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a b s t r a c t

Ni11,(HPO3)8(OH)6 nanorods were the focus of three different studies. First, the thermal behaviour of the
material was investigated and it outlined a good thermal stability up to 400 �C. Second, a comparative
electrochemical study concerning the OER performance in alkaline medium of several graphite elec-
trodes modified with the nickel phosphite was performed. The most promising electrodes were further
characterised electrochemically and the electrode modified with Nafion solution and 5 mg Ni11,(H-
PO3)8(OH)6 exhibited the smallest overpotential value at the 10 mA cm�2 anodic current density (0.59 V),
as well as the smallest Tafel slope (0.081 V dec�1). Furthermore, the constant potential electrolysis test
revealed that this electrode is fairly stable within a time span of 300 min. Third, the capacity of Ni11,
(HPO3)8(OH)6 nanorods to remove MB and RhB were investigated under simulated visible light irradi-
ation and positive results were obtained for the application as visible-light active photocatalyst. All this
together corroborated with the eco-friendly nature of the materials, reinforces the fact that the phos-
phite type compound is a promising candidate for the design of new multifunctional and advanced
materials.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

In the last years, many efforts have been made in the study of
phosphite transition metals corresponding to the
M11,(HPO3)8(OH)6 formula (with M ¼ Ni, Co, Zn), first described
in 1993 by Marcos et al. [1,2], for the implementation of these
materials as electrodes for next generation supercapacitors [3e7]
or as rechargeable cathode materials in aluminum ion batteries,
for example [8]. These materials present high specific capacitance,
rate capability and cycling properties and in order to improve
their kinetic properties, composites with carbon materials -gra-
phene and reduced graphene oxide (rGO) - have been designed
[3e5,8]. In this context, different characteristic morphologies for
nano/microstructured Ni11,(HPO3)8(OH)6 samples have also been
obtained (spheres, rods, microballs [9,10] and superstructures as
hollow microspheres [5,9] or star-cross [11]) and their properties
were carefully investigated, as it is known that this could play a
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key role in ions intercalation/extraction and electrolyte access, for
example.

Today’s scientific research into energy conversion and storage
systems relies crucially on a few basic electrochemical reactions, as
well as on the use of inexpensive highly active electrocatalyst
materials intended to replace the costly noble metal catalysts
[12e14]. Two of those reactions, the oxygen and hydrogen evolu-
tion reactions (OER and HER) take place during the water splitting
process [15e17]. Unlike HER, OER is a slow, complex, four-electron
transfer process [18,19] and great efforts have been made to syn-
thesize catalysts that would allow it to take place at decreased
overpotentials [12,20]. Nickel, for instance, an earth-abundant
transition metal having a relatively low cost and great potential
in water splitting [21,22], has been used intensively to synthesize
electrocatalysts for OER, such as nickel oxides [23], hydroxides [24],
sulfides [25], nitrides [26], phosphides [27] and phosphites [14],
materials with performances that live up to the current demands of
the water splitting field.

Herein, we present three different studies performed on the
Ni11,(HPO3)8(OH)6 material: an investigation of the thermal
behaviour of Ni11,(HPO3)8(OH)6 nanorods, a comparative electro-
chemical study involving 12 graphite electrodes modified with the
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nickel phosphite that shows its ability to catalyse OER in alkaline
medium and the photocatalytic activity of the compound under
visible light irradiation on the degradation of methylene blue (MB)
and rhodamine B (RhB) organic dyes. It should also be noted that
following the remarkable results reported for Ni11,(HPO3)8(OH)6
as a bifunctional overall water splitting electrocatalyst in Refs. [14],
the electrochemical study described in the present paper was
performed with a different electrode material, different suspen-
sions containing the nickel phosphite for electrode modification
and a different deposition method.

2. Experimental section

Synthesis of Ni11,(HPO3)8(OH)6 materials was made by using
high temperature and pressure hydrothermal synthesis as reported
in Ref. [11].

The crystal structure has been visualized by the help of Vesta
software [28].

The Raman spectra of the Ni11,(HPO3)8(OH)6 sample was ob-
tained using the MultiView-2000 system from Nanonics Imaging
Ltd., Israel, equipped with a Shamrock 500i Spectrograph from
ANDOR, United Kingdom. The analysis was performed at room
temperature (RT) through a 10 � microscope objective, using a
514.5 nm laser wavelength as the excitation source with 30s
exposure time.

TGA experiments were carried out by using a SETARAM appa-
ratus, inwhich a typical 20e30mg amount of sample was heated in
air atmosphere at temperatures up to 800 �C.

Electrode preparation. Graphite tablets surface was modified by
drop-casting 10 mL from suspensions with and without Ni11,(H-
PO3)8(OH)6 powder. The suspensions were prepared using the
following materials and reagents: Ni11, (HPO3)8(OH)6 powder,
Nafion® 117 solution (Sigma-Aldrich), Graphene PureSheets Quat-
tro (NanoIntegris) concentrated up to 0.6 mg mL�1 by centrifuga-
tion and redispersing, Carbon Black - Vulcan XC 72 (FuellCellStore),
ethanol and isopropanol.

Twelve types of graphite-based modified electrodes were ob-
tained by applying the suspensions on the graphite tablets and
allowing them to dry for 24 h, in air, at RT. Table 1 shows the codes
used to identify the unmodified electrode and each of the modified
electrodes, together with the compositions of the suspensions used
tomodify the graphite tablets. The modified electrodes are denoted
from G1 to G12 depending on the suspension used to modify them,
while the unmodified graphite electrode is denoted G0.

Electrochemical experiments. The OER catalytic properties of
Ni11, (HPO3)8(OH)6 were investigated electrochemically using a
standard, single compartment, electrochemical glass cell equipped
Table 1
The codes used to identify the unmodified electrode and each of the modified electrod
tablets.

Electrode
code

Ni11(HPO3)8(OH)6 powder
[mg]

Nafion solution
[mL]

rGO suspension
[mL]

c
[

G0 - - - -
G1 1 - - -
G2 5 - - -
G3 1 10 - -
G4 5 10 - -
G5 - - 83 -
G6 - - - 1
G7 - 10 - 1
G8 - 10 83 -
G9 1 10 - 1
G10 5 10 - 1
G11 1 10 83 -
G12 5 10 83 -
with three electrodes. The counter electrode was a Pt plate
(S¼ 0.8 cm2), Ag/AgCl (saturated KCl) was used as reference and the
modified graphite tablets together with an unmodified tablet were
each used as the working electrode after insertion into an elec-
trochemically inert support (S ¼ 0.07 cm2). The electrodes were
connected to a VoltaLab PGZ 402 Universal Potentiostat (Radiom-
eter Analytical). The OER experiments and the double layer
capacitance studies were performed in 0.1 mol L�1 KOH (pH ¼ 13)
aqueous electrolyte solution, while 1 mol L�1 KNO3 solution con-
taining 4 mmol L�1 K3[Fe(CN)6] was used for electroactive surface
area determinations. All experiments were carried out at RT. Linear
sweep voltammetry (LSV) curves for OER measurements were
recorded at a scan rate of 1mV s�1. The current densities (i) referred
to in the text are geometrical current densities, unless otherwise
specified. The measured potentials versus the reference electrode,
performed with iR compensation, were converted to a reversible
hydrogen electrode (RHE) scale (see Supplementary data).

Tafel slopes were calculated by plotting the overpotential values
against the logarithm of the current density values obtained by
taking into account the electroactive surface area of the electrodes,
which was estimated using the Randles-Sevcik equation e (see
Supplementary data). The same equation was also employed to
estimate the diffusion coefficient of ferricyanide ions [29].

The photocatalytic experiments were performed using artificial
light provided by a solar simulator (Sol2A 94042A, Oriel In-
struments/Newport Corporation) and different types of organic
dyes: RhB extra, MB for microscopy (Merck), and Methyl Orange-
MO- (reagent Ph Eur) for Ni11, (HPO3)8(OH)6 material of varying
amounts, 25 mg and 75 mg, respectively added in a glass vessel
containing 25 ml dye aqueous solution of 2 mg L�1 concentration
(see Supplementary data for detailed information).

Optical absorption spectra were recorded at RT on powder
samples by a UVeVis spectrometer Perkin Elmer type Lambda 950
with integrating sphere module in the 300e1000 nm range.

3. Results and discussion

3.1. Structural and thermal analysis of Ni11,(HPO3)8(OH)6
materials

Ni11,(HPO3)8(OH)6 materials crystallize within P63mc space
group and the unit cell parameters are a ¼ 12.4589 (1) Å and
c¼ 4.9543 (1) Å for the compound obtained as reported in Refs. [11],
which will be investigated in this research study. The crystal struc-
ture is characterized by a 3D arrangement with NiO6 octahedra
forming two kinds of chains running along the c axis: smaller
triangular ones occupied by 2/8 of the HPO3 pseudotetrahedral
es, together with the compositions of the suspensions used to modify the graphite

arbon black
mg]

Solution containing 80% ethanol, 15% water and 5% isopropanol
[mL]

-
500
500
500
500
500

0 500
0 500

500
0 500
0 500

500
500



Fig. 2. SEM image of Ni11, (HPO3)8(OH)6 compound.

Fig. 3. Raman spectra of Ni11,(HPO3)8(OH)6 at room temperature.
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groups and the larger ones with remaining three quarters of phos-
phite groups located on the walls (Fig. 1) [1,2,11]. These structural
paths are of great importance for the intercalation of atoms, mole-
cules or ions into the crystalline lattice and because of this, potential
applications could be envisaged for the phosphite materials.

The morphology of the high pressure and temperature hydro-
thermally obtained Ni11,(HPO3)8(OH)6 materials is characterised
by the presence of rods shaped crystallites with a mean diameter of
50 nm and several micrometres length (Fig. 2) arranged also as
spherical urchin-like superstructures within the compound [11].

Raman spectra of the nickel phosphite compound is reported.
Raman scattering allows to determine one-phonon (transversal
optical- TO- and longitudinal optical- LO- modes) and two-phonon
(2TO, TO þ LO, and 2LO modes) excitations along with one-, two-
and four-magnon excitations [30,31]. For the Ni11,(HPO3)8(OH)6
compound the following bands are observed in the Raman spectra:
380 cm�1, 430 cm�1, 474 cm�1, 560 cm�1, 620 cm�1, 938 cm�1,
1005 cm�1,1134 cm�1 and 1580 cm�1 as shown in Fig. 3. Taking into
account the sample crystal structure and molecular formula, it is
expected to see several specific Raman peaks, starting with the
most prominent NiO bands. For Ni11,(HPO3)8(OH)6, the peaks
observed at 430 (TO), 560 (LO), 1005 (TOþ LO) and 1580 cm�1 (two
magnon excitation) are attributed to NieO vibrations in Ni2þ

octahedral environment, the NiO bands around 500 and 1000 cm�1

being attributed to first order (1P) and second order (2P) phonon
scattering, as it is reported in Ref. [32].

The Raman shift difference occurs because of size or strain/
stress effects, highlighting the position and relative intensities of
the three peaks which are in good agreement with the reported
values of the NiO phase corresponding to first-order TO mode
(496.5 cm�1), LO mode (1093.1 cm�1) and 2TOM (1524.8 cm�1)
phonon modes respectively [31].

The presence of the 1580 cm�1 lower band corresponds to the
one of the OeH stretching vibration characteristic for the residual
water, exchangeable OH�, and deficient OH groups with a consid-
erable amount of hydrogen bonding [33,34].

In addition, PO3 symmetric and asymmetric deformations were
detected at 620 cm�1 and 474 cm�1 respectively [35,36]. The band
from380 cm�1may indicate the presence of (PO4)3- ions [39] or PO3
deformation and rocking modes, the POP deformations, together
with the torsional and external modes that are found between 430
and 180 cm�1 [37].

The PO3
� symmetric and asymmetric (degenerate) stretching

vibration bands of the HPO3
� are expected to be detected at 980 and

1100 cm�1 [33,38]. In the sample analysis, the two mentioned vi-
brations are observed with a slight shift at 938 and 1134 cm�1,
Fig. 1. Crystal structure of Ni11, (HPO3)8(OH)6 viewed along the [001] direction where
two kinds of channels running along the c axis are observed (NiO6 octaedra and HPO3

structural unit are visualized separately at the right of the picture).
respectively. In order to do a better peak identification, due to the
nearly localization and slightly shift of the NiO band in the Raman
spectra and according to the studies from the literature [38], it was
taken into account the fact that the first band characteristic for PO3

�

is sharp while the second one is broad.
Thermal behaviour is also a very important aspect that has to be

taken into consideration in order to use the materials for applica-
tions in different areas such as, for example, in electronics, catalysis
or batteries. The thermogravimetric analysis for Ni11,(H-
PO3)8(OH)6 in synthetic air atmosphere (Fig. 4) shows a decom-
position process up to 800 �C. The first stage of mass loss occurs in
the 45e400 �C range with a small mass loss of 0.4% of the sample
weight, followed by the second important stage of weight loss up to
800 �C, with the total value of 6.8%. The sample recovered at 800 �C
has a yellow colour and the X-Ray diffraction pattern indicates that
it corresponds to the Ni3(PO4)2 phase. The thermal stability of the
studied material is therefore relatively high (up to approximately
400 �C), thus qualify the material to be used for applications in
catalysis or batteries, for example.

3.2. Electrochemical properties of the as-prepared electrode

Fig. 5 shows the LSV curves obtained during OER studies per-
formed on the 13 electrodes. Specifically, Fig. 5a presents the curves



Fig. 4. Thermogravimetric analysis of Ni11,(HPO3)8(OH)6 sample up to 800 �C in air
atmosphere.
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recorded on the G0 e G4, G6, G7, G9 and G10 electrodes, Fig. 5b
presents the curves obtained on the G0 - G5, G8, G11 and G12
electrodes and Fig. 5c shows the curves corresponding to the 4
most electrocatalytically active modified electrodes (G2, G4, G10
and G12).

By analysing Fig. 5a and b it can be seen that most electrodes
show poor electrocatalytic activity towards OER and only in 4 cases
the geometrical current density observed during the recording of
the LSV curves is higher than 5 mA cm�2. The polarization curves
recorded on these 4 modified electrodes (G2, G4, G10 and G12) are
represented in Fig. 5c. The Ni2þ/Ni3þ oxidation peak [39,40] was
difficult to observe when the polarization curves were recorded at
Fig. 5. iR-corrected OER polarization curves recorded on the G0 e G4, G6, G7, G9 and G10 e
modified electrodes (c). Insets in (a) and (b) are intended for clarification purposes and sho
peak in case of the G4 electrode. Measurements were carried out in 0.1 mol L�1 KOH electrol
at 10 mV s�1 and is iR-uncorrected.
v¼ 1mV s�1, but it became clear at higher values - as can be seen in
the insert from Fig. 5c.

The 4 electrodes were further studied electrochemically in
terms of the double-layer capacitance at the electrode/electrolyte
solution interface and of their electroactive surface area. For these
characterizations the potentials were recorded vs. the Ag/AgCl (sat.
KCl) reference electrode.

The double layer capacitance at the electrode/electrolyte solu-
tion interface was determined using cyclic voltammetry. The vol-
tammograms for the G2, G4, G10 and G12modified electrodes were
recorded in 0.1 mol L�1 KOH at various scan rates, in a potential
range where no faradic currents were present (�0.2 ÷ 0.2 V). The
current density values of the anodic and cathodic branches
increased proportionally with those of the scan rate. The capacitive
current density was calculated as themean of the absolute values of
anodic and cathodic current densities, selected at a potential where
only double-layer adsorption and desorption features were present
[41]. The double layer capacitance values for the 4 modified elec-
trodes were obtained from the slope of the linear dependence of
the capacitive current density (idl) vs. the scan rate (Fig. 6), and they
are: 0.8572 mF cm�2 for G2, 1.0165 mF cm�2 for G4, 8.54 mF cm�2

for G10 and 0.5837 mF cm�2 for G12. A comparison between the
values obtained for each electrode shows that the following double
layer capacitance relationship exists between them:
G12 < G2 < G4 < G10. It should also be pointed out that the linear
increase of idl with the scan rate indicates the charging and dis-
charging of the Helmholtz double layer [42].

For the G2, G4, G10 and G12 modified electrodes, the electro-
active surface area (A) and diffusion coefficient of ferricyanide ions
(D) were estimated at 298 K using the ferrous/ferric redox couple
and the Randles Sevcik equation. Cyclic voltammograms were
recorded at different scan rates (from 0.05 to 0.3 V s�1) in 1 mol L�1

KNO3 electrolyte solution containing 4 mmol L�1 K3[Fe(CN)6]. The
curves obtained for G4 and G12 - the most electrocatalytically
active electrodes - are exemplified in Fig. 7a and b and the results
show that as the scan rate increases the current density values of
lectrodes (a), the G0 - G5, G8, G11 and G12 electrodes (b) and the G2, G4, G10 and G12
w enlarged areas from the overlapped LSVs. Inset in (c) shows the Ni2þ/Ni3þ oxidation
yte solution, at a scan rate of 1 mV s�1. Polarization curve from inset in (c) was recorded



Fig. 6. Dependence of the capacitive current density on scan rate for the G2, G4, G10
and G12 modified electrodes. Experiments were performed in 0.1 mol L�1 KOH elec-
trolyte solution, at v ¼ 0.05, 0.1, 0.15, 0.2 and 0.25 V s�1. The inserted table shows the
slope and R2 values calculated for each linear fit.
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the anodic and cathodic peaks corresponding to the ferrous/ferric
redox couple increase as well, which is an expected behaviour [43].

The obtained A and D values are presented in Table 2 and it can
be seen that the G10 electrode has the highest electroactive surface
area. In other words, even though this electrode’s catalytic perfor-
mance in the OER experiments was the poorest, the double layer
capacitance and electroactive surface area are higher than those of
the electrodes that were more catalytically active during the same
experiments. It was expected that such an electrode would also
have the best OER performance [44], but this isn’t always the case.
Thus, even though a modified electrode’s OER activity is low, the
materials used for modification can still provide it with a large
electroactive surface area, high electronic conductivity and high
electrolyte permeability [38].

The previously obtained double layer capacitance values,
expressed in terms of the geometrical area of the modified elec-
trodes, can now be expressed in terms of their electroactive surface
area as well. The following values are obtained: 0.297 mF cm�2 for
G2, 0.6776 mF cm�2 for G4, 1.8115 mF cm�2 for G10 and
0.3049 mF cm�2 for G12.

Fig. 7c shows the plot of the anodic and cathodic peak current
densities vs. the square root of the scan rate for the G2, G4, G10 and
G12 modified electrodes. The points represented on the plot
correspond to the peak current densities of the oxidation and
Fig. 7. Cyclic voltammograms recorded on the G4 (a) and G12 (b) modified electrodes. The p
the G2, G4, G10 and G12 modified electrodes (c). Experiments were performed in 1 mol L�1

0.25 and 0.3 V s�1. The inserted table shows the slope and R2 values obtained for each line
reduction peaks recorded in the presence of 4 mmol L�1

K3[Fe(CN)6] in 1 mol L�1 KNO3 electrolyte solution, at v ¼ 0.05, 0.1,
0.15, 0.2, 0.25 and 0.3 V s�1. The redox peak currents are propor-
tional to the square root of the scan rate indicating a diffusion
controlled electron-transfer process [43].

The LSV curves recorded on the G2, G4, G10 and G12 modified
electrodes during the OER experiments are presented in Fig. 8a. The
current density values take into account the estimated electroactive
surface area of the electrodes and it can be seen that of the 4
modified electrodes the G4 electrode has the best OER electro-
catalytic properties up to i z 12.25 mA cm�2, at which point its
polarization curve intersects that of the G12 electrode (E z 1.85 V
vs. RHE). At higher current densities the G12 electrode is the most
electrocatalytically active. In case of the LSV curves recorded on the
G4 and G12 electrodes, the difference between the potential values
corresponding to i ¼ 5 mA cm�2 is EG12 e EG4 ¼ 0.04 V vs. RHE and
for i ¼ 10 mA cm�2 the same difference becomes 0.024 V vs. RHE.
After the two LSV curves intersect they begin to move away from
each other and at i ¼ 14.5 mA cm�2 the potential difference EG4 e

EG12 ¼ 0.039 V vs. RHE.
Compounds with electrocatalytic properties towards OER are

often used in combinations with carbon based materials, such as
rGO and carbon black [45,46], because of their ability to enhance
the conductivity of these compounds. However, experimental
conditions can lead to the oxidation of the carbon based materials
which in turn has a negative effect on the catalyst’s activity [47].We
suspect this is the reasonwhy the carbon black containingmodified
electrode (G10) had the poorest performance during the OER ex-
periments out of the 4 selected electrodes and it may also be why
the rGO containing modified electrode (G12) didn’t perform better
than the G4 electrode at low current densities.

In order to study the catalytic kinetics of the 4 OER activity
exhibiting electrodes, Tafel curves were obtained for each of them
(Fig. 8b) and the linear regions of these curves were fitted to the
Tafel equation: h ¼ b x log(i) þ a, where h is the overpotential, i is
the current density (which in this case is based on the estimated
electroactive surface area) and b is the Tafel slope. The Tafel slope of
the G4 electrode has the lowest value (0.081 V dec�1) and is fol-
lowed by the slope values of the G12, G2 and G10 electrodes. These
results indicate that the G4 modified electrode presents more rapid
OER kinetics and superior activity [48].

Since stability is an important parameter in the study of the OER
activity of electrocatalysts [48], the chronoamperometric (CA)
response of the G4 modified electrode was recorded while
lot of the anodic and cathodic peak current densities vs. the square root of scan rate for
KNO3 electrolyte solution containing 4 mmol L�1 K3[Fe(CN)6], at v ¼ 0.05, 0.1, 0.15, 0.2,
ar fit.



Table 2
The estimated values of the electroactive surface area (A) and of the ferricyanide ions
diffusion coefficient (D) in case of the G2, G4, G10 and G12 modified electrodes.

Electrode

G2 A [cm2] 0.202
D [cm2 s�1] 5.571 � 10�5

G4 A [cm2] 0.105
D [cm2 s�1] 1.518 � 10�5

G10 A [cm2] 0.33
D [cm2 s�1] 1.51 � 10�4

G12 A [cm2] 0.134
D [cm2 s�1] 2.46 � 10�5
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maintaining constant for 5 h the overpotential of 0.59 V, required to
achieve the benchmarking current density of 10 mA cm�2 [49]. The
obtained time-dependent current density curve is presented Fig. 8c
and it shows that the electrode is fairly stable. The current density
slightly increases until reaching a value of 10.33 mA cm�2 at
t z 31 min (an increase of 3.3%) and then it begins to slowly
decrease, reaching the lowest value of 9.57 mA cm�2 at t¼ 300 min
(a 4.3% decrease).

The LSVs recorded before and after CA measurements on the G4
electrode (denoted G4 and G4’) are represented in the inset from
Fig. 8c. The two polarization curves were obtained in the same
conditions (0.1 mol L�1 KOH with a scan rate of 1 mV s�1) and a
comparison between them indicates that the CA experiment led to
a small decrease in overpotential of 0.02 V, at the current density of
10 mA cm�2. This result supports the claim that the graphite
electrode modified with Nafion and 5 mg Ni11, (HPO3)8(OH)6 is
fairly stable.

A comparison between the results of the present OER study and
those obtained by Menezez et al. [14] outlines the fact that while
the value of the Tafel slope calculated for the G4 modified electrode
is slightly lower, 81 mV dec�1 vs. 91 mV dec�1, the overall elec-
trocatalytic performance of the best electrode manufactured by the
Fig. 8. iR-corrected OER polarization curves recorded on the G2, G4, G10 and G12 modifie
inserted table showing the Tafel slopes and R2 values (b); CA responses of the G4 modified
inset showing the LSV recorded on the G4 electrode overlapped with the one obtained on t
0.1 mol L�1 KOH.
latter is superior. However, it has been shown, for instance, that by
increasing the concentration of the KOH electrolyte solution from
0.1 mol L�1 to 1 mol L�1 the catalyst will exhibit a higher current
density and a decrease in the overpotential corresponding to the
current density values [50]. Future studies will focus on the
modification of this parameter and will discuss its effect on the
experimental results.

Studies performed on OER electrocatalysts with a structure
similar to that of Ni11,(HPO3)8(OH)6 have been reported in the
scientific literature and in one such study [51], undoped and Fe-
doped Co11(HPO3)8(OH)6 nanosheets arrays were fabricated on Ni
foam and evaluated in terms of their catalytic activity towards OER
and HER processes. For OER, in 1 mol L�1 KOH solution, the over-
potential value attained at 20 mA cm�2 and the Tafel slope value
were 311 mV and 78.2 mV dec�1 in case of the undoped material,
while for the Fe-doped compound they were 206 mV and 47 mV
dec�1. Comparing these values with those obtained in our study
and those published by Menezez et al., it is quite clear that the Fe-
doped Co11(HPO3)8(OH)6 has better electrocatalytic properties. Still,
the experiments performed by Menezez et al. with Ni11,(H-
PO3)8(OH)6 on Ni foam in 1 mol L�1 KOH solution revealed an
overpotential value of 232 mV (attained at 10 mA cm�2) and the
previously mentioned Tafel slope value of 91 mV dec�1. These
values place nickel phosphite among the very promising materials
for energy conversion and storage applications, a conclusion sup-
ported by the comparative literature study performed by Menezez
et al. which shows that the 232 mV OER overpotential is much
lower than those of noble catalysts and one of the lowest in com-
parison to recently reported OER catalysts [14].

As for the electrochemical study described in this paper, its aim
was to identify new combinations containing Ni11,(HPO3)8(OH)6
that can catalyse OER in alkaline medium and thus increase the
knowledge regarding electrodes modified with such combinations.

The electrocatalytic performance for the OER of the composition
containing Ni11,(HPO3)8(OH)6 and Nafion, applied on graphite
d electrodes (a); The Tafel curves of the G2, G4, G10 and G12 modified electrodes and
electrode in OER conditions at an overpotential corresponding to i ¼ 10 mA cm�2 and
he same electrode but after the CA experiment (c). All experiments were performed in
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substrate, and that of other electrocatalysts reported in the scien-
tific literature, in 0.1 mol L�1 KOH electrolyte solution, is presented
in Table S1 (see Supplementary data). The survey of the scientific
literature from the past 10 years reveals the following: in terms of
overpotential, the value obtained in our study for the G4 modified
electrode is among the highest values reported in the literature and
in terms of Tafel slope, Table S1 lists 21 values from various pub-
lished studies, 12 of which are higher than the value obtained for
the G4 electrode, while the remaining 9 are lower.

3.3. Photocatalytic performance

The organic dyes tested in the evaluation of the Ni11,(H-
PO3)8(OH)6 nanorods photocatalytic properties may be classified in
two types from the point of view of their molecular charge upon
dissociation in aqueous based solution: cationic (RhB and MB) and
anionic (MO) [52].

In the first stage, the experiments were carried out using 25 mg
catalyst and 25 ml of aqueous dye solution with 2 mg L�1 initial
concentration. The first set of results represented in Fig. 9a illus-
trates that for the given operating conditions, the catalyst has no
photocatalytic action for MO degradation. In contrast with the MO
experiment, a slight concentration decrease for RhB aqueous so-
lution could be noticed and an even more prominent decrease for
the MB aqueous solution. These results can be correlated with
numerous experimental and mechanism studies of the photo-
catalytic process reported in the literature, where the cationic dyes
may be more efficiently degraded than the anionic dyes by the
oxidative species, mainly the hydroxyl radicals, ∙OH and the su-
peroxide radical anions, ∙O2

�, derived from the photoexcited elec-
trons and holes, respectively. Moreover, the nonexistent adsorption
of MO on the catalyst could contribute, as well, to the lacking
photocatalytic activity [47,52e56].

In order to identity the particular catalyst action for RhB andMB
removal occurred as a result of both the adsorption-desorption and
photodegradation processes, additional photocatalytic experi-
ments were performed by varying the amount of the Ni11,(H-
PO3)8(OH)6 material. Fig. 9b shows that the concentration of RhB
aqueous solution at the end of the experiments decreased as the
amount of added catalyst increased. Thus, in the absence of the
catalyst, RhB does not degrade during the photocatalytic experi-
ment, which means that photolysis of RhB does not occur in this
media. Adding 25 mg catalyst led to the reduction of RhB aqueous
solution concentration (approximately 6.3%) at the end of the
experiment, wherein 2.6% resulted during the adsorption-
desorption stage. Increasing the catalyst amount to 75 mg, the
removal of the RhB reached 14%, from which 6.2% represents the
effect of adsorption-desorption process. In these conditions, the
contribution of 25 mg and 75 mg of Ni11,(HPO3)8(OH)6 nano-
particles in the photocatalytic degradation of RhB is 3.7% and 7.8%,
respectively. The visual decolorization of the RhB solution is hardly
detected for the experiments conducted with 25 mg and 75 mg
catalyst (Fig. 10).

Contrary to RhB, MB shows a significant degradation during the
photolysis process, as the MB concentration decreased up to 49.4%,
of which around 8% is obtained in the adsorption stage. In com-
parison with the photolysis experiment, the addition of 25 mg
catalyst had almost no effect on improving the MB removal in the
adsorption-desorption, but led to a higher MB degradation (of 53%)
after solar light irradiation. In this case, as shown in Fig. 10, the
decolorization of the MB solution after adsorption and visible light
irradiation is more visible. Therefore, the difference of 3.6% in the
photodegradation efficiency is given by the photocatalytic activity
of the 25 mg catalyst. A more obvious increase of MB adsorption
was obtained by increasing the catalyst dosage to 75 mg, whereas
the photodegradation of MB was dramatically reduced to a value
below 49.4% obtained in the photolysis process. According to other
photocatalytic studies, the inhibition of photocatalytic degradation
may appear as a consequence of dye solution turbidity caused by an
excessive amount of catalyst which further blocks the light pene-
tration in the suspension and slows the degradation rate [56e58].
These positive results, more clearly revealed in the photocatalytic
experiments carried out with RhB, prove the potential application
of Ni11,(HPO3)8(OH)6 as a visible-light active photocatalyst.

To the best of our knowledge, there is only one study reported in
the literature that investigated the photocatalytic properties of the
Ni11,(HPO3)8(OH)6 compound [10]. In this study, the capacity of
wax-berry like Ni11,(HPO3)8(OH)6 microballs to remove MB and
RhB were investigated under both UV and visible light irradiation,
wherein the experiments conducted under the visible light irradi-
ation showed that Ni11,(HPO3)8(OH)6 microballs have almost no
photocatalytic activity (0.4% for MB and 0.3% for RhB) after 100 min
of visible light exposure. The best results were obtained under UV
light wherein the degradation of MB and RhB by the as-synthetized
catalyst were 35.5% and 8.2% after 90 min irradiation.

The optical properties of the material from this study were
investigated using UVeVis spectroscopy. The insert in Fig. 11 il-
lustrates that the absorption spectrum in the visible-light domain
of the Ni11,(HPO3)8(OH)6 nanorods displays a maximum absorp-
tion peak at 522 nm and two other smaller peaks at 388 and
602 nm.

The optical band gap energy (Eg) value was calculated from the
diffuse reflectance spectrum using the Kubelka-Munk equation:
F(R)¼ (1-R)2/2R¼ a/S, where a is the absorption coefficient, S is the
scattering coefficient (which is practically wavelength independent
when the particle size is larger than 5 mm) and R is the reflectance
[60]. The calculated direct band gap (Eg ¼ 2.6 eV)- Fig. 11- corre-
sponds with the absorption in the visible-light spectrum, as
pointed out in Ref. [61], which could explain the photocatalytic
activity of Ni11,(HPO3)8(OH)6 particles under solar light
irradiation,.

In [10], the Ni11, (HPO3)8(OH)6 microballs present a maximum
absorption peak at 413 nm and two other at 683 and 766 nm, thus
different from our study and may be related to the different
morphology (nanorods in our case and microballs in Ref. [10]). A
morphology dependence of the UVeVis absorption spectrum was
also observed for Co11(HPO3)8(OH)6 microparticles and nanowires:
the lambda onset recorded from the nanowire sample is about
255 nm and that from the microparticle sample is about 340 nm
[62]. Thus, a 85 nm blue shift was observed in the spectrum from
the nanowire sample which was explained based on the quantum
confinement model [63,64].

Developing new materials as visible-light active photocatalysts
has gained a lot of interest due to the necessity to extend the
application of photocatalysts towards an enhanced exploitation of
the solar light energy. For this reason, numerous studies were
conducted to investigate the photocatalytic activities of different
materials with absorption response to longer wavelengths
(>400 nm). Among the representative visible light driven photo-
catalyst reported in the literature for degradation of the organic
dyes, there may be mentioned materials based on C3N4, WO3, TiO2,
Ag3PO4, BiVO4. Still, due to variety of factors affecting the organic
dyes degradation by photocatalysis (pH, type of the dye and
respectively of the photocatalyst, the intensity of radiation, pho-
tocatalyst concentration, dye loading) and different conditions
selected for the experimental studies, it is very difficult to make an
appropriate and comprehensive comparison between photo-
catalytic activities of various materials [61]. However, in Table 2S
(see Supplementary data), the photocatalytic efficiencies of several
aforementioned visible light active materials, determined in



Fig. 9. Photocatalytic tests using 25 mg catalyst and 25 ml aqueous dye solution (MO, RhB, and MB) of 2 mg L�1 initial concentration (a); Photocatalytic tests using 25 ml aqueous
dye solution (RhB and MB) of 2 mg L�1 initial concentration and different amount of catalyst (with no catalyst, 25 mg and 75 mg catalyst) (b).

B.-O. Taranu et al. / Journal of Alloys and Compounds 848 (2020) 1565958



Fig. 10. Images of RhB and MB solution samples before and after photocatalytic experiment for 25 and 75 mg catalyst, respectively.

Fig. 11. Calculated band gap energy of Ni11,(HPO3)8(OH)6 compound, insert:
UVeVisible absorption spectrum in the 300e1000 nm range.
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various studies using particular experimental conditions for elim-
ination of MB and RhB from aqueous dyes solution are presented,
along with our results on Ni compound.

In the present study, only 14% of RhB and around 53% of MB
were removed from the aqueous solution using a catalyst concen-
tration of 3 g L�1 and respectively 1 g L�1, 25ml of dye solutionwith
initial concentration of 2mg L�1 after 2 h of artificial solar radiation.
These results are quite inferior in comparison with the results of
other studies presented above considering that smaller volumes,
lower concentration of aqueous dyes solutions and the same or
even higher catalyst concentration were involved in the present
research. However, the degradation of RhB under solar irradiation
caused exclusively by the addition of the Ni11,(HPO3)8(OH)6
proved the photocatalytic potential of the material.

FT-IR and Raman experiments were performed in order to
investigate the stability of the Ni11,(HPO3)8(OH)6 materials after
the electrochemical and photocatalysis experiments. The mea-
surements are presented in the supplementary data file and the
study show that the materials are stable after the reactions.
4. Conclusions

Electrochemical experimental results show that Ni11,(H-
PO3)8(OH)6 acts as OER catalyst in alkaline medium and that, out of
the 12 investigated modified electrodes, the G4 electrode - ob-
tained by applying a composition containing 10 mL Nafion solution
and 5 mg Ni11,(HPO3)8(OH)6 on graphite substrate - has more
rapid OER kinetics and superior electrocatalytic activity. Our work
contributes to the increase of the knowledge regarding electrodes
modified with combinations containing nickel phosphite, a mate-
rial that has already been shown, via the work of Menezez et al.
[14], to have a place among the very promising materials for the
development of new devices for energy conversion and storage
through water splitting, that are of great interest in light of today’s
energy crisis and environmental issues.

Further OER catalysis studies on Ni11,(HPO3)8(OH)6 involving
an increase in the concentration of the alkaline electrolyte solution,
as well as the presence of the combined effects of carbon black and
rGO are underway. In addition, interesting results were obtained
for the photocatalytic activity of the nickel phosphite that has been
tested for removal of RhB and MB under visibile light irradiation.
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