
Journal of
Materials Chemistry A

PAPER

Pu
bl

is
he

d 
on

 0
1 

Ju
ne

 2
02

0.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
T

ex
as

 L
ib

ra
ri

es
 o

n 
8/

15
/2

02
0 

6:
15

:3
8 

PM
. 

View Article Online
View Journal  | View Issue
Catalytic activity
aSchool of Chemical and Biomolecular Engin

New South Wales, 2006, Australia. E-mail: y

edu.au
bDepartment of Chemistry, The Oden Insti

Sciences, The University of Texas at Austin

Texas, 78712, USA
cSchool of Aerospace, Mechanical and Mec

Sydney, Sydney, New South Wales, 2006, Au

† Electronic supplementary informa
10.1039/d0ta04088f

Cite this: J. Mater. Chem. A, 2020, 8,
15951

Received 15th April 2020
Accepted 1st June 2020

DOI: 10.1039/d0ta04088f

rsc.li/materials-a

This journal is © The Royal Society o
atlas of ternary Co–Fe–V metal
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The sluggish oxygen evolution reaction (OER) is a crucial limiting factor in many renewable energy

conversion and storage devices. Multi-metal oxides have been explored as efficient electrocatalysts for

the OER; however, the ideal elemental composition for multi-metal oxides is unknown. We first

performed density functional theory calculations, which predicted that Co oxyhydroxides doped with Fe

and V have excellent catalytic activity. We synthesized a series of amorphous Co–Fe–V ternary metal

oxides with a precisely controlled metal molar composition (denoted as CoaFebVcOx, where a + b + c ¼
10), uniformly distributed elements and identical morphologies by using Prussian blue analogues (PBAs)

as novel metal precursors. A systematic investigation was carried out to establish correlations between

the elemental compositions and the OER activity for CoaFebVcOx, resulting in a comprehensive catalytic

activity atlas of ternary Co–Fe–V metal oxides for the OER, which can serve as a roadmap for

electrocatalyst development. In particular, Co3Fe4V3Ox with an elemental composition of Co : Fe : V ¼
3 : 4 : 3 shows the best performance, with an overpotential of merely 249 mV to reach a current density

of 10 mA cm�2, and a low Tafel slope of 41 mV dec�1, outperforming a commercial IrOx catalyst. X-ray

photoelectron spectroscopy analysis reveals strong electronic synergies among the metal cations in

CoaFebVcOx. The V and Fe doping can affect the electronic structure of Co to yield nearly optimal

adsorption energies for OER intermediates, giving rise to the superior activity. Furthermore,

composition-tuneable and uniform PBAs may serve as versatile and efficient metal precursors to

produce many more multi-metal oxides for various renewable energy applications.
Introduction

The oxygen evolution reaction (OER) is a vital reaction in many
different types of sustainable energy storage and conversion
devices, such as metal–air batteries and water electrolyzers.1,2

Multiple electron-proton coupled transfer steps of the OER lead to
sluggish kinetics and require a high overpotential, which limits
device performance and increases operating costs.3 Noble metal
oxides, such as IrO2 and RuO2, show the highest catalytic activities
for the OER. However, their scarcity, high-cost, and poor stability
are signicant obstacles for practical applications.4 Therefore,
developing efficient, low-cost, and durable catalysts for the OER is
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a critical task. Transition metal based-materials, such Co, Fe, and
Ni, are being extensively studied as alternative electrocatalysts for
the OER because of their abundance, low-cost and relatively high
catalytic activities.5,6 Previous studies reported that bi- or tri-
metallic oxides and hydroxides of Co, Fe, and Ni, such as Co–

Fe, Ni–Fe, and Co–Fe–Ni oxides, have higher catalytic activity than
their mono-metallic counterparts.7–16 In 2016, Zhang et al. re-
ported that Co–Fe oxyhydroxides incorporated with W (Co–Fe–W)
have a very high catalytic activity for the OER.17 They proposed that
the empty d-electron orbitals of high-valence W6+ can effectively
interact with Co atoms in the Co–Fe–W oxyhydroxides, resulting
in a near-optimal electronic structure for the adsorption of OER
intermediates. In this direction, other high-valence ions, such as
Mo6+ and Cr3+, have also been explored to enhance the OER
catalytic activity of transition metal oxides and hydroxides.18,19

Because redox-active V has +3, +4, and +5 states and is capable of
actively interacting with Co, two studies have reported trimetallic
Co–Fe–V oxides and spinels as OER electrocatalysts.20,21 However,
the exact roles of V in these Co–Fe–V oxide-based OER electro-
catalysts are still poorly understood. A critical obstacle is the
difficulty in incorporating V into Co–Fe oxides to obtain Co–Fe–V
oxides with well-dened structures.
J. Mater. Chem. A, 2020, 8, 15951–15961 | 15951
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Herein, we rst carried out density functional theory (DFT)
calculations to predict potential ideal structures of Co–Fe–V
oxides to serve as OER electrocatalysts. Guided by our theoret-
ical calculations, we synthesized Prussian blue analogue (PBA)
nanoparticles with precise atomic structures. We used them as
metal precursors to obtain amorphous Co, Fe, and V mono-, bi-
or tri-metal oxides with tuneable, yet accurately controlled,
compositions. Using these metal oxides, we established the rst
comprehensive elemental composition–OER catalytic activity
atlas for amorphous Co–Fe–V oxides. The atlas indicates that
Co–Fe–V oxides at the optimal Co : Fe : V molar ratio of 3 : 4 : 3
outperform RuO2 and IrO2 in both activity and stability for the
OER. The electronic interactions among Co, Fe, and V in Co–Fe–

V metal oxides were further studied by X-ray photoelectron
spectroscopy (XPS).
Experimental section
Computational methods

DFT calculations were conducted using the Vienna Ab initio
Simulation Package. Core electrons were described within the
projector augmented-wave framework.22 The generalized
gradient approximation method was employed to describe
electron correlation, with a revised Perdew–Burke–Ernzerhof
functional.23,24 Kohn–Sham wave functions expanded in a plane
wave basis set were used to describe the valence electrons.25 The
Brillouin zone was sampled with (3 � 3 � 1) Monkhorst–Pack k-
point mesh, using the method developed by Methfessel and
Paxton.26 Spin-polarization and Hubbard-U corrections (DFT +
U) were considered for all calculations. The convergence for all
calculations was dened when the force on each atom was lower
than 0.01 eV Å�1. Ueff (U–J) values of 3.52, 4.00, and 3.40 eV were
applied to Co, Fe, and V, respectively. Dipole moment correc-
tions were considered in all calculations to correct residual
dipole moments perpendicular to the slab model. Entropic
corrections (for gas-phase molecules) and zero-point energies
were also considered for the free energy calculations. The Co
oxyhydroxide (CoOOH) surface was selected as the base model
due to its high reactivity and stability for the OER,27 as modelled
with a 4-layer (2 � 3) ð1014Þ slab. Other bi- and tri-metallic
CoOOH surfaces were developed by replacing surface Co
atoms with Fe and/or V atoms.
Materials synthesis

All chemicals were purchased from Sigma-Aldrich. PBA nano-
particles were synthesized by a co-precipitation method. Briey,
Co2+, Fe2+ and VO2+ precursor solutions were prepared at
a concentration of 50 mM by dissolving CoCl2, FeCl2, and
VOSO4, in deionized water. A metal cation solution was
prepared by mixing an appropriate amount of precursor solu-
tions and diluted with DI H2O to 50 mL to achieve a total cation
concentration of 30 mM (total 1.5 mmol, denoted as solution A,
see details in Table S1 in the ESI†). K3Fe(CN)6 and K3Co(CN)6
solutions of 20 mM concentration were prepared and mixed
accordingly to prepare the M(CN)6

3� solution at a concentration
of 20 mM (1.0 mmol, denoted as solution B). Next, solution A
15952 | J. Mater. Chem. A, 2020, 8, 15951–15961
was slowly added to solution B at a rate of 1 mL min�1 under
vigorous stirring. Themixture was further stirred for 2 h to allow
the formation of Co–Fe–V PBA nanoparticles. The resulting
solid materials were recovered by centrifugation at 4500g fol-
lowed by washing with deionized water and ethanol three times
each. Fe PB, Fe–Co PBA, and Fe–V PBA nanoparticles were
synthesized using the same method while changing the corre-
sponding metal cation solution with the same total metal
concentration of 1.5 mmol. The synthesis method used for Co
and Co–V PBA nanoparticles was similar except that potassium
hexacyanocobaltate (K3[Co(CN)6]) was used. The washed solid
materials were dried at 80 �C for 24 h in a vacuum oven. Next,
they were oxidatively decomposed under an airow of 20 sccm
for 1 h at 300 �C to yield Co–Fe–V metal oxides. A series of
samples with different metal ratios were synthesized. They are
denoted as CoaFebV1�a�bOx, where a and b represent the molar
fraction of Co and Fe, respectively.

Materials characterization

The crystal structures of CoaFebV1�a�bOx were examined by X-
ray diffraction (XRD, PANalytical X'Pert Powder) in the 2q
range of 5–80�. Their thermal gravimetric analysis (TGA)
proles were collected on a TGA instrument (Perkin Elmer, Pyris
Diamond). Raman spectra were collected on a Renishaw inVia
microscope with an excitation laser of 532 nm at a power
density of 0.1 mW cm�2. The morphology and elemental
distribution of the PBA nanoparticles and metal oxides were
characterized using a scanning electron microscope (SEM,
JEOL, JSM-6700F) and transmission electron microscope (TEM,
FEI, ThemisZ) with energy-dispersive X-ray spectroscopy (EDX)
elemental mapping performed at an accelerating voltage of 200
kV. XPS spectra were collected on a Thermo Scientic K-Alpha
instrument with an Al Ka source at a pass energy of 20 eV
with the ood gun turned on. A standard graphite reference
sample was used for energy calibration.

Electrochemical characterization

A chemical workstation (CHI 760E) was used to investigate the
catalytic performance of CoaFebV1�a�bOx for the OER in a three-
electrode conguration. A glassy carbon electrode (GCE, 0.2
cm2, Pine Instrument) was used as the working electrode, Pt
gauze as the counter electrode, and a Hg/HgO (20% KOH)
electrode as the reference electrode. A similar loading mass on
the GCE was used for all samples to compare their performance
better. All potentials were calibrated to a reversible hydrogen
electrode using the equation ERHE ¼ EHg/HgO + 0.059 � pH +
0.098. The GCE was polished using an alumina suspension
before measurement of each sample. The electrocatalyst inks
were prepared by dispersing around 5mg of each type of sample
in a 1 mL mixed solution of water and isopropyl alcohol solu-
tion (1 : 9, v/v) containing 0.05 wt% Naon 117 (Sigma-Aldrich),
followed by bath sonication for 60 min to achieve a homoge-
neous suspension. Next, 8 mL of the as-prepared ink was drop-
cast on the GCE to obtain an areal mass loading of 0.2 mg
cm�2. The electrodes were dried at room temperature overnight
before testing. Commercial IrO2 and RuO2 (99.9%, Sigma-
This journal is © The Royal Society of Chemistry 2020
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Aldrich) were used as the reference. Electrochemical testing was
performed in a three-cell electrolyser and the reference elec-
trode was separated from the working electrode with a glass frit
to avoid possible concentration crossover. Pure O2 gas was
purged for 30 min in a 1 M KOH electrolyte before performing
measurements. The electrocatalyst was pre-conditioned by
cycling it at a scan rate of 50 mV s�1 between 1 and 1.6 V vs. RHE
for 50 cycles before commencing electrochemical performance
testing. Linear sweep voltammetry (LSV) curves were obtained at
a scan rate of 5 mV s�1 with 95% iR-compensation. The tests
were performed on a rotating disk electrode at 1600 rpm to
remove any generated bubbles. The electrochemically active
surface area (ECSA) of different samples was measured by the
cyclic voltammetry (CV) method. Briey, the CV curves of an
electrocatalyst loaded on a GCE were collected at scan rates of 2,
5, 10, 20 and 50mV s�1 between 0.92 and 0.96 V vs. RHE in a 1M
KOH electrolyte. The cathodic and anodic current density
differences at 0.94 V vs. RHE were plotted and tted linearly as
a function of the scan rates. Half of the slope was taken as the
electric double layer capacitance (Cdl) of the electrocatalyst. A
specic capacitance (Cs) of 0.04 mF cm�2 was used for calcu-
lating the ECSA using the following equation,28 where A is the
geometric area of the glassy carbon electrode (about 0.2 cm2):

ECSA ¼ ACdl

Cs

Electrochemical impedance spectroscopy Nyquist plots of
different samples were collected at an overpotential of 250 mV
from 105 to 0.1 Hz with an amplitude of 5 mV. The faradaic
efficiency was determined by a rotary ring-disk electrode
method in an Ar saturated 1 M KOH electrolyte according to
a reported method.17 The catalyst was loaded on the glassy
carbon disk and biased at 1.45 V vs. RHE while the Pt ring was
maintained at 0.4 V vs. RHE to reduce the oxygen produced from
the catalyst. The efficiency is calculated using:

faradaic efficiency ð%Þ ¼ |Iring|

NIdisk
� 100%

where Iring and Idisk are the current on the ring and disk elec-
trode, respectively. N is the collection efficiency of the RRDE
(E6R2, Pine Instrument). The calibrated N value is 0.376.
TOF and mass activity calculation

Turnover frequencies (TOFs) and mass activities at h ¼ 300 mV
(1.53 V vs. RHE) were calculated using:29–31

TOF ¼ I

4nF

Mass activity ¼ I

m

where I is the current at h ¼ 350 mV, F is the Faraday constant
(96 485 C mol�1), n is the mole number of the metal in the
catalyst and m is the total mass loaded on the electrode. The
value of n is determined using the following equation:
This journal is © The Royal Society of Chemistry 2020
n ¼ m

Mw

wherem is the mass of the total catalyst loaded on the electrode
andMw is the molar weight of the catalyst. The oxygen contents
in different samples were determined from the XPS survey scan.
Results and discussion

Several recent studies have shown that metal oxide catalysts
oen become restructured to form oxyhydroxides, which serve
as the real catalytically active sites for the OER.32,33 Due to the
complexity of modeling ternary or even higher metal oxide
mixtures, we used Co oxyhydroxide (b-CoOOH) as a model
catalyst for Co oxides to perform DFT calculations to examine
the effects of incorporating Fe and V and estimate site-specic
catalytic activities.34 As illustrated in Fig. 1a, trimetallic Co–

Fe–V, and bimetallic Co–Fe and Co–V oxyhydroxides were
modelled by replacing Co atoms with Fe and/or V atoms in the
monometallic b-CoOOH slab with exposed ð1014Þ facets.35 The
calculated total density of states (DOS) proles of these models
are compared in Fig. 1b (top panel). The trimetallic Co–Fe–V
oxyhydroxide exhibits the highest electron density near the
Fermi level (Ef, �0.5–0.5 eV), providing higher electrical
conductivity, which is benecial for the OER.36 Further, Fig. 1b
(bottom panel) shows that the trimetallic Co–Fe–V oxyhydroxide
exhibits the highest Co 3d electron density near the Fermi level,
indicating that the incorporation of Fe and V can strongly
inuence the electronic structure of Co. This DFT result
supports the hypothesis that a near-optimal electronic structure
for interacting with OER intermediates can be achieved by
tuning the Fe and V doping in Co oxyhydroxide.17

We further performed detailed DFT calculations to deter-
mine OER free energy proles on the different oxyhydroxide
models according to the commonly used four-step OER mech-
anism below:32

H2O + * / OH* + H+ + e� (1)

OH* / O* + H+ + e� (2)

H2O + O* / OOH* + H+ + e� (3)

OOH* / O2 + H+ + e� + * (4)

where * stands for a surface-active site. A computational
hydrogen electrode method is adopted here; therefore, the
theoretical overpotentials calculated from (1)–(4) are expected
to be independent of pH or potential values, since the free
energies shi in the same direction with varying pH and applied
potential, resulting in the same potential determining step.37

Previous studies also indicated that the theoretical over-
potentials calculated using this mechanism led to good agree-
ment with experimental OER overpotentials for oxides in both
alkaline and acidic solutions.37 The calculated free energy
proles are displayed in Fig. 1c. A highly efficient OER electro-
catalyst is expected to have moderate adsorption energies for
OH*, O* and OOH* intermediates.38 Our DFT results show that
J. Mater. Chem. A, 2020, 8, 15951–15961 | 15953
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Fig. 1 (a) Schematic illustrations of nine different Co, Fe and V sites in trimetallic Co–Fe–V, bimetallic Co–Fe and Co–V and monometallic
CoOOH models. Atoms: Co-blue, Fe-brown, V-green, O-red, and H-white. (b) Total DOS and the contribution from Co in the four models. (c)
Calculated site-specific free energy diagrams of the five types of Co sites and other Fe and V sites shown in (a). (d) Theoretical onset overpotential
(hOER) of various sites.
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the incorporation of Fe and V can change the adsorption energy
of various OER intermediates substantially in comparison to the
original CoOOH model. In particular, V doping can lower the
energy for initial OH adsorption, which is benecial for the
OER. The theoretical overpotentials of different Co-sites were
determined using hOER ¼ GOER/e � 1.23 V, where GOER ¼ max
[DG1, DG2, DG3, DG4]. As displayed in Fig. 1d, the Co site near Fe
in the Co–Fe–V trimetallic model displays the lowest hOER

compared to other Co sites as well as Fe and V sites in these
models, indicating its superior catalytic activity. However, the
possibility of Fe serving as OER active sites cannot be ruled
out.17,39 This encouraging qualitative estimation further
conrms that Co–Fe–V trimetallic oxides with an optimized
elemental composition may serve as an efficient OER
electrocatalyst.

To synthesize such Co–Fe–V trimetallic oxides with tunable
compositions (denoted as CoaFebVcOx, where a + b + c ¼ 10), we
focussed on PBAs. PBAs are a family of metal-cyanide based
coordinated materials with tunable elemental compositions
and controllable morphology and they have been utilized as
precursors to form OER electrocatalysts.40–42 We envisioned that
PBAs could be used as metal precursors to synthesize metal
oxides with precisely controlled compositions. The synthesis
15954 | J. Mater. Chem. A, 2020, 8, 15951–15961
scheme of various PBA derived Co–Fe–V metal oxides is illus-
trated in Fig. 2a. PBA nanoparticles with different compositions
but identical morphology were rst synthesized by a co-
precipitation method by mixing Co2+, VO2+, Fe2+, Fe(CN)6

3�

and Co(CN)6
3� precursor solutions in different volumetric

ratios (see the Experimental section for details). The slow crys-
tallization and precipitation during the co-precipitation enable
the precise control of elemental composition and metal distri-
bution in the resulting PBA nanoparticles.43 Solid PBA nano-
particles were recovered from their synthesis solutions by
centrifugation and then repeatedly washed before drying.
Aerward, these PBA nanoparticles were thermally decomposed
at 300 �C in air to obtain the corresponding amorphous metal
oxide nanoparticles.

The powder X-ray diffraction (XRD) patterns of one type of
representative PBA nanoparticle (with a molar ratio of
Co : Fe : V of 3 : 4 : 3, denoted as Co3Fe4V3) and its corre-
sponding thermally annealed metal oxide nanoparticles (Co3-
Fe4V3Ox) are displayed in Fig. 2b. The XRD pattern of the PBA
nanoparticles exhibits well-resolved diffraction peaks at 2q
values of 17.4, 24.7, 35.2, and 39.5 degrees, which can be
assigned to the (100), (110), (200) and (210) facets of the Prus-
sian blue (PB) lattice according to the standard PDF card (#01-
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) The schematic illustration of the synthesis method used to obtain various metal oxides from PBA nanoparticles. (b) XRD patterns and
SEM images of (c) Co3Fe4V3 PBA and (d) the resulting Co3Fe4V3Ox nanoparticles. (e) A TEM image (the corresponding SAED pattern in the inset)
and (f) a HAADF-STEM image and the corresponding EDX elemental maps of Co3Fe4V3Ox nanoparticles. (g) Raman spectra of different oxides.

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
1 

Ju
ne

 2
02

0.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
T

ex
as

 L
ib

ra
ri

es
 o

n 
8/

15
/2

02
0 

6:
15

:3
8 

PM
. 

View Article Online
0239). Other PB/PBA nanoparticles used in this study all exhibit
similar diffraction patterns (see Fig. S1 in the ESI†). There are
minor peak shis for PBA nanoparticles in comparison to the
PB sample, which can be attributed to the atomic size differ-
ences between Co (or V) and Fe in the unit cells.44 Aer thermal
annealing in air, the PBA nanoparticles were thermally
decomposed into metal oxides. The featureless XRD patterns
displayed in Fig. 2b and S2 in the ESI† indicate that the PBA
lattices were fully decomposed into amorphous metal oxides.
We found that the thermal annealing temperature of PBA
nanoparticles is critical for controlling the crystallinity of the
resulting metal oxide nanoparticles. A TGA prole of the
Co3Fe4V3 PBA nanoparticles was recorded in air. Two major
weight loss peaks were observed between 260 and 310 �C (see
Fig. S3 in the ESI†). The corresponding thermal ow prole
shows two peaks at 265 and 320 �C, which can be assigned to
the thermal decomposition and crystallization of the amor-
phous metal oxides, respectively.45 Therefore, we set the
annealing temperature of the PBA nanoparticles to 300 �C to
produce amorphous metal oxide nanoparticles. A crystalized
reference sample was also prepared by thermal annealing of
Co3Fe4V3 PBA nanoparticles at 350 �C (denoted as Co3Fe4V3Ox-
C). Fig. S4 in the ESI† shows that various phase-segregated
metal oxides can be observed from their XRD patterns.

The surface morphology of the PBAs and the resulting metal
oxide nanoparticles was examined using a SEM. As shown in
This journal is © The Royal Society of Chemistry 2020
Fig. 2c, the Co3Fe4V3 PBA nanoparticles exhibit a uniform
particle geometry with an average diameter of about 54 nm,
while the resulting Co3Fe4V3Ox nanoparticles show similar
morphology (Fig. 2d). However, the average particle diameter
slightly decreases from 54 nm to about 50 nm (Table S2 in the
ESI†). The morphologies of other PBAs and their corresponding
metal oxide nanoparticles are also comparable. All PBA and PB
precursors exhibit similar particulate morphologies with
comparable diameters (Fig. S5 and Table S2 in the ESI†). The
only exception is the Co PBA nanoparticles, which exhibit
a cubic structure with a greater particle size of �97 nm (Fig. S5
in the ESI†). The particle size analysis results obtained using
a TEM (Fig. 2e) are consistent with the SEM characterization
results. No prominent lattice fringes are observed, and only
diffuse rings are seen in the selected area electron diffraction
(SAED) pattern in the inset of Fig. 2e. The high-angle annular
dark-eld scanning transmission electron microscope (HAADF-
STEM) image and its corresponding EDX elemental mapping
results are displayed in Fig. 2f. A uniform elemental distribu-
tion can be found in both PBAs (Fig. S6 in the ESI†) and the
Co3Fe4V3Ox nanoparticles. Additionally, no N signal was
detected in the metal oxide nanoparticles by EDX mapping and
XPS (at about 400 eV), conrming the total thermal decompo-
sition of the PBA nanoparticles. Table S3 in the ESI† shows that
the elemental compositions determined by EDX, inductively-
coupled plasma atomic emission spectroscopy (ICP-AES), and
J. Mater. Chem. A, 2020, 8, 15951–15961 | 15955
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XPS (Fig. S7†) are similar, indicating that the PBA nanoparticles
are an efficient metal precursor to precisely control the
elemental composition of the resulting metal oxide
nanoparticles.
Fig. 3 OER performance atlas of ternary CoaFebVcOx in terms of (a) h10 an
AES andmarked by black dots. (c) LSV curves, (d) Tafel plots, (e) EIS Nyquis
samples. (g) Faradaic efficiency and (h) stability test results of the optimal
onset overpotentials of different samples versus the CoOx catalyst and C

15956 | J. Mater. Chem. A, 2020, 8, 15951–15961
We further collected the Raman spectra of the trimetallic
(Co3Fe4V3Ox), bimetallic (Co5V5Ox and Co6Fe4Ox) and unitary
CoOx (Fig. 2g) particles. Excluding the strong Raman peaks
above 800 cm�1, which are from V–O vibrations,46 several
distinctive Raman peaks of Co–O are observed. The A1g mode at
d (b) Tafel slope based on the sample composition determined by ICP-
t plots, and (f) comparison of the Tafel slopes and RCT of representative
Co3Fe4V3Ox. (i) The relationship between theoretical and experimental
oOOH model, respectively.

This journal is © The Royal Society of Chemistry 2020
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688 cm�1 can be assigned to octahedral sites while the Eg

(462 cm�1) and F2g (517 and 610 cm�1) peaks are from M–O
vibrations in both octahedral and tetrahedral coordinations.47

The much weaker Eg peak in Co3Fe4V3Ox indicates that Co
atoms preferentially occupy octahedral sites ([CoO6]). In
comparison to the sharp and well-resolved Raman peaks in the
unitary CoOx, the prominent peak broadening and intensity
reduction found in the bimetallic and trimetallic oxide samples
indicate that the Co-coordination environment is defective and
distorted. Based on these Raman results, we conclude that the
incorporation of Fe and V leads to the formation of abundant
defective [CoO6�a] octahedral sites, which have been reported to
be catalytically active sites for the OER.48,49 In addition, the peak
appearing at 292 cm�1 in the spectrum of Co6Fe4Ox is indicative
of the formation of an inverse spinel phase in which the ferrite
cations occupy the tetrahedral sites.47

The OER activity of different CoaFebVcOx samples was eval-
uated in an O2 saturated 1 M KOH alkaline electrolyte. All
samples were loaded on glassy carbon electrodes (GCEs) with
the same mass loading of 0.2 mg cm�2. The well-dened
structures of PBA nanoparticles enable us to synthesize
ternary CoaFebVcOx with precisely controlled elemental
compositions. Thus, we constructed OER catalytic performance
atlases for ternary amorphous Co–Fe–V metal oxides. We used
two criteria to compare their performance: (1) the overpotential
required to reach a geometric current density (j) of 10 mA cm�2

(h10, Fig. 3a) and (2) the Tafel slopes (Fig. 3b). All data points
presented in Fig. 3a and b are listed in Table S4 in the ESI† and
their LSV and Tafel plots are displayed in Fig. S8 in the ESI.† The
optimal elemental composition required to achieve the highest
OER catalytic activity is identied to have the molar ratio of
Co : Fe : V at 3 : 4 : 3 from both atlases. This sample (Co3Fe4-
V3Ox) exhibits the lowest h10 of 249 mV and the smallest Tafel
slope of 41 mV dec�1. Fig. 3c displays the LSV curves of Co3-
Fe4V3Ox, bimetallic, and monometallic oxides (except VOx) with
the best performance, and IrO2. The h10 of Co3Fe4V3Ox is 50 mV
smaller than that of IrO2 as well as RuO2 (Fig. S9a in the ESI†).
However, the crystal-phase segregated Co3Fe4V3Ox-C sample
showed a much reduced performance (Fig. S9b in the ESI†). The
Co3Fe4V3Ox exhibited one of the best performances among
recently reported Co– Fe–V-based OER catalysts. A detailed
comparison is provided in Table S5 in the ESI.†

The Tafel slopes of the different samples are extracted from
their Tafel plots in Fig. 3d. Co3Fe4V3Ox exhibits superior kinetic
Table 1 Summary of the catalytic performance of different metal oxide

Samples h10, mV
Tafel slope, mV
dec�1

Co3Fe4V3Ox 249 � 6 41
Co6Fe4Ox 345 � 5 63
Co5V5Ox 309 � 8 57
Fe7V3Ox 529 � 14 78
CoOx 386 � 11 77
FeOx >600 153
IrO2 314 62
RuO2 307 60

This journal is © The Royal Society of Chemistry 2020
performance over other samples with the smallest slope of
41 mV dec�1, suggesting a proton-electron coupled transfer
step, for example, the formation of the O* intermediate, as the
rate-limiting step.50,51 Interestingly, the Tafel slope of Co5V5Ox

(57 mV dec�1) is lower than that of Co6Fe4Ox (67 mV dec�1),
suggesting that incorporating V is highly efficient in improving
the kinetic performance of Co-based electrocatalysts. As shown
in Fig. 3e, the charge transfer resistance (RCT) of different
samples at an h of 250 mV was determined from their electro-
chemical impedance (EIS) Nyquist plots by tting with an
equivalent circuit (Fig. S10 in the ESI†). The incorporation of Fe
and/or V into Co oxides gradually reduces their RCT. The optimal
Co3Fe4V3Ox has the smallest RCT of 16 Ohms (Table 1). Besides,
Co5V5Ox has a lower RCT of 62 ohms than Co6Fe4Ox at 97 Ohms,
which agrees with their Tafel slopes as compared in Fig. 3f.

To accurately compare the intrinsic activity of our electro-
catalysts, we further determined their electrochemically active
surface area (ECSA) normalized current density (jECSA) to mini-
mize the inuence of different surface areas. The ECSA was
determined by using the cyclic voltammetry method (Fig. S11
and S12 in the ESI†). A specic capacity of 0.04 mF cm�2 for
metal oxide surfaces was used for the calculation.28 Fig. S12 in
the ESI† shows that the calculated ECSAs have small variations
(less than 30%) among the different samples, conrming the
excellent morphological control in our synthesis method.
Fig. S13 in the ESI† shows the performance atlas based on jECSA,
which exhibits a similar pattern to that in Fig. 3a, indicating
that the superior OER performance of Co3Fe4V3Ox originates
from its intrinsic activity rather than the large surface area. We
also compared the intrinsic activity of different samples based
on their TOF and mass activity. Co3Fe4V3Ox shows a TOF of
0.1146 s�1 andmass activity of 599.5 A g�1 at h¼ 350 mV, which
is much higher than that of other CoaFebVcOx metal oxides as
well as the IrO2 and RuO2 benchmarks (Table 1).

The faradaic efficiency of Co3Fe4V3Ox was measured by the
rotating ring-disk electrode method (RRDE, see the Experi-
mental section for details), and a near-unity efficiency was
observed (Fig. 3g). Co3Fe4V3Ox also displays excellent stability in
its OER activity (Fig. 3h). The overpotential required to maintain
a current density of 50 mA cm�2 shows a negligible change over
a 72 hour chronoamperometric test. Aer the OER stability test,
TEM imaging (Fig. S14 in the ESI†) shows minor morphological
changes, and Co3Fe4V3Ox retains its amorphous structure.
However, elemental analysis by ICP-AES indicated that �6.3 �
s

RCT, Ohms Mass activity, A g�1 TOF, s�1

16 599.5 0.1146
97 32.0 0.0061
62 36.6 0.0071
13 030 1.5 0.0003
1124 12.7 0.0025
32 070 2.4 0.0004
— 161.2 0.0535
— 217.2 0.0706

J. Mater. Chem. A, 2020, 8, 15951–15961 | 15957
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2.3 at% of V was leached from Co3Fe4V3Ox aer the stability test
while the ratio between Co and Fe remained unchanged
(Co : Fe : V ¼ 2.98 : 4.09 : 2.90). The ECSA of Co3Fe4V3Ox

increases by about 15% aer the stability test (Fig. S15 in the
ESI†). These results suggest that the leaching of V from Co3-
Fe4V3Ox causes some minor surface reconstruction. Finally, we
compared the experimentally measured onset potentials of
different samples to our DFT calculations (Table S6 in the ESI†).
The onset overpotential is dened as the overpotential required
to reach an ECSA normalized current density of 0.25 mA cm�2

(hECSA-0.25, see Fig. S16 in the ESI†). As shown in Fig. 3i, there is
an excellent agreement of the shiing trends between the
experimentally measured and theoretically predicted results, as
compared to the CoOx reference, which validates our initial
computational predictions.

The performance atlases in Fig. 3a and b suggest that the
elemental composition has a signicant impact on the OER
catalytic activity of CoaFebVcOx. We hypothesize that strong
electronic interactions among the different metal atoms can
tune the electronic structure of Co to enable efficient adsorption
and desorption of OER intermediates, which contributes to the
observed superior catalytic activity of Co3Fe4V3Ox. To validate
this hypothesis, we used XPS to probe the electronic structures
of Co, Fe, and V in different metal oxides. The population of
different valence metal cations is determined by deconvolution
of the XPS spectra and the results are listed in Table S7 in the
ESI.†52,53 As displayed in Fig. 4a, the Co 2p spectra of all samples
Fig. 4 High-resolution XPS spectra of (a) Co 2p, (b) Fe 2p and (c) V 2p for d
electronic interactions among Co, Fe, and V in CoaFebVcOx.

15958 | J. Mater. Chem. A, 2020, 8, 15951–15961
exhibited spin-orbit split peaks of Co 2p2/3 at 780 eV and 2p1/2
at 795 eV, respectively. The deconvolution of the Co 2p3/2 peaks
indicates the co-existence of Co2+ (781.9 eV) and Co3+ (779.9 eV)
in all samples. Co2+ is the major species in both Co3Fe4V3Ox

(73.9 at%) and Co5V5Ox (89.6 at%), while Co3+ is dominant in
Co6Fe4Ox (51.4 at%) and CoOx (58.7 at%), suggesting that the
electronic structure of Co can be affected by Fe and V. The
analysis of Fe 2p3/2 features (711 eV, Fig. 4b) shows that the Fe3+

(711.2 eV) population is higher in Co3Fe4V3Ox (81.3 at%) and
Fe7V3Ox (96.6 at%) than in Co6Fe4Ox (75.8 at%) and FeOx (74.2
at%). As shown in Fig. 4c, the V 2p3/2 peak (517 eV) can be
deconvoluted into three constituent peaks, including V3+ (515.6
eV), V4+ (516.7 eV) and V5+ (517.8 eV).52,54 A higher fraction of V3+

can be found in Co3Fe4V3Ox (13.2 at%) and Fe7V3Ox (15.4 at%).
The bimetallic Fe7V3Ox contains the highest amount of V4+ (76.5
at%) in comparison to the 62.3 at% in Co3Fe4V3Ox and 69.4 at%
in Co5V5Ox. Its V5+ abundance (8.0 at%) is much smaller than
the 24.5 and 26.5 at% in Co3Fe4V3Ox and Co5V5Ox, respectively.
In addition, the O 1s features in these samples revealed the co-
existence of the M–O bond (530.0 eV) and vacant O (Ovac, 531.8
eV) as a result of their amorphous crystallinity (Fig. S17 in the
ESI†).55,56 The deconvolution result suggests that these metal
oxides exhibit a comparable Ovac population (34.7% to 42.2%).

Based on our XPS analysis, we proposed electronic interac-
tions among the three metal species, as illustrated in Fig. 4d.
First, V ions can extract electrons from their neighboring Fe
cations via the bridging O, which is evident from the higher
ifferent CoaFebVcOx. (d) A schematic illustration showing the proposed

This journal is © The Royal Society of Chemistry 2020
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fraction of Fe3+ in Fe7V3Ox (96.6 at%) in comparison to the
monometallic FeOx (74.2 at%). Second, V may donate electrons
to Co. This is supported by the highest average V valence state
(4.22) in bimetallic Co5V5Ox and the highest Co2+ abundance in
Co5V5Ox (89.6 at%) among all the samples. Last, Fe may with-
draw electrons from Co as conrmed by the increased Co3+

abundance in the Co3Fe4V3Ox sample in comparison to the
Co5V5Ox sample, which also agrees with previous reports.45,57

To further verify the proposed electron transfer mechanism,
we prepared two additional ternary CoaFebVcOx samples with
a xed Fe abundance (b ¼ 4 or 40 at% Fe). The Co abundance
was changed to 10 or 50 at%, denoted as Co1Fe4V5Ox and Co5-
Fe4V1Ox, respectively. Their XPS spectra and analysis results are
shown in Fig. S18 and listed in Table S7 in the ESI.† The analysis
of their O 1s XPS features results in similar Ovac abundance
(40.1 at% in Co1Fe4V5Ox and 38.5 at%% in Co5Fe4V1Ox). We
further plotted the calculated average valence states of Co, Fe,
and V in ternary CoaFebVcOx against the abundance of Co in
Fig. S19 in the ESI† to afford a qualitative comparison. While
the abundance of Fe was held constant, the population of Co3+

and the changing trends in the average valence states of Co, Fe,
and V agree well with our proposed electronic interaction
mechanism. In Co1Fe4V5Ox, the abundant V can donate elec-
trons to Co, resulting in a slightly decreased average valence for
Co at 2.22. V also withdraws electrons from Fe, which reduces
the V valence to 3.95 and increases the Fe valence slightly to
2.86. When the Co abundance increases to 50 at%, Fe withdraws
electrons from Co, effectively increasing the average valence of
Co from 2.26 in Co3Fe4V3Ox to 2.52 in Co5Fe4V1Ox, which is also
close to the 2.51 of the Co5Fe4Ox sample. Meanwhile, the
abundant Co and Fe also affect the V, affording a higher V
valence of 4.17. Our XPS analysis results suggest that the
complex electronic interactions among Co, Fe, and V are highly
sensitive to their composition. By systematically varying the
composition of CoaFebVcOx, we successfully identied the
optimal Co3Fe4V3Ox, which exhibits the highest OER activity
because of its near-optimal electronic structures for the
adsorption/desorption of reaction intermediates.

We also collected the high-resolution XPS spectra of Co, Fe,
and V in Co3Fe4V3Ox aer the OER stability test (Fig. S20 in the
ESI†). While the Fe valence slightly increased (2.81 vs. 2.85),
there was a signicant increase in the abundance of Co3+ from
26.1 to 71.0 at% (Table S8 in the ESI†), suggesting that the
majority of Co2+ transformed to OER active structures, for
example, CoOOH.32,33 V also exhibited signicant changes with
the formation of an abundance of high valence V species (20.1
at% of V4+ and 77.5 at% of V5+). The formation of these higher
valence V species is expected to facilitate electron extraction and
benet the OER.58 The lineshape of the O 1s spectrum aer the
stability test also resembles that of the metal oxyhydroxide,
conrming the formation of the OER active CoOOH phases at
the metal oxide surface.59

Conclusion

In summary, our DFT calculations showed that tuning the Fe
and V doping in Co oxyhydroxide can signicantly inuence its
This journal is © The Royal Society of Chemistry 2020
catalytic activity for the OER. Guided by these theoretical
results, we designed and synthesized a series of amorphous
CoaFebVcOx with precisely controlled elemental compositions
using PBA nanoparticles as metal precursors. These PBA
nanoparticles have tuneable elemental compositions, and they
can be converted into amorphous metal oxides via thermal
decomposition in air at 300 �C. A catalytic activity atlas of
amorphous CoaFebVcOx for the OER in an alkaline electrolyte
was established by systematically studying CoaFebVcOx with
varied elemental compositions. The optimal elemental
composition was found at Co : Fe : V ¼ 3 : 4 : 3. The optimal
Co3Fe4V3Ox delivers a current density of 10 mA cm�2 at an
overpotential of 249 mV, which is superior to that of the
bimetallic and monometallic counterparts as well as
a commercial IrO2 catalyst. Additionally, Co3Fe4V3Ox showed
excellent durability with negligible potential increments over
a 72 h stability test. Detailed XPS analysis revealed that Fe and V
doping effectively modulates the electronic structures of the Co
active site in CoaFebVcOx. The electronic structure of Co in
Co3Fe4V3Ox has nearly optimal adsorption energies for reaction
intermediates in the OER, resulting in its superior activity. The
catalytic activity atlas provides a useful guide for OER electro-
catalyst development. Further, taking advantage of the compo-
sitional versatility and uniformity of PBA precursors, more
multi-metallic oxides can be explored for renewable energy
applications.
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