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ABSTRACT: In a photocatalytic suspension system with a powder semiconductor, the interface between the photocatalyst semiconductor and catalyst should be constructed to minimize resistance for charge transfer of excited carriers. This study demonstrates
an in-depth understanding of pretreatment effects on the photocatalytic O2 evolution reaction (OER) activity of visible-lightresponsive Ta3N5 decorated with CoOx nanoparticles. The CoOx/Ta3N5 sample was synthesized by impregnation followed by sequential heat treatments under NH3 flow and air flow at various temperatures. Various characterization techniques, including X-ray
diffraction (XRD), X-ray absorption spectroscopy (XAS), scanning transmission electron microscopy (STEM), and X-ray photoelectron spectroscopy (XPS), were used to clarify the state and role of cobalt. No improvement in photocatalytic activity for OER
over the bare Ta3N5 was observed for the as-impregnated CoOx/Ta3N5, likely because of insufficient contact between CoOx and
Ta3N5. When the sample was treated in NH3 at high temperature, a substantial improvement in the photocatalytic activity was observed. After NH3 treatment at 700 °C, the Co0-CoOx core-shell agglomerated cobalt structure was identified by XAS and STEM.
No metallic cobalt species was evident after the photocatalytic OER, indicating that the metallic cobalt itself is not essential for the
reaction. Accordingly, mild oxidation (200 °C) of the NH3-treated CoOx/Ta3N5 sample enhanced photocatalytic OER activity. Oxidation at higher temperatures drastically eliminated the photocatalytic activity, most likely because of unfavorable Ta3N5 oxidation.
These results suggest that the intimate contact between cobalt species and Ta3N5 facilitated at high temperature is beneficial to enhancing hole transport and that the cobalt oxide provides electrocatalytic sites for OER.

1. Introduction
Water splitting using powder photocatalyst systems has
attracted significant interest for the production of renewable
hydrogen generation using abundant solar energy because of
its simplicity, scalability, and low capital cost.1,2 To effectively
convert solar energy, substantial utilization of photon energy
in the visible-light range is essential. Using the AM 1.5G
standard spectrum3, a photocatalyst with absorption from UV
to 600 nm with a quantum efficiency of 30% accounts for ~5%
solar to hydrogen efficiency, making the technology commercially feasible.1,4 Among the photocatalysts investigated to
date, tantalum(V) nitride (Ta3N5) has emerged as one of the
most promising candidates and has been extensively investigated for more than a decade.4-15 Ta3N5 has a visible-light response (approximately 600 nm, ~2.1-eV band gap) and is capable of producing hydrogen or oxygen in the presence of
appropriate sacrificial reagents and surface modifications under visible-light irradiation.1,5-16 Our recent work on Ta3N5 thin
films for the photoelectrochemical oxygen evolution reaction
(OER) noted that despite having suitable absorption in the
visible-light range, Ta3N5 suffered from very low transport
properties and fast carrier recombination (<10 ps) without any
surface decoration.17 These detrimental intrinsic semiconducting properties might explain why overall water splitting has
not been achieved at a detectable efficiency using Ta3N5 as the
main photocatalyst to date.

The efficiency of water splitting in a powder photocatalytic
system is particularly affected by several factors associated
with the photocatalyst and cocatalyst properties. Indeed,
changes in the structural, electronic, optical, and morphological properties of the Ta3N5 have been observed to have beneficial effects for improving its photocatalytic activity.15-23
Among these studies, our recent work reported that not only
the bulk properties but also the surface properties greatly affected the photocatalytic activity of Ta3N5.24 A thin TaN layer
on the surface (~ 2 nm), which formed depending on the synthesis method, was observed to change the energetic profile on
the Ta3N5-electrolyte interface, thus changing the photocatalytic activity.24 Hence, despite the kinetic hindrance governed
by the intrinsic properties, research design involving perturbing the surface properties of Ta3N5 is believed to further improve its photocatalytic activity.24
Decreasing the bandgap of a photocatalyst will increase the
number of potentially absorbable photons but, in turn, reduce
the driving force for charge separation and the rate of subsequent redox reactions on the surface.25-26 An upward band
bending (in the case of an n-type semiconductor) promotes
easier hole transfer to the surface and subsequently initiates
the OER on the surface.27-28 However, for a visible-lightresponsive photocatalyst, shifting the valence band to a more
negative energy level results in the drawback of reducing the
activity toward OER. Therefore, considerable efforts have
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been made to improve the OER by introducing an active electrocatalyst.23,25,29-32
Cobalt oxide (CoOx) has been extensively investigated as a
cocatalyst, particularly for electrochemical and photoelectrochemical OER.25,29-32,34,35 Although many studies have reported
improvement of the electrochemical OER using CoOx, studies
on powder suspension systems are limited. To date, quantum
efficiencies as high as 27% (at 440 nm) have been reported on
CoOx/LaTiO2N for the OER in the presence of Ag+ as a sacrificial reagent.25 Thus, CoOx is believed to play a vital role in
providing active sites for the OER as well as in promoting
charge separation.1,24,33 However, the exact role of the cobalt
species (i.e., Co-Pi and CoOx) on the photoanode material has
been a matter of debate.33-36 Unlike in the electrochemical
OER, when cobalt is added to the semiconductor surface, a
new interface is created between the photoanode and cobalt
cocatalyst. Hence, new band bending is introduced, thus promoting effective charge separation.36-39 The cobalt layer modifies not only the rate of electron transfer to and from the solution but also the equilibrium and non-equilibrium interface
energetics. Furthermore, considering that CoO or Co3O4 are ptype semiconductors, some evidence has also led to the conclusion that a type of p-n junction was created between the
semiconductor and cobalt catalyst.40-41 Nevertheless, despite
these differences, the information provided by the electrochemical OER can be rationalized to construct an effective
OER system for a photoelectrochemical or photocatalytic system.
Despite tremendous effort on the development of a CoOx
catalyst, its chemical state and properties on a photocatalyst
have yet to be elucidated. To examine the exact role and design an effective photocatalyst-electrocatalyst interface, systematic characterization is required. On the reported La2Ti2ON
powder system, CoOx was synthesized by applying the wetimpregnation method followed by NH3 treatment at high temperature and post-oxidation. CoOx was identified as a mixed
oxide of cobalt based on XPS and HRTEM.25 It is well known
that under high temperature, NH3 decomposes into active nitriding species, such as N, NH, or NH2 ions and H2 gas, which
may act as reducing agents for the cobalt species.42-43 Hence,
there is the possibility that Co will be reduced or nitrogen will
be inserted into the CoOx species, forming a cobalt nitride
phase. On a Ta3N5 film for photoelectrochemical water splitting, Co has been deposited by dip coating and subjected to
heat treatment under NH3 flow. Based on glancing incidence
X-ray diffraction (GIXRD), the main phases were identified to
be orthorhombic-phase Ta3N5 and cubic-phase Co5.47N.30 Although the cobalt precursors were introduced on top of the
Ta3N5 precursor (i.e., TaCl5) before nitridation, no TayCo1-yNx
phase was detected.
The present study attempts to provide a detailed characterization of the cocatalyst modification of Ta3N5 photocatalyst
particulates. A cobalt species as an OER catalyst was immobilized via ammonia treatment, which produced reduced metallic
cobalt as a contact at the semiconductor surface. This treatment was observed to be effective in improving the photocatalytic performance, although the catalyst was re-oxidized after
the reaction.
2. Experimental
2.1. Photocatalyst synthesis
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Ta3N5 particles were prepared from as-purchased commercially available crystalline Ta2O5 (≥99.99% metal basis, <5
microns, Sigma–Aldrich) by applying direct NH3 nitridation
under high temperature, as reported elsewhere.24,44 In a typical
experiment, a total of 0.5 g Ta2O5 was wrapped with quartz
wool and placed into a tube furnace (ID 26 mm) to provide
homogeneous nitirided product. The tube furnace was initially
purged with N2 before the introduction of NH3 flow at room
temperature. The nitridation was conducted at 900 °C with a
heating rate of 5 °C min−1 and was held at this temperature for
15 h under a NH3 flow of 200 mL min−1. The sample was allowed to cool to room temperature inside a tube furnace under
NH3 flow.
Cobalt deposition onto the Ta3N5 was conducted using the
wet-impregnation method.18,25 In a typical experiment, a required amount of Co(NO3)2·6H2O (Aldrich, 99%) and 0.1 g
Ta3N5 were suspended in 5 mL H2O and sonicated for 5 min.
The suspension was then subjected to evaporation to remove
water under a slight vacuum at 70 mbar for 30 min followed
by 50 mbar at 45 °C for 30 min. Subsequently, the resulting
powder was subjected to heat treatment at various temperatures (300, 500, 700, and 900 °C) for 1 h under 200 mL min−1
NH3 flow. In a similar manner, the cooling process inside the
tubular furnace was conducted under NH3 flow.
2.2. Characterization
XRD patterns were collected on a Bruker D8 Advance A25
diffractometer in the Bragg–Brentano geometry equipped with
a Cu tube (Cu–Kα; λ = 0 .15418 nm) operating at 40 kV and
40 mA using a linear position-sensitive detector (opening
2.9°). The diffractometer was configured with a 0.44° diverging slit, a 2.9° antiscattering slit, 2.5° Soller slits, and a nickel
filter to attenuate the contributions from Cu–Kβ fluorescence.
Data sets were acquired in continuous scanning mode over the
2θ range of 10–80°.
Raman spectra were obtained using a Horiba Aramis
equipped with three laser sources: a He-Ne laser (λ=632.8
nm), solid-state lasers (λ=532 and 473 nm), and a Peltiercooled CCD Andor iDus 420. All the spectra were acquired
using 632.8 nm as the excitation wavelength in the z(x,x)-z
backscattering geometry. To minimize the thermal effect and
photodegradation of the sample, a limited laser power was
selected. A resolution of 0.5 cm−1 in the range between 100
and 1000 cm−1 was selected. Repeated acquisitions using the
highest magnification were accumulated to improve the signal-to-noise ratio. Spectra were calibrated using the 520.5
cm−1 line of a silicon wafer.
X-ray absorption spectroscopy (XAS) experiments were
performed on the CRG-FAME beamline (BM30B) at the European Synchrotron Radiation Facility in Grenoble. Spectra
were recorded either in fluorescence (photocatalysts) or
transmission (reference) modes at the Co K-edge (7.709 keV).
XAS data were analyzed using the HORAE package, a graphical interface to the AUTOBK and IFEFFIT code.45 XANES
and EXAFS spectra were obtained after performing standard
procedures for pre-edge subtraction, normalization, polynomial removal, and wavevector conversion. The amplitude factor
(S02) was fitted to the EXAFS spectrum obtained for a cobalt
metallic foil, the crystallographic structure being hexagonal
(P63/mmc). S02 was observed to be 0.80. Quantitative XANES
analyses were performed with the FDMNES code using the
Multiple Scattering theory, where the Muffin-Tin approximation is made to describe the shape of the potential,46 quadrupo-
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lar transitions were included for the calculation of the theoretical absorption spectra.
Aberration-corrected high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) was
performed on a Titan G2 60–300 CT electron microscope at an
accelerating voltage of 300 kV. The electron gun was used in
the unfiltered mode, and the probe size during STEM analysis
was estimated to be approximately 0.5 nm with a beam current
of 0.08 nA. A large camera length of 360 mm was needed to
observe Ta3N5 and the cobalt-based cocatalyst together. Several low- and high-resolution electron micrographs were acquired from various locations during the analysis. Fast-Fourier
transform (FFT) analysis was applied to various regions of the
high-resolution STEM micrographs to investigate the crystal
structure of the metallic cobalt nanoparticles. The elemental
compositions of the samples were characterized based on the
simultaneous acquisition of spectra from electron energy loss
spectroscopy (EELS) and X-ray energy dispersive spectroscopy (EDX). The absorption K-edges of nitrogen and oxygen
obtained by EELS and the fluorescence lines of cobalt (Kα1,α2)
and tantalum (Lα1,α2) obtained by EDX were selected to build
the chemical maps.
XPS studies were performed in an AMICUS/ESCA 3400
KRATOS using Mg anodes and a Kα-excitation X-ray source
(ℎν = 1253.6 eV) operated at 10 kV and 10 mA. During the
experiments, the pressure in the analysis chamber was maintained at ~2 × 10−6 Pa. A prominent peak of Ag 3d5/2 from the
Ag substrate at 368.2 eV was used to calibrate the spectra.
The amount of deposited Co in the samples was quantified
by inductively coupled plasma-atomic emission spectrometry
(ICP-AES) using a Thermo iCap 6500. Before analysis, 15 mg
of the sample was decomposed by an acid mixture of nitric
acid and hydrochloric acid (under pressure and high temperature).
2.3. Photocatalytic reaction
The photocatalytic reactions were performed in a recirculating batch reactor connected to a gas chromatography (GC)
unit equipped with a vacuum line.47 The reactant solution was
maintained at room temperature using a flow of cooling water
during the reaction. Before irradiation, the reaction vessel was
degassed several times to remove air, followed by the introduction of 100 torr of Ar gas into the photocatalytic system. A
Xe lamp (CERMAX PE300-BF, 300-W) was used as a light
source, and the irradiation wavelength was controlled with a
combination of a cold mirror and a water filter (350 < λ < 800
nm). A cut-off filter (HOYA L 42) or a band pass filter (Tokina BP-44, ~440 nm) was used with the aforementioned light
source (420 < λ < 800 nm; photon flux in Figure S1, measured
by EKO LS-100). The homogeneity of the solution during the
reaction was maintained by agitation with a magnetic stirrer.
The gases evolved were analyzed by GC (Bruker 450 GC,
TCD, Ar gas, molecular sieve 13X).
All the samples were tested for photocatalytic oxygen using
either 0.1 M AgNO3 or 0.1 M Na2S2O8 as the sacrificial electron acceptor. In a typical experiment, a known amount of
AgNO3 or Na2S2O8 was dissolved in 100 mL H2O and the pH
adjusted with a La2O3 or NaOH solution, respectively. Then, a
50-mg sample was suspended in a corresponding solution and
sonicated for 5 min.

3.

Results and Discussion

Figure 1. Time courses of photocatalytic OER using CoOx/Ta3N5
(A) treated at different temperatures under NH3 and (B) with different Co loadings (10 mM AgNO3, at pH 8.5 (La2O3 buffer) under visible light irradiation (420 < λ<800 nm)).

We previously reported the detailed photocatalytic performance of Ta3N5 in the absence of catalyst.24 In this study, cobalt was introduced onto the Ta3N5 surface by wet impregnation. Photocatalytic tests were conducted in the presence of
AgNO3 as the sacrificial reagent and La2O3 as the buffer (pH
8.5). The amount of evolved O2 generally decreased with time
because of irreversible Ag deposition onto the Ta3N5 surfaces.
Thus, the reaction rate was calculated using the initial slope of
the plot of the amount of evolved O2 versus time. First, 2 wt%
CoOx/Ta3N5 was pretreated under NH3 at one of the temperatures up to 900 °C. The heat treatment in NH3 was critical, as
shown in Figure 1A. The sample that was not heat treated did
not exhibit any improvement in photocatalytic activity compared to the sample without any cobalt (50 µmol h−1). The asimpregnated sample obviously lacked good contact between
cobalt and Ta3N5. The OER rate monotonically increased with
increasing heating temperature, from 80 µmol h−1 at 300 °C to
142 µmol h−1 at 700 °C; at a higher temperature of 900 °C, no
further improvement of the OER rate was observed. Various
loadings (0–3 wt% Co metal base) were then evaluated for
further improvement at the NH3 treatment temperature of 700
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°C. The results are presented in Figure 1B. The photocatalytic
activity was enhanced upon increasing the cobalt concentration up to 2 wt % but slightly decreased upon further addition
of cobalt. This is a general trend for powder systems due to the
requirement for sites for both reduction and oxidation and
potential competitive light absorption from Co species.25,48-50
To further elucidate the state of the catalyst after pretreatment,
2 wt% CoOx/Ta3N5 treated at 700 °C under NH3 was selected
for further study unless otherwise noted.
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lattice, only one Raman mode (Eg) is active and reported with
a wavenumber of 130 cm−1. The latter could not be observed
because it overlaps with the intense Ag mode of Ta3N5 located
at 138 cm−1.60

Figure 3. Raman spectra of Ta3N5 and CoOx/Ta3N5 after nitridation at 700 °C.

Figure 2. XRD patterns of bare Ta3N5 and CoOx/Ta3N5 after nitridation at 700 °C.

The XRD patterns of Ta3N5 and CoOx/Ta3N5 are compared
in Figure 2. The d-spacings observed for the initial Ta3N5 material correspond to a single phase with an orthorhombic structure (Cmcm). The cobalt–nitrogen system has been reported to
contain many phases. These vary with increasing nitrogen
concentration from a Co-N solid solution (cubic (>425 °C),
Fm3m or hexagonal (<425 °C), P63/mc)51-52 to Co4N (cubic, Pm53
Co2N (orthorhombic, Pmnn),54 or CoN (cubic, F-43m (ZnS
3m),
type) or Fm-3m (NaCl type)).55 The formation of such a cobaltnitrogen solid solution as well as CoOx was not evident in the
XRD patterns because an insufficient amount of cobalt was
deposited.
Raman spectra of Ta3N5 and CoOx/Ta3N5 are presented in
Figure 3. Because there is only limited literature describing the
Raman modes of Ta3N5, a detailed assignment for Ta3N5 Raman modes based on theoretical calculations was previously
performed in our recent study.21,56 To summarize, the theory
predicted for the orthorhombic allotrope (Cmcm) of Ta3N5 a
total of 24 Raman-active modes (8Ag+16Bg). The experimental spectrum of Ta3N5 only displayed 14 peaks: 138, 230,
269, 522, 599, 863, and 895 cm−1 vibrations assigned to Ag
modes and 125, 169, 181, 402, 495, 748, and 829 cm−1 vibrations assigned to Bg modes. The spectrum of CoOx/Ta3N5
clearly showed the appearance of three additional peaks at
193, 475, and 678 cm−1. The vibration at 193 cm−1 is characteristic of a [CoO4] unit, as already observed for the vibration of
the tetrahedral site in Co3O4 spinel.57 The band at 475 cm−1 is
attributed to a Co-O stretching vibration, and the band at 671
cm−1 is attributed to the vibration of a [CoO6] unit, already
observed for crystalline CoO and Co3O4 solids.35,58-59 Furthermore, no vibrations originating from the metallic cobalt nanocrystallites could be observed. Indeed, group theory predicts
no active Raman modes for the fcc lattice, whereas for the hcp

X-ray absorption spectroscopy (XAS) with sensitive fluorescence detection was used to unveil the local environment of
the cobalt. Cobalt K-edge XANES spectra for the reference
hexagonal cobalt foil and CoOx/Ta3N5 after impregnation and
after NH3 treatment at 700 °C are presented in Figure 4A. The
analysis of the pre-edge region at approximately 7710 eV is
very informative as to the position and intensity of the localized transitions observed at the K pre-edge, which are characteristic of the oxidation state of the metal and the geometry of
its environment.61-62
For CoOx/Ta3N5 after impregnation, although the signal
was rather noisy in this region, a weak absorption peak was
observed at 7009.5 eV. The origin of the latter absorption is
usually related to the presence of quadrupolar Co(1s) →
Co(3d) transitions within an octahedral field. After the material was subjected to nitridation at 700 °C, the pre-edge was
drastically modified, and its shape became similar to that observed for the cobalt metallic foil. These observations were
consistent with the large decrease in the white-line intensity
upon nitridation treatment, which is evidence of a quantitative
reduction of cobalt. However, both the pre-edge and white line
did not reach the same levels as those observed for the cobalt
metallic foil, indicating that cobalt atoms remained partially
oxidized. To the best of our knowledge, only two experimental
studies have reported the XANES spectrum of CoIIIN, either as
a rock-salt-type63 or a zinc-blende-type structure.64 The formation of CoN (ZnS type) was excluded for CoOx/Ta3N5 because of the absence of the intense and well-resolved transition Co(1s) → Co(3d-4p), related to the local tetrahedral
symmetry around the cobalt atoms (Wyckoff position 4a). A
minor presence of CoN with a rock-salt-type structure cannot
be ruled out because the pure compounds display a rather intense white line with a quasi-inexistent pre-edge transition (Co
in Oh symmetry). For the other crystalline cobalt nitrides
(Co4N, Co3N, and Co2N), there are no XANES spectra reported in the literature, so calculations performed with FDMNES
code were used to compare the experimental spectrum of
CoOx/Ta3N5 with simulated absorption spectra of cobalt metal,
(hydro)oxides, and nitrides (Figure S2A-C). All the major
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absorption features of the reference compounds were well
represented although slight shifts in certain energy positions
were observed (especially for the pre-edge region). Thus, the
presence of the Co4N, Co3N, and Co2N phases could be excluded because none of their main absorption features could
be identified in the CoOx/Ta3N5 spectrum (Figure S2B). The
best match of the nitrided CoOx/Ta3N5 spectrum was, however, obtained by a linear combination of the CoOOH (19 wt.%)
and Co(OH)2 (30 wt.%) theoretical spectra and the cobalt metallic foil spectra (51 wt.%) (Figure S2D).
The analysis of the Co K-edge k2-weighted EXAFS signal
further substantiated the XANES results. First, the EXAFS
spectrum of the cobalt metallic foil (hcp) was fitted within a krange of [3.3; 12] Å-1. The distinction between the cubic and
hexagonal crystal systems using EXAFS requires the investigation of the 3.5–5 Å R-interval of the Fourier transform.65
Thus, an extensive R-range ([1; 5.1] Å) was fitted using single
and multiple scattering paths calculated from the crystal structure of either hexagonal or cubic metallic cobalt. The parameterization of the latter scattering paths was as follows: a single
shift of energy was used, all amplitudes were adjusted by the
amplitude reduction factor (So), the variation of distances was
calculated by adjusting the cell parameters of the considered
lattice, the disorder for each single scattering paths was fitted
with an independent mean square displacement parameter, for
multiple scattering paths (triangular and collinear pathways) it
was modelled by linear combinations of the mean square displacement parameters of the relevant single scattering paths.
When the parameters of the latter models were adjusted to
the EXAFS spectrum for the reference metallic foil, excellent
agreement between theory and experiments was obtained,
especially with the hexagonal model (R-factor = 6 × 10−5, Figure 4B,C and Table S1). The clear improvement in the reduced
chi-squared value for the latter hexagonal model (χ2v (hcp) =
133) compared with a standard cubic model (χ2v (fcc) = 1108)
was noteworthy and was explained by the better fitting of the
higher-order shell. The amplitude-reduction factor (So) was
determined to be 0.87 ± 0.04 and was fixed for the following
EXAFS fittings.
The useful k-range for CoOx/Ta3N5 after impregnation was
rather limited because the data were too noisy above 9 Å−1.
Thus, the impregnated Ta3N5 was analyzed with a restricted
number of parameters within a k-range of [3.3: 7.45] Å−1 and
within an R-range of [0.8; 4.6] Å (8 parameters for 10 independent points, Figure 4B, C and Table S1). The first neighbor
contribution was fitted with a total of 6 ± 1 oxygen atoms at
2.13 ± 0.02 Å, which confirmed the presence of cobalt in an
octahedral environment. The second and third coordination
shells were fitted using 1.7 ± 0.5 cobalt atoms at 2.85 ± 0.03 Å
and 2 ± 1 cobalt atoms at 3.76 ± 0.03 Å. Although the quantification of cobalt neighboring atoms was not reliable because
their mean square displacement parameters were fixed due to
parameter correlations, these results at least indicate that the
cobalt nitrate displayed a certain degree of polycondensation
after its impregnation. To conclude, the structure of
CoOx/Ta3N5 as impregnated was consistent with the presence
of an amorphous cobalt oxyhydroxide spread on the surface of
Ta3N5.

Figure 4. (A) XANES spectra, (B) EXAFS k2.χ(k) functions and
(C) the related Fourier transforms for a cobalt metallic foil (hcp),
2 wt.% cobalt content loaded on the surface of Ta3N5 after impregnation (CoOx/Ta3N5) and after nitridation at 700 °C
(CoOx/Ta3N5-NH3). The open symbols are the experimental data
while the solid lines are the fit results. The fit results using the hcp
or fcc model are both shown for CoOx/Ta3N5-NH3 sample.
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Figure 5. (A) Dark-field HR-STEM for core-shell agglomerated
cobalt nanoparticles. The inset shows the FFT results of the core
region and depicts a characteristic fcc pattern viewed along the
[110] zone axis, (B) X-ray fluorescence spectra of Ta3N5 (1), the
core (2) and the shell (3) of an agglomerate as depicted on (B).

A preliminary qualitative comparison of the EXAFS spectra of the metallic cobalt foil (hcp) with CoOx/Ta3N5 after nitridation revealed striking similarities for the k value above 4
Å-1 (Figure 4B, C). For k values less than 4 Å-1, the oscillation
of the metallic phase appears modulated by the presence of a
light backscatterer. Hence, the models for the EXAFS fitting
of CoOx/Ta3N5 after nitridation involve either the hexagonal or
cubic model for metallic cobalt, with one additional single
scattering path due to oxygen atoms (k-range of [3.3; 11.5] Å-1
and R-range of [1; 5.1] Å). The light atoms N and O were
treated as one single type of ligand because EXAFS is not
capable of distinguishing between scattering atoms with close
atomic numbers.66 The oscillation amplitude for each scattering path of the metallic phase was fitted by keeping the amplitude-reduction factor So constant and adjusting a single amplitude parameter. Both the cubic and hexagonal model provide
acceptable agreement with the experimental data, although not
as good as that obtained with the reference Co foil (Rfactor(fcc) = 9 × 10−3, R-factor(hcp) = 4 × 10−3, χ2v (fcc) =45,
and χ2v (hcp) = 25). A clear-cut distinction between the hex-
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agonal and cubic Bravais lattices is thus not possible in this
case. The latter issue could be evidence of an hcp and fcc polytype mixture or possibly the presence of stacking faults in the
close-packing arrangement of atoms in nanocrystallites, which
was previously investigated by Longo et al.67 The coordination
number of the first Co-Co bond was 6 ± 1, which confirms the
formation of small nanoparticles. The estimation of the particle size was prevented by a non-negligible presence of the
light scatterer (N(Co-O/N) ≈ 3.7 ± 1) at 2.04 ± 0.08 Å. Note
that none of the attempts to fit the EXAFS spectrum of
CoOx/Ta3N5 after nitridation with the crystal structures of the
cobalt nitrides (ConN, n=1-4) led to any acceptable agreement.
The only possibilities left to explain the presence of light atoms in the vicinity of metallic cobalt was a partial surface
oxidation by O2 and/or the presence of a Co-N solid solution
within the metallic cobalt.
HAADF-STEM was used to further investigate the
CoOx/Ta3N5 structure after nitridation. The micrograph presented in Figures 5A and S3A shows a typical example of a
large agglomerate deposited onto the surface of Ta3N5. The
acquisition of hundreds of micrographs revealed that such
agglomerates were randomly dispersed on the surface of Ta3N5
and had an average size of 15±2.5 nm. Elemental mapping of
selected areas confirmed the presence of cobalt atoms as the
main component, although oxygen atoms were also detected
(Figure S3A). Observations at higher magnification indicate
that the agglomerates are composed of small crystallites with a
range of sizes between 2 and 4 nm (Figure 5A). A fast-Fourier
transform (FFT) of the crystalline region revealed a characteristic pattern of a cubic lattice viewed along the [110] zone axis
(Figure 5A inset). The calculated cell parameter (3.55 Å) was
consistent with the reported cell parameter of fcc metallic cobalt (a = 3.548 Å). This finding was also consistent with the
XAS results, which indicated the presence of metallic cobalt
was proposed for CoOx/Ta3N5 after nitridation.
Interestingly, a difference was regularly noted between the
surface and core of the agglomerates in the HAADF-STEM
micrographs (Figure 5A): the core often appeared brighter,
whereas the shell was darker. As dark-field STEM is mostly
sensitive to the atomic number of atoms, the darker region
suggested an enrichment of oxygen atoms. To further confirm
this finding, EDX point analysis was performed on the three
areas indicated in Figure 5A. The resultant X-ray fluorescence
spectra of each area are presented in Figure 5B. For the Ta3N5
region (area 1), the nitrogen (Kα) and tantalum (Lα,β, Μα,β)
fluorescence lines were indeed observed. The noticeable presence of the Kα fluorescence line of oxygen in this region also
indicated a slight oxidation of the Ta3N5 surface. In the agglomerate region (area 2, 3), the cobalt fluorescence lines
(Kα,β , Lα,β) were also easily observed. Noticeably, the shell
region (area 3) clearly displayed a more intense Kα fluorescence line of the oxygen atoms than the core (area 2). Additionally, an STEM-EELS elemental line-scan profile was acquired from the surface to the bulk of one agglomerate (Figure
S3B). The spectra of the shell and core regions were summed
separately and are displayed in Figure S3C. A comparison of
the intensity ratios of the O K-edge to the Co L-edge in the
shell and core regions indicates a stronger oxidation of the
shell.
To further refine the chemical state of the cobalt species
deposited onto the Ta3N5, the samples were analyzed using Xray photoelectron spectroscopy (XPS) (Figure 6). Careful con-
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siderations must be taken to assign the XPS peaks of cobalt 2p
core levels because of the close binding energies of the cobalt
oxidation states, multiplet splitting, and the presence of satellites.68 The cobalt core-level spectrum of crystalline CoO displays two main peaks at binding energies of 797 (2p3/2) and
782 eV (2p3/2) and two satellites at 786.5 and 802 eV. Crystalline CoO and Co3O4 are more easily distinguished by their
satellite peaks rather than by their main core levels. Indeed,
the satellite peak near the 2p3/2 state for Co3O4 is 2 eV higher
(804 eV) than that of CoO (802 eV). However, the satellite
peak near the 2p1/2 state for CoO (787 eV) is slightly higher
than that of Co3O4 (785 eV). 58,68 The spectra of CoOx/Ta3N5
samples prepared at various nitration temperatures all reveal
two main peaks at 797.5 (2p1/2) and 782 eV (2p3/2) and two
satellites at 804 and 787 eV. Because of the presence of the
satellite peaks, the oxidation state of the cobalt atoms was
attributed, based on previous literature, to a mixture of CoII
and CoIII states in accordance with XAS results. The 2p1/2 (778
eV) core levels of the cobalt metallic state was also present as
a weak shoulder of the main peaks located at 782 eV for
CoOx/Ta3N5 after nitridation (highlighted in Figure 6).68 An
estimation of the inelastic mean free path of the photoelectron
emitted in crystalline Co(OH)2 due to aluminum Kα radiation
was calculated to be in the range of 1 to 2 nm.69 Considering
an average shell thickness of ≈ 6 nm, as observed by STEM, it
is reasonable that the signal associated with metallic is weak.
By extension, this finding also implies that all the metallic
cobalt nanocrystallites were almost fully covered by an oxide
or oxyhydroxide layer.

sorption spectroscopy are statistically more relevant as it provides the average atomic and electronic structure of all cobalt
atoms. Thus, a mixture of cubic and hexagonal lattice seems a
more reasonable description of the crystal nature of the cobalt
metallic core. Studies discussing the characteristics of cobalt
on the surface of photocatalysts are very limited. On the surface of LaTiO2N, which was synthesized using a similar procedure followed by oxidation, the cobalt species was assigned
to mixed cobalt oxide based on the d-spacing of HRTEM and
XPS spectra.25 Comparison with the XRD pattern of the nitridation of pure cobalt nitrate suggested that cobalt was initially
(after nitridation but before oxidation) in the form of metallic
cobalt. Our finding confirms the presence of metallic cobalt
with slight oxidation on the surface. In addition, no form of
cobalt nitride was observed in our case, consistent with previous observations for cobalt on a Ta3N5 film.30 The cubic phase
of Co5.47N has been observed on a Ta3N5 film by comparing
the glancing incidence XRD pattern of Co metal and that of
CoOx/Ta3N5, both after nitridation.

Figure 7. Time course of photocatalytic OER on as-impregnated
CoOx/Ta3N5 treated at 200 °C for 1 h, and on nitrided CoOx/Ta3N5
with and without oxidation at 200 and 300 °C for 1 h (10 mM
AgNO3, at pH 8.5 (La2O3 buffer) under visible light irradiation
(420 < λ<800 nm)).

Figure 6. Co 2p XPS spectra of CoOx/Ta3N5 synthesized at different temperature.

Comprehensive characterization was performed on
CoOx/Ta3N5 synthesized by wet impregnation followed by
nitridation. An agglomerated core-shell-like structure of cobalt
was observed with metallic cobalt in the core and cobalt oxide
in the shell. Although, the distinction between the cubic and
hexagonal lattice using EXAFS was successful for a reference
cobalt metallic foil, it was not possible to conduct the same
identification for CoOx/Ta3N5 after nitridation. However, electron microscopy study did show for a few spots - where crystallites agglomeration was limited- a cubic lattice. The fact
that the hexagonal lattice was not found by electron microscopy do not prove its absence. Indeed, the results of X-ray ab-

It is well documented that the oxide states of cobalt (CoOx
or Co3O4) are the active species for the OER and are obtained
by heat treatment in air (oxidation). In the presence of Ta3N5,
heat treatment should be conducted under NH3 because of its
sensitivity to oxidation. The heat treatment was not only intended to alter the cobalt oxidation state but also to improve
the contact between CoOx and Ta3N5 for better hole transfer.
Because the characterization indicates that cobalt was in the
metallic state in the core and oxidized on the surface, it is of
particular interest to study the active species for the photocatalytic OER on CoOx/Ta3N5. The NH3-treated CoOx/Ta3N5 was
further oxidized at a mild condition of 200 °C for various durations (1, 3, and 5 h), and the photocatalytic activity is shown
in Figure S4. The photocatalytic activity was significantly
improved after oxidation (143 to 222 µmol h−1). The quantum
efficiency using a band pass filter (~440 nm) was 19.4%, one
of the highest reported for photocatalytic OER using Ag+ as a
sacrificial electron acceptor. Longer oxidation times for 3 and
5 h also led to improvement of photocatalytic activity over the
sample without mild oxidation but caused a slight decrease
compared to treatment for 1 h (Figure S4). Treatment at 300
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°C completely reduced the photocatalytic activity (Figure 7).
Thus, a higher oxidation temperature was detrimental for
Ta3N5 (i.e., Ta3N5 is oxidized, at least on the surface) as confirmed by thermal gravimetric analysis measurement of Ta3N5
in flowing air (Figure S5). The treatment under N2 (instead of
air) at 200°C did not improve the photocatalytic activity as
shown in Figure S6, confirming important role of oxidative
treatment after nitridation. High temperature treatment to ensure intimate contact at cobalt species-Ta3N5 interface, followed by creation of more active electrocatalyst (metallic cobalt oxidation), seem to be effective. We have discussed the
significant impact of the surface layer extensively in our previous work.24 The direct heat treatment of impregnated
CoOx/Ta3N5 under air at 200 °C without NH3 treatment (see
Figure 7) did not drastically improve the photocatalytic activity, emphasizing the important role of high temperature treatment without altering Ta3N5 states.
To eliminate the possibility of Ag effects and to enable
characterization of the samples after the reaction, the photocatalytic activity of CoOx/Ta3N5 with and without mild oxidation was also tested using a different sacrificial reagent (i.e.,
0.1 M Na2S2O8). As observed in Figure S6, the photocatalytic
activity decreased, most likely because of the different mechanisms of reduction in AgNO3 and Na2S2O8. Reduction of Ag+
ion is a one-electron process, whereas that of Na2S2O8 is a
rather complex reduction involving a two-electron process.
Complexity further arises also from the reported doublecurrent effect.70 The trend for the photocatalytic OER is, however, similar in these two sacrificial reagents, i.e., mild oxidation improved the photocatalytic activity (40 to 67 µmol h−1 in
the case of Na2S2O8). This result confirms the beneficial effects of mild oxidation on photocatalytic activity for OER of
the nitrided sample. The photocatalytic activity improvement
after the mild oxidation suggests that CoOx sites are indeed the
active sites for the OER. In addition, photocatalytic OER activity of oxidized CoOx/Ta3N5 shows an excellent stability for
10 h at 100 µmol h-1 as shown in Figure S8.
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viously, the cobalt core-level spectrum displays a mixture of
CoII and CoIII. The oxidation of cobalt likely occurred during
photocatalysis. In addition, the STEM image with elemental
mapping of the spent sample (CoOx/Ta3N5 after the photocatalytic reaction using Na2S2O8 as a sacrificial reagent) no longer
indicated the presence of metallic cobalt (Figure S9).
The oxidation of cobalt at the potential of OER (> 1.23
VRHE) is reasonable as long as an interface with water is present. Accordingly, mild oxidation at 200 °C enhanced the photocatalytic performance. The results clearly suggest that the
oxidized Co species provides active sites and that a metallic
state is not essential to achieve high OER performance. It is
reasonable to conclude that the NH3 treatment was essential
for enhanced photocatalytic OER performance because of the
nature of the photon absorber, i.e., Ta3N5, for which oxidative
treatment was not preferred. This study provides experimental
evidence that the construction of an intimate semiconductorcatalyst interface and active catalytic sites is crucial to improve the photocatalysis.
4. Conclusions
This study demonstrated strategic enhancements in photocatalytic performance in an investigation of the CoOx/Ta3N5
photocatalyst system. First, nitridation after Co impregnation
on Ta3N5 led to drastic improvements in the photocatalytic
efficiency for OER. The metallic cobalt was formed by the
nitridation treatment at high temperatures, and the subsequent
exposure to air likely generated a structure with metallic cobalt in the core and cobalt oxide in the shell, as indicated by
STEM. This state is also consistent with the results obtained
by Raman, XAS and XPS spectroscopy. However, after photocatalysis, metallic cobalt was not observed, indicating that a
metallic state is not an essential component of high OER activity. Accordingly, subsequent mild oxidation led to further improvement in the photocatalytic OER, indicating that the cobalt oxide is likely a preferred active site for the OER over the
metallic phase. Heat treatment at high temperatures likely
facilitated the creation of intimate contact between the Co
electrocatalyst and the Ta3N5 photocatalyst, and subsequent
mild oxidation generated a more active oxidized cobalt state
without altering the chemical state of Ta3N5.
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