
Lawrence Berkeley National Laboratory
LBL Publications

Title

Observing the Electrochemical Oxidation of Co Metal at the Solid/Liquid Interface Using 
Ambient Pressure X‑ray Photoelectron Spectroscopy

Permalink

https://escholarship.org/uc/item/4sj803s9

Journal

The Journal of Physical Chemistry B, 122(2)

ISSN

1520-6106

Authors

Han, Yong
Axnanda, Stephanus
Crumlin, Ethan J
et al.

Publication Date

2018-01-18

DOI

10.1021/acs.jpcb.7b05982
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/4sj803s9
https://escholarship.org/uc/item/4sj803s9#author
https://escholarship.org
http://www.cdlib.org/


Observing the Electrochemical Oxidation of Co Metal at the Solid/
Liquid Interface Using Ambient Pressure X‑ray Photoelectron
Spectroscopy
Yong Han,†,‡,⊥ Stephanus Axnanda,§,⊥ Ethan J. Crumlin,§ Rui Chang,† Baohua Mao,† Zahid Hussain,§

Philip N. Ross,∥ Yimin Li,*,†,‡ and Zhi Liu*,†,‡

†State Key Laboratory of Functional Materials for Informatics, Shanghai Institute of Microsystem and Information Technology,
Chinese Academy of Sciences, Shanghai 200050, People’s Republic of China
‡School of Physical Science and Technology, Shanghai Tech University, Shanghai 200031, China
§Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, California 94720, United States
∥Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, United States

ABSTRACT: Recent advances of ambient pressure X-ray photo-
electron spectroscopy (AP-XPS) have enabled the chemical
composition and the electrical potential profile at a liquid/
electrode interface under electrochemical reaction conditions to be
directly probed. In this work, we apply this operando technique to
study the surface chemical composition evolution on a Co metal
electrode in 0.1 M KOH aqueous solution under various electrical
biases. It is found that an ∼12.2 nm-thick layer of Co(OH)2 forms
at a potential of about −0.4 VAg/AgCl, and upon increasing the
anodic potential to about +0.4 VAg/AgCl, this layer is partially
oxidized into cobalt oxyhydroxide (CoOOH). A CoOOH/
Co(OH)2 mixture layer is formed on the top of the electrode
surface. Finally, the oxidized surface layer can be reduced to Co0 at
a cathodic potential of −1.35 VAg/Cl. These observations indicate
that the ultrathin layer containing cobalt oxyhydroxide is the active phase for oxygen evolution reaction (OER) on a Co electrode
in an alkaline electrolyte, consistent with previous studies.

■ INTRODUCTION

The excessive use of fossil fuels has led to serious environ-
mental problems, such as global warming. Direct water splitting
to produce hydrogen and oxygen through electrochemical and
photoelectrochemical processes is a promising renewable
energy solution currently under intensive research and
development.1,2 The water splitting reaction consists of two
half-cell reactions: the hydrogen evolution reaction (HER) at
the cathodic half cell and the oxygen evolution reaction (OER)
at the anodic half cell. The energy efficiency of electrochemical
water-splitting is mainly limited by the OER process due to its
high overpotential.3,4 Extensive research effort has been made
to develop the catalysts with low OER overpotentials. At
present, Ir- and Ru-based compounds have the highest OER
activities. However, the high cost of these precious metals
prohibits their large scale commercial applications.5 Among
various earth abundant materials, cobalt-based catalysts have
recently attracted wide attention owing to their relatively high
catalytic activities for the OER.5−9 A previous theoretical study
suggests that CoOOH is the active phase where the OER
occurs in alkaline media,10 and using surface-enhanced Raman
spectroscopy and X-ray absorption spectroscopy, several
experimental studies indicate the formation of CoOOH on

the Co-oxide catalysts under OER conditions.2,11 However, key
information such as the thickness and stability of the CoOOH
layer is yet to be determined.
Recently, a new development of ambient pressure X-ray

photoelectron spectroscopy (AP-XPS) has allowed the direct
probing of the surface chemical composition, its depth profile,
and electrical potential profile at a liquid/electrode interface
under reaction conditions.12−17 In previous studies, a “dip and
pull” method was employed to create a stable nanometer-thick
aqueous electrolyte on a platinum working electrode surface.12

This ultrathin solid/liquid interface region was then probed
operando during the electrochemical oxidation of the Pt
electrode at an OER potential, and the formation of both
Pt2+ and Pt4+ interfacial species was observed on the Pt foil
surface. Recently, the OER reaction mechanism on a platinum
electrode in an alkaline electrolyte was investigated by operando
AP-XPS, and the Ptδ−OHads was proposed to be the rate
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determining species for OER.18 Investigations show the
Co3O4/Co(OH)2 biphasic electrocatalyst converts to
CoOOH, which was determined to promote the enhanced
electrocatalytic activity.19 In this work, the same tender X-ray
AP-XPS was used to characterize cobalt foil as the working
electrode at different applied potentials in a 0.1 M KOH
electrolyte. The evolution of the Co metal surface species was
observed by acquiring Co 2p and O 1s spectra at various fixed
potentials. By using Co foil as a simple model system, we used
this surface sensitive technique (AP-XPS) to gain a
fundamental understanding of the electrochemical oxidation
of Co metal in a KOH electrolyte, which is an essential step for
clarifying the catalysis mechanism and the active sites of the
Co-base OER electrode.

■ EXPERIMENTAL SECTION
Following the previously reported experimental procedures,12

the AP-XPS measurements were performed at bending magnet
beamline 9.3.1 at the Advanced Light Source of the Lawrence

Berkeley National Laboratory (Berkeley, USA). Beamline 9.3.1
provides X-rays in the “tender” energy range of 2.3−5.2 keV.
The experiments were operated in a 20 Torr water vapor
environment at room temperature (∼20 °C). XPS spectra were
mainly taken at a photon energy of 4.0 keV. At this photon
energy, the photoelectron can penetrate through the thin liquid
film created using a “dip and pull” method. The liquid film
created using this method is continuous, electrically conductive,
and typically ≲30 nm thick. Depth profiling was conducted by
lowering the photon energy to hυ = 2.5 keV, which is more
surface sensitive.
To probe the electrochemical solid/liquid interface proper-

ties of cobalt (Co) in 0.1 M KOH aqueous solution, as shown
in Figure 1a and b, a Co metal foil working electrode (WE) was
mounted in a three-electrode holder along with a silver/silver
chloride (Ag/AgCl) reference electrode (RE) and a platinum
(Pt) metal foil counter electrode (CE). Before mounting the
Co WE, its surface was cleaned by mechanical scraping to
remove any surface oxide layers. Upon immersing into the

Figure 1. (a) Schematic diagram depicting the operando three-electrode system comprised of a platinum (Pt) metal foil counter electrode (CE), a
silver/silver chloride (Ag/AgCl) reference electrode (RE), and a cobalt (Co) metal foil working electrode (WE). An electrochemically active solid/
liquid interface is created by dipping into the solution and partially removing from an aqueous 0.1 M KOH electrolyte solution, referred to as the
“dip and pull” method. (b) Photographic image of the experimental system, (c) Voltammogram of the dipped three-electrode setup into the
electrolyte.

Figure 2. (a) Co 2p, (b) O 1s, and (c) K 2p spectra using the operando “dip and pull” method collected at −1.35, −0.4, and +0.4 V versus Ag/AgCl
at hυ = 4 keV in 0.1 M KOH.
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electrolyte, it was electrochemically cycled repeatedly between
−1.4 and +0.6 V versus Ag/AgCl. All potentials expressed in
this work are with respect to Ag/AgCl (VAg/AgCl) unless
otherwise stated. Figure 1c shows a stable cyclic voltammo-
gram. There are two oxidation peaks and one reduction peak at
around −0.75, 0.10, and −1.25 V, respectively. The details of
the electrochemical reactions on the Co electrode surface at
these potentials are discussed below. After achieving a stable
voltammogram, the experiments were conducted in different
electrochemical conditions. Using the “dip and pull” method,
the WE was partially pulled out from the electrolyte slowly,
thus creating a stable and electrochemically continuous solid/
liquid interface along the Co WE surface. The WE was
grounded to the analyzer to ensure that any Co XPS peak
binding energy (BE) shifts relative to the Co metal peak are
associated with changes in chemical state. Hence, well-defined
changes in the species within the electrolyte are induced with
the applied potentials.
We simultaneously collect Co 2p (from the WE) and O 1s

(from the liquid electrolyte); the electrode position is
positioned such that both the aqueous electrolyte and the Co
metal are detectable. By applying a small change of electrical
potential, we can confirm that the electrolyte is electrically
continuous through the detection of a rigid shift for the O 1s
and K 2p electrolyte specific XPS peaks.12 High resolution
spectra of the Co 2p, O 1s, K 2p, and C 1s are then collected
operando at −1.35, −0.4, and +0.4 V along the anodic cyclic
voltammetry (CV) branch while the three electrodes are in
contact with the electrolyte reservoir. All spectra are referenced
to the metallic Co peak, which has a BE of 778.3 eV.20

■ RESULTS AND DISCUSSION
As shown in Figure 2a, the Co 2p spectrum shows a single
metallic state by fitting of the Co 2p3/2 peak (at a cathodic
potential of −1.35 V). Due to the plasmon loss peak
contribution, three peaks located at BEs of 778.3, 781.3, and
783.3 eV are used in peak fitting. The Co metal spectrum is
fitted by an asymmetric main peak at 778.3 eV and two
plasmon loss peaks at 3.0 and 5.0 eV above the main peak,
which belong to the surface plasmon and bulk plasmon peak,
respectively.20,21 In addition, the O 1s spectrum (Figure 2b)
shows two main peaks at ∼535 and ∼537 eV, which are
assigned to the aqueous electrolyte thin layer and the water
vapor phase above the Co foil.12,22 In Figure 2c, we show the K
2p signal originated from K ion in KOH electrolyte. The K 2p
shows one single species (solvated K ion) and contains two
main peaks due to the spin−orbit splitting (K 2p3/2 and K
2p1/2), with BEs at 294.7 and 297.5 eV, respectively.12 The fact
that we only observe Co metal is consistent with the calculated
thermodynamic data provided in a Pourbaix diagram, which
reveals the most stable species is metallic Co at −1.35 V applied
potential in a pH 13 aqueous solution.10 Hence, our first
experimental result confirms the thermodynamic prediction
that, at a holding potential of −1.35 V, the Co WE surface
beneath the KOH solution is indeed metallic.
When the holding potential was changed to −0.4 V, new

features on the high binding energy side of the metallic Co
peaks appear (as shown in Figure 2a). The main peak is
positioned at a BE of ∼781.5 eV. According to the XPS
database on the National Institute of Standards and
Technology (NIST) Web site, among most cobalt oxides and
cobalt hydroxides, only the Co 2p3/2 BE of Co(OH)2 lies above
781.0 eV.23,24 Therefore, three additional peaks at BEs of 781.5,

783.3, and 787.1 eV (shown in cyan color) are used to fit the
Co 2p3/2 spectrum. These three peaks come from the
Co(OH)2, demonstrating the formation of a cobalt hydroxide
layer on the Co electrode upon voltage change.21 In addition, a
new peak in the O 1s spectrum at a BE of 532.0 eV (Figure 2b,
shown in magenta color) also appears, further confirming the
existence of Co(OH)2.

25,26 Comparing the BE positions of the
liquid phase from the thin film, one can find that both the O 1s
and K 2p BEs shift to low BE as the holding potential changes
from −1.35 to −0.4 V. This phenomenon, the rigid BE shift of
liquid phase matches the electrochemical potential shift of the
WE with respect to the Ag/AgCl RE, is described in detail in
our previous study on a solid/liquid interface system by
electrochemical oxidation of the Pt electrode.12 Since the WE is
grounded, the matching shifts between electrolyte BEs (O 1s
and K 2p) and the potential change is direct evidence of the
conductive nature of the thin electrolyte film. From the
Pourbaix diagram, the oxidation of Co is expected in this
voltage range. Co(OH)2 is indeed the thermodynamically
stable species at a potential of −0.4 V with respect to the Ag/
AgCl RE (−0.18 V with respect to the standard hydrogen
electrode, SHE).10 The experimental results are once again in
agreement with the thermodynamic calculations.
At −0.4 V holding potential, a Co(OH)2 layer is formed on

the Co electrode. Assuming a layer model of Co(OH)2, we can
calculate the Co(OH)2 thickness using the ratio of oxidized Co
signal to metallic Co signal

= · − ·λ λ− −I I n n/ (1 e )/( e / )d d
Co(OH) Co Co(OH)

/
Co2 2

Co(OH)2 Co

(1)

where ICo(OH)2/ICo is the ratio of the Co(OH)2 signal to the

metallic Co signal; nCo(OH)2 and nCo are the atomic density in
unit volume of Co(OH)2 and Co; d is the thickness of the
Co(OH)2 layer; and λ is the inelastic mean free path (IMFP) of
the photoelectron. The QUASES-IMFP-TPP2M ver. 3.0
software was used to estimate the IMFP, λ, in eq 1.27 At 4
keV photon energy (3.32 keV for Co 2p3/2 photoelectron),
λCo(OH)2 and λCo were determined to be 5.8 and 3.9 nm,

respectively. ICo(OH)2/ICo is 5.24 after the electrochemical

oxidation. The nCo(OH)2/nCo is calculated to be 0.26, since n =
NA·ρ/M. Hence, we estimate the thickness of the Co(OH)2
film on WE to be ∼12.2 nm.
The appearance of Co(OH)2 is also consistent with the CV

results. From Figure 1c, there is an oxidation peak at −0.75 V.
When taken with XPS data, the reaction shown in eq 2 begins
to occur on the Co electrode surface at −0.75 V. Previously,
Koza et al. made a similar observation and used this chemistry
as a new method for preparation of Co(OH)2 films by
electrochemical deposition.28

+ → +− −Co 2OH Co(OH) 2e2 (2)

Further increasing the applied potential to +0.4 V, the Co
surface and XPS spectrum evolve accordingly (shown in Figure
2a). As shown in Figure 1c, there is an oxidation peak at +0.05
V, indicating that the Co(II) is oxidized to a higher valence
state. Previous electrochemical studies revealed that Co(OH)2
is electrochemically oxidized to CoOOH in water-alkali
electrolyzers in this voltage region.2,28,29 Therefore, the
formation of cobalt oxyhydroxide on the WE surface at +0.4
V holding potential is anticipated in our operando experiment.
As shown in Figure 2a, there is an additional component which
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is located at a BE of ∼780.5 eV that appears in the Co 2p
spectrum. According to the Pourbaix diagram,10 Co3O4 and/or
CoOOH are the most likely species that correspond to this new
peak in the Co 2p spectrum at +0.4 V. The main peak BEs of
Co3O4 and CoOOH are located at ∼779.5 and ∼780.3 eV,
respectively.19,21,24 We conclude that the new species formed at
+0.4 V is CoOOH. Hence, three surface species are used to
deconvolute the XPS spectrum. Beside Co and Co(OH)2,
another component exists in the spectrum. Two additional
peaks at BEs of 780.3 and 781.6 eV (shown in magenta color)
are needed. These two peaks are attributed to CoOOH.19,24

Simultaneously, the appearance of a new peak (Figure 2b,
shown in navy color) at a BE of 531.2 eV in the O 1s spectrum
also shows the formation of cobalt oxyhydroxide at +0.4 V
holding potential. Additional rigid BE shifts to low BEs of the O
1s and K 2p peaks of the liquid phase from the thin film (as
shown in Figure 2b and c) are observed as the holding potential
increases due to the additional potential added to the solid/
liquid interface. In summary, the XPS results suggest that the
further oxidation of the Co electrode when the applied
potential is increased from −0.4 to +0.4 V. The surface of
the Co(OH)2 layer is partially converted into CoOOH, yet
some Co(OH)2 still remains.
Thermodynamically, CoOOH is the most stable species at

+0.4 V potential with respect to the Ag/AgCl RE (+0.62 V with
respect to SHE) for a Co electrode in 0.1 M KOH aqueous
solution in the Pourbaix diagram.10 However, the AP-XPS data
demonstrate the formation of a mixed layer of CoOOH and
Co(OH)2 on the WE surface at this potential. Clearly, due to
the kinetic limit, a single CoOOH phase is not observed.
Nevertheless, we have identified the transformation to CoOOH
at the pre-OER potential using AP-XPS and we believe that the
ultrathin layer containing cobalt oxyhydroxide is the active
phase for OER on a Co electrode in an alkaline electrolyte, as
suggested by theory.10

The difference between the thermodynamic prediction and
our experimental result is due to the kinetic limit. The

conversion of Co(OH)2 to CoOOH is believed to be a proton
transfer process in the bulk that can be slow depending on the
structure. This is a known phenomenon in the Ni electrode, the
rate-limiting step of anodic oxidation of Ni(OH)2 is the proton
diffusion,30−33 and both the kinetics and capacity (extent of
conversion) depend on the structure of the Ni(OH)2.

34 The
Co alkaline cathode has not been studied to the same extent,
but we believe the chemistry is the same. Hence, the rate-
limiting step in the oxidation of Co(OH)2 to CoOOH is a
proton controlled process. In addition, α-Ni(OH)2 is
irreversibly transformed by dehydration into β-Ni(OH)2 after
the anodic oxidation of the Ni electrode to α-Ni(OH)2 in an
alkaline electrolyte. Moreover, the β-Ni(OH)2 formed on the
electrode cannot be reduced in successive cathodic sweeps.35

An important finding of this work is that the anodic processes,
unlike those on a Ni electrode, are completely reversible. The
metallic state Co is easily restored following anodization. Since
this study mainly focused on the investigation of surface
chemical composition evolution of a Co electrode during
electrochemical oxidation, the corresponding cathodic electro-
chemical processes will be further studied and discussed
elsewhere.
The evolution of the surface layer of WE as a function of

applied potential is summarized in Figure 3c. The cobalt WE
surface is metallic at −1.35 V. It is converted into Co(OH)2 at
−0.4 V; Eventually, the Co WE is covered by a layer of
CoOOH and Co(OH)2 mixture at +0.4 V. Additionally, Koza
et al. have found that the oxidation process of Co(OH)2 to
CoOOH is irreversible,28 which is in agreement with our CV
experiments. As shown in Figure 1c, there is no reduction peak
corresponding to the oxidation peak at +0.05 V. The CoOOH
is directly reduced to metallic Co at −1.25 V. Hence, the
electrochemical reaction that occurs on the Co electrode
surface at +0.05 V potential is described by eq 3.

+ → + +− −Co(OH) OH CoOOH H O e2 2 (3)

Figure 3. Depth profiling results. (a) Co 2p and (b) O 1s spectra at the photon energies of hυ = 4 and 2.5 keV during the operando “dip and pull”
method collected at +0.4 VAg/AgCl in 0.1 M KOH. (c) Schematic diagram depicting the evolution of the WE surface as a function of applied potential.
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To determine the spatial distributions of the chemical
species, we performed depth profiling experiments on the
cobalt electrode. By changing the photon energy from 4 to 2.5
keV, XPS probes a shallower region and is more surface
sensitive. Several observations are made when we compare the
Co 2p, O 1s, and K 2p spectra taken at +0.4 V at 4 keV photon
energy to those taken at 2.5 keV (as shown in Figure 3). For
Co 2p spectra (shown in Figure 3a), the main signal comes
from oxidized Co, and the metallic Co signal is almost
unobservable when probed at 2.5 keV. We attempted to do the
peak fitting of this very noisy spectrum; three peaks at BEs of
∼778.3 eV (metallic Co), ∼780.5 eV (CoOOH), and ∼782.0
eV (Co(OH)2) were used to fit the Co 2p3/2 spectrum. The
intensity ratio of the metallic Co peak to the oxidized Co peaks
is 0.17 at 2.5 keV photon energy, much less than that (0.76)
observed at 4.0 keV photon energy. If the oxidized Co is
formed under the metallic Co, or is evenly distributed in the
metallic Co, this ratio at 2.5 keV photon energy should not be
less than that observed at 4.0 keV photon energy. Hence, the
cobalt (oxy)hydroxide mixture layer is formed on top of the Co
metal electrode, not underneath the cobalt metal layer.
However, the signal-to-noise ratio of the Co 2p spectrum is
not sufficient to determine whether the remaining peak comes
from CoOOH or Co(OH)2. From the O 1s at hυ = 2.5 keV
(shown in Figure 3b, bottom), a small peak at BE of 531.1 eV
(the inset of Figure 3b) indicates the formation of a CoOOH
layer under the thin electrolyte film. From the O 1s spectrum,
we cannot positively identify the signal from Co(OH)2 at 2.5
keV. Considering the surface sensitive nature at this photon
energy, the depth profile results indicate that a mixture layer of
CoOOH and Co(OH)2 is formed on WE at +0.4 V and
Co(OH)2 on average is likely to be located below the CoOOH
on the Co WE surface.

■ CONCLUSIONS
Combing the new AP-XPS endstation and the “dip and pull”
method with a “tender” X-ray synchrotron radiation source (2−
7 keV), we are able to investigate the electrochemical oxidation
of a Co electrode in KOH aqueous electrolyte under operando
conditions in a three-electrode system. The oxidation state of
the Co WE responds to changes in applied potential. As the
holding potential is altered from −1.35 to −0.4 V and further
increased to +0.4 V, the Co metal WE surface is converted from
metallic Co to Co(OH)2, and finally oxidized to a CoOOH/
Co(OH)2 mixture. Therefore, the ultrathin oxide layer
containing cobalt oxyhydroxide is believed to be the active
phase for the oxygen evolution reaction (OER) on a Co
electrode in KOH alkaline electrolyte. Although our exper-
imental results are generally consistent with the thermodynamic
prediction, the coexistence of Co(OH)2 and CoOOH, a
deviation from the Pourbaix diagram, highlights the importance
of kinetic related factors at a working solid/liquid interface. Our
results are in agreement with the previous theoretical study that
suggested that CoOOH is the active phase when the OER takes
place in alkaline media.10
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