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Abstract: Herein, we present the investigation of catalytical and fluorescence properties for Nij; (HPO3)g(OH)g
materials obtained through a hydrothermal approach. As part of the constant search for new
materials that are both cost effective and electrocatalytically active for the oxygen evolution reaction
(OER) in alkaline medium, the present study involves several graphite electrodes modified with
Niy; (HPO3)g(OH)g mixed with reduced graphene oxide (rGO) and carbon black. The experimental
results obtained in 0.1 mol L™ KOH electrolyte solution show the electrode modified with rGO,
5 mg carbon black and 1 mg nickel phosphite as displaying the highest current density. This
performance can be attributed to the synergistic effect between nickel phosphite and the carbon
materials. Investigation of the electrode’s OER performance in 0.1 mol L™ KOH solution revealed a
Tafel slope value of just 46 mV dec!. By increasing the concentration to 0.5 and 1 mol L1, this value
increased as well, but there was a significant decrease in overpotential. Fluorescence properties were
analyzed for the first time at the excitation length of 344 nm, and the observed strong and multiple
emissions are described.

Keywords: nickel phosphite; carbon; oxygen evolution reaction; fluorescence

1. Introduction

Due to growing environmental pollution concerns from vehicles and industry, and the
rapid consumption of fossil fuels, the need to satisfy the demand for sustainable and clean
energy resources has attracted great interest, and it has become an increasing preoccupation
of the research and development field [1]. Since hydrogen is considered a clean energy
source, water splitting using a photoelectric or electric current is widely regarded as an
encouraging approach to obtain eco-friendly fuel for tomorrow’s energy supply [2,3]. As
an example, electrocatalytic water splitting is viewed as a very convenient and environmen-
tally friendly technology for generating oxygen and hydrogen to supply PEMFC-driven
vehicles [4]. Electrochemical water splitting is a process that implies the dividing of the
H,O molecule into H, and O,, with both resulting molecules being considered as fuels
with zero carbon emission [5].

Basically, there are two unfolding half-cell reactions: at the anode, water splits into O,
gas through the oxygen evolution reaction (OER), while, at the cathode, H, gas evolves via
the hydrogen evolution reaction (HER) [6]. The HER is catalyzed with a very facile kinetics,
but the OER requires more energy, since it is a four-electron reaction [7,8].
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Theoretically, the electrochemical potential for O, evolution is 1.23 V vs. the Normal
Hydrogen Electrode, but in practice, in order to overcome the energy barrier, a higher value
needs to be applied [9,10]. In other words, from a kinetic point of view, the OER is difficult to
control since it involves higher energy intermediates and multiple proton-coupled electron
transfer steps [11,12]. There are materials that can serve as OER catalysts by lowering
the reaction active energy, and they can be grouped into two categories: metal-based and
carbon-based compounds [13-15].

Currently, noble metal-based electrocatalysts display the highest OER catalytic activity,
especially the ones containing Ir and Ru [16,17]. However, noble metals are expensive and
have a low abundance, which impedes their use in large-scale applications and impose the
development of alternative strategies.

Transition metals that have been identified as efficient OER catalysts include divalent
cations, such as Mn, Fe, Co, and Ni [5], that exhibit their electrocatalytic activity in the
following order: Mn?* < Fe?* < Co?* < Ni?* [18]. The success of eco-friendly water splitting-
based technologies depends on the development of efficient and earth abundant transition
metal catalysts, and this outlines the importance of directing the research focus toward
metals such as Fe, Co, and Ni [19,20]. Their complexes display high OER electrocatalytic
activity, and Ni-based complexes in particular have proven to be attractive due to their
notable performance and relative low cost [21-23].

The present work is a continuation of previous investigations [24], and it consists
in an electrochemical study involving several graphite electrodes modified with compo-
sitions containing Nij; (HPO3)s(OH)e, reduced graphene oxide (rGO), and carbon black.
The catalytic material, a member of the metal phosphites class, was selected based on
literature reports that indicated nickel phosphites as promising electrocatalysts for water
splitting [12,23]. Considering that there are not many published studies evaluating the
water splitting electrocatalytic properties of nickel phosphites, the aim of this paper is to
complement the current literature by outlining the catalytic properties of the mentioned
nickel phosphite-based compositions for the OER in alkaline medium. Furthermore, the
compound’s fluorescence properties are presented and interpreted for the first time in the
case of nickel phosphite samples obtained by the hydrothermal method but in different
synthesis conditions characterized by different morphology. In light of the limited research
performed on the investigated material’s electrocatalytic and fluorescence properties, this
work relies on the proposal that the additional evaluation of these characteristics will
provide the scientific community with the opportunity to better understand it.

2. Materials and Methods

Reagents and materials. Nij (HPO3)g(OH)g material was synthesized by the hydrother-
mal method at high pressure and temperature, according to [25]. Graphene PureSheets
Quattro (Nanolntegris, Menlo Park, California ) was concentrated up to 0.6 mg mL™! by
centrifugation and redispersion, Carbon Black—Vulcan XC 72 (Fuell Cell Store, Texas) and
Nafion® 117 solution (Sigma-Aldrich, Saint Louis, MO, USA) were used as purchased,
together with reagent grade C;H;OH, C3H;OH, KOH, KNO3, and K3[Fe(CN)g]. The two
conductive carbon materials were selected because of the important roles such compounds
have been shown to play in the field of oxygen evolution catalysis [26,27]. The graphite tablets
for electrode manufacturing were obtained from spectroscopic graphite rods (& = 6 mm),
type SW. 114 (Kablo Bratislava, National Corporation “Electrocarbon Topolcany” Factory,
Bratislava, Slovakia). Double-distilled water was used throughout the study.

Preparation of modified electrodes. The graphite tablets were polished using silicon
carbide paper (grit size: 1200 and 2400) and felt. They were subsequently washed with
double-distilled water and ethanol and dried at room temperature. The tablet’s surface
modification consisted of the application via the drop-casting method [28] of a 10 pL
volume from suspensions having the compositions shown in Table 1. After a drying period
of 24 h in air and at room temperature, twelve types of modified graphite electrodes were
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obtained. The codes used to identify the unmodified electrode and each of the modified
ones are also presented in Table 1.

Table 1. The codes used to identify the electrodes, together with the compositions of the suspensions
employed to modify the graphite tablets.

80% Ethanol, 15%

Electrode Code  Ni11(HPO3)s(OH)¢  Nafion Solution GO Carbon Black Water, and 5%
Powder (mg) (uL) Suspension (uL) Powder (mg) Isopropanol
Solution (uL) *
GO - - - - _
G1 - - 83 10 500
G2 - 10 83 10 500
G3 1 - 83 10 500
G4 5 - 83 10 500
G5 1 10 83 10 500
G6 5 10 83 10 500
G7 - - 83 5 500
G8 - 10 83 5 500
G9 1 - 83 5 500
G10 5 - 83 5 500
Gl1 1 10 83 5 500

* This solution was employed to lower the surface tension of the suspension and to facilitate the gradual drying of
the drop-casted layer, thus improving its biding to the substrate.

Electrochemical measurements. A PGZ402 (VoltaLab 80) Universal Potentiostat from
Radiometer Analytical and an electrochemical glass cell equipped with three electrodes were
used for the electrochemical experiments. The counter electrode was a Pt plate (Sgeom = 0.8 cm?),
and Ag/AgCl (sat. KCl) was the reference electrode. Each of the graphite tablets, modified
and unmodified, was inserted into an electrically nonconductive support and employed as
the working electrode (Sgeom = 0.07 cm?).

The specimens were investigated in terms of their OER electrocatalytic properties by
recording linear sweep voltammograms (LSVs) in 0.1 mol L' KOH electrolyte solution
(pH = 13), and the most catalytically active electrode was further studied in 0.5 and 1 mol L™
KOH solutions (pH = 13.7 and 14, respectively). Cyclic voltammetry was used for electric
double-layer capacitance experiments, carried out in 0.1 mol L' KOH solution, and also for
electroactive surface area (EASA) and electroactive species diffusion coefficient estimations,
in 1 mol L' KNOj containing 4 mmol L' K3[Fe(CN)g]. All electrochemical experiments
were performed at 23 + 2 °C.

Unless otherwise specified, the LSVs were recorded by applying iR compensation, and
the current densities mentioned in the text are geometrical current densities. Conversion
of the measured potentials to the Reversible Hydrogen Electrode (RHE) scale, calculation
of the OER overpotential (17), and estimation of the EASA and diffusion coefficient were
performed using the same equations that have been employed in the previous study
concerning Nij1(HPOj3)g(OH)g [24] and have also been reported in the literature [29,30].
They are presented in the Supplementary Materials.

SEM and EDX investigations. Scanning electron microscopy (SEM) investigations
and energy-dispersive X-ray (EDX) analyses were performed using a scanning electron
microscope equipped with the EDX module, INSPECT S model from FEI Company.

An AFM analysis was performed by a Nanonics MultiView 2000 scanner (Nanonics,
Jerusalem, Israel, using the intermittent mode at ambient conditions (24-25 °C). The studied
materials were placed on a polished glass slide. The scanner was equipped with a silicone-
type probe Cr-coated, having a tip radius of 20 nm and resonance frequency of 3040 kHz.

A fluorescence analysis was performed in the 475-700 nm range with a Perkin Elmer
LS55 Spectrofluorometer, Hamburg, Germany. The excitation scan between 300 and 500 nm
revealed an excitation peak with the highest signal at approximately 344 nm. The slits
used for these measurements were 15 nm for A excitation and 15 nm for A emission. The
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employed excitation length was 344 nm. No filter was used. The analysis was carried out
in a suspension of water and ethyl-alcohol.

3. Results
3.1. Electrochemical Investigations

The anodic polarization curves obtained on the GO-G6 electrodes are presented in
Figure 1a, while Figure 1b shows the LSVs traced on the G0 and G7-G12 electrodes. The

measurements were performed in 0.1 mol L' KOH electrolyte solution at a scan rate (v) of
1mVsT.

204 G9
—~ 151
i)
5 ] :
< E vs. RHE (V) <
g £
g ~ E vs. RHE (V)
-~ 5l - 5l
a -
0 T — T T 0 T T T T
1.2 14 1.6 1.8 2.0 1.2 14 1.6 1.8 2.0
E vs. RHE (V) E vs. RHE (V)

Figure 1. (a) LSVs recorded on the GO-G6 electrodes. (b) LSVs recorded on the G0 and G7-G12 elec-
trodes. Insets in (a) and (b) correspond to enlarged regions of the LSVs.

Based on Figure 1a,b, the LSV recorded on the GO electrode shows an oxidation feature
at 2.03 V vs. RHE that is shifted towards more negative potential values in case of the
modified electrodes. Furthermore, for most modified electrodes, the feature appeared at
higher current densities, and the highest value was observed for G3. The LSV obtained
on this electrode is not as smooth as the ones traced on the other modified electrodes,
probably because of the intense bubbling effect noticed during the experiment. Basically,
the OER overlapped with the process corresponding to the anodic feature [31], while the
bubbles formed on its surface affected the maximum current density value by decreasing
the electroactive area and hindering the reaction. Of all the differences between the LSVs
recorded on the modified electrodes, the most obvious was observed for G9. The current
density it exhibited was significantly higher than that of the other electrodes, and in the
field of water splitting, a high-current density is an important requirement [23].

The fact that the electrode displaying the highest current density was the one modified
with a composition containing rGO, 5 mg carbon black and just 1 mg nickel phosphite
highlights the importance of experiments aimed at identifying the proper ratio between
the materials of the compositions used to obtain the modified electrodes. The performance
of the G9 electrode may be attributed to the synergistic effect of the nickel phosphite and
the carbon materials. The latter ensured an improved charge transport during the OER
process and, to some extent, prevented the nickel phosphite particles from aggregating into
larger structures, making them better distributed into the composition and promoting the
formation of catalytically active sites on the electrode surface [32].

The G9 electrode was investigated by SEM (Figure 2), and the top-view image recorded
at low magnification (Figure 2a) shows that the suspension applied on the surface of the
graphite tablet led to the formation of areas that differ in terms of the deposited composi-
tion’s homogeneity. This observation is in agreement with other studies in which the drop-
casting method was used to obtain modified electrodes [33,34]. The high-magnification
image presented in Figure 2b displays the rod-shaped Nij; (HPOj3)s(OH)g particles with
lengths between 1.2 and 10.2 um and diameters between 0.08 and 0.6 um. The particles
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investigated by Menezes et al. [23] had the same shape, but their lengths and diameters
were not as big, most likely due to the different synthesis method used to obtain the samples
from the current study [25].
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Figure 2. (a) SEM image recorded on the surface of the G9 electrode at low magnification. Inset:
EDX spectrum of the G9 electrode. (b) SEM image recorded on the surface of the G9 electrode at
high magnification.

The presence of nickel and phosphorus in the composition deposited on the surface of
the graphite tablet was confirmed by EDX analysis (Figure 2a inset). The other identified
elements (carbon and oxygen) were also expected to be present in the sample, considering
the contents of the suspension used to obtain the G9 electrode.

Further characterization of the G9 electrode was performed using cyclic voltamme-
try, and it was aimed at determining the electric double-layer capacitance at the elec-
trode/electrolyte solution interface and estimating both the electrode’s EASA, as well as
the diffusion coefficient of ferricyanide ions.

The double-layer capacitance (C4;) was obtained by first recording cyclic voltammograms
in 0.1 mol L~! KOH solution at various scan rates (v = 0.05, 0.1, 0.15, 0.2, and 0.25 V s71) in
the -0.2 + 0.1 V vs. Ag/AgC(l (sat. KCl) potential range, where no faradic currents were
present. The capacitive current density (ig) was then calculated as the average of the absolute
values of the anodic and cathodic current densities, selected at -0.15 V vs. Ag/AgCl (sat. KCl),
where only double-layer adsorption and desorption features were present [35-37]. The Cq;
value was determined as the absolute value of the slope obtained for the linear dependence
between iy and the scan rate [38]. Figure 3a shows the ig-v dependence plot and the slope
value of 2.2127 mF cm™2.
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Figure 3. (a) The plot of the capacitive current density vs. the scan rate for the G9-modified electrode.
(b). The graphical representations of the anodic peak current densities vs. the square root of the scan
rate (red squares) and of the cathodic peak current densities vs. the square root of the scan rate (blue
squares) for the G9-modified electrode.
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Cyclic voltammograms were also recorded on the G9 electrode in the 1 mol L™} KNO3
electrolyte solution in the presence and absence of 4 mmol L1 K3[Fe(CN)g] at various scan
rate values (v = 0.05, 0.1, 0.15, 0.2, 0.25, and 0.3 Vs~ !) and in the 0 + 0.8 V vs. Ag/AgCl
(sat. KCl) potential range, where the signals corresponding to the [Fe(CN)g]*/3 redox
couple appeared (see Figure S1 from the Supplementary Materials). The experimental data
were used in the Randles-Sevcik equation to estimate the EASA and diffusion coefficient
of ferricyanide ions, and their values were found to be 0.13 cm? and 2.33 x 107° em? 571,
respectively. The plot of the anodic and cathodic peak current densities vs. the square
root of the scan rate for the same electrode is presented in Figure 3b. As can be seen, the
redox peak currents are proportional to the square root of the scan rate, which indicates a
diffusion-controlled electron transfer process [24,28].

The results obtained from subsequent OER experiments performed on the G9 electrode
are shown in Figure 4. The geometric area of the sample was replaced with the estimated
EASA value, and the modified LSV, differing from the initial one in terms of the current
density values, is presented in Figure 4a.
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Figure 4. (a) LSV obtained on the G9 electrode in 0.1 mol L' KOH solution. (b) The Tafel curve
for the G9 electrode in 0.1 mol L' KOH solution and inserted table showing the Tafel slope and R2
values; (c) i-t curve recorded on the G9 electrode in 0.1 mol L} KOH solution, with inset showing
an enlarged region of the curve. (d) LSVs traced on the G9 electrode in 0.1 mol L' KOH solution,
before and after the stability test. (e) LSVs recorded on the G9 electrode in 0.5 mol L1 KOH (G99 5m)
and 1 mol L1 KOH (G9;y) solutions. (f) The Tafel curves of the G9 electrode in 0.5 mol L~} KOH
(G90.5m) and 1 mol L' KOH (G9;y) solutions and an inserted table showing the Tafel slopes and R2
values. All LSVs were recorded atv =1 mV s,

An important parameter in the study of the OER kinetics at the electrode/electrolyte
interface is the Tafel slope, which reveals the relationship between the overpotential and the
current density. A smaller Tafel slope usually suggests better electrocatalytic properties [27,32,39].
Figure 4b displays the Tafel curve for G9 in 0.1 mol L' KOH electrolyte solution. The
value of the slope was calculated using the Tafel equation: 1 = b x log(i) + a, where 1 is the
overpotential, i is the current density, and b is the Tafel slope. A low value of 46 mV dec™
was obtained, indicating enhanced reaction kinetics.
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The electrochemical stability of electrocatalysts is another important parameter used
to evaluate their OER performance [32]. The stability of G9 in 0.1 mol L~! KOH solution
was studied chronoamperometrically by maintaining constant the potential value corre-
sponding to i = 10 mA cm™2. The time-dependent current density (i-t) curve was recorded
for 9 h (Figure 4c), and the following observations were made: the current density increased
until it reached the maximum value of 14 mA cm™ after 135 min (an increase of 40%),
and then, it gradually decreased to 8.9 mA cm™ at the 540 min mark. The shape of the
curve was affected by the alternate processes of bubble accumulation and bubble release
(Figure 4c inset), and the decrease in the current density seen during the experiment can
be ascribed to the reaction hindering the O, bubbles that stayed on the surface of the elec-
trode and perhaps also to the partial detachment of the catalyst caused by the continuous
bubble release [40].

The anodic polarization curves obtained on the G9 electrode before and after the
stability test (denoted G9 and G9') are presented in Figure 4d. A comparison between them
reveals that they overlap almost perfectly up to the current density value of 6 mA cm™2, but
they gradually separate at higher values. The LSV recorded after the stability test reached
8.02 mA cm2, which was lower than the initially attained 10 mA cm™2. This result outlined
the stability limitations of the G9 electrode.

Lastly, the study of the electrocatalytic properties of the G9 electrode focused on
the concentration of the electrolyte solution. It has been shown that, by modifying this
parameter, specifically by increasing the concentration of the KOH solution, higher current
densities and lower overpotential values are obtained [41]. Thus, the polarization curves
were traced on G9 in 0.5 mol L™ and 1 mol L' KOH electrolyte solutions (Figure 4e).
By comparing Figure 4a,e, it can be seen that higher current densities were achieved when
the KOH concentration of the electrolyte solution was 0.5 or 1 mol L™! than when it was
0.1 mol L. Furthermore, the OER overpotential values corresponding to the current
density values became significantly smaller as the KOH concentration increased.

The Tafel curves of the G9 electrode in 0.5 mol L~! and 1 mol L' KOH electrolyte
solutions are presented in Figure 4f, together with the values of the Tafel slopes and R? values.
These values are higher than the one calculated for the same sample but not in the 0.1 mol L™
KOH solution. The result indicates that, when studying the OER properties of G9, even though
higher KOH concentrations lead to higher anodic current densities and lower overpotential
values, they also affect the OER kinetics at the electrode/electrolyte interface.

As was specified in the introduction section, the present study continues the pre-
vious work on the OER electrocatalytic properties of graphite electrodes modified with
compositions containing Nij1 (HPO3)g(OH)s. The most electrocatalytically active electrode
identified in the preceding study [24] was obtained by drop-casting a suspension con-
taining 5 mg Nij (HPO3)s(OH)¢ and 10 pL Nafion solution on the surface of a graphite
tablet. Since the working conditions were very similar to the ones from the present study,
a comparison can be made between the properties exhibited by that electrode and G9.
In this sense, Table 2 shows the values of some electrochemical parameters—EASA, the
OER overpotential () at 5 mA cm™, and the Tafel slope in 0.1 mol L™ KOH electrolyte
solution—for the two modified electrodes.

As can be seen in Table 2, the G9 electrode exhibits a lower Tafel slope value, which
indicates faster OER kinetics. However, the electrode also exhibits a higher overpotential value.

The OER experiments from the previous study were performed only in 0.1 mol L™
KOH electrolyte solution, but Menezes et al. [23] investigated the catalytic properties of
Ni;1 (HPO3)3(OH), in 1 mol L' KOH solution as well. A comparison between the OER
electrocatalytic activity in this strong alkaline medium of the best electrode identified by the
researchers (nickel phosphite electrophoretically deposited on nickel foam) and that of the
G9 electrode evidenced similar Tafel slope values of 0.111 V dec™! for G9 and 0.091 V dec™
for the reported sample. As for their OER overpotential values at 10 mA cm™2, these were
0.47 V for the former and 0.232 V for the latter. Additionally, for comparative purposes, it
should be pointed out that the IrO; and RuO; OER overpotential values ati = 10 mA cm™2
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and in alkaline medium were reported as 0.45 V and 0.42 V, while their Tafel slope values
were found to be 0.083 V dec™! and 0.074 V dec™! [42-44].

Table 2. The values of some electrochemical parameters for the two modified electrodes.

Tafel Slope

P 2 P

Modified Electrode EASA (cm?) n (V) (V dec))
G9: Graphite substrate modified with 1 mg

nickel phosphite, 5 mg carbon black and rGO 0.13 ~083 0.046

Graphite substrate modified with 5 mg nickel 0.105 0.55 0.081

phosphite and 10 uL Nafion solution

Table S1 (see the Supplementary Materials) shows the OER electrocatalytic perfor-
mance of the G9 electrode and that of other electrocatalysts reported in the scientific
literature. The presented data indicate that, in most cases, the reported OER overpotential
and Tafel slope values are smaller than the ones obtained for G9, and this points to a require-
ment for further experiments aimed at identifying a nickel phosphite-based composition
that will display an improved OER activity. Regarding the more recent studies mentioned
in Table S1, some of them evidenced specimens with catalytic activity surpassing that of
G9 in terms of both overpotential and Tafel slope, while others outlined modified electrodes
that exhibited a lower activity than the electrode identified in the current study. In the first
type of investigations, the composite Co-Fe-1,4-benzenedicarboxylate catalyst displayed
an OER overpotential of 0.295 V and a Tafel slope of ~0.035 V dec! [45], while for FeNi
metal-organic framework nanoarrays on Ni foam, an overpotential of 0.213 V and a Tafel
slope of ~0.052 V dec™! were found [46]. In the second type, electrodes manufactured either
with a composition containing MnO, [47] or with a Pt(Il)-porphyrin [14] revealed OER
overpotentials of either 0.53 V or 0.64 V. The requirement for further experiments is also
indicated by the stability test result that outlines a lower degree of stability vs. that of IrO,,
considered highly stable in the rough oxidizing conditions of the OER [48,49].

3.2. Physicochemical Characterization and Fluorescence Study

The multifunctionality aspect of these phosphate materials [24,50-52] has led us to
the study of their fluorescence properties. It is known that the fluorescence spectrum
can be influenced by the morphology of the materials [53], and in this context, a new
nickel phosphite sample was obtained by using a slightly modified low temperature and
pressure hydrothermal synthesis [54]. The starting reactants—NaH;PO40H,O (0.2758 g),
NiCl,e6H,0 (1.0228 g), and CH3COONae3H,O (1.8958 g)—were introduced in a Teflon
steel autoclave (total volume of 65 mL) filled at 80%, and the thermal treatment occurred at
200 °C for 48 h. In the following, in order to distinguish between both materials, this sample
obtained by low-temperature and low-pressure hydrothermal synthesis will be denoted
SLowTp, and the material described in the previous section, obtained by high-temperature
and high-pressure synthesis, according to [24], will be denoted Syjgntp-

The XRD analysis by Rietveld refinement (Figure 5) shows that the Sy oy p compound was
well crystallized, and the calculated lattice parameters were as follows: a = b = 124764 (4) A,
c=4.9464 (2) A, and P63 mc space group—parameter values in accordance with the liter-
ature [24,25,55]. The Pé3mc space group was used also to index the crystallized S;gntp
samples obtained for this study, as in [25].

SEM and AFM analyses performed for both samples are presented in Figures 6 and 7.
SEM images revealed spherical superstructures made of platelet-like particles (Syowtp)
in Figure 6 and rods with sparse round-like formations (Shigntp) in Figure 7. Thereby,
it was difficult to obtain AFM images on certain areas of Sy ,wrp Where the plates are
present, due to the existence of large heights (>2 um) and abrupt differences (Figure 6a). In
the Syigntp sample, the rod-like morphology predominated with a smaller proportion of
round particles (Figure 7b), as seen in the SEM image as well. Round formations from the
AFM analysis may be a result of the sample preparation process. Furthermore, individual
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areas were selected and measured; the height and width of some formations are shown
in Figure 8.
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Figure 5. Rietveld refinement of the X-ray Diffractogram for the Sy o, p sample in the P63mc space
group. The experimental XRD pattern is a red line, the calculated pattern a black line.

Figure 6. SEM and AFM images at different scales for the Sy, p sample. The yellow square on the
SEM image it’s indicative of the surface area analyzed by AFM (image at right).

AFM

Y[um]

3D

Figure 7. SEM and AFM images at different scales for the Sy rp sample. The yellow square on the
SEM image it’s indicative of the surface area analyzed by AFM (image at right).
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Figure 8. Height and width measurements on the selected area for Sy o, p (a) and for SHighTP (b).

Table 3 displays the values obtained for several AFM parameters in the case of the
SLowtp and Syjgntp samples.

Table 3. Calculated values from AFM images—Average roughness (S,), Mean square root roughness (Sq),
Maximum peak height (Sp), Maximum valley depth (Sy), and Maximum peak-to-valley height (Sy)—for
SLowTp and Syightp-

Sample Ironed Area

Name (um?) Sa (um) Sq (um) Sp (um) Sy (um) Sy (um)
SLowTP 110.359 0.063 0.085 0.352 -0.366 0.719
SHighTP 113.357 0.079 0.105 0.636 -0.049 0.685

The iron area in the AFM technique depends on the majority of asperities being found
on the material surface, and usually, a smoother surface is characterized by a lower value
for this parameter. S, and Sy are the indicators for the highest peaks and the lowest valleys
present in the analyzed area and, together, determine the Sy value. This latter parameter
reveals the compaction of the deposited material or some information about the surface
homogeneity. The roughness is obtained from both Rq and R,, whereas the Sy value may
indicate which sample displays a predominant tendency for valleys or heights. The results
show higher roughness values for SHighTP and the highest Sy value for Sy o 1p- SLowTp had
lower valleys (Sy = —0.336 um for S owrp and —0.049 um for Syjgntp) in comparison to
Sightp With higher S, values (0.352 pm for Sy owrp and 0.636 um for S;gntp). The obtained
data are explained by the fact that the rods (Spignrp) were placed one on another randomly,
forming angles and, therefore, higher heights, whereas the conglomerates (Sy owrp) Were
packed very closely, therefore influencing the main line calculus formula for the S, value
and Sy value, respectively [56].

A Raman analysis was performed on both Syowrp and Sy;gntp materials (Figure 9),
for which the fluorescence properties are characterized in the last part of this research
work. The following bands can be observed for the Sy p sample: 298, 374, 430, 500, 540,
608, 927, 1002, and 1187 cm™!. There are more bands outlined in the spectrum of SHighTp:
296, 374, 430, 479, 542, 613, 935, 994, 1137, 1195, and 1598 cm™. As it can be seen, some
ShignhTp bands are slightly shifted compared to the Sy owrp Ones, and this could be due to
the different sample morphology, since it has already been shown for other materials that
Raman scattering spectra can depend on the morphology of microparticles [57].
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Figure 9. Raman spectra for Syowrp and Syigntp-

As assigned in [24], for the Nij; (HPO3)s(OH)g compound, which was from the same
batch as Syjgntp from this study, the (PO4)3 ions are indicated by the 380 cm™ band, which
may also include the PO3 deformations and rocking modes, whereas, at 296 cm™!, POP
deformations may take place. In the case of Sy ,w1p, a small band at 500 cm! is observed
that was not registered in Syjgntp and was not evidenced in the previous study either. The
band located at 474 cm™ in [24] is also present at 479 cm™ for ShighTp and as a shoulder for
SLowTp and corresponds to the PO3; symmetric and asymmetric deformations. In the same
region (470-500 cm™), overlapped Ni-O bond bands are expected and are responsible for
the peak-broadening evidenced for both Sy v 1p and Syjgrp materials. When comparing the
present results with the previously reported ones [24], the general tendency of the bands is
to blueshift. The differences observed in the Raman spectra for the samples coming from the
same batch, Syigntp from this study, and the previously studied Niy; (HPO3)g(OH)g in [24],
may be due to the fact that the Raman analysis is focused on small amounts of material,
whereas a large quantity of materials was obtained from the hydrothermal synthesis at a
high pressure and temperature. Due to this, it could be that some inhomogeneities were
present in the products from the synthesis or from the autoclave.

In comparison with the Nij; (HPO3)g(OH)s Raman spectrum from [24], a higher in-
tensity is noticed for the bands at 608 em™! (Spowrp) and 613 cm™! (Shigntp), respectively.
These are connected to the 474-479 cm™! region referring to the symmetric and asymmetric
POj3 deformations. The highest difference is detected in the 900-1000 cm™! region, where
the Sy owrp is distinguished from the other two samples, displaying the most intense peak
at 927 cm™!, followed by the one at 1002 cm!. In the case of ShighTp, both peaks have the
same intensity and are slightly shifted in relation to Sy ow1p. The specified bands are owed
to the POz~ symmetric and asymmetric stretching vibrations and are the most prominent
changes in the sample. In the same domain, NiO bands are expected and are less visible
as a result of overlapping with the PO3 bands, followed by the broadening of the specific
peaks (994 cm™! and 1002 cm™, respectively) [24].

By comparison with the previous study [24], a lower intensity is observed in the
1137-1197 cm™! region. For the ShighTp sample, splitting of the peak at 1137 cm™! could
take place due to the secondary phases and is accompanied by the red shift occurrence [58].
Compared to Spowrp, the red-shifted bands of Syjgntp are also broader, and this may be
attributed to the material synthesis, as suggested in the literature [59,60]. The differences
between the Raman spectra of the Sy o p and ShighTp samples can be attributed to their
different morphology, synthesis method, and even to the presence of any impurities.
Nguyen et al. [59] confirmed the fact that phonon wavenumbers and the line shape depend



Crystals 2022, 12, 1803

12 of 17

strongly on impurities or doping, indicating a lower symmetry of the crystal structure.
Their XRD analysis revealed no noticeable differences, as was also the case with the current
study, in which impurities such as barbosalite Fe3(PO4),(OH); could have been present
in the Syjgntp sample obtained by high-temperature and high-pressure hydrothermal
synthesis, as mentioned in [25].

The low intensity peak (1598 cm™) corresponding to the O-H stretching vibration is
observed only in the case of Shigntp and is red-shifted in relation to Nij; (HPO3)g(OH)g
(1580 cm™) [24].

The fluorescence measurements (Figure 10) indicate some differences between the
studied Spowrp and Syjgntp materials. Several bands can be observed in the 405-600 nm
spectral range, with maxima at 426, 488, 513, 533, and 554 nm for Syjgnp and 429, 487, 517,
533, and 555 nm for Sy oy p- The differences between both materials are not only registered
by the shift of the bands but also by the intensity of their maxima. For certain materials, it
has been previously reported in the literature that their morphology has an influence on
the obtained fluorescence results, which is usually represented by the quenching of the
spectra [61,62]. Quenching may appear when the reducing of the radiative recombination
of the electron and hole takes place and/or due to a lower electron-hole recombination
rate [62]. Some other factor could influence the fluorescence spectra, such as the surface
roughness due to the excitation of electrons from occupied d bands into states above the
Fermi level [62]. In this context, the materials with higher roughness may show increased
fluorescence as a consequence of the electron excitation, which is confirmed by the present
results, since both AFM roughness and fluorescence intensity values showed this to be the
case for SHigth. The fluorescence intensity also usually decreases with the decreasing sizes
of the crystallites, but at the same time, the morphology may also play a major role, as it
can cause an increase in a specific area as a result of surface defects, strain/stress effects,
or other changes [53]. According to the literature, the expected bands for the Ni-O bond
are in the blue emission region, more precisely centered between 424-433, 448-463, and
484-491 nm [63,64]. In the current study, as can be seen in Figure 10, the most intense
bands are located in the aforementioned areas but much better outlined in the case of
SHigth. Another band that is usually specific for M-O bonds is centered at 518-524 nm in
the green emission area and is due to the enhanced oxygen vacancies [64]. Phosphors show
broad emission bands in the 300-350 nm wavelength range in the case of NaGd(POj3):Ce®*
materials [65], thus not possible to be put as evidence for the materials studied in this work.
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100 lexz 344 nm
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> 60
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Figure 10. Fluorescence emission spectra obtained at RT for Sy o, p and SHigntp in the 380-600 nm
range, excitation at 344 nm.
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4. Conclusions

The OER activity of several graphite electrodes modified with Nij; (HPO3)s(OH)g,
carbon black, and rGO was investigated electrochemically in an alkaline medium. The
polarization curves recorded on the electrodes show that the sample modified with 1 mg
nickel phosphite, 5 mg carbon black, and rGO exhibited the highest anodic current density
values. This behavior can be explained in terms of the synergistic effect of the nickel phos-
phite and the carbon materials. The electrochemical study outlines the OER performance of
the nickel phosphite-based electrodes, as well as their limitations. Different hydrothermal
synthesis conditions influenced the morphology of the obtained nickel phosphite materials,
the existence of rods and plates being observed through SEM and AFM analyses. Raman
spectrometry demonstrated the presence of the specific peaks for the analyzed samples,
acknowledging the importance of the employed synthesis method.

The experimental data resulted from the evaluation of the nickel phosphite’s OER
activity, and the fluorescence properties complement the research literature, providing
the scientific community with the opportunity to better understand this material and its
applicative potential. Moreover, the study of the nickel phosphite’s fluorescence properties
increases the understanding of this material and paves the way for future investigations
with potentially applicative results, highlighting the link between the roughness of the
materials and the free ions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst12121803/s1: Figure S1: Cyclic voltammograms recorded
on the G9 electrode in 1 mol L' KNOj3 + 4 mmol L1 K3[Fe(CN)4] electrolyte solution, at various
scan rate values (v = 0.05, 0.1, 0.15,0.2,0.25and 0.3 V s'l) ; Table S1: The electrocatalytic properties
for the OER of the composition containing Nij; (HPO3)g(OH)g, carbon black and rGO, applied on
graphite substrate, and that of other electrocatalysts reported in the scientific literature, in 1 mol L™
KOH electrolyte solution. References [66-94] are cited in the supplementary materials.
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