at all electrode potentials, which
indicates that the glycine molecule enhances the catalytic OER
activity, as previously reported.25 Moreover, the OER currents
of Ni−Ala, Ni−Gln, and Ni−Gly also increased (Figure 1b),
indicating that amino acids in the Ni−AA improve the OER
activity. Considering that the currents of Ni−EA, Ni−AcGly,
and Ni−AcOH were almost the same as that of blank Ni, the
presence of NH2 and COOH groups in the amino acids is the
key for the enhancement of OER activity (Figure 1c). The
OER current was maintained for at least 3 h, indicating that the

Figure 1. (a) OER current densities at various electrode potentials and (b) time courses of the OER current densities for blank Ni (black), Ni−Gly
(red), Ni−Ala (orange), Ni−Gln (green), Ni−AcGly (purple), Ni−EA (blue), and Ni−AcOH (brown) catalysts on the ITO substrates in a K−Pi
buffer of pH 11 containing Ni(NO3)2 and molecular compounds. (c) Schematic models for molecular compounds.
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Ni−AA catalysts can function as stable OER catalysts (Figure
S4). The differential molar amount of the oxidation reaction
estimated from the differential currents between Ni−Gly and
blank Ni catalysts for 3 h (ca. 74 μmol) was markedly higher
than those of nickel ion (ca. 8 μmol) and glycine molecule (ca.
32 μmol) in the initial electrolyte solution, confirming that
OER on the Ni−AA catalysts proceeded catalytically without
the decomposition of glycine by the electrode potential. The
Faradaic efficiency for the Ni−Gly catalyst during steady state
was estimated to be ca. 96%, as shown in Figure S5, meaning
that the observed oxidation currents for the Ni−AA catalysts
are almost all used for the OER process.
Figure 2a shows the operando differential UV/vis absorption

spectra at 1.0 V for 1 h in a 0.1 M K−Pi electrolyte containing
Ni(NO3)2 and various molecular compounds. A broad
absorption peak was observed for all samples, indicating that
nickel oxide species (probably NiOOH, see below) were
electrodeposited on the ITO substrates. The peak intensities of
UV/vis absorption spectra for Ni−Gly, Ni−Ala, and Ni−Gln
were considerably higher than those of Ni−AcGly, Ni−EA,
Ni−AcOH, and blank Ni samples. These results suggest that
the electrodeposition of the samples proceeded for the Ni−AA
samples but did not proceed for the other samples. This can be
confirmed by the photographic image of Ni−AA electro-
catalysts, as shown in Figure S6. Similar results by electro-
chemical quartz crystal microbalance (EQCM) are obtained for
nickel and copper oxide films using glycine molecule as a
semiconductor and electrochromic material by Ogura et
al.38−40 The same behavior in UV/vis absorption spectra was
observed for the operando Ni K-edge XAFS measurements, as
shown in Figure 2b. Considering that XAFS intensity is
generally related to the abundance of the target element, it is
concluded that amino acids integrate the NiO6 clusters in the
Ni−AA using nickel ion in the electrolyte. The OER activity
increased little by little upon increasing the film thickness,
indicating that the OER reaction proceeds not only at the

electrode surface but also in the thin film inside as 3D
assembled electrocatalysts (Figure S7), as described previ-
ously.14,15,20 The average nickel valences were roughly
estimated to be ca. +3.1 to +3.3 for Ni−AA from the half
edge energies of nickel reference samples, similar to those of β-
NiOOH (Ni3.0+) and γ-NiOOH (Ni3.6+) materials (inset of
Figure 2b).
To investigate the local structure of Ni species in the Ni−

Gly, extended X-ray absorption fine structure (EXAFS) spectra
were taken for the Ni−Gly sample as shown in Figure 2c,
together with the γ-NiOOH powder reference. The first (Ni−
O) and second (Ni−Ni) peaks for Ni−Gly were observed at
the same peak position and intensity as those of the γ-NiOOH
reference (Figure 2d), which showed that the local structure of
Ni species in the Ni−Gly was composed of an edge-sharing
NiO6 octahedral (γ-NiOOH) structure. In similar work, the
nickel species in the Ni−Bi electrocatalyst at higher potential
has been reported to be a nanosized NiO6 cluster

18,19 because
the second peak (Ni−Ni) intensity for Ni−Bi was weaker than
that for γ-NiOOH and no peak was observed above 3 Å in the
EXAFS spectra. However, in this study, considering that all
peak intensities for Ni−O and Ni−Ni bonds of Ni−Gly were
the same as those for γ-NiOOH, the NiO6 cluster is likely to be
over a few nanometers in size. The SEM image of Ni−Gly
suggests that the NiO6 clusters are a few hundred nanometers
in size (Figure S1).
The XAFS technique using soft X-rays is a powerful tool to

investigate electronic states composed of light elements such as
C, N, and O species.41 Recently, we reported that NiO6

octahedral domains in Ni−Bi can be detected by O K-edge
XAFS.42 Thus, to learn about the glycine molecule, we
observed N and O K-edge XAFS spectra for Ni−Gly under
ultrahigh vacuum using fluorescence and electron yield modes,
together with those for glycine and NiOOH (Figure 3). In the
N K-edge XAFS spectrum using the electron yield mode, two
peaks associated with nitrogen species were observed at ca.

Figure 2. Operando (a) differential UV/vis absorption against 0.0 V of reference electrode voltage (inset: photographic images (see Figure S6)) and
(b) Ni K-edge XAFS spectra (inset: estimation of nickel valence state using half edge energy (NiPPI: nickel potassium paraperiodate)) after 1 h
maintained at 1.0 V in a K−Pi buffer of pH 11 containing Ni(NO3)2 and various molecular compounds. (c) k3-weighted and (d) FT EXAFS spectra
of γ-NiOOH powder (black) and Ni−Gly (red) catalysts maintained at 1.0 V.
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401.0 and 405.2 eV for Ni−Gly, which were similar to those in
the glycine molecule reference and previous work,43 indicating
that Ni−Gly includes the glycine molecule. In the O K-edge
XAFS measurements using the electron yield mode, two peaks
were observed at ca. 528.6 eV for NiOOH and 532.4 eV for
glycine. The presence of glycine molecule is likely to contribute
to the combination with each NiO6 cluster by binding with
NH2 and COOH groups. However, although the glycine
species was also observed by X-ray photoelectron spectroscopy
(XPS) measurements (Figure S3), it was not observed by XAFS
using fluorescence yield (Figure 3) mode and X-ray
fluorescence analysis (Figure S8), indicating that the glycine
(amino acid) molecule is present only near the electrode
surface (typically within 10 nm) of the OER thin film. On the
basis of the XPS results of nickel and nitrogen species, the
atomic ratio of Ni:N was ca. 10:3, indicating that several glycine
molecules are likely to cover the NiO6 clusters near the
electrode surface.
Figure 4 shows a schematic model for the electrodeposition

and water oxidation of the Ni−AA electrocatalyst. The positive
potential supply to the Au electrode results in generation of
Ni−AA with a NiO6 cluster of octahedral structure by the
electrodeposition of nickel ion in the electrolyte (Figure 4a).
The amino acid combines the NiO6 clusters by binding with
NH2 and COOH groups accompanied by OER activity. In
contrast, molecular compounds without NH2 and COOH
groups did not exhibit the binding function between nano-
clusters. Although the mechanism of catalyst assembly is under

investigation, it is likely to be related to complex formation
between Ni ion and amino acids in the electrolyte solution
(Figure S9). From some previous reports, the domain edge of
NiO6 octahedra is known to function as an active water
oxidation site.20,41 Therefore, we believe that the integration of
NiO6 octahedral clusters increases and extends the number of
reaction sites for OER to three dimensions. The Ni−AA is
likely to function not only at the electrode surface but also in
the thin film inside as a 3D assembled electrocatalyst (Figure
4b), as described in similar work.14,15,20 Further investigation is
in progress.
Transition-metal oxides such as MnOx, CoOx, and NiOx are

generally considered to exhibit high OER activity.5−28

However, there is a disadvantage that OER current density is
low in spite of the small overvoltage, compared with Pt
electrodes. Our present technique shows that 3D assemblies of
transition-metal oxides using amino acids are fascinating
candidates to drastically increase the amount of reaction sites.
This method is applied not only to amino acids but also to
some other organic molecules. (Further investigation is in
process.). The assembly technique of OER materials discovered
by this study has provided the first successful proof-of-concept
and there is the potential for it to be applied to many other
OER electrocatalysts composed of transition-metal oxides such
as MnOx, CoOx, and NiOx to increase the reaction sites for the
OER process. The knowledge obtained here will be useful to
develop more efficient OER catalysts toward sustainable water-
splitting systems.
In conclusion, the function of amino acids was investigated

by several spectroscopic techniques. Operando differential UV/
vis absorption spectroscopy showed that the amino acids
function to increase the amount of electrodeposited nickel
species on the electrode surface. The result of operando Ni K-
edge XAFS measurements showed that the local structure of
the nickel species was composed of NiO6 (NiOOH).
Moreover, the observation of N and O K-edge XAFS suggested
that the amino acid (glycine) in the nickel electrocatalyst
maintained a similar chemical state with the amino acid
molecule. On the basis of these studies, it was demonstrated
that each nickel oxide cluster is combined with amino acids and
the integration of active nickel oxide clusters is attained with a
large amount of interface area between nickel oxide clusters and
water molecules, accompanied by highly efficient OER activity.

Figure 3. (a) N K-edge and (b) O K-edge XAFS spectra for the Ni−
Gly electrocatalyst. It should be noted that the N K-edge XAFS
spectrum for glycine molecule with electron yield mode was slightly
distorted by the charge-up effect.

Figure 4. Proposed schematic model of (a) the formation of the Ni−AA electrocatalyst and (b) the water oxidation reaction processes. Nickel ion
was integrated as active nickel oxide clusters by amino acids for water oxidation catalysis.
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