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ABSTRACT

This paper looks into the electrochemically active surface area (ECSA) of Mo, Ni, Co, Fe,, Ni,,W, Co,Fe,,
Mo, Co,Ni, Fe,, Co, Fe, W,Ni Ni Fe, Co P, Theresultsshowan inverse relationship between the active surface
and the alloy overpotential for oxygen evolution reaction (OER). XPS is applied for Ni, Co, Fe, Mo, W and P valence
state determination on quaternary systems. The better electrocatalytic activity of Mo, ,Co ,Ni, Fe  and Co, Fe, W, Ni
alloys compared to Mo, Ni, Co, Fe, and Ni,,W, Co Fe, could be attributed to the interaction between individual
elements, especially Co and Fe, and to the quantitative ratio between them in the general electronic configuration.
The best catalytic activity of Ni. Fe, Co,.P, alloy for OER is considered to be associated with phosphate presence
on the surface. In addition, the latter alloy shows great corrosion and mechanical durability. The electrocatalytic
activity of Ni_Fe, Co, P, for OER remains unchanged after 105 hours of anodic polarization at i = 100 mA cm?.

Keywords: oxygen evolution reaction, electrocatalytic activity, XPS, corrosion resistance, NiFeCoP.

INTRODUCTION

Alloying two or more metals affects the catalytic
properties of materials because the electronic structure,
especially in the d-orbitals, changes. Chemical elements
located at the left- hand side of the transition series have
vacant d-orbital (hypo-d-electron metals as Mn, Zr,
Mo, W). Those at the right-hand side have filled inner
twin d-orbitals (hyper-d-electron metals as Ni, Co, Fe).
A combination of such elements results in an electron
interaction and modification of the surface (binding)
energy of the intermetallic compounds obtained. This
interaction increases stability of the catalyst [1, 2].

An important requirement for a good catalytic
activity is a highly developed surface, which grants a
larger number of active sites. Material amorphization
is one way of meeting this requirement. Amorphous
materials have a high concentration of unsaturated
sites at the surface and enhance surface reaction rate
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because they improve adsorption as compared to the
corresponding crystalline catalysts [3]. It has been
established that phosphate formation in an amorphous
NiFeP alloy [4] generates active sites for OER while
Fe improves additionally the intrinsic activity. A
hierarchical flower-like structure of Ni-Fe-Co-based
mixed metal/metal-oxides nanoparticles encapsulated
in ultrathin carbon nanosheets (via a simple pyrolysis
process) is responsible for the excellent OER activity.
It is a consequence of the enhanced surface area and
improved intrinsic catalytic performance [5]. Surface
phosphides [6, 7] and phosphates [8] formed on iron and
cobalt-nickel matrices demonstrate excellent catalytic
properties for OER, thus offering a possibility of their
commercial application in water splitting electrodes
which do not contain precious metals.

OER activity of Ni + Mo and Ni+ Mo + Si coatings
has been established to be much higher than that of the
pure nickel and is considered to be associated mainly
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with active surface enlargement [10]. Iron doping of
NiMoO, matrix enhances the catalytic activity for OER
which is accredited to the higher number of unpaired
d-electrons in the oxides [10]. With a suitable transition
metal added to modulate the 3d-transition in metal
oxyhydroxides, additional opportunities open up for
an improved OER. Tungsten has been confirmed as
such a modulator and at its highest oxidation state, it
acts as a structural multifunctional coordinator [11].
A gelled-FeCoW obtained by the sol-gel method on
gilded nickel foam shows low overpotential and high
stability for OER.

This suggests that it is not only the developed
surface but also the electronic interaction between the
individual components playing a crucial role in elevating
electrocatalytic activity.

In our previous work [12], we have shown that
4-component alloys based on Ni-Fe-Co doped with Mo,
W and P have better catalytic properties than pure nickel
and its binary and ternary alloys. OER catalytic activity
of these systems line up in the following sequence:
M034Ni26C025F615 < Ni32W31C019FeIS < M035C029Ni21FeIS
< C032Fe30W20Ni18 < NiSGFGZICOBPlO'

This paper focuses on identifying the predominant
factor in achieving a better catalytic activity of the
systems studied - whether it is the surface or the
interaction between alloy components. To avoid
substrate surface influence, a smooth copper plate was
used for electrodeposition.

EXPERIMENTAL

Quaternary alloys were electrodeposited under
conditions detailed in our previous work [12].
Fischerscope® X-RAY system (X-ray fluorescence
analysis; XRF) was used to determine change in coating
composition and thickness. Element valence states
were determined by X-ray photoelectron spectroscopy
(XPS). Measurements were carried out on AXIS Supra
electron spectrometer (Kratos Analytical Ltd.) using
monochromatic AlKa and MgKa radiation with photon
energy of 1486.6 eV and 1253.6 eV, respectively. Energy
calibration was done by normalizing the Cls line of
adsorbed adventitious hydrocarbons to 284.6 eV. Binding
energies (BE) were determined with an accuracy of +
0.1 eV. A commercial data-processing software (Kratos
Analytical Ltd.) was applied for peak deconvolution.

A special procedure was applied to observe the
change in element valence state at the surface after
oxygen generation process - “after OER”. The procedure
involved two steps: first - a 15 min anode polarization
of the electrodes at 100 mA cm™ to boost formation of
metal oxides and/or oxyhydroxides on alloy surface
and second - determination of OER catalytic activity
of systems studied in [12] while ensuring reproducible
results (with Linear Sweep Voltammetry (LSV) method
at a scan rate of 0.1 mV s™). Polarization curves were
applied to measure OER activity after a long-term
stability test using Potensiostat/Galvanostat Gamry
(version 6.25) equipment.

RESULTS AND DISCUSSION

ECSA measurements

SEM observations have not provided a clear answer
whether the surface is responsible for the difference in
electrocatalytic behaviour observed between quaternary
alloys [12]. To explore deeper the relationship between
surface and catalytic properties, capacitive measurements
were performed to determine the electrochemically
active surface area (ECSA). ECSA was determined by
the double layer capacity (C,). Capacitive curves in the
region of approximately £ 100 mV, relative to open-
circuit potential (OCP) where no Faraday reaction takes
place, service to define Al at different scan rates [13, 14].

Al=(L-11])/2, (1)

where Ia and Ic are the anodic and cathodic current,
respectively, at the same potential at which the condition
la = Ic is fulfilled.

Al dependence on scan rate is presented in Fig. 1.

The slope corresponded to C , proportional to ECSA, i.e.

dr
a higher value for C corresponded to a more developed
ECSA and a larger number of active sites. ECSA was

calculated from equation 2
ECSA=C,/C, 2

where C_is the capacity of smooth metallic electrode =
20 uF cm?[15, 16]. A developed surface implied better
catalytic behavior of the material. Fig. 1 and Table 1
data comparison showed that the highest value of C,
belonged to Mo, Ni, Co,Fe . alloy, i.e. the largest
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Fig. 1. Capacitive current vs scan rate for determining
ECSA of the quaternary alloys.

Table 1. The calculated value of ECSA and corresponding
overpotential (1) for i=100 mA cm™ presented in [12].

Samples 1(121% ECCI;A n i\z]]OO
5-Mo, Ni, Co_.Fe . 4.11 205.5 0.469
6-Ni,, W, Co Fe 2.73 136.5 0.432
7-Mo,.Co, Ni, Fe . 2.24 112.0 0.416
8-Co,,Fe, W, Ni 1.39 69.5 0.411
9-Ni, Fe, Co P 1.17 58.5 0.393

surface area though the highest overpotential (1)), as
presented in [12]. In contrast, Ni Fe, Co P system
demonstrated the lowest overpotential, meaning the best
catalytic activity appeared at the least developed surface
(lowest C value). The other systems exhibited similar
inverse correlation between overpotential and ECSA,
i.e. the real surface (RS) decreased in the following
Order: RSM034Ni26C025F615 >RSNi32W31C019F318 >RSM035C029Ni21F€15
>RSC032Fe30WZONi18 >RSNi56Fe21C013P10' AS for the Catalytic
activity, it increased [12] as follows: Mo, ,Ni, Co,Fe <
Ni32W3IC019Fel8 < MO35C029Ni21F615 < C032F630W20Ni18
< Ni,Fe, Co,P . It was made apparent that for the
catalytic activity of the systems studied, the determining
factor was not the surface, but rather the interaction
between alloy components and the products formed as

a result of OER.
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XPS characterization

XPS was applied to determine Ni, Co, Mo, W and
P valence state in NiCoFeMo, NiCoFeW and NiFeCoP
systems, respectively. Figs. 2 - 4 depict XPS spectra of
fresh electrodeposited alloys as well as of alloys subjected
to the experimental procedure described above. Three
main peaks in Ni2p, region were observed for the fresh
samples (Fig. 2(a) and Fig. 3(a)). Binding energies (BE)
for Ni2p, , were in the region of ~852.3 eV due to Ni’and/
or NiM alloy (M = Co, Fe, Mo, W). Binding energies in
the range of 854 - 857 ¢V and satellite peaks above 858
eV were considered associated with Ni'"/Ni™ in NiO,
Ni(OH),, NiOOH, and mixed oxides/hydroxide (Fig. 5(a)
and 6(a)). The peak at ~856 eV together with the satellite
peak strongly increased at the expense of the one at 852.3
eV, which was due to Ni’oxidation after oxygen evolution.
Although Ni" and Ni™ were difficult to distinguish, the
deconvoluted spectra corresponded more to Ni'' [17]. A
possible explanation of Ni" predomination after OER
could be that Co, Mo or W suppressed electrochemical
oxidation of Ni(OH), to NiOOH, just like it has been
established for Fe [18]. In Co2p, , region, peaks at 778
eV, 779.8 eV and 781 eV together with a satellite one at
786.7 eV (Fig. 2(b) and 3(b)) referred to Co?, Co™ and
Co", respectively [17, 19]. In fresh NiCoFeMo samples,
Co"and Co™ coexisted on the surface, but Co" dominated
in tungsten containing alloys. After OER, Co™ species
dominated in NiCoFeMo samples, while both Co" and
Co™were present in NiCoFeW samples. Iron was present
in Fe''/Fe" valence states in all samples tested (Fig. 4(a)).

XPS spectrum of fresh sample Mo3d region (Fig.
2(c)) could be deconvoluted with 4 doublets at 227.8
eV, 229.7 eV, 231.1 eV and 232.2 eV corresponding
to Mo®, Mo", MoY and Mo"! valence states [20]. After
OER, the highest oxidation level of molybdenum Mo
was reached. The higher electrocatalytic activity of
Mo, Co,Ni, Fe . compared with Mo, Ni, Co, Fe  could
be attributed to the relatively larger cobalt quantity
leading to formation of a higher active site number
(Co™ - CoOOH) for oxygen generation. Xiaobo et al.
have established that increase in Co™ surface content
improves the catalytic activity for OER [21].

The W4f spectral region (Fig. 3(c)) of fresh catalysts
showed 2 states of tungsten, respectively, W’at 31.3 eV
and WV at 35.6 eV. After OER, dominant was WY with
a small W% amount in the Ni,, W, Co Fe  alloy and
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Fig. 2. XPS spectra of the catalysts #5 - Mo, ,Ni, Co, Fe ;and #7 - Mo, Co, Ni, Fe . fresh and after OER (a) Ni 2p, ,, (b)
Co2p,,, (c) Mo3d, (d) Ols.
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Fig. 5. (a) Dependence of the weight percentage of components in the NiFeCoP alloy with time at anodic polarization
(100 mA cm), (b) polarizations curves of fresh and after the stability test NiFeCoP alloy.

WVin Co,,Fe, W, Ni  [20]. The latter exhibited better BE, .=35.6¢V).

WwOo3
electrocatalytic activity for OER. This could be justified High resolution Ols spectra are presented in Fig.
mainly by the higher cobalt and iron content [10, 22]. 2(d) and 3(d). The two peaks centered at 529 - 530

It has been assumed that Mo® and W species eV and 531 - 532 eV were associated with M-O and
withdraw electrons of 3d metals and lead to redistribution M-O-H bonds, respectively. The presence of the first
of electron configuration [23]. In evidence to this peak for the fresh samples was an indication for the
assumption is their lower BE (by about 0.2 - 0.4 eV) MO, species. It dominated on fresh NiCoFeMo samples
compared to pure MO, oxides (BE, ,,= 232.6 eV; and decreased sharply after OER. The second peak
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was due to formation of M(OH)_on the fresh samples
and dominated on NiCoFeW samples. This peak was
the main component in the Ols spectra of all catalysts
after OER. These results correlated with the rest XPS
spectra and proved the formation of mixed hydroxides/
oxyhydroxides M™*'M™*0 (OH), ( where M™" =
S(Ni,Fe,Co) and M" =W, Mo) during OER.

Analysis of Ni, Co and Fe 2p XPS peaks and
satellite structure in Fig. 4(b) showed that after OER
on Ni, Fe, Co P alloy, the predominant valence state
for nickel was Ni', for cobalt - it was Co", while for
iron - it was Fe'' and Fe™. As established previously
[24], phosphorous doping occurs mainly via nickel
and/or cobalt phosphides. The P2p spectral region of
the oxidized sample (Fig. 4(c)) showed that mainly
phosphates and a bit phosphide were present on the
surface. The position of the strongest P2p doublet (at
~133 eV) corresponded to pyrophosphate (P,0.)* units
in M,P,O, (M = Ni, Co) and therefore, Ni and Co were
in second valence in this compound. Evidently, during
the process of anodic polarization, phosphides were
oxidized to phosphates. Formation of a phosphate
in the amorphous NiFeP alloy generated active sites
for OER [4], such sites being responsible for the
better electrocatalytic activity of Ni, Fe, Co P, alloy
compared to the other systems studied.

System complexity suggested that the interaction
between the individual elements was of importance
as well as the impact of their quantitative ratio on the
general electronic configuration. On the one hand, there
was electronic interaction between hyper- (Fe, Ni, Co)
and hypo-d-elements as Mo, W. On the other hand, the
different degree of oxidation was directly related to the
electronic conductivity [25]. The role of iron should be
emphasized here since its inclusion boosted catalytic
activity of oxide [18, 26] and hydroxide systems [25,
27]. The presence of phosphates also contributed to a
better catalytic activity.

Long term stability test

A basic requirement for the practical application of
OER catalysts refers to their stability during prolonged
operation at high anodic current densities. A long-term
stability test was performed in 6M KOH at 100 mA
cm? anodic polarization to check the corrosion and
mechanical resistance of the quaternary alloys. During

the anodic polarization, coatings containing Mo and W
were mechanically destroyed from the copper substrate
after 30 - 40 hours. Probable reasons for such a behavior
were considered to be high internal stresses in the alloys
and poor adhesion to the substrate. Only Ni, Fe, Co P |
alloy, polarized for 105 hours at an anodic current density
of 100 mA cm™, remained stable throughout the process.
Coating composition and thickness were monitored by
X-ray fluorescence analysis. At certain intervals, the
sample was analyzed at 5 different points and at certain
intervals to detect component composition and thickness
values, the latter being averaged. The built-in millimeter
scale of the device allowed for measurements at the same
points for each time-interval. Fig. 5(a) illustrates the
dependence of each component percentage content and
layer thickness on anodic polarization time. The results
showed insignificant deviations in the composition and
thickness of the catalytic layer studied. Ni, Fe, Co P |
alloy exhibited excellent corrosion and mechanical
resistance in 6M KOH.

The long-term stability test showed a persisting
OER electrocatalytic activity of the alloy. No significant
differences in the polarization curves (Fig. 5(b)) of the
Ni Fe, Co P electrode before and after the test (105
hours) were observed. These results demonstrated that
the system studied possessed excellent catalytic activity,
and corrosion and mechanical stability in the course of a
prolonged oxygen generation. This, in turn, substantiates
alloy system application in practice as an anode material
in water splitting.

CONCLUSIONS

High OER electrocatalytic activity of the alloy
could be explained by formation of mixed hydroxides/
oxyhydroxides M“yperMhyp"Ox(OH)y (Mhyper = S (Ni,
Fe, Co) and M™™ = W, Mo). These ensure a synergy
between Fe, Co and Ni hyper-d elements, on the one
hand, and on the other, a hypo-hyper-d interaction
between hypo-d and hyper-d elements. The presence of
Mo and W highest valence leads to an electron density
redistribution due to the attraction of electrons from the
hyper d-elements. The general electronic configuration
in the multicomponent systems depends on the
quantitative ratio and interaction between the individual
elements. In this sense, the better catalytic properties of
Mo, Co,,Ni, Fe and Co,,Fe, W, Ni  alloys compared
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to Mo, ,Ni, Co,.Fe . and Ni,,W, Co  Fe  are explained
by the higher Co content and the specific role of Fe.
This is why the surface is not a determinant of catalytic
activity, as indicated by ECSA calculation for quaternary
alloys. The results indicate an inverse relationship - at a
more developed surface, higher overpotentials for OER
mean worse OER catalytic activity. In addition, the
different degree of oxidation facilitates charge transfer
and increases conductivity. Phosphate presence on the
Ni, Fe, Co P, alloy surface is the reason for the best
OER catalytic activity. Furthermore, this alloy shows
great corrosion and mechanical durability, which points
towards alloy possible application in practice.
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