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A B S T R A C T   

Efficient catalysts for the oxygen evolution reaction (OER) are essential for advancing renewable energy tech-
nologies. This study focuses on the synthesis and characterization of CoxPy, CoO, CoP, NiCoP, and NiCo/C 
nanoparticles as catalysts for the oxygen evolution reaction (OER). The CoxPy nanoparticles exhibited a sea- 
urchin-like morphology, providing a high surface area for electrocatalytic activity. Other catalysts exhibited 
distinct morphologies, including spherical particles and porous structures. Characterization techniques, such as 
transmission electron microscopy and X-ray diffraction, confirmed the morphology and composition of the 
synthesized nanoparticles. The electrocatalytic performance of the catalysts was evaluated through polarization 
curve measurements, and a microkinetic steady-state model based on the Electrochemical Oxide Path was 
developed to understand the OER mechanism. The impact of adventitious Fe on catalyst activity was also 
investigated, revealing the high sensitivity of CoxPy to Fe. The findings suggest the dominance of the Electro-
chemical Oxide Path in the OER mechanism for all catalysts, with NiCoP showing the lowest onset potential.   

1. Introduction 

Electrolytic water splitting into hydrogen and oxygen is considered a 
clean and feasible approach for developing a carbon-free economy 
[1–3]. Water oxidation (2 H2O → O2 + 4 H+ + 4e− ), also known as the 
oxygen evolution reaction, OER), is recognized as a major bottle-neck in 
water splitting, due to its sluggish kinetics [4,5]. In the early stages of 
catalyst development, noble metal oxides such as RuO2 and IrO2 were 
developed as the most effective catalysts [6,7] for proton exchange 
membrane (PEM) electrolyzers. Nonetheless, the extent to which these 
can be used is seriously limited by small reserves and high cost, which 
puts a cap on industry-scale applications [7,8]. It is thus of great 
importance to develop cheap, earth-abundant, and efficient OER elec-
trocatalysts. Nanocatalysts based on non-precious metals have been 
subjected to intense study because of their low cost and abundance 
[9–11]. Among them, 3d transition metal oxides, including those based 
on Co, have been employed extensively as OER catalysts in alkaline 
media [12]. However, their further development into efficient OER 
electrocatalysts is frequently hindered by insufficient electronic con-
ductivity [13] and low surface area [14], especially for Co-based oxides. 

To increase the number and efficiency of catalytic sites as well as to 
enhance the conductivity, the construction of elaborate nano-
architectures have been pursued [15–17]. Meanwhile, the addition of a 
second metal such as Ni and Fe has been considered as a promising 
strategy to improve the electrocatalytic activity [18–21]. 

Despite the significant interest in an observed enhancement of OER 
activity with Fe incorporation in for example Ni catalysts, the role of Fe 
during OER catalysis remains under intense debate [22–24]. For 
example, DFT calculations carried out by Friebel et al. [23] indicate that 
Fe3+ cations in Ni1− xFexOOH would have a lower OER overpotential 
than Ni3+ cations. On the other hand, Li et al. [24] have suggested that 
Fe3+ acts as a Lewis acid and promotes the formation of Ni4+, which then 
leads to the enhanced OER activity. 

Mixed Ni − Co oxides and (oxy)hydroxides were studied as electro-
catalysts for the OER by Tseung et al. [25] already in 1977. However, 
since in many cases, the presence of Fe impurities have not been 
addressed and a number of different preparation methods have been 
applied for making the catalysts, a fundamental understanding of the 
effects on the OER of mixing these two elements remains inconclusive. 
For example, an enhancement of the OER activity for NiCo2O4 compared 
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to Co3O4 or NiO electrocatalysts was reported by Jasem and Tseung 
[26], but without mentioning the possible effects of Fe impurities on 
these electrocatalysts. On the contrary, Guo and coworkers found that 
Co-rich compositions that contained Ni were more active than Co(OH)2 
and Ni-rich compositions [27]. 

Since different preparation methods may lead to very different re-
sults in terms of catalyst architecture, impurities, etc., the existence of a 
wide variety of such methods is in itself also an obstacle to a funda-
mental understanding of the mixed Ni − Co oxides and (oxy)hydroxides. 
For example, depending on whether the catalyst material is an oxide 
[10,28–30] or an (oxy)hydroxides [31–33], significantly different elec-
trochemical active surface areas will be obtained, which may be difficult 
to compensate for when comparing different catalyst. Other studies have 
shown that the morphology of the catalyst can also affect the catalytic 
activity [27,31,34]. Other factors may also compound the direct com-
parison of different catalysts, for example when these are performed at 
rotating-disc electrodes. The use of binders (e.g. Teflon or Nafion™) to 
prepare powder-catalyst electrodes has been shown to influence cata-
lytic activity of mixed Ni-Co oxides/hydroxides [26,35]. Additionally, 
the use of supports such as N-doped graphene [36], reduced graphene 
oxide [37], and metal-organic frameworks [38] may complicate a 
fundamental understanding of the roles of Co and Ni in catalysis. 

Among the various Ni- and Co-based materials that have been 
developed as efficient electrocatalysts for water oxidation, metal phos-
phides (MxPy) have received attention because of their excellent cata-
lytic activity. However, phosphorus-rich transition metal phosphides (x 
< y) contain significant phosphorus-phosphorus bonding and are usu-
ally unstable [39]. There are several reports in which various catalyst 
supports such as reduced graphene oxide (rGO) have been used to in-
crease the stability of phosphorus-rich MxPy electrocatalysts [40–42]. 
For example, Wang et al. [40] reported a novel electrocatalyst based on 
CoP2 nanoparticles for overall (i.e. HER and OER) water splitting. To 
enhance the stability of CoP2 nanoparticles, these were supported on 
reduced graphene oxide (rGO) to form CoP2/rGO nanocomposites. 
Despite this drawback regarding poor stability of phosphorus-rich 
transition metal phosphides, the promising activity and relatively 
higher stability of metal-rich MxPy compositions make them worth 
pursuing in an attempt to combine high activity and stability, which 
would make them prime candidates as electrocatalysts for overall water 
electrolysis (both hydrogen and oxygen evolution reactions). 

In recent years, the field of electrocatalysis has witnessed significant 
advances, not only in experimental approaches but also in computa-
tional methodologies based on artificial intelligence (AI). However, 
these methods, such as those based on Bayesian optimization [43], still 
require patterns and information from which they can infer better cat-
alysts. Therefore, delineating systematically the performance of cata-
lysts, such as those investigated here, is needed also for providing the 
input on which machine learning will depend. 

In this work, we focus on the synthesis and characterization of CoO, 
CoxPy, NiCoP, and NiCo/C nanoparticles as efficient electrocatalysts for 
the OER. 

The key differentiating factor of our work lies in the unique sea- 
urchin-like morphology observed for the CoxPy nanoparticles. This 
distinct morphology provides a very large area, allowing for enhanced 
electrocatalytic performance. Previous studies have primarily focused 
on monometallic catalysts or different morphology, such as nano-
particles or thin films. However, the sea-urchin-like structure of CoxPy 
nanoparticles has not been extensively explored for the OER. 

Moreover, our study employs a comprehensive characterization 
approach, including scanning electron microscopy (SEM), transmission 
electron microscopy (TEM), X-ray diffraction (XRD), and electro-
chemical impedance spectroscopy (EIS), to elucidate the morphology, 
crystal phases, and electrochemical properties of the catalysts. This 
thorough characterization allows for a detailed understanding of the 
structure-activity relationship and provides valuable insights into the 
catalytic performance. 

Furthermore, a microkinetic modeling approach is employed to 
support the proposed mechanism, namely the Electrochemical Oxide 
Path, for the OER on these catalysts. This modeling provides a theoret-
ical framework to explain the observed experimental results and eluci-
date the underlying reaction kinetics. 

By investigating the effect of adventitious Fe on the catalyst activity, 
we reveal that CoxPy nanoparticles are highly sensitive to Fe. Moreover, 
it highlights the importance of understanding the interaction between 
catalysts and impurities in electrolyte solutions. 

2. Experimental 

2.1. Materials 

Oleylamine (OAm; technical grade, 70%), tri-n-octylphosphine 
(TOP; 97%), nickel(II) acetylacetonate (Fe(acac)3; 97%), iron(II) ace-
tylacetonate (Ni(acac)2; anhydrous, 95%) Toluene (anhydrous, 99.8%), 
acetone (99.5%) and isopropanol (IPA; 99.5%), potassium hydroxide 
(99.99%), nafion (5%). All chemicals were purchased from Sigma- 
Aldrich and used as received, without further purification. Deionized 
water (DI-water), generated in a Milli-Q water system 18.2 MΩ cm, was 
used for all measurements. 

2.1.1. Synthesis of cobalt oxide nanoparticles 
All synthesis was carried out in a dry, oxygen-free, Ar atmosphere by 

employing standard Schlenk line and glove box techniques. The equiv-
alent was defined as the ratio of mmol of each precursor to the total 
mmol of metal precursor (15.6). 

For the synthesis of CoO nanoparticles, 50 mL of OAm (156 mmol, 10 
equiv) was added to a 250 mL three-neck round bottom flask and 
evacuated for 10 min at room temperature. In the next step, Co(acac)2 
(15.6 mmol, 1 equiv), and TOP (14 mL, 2 equiv) were added to the 
solution and kept at 50∘C for 5 min under Ar atmosphere (99.9999%) 
then temperature was ramped to 230∘C at rate of 8∘C min− 1 and kept at 
this temperature for 2 h. After heating, the flask was left to cool to room 
temperature either gradually while it was kept inside the heating mantle 
or with the heating mantle removed immediately after synthesis. The 
black product was dissolved in the mixture of IPA and toluene and 
precipitated by centrifuging subsequently. This dispersion and precipi-
tation was carried out at least three times to obtain surface-cleaned 
nanoparticles. The final precipitate was dried under vacuum drying at 
60∘C overnight. 

2.1.2. Synthesis of nickel cobalt nanoparticles supported on carbon 
The same synthesis procedure described for CoO nanoparticles was 

applied for the synthesis NiCo Nanoparticles Supported on Carbon 
(NiCo/C), in which 7.8 mmol Ni(acac)2, 7.8 mmol Co(acac)2 and 2 g 
Vulcan XC-72 carbon black were added to the flask at the outset of the 
reaction. 

2.1.3. Synthesis of binary cobalt phosphide and ternary nickel cobalt 
phosphide nanoparticles 

The protocol developed to synthesize CoxPy and NiCoP nanoparticles 
is based on the method refined by Muthuswamy et al. [44] for the syn-
thesis of discrete Ni2P phase-pure nanoparticles. Formation of CoxPy and 
NiCoP nanoparticles were achieved by further heating the metallic so-
lution precursor which was prepared via the procedure described above 
at 350∘C for 30 min. The final product was washed and dried with a 
similar procedure described for metallic nanoparticles. 

2.2. X-ray powder diffraction and rietveld refinement 

Powder X-ray diffraction (PXRD) was carried out on a Bruker D8 A25 
DaVinci X-ray Diffractometer with Cu Kα radiation (Billerica, Massa-
chusetts, USA). Samples were deposited onto zero background silicon 
sample holders and analyzed in the 2θ range between 20∘ and 80∘ with a 
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step size of 0.04∘ and a collection time of 6 s. Identification of phases was 
made by comparison to the powder diffraction files (PDFs) of the In-
ternational Center of Diffraction Data (ICDD) using Eva 5.1 software. For 
easier phase identification, the background was subtracted using EVA 
software. 

2.3. Scanning transmission electron microscopy 

Scanning transmission electron microscopy (S(T)EM) was carried out 
on a Hitachi S-5500 FESEM (Krefeld, Germany) equipped with an INCA 
350 energy dispersion X-ray (EDS) analysis unit. Acceleration voltages 
of 30 kV and 20 kV were used for the images and the analyses, respec-
tively. All samples were prepared by dropping a toluene suspension 
containing uniformly dispersed nanoparticles on a carbon film sup-
ported on a 300-mesh copper grid. 

2.4. Transmission electron microscopy (TEM) 

TEM bright-field, TEM high-angle annular dark-field imaging 
(HAADF), and TEM-EDS were performed using a spherical aberration- 
corrected JEOL 2100 F operating at 200 kV. EDS mapping was per-
formed using JEOL Silicon Drift Detector (DrySD60GV: sensor size, 60 
m) with a solid angle of approximately 0.5 sr. 

2.5. X-ray photoelectron spectroscopy 

Spectra were collected on a Omicron Argus X-ray photoelectron 
spectrometer, using a Mg Kα (hν = 1486.6 eV) radiation source having a 
300 W electron beam power. The samples were analyzed under ultra- 
high-vacuum conditions 8–10 Pa. After recording a broad range spec-
trum (pass energy, 100 eV), high-resolution spectra were recorded for 
the C 1s, Ni 2p, Co 2p and P 2p core XPS levels (pass energy, 200 eV). The 
binding energies were calibrated with respect to the C 1s peak at 284.8 
eV. Spectrum processing was carried out using the Casa XPS software 
package. 

2.6. Raman spectroscopy 

Raman spectroscopy was carried out using a WITec alpha 300 R 
Confocal Raman device equipped with a 532 nm laser. Raman spectra 
were obtained after 20 accumulations for 20 s from 100 to 1250 cm− 1. 

2.7. Electrochemical characterization 

Electrochemical characterization was carried out in a standard three- 
electrode rotating disc electrode (RDE) setup from Pine Instruments. 
Polished glassy carbon (GC) electrodes were used as working electrodes 
(A = 0.196 cm2, Pine Instruments) and a Pt foil was used as a counter 
electrode, measured versus a Hg∣HgO filled with 4.2 mol dm− 3 from Pine 
Instruments as a reference electrode. Polytetrafluoroethylene (PTFE) 
containers were used both for electrochemical experiments and elec-
trolyte preparation. All measurements were controlled using a Bio-Logic 
Potentiostat/Galvanostat (Model VMP3) in 0.1 and 1 mol dm− 3 KOH ( 
99.99% and 85% trace metal basis). Cyclic and linear sweep voltam-
mograms were collected at a rotation speed of 1600 rpm. Tafel data were 
collected in the electrolyte using chronoamperometry technique with 
Eappl stepped from 1.4 to 1.7 V in 20 mV increments. At each potential 
step, steady-state data were collected at rotation rates (ω) of 2000 and 
600 rpm; data were also collected in the absence of disk rotation. 
Catalyst inks were prepared by dispersing 2.5 mg of the catalyst powders 
in a mixture of 750 \μL of m-Q, 250 \μL of 2-propanol, and addition of 
50 \μL of Nafion (5 wt%). The inks were homogeneously dispersed by 
ultrasonication for 20 min and then 10 \μL was drop-casted on the GC 
electrode to make up a final metal loading of 0.12 mg cm− 2. All elec-
trochemical data were corrected for uncompensated series resistance 
after data collection. The uncompensated resistance of the cell was 

measured with a single-point high-frequency impedance measurement, 
and IR drop was compensated at 85% through positive feedback using 
the Bio-Logic EC-Lab software. Our typical electrochemical cell had Ru ~ 
4–5 Ω in 1 mol dm− 3 KOH. Electrochemical impedance spectroscopy 
measurements were carried out in five different overpotentials (0.6 V vs. 
Hg/HgO from 100 Hz to 1 MHz with an amplitude of 10 mV. Ru is taken 
as the minimum impedance at a phase angle closest to zero at high 
frequency. 

Double layer capacitance was estimated to determine the electro-
chemically active surface area (ECSA) as previously described [5]. In 
brief, a potential range in which there is minimal faradaic current 
response was estimated by CV. All the measured current in this region is 
assumed to be a charging current due to double-layer charging. CV 
measurements were conducted in a quiescent solution by sweeping the 
potential across this non-faradaic region 1.1–1.2 V from the more pos-
itive to negative potential and back at 8 different scan rates: 10, 30, 50, 
70, 100, 200, and 300 mVs− 1. The working electrode was held at each 
potential vertex for 10 s before beginning the next sweep [45,46]. 
Plotting the charging current as a function of the scan rate yields a 
straight line with a slope equal to the double-layer capacitance. 

2.8. Calibration of Hg/HgO reference electrode and conversion to RHE 

The calibration of Hg/HgO electrode was performed in a standard 
three-electrode system with polished Pt foil as the working and counter 
electrodes, and a Hg/HgO electrode as the reference electrode. Elec-
trolytes were pre-purged and saturated with 99.9999%H2/Ar. Linear 
sweep voltammetry (LSV) was then performed at a scan rate of 0.5 mV 
s− 1, and the potential at which the current crossed zero is considered to 
be the thermodynamic potential for the hydrogen electrode reactions. 
For example, in 1 mol dm− 3 KOH, the zero current point appeared at 
0.900 V, and so the potential with respect to the reversible hydrogen 
electrode (RHE) is given by E(RHE) = E(Hg∕HgO) + 0.900 V. 

3. Results and discussion 

3.1. Characterization of CoO nanoparticles  

Fig. 1 b, 1g, and 1a show the TEM images, EDS mapping, and XRD 
pattern of the synthesized CoO nanoparticles. As shown in the XRD 
pattern (Fig. 1a), the characteristic peaks located at 2θ = 36.54, 42.44, 
61.53, 73.82 and 77.66∘ match the (111), (200), (220), (311) and (222) 
plane of bulk face-centered cubic (fcc) CoO (space group: Fm3m, a =
4.261Å, ICDD 78–0431) well. No shift was observed in the peak posi-
tions of the obtained diffractogram in comparison with the XRD pattern 
of bulk CoO in the whole 2θ-range (20–80∘), indicating that the syn-
thesized CoO nanocrystals are not strained. The absence of any extra-
neous peak in the diffractogram confirms the formation of a pure 
nanocrystalline fcc CoO phase. The average crystallite size was calcu-
lated to be 7.8 nm using the Scherrer equation [47]. 

TEM images of the as-prepared CoO nanoparticles presented in 
Fig. 1b and 1c show irregularly shaped particles, which is in accordance 
with previous reports for the synthesis of CoO nanoparticles at 230∘C 
with a reaction time shorter than 3 h [48,49]. A high-resolution lattice 
image of a single CoO particle is presented in Fig. 1c, and reveals a (111) 
orientation of the cubic phase, which corresponds to an interplanar 
spacing of d = 2.46 Å. EDS maps of a selected area are shown in Fig. 1e 
and 1f. A uniform distribution of Co and O is observed across the whole 
particles. 

The results of the structural characterization above are consistent 
with previous reports regarding the synthesis of fcc CoO nanoparticles 
[50,51]. However, the mechanism by which Co(acac)3 is reduced to CoO 
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and the source of oxygen has not been clearly determined. The role of 
the oleylamine certainly is to serve as the reducing agent and the oxygen 
may stem from the acetylacetonate (acac) ligand or adventitious oxy-
gen.1 There are several similar reports where metal oxides have been 
prepared by thermal decomposition of metal acetylacetonate complexes 
under an inert atmosphere [52–54]. It is well known that the bulk CoO 
exhibits fcc (a rocksalt-type cubic) structure, and is antiferromagnetic 
with a N é el temperature of ≈ 298 K [55]. However, when the particle 
size of CoO decreases to the nanoscale, it can also adapt a wurtzite-type 

hexagonal crystallite structure. The particle size and crystal structure 
have important influences on the magnetic properties of CoO. Hu et al. 
studied the phase- and size-dependent magnetic properties of CoO 
nanoparticles. They showed that the fcc-structured CoO was antiferro-
magnetic, while all the hcp-structured CoO samples displayed a para-
magnetic behavior [51]. In our case, the absence of any response to a 
magnet bar, therefore, serves to show that the catalysts are antiferro-
magnetic which is consistent with the XRD result showing that particles 
have fcc structure. 

3.2. Characterization of CoxPy nanoparticles 

The XRD diffractogram of as-prepared nanoparticles (Fig. 2a) 

Fig. 1. (a) XRD pattern of CoO nanoparticles. (b) TEM image of as prepared CoO nanoparticles. (c) HR-TEM images of CoO nanoparticles. (d) HADAAF image of the 
selected area for EDS analysis. (e) and (f) Single-element TEM-EDS maps describing the distribution of Co and O respectively. (g)g Merged TEM-EDS elemental map. 

1 Tri-octyl phosphine was kept inside a glove box to prevent the formation of 
tri-octyl phosphine oxide. 
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displays the diffraction peaks of orthorhombic Co2P (ICDD 32–0306) 
and simple cubic cobalt Co (ICDD 15–0806) structures. The diffractions 
located at 44.2∘, 51.5∘, 75.8∘ and indicated with red diamonds are related 
to cubic Co phase and the diffraction peaks located on 40.7∘, 43.2∘, 44.0∘, 
52.0∘ and indicated with black circles can be identified as the (121), 
(211), (130), and (002) planes of Co2P respectively. 

The TEM images of as-prepared CoxPy nanoparticles (Fig. 2b and 2c) 
reveal the formation of a “sea urchin”-like nanostructure of the CoxPy, 
consisting of spherical particles in the core with multiple, needle-like 
protrusions that point outwards. The needle protrusions have an 
average diameter of 7 ± 1 nm and the average diameter of the spherical 
core is 58 ± 9 nm. HR-TEM images of the particles (Fig. 2d) indicate that 
the core is crystalline while the majority of the needles are amorphous. 

The EDS spectrum in Fig. 2 was acquired for an ensemble of particles and 
indicates a Co:P ratio of approximately 3.8, which confirms the forma-
tion of Co-rich CoxPy nanoparticles. Additional EDS maps at higher 
resolution are included in Fig. S.1. 

Although exactly this Co-rich CoxPy nanoparticles with “sea urchin”- 
like morphology has not been reported previously, a highly branched 
morphology has been observed for Co2P [56], [57] nanoparticles before. 
Zhang et al [57] synthesized highly branched Co2P nanoparticles by the 
thermal decomposition of cobalt(II) oleate in the presence of pure tri-
octylphosphine oxide (TOPO), which was the lone phosphorus source 
while Popczun et al. [56] obtained highly branched CoO nanoparticles 
by using the mixture of trioctylphosphine (TOP) and TOPO. Although 
Popczun et al. [56] introduced TOPO as a prerequisite for the formation 

Fig. 2. (a) XRD pattern of CoxPy nanoparticles; red diamonds indicate the diffraction peaks of cubic Co phase and black circles indicate the diffraction peaks related 
to the orthorhombic Co2P phase.(b) TEM image of as prepared CoxPy nanoparticles. (c) and (d) HR-TEM images of CoxPy nanoparticles. (e) HADAAF image of the 
selected area for EDS analysis. (f), (g), and (h) Single-element TEM-EDS maps describing the distribution of Co, P, and O respectively. (i) Merged TEM-EDS 
elemental map. 
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and directing the growth of nanorod protrusions, in our protocol, such a 
branched morphology was obtained with just TOP as the only source of 
phosphorous. However, considering the mild conditions of our phos-
phidation step (350 ∘C for 30 min) a mixture of Co and Co2P phases were 
obtained instead of a pure Co2P phase. 

3.3. Characterization of NiCoP nanoparticles 

The XRD diffractogram of the synthesized nanoparticles is presented 
in Fig. 3a, which matches the Ni2P (hexagonal) structure well. The ob-
tained diffractogram is also in good agreement with the XRD pattern of 
Co2− xNiXxP nanoparticles reported previously [49]. Therefore, all 
observed peaks could be assigned to the desired (NiCo)2P ternary phase. 
No extraneous peaks were observed, suggesting that the synthesized 
particles are homogeneous and without any phase impurity. The 
morphology, particle size, and composition of the synthesized 

nanoparticles were analyzed by TEM and EDS, respectively, and the 
results are shown through Figs. 3b, 3e, 3f, 3g, and 3h. Particles are 
faceted and quasi-spherical with an average size of 21 ± 2 nm, slightly 
larger than but comparable to values obtained from crystallite size 
analysis of the XRD (18 nm). The regularity of the lattice image of a 
nanoparticle revealed by the HR-TEM (Fig. 3c) indicates that the 
nanoparticles are single crystals. The space between the adjacent planes 
is 2.12 Å, corresponding to the (111) planes of hexagonal Ni2P structure. 
The EDS mapping illustrated in Fig. 3i shows complete colocalization of 
Co, Ni, and P which is consistent with the formation of solid solution 
(alloy). Moreover, the Ni:Co ratio of the nanoparticles according to EDS 
analysis was found to be ~ 1.1% close to the ratio employed in the 
synthesis. 

Fig. 3. (a) XRD pattern of NiCoP. (b) and (c) TEM and HR-TEM images of as prepared NiCoP nanoparticles. (d) HADAAF image of the selected area for the EDS 
mapping. (e), (f), (g), and (h) Single-element TEM-EDS maps describing the distribution of Ni and Co, P, and O respectively. (i) Merged TEM-EDS elemental map. 
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3.4. Characterization of NiCo/C nanoparticles 

The XRD pattern of as-synthesized 4c NiCo/C nanoparticles shows 
that NiCo nanoparticles adopt the fcc crystallite structure. According to 
the phase diagram for bulk Co-Ni, alloys form over the whole range of 
compositions and are reported to adopt the same fcc structure [58]. 
However, it should be noted that because of the similar lattice constants 
of fcc Co and Ni and their similar atomic numbers it is not feasible to 
make any conclusion based on the XRD pattern to prove alloying rather 
than phase-segregated or core/shell structures. Therefore, the 
morphology, composition, and distribution of Ni and Co elements in the 
synthesized nanoparticles were studied using TEM and EDS mapping 
and the results are presented in Fig. 4. TEM images of NiCo nano-
particles are shown in Fig. 4a. The average particle size is 15 ± 2 nm. 
Since particles were supported on carbon, it was difficult to find a single 
particle to obtain a good HR-TEM image. Therefore, we were not able to 
study the crystallinity of the synthesized nanoparticles using HR-TEM. 
EDS mapping of nanoparticles showed a uniform distribution of Co 
and Ni atoms. However, the ratio of Ni:Co was approximately 1.8% 
which was higher than the targeted ratio (targeted NiCo = 1). This was 
in accordance with a previous report where it has been stated that in the 
case of using Co(acac)2 Co, incorporates less efficiently than Ni. This, in 
turn, leads to the formation of particles with a lower amount of Co than 

the targeted value [59]. To obtain equimolar compositions, a larger 
amount of the Co precursor is necessary. Replacing the bulky acac anion 
in the Co salt could potentially increase the level of incorporation of Co 
[60]. 

3.5. Surface characterization of synthesized nanoparticles 

The surfaces of the synthesized particles were probed with XPS. The 
survey spectra are shown in Fig. S.3, where all elements present in the 
composition of CoO, CoxPy, NiCoP, and NiCo/C particles were observed 
in their corresponding survey spectra. However, an adventitious phos-
phorous peak was observed in the spectrum of NiCo/C, which is due to 
the adsorbed TOP which has not been removed during the washing 
procedure [61].  

Fig. 5a shows the high-resolution XPS spectra in the Co 2p region for 
all synthesized particles which comprises two main peaks attributed to 
Co 2p1∕2 and Co 2p3∕2, respectively. Despite the chemical composition of 
CoO, the XPS spectra were fitted with the fitting parameters for the 
Co3O4 composition. This is in accordance with previous reports for 
analysis of a CoO samples where it was shown that the surface of CoO is 
extensively oxidized to Co3O4 even though the bulk powder XRD spec-
trum showed only CoO [62–65]. However, since Co(II) and Co(III) 
compounds have similar binding energies [], the spectrum cannot be 

Fig. 4. (a) and (b) TEM and HR-TEM images of as prepared NiCo/C nanoparticles. (c) XRD pattern of NiCoP. (d) HADAAF image of the selected area for the EDS 
mapping. (e), (f), (g), and (h) Single-element TEM-EDS maps describing the distribution of Ni and Co, P, and O respectively. Merged TEM-EDS elemental map. 
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used to assign the oxidation state of Co. The deconvolution of the spectra 
of the Co region for CoxPy and NiCoP was compounded by surface 
oxidation of nanoparticles after being stored in an ambient atmosphere. 
The satellite peaks for CoxPy, NiCoP, and NiCo are very weak. Quanti-
fication of the content of surface Co using XPS shows that there is less Co 
in the surface than in the bulk. Therefore a very broad peak was 
observed in the Co region for NiCo/C. The deconvolution of the peak 
was not conclusive. The binding energies observed for Ni 
(856.0–856.1 eV) correspond to Ni2+ and Ni3+ resulting from the oxide 
layer formation on the nanoparticle surface due to air exposure [66]. 
The peaks observed for reduced species of Ni (852.5–852.7 eV) are 
consistent with the binding energies reported for zerovalent Ni [67–69]. 
Unfortunately, Ni(0) and Ni of NiCoP are difficult to distinguish by XPS. 
Previous study by Li et al. attributed them to the same binding energies 
of 853.1 eV [70] while others tabulate Ni(0) at 852.7 eV and Ni2P at 
852.9 eV, only 0.2 eV apart [71]. 

The Ni 2p3∕2 peak is slightly shifted to lower binding energies 
(852.7–852.5 eV) for NiCoP which has a higher amount of Co content in 
comparison to NiCo/C suggesting the presence of slightly higher elec-
tron density. 

The XPS spectrum in the P2p region (Fig. 5c) shows that phosphorus 
species are present in the surface of the nanoparticles for NiCoP and 
CoxPy compounds. The P 2p region consist of four components. Each 
component was represented by P 2p3∕2 and a higher binding energy P 
2p1∕2 doublet peak with a spin-orbit splitting of 0.84 eV. The P 2p3∕2 
binding energy is lower in these compounds than in elemental phos-
phorus, clearly indicating the anionic character of the P atom which is 
due to the transfer of electron density from the metal species to the more 
electronegative phosphorus. In the following, we will only indicate the 
binding energy of the P 2p3∕2 component. For CoxPy (Fig. 5), compo-
nents at 129.8 (red), 130.3 (blue), 132.4 (orange) and 133.6 eV (purple) 
were identified as an optimized combination to fit the spectrum. Ac-
cording to their binding energies, they were attributed to phosphide, P 
(0), P(III) and P(V) species respectively, based on the literature [72–74]. 
The same components within less than 1 eV shift were identified for 
NiCoP. The phosphide component was naturally attributed to cobalt 
phosphide and nickel cobalt phosphide species (regardless of the crystal 
structure). The P(0) species was barely detectable for NiCoP and slightly 
more intense for CoxPy: we tentatively propose that it corresponds to 
phosphorus atoms in a poorly crystallized region of the cobalt phos-
phides. The P(V) and P(III) components were interpreted respectively, as 

surface phosphate and phosphite that may have formed as a result of the 
exposure of the nanoparticles to air. 

3.6. Electrocatalytic activity of synthesized nanoparticles for the OER  

Fig. 6a and 6b show cyclic voltammograms of CoO, CoxPy, (recorded 
between 0.9 and 1.6 V) NiCoP, and NiCo/C catalysts (recorded between 
1.1 and 1.6 V) at 10 mV s− 1 respectively in high purity 1 mol dm− 3 SC- 
grade (99.99% trace metal basis) KOH. Our ICP-MS results show that 
even the SC-grade 0.1 mol dm− 3 KOH contain 0.215 ppb Fe. Therefore, 
the contribution of Fe impurities on the results cannot be completely 
ruled out. 

After five cycles, CoO and CoxPy catalysts showed a stable behavior. 
The cyclic voltammogram of CoxPy (Fig. 6a) shows two oxidation peaks 
(Ia) and (IIa) during the positive-going potential scan, namely at ~ 
1.13 V and ~ 1.46 V vs. RHE, respectively. The corresponding two 
reduction peaks (Ic and IIc) during the negative-going potential scan 
appear at ~ 1.11 V and ~ 1.45 V, respectively. These two redox couples 
are assigned to the conversion between the different phases of cobalt 
oxides [75–77]. In case of CoO, similar to CoxPy two redox peaks are 
observed. However, only one of the redox peaks is stable after the first 
scan. The stable redox peak is quasi-reversible and appears at the po-
tential close to the second (II) redox peak of CoxPy nanoparticles 
(1.45 V/1.43 V) and it is attributed to a higher Co oxide. 

Similarly, the NiCoP and NiCo/C catalysts show a redox pair whose 
oxidation peak appears at ~ 1.35 V and the reduction peak at ~ 1.28 V 
vs. RHE). Observing a single redox peak for NiCoP and NiCo/C rather 
than the appearance of two distinct redox waves, i.e. one for CoOxHy and 
one for NiOxHy, suggests a homogeneous atomic mixing of the metal 
cations in a single (oxy)hydroxide phase [76]. 

The electrocatalytic activity of all the synthesized nanoparticles were 
evaluated in 1 mol dm− 3 SC-grade (99.99% trace metal basis) KOH. As 
can be seen in Fig. 7, NiCo/C and NiCoP nanoparticles show a lower 
onset potential for the OER than CoO and CoxPy. At low overpotentials 
the catalyst performance increases in the order NiCoP> NiCo/ 
C> CoxPy> CoO and at currents larger than 25 mA cm− 2 this order is 
inverted so that the activity follow the order Cox-

Py> CoO> NiCoP> NiCo/C. However, for the normalized polarization 
curves with respect to their double-layer capacitance the activity trend 
changed. 

Among the tested catalysts NiCoP showed the lowest overpotential 

Fig. 5. Regional scans of as-prepared CoO, CoxPy, NiCoP, and NiCo/C nanoparticles in (a) Co2p, (b) Ni2p, and (c) P 2p regions.  
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(330 mV at 10 mA cm− 2) while the required overpotential to reach the 
current density of 10 mA cm− 2 was 350 mV, 360 mV, and 340 mV for 
the NiCo/C, CoO, and CoxPy respectively. 

The overpotential η required to reach 10 and 30 mA cm− 2, η10 and 
η30, respectively, are presented in Table 1. 

Polarization curves obtained for all the catalysts are presented in 
Fig. 7 (The data shown were compensated for 85% of the ohmic resis-
tance before measurements). As can be seen monometallic CoxPy and 
CoO catalysts show quite different behavior from that of bimetallic 
NiCo/C and NiCoP catalysts in the potential window employed. A lower 
potential region in which the electrode potential is approximately pro-
portional to the logarithm of the current is seen for all compositions. 
However, this region is not equally extensive for all. All the tested cat-
alysts demonstrate both the lower region and the transitioning into a 

regime with a steeper Tafel slope. However, this transition to a steeper 
slope happens at a much lower potential for bimetallic NiCo/C and 
NiCoP catalysts than for monometallic CoxPy and CoO. Moreover, 
bimetallic catalysts have a well-defined transition than the mono-
metallic catalysts. Such transition to higher Tafel slopes at more positive 
potentials is a frequently observed plots of electrode potentials vs. logi 
for the OER [78–81–84,85,86]. The Tafel slopes (b) of all the tested 
catalysts in the lower and higher potential region are presented in 
Table 1. 

Electrical double-layer capacitance (CEDL) was also measured for 
CoxPy, CoO, and NiCoP catalysts through cyclic voltammetry in the non- 
faradaic region 1.1–1.2 V (Fig. S4). NiCo/C was excluded from the 
double-layer capacitance measurements as the double-layer capacitance 
measurement method may introduce bias when carbon is present. The 
capacitance current was plotted vs. scan rate and the plot is shown in 
Fig. S4. (CEDL) values of 19.77, 1.55, and 1.086 mF cm− 2 were obtained 
for CoxPy, CoO, and NiCoP respectively. The significantly higher value 
obtained for CoxPy in comparison to CoO and CoxPy indicates a much 
higher active surface area in this catalyst which could be related to the 
branched (sea urchin-like) morphology of CoxPy nanoparticles. 

Whereas there are clear differences in catalytic activity with 
composition (and morphology), differences in particle size (Fig. 2) may 
play a role. Kinoshita [87] has attributed the size effects of platinum 
electrocatalysts for the oxygen reduction reaction to variations in par-
ticle shape (relative fractions of facets) with size. Such effects tend to 
level off at a particle size around 10 nm, which are smaller than the 
typical size many of the catalysts in Fig. 2. These are also substantially 
less regular than the models employed by Kinoshita [87], and we do for 
these reasons not consider these models adequate for an analysis of our 
catalysts. Electronic effects may play a role, but again the particle size is 
larger than the size range in which one expects large effects of size [88]. 
Finally, effects of the current distribution in porous electrodes [89] may 
in principle lead to curves resembling those in Fig. 7. However, the 
thicknesses and currents involved are far too small to expect any such 
phenomenon in our case. 

A stability test was conducted to assess the robustness of the syn-
thesized catalysts. Cyclic voltammetry measurements were performed 

Fig. 6. Cyclic voltammograms of (a) CoxPy and CoO (b) NiCo/C and NiCoP catalysts at 1 ṁmol dm− 3 with scan rate of 10 mVs− 1.  

Fig. 7. LSVs CoO, CoxPy, NiCoP, and NiCo/C catalysts in 1 mol dm− 3 SC-grade 
KOH at scan rate of 1 mV s− 1. 

Table 1 
Kinetic parameters of CoO, CoxPy, NiCoP, NiCo/C catalysts.  

Catalysts 1 dm− 3 SC-KOH 1 dm− 3 unpurified-KOH 1 dm− 3 SC-KOH + 0.05 mM Fe3+ 1 dm− 3 SC-KOH + 1 mM Fe3+

η10 η30 b (mV dec− 1) η10 η50 b (mV dec− 1) η10 η50 b (mV dec− 1) η10 η50 b (mV dec− 1) 

Co x P y  335  360  58  310  354  50 300 – 40 250 – 36 
CoO  360  390  47  320  360  54 320 – 53 314 – 50 
NiCoP  330  383  68  310  360  54 317 – 58 284 – 42 
NiCo/C  350  410  74  310  360  74 – – – – – –  
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for 200 cycles, demonstrating minimal changes in the electrochemical 
behavior of the catalysts (Fig. S8). This finding indicates the high sta-
bility of the catalysts under the tested conditions. Note, however, that 
assessing the stability from cycling may be compounded by issues 
related other factors than the catalyst itself, such as the stability of the 
substrate material (glassy carbon) and the accumulation of oxygen 
bubbles [90]. 

Furthermore, we employed Raman spectroscopy to investigate the 
structural changes occurring in all the tested catalysts under the influ-
ence of the OER condition. Fig. S9a shows Raman spectra of as-deposited 
CoO, CoxPy, NiCoP, and NiCo/C nanoparticles on to a glassy carbon 
electrode (GCE). As-prepared electrodes were swept for 100 cycles be-
tween 1.1 and 1.7 V vs. RHE. Raman spectra of all tested catalysts after 
100 cycles are presented in Fig. S9b. For the as-deposited films five 
distinct Raman peaks were observed for CoO and CoxPy; three peaks 
were observed for NiCoP and two peaks were observed for NiCo/C. 
These peak positions are indicated in the figures. 

The observed values for the CoO peaks are close to values reported in 
the literature, which are typical for cubic rock-salt CoO [51]. A similar 
set of peaks are observed for the CoxPy catalyst but with a slight shift 
toward lower wavenumbers for all four peaks. After 100 cycles in the 
OER potential region, Raman spectra for the CoO and CoxPy catalysts 
remained almost the same as those prior to the cycling. As to the Raman 
spectra of NiCoP and NiCo/C the sharp peak at 720 cm− 1 disappeared 
after OER. 

3.7. Analysis of polarization curves 

The polarization curves are not well described by the Tafel equation 
as they display only a short quasi-linear section not suitable for Tafel 
slope extraction and a significant upward bending at high currents. We 
have analyzed this upward bending in the polarization curves in terms of 
residual, uncompensated ohmic drops, mass transfer, gas blanketing, pH 
effects, and as an effect of the OER mechanism itself. 

The analysis shows that it is not possible to assign the upward 
bending of the curves in terms of uncompensated resistance in spite of 
the fact that fitting the polarization data to the equation 

i = Aexp
[
(2 − α)F(E − iRΩ)

RT

]

(1) 

gave reasonably good fits to the data (Fig. (S.7) in the Supporting 
Information). As expected for a correct compensation of ohmic resis-
tance, the difference between the experimental data and the current 
predicted by the equation 

i = Aexp
[
(2 − α)FE

RT

]

, (2)  

with the parameters A, α, and RΩ as obtained from the fit of Eq. (1), were 
straight lines when plotted vs. current density [91,92]. The plots are 
given in the Supporting Information as Fig. S.8. However, the corre-
sponding resistances vary by one order of magnitude from data set to 
data set. The measured ohmic resistance (usually slightly less than 5 Ω) 
were very close to that computed from the formula 

R =
1

4κa
=

1
4 × 0.2 S cm− 1 × 0.25 cm

= 5Ω, (3)  

in which κ is the electrolyte conductivity and a the disk radius [93]. (For 
conductivity data see Refs. [94,95].) The potential variation is the 
largest close to the disk [93], 50% of it appearing closer than approxi-
mately one disk radius from the disk. Therefore the uncompensated 
resistance becomes less and less sensitive to the exact position of the 
reference electrode the further away from the disk it is placed. An 
experimentally observed disk resistance in close agreement with the 
formula, therefore, indicates that the reference electrode is far away in 
the sense assumed by the theory and that resistance variations from 

experiment to experiment are small. We, therefore, consider variations 
of the order of a factor of 100 highly unlikely, and especially so given the 
reproducibility of the experimentally determined ohmic resistance. 

This leads to the conclusion that the data are even qualitatively in 
disagreement with the upward bending of the polarization curves being 
due to uncompensated resistance; for a given resistance the current at 
which the curves bend upwards should be the same, as illustrated in 
Fig. S.9 in the Supporting Information. As is clearly visible in for 
example Fig. 7 this is not the case. (Similar experiments at a poly-
crystalline nickel disk electrode give qualitatively similar polarization 
curves to those in Fig. 7, but shifted to five orders of magnitude to lower 
currents than most active catalysts in this work. Again, the variations in 
resistance implied are highly unrealistic.) We, therefore, conclude that 
the upward bending is not due to uncompensated resistance. 

For similar reasons we discard gas blanketing; also in this case one 
would expect the curves to bend upward at the same current which they 
do not. Similar conclusions were reached by Reksten et al. [78] for 
iridium and ruthenium oxide catalysts in acidic solutions. An effect of 
local pH changes near the electrode can be excluded for the same reason; 
a significant drop in reaction rate caused by the consumption of OH− in 
the OER itself at high potentials would be expected to always happen at 
the same current density, which would contradict the experimental re-
sults in Fig. 8. 

Finally we discard transport limitations to be the cause of the upward 
bending simply because the limiting current is a transport property of 
the electrolyte which does not depend on the properties of the catalyst; 
again the upward bending at different currents across five order of 
magnitude (if results for polcrystalline nickel are also included) is 
inconsistent with such a suggestions. Finally, the data even for the most 
active catalyst are inconsistent with a limiting current as calculated from 
the Levich equation, which gives 

ilim = 0.620nFD2∕3
i ω1∕2ν− 1∕6cb = 2.5 × 103 mA cm− 2 (4)  

In this calculation we used the diffusion coefficient corresponding to the 
binary (ambipolar) diffusion coefficient for a solution of KOH, i.e. from 

D =
zK+ uK+ DOH− − zOH− uOH− DK+

zK+uK+ − zOH− uOH−

= 2.85 × 10− 9 m2 s− 1 (5)  

in which we used mobilities (ui) and diffusion coefficients (Di) for K+ and 
OH− and at 25∘C (76.16 × 10− 9 m2 V− 1s− 1 and 1.957 × 10− 9 m2 s− 1 for 
K+, repsectively, and 205.2 × 10− 9 m2 V− 1s− 1 and 5.2710− 9 m2 s− 1 for 
OH− respectively). (zi is the charge number for species i.) Values for the 

Fig. 8. Fits of Eq. (9) to experimental data. The currents were normalized with 
respect to the catalyst area (ECSA). 
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other quantities in Eq. (4) were chosen as appropriate for KOH at a 
concentration of 1 mol dm− 3. As can be seen from comparing the 
calculated results and the data, the upward bending cannot be associ-
ated with transport limitations in the electrolyte since the limiting 
current in Eq. (4) is larger than the largest current in this work by one 
order of magnitude and larger than the largest current for the least 
active catalyst by two orders of magnitude. 

As neither of the attempted explanations above can rationalize the 
data, we next consider a microkinetic model. 

3.8. Polarization curves fitting 

A microkinetic steady-state model was developed for the OER 
through the electrochemical oxide path and the normalized polarization 
curve of all tested catalysts with respect to their double layer capaci-
tance were fitted to Eq. (9) (a simplified relation for the OER Electro-
chemical Oxide Path) and are presented in Fig. 8. 

S + OH− (aq) ⇌
k1

k− 1
OH(ad) + e− (6)  

OH− (aq) + OH(ad) ⇌
k2

k− 2
O(ad) + H2O(ℓ) + e− (7)  

O(ad) ⇌
k3

k− 3

1
2
O2(g) + S, (8)  

i ≈
Aexp[(1 − α2)Δ ]

1 + Bexp( − Δ)
(9)  

in which A and B are constants (independent of potential) and Δ is the 
dimensionless potential F

(
E − E0)∕RT (to which the experimental po-

tential can be converted). 
As it can be seen in Fig. 8 the fitted polarization curve describes both 

the high and low potential regions and the transition in between them 
quite well. The Tafel slopes obtained both from experimental data and 
from the fitting are presented in Table S.1. The results are consistent 
with the more complete model and indicate that the Electrochemical 
Oxide Path is the mechanism by which the OER proceeds for these 
catalysts regardless of the composition. Table S.1 includes also onset 
potentials for each catalyst. Onset potentials were obtained by drawing 
tangents in the faradaic and non-faradaic regions, then the abscissa of 
the point where these two tangents intersect was considered as the value 
of onset potential. In general, Ni containing catalysts have lower onset 
potential in comparison with monometallic Co catalysts, and among 
them, NiCoP catalyst has the lowest onset potential. 

The results of EIS measurements, plotted as Tafel impedance (Zt), at 
different overpotentials for CoO, CoxPy, and NiCoP are shown in Fig. S.6. 
Zt was computed from the impedance by multiplication of the latter with 
the steady-state current density as [96], 

Zt =
Ẽ
ĩ
iss (10)  

where Ẽ is the potential amplitude, ̃i the current-density amplitude, and 
iss is the steady-state current density. (The ohmic resistance, as assessed 
from the high-frequency intercept of the impedance-plane plot with the 
real axis, was subtracted from all data prior to the conversion to Tafel 
impedance). As can be seen, the low-frequency intercept increases 
slightly as the overpotential is increasing. In these plots, the dE∕dlogi 
slope can be read off as the value of the low-frequency intercept with the 
real axis [97,98]. For all samples, the diameter of the arc in the 
Tafel-impedance plane plot is in reasonable agreement with the slopes 
from the steady-state curves (Fig. 7) and polarization curves fitting. The 
Tafel slopes from the impedance data cluster around 43 mV for CoO, 
40 mV for CoxPy,and 59 mV for NiCoP. 

3.9. The effect of adventitious Fe on catalyst activity 

In order to monitor the effect of the Fe adsorption on the CoO, CoxPy, 
NiCoP, and NiCo/C, the electrocatalytic activities of all these catalysts 
were studied in 1 mol dm− 3 unpurified KOH and 1 mol dm− 3 SC-grade 
KOH spiked with 0.05 and 1 mol dm− 3. Figs. 9 and 10 display the ef-
fect of these additions on the polarization curves. As it can be seen in 
Fig. 9, the CoxPy catalyst is the one most affected by the addition of Fe. 
The overpotential at 10 mA cm− 2 decreased 25 mV upon changing the 
electrolyte from SC-grade to unpurified KOH. Our ICP-MS results show 
that 0.1 mol dm− 3 SC-grade and unpurified KOH contain 0.215 ppb and 
0.620 ppb Fe, respectively. Increasing in the activity upon addition of Fe 
follows the trend CoxPy > NiCoP > CoO. A similar trend was also 
observed with the addition of 0.05 and 1 ṁmol dm− 3 Fe. The effect of 
the addition of Fe on the Ni- and Co-based nanoparticles have been 
intensively studied [76]. It is widely accepted that the activity of 
Ni-based nanoparticles increases 100-fold upon the addition of Fe while 
Co-based catalysts are less sensitive to Fe addition and the increase in 
the activity is approximately 20 fold [76]. However, our obtained results 
indicate that CoxPy catalyst is much more sensitive to Fe than NiFeP 
which could be attributed to the branched morphology of CoxPy and 
huge surface area in turn, which provides more Co sites exposed to Fe. 
The increase in the activity of CoO catalyst is least affected by Fe which 
is consistent with previous reports [76]. 

4. Conclusion 

In this study, we have successfully synthesized and characterized 
CoO, CoxPy, NiCoP, and NiCo/C nanoparticles as catalysts for the oxygen 
evolution reaction (OER). The unique sea-urchin-like morphology of the 
CoxPy nanoparticles, providing a high surface area, demonstrated su-
perior electrocatalytic performance. Transmission electron microscopy 
confirmed the distinct morphologies of the synthesized nanoparticles, 
while X-ray diffraction analysis revealed a mixed phase of metallic co-
balt and Co2P for CoxPy, and pure phases for the other catalysts. 

The electrochemical characterization, including polarization curves 
and a microkinetic steady-state model based on the Electrochemical 
Oxide Path, shed light on the OER mechanism. The fitting of the 
experimental polarization curves supported the proposed mechanism, 
and the calculated Tafel slopes were consistent with the model. This 
comprehensive analysis contributes to a deeper understanding of the 
OER process and provides valuable insights for the design and optimi-
zation of OER catalysts. 

Fig. 9. LSVs of CoO, CoxPy, NiCoP, and NiCo/C catalysts in 1 mol dm− 3 

unpurified KOH at scan rate of 1 mV s− 1. 
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Furthermore, the study investigated the effect of adventitious Fe on 
catalyst activity. CoxPy exhibited the highest sensitivity to Fe, high-
lighting the importance of the catalyst composition and morphology in 
determining its response to impurities. These findings have implications 
for the development of more efficient and durable OER catalysts for 
sustainable energy conversion technologies. 

Overall, our work contributes to the fundamental understanding of 
OER catalysis and provides valuable insights for the design and opti-
mization of advanced catalyst materials for energy conversion applica-
tions. Further research in this field can leverage these findings to 
develop efficient and cost-effective electrocatalysts for various energy 
storage and conversion systems. 
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of 1 mV s− 1. 

F. Poureshghi et al.                                                                                                                                                                                                                             

https://doi.org/10.1016/j.jallcom.2023.171627
https://doi.org/10.1109/JPROC.2011.2156750
https://doi.org/10.1109/JPROC.2011.2156750
http://ieeexplore.ieee.org/ielx5/5/6132586/05898382.pdf?tp=&amp;arnumber=5898382&amp;isnumber=6132586%5Cnhttp://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=5898382
http://ieeexplore.ieee.org/ielx5/5/6132586/05898382.pdf?tp=&amp;arnumber=5898382&amp;isnumber=6132586%5Cnhttp://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=5898382
http://ieeexplore.ieee.org/ielx5/5/6132586/05898382.pdf?tp=&amp;arnumber=5898382&amp;isnumber=6132586%5Cnhttp://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=5898382
https://doi.org/10.1016/j.ceramint.2022.05.140
https://www.sciencedirect.com/science/article/pii/S0272884222017114
https://www.sciencedirect.com/science/article/pii/S0272884222017114
https://doi.org/10.3390/nano12132209
https://doi.org/10.1021/acs.chemrev.6b00398
https://doi.org/10.1021/acs.chemrev.6b00398


Journal of Alloys and Compounds 967 (2023) 171627

13

[5] S. Jung, C.C.L. McCrory, I.M. Ferrer, J.C. Peters, T.F. Jaramillo, Benchmarking 
nanoparticulate metal oxide electrocatalysts for the alkaline water oxidation 
reaction, J. Mater. Chem. A 4 (8) (2016) 3068–3076, https://doi.org/10.1039/ 
C5TA07586F. 

[6] S. Trasatti, Electrocatalysis by oxides-Attempt at a unifying approach, 
J. Electroanal. Chem. Interfacial Electrochem. 111 (1) (1980) 125–131, https:// 
doi.org/10.1016/S0022-0728(80)80084-2. 〈http://www.sciencedirect.com/scien 
ce/article/pii/S0022072880800842〉. 

[7] Y. Lee, J. Suntivich, K.J. May, E.E. Perry, Y. Shao-Horn, Synthesis and Activities of 
Rutile IrO2 and RuO2 Nanoparticles for Oxygen Evolution in Acid and Alkaline 
Solutions, The, J. Phys. Chem. Lett. 3 (3) (2012) 399–404, https://doi.org/ 
10.1021/jz2016507. 

[8] W. Hu, Y. Wang, X. Hu, Y. Zhou, S. Chen, Three-dimensional ordered macroporous 
IrO2 as electrocatalyst for oxygen evolution reaction in acidic medium, J. Mater. 
Chem. 22 (13) (2012) 6010–6016, https://doi.org/10.1039/C2JM16506F. 

[9] L. Trotochaud, J.K. Ranney, K.N. Williams, S.W. Boettcher, Solution-cast metal 
oxide thin film electrocatalysts for oxygen evolution, J. Am. Chem. Soc. 134 (41) 
(2012) 17253–17261, https://doi.org/10.1021/ja307507a. 

[10] A. Singh, L. Spiccia, Water oxidation catalysts based on abundant 1st row transition 
metals, Coord. Chem. Rev. 257 (17) (2013) 2607–2622, https://doi.org/10.1016/j. 
ccr.2013.02.027. 〈http://www.sciencedirect.com/science/article/pii/S001085451 
3000611〉. 

[11] M.V. Zdorovets, A.L. Kozlovskiy, D.I. Shlimas, D.B. Borgekov, Phase 
transformations in FeCo - Fe2CoO4/Co3O4-spinel nanostructures as a result of 
thermal annealing and their practical application, J. Mater. Sci.: Mater. Electron. 
32 (12) (2021) 16694–16705, https://doi.org/10.1007/s10854-021-06226-5. 

[12] J.B. Gerken, J.G. McAlpin, J.Y.C. Chen, M.L. Rigsby, W.H. Casey, R.D. Britt, S. 
S. Stahl, Electrochemical water oxidation with cobalt-based electrocatalysts from 
pH 0-14: the thermodynamic basis for catalyst structure, stability, and activity, 
J. Am. Chem. Soc. 133 (36) (2011) 14431–14442, https://doi.org/10.1021/ 
ja205647m. 

[13] T.Y. Ma, S. Dai, M. Jaroniec, S.Z. Qiao, Metal-organic framework derived hybrid 
Co3O4-carbon porous nanowire arrays as reversible oxygen evolution electrodes, 
J. Am. Chem. Soc. 136 (39) (2014) 13925–13931, https://doi.org/10.1021/ 
ja5082553. 

[14] A. Badruzzaman, A. Yuda, A. Ashok, A. Kumar, Recent advances in cobalt based 
heterogeneous catalysts for oxygen evolution reaction, Inorg. Chim. Acta 511 
(2020), 119854, https://doi.org/10.1016/j.ica.2020.119854. 〈https://www.scien 
cedirect.com/science/article/pii/S0020169320310537〉. 

[15] J. Han, X. Liu, H. Wan, D. Wu, G. Chen, J. Li, Y. Cao, R. Ma, Composition tuning of 
ultrafine cobalt-based spinel nanoparticles for efficient oxygen evolution, ACS 
Sustain. Chem. Eng. 8 (14) (2020) 5534–5543, https://doi.org/10.1021/ 
acssuschemeng.9b07025. 

[16] C.-Z. Yuan, S.-L. Zhong, Y.-F. Jiang, Z.K. Yang, Z.-W. Zhao, S.-J. Zhao, N. Jiang, A.- 
W. Xu, Direct growth of cobalt-rich cobalt phosphide catalysts on cobalt foil: an 
efficient and self-supported bifunctional electrode for overall water splitting in 
alkaline media, J. Mater. Chem. A 5 (21) (2017) 10561–10566, https://doi.org/ 
10.1039/C7TA01776F. 

[17] J. Chang, Y. Xiao, M. Xiao, J. Ge, C. Liu, W. Xing, Surface oxidized cobalt- 
phosphide nanorods as an advanced oxygen evolution catalyst in alkaline solution, 
ACS Catal. 5 (11) (2015) 6874–6878, https://doi.org/10.1021/acscatal.5b02076. 

[18] M.S. Burke, L.J. Enman, A.S. Batchellor, S. Zou, S.W. Boettcher, Oxygen evolution 
reaction electrocatalysis on transition metal oxides and (oxy)hydroxides: activity 
trends and design principles, Chem. Mater. 27 (22) (2015) 7549–7558, https://doi. 
org/10.1021/acs.chemmater.5b03148. 

[19] M. Gong, Y. Li, H. Wang, Y. Liang, J.Z. Wu, J. Zhou, J. Wang, T. Regier, F. Wei, 
H. Dai, An advanced ni-fe layered double hydroxide electrocatalyst for water 
oxidation, J. Am. Chem. Soc. 135 (23) (2013) 8452–8455. 

[20] L.J. Enman, M.S. Burke, A.S. Batchellor, S.W. Boettcher, Effects of intentionally 
incorporated metal cations on the oxygen evolution electrocatalytic activity of 
nickel (oxy) hydroxide in alkaline media, Acs Catal. 6 (4) (2016) 2416–2423. 

[21] L. Trotochaud, S.L. Young, J.K. Ranney, S.W. Boettcher, Nickel-iron oxyhydroxide 
oxygen-evolution electrocatalysts: the role of intentional and incidental iron 
incorporation, J. Am. Chem. Soc. 136 (18) (2014) 6744–6753. 

[22] M. Görlin, P. Chernev, J. Ferreira de Araújo, T. Reier, S. Dresp, B. Paul, R. Krähnert, 
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