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An Enhanced Oxidation of Formate on PtNi/Ni Foam Catalyst in an Alkaline Medium
Reprinted from: Crystals 2022, 12, 362, doi:10.3390/cryst12030362 . . . . . . . . . . . . . . . . . . 69

Gintare Rimkute, Mantvydas Gudaitis, Jurgis Barkauskas, Aleksej Zarkov,

Gediminas Niaura and Justina Gaidukevic

Synthesis and Characterization of Graphite Intercalation Compounds with Sulfuric Acid
Reprinted from: Crystals 2022, 12, 421, doi:10.3390/cryst12030421 . . . . . . . . . . . . . . . . . . 87

Mazen Alshaaer, Khalil Issa, Ahmed S. Afify, Moustapha E. Moustapha, Abdulaziz A. Alanazi,

Ammar Elsanousi and Talal F. Qahtan

The Impact of Full-Scale Substitution of Ca2+ with Ni2+ Ions on Brushite’s Crystal Structure and
Phase Composition
Reprinted from: Crystals 2022, 12, 940, doi:10.3390/cryst12070940 . . . . . . . . . . . . . . . . . . 103

v



Jing Zhang, Alex. J. Corkett, Jan van Leusen, Ulli Englert and Richard Dronskowski

Solvent-Induced Cobalt(II) Cyanoguanidine Bromides: Syntheses, Crystal Structure, Optical
and Magnetic Properties
Reprinted from: Crystals 2022, 12, 1377, doi:10.3390/cryst12101377 . . . . . . . . . . . . . . . . . . 115

Siarhei Zavatski, Anatoli I. Popov, Andrey Chemenev, Alma Dauletbekova and

Hanna Bandarenka

Wet Chemical Synthesis and Characterization of Au Coatings on Meso- and Macroporous Si
for Molecular Analysis by SERS Spectroscopy
Reprinted from: Crystals 2022, 12, 1656, doi:10.3390/cryst12111656 . . . . . . . . . . . . . . . . . . 125
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Advances in Functional Inorganic Materials Prepared by Wet
Chemical Methods (Volume II)
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Functional inorganic materials are an indispensable part of innovative technologies,
which are essential for development in many fields of industry. The use of new materials,
nanostructures, and multicomponent composites with specific chemical or physical proper-
ties promotes technological progress in electronics, optoelectronics, catalysis, biomedicine,
and many other areas that are concerned with aspects of human life. Due to the broad and
diverse range of potential applications of functional inorganic materials, the development
of superior synthesis pathways, reliable characterization, and a deep understanding of the
structure–property relationships in materials are rightfully considered to be fundamentally
important scientific issues. Only synergetic efforts of scientists dealing with the synthesis,
functionalization, and characterization of materials will lead to the development of future
technologies. This Special Issue on “Advances in Functional Inorganic Materials Prepared
by Wet Chemical Methods (Volume II)” covers a broad range of preparation routes, the
characterization and application of functional inorganic materials, and metal–organic ma-
terials that are important in the fields of catalysis, electronics, optics, biomedicine, and
others.

Metal phosphates are a family of inorganic compounds that are widely used in differ-
ent areas such as medicine, catalysis, sensors, water treatment, the development of optical
materials, etc. Calcium hydroxyapatite (Ca10(PO4)6(OH)2) is probably the most popular
member of the calcium phosphate (CP) subfamily, whose solubility, specific surface area,
surface wettability, and adsorption characteristics strongly depend on the morphology and
crystallinity. Karalkeviciene et al. [1] investigated the effects of different organic solvents
on the formation of hydroxyapatite via the hydrolysis of α-tricalcium phosphate under
solvothermal conditions. The syntheses were performed with different proportions of
water–organic solvents: ethylene glycol, methyl alcohol, ethyl alcohol, isopropyl alcohol,
and butyl alcohol. The influence of the solvothermal conditions, the nature of the solvent,
and the effect of the organic solvent fraction in the solution on the phase purity and mor-
phological features of HA were investigated. It was demonstrated that methyl alcohol and
ethylene glycol had a stronger inhibitory effect on the hydrolysis process. The morphology
of the obtained samples varied from plate-shaped to rod-shaped depending on the reaction
medium and synthesis conditions. Out of all the solvents analyzed, ethylene glycol had the
highest impact on the sample morphology. A different efficient way to modify the morphol-
ogy of hydroxyapatite considers the usage of various organic additives. A comprehensive
experimental study was carried out to compare the effects of sodium lauryl sulfate and
three amino acids (DL-aspartic acid, dodecanedioic acid, and suberic acid) on the formation
of calcium-deficient hydroxyapatite via the hydrolysis of α-tricalcium phosphate [2]. The
study revealed that higher concentrations of sodium lauryl sulfate and dodecanedioic acid
induced the formation of impurities in addition to hydroxyapatite, whereas aspartic and
suberic acids did not affect the phase purity. The morphology of the samples varied from
plate- to rod-like depending on the concentration of the specific organic additive.

Crystals 2023, 13, 324. https://doi.org/10.3390/cryst13020324 https://www.mdpi.com/journal/crystals1
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Another member of the CP group is brushite (CaHPO4·2H2O), which is a material that
can be synthesized in aqueous medium by using simple wet precipitation. Alshaaer et al. [3]
studied the feasibility of full-scale substitution of Ca2+ by Ni2+ ions and its influence on the
crystal structure of brushite. The authors concluded that the substitution level is limited,
and that the replacement of 20% of Ca2+ leads to the formation of a mixture of compounds.

Rare-earth phosphates are another group of phosphate-based materials that recently
have gained much scientific interest, especially in the field of luminescent materials. Ez-
erskyte et al. [4] reported the hydrothermal synthesis of GdPO4:Eu3+ nanoparticles by
varying different synthesis parameters: pH, <Gd>:<P> molar ratio, and Eu3+ concentra-
tion. It was shown that the nanoparticle length can be adjusted from hundreds to tens
of nanometers by changing the pH. Increasing the <Gd>:<P> molar ratio resulted in a
decrease in nanoparticle length and an increase in its width. The temperature-dependent
measurements in the 77–500 K range revealed that the GdPO4:50%Eu3+ sample maintains
half of its emission intensity, even at room temperature.

Silver phosphate (Ag3PO4) can be used as an efficient photocatalyst, which shows a
very strong oxidation capacity and high visible-light catalytic activity. However, Ag3PO4
is prone to photoelectron corrosion and becomes unstable during photocatalysis, which
severely limits its application in this field. A tubelike g-C3N4/Ag3PO4 heterojunction was
constructed with the chemical precipitation method by Yan et al. [5]. The photocatalytic
activity of the photocatalyst was evaluated based on the degradation of RhB under visible-
light irradiation. The degradation rate of the RhB was 90% under irradiation for 40 min;
moreover, the recycling experiment showed that there was no apparent decrease in the
activity of the heterojunction after five consecutive runs.

Precious metal-based catalysts are the most widely studied and are currently regarded
as state-of-the-art electrocatalysts for formic acid/formate oxidation because of their high
catalytic activity and good anti-poisoning properties. In a study by Nacys et al. [6], a
platinum-coated Ni foam catalyst (PtNi/Ni) was investigated for the oxidation of the for-
mate reaction in an alkaline medium. The catalyst was fabricated via a two-step procedure,
which involved an electroless deposition of the Ni layer and the subsequent electrodeposi-
tion of the platinum layer. The obtained composite demonstrated enhanced electrocatalytic
activity compared to the Ni/Ni foam catalyst and pure Pt electrode.

Another area of application of precious metals is molecular analysis by SERS spec-
troscopy. Zavatski et al. [7] fabricated gold nanostructures on two different types of
substrates, namely, meso- and macroporous silicon, via an electroless chemical deposi-
tion method for different time periods. SERS measurements were performed for the R6G
molecules adsorbed on different Au-coated samples at a 10−6 M concentration. The authors
demonstrated the correlation of the R6G SERS spectra intensity with the morphology and
structural properties of Au coverage on the silicon surface.

Carbon-based materials comprise another wide and diverse class of functional inor-
ganic compounds, which can be modified in a variety of ways. A special subgroup of these
materials, known as graphite intercalation compounds (GICs), are especially interesting due
to their use in Li-ion batteries, superconductivity, catalytic activity, etc. Rimkute et al. [8]
demonstrated the synthesis of GICs using three different oxidizers: (NH4)2S2O8, K2S2O8,
and CrO3, with and without P2O5 as a water-binding agent. The use of CrO3 resulted in a
much higher structural disorder, whereas a minimal defect concentration was reached by
using K2S2O8. The use of P2O5 can help to achieve more effective intercalation and has a
positive effect on the formation of the stage I GIC phase.

Graphene-polypyrrole nanocomposites were synthesized via a wet-way protocol us-
ing a graphite bisulfate precursor, which was prepared in the presence of concentrated
sulfuric acid and potassium periodate [9]. Three different types of graphite precursors with
particle sizes of <50 μm, ≥150, ≤830 μm, and ≤2000 μm were used for this purpose. The
nanocomposites prepared from exfoliated graphene and polypyrrole had a core–shell struc-
ture, where the particle core is composed of exfoliated graphene covered by a polypyrrole
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shell. The most relevant areas of application for these obtained nanocomposites, including
energy storage and (bio)sensing, were considered.

Synthetic conditions for the preparation of different types of spherical amine-holding
silica particles were proposed by Melnyk et al. [10]. The Stöber version of a sol-gel method
of co-condensation of two alkoxysilanes was used for the one-pot synthesis of silica par-
ticles with ≡Si(CH2)3NH2, ≡Si(CH2)3NH(CH2)2NH2, and ≡[Si(CH2)3NH]2 functional
groups that had an available group content of 1.3–2.3 mmol/g. The sorption proper-
ties of these hybrid materials for nickel(II) and copper(II) ions, as well as for bovine
serum albumin, were found to be dependent on the structure of the materials and the
type of incorporated functional group. The maximal static sorption capacity values to-
ward the targeted adsorbates were shown by the samples with 3-aminopropyl groups
(1.27 mmol Ni/g), diamine groups (1.09 mmol Cu/g), and secondary amine groups
(204.6 mg BSA/g).

The study of Pt and Pd complexes with various organic compounds is of funda-
mental and practical interest due to a wide range of applications, including biosensors,
DNA visualization, and catalysis. Novikov et al. [11] reported the synthesis of new
[PdCl2(HGua)2]Cl2·H2O and [PtCl5(HGua)]·2H2O compounds using wet chemistry meth-
ods. It was shown that the complexes have an M-N bond, and the organic ligand is included
in the first coordination sphere. In the palladium complex, π-halogen and π-stacking inter-
actions were found, whereas in analogues, such interactions were not found. On the other
hand, π-halogen and halogen interactions were found in the structure of a platinum com-
plex and its analogues. The same group of authors reported the synthesis of new platinum
and uranium compounds with nicotinic acid [12]. The authors described the synthesis of
two new anionic complexes, (HNic)2[PtCl6] and (HNic)2[UO2Cl4], using wet chemistry
methods. It was determined that hydrogen bonds (H···Hal/Hal···H and O···H/H···O)
are the main contributors to the intermolecular interactions in both compounds. Other
important contacts in cations are H···H, C···H/H···C, and C···Hal/Hal···C; in anions, it
is H···Hal/Hal···H. The Pt-containing complex has a halogen-π interaction and halogen
bonds, but this type of interaction was not observed in the U-containing compound.

Another successful synthesis of metal–organic compounds was demonstrated by
Zhang et al. [13]. In this study, two different phase-pure cobalt(II) cyanoguanidine bromide
coordination compounds, Co(C2N4H4)2(H2O)4·2Br·2H2O (1) and Co3(C2N4H4)8(H2O)8·6Br
(2), were precipitated from aqueous and methanol solutions, respectively. It was shown that
the magnetic susceptibility of 1 is consistent with either isolated or very weakly interacting
Co2+ centers, whereas the magnetic susceptibility of 2 is evidence of the potential weak
antiferromagnetic exchange interactions that may arise from the superexchange within the
binuclear clusters.

Layered double hydroxides or hydrotalcite-like compounds are layered basic salts,
whose structural features give them a number of specific properties which can be tuned
by the modification of the chemical composition and partial substitution of metal ions.
Nestroinaia et al. [14] employed three different wet chemical methods (co-precipitation at
variable pH, co-precipitation followed by hydrothermal treatment, and co-precipitation
with microwave treatment) to synthesize Mg/Ni–Al layered double hydroxides containing
triply charged nickel cations. Despite the variety of synthetic approaches, the properties of
the samples synthesized by the different methods were shown to be quite similar.

Author Contributions: Conceptualization, A.Z., A.K. and L.T.-T.; writing—original draft preparation,
A.Z., A.K. and L.T.-T.; writing—review and editing, A.Z., A.K. and L.T.-T.; funding acquisition, A.Z.
All authors have read and agreed to the published version of the manuscript.
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Abstract: Water pollution caused by dye wastewater is a potential threat to human health. Using
photocatalysis technology to deal with dye wastewater has the advantages of strong purification and
no secondary pollution, so it is greatly significant to look for new visible-light photocatalysts with high
photocatalytic ability for dye wastewater degradation. Semiconductor photocatalyst silver phosphate
(Ag3PO4) has high quantum efficiency and photocatalytic degradation activity. However, Ag3PO4 is
prone to photoelectron corrosion and becomes unstable during photocatalysis, which severely limits
its application in this field. In this study, a tubelike g-C3N4/Ag3PO4 heterojunction was constructed
by the chemical precipitation method. An Ag3PO4 nanoparticle was loaded onto the surface of
the tubelike g-C3N4, forming close contact. The photocatalytic activity of the photocatalyst was
evaluated by the degradation of RhB under visible-light irradiation. The tubelike g-C3N4/Ag3PO4-5%
heterojunction exhibited optimal photocatalytic performance. In an optimal process, the degradation
rate of the RhB is 90% under visible-light irradiation for 40 min. The recycling experiment showed
that there was no apparent decrease in the activity of tubelike g-C3N4/Ag3PO4-5% heterojunction
after five consecutive runs. A possible Z-type mechanism is proposed to explain the high activity
and stability of the heterojunction.

Keywords: photocatalysis; Ag3PO4; g-C3N4; heterojunction; degradation

1. Introduction

With the rapid development of modern industry, the problem of water pollution is
becoming increasingly serious, as it could harm human health [1–4]. Dye wastewater
has large discharge, biological toxicity, complex composition, high content of organic
matter, and poor biodegradability, which is a difficult problem in wastewater treatment.
Semiconductor photocatalysis technology can transform solar into chemical energy and
completely decompose organic matter under mild conditions. It shows great potential and
good application prospects in solving environmental pollution and energy shortage [5,6].
The development of highly active photocatalysts is key to the application of photocatalysis
technology. Various semiconductor photocatalysts, including TiO2, ZnO, and SnO2, were
studied [7–10]. However, these conventional photocatalytic materials still have many
problems, such as photocatalytic activity only under ultraviolet light, electron-hole recom-
bination, and potential toxicity, which are primary obstacles to further application. Thereby,
it is greatly significant to explore photocatalysts with high visible-light activity for the
application of semiconductor photocatalysis.

In 2010, Ye et al. [11] reported a novel visible light photocatalyst, Ag3PO4, which
showed very strong oxidation capacity and high visible-light catalytic activity. In addition,
its quantum efficiency reached 90%, far higher than that of other metal oxide semiconductor
photocatalysts [12–15]. However, Ag3PO4 is prone to photoelectron corrosion and becomes
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unstable during photocatalytic reaction, which severely limits the application of Ag3PO4
in the field of photocatalysis. Therefore, the photocatalytic performance of Ag3PO4 was
improved by adjusting the morphology [16,17], combining it with carbon materials [18,19],
and constructing a heterojunction [20,21]. Among them, the Ag3PO4-based heterojunction
can effectively separate electrons and holes according to energy band theory, which is
regarded as the most effective method to improve the photocatalytic performance of
Ag3PO4. For example, many semiconductor photocatalysts, including TiO2, SnO2, g-C3N4,
SrTiO3 were used to couple with Ag3PO4 to fabricate heterojunction photocatalysts [22–25].
These heterojunctions showed excellent catalytic performance and stability. g-C3N4 is of
great interest to researchers due to its matching potentials of the conduction and valence
bands with Ag3PO4. The interfacial contact of heterojunction catalysts greatly affects
electron and hole transport. Most of the reported g-C3N4/Ag3PO4 heterojunction catalysts,
however, are bulk g-C3N4. The small specific surface area of bulk g-C3N4 is not conducive
to the formation of heterojunctions with Ag3PO4 [26,27].

In this paper, a tubelike g-C3N4 was prepared by the molten salt method. A new type
of Ag3PO4-based heterojunction was formed by chemical precipitation with the tubelike
g-C3N4. The structure, morphology, and spectral properties of the g-C3N4/Ag3PO4 hetero-
junction were characterized by X-ray diffraction patterns, scanning electron microscopy,
transmission electron microscopy, UV–vis diffuse reflectance spectra, and photolumi-
nescence spectra. The photocatalytic activity of the photocatalyst was evaluated by the
degradation of RhB under visible light irradiation. The effect of g-C3N4 content on the pho-
tocatalytic performance of the tubelike g-C3N4/Ag3PO4 heterojunction was investigated.
Moreover, the electron transfer mechanism of the tubelike g-C3N4/Ag3PO4 heterojunction
in the degradation of RhB under visible-light irradiation was studied.

2. Materials and Methods

2.1. Synthesis of Tubelike g-C3N4

The molten salt method was used to synthesize the tubelike g-C3N4 [28,29]. First,
4.5 g of lithium chloride, 5.5 g of potassium chloride, and 1 g of melamine were ground
together. The mixture in the crucible was heated in a muffle furnace at 550 ◦C for 4 h.
After the reaction, lithium chloride and potassium chloride were removed by washing with
deionized water. Lastly, the tubelike g-C3N4 was collected and dried at 80 ◦C for 24 h. The
sample was labeled as TCN.

2.2. Synthesis of Tubelike g-C3N4/Ag3PO4 Heterojunction

The tubelike g-C3N4/ Ag3PO4 heterojunction was prepared by chemical precipitation.
First, 0.17 g AgNO3 was dissolved in deionized water, and a certain amount of tubelike g-
C3N4 was dispersed in the above solution. Then, 0.15 g Na3PO4 was dissolved in deionized
water and slowly dropped into the AgNO3 solution. After magnetic stirring for 30 min, the
solution was filtered, washed, and dried at 60 ◦C for 10 h. The tubelike g-C3N4/Ag3PO4
heterojunctions with different tubelike g-C3N4 mass contents of about 1, 3, 5, and 7% were
labeled as TCN/Ag3PO4-1%, TCN/Ag3PO4-3%, TCN/Ag3PO4-5%, and TCN/Ag3PO4-7%,
respectively. For comparison, the pure Ag3PO4 nanoparticle was prepared by the chemical
precipitation method without tubelike g-C3N4.

2.3. Characterization

The crystal structure was determined by Philips X ‘pert MPD (Almelo, The Nether-
lands). Cu target Kα was used as the radiation source (wavelength, 0.15418 nm), working
voltage was 40 kV, working current was 20 mA, scanning range was 10–70◦, and scanning
speed was 4◦ min−1. The surface morphology of the sample was observed by scanning
electron microscope (S-4800; working voltage, 5 kV, Kyoto, Japan) and transmission elec-
tron microscopy (FEI Tecnai G20; working voltage, 200 kV, Hillsboro, OR, USA). X-ray
photoelectron spectroscopy (XPS) measurements were performed by using a Kratos Axis
Ultra DLD detector (Manchester, UK). The photoluminescence (PL) spectra of the sample
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at room temperature were measured with a HORIBA Fluorolog-3(Paris, France). The UV–
visible diffuse reflectance spectra of the sample were measured with a Shimadzu UV-3600
spectrophotometer (UV-3600, Shimadzu, Kyoto, Japan).

2.4. Photocatalytic Activity Evaluation

We added 0.01 g of the catalyst to a 100 mL RhB solution with an initial concentration
of 10 mg/L. In order to achieve adsorption–desorption equilibrium, the RhB solution (with
the photocatalyst) was magnetically stirred in the dark for 30 min. Then, the solution
was placed under a 300 W xenon lamp (filtering out ultraviolet light) for photocatalytic
reaction. The RhB solution was taken every 5 min. After 30 min of centrifugation, the
supernatant was removed, and the concentration of RhB solution was measured with a
UV-vis spectrophotometer (721 G, Shanghai, China) at 664 nm absorbance value.

3. Results and Discussion

3.1. XRD and XPS Analysis

The XRD patterns of TCN, Ag3PO4, and the TCN/Ag3PO4 heterojunction are shown
in Figure 1. The diffraction peaks of TCN were at 11.7, 20.6, 24.3, 26.6, 29.1, and 32.4◦, which
reflects different planes from (100), (110), (200), (002), (102), and (210). This is consistent with
literature reports [30]. Ag3PO4 had obvious diffraction peaks at 20.88, 29.70,33.29, 36.59,
42.49, 47.79, 52.70, 55.02, 57.28, and 61.64◦. Compared with the cubic Ag3PO4 standard
card (PDF 06-0505), the (110), (200), (210), (211), (220), (310), (222), (320), (321), (400) crystal
planes corresponded to their crystal phase, respectively. This shows that the pure Ag3PO4
phase was successfully prepared by chemical precipitation. The diffraction peak of the
TCN/Ag3PO4 heterojunction is mainly from Ag3PO4, while the characteristic diffraction
peak of the tubelike g-C3N4 did not appear because of the low content of tubelike g-C3N4
in the heterojunction, which is difficult to be detected by X-ray diffraction.

 

Figure 1. XRD patterns of TCN, Ag3PO4, and TCN/Ag3PO4 heterojunction.

The chemical composition of the TCN/Ag3PO4 heterojunction was characterized by
XPS, as shown in Figure 2. Figure 2a is the survey spectrum of the TCN/Ag3PO4-5%
heterojunction, which shows the presence of Ag, P, O, N, and C. The high-resolution XPS
measurements of C 1s, N 1s, Ag 3d, O 1s, and P 2p are shown in Figure 2b–f. There
are three peaks in Figure 2b. The peaks with binding energy at 284.6 and 287.5 eV were
attributed to the C-C bonds and sp2 carbon in the triazine ring, respectively. The peaks
with binding energy at 285.7 eV corresponded to C-O bonds in the hydroxyl state on the
sample surface [31]. Results show that there were many hydrophilic hydroxyl groups
on the surface of the heterojunction catalyst. These oxygen-containing carbons provided
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an active surface to form good contact with the Ag3PO4 nanoparticle. Figure 2c shows
two peaks in the N 1s spectra. The peak with binding energy at 398.2 eV is attributed
to sp2 nitrogen in the triazine ring, and another peak with binding energy at 399.7 eV is
ascribed to the terminal amino groups [32]. Results further confirmed the existence of
g-C3N4 in the TCN/Ag3PO4 heterojunction. Figure 2d shows the high-resolution spectra
of Ag 3d. Peaks with binding energy at 367.8 and 373.8 eV belonged to the 3d5/2 and
3d3/2 characteristic peaks, respectively, with a valence state of Ag+. Ag 3d is a single peak
of splitting, indicating that the Ag element existed only in the form of Ag+ [33]. Figure 2e
shows the high-resolution spectrum of O 1s. The peak of O 1s could be fitted into two
peaks, which were mainly the lattice oxygen of Ag3PO4 with binding energy at 530.6 eV
and the surface hydroxyl oxygen at 532.4 eV [34]. Figure 2f is the high-resolution spectrum
of P 2p. The electron binding energy at the center of the characteristic single peak was
located at 133.2 eV, suggesting that the P element was in a +5 valence state [35]. Results
further confirmed the existence of Ag3PO4 in the TCN/Ag3PO4 heterojunction.

  

  

  

Figure 2. XPS spectra of TCN/ Ag3PO4-5% heterojunction: (a) XPS survey spectrum; (b) C 1s; (c) N
1s; (d) Ag 3d; (e) O 1s; (f) P 2p.

3.2. SEM Analysis

Figure 3 shows the SEM images of TCN, Ag3PO4, and the TCN/Ag3PO4-5% hetero-
junction, respectively. Figure 3A shows that TCN prepared by the molten salt method had a
hollow tubelike shape, a square tube mouth with a smooth surface, and length distribution
ranging from several microns to more than 10 microns. Figure 3B shows that Ag3PO4
prepared by chemical precipitation was composed of many polycrystalline nanoparticles
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with an average size of 30–50 nm, and particles presented an obvious agglomeration phe-
nomenon. Figure 3C is the SEM image of the TCN/Ag3PO4-5% heterojunction. Results
show that the Ag3PO4 nanoparticle was uniformly loaded onto the surface of tubelike
g-C3N4. Figure 3D is the TEM image of TCN/Ag3PO4-5% heterojunction. The hollow
tubelike g-C3N4 structure and Ag3PO4 nanoparticle were observed more clearly. Results
showed that the tubelike g-C3N4 both dispersed the Ag3PO4 nanoparticle and formed
the heterojunction.

  

  

Figure 3. SEM images of (A) TCN, (B) Ag3PO4, (C) TCN/Ag3PO4-5% heterojunction, and (D) TEM
image of TCN/Ag3PO4-5% heterojunction.

3.3. UV–vis Diffuse Reflectance Spectra and Photoluminescence Spectra Analysis

The UV–vis DRS of TCN, Ag3PO4, and the TCN/Ag3PO4 heterojunction are shown
in Figure 4a. The Ag3PO4 showed obvious absorption from the ultraviolet to the visible re-
gion, and its band edge absorption was 532 nm [36]. The band edge absorption of TCN was
460 nm, indicating a certain absorption of visible light. With the addition of TCN, the ab-
sorption spectra of TCN/Ag3PO4 heterojunction had a red shift compared to those of TCN
and Ag3PO4. The shift is ascribed to the interaction between TCN and Ag3PO4. This result
implied that more visible light could be harvested by the TCN/Ag3PO4 heterojunction.

The separation efficiency of a photoelectron-hole pair greatly affects the performance
of the photocatalyst [37]. In Ag3PO4 systems, the rapid separation of photogenerated
electrons is beneficial to reduce the photocurrent corrosion of Ag3PO4. Figure 4b shows
the photoluminescence spectra of Ag3PO4 and the TCN/Ag3PO4 heterojunction, with
an excitation wavelength of 365 nm. The emission peak of pure Ag3PO4 was obvious
at 535 nm, indicating that the electron-hole pair in Ag3PO4 had a strong recombination
rate. With the addition of TCN, the peak intensity of the TCN/Ag3PO4 heterojunction
gradually decreased. The peak intensity of the TCN/Ag3PO4-5% heterojunction was the
lowest, indicating a low recombination rate of charges. Therefore, the formation of the
TCN/Ag3PO4 heterojunction is beneficial to the separation of electrons and holes, thus
effectively improving its catalytic performance.
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Figure 4. UV–vis diffuse (a) reflectance and (b) photoluminescence spectra of Ag3PO4 and
TCN/Ag3PO4-5% heterojunction.

3.4. Photocatalytic Activities Analyses

The catalytic activity of different catalysts was investigated by using RhB as a sim-
ulated degradation target, as shown in Figure 5a. In the absence of a catalyst, RhB
hardly degraded under visible-light irradiation. The TCN and Ag3PO4 samples exhib-
ited visible-light photocatalytic activity, and the degradation rate of RhB was 25 and
44%, respectively after 40 min visible light irradiation. Compared with the TCN and
Ag3PO4, the TCN/Ag3PO4 heterojunction exhibited enhanced photocatalytic activity. The
TCN/Ag3PO4-5% heterojunction resulted in 90% degradation of RhB within 40 min. It is
an important factor for the formation of heterojunction with the appropriate amount of
TCN. When the amount of TCN is low, Ag3PO4 particles cannot be fully loaded and thus
cannot effectively form the heterojunction. On the other hand, excessive TCN absorbs the
visible light and forms a masking effect on the heterojunction, thus decreasing its catalytic
efficiency. For low-concentration pollutants, the kinetic behaviors for the degradation
reaction can be studied with the following equation:

ln(c/c0) = kt (1)

  
Figure 5. Degradation curves (a) and kinetic plot (b) of photocatalytic degradation of RhB by TCN,
Ag3PO4, and TCN/Ag3PO4 heterojunction.

The kinetic constants (k) of different samples were calculated and are shown in Figure 5b.
The kinetic constant of RhB degradation with TCN/Ag3PO4-5% (0.0077 min−1) was about 5.9
and 3.8 times as high as that of TCN (0.0013 min−1) and Ag3PO4 (0.0020 min−1), respectively.
This result shows that the formation of the TCN/Ag3PO4 heterojunction could efficiently
enhance the photocatalytic performances of Ag3PO4.

To investigate the stability of Ag3PO4 and the TCN/Ag3PO4 heterojunction, the
photocatalyst was recovered and dried for the next cycle of degradation. Degradation
conditions remained the same as before, and there were 5 cycles. Experimental results are
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shown in Figure 6a. In the cyclic experiment, the photocatalytic performance of Ag3PO4
obviously decreased, and the degradation rate of RhB for the fifth time was only 15%.
The degradation rate of RhB by the TCN/Ag3PO4 heterojunction for the fifth time was
85%. Results showed that the TCN/Ag3PO4 heterojunction exhibited excellent stability.
The samples of Ag3PO4 and the TCN/Ag3PO4 heterojunction after the cycle experiment
were analyzed by X-ray diffraction, and results are shown in Figure 6b. In the XRD of
Ag3PO4, a new diffraction peak appeared at 38.1◦, which is the (111) plane diffraction peak
of Ag [38]. Results showed that Ag3PO4 was prone to photoelectron corrosion and became
unstable during photocatalytic reaction. There was no new diffraction peak in the XRD of
the TCN/Ag3PO4 heterojunction. Results showed that the TCN/Ag3PO4 heterojunction
maintained good stability in the cyclic experiment.

  
Figure 6. (a) RhB degradation rate and (b) XRD patterns over Ag3PO4 and TCN/Ag3PO4 hetero-
junction in cyclic experiment.

3.5. Photocatalytic Mechanism of TCN/Ag3PO4 Heterojunction

To further investigate the photocatalytic reaction mechanism of the TCN/Ag3PO4
heterojunction, the TCN/Ag3PO4-5% heterojunction was used as photocatalyst, and dif-
ferent scavengers were selected to carry out the photodegradation experiment. Among
them, ethylenediaminetetraacetic acid (EDTA) was the electron hole (h+) scavenger [39],
benzoquinone (BQ) was the superoxide radical (•O2

−) scavenger [40], and isopropanol
(IPA) was the hydroxyl radical (•OH) scavenger [41], with a concentration of 1 mmol/L.
The effects of various scavengers on the degradation rate of RhB are shown in Figure 7.

Figure 7. Effect of different scavengers on RhB degradation by TCN/Ag3PO4−5% heterojunction
under visible−light irradiation.
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The photocatalytic efficiency of RhB decreased significantly after the addition of EDTA
and BQ, and the degradation rate of RhB was 39% and 45% after 40 min reaction, respec-
tively. Results showed that h + and •O2

− were captured by EDTA and BQ, respectively, so
the number of h + and •O2

− in the photocatalytic reaction was greatly reduced, resulting
in a lower degradation rate of RhB. When IPA was added, the degradation rate of RhB
was 80% after 40 min reaction. The IPA mainly captured •OH, thus slightly decreasing
the degradation rate of RhB. It is clear that h + and •O2

− were the main active species
for RhB degradation, while •OH only played a minor role. According to previous re-
ports [42,43], the valence band (VB) and conduction band (CB) potentials of Ag3PO4 were
about 2.69 and 0.24 eV, which are both more positive than those of g-C3N4 (−1.15 and
1.60 eV), respectively. According to traditional heterojunction theory, the CB of g-C3N4
is more negative than that of Ag3PO4, and the electrons generated after photoexcitation
migrate from the CB of g-C3N4 to the CB of Ag3PO4. The VB of Ag3PO4 is more positive
than that of g-C3N4, and holes generated after photoexcitation migrate from the VB of
Ag3PO4 to the VB of g-C3N4. •O2

−/O2 potential (–0.33 eV) is more negative than that CB of
Ag3PO4, so electrons migrating to the CB of Ag3PO4 cannot react with oxygen to produce
•O2

−. This is not consistent with the results of photocapture experiments in which •O2
−

is the main active species. A large number of electrons gathering on the crystal surface
of Ag3PO4 lead to the photocurrent corrosion of Ag3PO4. This is inconsistent with the
experimental results of the stability of the TCN/Ag3PO4 heterojunction. Second, because
the potential of the VB of g-C3N4 was more negative than the potential of •OH/H2O (2.27
eV), the holes that migrated to CB of g-C3N4 could not oxidize water to produce •OH. This
is not consistent with the results of photocapture experiments in which •OH is also an
active species. According to the experimental results of the stability and capture of the
TCN/Ag3PO4 heterojunction, a possible Z-type photocatalytic mechanism is proposed,
as shown in Figure 8. The potential position of the VB of g-C3N4 was close to the CB of
Ag3PO4, so it was easy to combine the holes in the VB and the electrons in the CB. There-
fore, the electrons in the VB of g-C3N4 and the holes in the VB of Ag3PO4 were effectively
separated. The electrons in the CB of g-C3N4 would react with the dissolved O2 to produce
•O2

−, which could directly oxidize RhB. Meanwhile, the holes in the VB of Ag3PO4 can
also directly oxidize RhB. Its high valence band potential of +2.69 eV could oxidize water
to produce •OH, and •OH also had a strong oxidation capacity and can oxidize RhB. The
Z-type mechanism is consistent with the experimental results of the photostabilization and
photocapture of the heterojunction catalyst.

Figure 8. Photocatalytic degradation RhB and charge transfer mechanism in TCN/Ag3PO4 hetero-
junction.
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4. Conclusions

A TCN/Ag3PO4 heterojunction was successfully prepared by chemical precipitation.
The TCN/Ag3PO4 heterojunction catalyst exhibited excellent catalytic activity and stability
under visible-light irradiation. A possible Z-type mechanism was proposed in which the
Ag3PO4-excited electrons were directly recombined with holes generated by the tubelike
g-C3N4, thus rapidly separating photogenerated electrons from the Ag3PO4 crystal surface.
The TCN/Ag3PO4 heterojunction structure both reduced the photoelectronic corrosion of
Ag3PO4 and improved the photocatalytic activity of the catalyst. As a photocatalyst with
high activity and stability, the TCN/Ag3PO4 heterojunction has potential for applications
in the field of environmental pollution control.
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Abstract: The aim of the work was to synthesize new perspective compounds of palladium and
platinum with nitrogenous bases (guanine), promising for use in biomedicine and catalysis. The
article describes the synthesis of new [PdCl2(HGua)2]Cl2·H2O and [PtCl5(HGua)]·2H2O compounds
using wet chemistry methods. The structure of the obtained single crystals was established by the
method of single crystal X-ray diffraction. The complexes have an M-N bond, and the organic ligand
is included in the first coordination sphere. The analysis of Hirshfeld surfaces for the obtained
complexes and their analogues for the analysis of intermolecular interactions was carried out. In the
palladium complex we obtained, π-halogen and π-stacking interactions were found; in analogues,
such interactions were not found. π-halogen and halogen interactions were found in structure of
platinum complex and its analogues.

Keywords: X-ray diffraction analysis; Hirshfeld surface analysis; guanine; palladium; platinum;
metal-nitrogen bond

1. Introduction

The study of Pt and Pd complexes with various organic compounds is of great funda-
mental and practical interest. One of the areas of research is focused on the synthesis of
nanoscale metal clusters [1] and nanoparticles with DNA using Pd and Pt complexes [2–4].
Such works have a wide range of applications, including biosensors, DNA visualization [5],
and catalysis [2,6].

First of all, coordination compounds of platinum group metals occupy an important
place in anticancer therapy [7]. Cisplatin is most successfully used, although serious side-
effects (toxic effect, nonspecificity, development of resistance during treatment) stimulate
the search for new coordination compounds of metals (palladium, ruthenium, etc.) [8]. The
basis of the operation of cisplatin (cis-diamminedichloroplatinum (II)) lies in the alkylating
effect of DNA due to the rapid replacement of chlorine in an aqueous environment. In
coincident complexes of cisplatin, when replacing platinum with palladium, the lability
of chlorine significantly decreases and for this reason palladium analogues to cisplatin
are unusable in anti-cancer therapy. However, there is evidence of the successful use
of complexes of paladium II). For example, Pd(II) complexes of dithiocarbamate [9] cis-
Diamminedichloropalladium are promising in anticancer therapy, which are characterized
by the much lower toxicity in comparison with platinum complexes for tissues [10]. In the
work [11], the antitumoral activity of some palladium complexes of compounds against
Sarcoma is described. As in the case of platinum, the interaction of palladium with DNA
leads to a cytotoxic effect during the formation of inter and intrastrand cross-links due
to complexation with purine and pyrimidine bases [12]. Nitrogen bases of DNA and
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other similar nucleobases are ambidentate (or ambivalent) ligands since they have two or
more donor atoms capable of binding metal ions; therefore, Pd(II) complexes with various
heterocycles (xanthine, theophylline, theobromine, 3,8-dimethylxanthine, caffeine and
1,3,8-trimethylxanthine), promising for use in medicine were synthetized and described
earlier [13].

It is well known that the interaction of platinum and palladium with DNA occurs
mainly on guanine-rich DNA fragments [14–18]. In this sense, guanine N(7) is the most
commonly accepted atom for primary attachment of platinum compounds to DNA [19–21]
because its N(9) position in guanine is unsubstituted. Some studies have demonstrated
that N(9) of guanine is also the main site of binding interaction with metals [22]. Guanine
is one of the major purine nucleobases present in DNA and RNA. RNA has considerably
higher content of guanine. In general, purines are basic components of nucleotides in cell
proliferation, because they provide the necessary energy and cofactors to promote cell
survival and proliferation, thus purine metabolism is associated with the progression of
cancer. High concentrations of purine metabolites have been indicated in tumor cells [23].

Metal complexes of unsubstituted guanine have been investigated by various
groups [24–26]. Both purine and pyrimidine DNA derivatives belong to antimetabo-
lites of nucleic metabolism, and their application as active carriers of alkylating agents is
based on the biochemical data relating to the accumulation of purines and pyrimidines in
a tumour cell. It is for this reason that platinum complexes with purine and pyrimidine
bases and their derivatives are considered as potential antitumor agents [27]. In addition
to medicine, it was proposed to use guanine palladium complexes in organic catalysis,
including in the form of graphene deposited on nanoparticles [28,29].

Some previous works on the synthesis of palladium derivatives of guanine proposed
to use guanine derivatives with ethylenediamine and diethylenetriamine complexes of
palladium(II) [30]. In their research works, they obtained complexes of palladium and
platinum with nucleoside fragments [31,32], but the complexes described in these works
have different geometry [33] or X-ray data were not obtained or the structures were not
described [34]. Thus, the aim of our work was to obtain Pd(II) and Pt(IV) compounds with
unsubstituted guanine as a ligand and describe the crystal structure and intermolecular
interactions by the method of Hirshfeld surfaces.

2. Materials and Methods

2.1. Materials

Complexes 1 and 2 were synthesized using hexachloroplatinic (IV) acid hexahydrate
(H2PtCl6·6H2O, ~40% Pt), palladium (II) chloride (PdCl2, ≥99%), guanine (C5H5N5O,
≥98%) and hydrochloric acid (HCl, 36.5%), all being ACS Reagent Grade chemicals pur-
chased from Sigma-Aldrich (Darmstadt, Germany) and used without additional purifica-
tion. All solutions were prepared using distilled water additionally deionized with the
Arium setup (Sartorius AG, Goettingen, Germany).

2.2. Synthesis Procedure of [PdCl2HGua2]Cl2·H2O (1)

To begin with, we dissolved 15 mg (0.1 mmol) of guanine in 15 mL of 1 mol L−1 hy-
drochloric acid aqueous solution in 25 mL two-necked flask equipped with a thermometer.
To prepare H2PdCl4 acid, we dissolved 9 mg (0.05 mmol) of PdCl2 in 1 mol L−1 hydrochlo-
ric acid aqueous solution. Then, both guanine and tetrachloropalladic (II) acid solutions
were mixed at room temperature under stirring for 5 min at 23 ◦C. After that, we raised the
temperature to 50 ◦C and continued stirring for 60 min. After turning off the stirring, the
solution was transferred to a vacuum desiccator and left for 24 h over anhydrous CaCl2. To
the resulting brown-red crystals, 500 μL of anhydrous methanol were added. The resulting
suspension was heated to 40 ◦C and cooled in air to room temperature; the resulting red
crystals were analyzed by XRD.
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2.3. Synthesis Procedure of PtCl5HGua·2H2O (2)

We dissolved ~10 mg of guanine in 5 mL of distilled water at room temperature in
a 10 mL two-necked flask equipped with a thermometer. To this suspension we added
100 μL of 0.7 mol L−1 hexachloroplatinic acid aqueous solution. The mixture was stirred
for 5 min at 23 ◦C, then the temperature was raised to 50 ◦C and held for 60 min. After
turning off the stirring, the flask with the solution was transferred to a vacuum desiccator
and left for 24 h over anhydrous CaCl2. To the resulting yellow-green powder was added
500 μL of anhydrous methanol. The resulting suspension was heated to 40 ◦C and cooled
in air to room temperature; the formed thin needles of light green color were analyzed
by XRD.

2.4. Single-Crystal XRD Analysis

The crystal structure of all synthesized substances was determined by X-ray structural
analysis using an automatic four-circle area-detector diffractometer Bruker KAPPA APEX II
with MoKα radiation at a temperature of 100 K (for 1) and 296 K (for 2). The cell parameters
were refined over the entire data set by using SAINT-Plus software [35]. Absorption
corrections were introduced using the SADABS program [36]. The structures were solved
using the SHELXT-2018/2 program [37] and refined by full-matrix least squares on F2 in
the anisotropic approximation for all non-hydrogen atoms (SHELXL-2018 [38]). The H
atoms were objectively located from the difference Fourier synthesis and refined in an
idealized geometry with isotropic temperature factors equal to 1.2Ueq (N, C) for NH- and
CH-groups, and 1.5Ueq (O) for water molecules. Tables and pictures for structures were
generated using Olex2 [39].

Crystal data, data collection, and structure refinement details are summarized in
Table 1. All other crystallographic parameters of structures 1 and 2 are indicated in
Tables S1–S8. The atomic coordinates were deposited at the Cambridge Crystallographic
Data Centre [40], CCDC № 2116634 and 2116635 for 1 and 2, respectively. The Sup-
plementary crystallographic data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif (accessed on
14 November 2021).

Table 1. Crystal data and structure refinement for structure 1 and 2.

Identification Code 1 2

Empirical formula C10H14Cl4N10O3Pd C5H10Cl5N5O3Pt
Formula weight 570.51 560.52
Temperature/K 100(2) 296(2)
Crystal system Triclinic Monoclinic

Space group P-1 P21/n
a/Å 7.7566(4) 7.9869(2)
b/Å 10.7651(5) 15.8000(5)
c/Å 11.4193(5) 13.0000(3)
α/◦ 97.127(3) 90
β/◦ 99.974(3) 107.173(1)
γ/◦ 90.128(3) 90

Volume/Å3 931.58(8) 1567.37(7)
Z 2 4

ρcalcg/cm3 2.034 2.375
μ/mm−1 1.608 9.812

F(000) 564.0 1048.0
Crystal size/mm3 0.9 × 0.6 × 0.11 0.4 × 0.1 × 0.08

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073)
2 Θ range for data collection/ 8.23 to 60 8.348 to 60

Index ranges −10 ≤ h ≤ 10, −15 ≤ k ≤ 15, −15 ≤ l ≤ 16 −10 ≤ h ≤ 11, −21 ≤ k ≤ 22, −17 ≤ l ≤ 18
Reflections collected 18,831 14,606

Independent reflections 5402 [Rint = 0.0711, Rsigma = 0.0736] 4556 [Rint = 0.0263, Rsigma = 0.0286]
Data/restraints/parameters 5402/0/257 4556/3/178
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Table 1. Cont.

Identification Code 1 2

Empirical formula C10H14Cl4N10O3Pd C5H10Cl5N5O3Pt
Goodness-of-fit on F2 1.027 1.039

Final R indexes [I ≥ 2σ (I)] R1 = 0.0477, wR2 = 0.1168 R1 = 0.0206, wR2 = 0.0408
Final R indexes [all data] R1 = 0.0778, wR2 = 0.1318 R1 = 0.0293, wR2 = 0.0432

Largest diff. peak/hole/e Å−3 1.30/−1.12 0.86/−0.97

3. Results and Discussions

3.1. Structural Description

Compound 1 crystallizes in the triclinic space group P-1, 2 in the monoclinic space
group P21/n. The asymmetric fragments of 1 and 2 are shown in Figure 1. In both structures,
the metal atom forms a M-N bond with the nitrogen atom of the five-membered ring of the
guanine fragment. Also, in both structures, the nitrogen atom of the six-membered ring,
which is in the para-position to the oxygen atom of the guanine molecule, is protonated.
However, the molecule of complex 1 has a charge of +2, and the molecule of complex 2

is electroneutral. This can be used for selective delivery of the complex in organisms. As
counter-ions in structure 1, there are two chloride anions. In both structures, in addition to
the molecules of the complex, there are molecules of crystallization water. There are one
and two molecules of water in 1 and 2, respectively.

Figure 1. Asymmetric fragments of 1 (a) and 2 (b) with labeling of atoms and some bond lengths. Displacement ellipsoids
are drawn at the 50% probability level.

The guanine fragments in structures 1 and 2 are plane. However, in structure 1 in the
second ring, the atoms deviate from the plane more strongly than for the first ring in 2 and
for the ring in 1 (maximum displacement of 0.128, 0.047 and 0.003 Å for C15, C2 in 1 and
C3 in 2 respectively).

The planes of guanine fragments are significantly rotated relative to the plane perpen-
dicular to the direction determined by the practically linear grouping Cl1-Pd1-Cl2. The
torsion angles Cl2-Pd1-N19-C14 of 57.05◦ and Cl2-Pd1-N9-C4 of −60.32◦ differ greatly
from 90◦ as in similar compounds [41–43]. However, in this case, the planes of both ligands
almost coincide (angle (plane normal-plane normal): 3.000◦), which is obviously due to
H-bonding with the outer-sphere chloride ion.

The Pd-N distance varies from 2.012 to 2.028 Å. The average distance found with the
data from the Cambridge Structural Database (CSD Version 5.42, update of September 2021)
is 2.018 Å [40]. The Pt-N distance is slightly longer than Pd-N and is 2.038 Å, which is
slightly shorter than the average distance found in the CSD, which is 2.046 Å. The Pd–Cl
distances vary from 2.315 to 2.326 Å, which is longer than the average distance found in
CSD for the structures with analogous coordination, which is 2.296 Å. The Pt–Cl distances
change from 2.303 to 2.322 Å, which is close to 2.310 Å (average distance from CSD). The
slight lengthening of bonds may be due to the different participation of chlorine atoms in
hydrogen bonds.
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In structures 1 and 2, a complex system of hydrogen bonds is formed. The hydrogen
bond parameters are listed in Tables S3 and S7. Crystal water plays an important role
in the formation of a system of hydrogen bonds in both structures. In crystal 1, bifur-
cate H-bonds are absent, but the chlorine atom Cl3 is linked by four hydrogen bonds
to the amino groups of six-membered rings (Figure 2a). In 2, there is a trifurcate hydro-
gen bond N3–H3A· · ·Cl2, N3–H3A· · ·Cl3, N3–H3A· · ·O15 with bond lengths 3.377 (2),
3.159 (3), 2.942 (3) Å, respectively. The strongest hydrogen bonds N11–H11· · ·O11 and
N7–H7· · ·O22 in 1 are formed between nitrogen atoms of five- and six-membered rings
and oxygen atoms of guanine fragments. In 2, the strongest H-bonds are formed between
water molecules (O2W· · ·O1W3 distance is 2.795 (4) Å), nitrogen molecule N4 and water
molecule O2W (N4· · ·O2W distance is 2.746 (3)Å) and amino group and oxygen atom
guanine fragment (N4· · ·O2W distance is 2.734 (4) Å).

Figure 2. View showing hydrogen bonds in 1 (a) and in 2 (b). Symmetrical molecules of the complex
are not shown in full for clarity.

Crystal packing in 1 can be represented as layered (Figure 3). In 2, the crystal packing
can be represented by columns (Figure 4). In both structures, hydrogen bonds form a
three-dimensional framework and connect the layers and columns to each other. The layers
are additionally connected by π-halogen interactions in 1. The complex molecules in 2 in
the columns are connected by halogen bonds (XB). In structure 2, four water molecules
form a cluster linked by H-bonds. There is π-staking interaction in 1 of six-membered ring
(C14 N19 C18 N17 C15) with five-membered ring (C4 N9 C8 N7 C5) with angle: 3.543◦,
centroid-centroid distance: 3.855 Å and shift distance 1.851 Å, which additionally stabilizes
the structure.

Previously, only a few compounds similar to ours were described. Complexes are
described in the literature in which the Pd atom is bound by a Pd-N bond with an organic
ligand [41–44]. But in almost all works, electrically neutral complexes are obtained. In
our work, the complex has a charge of +2. Besides, the palladium atom binds to two
guanine molecules. This fact presupposes the use of our complex as a selective delivery of
palladium to various organs and tissues. We have found only one work with structure of
the platinum atoms with molecules of guanine or 7-methylguanine [45]. However, in the
work of Gupta et al., Pt binds not only to the guanine fragment, but also to the nitrogen
atoms of the diethyleneamine fragments. Also, the guanine fragment in compound 2 is
not protonated.

3.2. Hirshfeld Surface Analysis

Crystal Explorer 21 was used to calculate the Hirshfeld surfaces (HS) and two-
dimensional fingerprint plots [46]. The donor-acceptor groups are visualized using a
standard (high) surface resolution and dnorm surfaces mapped over a fixed color scale
of −0.705 (red) to 1.266 (blue) for 1 and −0.665 to 1.650 a.u. for 2, as illustrated in
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Figures 5a and 6a, respectively. Additionally, the surface of shape-index was constructed,
with bright spots on which short interactions are also visible (Figure 7).

Figure 3. Packing diagram of 1, view along the [101] direction. 0 indicates the origin of the unit cell
and a, b, c—lattice translations.

Figure 4. Packing diagram of 2, view along the [100] direction. 0 indicates the origin of the unit cell
and a, b, c—lattice translations.
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Figure 5. (a) Hirshfeld surface dnorm for complex 1 and (b) two-dimensional fingerprint
plot for Cl· · ·H/H· · ·Cl, (c) O· · ·H/H· · ·O, (d) H· · ·H, (e) N· · ·H/H· · ·N, (f) H· · ·C/C· · ·H,
(g) Cl· · ·C/C· · ·Cl, (h) Cl· · ·N/N· · ·Cl contacts. Surface color scale: red (distances shorter than
sum of vdW radii), through white to blue (distances longer than sum of vdW radii).
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Figure 6. (a) Hirshfeld surface dnorm for complex 2 and (b) two-dimensional fingerprint plot for
Cl· · ·H/H· · ·Cl, (c) O· · ·H/H· · ·O, (d) Cl· · ·C/C· · ·Cl, (e) Cl· · ·N/N· · ·Cl, (f) Cl· · ·Cl, (g) H· · ·H,
(h) H· · ·C/C· · ·H contacts. Surface color scale: red (distances shorter than sum of vdW radii),
through white to blue (distances longer than sum of vdW radii).
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Figure 7. Shape-index of 1 (a) and 2 (b).

Red spots on the dnorm surface for both compounds correspond to hydrogen bonds. In
compounds 1 and 2, the main contribution to intermolecular interactions is made by hydro-
gen bonds of the Cl· · ·H/H· · ·Cl type (29.2% and 48.6%, respectively) and O· · ·H/H· · ·O
type (17.9% and 14.7%, respectively). Such a difference in the contribution of contacts may
be associated with a large percentage of chlorine atoms in complex 2 and with a different
composition of the complexes. Van der Waals interactions H· · ·H (13.6%), N· · ·H/H· · ·N
(10.4%), and H· · ·C/C· · ·H (8.4%) play important role in crystal packing. Cl· · ·C/C· · ·Cl
contacts in complexes 1 and 2 (8.8% and 6.6%, respectively) indicate the presence of
π-halogen interaction. In the structure with a palladium atom, there are the π -anion
interactions between the six-member ring and the chloride anions and chlorine atom of
other complex, as described in [47,48]. This is additionally confirmed by short distances
(plane N1C2N3C4C5C6 centroid-atom Cl42 (symmetry code: x, 1 + y, z): 3.493 Å, plane
N11C12N13C14C15C16 centroid-atom Cl4: 3.192 Å and plane N11C12N13C14C15C16
centroid-atom Cl1 (symmetry code: 1 + x, y, z): 3.484) (Figure 8). The angles α confirm
this fact (67.07, 80.0, and 82.82◦, respectively). In structure 2, π-halogen interaction also
occurs, but this time the ring of the guanine fragment with the chlorine atom Cl43 (plane
C1N2C2C3C4N3 centroid-atom Cl43 (symmetry code: 1−x, 1−y, 1−z) is 3.183 Å and α is
83.97◦) [47,49–51] (Figure 9). The short contact Cl· · ·Cl (6.3%) in structure 2 indicates the
presence of a halogen bond. The short distance Cl3···Cl5 and the angle Pd-Cl···Cl equal to
163◦ confirms this fact [52]. Significant contribution to intermolecular interactions in 2 is
made by contacts of the type Cl· · ·N/N· · ·Cl, H· · ·H, H· · ·C/C· · ·H.

Figure 8. View showing π-stacking and π-halogen interactions with bond lengths between layers in
the structure 1.
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Figure 9. View showing π-halogen interactions and halogen bonds with bond lengths within and
between columns respectively in 2.

We have analyzed the HS for analogues of the title compounds. As an analogue for
compound 1, we found only a few compounds in which there is a Pd-N bond and in
which the ligand is represented by five- and six-member rings. We have taken compounds
with flat substituents. Moreover, all the analogues we found are electrically neutral. The
analysis performed for analogues of the complex 1 showed that in neutral complexes the
main contribution to intermolecular interactions is made by van der Waals interactions
(Figure 10). Hydrogen bonds contribute less to intermolecular interactions than in 1. In
these compounds, there is no π-halogen interaction, as in our compound. This may be
since in 1 the π-halogen interaction occurs predominantly between the chloride anion and
the rings of the guanine fragments, while the analogues we have found are electrically
neutral. It can be noted that with lengthening of the substituent, the proportion of H· · ·H
interactions increases.

Figure 10. Percentage contributions of contacts to the Hirschfeld surface in structures 1 and taken from CSD. LOF-
TIM: bis(1H-benzimidazole)-(dibromo)-palladium(II) dimethyl sulfoxide solvate [53]; LOFTOS: bis(iodo)-bis(2-methyl-1H-
benzimidazole)-palladium(II) [53]; XIKZON: Dichlorido[bis(2-hexylsulfanyl)-1H-benzimidazole-κN3]palladium(II) [54];
ZIWTEH: trans-Dichlorido-bis(1H-benzimidazole)-palladium(II) [55].
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As an analogue for the HS analysis, we found only two structures with similar ge-
ometry (Pt-N bond with the benzoimidazole ligand, Pt(IV) bonded to five halogen atoms)
for 2. Moreover, the CSD contains data only on pentachloroplatinates structures; for other
halogens, such structures are absent. The complex in ASITIF is electrically neutral, and
in EBECEV it is negatively charged, but in these complexes the charge does not affect
strongly the HS. A similar type of packing is formed in all structures, and hydrogen bonds
play an important role in the formation of crystal packing (Figure 11). All compounds
also contain Cl· · ·C/C· · ·Cl and Cl· · ·N/N· · ·Cl contacts. This shows that, as in our
complex, in similar structures, the molecules of the complexes are additionally bound by
the π-halogen interaction. Short Cl· · ·Cl contacts show that in similar structures, a halogen
bonding is present. It should also be noted that the fraction of van der Waals interactions
in similar structures is higher, which may be due to the absence of crystallization water
molecules in the structure.

Figure 11. Percentage contributions of contacts to the Hirschfeld surface in structures 2 and taken from CSD. ASITIF:
Pentachloro-(9-methyladeninio-N)-platinum(IV) [32]; N-Methylmethanaminium pentachl ro-(5-methyl[1,2,4]triazolo[1,5-
a]pyrimidin-7(4H)-one)-platinum(IV) [56].

In this work, complexes of palladium and platinum with guanine were obtained
for the first time. When analyzing the literature, we found only a few similar Pt or Pd
compounds with M-N bonds with imidazole rings or molecules of nitrogenous bases. In
both complexes, a system of hydrogen bonds is formed, which additionally stabilizes
the structures in the crystals. The analysis of non-bonded interactions carried out in this
work showed their different nature in two complexes under consideration. In structure 1,
the molecules of the complex are linked by both π-stacking interaction and a π-halogen
bonding. In 2, the molecules of the complex are additionally linked to HB by a π-halogen
and halogen bonding.

The detailed analysis of non-bonded interactions carried out in this work may be of
interest in the context of self-assembly [57]. In the future, when replacing, for example,
chlorine atoms with bromine atoms, we can assume that there will be an increase in non-
bonded interactions and a better association of complexes in the crystal and in solution.
And replacing chlorine with fluorine, on the contrary, can lead to a different type of packing.
The analysis of the influence of halogen atoms on the character of interactions was carried
out in [58]. It has been shown that the strength of the XB donor increases in the following
order as the XB donor capacity increases: F < Cl <Br < I.
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Analysis of non-bonded interactions and H-bond systems can also predict the behavior
of complexes in solutions. Such an analysis may be of interest from the point of view
of predicting the formation of solvates or micelles in the process of creating targeted
dosage forms, as well as in modeling receptor activity in silico. At a certain concentration
of the solution, these complexes will most likely form aggregates due to non-bonded
interactions, but in this case, they will interact with solvent molecules through a system of
H-bonds. Platinum and palladium do not participate in intermolecular interactions and are
completely screened by their coordination spheres, which suggests that compounds 1 and 2

are resistant to hydrolytic processes.

4. Conclusions

In this work, we obtained the compounds of four-coordinated palladium(II) and
six-coordinated platinum(IV) with guanine entering the coordination sphere through the
M-N bond for the first time. The compounds were synthesized from acidic solutions, which
resulted in additional protonation of the formed complexes at the nitrogen atoms N3. The
resulting palladium complex is a doubly charged cation, and the platinum compound is
an electrically neutral molecule. The noble metals complexes usage may be interesting
for medical purposes. The main intermolecular interactions are shown by the Hirshfeld
surface method, and the significant contribution of hydrogen bonds to the crystal packing
is proved. π-halogen, π-stacking, and halogen interactions were found in the obtained
compounds and compared with their analogues.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cryst11111417/s1, Table S1: Bond Lengths for 1, Table S2: Bond Angles for 1, Table S3:
Hydrogen Bonds for 1, Table S4: Torsion Angles for 1, Table S5: Bond Lengths for 2, Table S6: Bond
Angles for 2, Table S7: Hydrogen Bonds for 2, Table S8: Torsion Angles for 2.

Author Contributions: Conceptualization, E.V.A. and A.V.S.; methodology, M.A.V. and E.V.A.; vali-
dation, M.S.G.; investigation, E.V.A., A.P.N., M.S.G. and M.A.V.; writing—original draft preparation,
A.P.N., A.V.S. and M.S.G.; writing—review and editing, E.V.A.; visualization, A.P.N.; supervision,
M.S.G.; project administration, E.V.A. All authors have read and agreed to the published version of
the manuscript.

Funding: The study was supported by the Ministry of Science and Higher Education of the Russian
Federation (program no. AAAA-A18-118040590105-4).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: X-ray diffraction experiments were performed at the Center for Shared Use of
Physical Methods of Investigation at the Frumkin Institute of Physical Chemistry and Electrochem-
istry, RAS.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Richter, J.; Seidel, R.; Kirsch, R.; Mertig, M.; Pompe, W.; Plaschke, J.; Schackert, H.K. Nanoscale Palladium Metallization of DNA.
Adv. Mater. 2000, 12, 507–510. [CrossRef]

2. Van Nguyen, K.; Minteer, S.D. DNA-functionalized Pt nanoparticles as catalysts for chemically powered micromotors: Toward
signal-on motion-based DNA biosensor. Chem. Commun. 2015, 51, 4782–4784. [CrossRef]

3. Nguyen, K.; Monteverde, M.; Filoramo, A.; Goux-Capes, L.; Lyonnais, S.; Jegou, P.; Viel, P.; Goffman, M.; Bourgoin, J.-P. Synthesis
of Thin and Highly Conductive DNA-Based Palladium Nanowires. Adv. Mater. 2008, 20, 1099–1104. [CrossRef]

4. Ford, W.E.; Harnack, O.; Yasuda, A.; Wessels, J.M. Platinated DNA as Precursors to Templated Chains of Metal Nanoparticles.
Adv. Mater. 2001, 13, 1793–1797. [CrossRef]

5. Pekarik, V.; Peskova, M.; Duben, J.; Remes, M.; Heger, Z. Direct fluorogenic detection of palladium and platinum organometallic
complexes with proteins and nucleic acids in polyacrylamide gels. Sci. Rep. 2020, 10, 12344. [CrossRef]

6. Miller, M.A.; Askevold, B.; Mikula, H.; Kohler, R.H.; Pirovich, D.; Weissleder, R. Nano-palladium is a cellular catalyst for in vivo
chemistry. Nat. Commun. 2017, 8, 15906. [CrossRef]

28



Crystals 2021, 11, 1417

7. Fong, C.W. Platinum anti-cancer drugs: Free radical mechanism of Pt-DNA adduct formation and anti-neoplastic effect. Free
Radic. Biol. Med. 2016, 95, 216–229. [CrossRef]

8. Clarke, M.J.; Zhu, F.; Frasca, D.R. Non-Platinum Chemotherapeutic Metallopharmaceuticals. Chem. Rev. 1999, 99, 2511–2533.
[CrossRef]

9. Hadizadeh, S.; Najafzadeh, N.; Mazani, M.; Amani, M.; Mansouri-Torshizi, H.; Niapour, A. Cytotoxic Effects of Newly Synthesized
Palladium(II) Complexes of Diethyldithiocarbamate on Gastrointestinal Cancer Cell Lines. Biochem. Res. Int. 2014, 2014, 813457.
[CrossRef]

10. Hill, G.A.; Forde, G.; Gorb, L.; Leszczynski, J. cis-Diamminedichloropalladium and its interaction with guanine and guanine-
cytosine base pair. Int. J. Quantum Chem. 2002, 90, 1121–1128. [CrossRef]

11. Butour, J.L.; Wimmer, S.; Wimmer, F.; Castan, P. Palladium(II) compounds with potential antitumour properties and their
platinum analogues: A comparative study of the reaction of some orotic acid derivatives with DNA in vitro. Chem. Biol. Interact.
1997, 104, 165–178. [CrossRef]

12. Tikhomirov, A.G.; Ivanova, N.A.; Erofeeva, O.S.; Gorbacheva, L.B.; Efimenko, I.A. Interaction of Palladium(II) Acido Complexes
with DNA. Russ. J. Coord. Chem. 2003 297 2003, 29, 489–493. [CrossRef]

13. Tewari, B.B. Critical Reviews: Spectroscopic Studies On Palladium (Ii)-Complexes With Xanthine And Its Derivatives At Normal
And High External Pressure Part-I: Spectroscopic Studies On Palladium (Ii)-Complexes With Xanthine And Its Derivatives At
Normal Pressure. Boliv. J. Chem. 2013, 30, 122–130.

14. Sigel, H. (Ed.) Metal Ions in Biological Systems Volume 42: Metal Complexes in Tumor Diagnosis and as Anticancer Agents, 1st ed.; CRC
Press: Boca Raton, FL, USA, 2004; ISBN 9780824754945.

15. Stone, P.J.; Kelman, A.D.; Sinex, F.M. Specific binding of antitumour drug cis-Pt(NH3)2Cl2 to DNA rich in guanine and cytosine.
Nature 1974, 251, 736–737. [CrossRef]

16. Cohen, G.L.; Ledner, J.A.; Bauer, W.R.; Ushay, H.M.; Caravana, C.; Lippard, S.J. Sequence dependent binding of cis-
dichlorodiammineplatinum(II) to DNA. J. Am. Chem. Soc. 1980, 102, 2487–2488. [CrossRef]

17. Tullius, T.D.; Lippard, S.J. cis-Diamminedichloroplatinum(II) binds in a unique manner to oligo(dG).oligo(dC) sequences in
DNA—a new assay using exonuclease III. J. Am. Chem. Soc. 1981, 103, 4620–4622. [CrossRef]

18. Galea, A.M.; Murray, V. The Anti-tumour Agent, Cisplatin, and its Clinically Ineffective Isomer, Transplatin, Produce Unique
Gene Expression Profiles in Human Cells. Cancer Inform. 2008, 6, CIN.S802. [CrossRef]

19. Kistenmacher, T.J.; Orbell, J.D.; Marzilli, L.G. Conformational Properties of Purine and Pyrimidine Complexes of cis-Platinum. In
Platinum, Gold, and Other Metal Chemotherapeutic Agents; ACS Symposium Series; American Chemical Society: Washington, DC,
USA, 1983; Volume 209, pp. 191–207. ISBN 9780841207585.

20. Zeng, W.; Zhang, Y.; Zheng, W.; Luo, Q.; Han, J.; Liu, J.; Zhao, Y.; Jia, F.; Wu, K.; Wang, F. Discovery of Cisplatin Binding to
Thymine and Cytosine on a Single-Stranded Oligodeoxynucleotide by High Resolution FT-ICR Mass Spectrometry. Molecules
2019, 24, 1852. [CrossRef]

21. Baik, M.H.; Friesner, R.A.; Lippard, S.J. Theoretical Study of Cisplatin Binding to Purine Bases: Why Does Cisplatin Prefer
Guanine over Adenine? J. Am. Chem. Soc. 2003, 125, 14082–14092. [CrossRef]

22. Pezzano, H.; Podo, F. Structure of binary complexes of mono- and polynucleotides with metal ions of the first transition group.
Chem. Rev. 1980, 80, 365–401. [CrossRef]

23. Siddiqui, A.; Ceppi, P. A non-proliferative role of pyrimidine metabolism in cancer. Mol. Metab. 2020, 35. [CrossRef]
24. Cochran, K.; Forde, G.; Hill, G.A.; Gorb, L.; Leszczynski, J. cis-Diamminodichloronickel and Its Interaction with Guanine and

Guanine–Cytosine Base Pair. Struct. Chem. 2002, 13, 133–140. [CrossRef]
25. Mikulski, C.M.; Mattucci, L.; Smith, Y.; Tran, T.B.; Karayannis, N.M. Guanine complexes with first row transition metal

perchlorates. Inorg. Chim. Acta 1983, 80, 127–133. [CrossRef]
26. Savchenkov, A.; Demina, L.; Safonov, A.; Grigoriev, M.; Solovov, R.; Abkhalimov, E. Syntheses and crystal structures of new

aurate salts of adenine or guanine nucleobases. Acta Crystallogr. Sect. C Struct. Chem. 2020, 76, 139–147. [CrossRef]
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Abstract: Unstable oxidation state +3 of nickel can be stabilized in the structure of layered double
hydroxides, the resulting crystallinity and properties being dependent on the synthesis method.
Three different wet chemical methods (co-precipitation at variable pH, co-precipitation followed
by hydrothermal treatment, co-precipitation with microwave treatment) were used to synthesize
Mg/Ni–Al layered double hydroxides containing triply charged nickel cations. Lattice parameters of
the samples synthesized by various methods were found to differ from each other by about 1.5%.
The most crystallized sample was obtained by hydrothermal synthesis. The oxidation state of nickel
in the LDH samples was confirmed by XPS. TEM mapping gave evidence of the uniform distribution
of nickel in all the samples. The LDHs’ reduction with hydrogen and thermal transformations of the
phase composition and morphology of LDHs were studied in detail. The properties of the samples
synthesized by the different methods were shown to be quite similar.

Keywords: layered double hydroxides; nickel(III); co-precipitation; hydrothermal treatment; mi-
crowave treatment; XRD; XPS; TPR-H2

1. Introduction

Layered double hydroxides (LDHs) or hydrotalcite-like compounds are layered basic salts.
The general formula for this class of compounds is [M2+

1−xM3+
x (OH)2 ]

x+[(An−)x/n · mH2O,
where M2+ and M3+ are metal ions located in octahedral positions of brucite-like layers,
and An− stands for inorganic or organic anions that compensate the positive charge of
brucite-like layers [1,2]. The structural features of hydrotalcite-like compounds give them
a number of specific ion-exchange [3–5], sorption [6–8], electrical [9–11], catalytic [12–14],
and magnetic properties [15–17].

The properties of LDHs are known to be significantly affected by cation–anion com-
position. Due to the easily reconstructed structure, it is possible to introduce cations of
various metals into brucite-like layers, which makes it possible to regulate the properties
of layered double hydroxides [18–21]. From the other point of view, LDHs are able to
influence the properties of cations, changing them or, on the contrary, preserving them. The
typical example is the stabilization of the unstable oxidation state of metals in a matrix of
layered double hydroxides. Previously, our scientific group synthesized and characterized
layered double hydroxides with unstable Ce(III) [22], Sn(II) [23], or Ni(III) [24] incorporated
into brucite-like layers of LDHs.

Compounds containing trivalent nickel, however exotic they seem to be, are consid-
ered to be promising catalysts for the carbonation of polypropylene [25], the hydrocarboxy-
lation of acetylene [26], the photocatalytic generation of hydrogen from water [27], and the
electrocatalytic production of biodiesel [28].

The current study was aimed at the optimization of the synthesis method for obtaining
nickel(III)-containing LDHs and the characterization of the effect of the synthesis method
on the properties of the materials, in particular the degree of crystallinity, morphology,
uniformity of element distribution, etc.
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2. Materials and Methods

2.1. Materials and Preparation

The synthesis of Mg/AlNi layered double hydroxides was carried out by three dif-
ferent wet methods: co-precipitation at variable pH, co-precipitation with hydrothermal
treatment, co-precipitation with microwave treatment. The preset degree of substitution of
nickel for aluminum was about 25 at.%.

The following salts were used as sources of metal cations: Mg(NO3)2·6H2O, Ni(NO3)2·6H2O,
Al(NO3)3·9H2O. All reagents were of analytical grade.

Aqueous solution of a mixture of NaOH and Na2CO3 with a molar ratio of reagents of
8:1 was used as a precipitant solution, and sodium hypochlorite NaOCl was applied as an
oxidizer for nickel. The sodium hypochlorite solution was taken in a 1.5-fold molar excess
with respect to the nickel content set during the synthesis.

Co-precipitation at variable pH was carried out by adding dropwise a precipitant
solution to a solution containing the required amounts of salts. The total concentration of
ions in the initial reaction mixture was 1 M, and the molar ratio of cations M2+:M3+ = 3:1.
During the synthesis, the pH of the mixture was kept approximately equal to 9–10. The
precipitate was aged for 48 h under mother liquor. The sample obtained by this method is
designated as Mg/AlNi25-c.

Hydrothermal synthesis of LDH was carried out in an Autoclave Engineers Parker
autoclave at a temperature of 120 ◦C and excessive pressure of about 1 atm for 8 h. The
volume of the autoclave was 50 mL, and 90% of it was filled with the reagents. The process
was performed under stirring at 350 rpm. The ratio of the components in the reaction
mixture and the pH value were identical to those described above for the co-precipitation
synthesis procedure. The sample obtained by this method is designated as Mg/AlNi25-ht.

Co-precipitation with microwave treatment was carried out in a MARS-6 reactor for
10 min at a power of 700 W. The composition of the reaction mixture was similar to that
used in the co-precipitation method. The sample obtained by this method is designated as
Mg/AlNi25-mw.

In all cases, the precipitated products obtained by various methods were separated
from the mother liquor, washed with distilled water, and dried at 120 ◦C.

To obtain the oxide forms, the samples were calcined at a temperature of 600 ◦C for
2 h (Mg/AlNi25-ox).

2.2. Apparatus and Procedures
2.2.1. X-ray Diffraction (XRD)

The phase composition was identified by powder X-ray diffraction (XRD). XRD
was performed on a Rigaku Ultima IV diffractometer (CuKα—radiation) (Rigaku Co.,
Tokyo, Japan) in measurement range 2θ 5–80◦ with a scanning step of 0.02◦, at a speed
of 3◦/min. XRD patterns were registered using Bragg–Brentano reflection geometry. Be-
fore the measurements, the powders of LDHs were ground in agate mortar for 30 min.
Phase identification was performed using PXRD base PDF-2 (2014) with PDXL software
(Rigaku Corporation). The cell parameters were calculated by Rietveld method using PDXL
software (version 1.8.0.3, Rigaku Corporation) as well.

2.2.2. Transmission Electron Microscopy (TEM)

The morphology of the synthesized LDHs was studied by transmission electron
microscopy on a JEM-2100 microscope (JEOL, Tokyo, Japan) at an operating voltage of
200 kV. Sample preparation was carried out by grinding the samples to a powder state
with further dispersion in acetone under the action of ultrasound and deposition on a
carbon film.

2.2.3. Scanning Electron Microscopy (SEM) Combined with EDXA

The elemental composition of the synthesized samples was determined using
high-resolution scanning electron microscope QUANTA 200 3D FEI (FEI Company,
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Mahwah, NJ, USA), equipped with an energy dispersion analyzer of chemical composition
at an operating voltage of 20 kV.

2.2.4. X-ray Photoelectron Spectroscopy (XPS)

The chemical state of atoms on the surface of synthesized layered double hydroxides
was studied by X-ray photoelectron spectroscopy (XPS). The purpose of this analysis was
to confirm oxidation of nickel(II) to nickel(III). The XPS measurements were carried out on
a Thermo Fisher Scientific ESCALAB 220iXL spectrometer (VG Scientific, West Sussex, UK)
with an energy range of 0–5000 eV and a monochromatic Al Kα X-ray source (E = 1486.6 eV).
The spot size on the sample was adjusted from 200 to 900 μm.

2.2.5. Textural Characteristics

Textural characteristics were studied by low-temperature nitrogen adsorption on
a Microtrac BELSORP-mini (Microtrac Bel Co., Osaka, Japan) specific surface area and
porosity analyzer II at a temperature of 77 K. In order to remove physically sorbed water
and carbon dioxide, the samples were heated at a temperature of 100–110 ◦C. The values of
the specific surface area of the samples were calculated using BET equation.

2.2.6. Temperature-Programmed Reduction (TPR-H2)

The reducibility of LDHs and the products of their thermal destruction were studied
by temperature-programmed reduction (TPR).

Temperature-programmed reduction with hydrogen was carried out in an 8-channel
stationary reactor system with a continuous flow, operating in parallel. Each quartz reactor
(i.e., 6 mm) was filled with 50 mg of the corresponding sample with a particle size of
250–315 μm, which had been pretreated at different temperatures: LDH at 200 ◦C and
thermal degradation products at 500 ◦C in Ar flow (80 mL/min) at a heating rate of
10 ◦C/min. The reduction was carried out in an H2/Ar flow (5:95) with a temperature
interval of 10 ◦C/min. Hydrogen consumption and water formation were monitored using
OmniStar quadrupole mass spectrometer (Pfeiffer Vacuum, Asslar, Germany).

2.2.7. Thermogravimetric and Differential Thermal Analysis

Thermogravimetric and differential thermal analysis were performed on the NET-
ZSCH STA 449 F3 Jupiter synchronous thermal analysis device (Netzsch, Selb, Germany).
Measurements of changes in mass and thermal effects were carried out in the temperature
range between 30 ◦C and 950 ◦C. The samples were heated in nitrogen atmosphere.

3. Results

The structure and phase composition of the synthesized samples were determined
using X-ray diffraction. Powder XRD patterns of LDHs synthesized by various methods
are shown in Figure 1. For all samples, the presence of five reflexes corresponding to basal
reflections (003), (006), (009/012), (015), and (018) was recorded, and also the presence of
two reflexes (110) and (113) forming a doublet at 2θ of 60◦ was detected. Based on the
results obtained, one can conclude that all three methods give rise to single-phase samples
with a well-crystallized layered structure.

The most intense and narrow reflexes are observed in the X-ray patterns of the
Mg/AlNi 25-ht sample synthesized under hydrothermal conditions. This indicates that
the sample has the highest degree of crystallinity. A well-split doublet at 2θ = 60◦ is also a
confirmation of this fact.

For a sample obtained by co-precipitation followed by microwave treatment, the
intensity of reflexes is significantly lower.
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Figure 1. Powder XRD patterns: 1—Mg/AlNi 25-ht, 2—Mg/AlNi 25-c, 3—Mg/AlNi 25-mw.

The elemental composition of the obtained samples was determined using energy
dispersion analysis. Figure 2 shows typical EDAX spectra of synthesized materials. Only
those elements that were introduced during the synthesis were detected in the spectra.
There are no signals of extra elements.

Figure 2. EDX spectra of samples: (1) Mg/AlNi 25-c, (2) Mg/AlNi 25-ht, (3) Mg/AlNi 25-mw.
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Table 1 shows the atomic fractions of metal cations calculated from EDAX. According
to the data obtained, the molar ratio M2+/M3+ and the degree of substitution of aluminum
cations for Ni(III) correspond to those set during the synthesis.

Table 1. Elemental composition, crystal lattice parameters and textural characteristics of LDHs synthesized by different methods.

Sample
Metal Ion Content, Atomic Fraction

M2+/M3+ c, Å a, Å S, m2/g
Mg2+ Al3+ Ni3+

Mg/Al Ni 25-c 1.224 0.325 0.124 2.72 24.01 ± 0.05 3.06 ± 0.01 61
Mg/Al Ni 25-ht 1.235 0.333 0.121 2.72 23.77 ± 0.05 3.08 ± 0.01 72

Mg/Al Ni 25-mw 1.201 0.329 0.134 2.61 24.06 ± 0.05 3.06 ± 0.01 70

For all the samples, mapping analysis was conducted to confirm the uniformity of
element distribution (Figure 3). From the data presented, it can be seen that atoms of all
metals are present in the sample and are evenly distributed throughout its volume. For
samples obtained by different methods, the pictures are similar.

Figure 3. TEM mapping of Mg, Al and Ni for Mg/AlNi 25-ht sample: (a) TEM image, (b) nickel
space distribution, (c) aluminum distribution, (d) magnesium distribution.

35



Crystals 2021, 11, 1429

The experimental XRD in R-3m symmetry cell parameters is also presented in Table 1.
The parameters c and a of the crystal lattice correlate with the size of the interlayer space
and the distance between neighboring cations in the brucite-like layer, respectively. The
difference in the parameters for various samples is not more than 1.5%.

The specific surface area of the layered double hydroxides is also included in Table 1.
The values are comparable for the three samples.

The morphology of the obtained samples was studied by transmission electron
microscopy (TEM) (Figure 4). For the Mg/AlNi25-c and Mg/AlNi25-ht samples, well-
crystallized aggregates of lamellar hexagonal particles dominate. For the Mg/AlNi25-mw
sample, crystals of a different shape are observed along with hexagonal particles.

   
(a) (b) (c) 

Figure 4. TEM micrographs of: (a) Mg/AlNi 25-c, (b) Mg/AlNi 25-ht, (c) Mg/AlNi 25-mw.

The thermal stability of the samples was studied by TG-DSC analysis. Figure 5 shows
the TG-DTA curves for the Mg/AlNi25-c sample. There are two main stages of mass loss on
the thermogravimetric curve. Two endothermic effects were recorded on the DTA curves,
which were consistent with the TG data.

Figure 5. TG-DTA curves of Mg/AlNi-25-c.

36



Crystals 2021, 11, 1429

Typically for LDHs, the first stage of mass loss is caused by the loss of both sorbed
(20–130 ◦C) and crystallized interlayer (130–240 ◦C) water [29]. However, the additional
effect for Ni(III) is hidden in this range. Nickel(III) is known to transform easily into a more
stable divalent state at a temperature exceeding 138 ◦C [30]. This process is accompanied
by the release of molecular oxygen and a change in color from black to green. It can be
assumed that in the range of 130–240 ◦C, a loss of mass partially results from the release of
oxygen during the reduction of Ni(III) to Ni(II).

The second stage of mass loss is associated with the dehydroxylation of brucite-like
layers and the removal of carbonates from the interlayer space.

For all samples synthesized by different methods, the TG-DTA curves have the same
appearance. However, for sample Mg/AlNi-25-mw, a 5–6-degree shift of the minima of
endothermic effects towards lower temperatures was recorded.

For the sample Mg/AlNi-25-c, the thermal behavior and phase transitions were
studied in detail. Figure 6 presents the XRD patterns of the sample calcined at different
temperatures. It can be seen that up to the temperature of 300 ◦C, the structure of hydrotal-
cite is preserved though a decrease in the intensity of recorded peak starts, which is likely
to originate from the water removal from the interlayer space. At 350 ◦C, diffractograms
contain only two reflections belonging to the class of hydrotalcites.

Figure 6. Powder XRD patterns of Mg/AlNi-25-c calcined at different temperatures.
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An increase in temperature above 400 degrees leads to the complete destruction of
the LDH structure and the formation of a mixture of oxides, which at a temperature of
500–600 ◦C are converted into spinel phases.

Figure 6 also shows the change in the color of the LDH depending on the heating
temperature. At room temperature, the sample is black; further heating to 250 ◦C leads to
a change in the color of the sample to gray-blue, which is most likely associated with the
onset of the reduction of nickel. Further heating leads to the complete transformation of
Ni(III) into Ni(II).

The thermal transformations for two other LDH samples were demonstrated to be
essentially the same.

The change in the morphology of LDHs upon heating was studied using transmission
electron microscopy. In Figure 7, it is clearly seen that with heating the hexagonal flakes
gradually cease to be distinguishable. After calcination at 200 ◦C, they are still clearly visible
in micrographs, and it is almost impossible to distinguish them after calcination at 400 ◦C.
Oxides are formed at 400 ◦C, and at 600 ◦C oxides are agglomerated into spinel phases.

Figure 7. TEM micrographs of Mg/AlNi 25-ht heated at different temperatures: (1) RT, (2) 200 ◦C,
(3) 400 ◦C, (4) 600 ◦C.

The specific surface area of the Mg/AlNi 25-c sample calcined at 600 ◦C is 150 m2/g.
In the current research, the determination of the oxidation state of nickel in the LDH

samples was the most challenging. XPS permitted us to obtain information about the nickel
oxidation state. Binding energies for Ni(III) and Ni(II) have close values, and this fact causes
difficulties in the identification of nickel species. In the publication of Haoyan Liang et al.,
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it was shown that the peak at 854.7 eV corresponds to Ni(III), and the peak at 856.1 eV
corresponds to Ni(II) [31]. These values were taken as references. The binding energy for
nickel from NiO obtained by calcining LDHs acted for a comparison.

Figure 8a shows overview X-ray photoelectron spectra of the samples of Mg/AlNi-25
synthesized under different conditions, as well as the spectrum of the sample Mg/AlNi-25-
ox after calcination at 600 ◦C. The survey XPS spectra for all LDH samples have an identical
form, and the signals of all elements have comparable intensities with the exception of the
signal corresponding to the energy O 1s.

 
(a) (b) 

Figure 8. (a) XPS survey spectra and (b) spectra of the levels of Ni 2p atoms of the Mg/AlNi-25 sample, synthesized under
different conditions: 1—Mg/AlNi-25-c, 2—Mg/AlNi-25-ht, 3—Mg/AlNi-25-mw, 4—Mg/AlNi25-ox.

Figure 8b shows the XPS spectra of the Ni2p in LDH samples and mixed oxides. The
presence of two main lines (Ni2p1/2 and Ni2p3/2) and two satellites was recorded for all
samples. The difference between binding energies of nickel in LDHs and in the calcined
sample gives evidence of the different oxidation states of nickel in the LDHs and in calcined
samples. Ni(III) is definitely present in all the LDH samples.

Unfortunately, the content of nickel(III) in the materials could not be determined
quantitatively because of the presence of aluminum cations and the overlapping Al and Ni
lines in XPS spectra.

Oxidative properties of Ni(III) in LDH were studied by hydrogen TPR. Figure 9a shows
the TPR profiles of Mg/AlNi-25-c, 2—Mg/AlNi25-ox. The TPR profile of LDH contains
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weak signals of hydrogen absorption at low temperatures in the range of 100–400 ◦C, a
signal at 400–550 ◦C and the beginning of a very broad signal in the high-temperature
region (above 750 ◦C).

 
(a) (b) 

Figure 9. (a) H2-TPR profiles of 1—Mg/AlNi-25-c, 2—Mg/AlNi25-ox; (b) X-ray diffraction patterns for Mg/AlNi-25-c:
1—original, 2—reduced.

It was already mentioned that nickel(III) oxide, when heated above 138 ◦C, is reduced
to NiO. However, nickel(III) in layered double hydroxides seems to be stabilized. The low-
temperature signals are so weak that they can be attributed to the reduction of nickel ions
located on the surface. The peak located in the temperature range of 400–550 ◦C is likely to
refer directly to the reduction of the majority of Ni(III) located inside brucite-like layers.

The appearance of a signal in the region of high temperatures is probably due to the
reduction of Ni(II) to Ni0.

Figure 9b shows X-ray diffraction patterns for the Mg/AlNi-25-c sample after thermal
destruction and temperature-programmed reduction. According to the XRD results for the
Mg /AlNi-25 sample after TPR-H2, the presence of peaks corresponding to both nickel
oxide NiO and metallic nickel Ni0 is observed, which signifies the incomplete reduction
of nickel.

4. Discussion

Nickel(III) is known to be quite unstable. Only a few publications concerning com-
pounds of trivalent nickel appear each decade. The successful synthesis of the single-phase
hydrotalcite-like layered double hydroxide with Ni(III) via co-precipitation and the primary
characteristics of this material were described in our previous publication [24]. However, it
was not obvious that nickel could be incorporated in brucite-like layers of LDHs under con-
ditions other than slow co-precipitation with subsequent long-term ageing. The efficiency
of an application of a short-term microwave procedure was especially doubtful. Never-
theless, the XRD data described above demonstrate the formation of the LDH structure
as a result of three different synthesis methods—co-precipitation, hydrothermal synthesis
and microwave-assistant synthesis. Hence, one can conclude that the location of Ni(III)
in the brucite-like layers stabilizes this non-typical oxidation state of nickel regardless of
the route of synthesis. This may be owing to either steric protection inside the layer or the
higher stability of the state of the ion located in the layer.

Nickel(III) stabilization in the structure of the brucite-like layer of the LDH is unam-
biguously confirmed by X-ray photoelectron spectroscopy (XPS). According to the XPS
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data presented above, nickel cations are in a trivalent state in all LDH samples synthesized
by different methods.

The main difference between the three samples was observed in their crystallinity.
Obviously, the sample synthesized by the microwave-assistant method has lower and
broader reflexes in the XRD pattern (Figure 1) and more obscure morphology of particles
in TEM images (Figure 4). In addition, TG-DSC results correlate with the other data since
the sample in question starts thermal transformation at slightly lower temperatures than
others. This might be caused by the relatively disordered lattice of the sample. However,
no extraneous phases were detected in this sample. Moreover, the results of TEM mapping
(Figure 3) confirm the uniform distribution of nickel in the samples. It is worth noting that
the microwave-assistant method of LDH preparation has significant advantages due to its
short time and relatively low energy consumption, which in some cases may play a more
important role than the high crystallinity of LDHs.

The parameters of the crystal lattice for the three samples have a slight distinction,
while the chemical composition is essentially the same (Table 1). It is necessary to take
into account that the parameters of the LDH lattice may depend on the amount of water
in the interlayer space and on the order of the brucite-like layer. Most likely, the lowest
c value for the sample synthesized under hydrothermal conditions is due to its highest
crystallinity. The obtained results on parameter values, in general, indicate a successful
isomorphic substitution of aluminum in the hydrotalcite structure for Ni(III) ions with
a larger radius compared to Al(III). The evidence of the incorporation of nickel into the
hydrotalcite structure is an increase in the parameter c, which for all synthesized samples
exceeds the value of 22.9 Ǻ typical for aluminum magnesium hydrotalcite.

The synthesis of layered double hydroxides is known to result in materials replete with
stacking faults [32,33]. This kind of disorder is due to LDH polytypism and the stacking
faults are an intergrowth of 3R1 and 2H1 polytypes [32]. The fault formation can be detected
by the analysis of XRD patterns. In particular, a comparison of the diffractograms of our
samples with the examples given in [32,33] permits us to suppose that the XRD patterns
correspond to the 3R1 polytype with 2H1 stacking faults. It is noteworthy that all three
samples synthesized by different methods demonstrate quite similar XRD patterns with
comparable shape and asymmetry of peaks. Apparently, this leads to the conclusion that
the synthesis method used does not greatly affect the order–disorder in the LDHs.

Thermal transformations of LDHs containing Ni(III) are quite usual for this class of
compounds. The only unexpected fact was the hindered reducibility of the samples by
hydrogen. This fact could be considered as an additional example of Ni(III) stabilization
in the LDH lattice. Perhaps it is an argument in favor of the assumption concerning
hindered access of the reagents towards the Ni(III) located in the structure of the metal
hydroxide layer.

Thus, the efficient methods of LDH synthesis are not restricted to classical co-precipitation.
The application of different approaches was demonstrated not to significantly affect the
structure and properties of LDHs.
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Abstract: In the present work, the effects of various organic solvents (solvent nature and fraction
within the solution) and solvothermal conditions on the formation of calcium-deficient hydroxyapatite
(CDHA) via hydrolysis of α-tricalcium phosphate (α-TCP) are investigated. The wet precipitation
method is applied for α-TCP synthesis, and the hydrolysis reaction is performed in solutions with
different water-to-organic solvent ratios under solvothermal conditions at 120 ◦C for 3 h and at 200 ◦C
for 5 h. Ethyl alcohol, isopropyl alcohol, and butyl alcohol did not inhibit the hydrolysis of α-TCP,
while methyl alcohol and ethylene glycol have a more prominent inhibitory effect on the hydrolysis,
hence the formation of single-phased CDHA. From all the solvents analysed, ethylene glycol has
the highest impact on the sample morphology. Under certain water to ethylene glycol ratios and
solvothermal conditions, samples containing a significant fraction of rods are obtained. However,
samples prepared with ethylene glycol are characterised by a particularly low BET surface area.

Keywords: calcium hydroxyapatite; α-tricalcium phosphate; water-organic solvent system;
solvothermal synthesis

1. Introduction

Hydroxyapatite (Ca10(PO4)6(OH)2, HAp) is a major inorganic component in human
hard tissue and is one of the most investigated calcium phosphates (CaPs) [1–3]. Due to its
bone-like chemical composition and crystalline structure, HAp is extensively applied as
bioceramic material for bone grafting [4,5]. In addition to that, HAp has found applications
in drug delivery [6], chromatography [7], and is a very promising material for the treatment
of air, water, and soil pollution [8–11]. Since HAp is considered to be an environmentally
benign functional material, and due to its remarkable adsorption capacity, HAp could
be extremely useful in the field of environmental management [8]. Calcium-deficient
hydroxyapatite (CDHA, Ca10−x(HPO4)x(PO4)6−x(OH)2−x) is HAp with a Ca/P ratio from
1.50–1.67 [12]. Previous studies have reported a larger specific surface area and superior
incorporating efficacy of CDHA when compared to other CaPs [13,14]. The chemical
composition of HAp can be modified from the stoichiometric form to the Ca-deficient form
by selecting an appropriate Ca/P molar ratio [15].

Solubility, specific surface area, surface wettability, and hence the adsorption char-
acteristics of HAp crystals, depend greatly on their morphology and crystallinity [5,11].
Moreover, HAp contains the following two types of crystal planes: a (b)-plane, rich in
positively charged Ca2+ ions, and a c-plane, exposing negatively charged phosphate and hy-
droxyl groups [10]. Hence, if the crystal growth along a specific direction is induced, HAp
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could gain new desirable properties and be applied, for instance, as a selective adsorbent
of negatively or positively charged compounds [9].

HAp could be obtained via different synthesis methods, including solid-state reactions,
sol-gel technology, chemical precipitation, hydrolysis, hydrothermal, or solvothermal meth-
ods [2,16–18]. Among them, solvothermal synthesis is probably the most popular method,
providing the possibility to obtain well-crystallized, single-phase HAp [1,19,20]. In addition
to that, many groups have already reported the solvothermal synthesis of specifically
shaped (plate-like and rod-like) HAp crystals using various additives in the reaction so-
lution [1,20–22]. Several groups suggested that various alcohols could be successfully
applied as HAp morphology-controlling agents during the solvothermal process. For
instance, Goto et al. [16] has reported the synthesis of needle-like HAp crystals using ethyl
alcohol-water solutions. Guo et al. [23] has observed that isopropyl alcohol has affected
the crystallite size and crystallinity degree of the HAp crystals but had little effect on
the sample morphology. However, as far as we know, no comprehensive study has ever
been performed to compare the effects of different organic solvents on the hydrolysis of α-
tricalcium phosphate (α-TCP) under solvothermal conditions. In this study, we aim to fill in
this gap. To this end, solvothermal reactions were performed with different proportions of
water-organic solvent. The organic solvents used were as follows: ethylene glycol, methyl
alcohol, ethyl alcohol, isopropyl alcohol, and butyl alcohol. The effects of the solvothermal
conditions, nature of the solvent, and organic solvent fraction in the solution on the phase
purity and morphological features of HA were investigated.

2. Materials and Methods

2.1. Synthesis

First, metastable α-TCP was synthesized by wet precipitation method as a precursor
for the further conversion to CDHA. An appropriate amount (3.42 g) of calcium nitrate
tetrahydrate (Ca(NO3)2·4H2O, ≥99%, Roth, Karlsruhe, Germany) was dissolved in 20 ml
of deionized water. A portion (1.27 g) of diammonium hydrogen phosphate ((NH4)2HPO4,
≥98%, Roth, Karlsruhe, Germany) was dissolved in 15 ml of deionized water in a sepa-
rate beaker. After dissolution, concentrated ammonium hydroxide (NH4OH, 25%, Roth,
Karlsruhe, Germany) was added to the latter solution until pH of the solution reached 10.
After stirring for one minute, an aqueous solution of Ca(NO3)2·4H2O was added rapidly.
A white precipitate formed, which was stirred for 10 minutes at 400 rpm. The obtained
precipitate was subsequently vacuum filtered and washed with an appropriate volume of
deionized water and isopropyl alcohol [24]. The synthesis product was dried overnight
in an oven at 50 ◦C. The dried powders were ground in agate mortar and annealed in a
furnace at 700 ◦C for 5 h at a heating rate of 5 ◦C/min.

Solvothermal reactions were performed with different proportions of water and ethy-
lene glycol (EG, >99%, Roth, Karlsruhe, Germany), water-methyl alcohol (MeOH, >99.9%,
Roth, Karlsruhe, Germany), water-ethyl alcohol (EtOH, >96%, Roth, Karlsruhe, Germany),
water-isopropyl alcohol (PrOH, >99.5%, Roth, Karlsruhe, Germany), and water-butyl alco-
hol (BuOH, >99.5%, Roth, Karlsruhe, Germany). The water to alcohol v/v ratios of 0:100,
20:80, 40:60, 60:40, and 80:20 were applied. For the synthesis, 0.3 g of α-TCP powder was
placed into 90 ml polytetrafluoroethylene-lined stainless-steel pressure vessels and diluted
with 20 ml of water-organic solvent mixture. Solvothermal treatment was performed at
120 ◦C for 3 h and at 200 ◦C for 5 h. Finally, the resulting powders were filtered, washed
with EtOH, and dried at 50 ◦C overnight.

The sample notations and treatment conditions are given in Table 1. Water to alcohol
v/v ratios of 0:100, 20:80, 40:60, 60:40, and 80:20; 100:0 were applied to all the solvents
under both conditions of solvothermal treatment.
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Table 1. Sample codes, solvents applied, and solvothermal treatment conditions.

Notation
Solvothermal

Conditions
Organic Solvent

Applied
Water-to-Organic

Solvent (W:O)

120-W-EG 120 ◦C, 3 h ethylene glycol

0:100
20:80
40:60
60:40
80:20
0:100

120-W-MeOH 120 ◦C, 3 h methyl alcohol
120-W-EtOH 120 ◦C, 3 h ethyl alcohol
120-W-PrOH 120 ◦C, 3 h isopropyl alcohol
120-W-BuOH 120 ◦C, 3 h butyl alcohol

200-W-EG 200 ◦C, 5 h ethylene glycol
200-W-MeOH 200 ◦C, 5 h methyl alcohol
200-W-EtOH 200 ◦C, 5 h ethyl alcohol
200-W-PrOH 200 ◦C, 5 h isopropyl alcohol
200-W-BuOH 200 ◦C, 5 h butyl alcohol

2.2. Characterization

Powder X-ray diffraction data were collected on a Rigaku MiniFlex II diffractometer
(Rigaku, The Woodlands, TX, USA) operating in Bragg–Brentano (θ/2θ) geometry, using
Ni-filtered Cu Kα radiation. The data were collected within a 2θ angle range from 10 to 60◦
at a step width of 0.01◦ and speed of 5◦/min. Infrared (FTIR) spectra were recorded in the
range of 4000−400 cm−1 employing Bruker ALPHA ATR spectrometer (Bruker, Billerica,
Ma, USA). In order to study the morphology of the samples, a field-emission scanning
electron microscope (FE-SEM) Hitachi SU-70 (FE-SEM, Hitachi, Tokyo, Japan) was used.

Textural properties of the prepared samples were estimated from N2 adsorption/desorption
isotherms at −196 ◦C using a Micromeritics TriStar 3020 analyser (Micromeritics, Norcross,
GA, USA). Before the measurements, all the samples were outgassed in the N2 atmosphere
at 100 ◦C. The total surface area (SBET) was estimated using the Brunauer–Emmet–Teller
(BET) equation, while Barrett–Joyner–Halenda (BJH) equation was used to calculate pore
size distribution of the samples [25].

3. Results and Discussion

The characteristics of the α-TCP precursor are presented in Figure 1. As it could
be seen from the XRD diffraction pattern (Figure 1a), all the peaks match the standard
XRD data of monoclinic Ca3(PO4)2 (ICDD #00-070-0364) very well. The starting powders
consisted of agglomerates of nanodimensional, mostly uniform elongated particles of
irregular shape (Figure 1c). The sample exhibited type IV isotherms and displayed an
H3 hysteresis loop (Figure 1b). Based on the pore size distribution results, illustrated in
the inset image of Figure 1b, the sample was mainly characterised by pores smaller than
10 nm, albeit larger pores up to 55 nm were also present. The BET surface area (SBET) of the
precursor was 10.22 m2 g−1.

Under the reaction with water, α-TCP hydrolyses and converts to CDHA as described
by the following equation [16]:

3α-Ca3(PO4)2 + H2O → Ca9(HPO4)(PO4)5(OH) (1)

A sufficient amount of water is required for the first stage to occur. The phase crys-
tallinity and purity of synthesized CDHA powders were investigated by XRD analysis,
which revealed some differences among the obtained products. The samples treated with
organic solvent only (0:100) showed no evidence of CDHA formation. Due to the ab-
sence of water, no hydrolysis reaction occurred, and the phase of such samples remained
α-TCP (ICDD 00-070-0364). This was true for all the organic solvents used under different
solvothermal treatments.
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Figure 1. Characteristics of the obtained α-TCP precursor: XRD pattern (a), nitrogen adsorption-
desorption isotherms and the corresponding BJH pore-size distribution (b), and SEM image (c).

In the case of EtOH, PrOH, and BuOH, the introduction of even a small fraction (20:80)
of water resulted in the formation of single-phased CDHA (ICDD 00-76-0694), while an
increasing water content provided the same results. This was observed under various
applied solvothermal conditions. Under harsher solvothermal conditions (200 ◦C for 5 h),
the formation of monetite was observed in the presence of EtOH, PrOH, and BuOH. This
was especially notable in the case of BuOH. For comparison between the solvents, XRD
patterns of the samples prepared under different solvothermal conditions using a W:O
ratio of 40:60 are given in Figure 2 as representative.

 
Figure 2. XRD patterns of the samples prepared using water-to-organic solvent ratio of 40:60 after a
solvothermal treatment at 120 ◦C for 3 h (a) and at 200 ◦C for 5 h (b).

In contrast, MeOH and EG had a stronger inhibitory effect on α-TCP hydrolysis. These
effects were especially notable for EG under the milder solvothermal conditions. Figure 3
shows the powder XRD patterns of the samples prepared under different solvothermal
treatments (120 ◦C for 3 h and 200 ◦C for 5 h) using varying water to MeOH and water
to EG ratios. After a treatment at 120 ◦C for 3 h, the sample with a water to EG ratio of
20:80 remained a single phase α-TCP (ICDD 00-070-0364, Figure 3b). Increasing water
content induced the formation of CDHA, but a strong peak attributed to β-tricalcium
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phosphate (β-TCP, ICDD 00-070-2065) was visible in the sample 120-W-EG-40:60, while
only a trace of β-TCP could be observed in the XRD pattern of 120-W-EG-60:40 (Figure 3b).
MeOH has also inhibited the formation of CDHA, albeit to a lesser extent. The sample
120-W-MeOH-20:80 contained large fractions of CDHA, β-TCP and α-TCP. Traces of β-TCP
were detected in the sample 120-W-MeOH-40:60, while the samples with a larger amount
of water consisted of single-phase CDHA (Figure 3a).

 

Figure 3. XRD patterns of the samples prepared using different water to MeOH (a,c) and water to EG
(b,d) ratios under the following different solvothermal conditions: 120 ◦C for 3 h (a,b) and 200 ◦C for
5 h (c,d).

The increased temperature and prolonged time of the solvothermal synthesis caused
the following shift in the inhibitory effect: single-phase CDHA was observed for the sample
200-W-EG-60:40, only a trace of β-TCP was detected in the XRD pattern of 200-W-EG-40:60,
whereas the formation of CDHA was also obvious in 200-W-EG-20:80, even though a
significant fraction of β-TCP was still present in the latter sample (Figure 3d). A higher
temperature and longer reaction time have also resulted in a decreased β-TCP fraction in
the sample 200-W-MeOH-20:80 (Figure 3c).

The FTIR spectra of the products prepared by the solvothermal treatment are presented
in Figure 4. The FTIR range of 1500–400 cm−1 was chosen as representative since the
main bands attributed to HAp and TCP polymorphs could be observed in this region,
and the differences between the samples were hardly distinguishable in the full range
spectra. The stretching modes of the hydroxyl group usually observed at 3572 cm−1
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were hardly visible in our case, and their intensity was similar in all the samples [26].
Several absorption bands at around 1095–960 and 636–550 cm−1 were observed in all
the samples. The bands centred at 561–556 and 603–599 cm−1 are assigned to ν4 O–P–O
bending mode of CDHA [3]. Bands centred at 1020–1017 and 1090–1084 cm−1 correspond
to ν3 asymmetric P–O stretching vibrations, while the peak centred at 961–960 cm−1

corresponds to symmetric P–O stretching vibrations (ν1) of CDHA [3]. The peak centred
at 633–625 cm−1 corresponds to the bending vibrational mode of the hydroxyl (–OH)
group [3,16]. An absorption band centred at 871–868 cm−1 is assigned to the P–O(H)
stretching mode of the HPO4

2− group, which is present in the structure of calcium-deficient
CDHA [12]. The aforementioned bands were visible in the FTIR spectra of all the samples.

Figure 4. FTIR spectra of the samples prepared using water-to-organic solvent ratio of 40:60 after
solvothermal treatment at 120 ◦C for 3 h (a) and at 200 ◦C for 5 h (b).

The additional bands attributed to β-TCP phase were only visible in the FTIR spectra
of the samples prepared using larger fractions of EG (120-W-EG-20:80; 120-W-EG-40:60;
200-W-EG-20:80). As it could be seen from Figure 4a, bands at 544 and 1083 cm−1 of the
sample 120-W-EG-40:60 could be attributed to β-TCP phase (ν4 and ν3, respectively) [27].
Such results are in agreement with the XRD data.

The morphology of the obtained samples varied from plate-shaped to rod-shaped. Sam-
ples fabricated without organic solvents consisted of plate-shaped crystals arranged into
flower-like structures. In this study, only slight effects on morphology were observed due to
the introduction of EtOH and PrOH. Under the milder solvothermal conditions (120 ◦C for
3 h), large proportion of EtOH and PrOH (120-W-EtOH-20:80; 120-W-PrOH-20:80) caused the
formation of large plates with no prominent self-assembly (Figures S2 and S3). With an
increasing proportion of water (W:O 40:60; 60:40; and 80:20), the formation of narrower
plates and some rods was observed; moreover, the crystals were arranged in flower-like
structures. When the reaction time and temperature were increased, higher proportions
of EtOH, PrOH, and BuOH resulted in the formation of rods. Moreover, more rods have
formed at the same W:O ratio under harsher conditions. However, plate-like crystals were
still prevalent in all of the samples. SEM images of the samples prepared under different
solvothermal conditions using a W:O ratio of 40:60 are presented in Figure 5.
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Figure 5. SEM images of the samples after solvothermal treatment with W:O ratio 40:60: (a) 120-
W-EG-40:60; (b) 200-W-EG-40:60; (c) 120-W-MeOH-40:60; (d) 200-W-MeOH-40:60; (e) 120-W-EtOH-
40:60; (f) 200-W-EtOH-40:60; (g) 120-W-PrOH-40:60; (h) 200-W-PrOH-40:60; (i) 120-W-BuOH-40:60;
(j) 200-W-BuOH-40:60.

The use of MeOH (Figures 5c,d and S1) and BuOH (Figure 5i,j) had a more prominent
effect on the sample morphology than the previously described solvents (Figures S3 and S4).
In this case, the samples were also dominated by plate-like crystals, but a trend of long and
narrow plate formation was observed. Moreover, more rods were present in the MeOH
and BuOH treated samples when compared to the samples prepared in W-EtOH and
W-PrOH solutions.

From all the solvents analysed, EG had the highest impact on the sample morphology.
Under the milder solvothermal conditions (120 ◦C for 3 h), the formation of HAp was
completely suspended in the sample 120-W-EG-20:80 (Figure 6c). Sample 120-W-EG-
40:60 consisted of large plates, some rods, and some particles of different shapes, which
could probably be attributed to β-TCP phase (Figure 6e). Sample 120-W-EG-60:40 was
characterised by a large number of rods in addition to the plates (Figure 6g). In contrast, no
rods were observed in a sample prepared with a minimal amount of EG (120-W-EG-80:20;
Figure 6i). Prolonged reaction time and increased temperature resulted in a rod-dominated
morphology of the CDHA samples. The sample 200-W-EG-20:80 was characterised by
larger and smaller rods, as well as some minor particles of different shapes, which should
be attributed to β-TCP phase (Figure 6d). A slightly lower proportion of EG (samples
200-W-EG-40:60 and 200-W-EG-60:40; Figure 6f,h) resulted in the formation of both plate-
shaped and a large number of rod-shaped crystals. No rods were observed in a sample
prepared with a minimal amount of EG (200-W-EG-80:20; Figure 6j).

It is assumed that the solvothermally assisted formation of rod-like crystals comprises
the following two main stages: the nucleation step (reaction of ions), when small crystalline
nuclei are formed in a supersaturated matrix, and the growth step, during which nuclei
grow into their final shape and size [28]. In our case, the changes in crystal morphology
might be related to the decreased supply of water when more organic solvents are intro-
duced to the system. This would limit the hydrolysis reaction of α-TCP [16]. Previous
studies stated that the increasing amount of alcohol in the aqueous reaction solution re-
duces the solubility of α-TCP and hence limits the supply of Ca2+ and PO4

3− ions [16,29,30].
Such an effect is related to the changes in dielectric constant (εr(ω)) of the solution: with
a decreasing dielectric constant of the solvent, solubility decreases due to the decreased
solvation energy [31,32]. Dielectric constant of pure water is 78.5 at 25 ◦C, whereas the
dielectric constants of alcohols are significantly lower. The dielectric constants at 25 ◦C of
the organic solvents used in this study are as follows: εr(ω)EG = 38.5; εr(ω)MeOH = 32.70;
εr(ω)EtOH = 24.3; εr(ω)PrOH = 19.92; εr(ω)BuOH = 17.5 [32]. Variations in εr(ω) of water-
organic solvent mixtures depend on the composition of the solution, but in general, εr(ω)
values decrease with the increasing fraction of organic solvent [33]. Solvents with different
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physicochemical properties influence solubility, crystal nucleation, and growth rate, which
in turn has an effect on the crystallinity and morphology of the final products [32]. When
the hydrolysis reaction is not suspended and the solution is supersaturated with Ca2+ and
PO4

3− ions, nucleation takes dominance over the crystal growth and smaller crystals are
formed. On the contrary, when the supply of Ca2+ and PO4

3− ions is limited, fewer nuclei
form and larger crystals tend to grow [28,32]. Other properties of different solvents might
have also affected the processes of α-TCP hydrolysis and HAp crystallisation. For instance,
the presence of EG in the reaction mixture would significantly change the viscosity of
the suspension [34,35]. Subsequently, ion mobility and diffusion rates would be reduced,
which would in turn inhibit the hydrolysis reaction and retard the nucleation process [35].
The viscosity of the reaction media decreases with the increasing temperature, and thus the
inhibitory effects of EG are less significant when the solvothermal synthesis is performed
at higher temperatures (Figure 3b,d).

 

Figure 6. SEM images of the samples prepared with different ratios of water and ethylene glycol:
(a) 120-W-EG-0:100; (b) 200-W-EG-0:100; (c) 120-W-EG-20:80; (d) 200-W-EG-20:80; (e) 120-W-EG-40:60;
(f) 200-W-EG-40:60; (g) 120-W-EG-60:40; (h) 200-W-EG-60:40; (i) 120-W-EG-80:20; (j) 200-W-EG-80:20;
(k) 120-W-EG-100:0; (l) 200-W-EG-100:0.

It is worth noting that the results obtained in this study differ from those reported by
Goto et al. [16], who managed to prepare needle-like CDHA crystals arranged into flower-
like structures by using water-ethyl alcohol solutions. We assume such discrepancies could
originate due to the different starting materials used and slightly different solvothermal
conditions applied. In their study, Goto et al. applied commercial α-TCP (Taihei Chemical
Industrial Co., Ltd., Osaka, Japan) synthesized at a high temperature and consisting of
large particles, while in our study we used low-temperature synthesized metastable α-TCP.

Figure 7 shows the nitrogen adsorption-desorption isotherms and the corresponding
BJH pore-size distribution for CDHA particles. According to the new classification by
the IUPAC, all the samples exhibited type IV isotherms and displayed H3 hysteresis
loops. This type of isotherm indicates the existence of mesopores in the structure of all
the samples. The hysteresis loop type H3 is associated with the existence of aggregated
plate-like particles [36]. Such results are in agreement with SEM data (Figures 5 and 6).
Based on the pore size distribution results illustrated in the inset image of Figure 7a,b, there
were no significant differences between the samples. All the samples were characterised
by a wide pore size distribution. Multi-scale pores ranged from 2.6 to 128 nm, suggesting
that both mesopores and macropores were present in the CDHA structure. All the samples
except those prepared with EG contained both mesopores of smaller sizes (from 2.6 nm up
to 9.0 nm) and a small number of larger mesopores (from 9.0 nm up to 128 nm). On the
contrary, in the sample 120-W-EG-40:60, mainly mesopores of larger width (from 23.0 nm
up to 50.2 nm) were found. We assume the pores of smaller sizes presented in the structure
of this sample were probably partially blocked by the viscous ethylene glycol. As it can be
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seen from Figure 7c, the mesoporous 120-W-PrOH-40:60 had the highest BET surface area
(SBET) of 24.3 m2g−1. An extremely low surface area was observed for the samples prepared
using EG: SBET of 2.1 m2g−1 and 11.3 m2g−1 were obtained for the samples 120-W-EG-40:60
and 200-W-EG-40:60, respectively. One reasonable explanation for this decrease is that
residues of EG may have increased blockage of the nitrogen gas penetration. Moreover, this
decrease in SBET could be the result of the structural changes occurring during the synthesis
of CDHA. The remaining samples were characterised by similar SBET values ranging from
9.9 to 22.4 m2g−1.

Figure 7. Nitrogen adsorption-desorption isotherms and the corresponding BJH pore-size distribution
for the samples after solvothermal treatment with a W:O ratio of 40:60: (a) 120 ◦C; (b) 200 ◦C; and
(c) BET surface area for the samples after solvothermal treatment with a W:O ratio of 40:60 at 120 ◦C
and 200 ◦C.

4. Conclusions

A comprehensive study was performed to compare the effects of different organic sol-
vents on the hydrolysis of α-TCP and its conversion to CDHA under different solvothermal
conditions. Methyl alcohol and ethylene glycol had a stronger inhibitory effect on α-TCP
hydrolysis than ethyl alcohol, isopropyl alcohol, and butyl alcohol. This was especially
notable under milder solvothermal conditions. The morphology of the obtained samples
varied from plate-shaped to rod-shaped. Samples containing some rods were obtained by
applying certain ethyl alcohol and isopropyl alcohol proportions, albeit plate-like structures
were still prevailing. The use of water-methyl alcohol and water-butyl alcohol mixtures
leads to the formation of more rods in addition to the long and narrow plates. From all the
solvents analysed, ethylene glycol had the highest impact on the sample morphology. Un-
der certain water to ethylene glycol ratios and solvothermal conditions, samples containing
a significant fraction of rods were obtained.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst12020253/s1, Figure S1: images of the samples after solvother-
mal treatment with W-MeOH; Figure S2: SEM images of the samples after solvothermal treatment
with W-EtOH; Figure S3: SEM images of the samples after solvothermal treatment with W-PrOH;
Figure S4: SEM images of the samples after solvothermal treatment with W-BuOH.
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Abstract: This work aimed to synthesize new platinum and uranium compounds with nicotinic
acid. In this article we describe the synthesis of two new anionic complexes (HNic)2[PtCl6] and
(HNic)2[UO2Cl4] using wet chemistry methods. The structure of the obtained single crystals was
established by single-crystal X-ray diffraction. The Hirshfeld surface analysis of the obtained com-
plexes and their analogue (HNic)2[SiF6] was carried out for the analysis of intermolecular interactions.
Hydrogen bonds (H···Hal/Hal···H and O···H/H···O) make the main contribution to intermolecular
interactions in all compounds. Other important contacts in cations in all compounds are H···H,
C···H/H···C and C···Hal/Hal···C; in anions H···Hal/Hal···H. The Pt-containing complex has a
halogen-π interaction and halogen bonds, but Si-containing complex has a π–π staking interaction;
these types of interactions are not observed in the U-containing compound.

Keywords: X-ray diffraction analysis; Hirshfeld surface analysis; nicotinic acid; platinum; uranium;
π-interactions; halogen bonds; hydrogen bonds

1. Introduction

The synthesis and investigation of structural features of biomolecular f -element com-
pounds are of great fundamental and practical interest in various fields including medicine,
radioecology, and toxicology. In our work, we pay attention to niacin, also known as
nicotinic acid or vitamin B3, which plays a significant role in cellular energy metabolism [1].
Since nicotinic acid contains not only a carboxyl group but also a nitrogenous heterocycle,
it has great potential to form compounds with metals using various mechanisms. One
of the mechanisms is realized through non-covalent interactions between the metal atom
and the nitrogen atom or π-electron density of the ring [2]. Weak non-covalent interac-
tions are important for the design, operation, and efficiency of molecular sensors and
switches [3,4]. These contacts include anion–π interaction (including the usual anion–π,
anion–π–cation and anion–π–π interactions) as well as π-stacking, or cation–π-interactions.
Since interactions of this type provide rapid association-dissociation between molecules,
they are of great importance in the formation of biological self-assembling systems and
pharmaceuticals [5].

Previous works have noted the role of intermolecular hydrogen bonds (HB) and π–
π interactions in cocrystallization [6] and self-association [7,8] for nicotinic acid and its
derivatives. The use of nicotinic acid in organic frameworks with various metals is also
based on various non-valent interactions [9,10]. Tetranuclear and hexanuclear platinum-
containing metallacycles based on non-covalent interactions are known [11]. Nicotinic
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acid metal complexes show various biological activities (antimicrobial, anti-inflammatory,
analgesic, anti-tubercular, anticancer, etc.) [12].

Organic platinum compounds (dichlorodiammineplatinum, diammineplatinum, etc.)
are used as cytostatics in the treatment of various forms of cancer [13,14]. Currently, a
search is underway for new platinum compounds for use in medicine, including the use of
nicotinic acid [15,16].

The coordination chemistry of f -elements, especially their halogen derivatives, makes
it possible to form many intermolecular interactions. This opens up a large range of func-
tionalities for such compounds. In [4], the platinum complexes [(tBu2bpy)Pt(C≡CAr)2]
(tBu2bpy = 4,4’-bis-tert-butyl-2,2’-bipyridine, Ar = 4-pyridyl, 1; 3-pyridyl, 2; 2-pyridyl, 3;
4-ethynylpyridyl, 4; 2-thienyl, 5; pentafluorophenyl, 6) were synthesized and the follow-
ing types of interactions have been described: C-H···π (C≡C), C-H···N(py), Cl···Cl, and
C-H···F-C.

The study of uranium compounds with biomolecules is important in toxicology for
detecting their toxic effects in cells [17]. In radioecology, the study of various uranium com-
pounds with biologically active molecules is important for assessing possible mechanisms
of uranium immobilization in the environment in plants, algae, fungi, and microorganisms.
Previously, we have shown the effect of uranium immobilization due to carbonyl groups
of o-polysaccharide bacteria living in uranium-contaminated groundwater [18]. In [19],
uranium complexes with nicotinic acid in solutions were observed, and their formation
constants were determined. The formation of uranium complexes with nicotinic acid has
also been shown in [20].

Numerous works have noted the ability of uranium-containing compounds to par-
ticipate in intermolecular interactions [21–24]. Thus, the complexes of uranyl cation with
4-halopyridinium ions (Hal = Cl, Br, I) can be divided into two categories based on the
different modes of hydrogen bonding and halogen–halogen interactions present in the
crystal structures [25].

Besides its involvement in nuclear energy, organic complexes of uranium are used in
photoluminescence [26], magnetism [27], and catalytic [28,29].

In the major part of known Pt and U compounds with nicotinic acid, this acid enters
into the coordination sphere of central atoms to form M-N or M-O coordination bonds.
Thus, we aimed to obtain compounds of Pt(IV) and U(VI) with nicotinic acid in cationic
form and to describe the crystal structure and intermolecular interactions.

2. Materials and Methods

2.1. Materials

Complexes 1 and 2 were synthesized using hexachloroplatinic (IV) acid hexahydrate
(H2PtCl6×6H2O, ~40% Pt), hydrochloric acid (HCl, 12.5 М), and nicotinic acid (C6H5NO2
> 98%) all being ACS reagent grade chemicals purchased from Sigma-Aldrich (St. Louis,
Missouri, United States) and used without additional purification. Uranyl acetate dihydrate
(UO2(CH3COO)2 × 2H2O > 99%) was purchased from PA “IZOTOP”. (Moscow, Russia) To
prepare the solutions, twice-distilled water was used, whose electric resistance was not less
than 18 MOhm cm.

2.2. Synthesis of Complexes bis(3-pyridinecarboxylic Acid) Hexachloroplatinate, (HNic)2[PtCl6] (I)

In a 10 mL two-neck flask equipped with a thermometer and a reflux condenser, 10 mg
of nicotinic acid was dissolved in 5 mL of 0.1 M HCl at room temperature. After dissolving
all the nicotinic acid, 0.1 mL of an aqueous solution of 0.7 mol/L platinic acid was added to
the flask. The mixture was stirred for 5 min at room temperature, then the temperature was
raised to 70 ◦C and held for 15 min. The resulting solution was cooled to room temperature
without stopping stirring the flask, then removed the return condenser and thermometer;
the flask with the solution was transferred to a vacuum desiccator and left for 12 h over
anhydrous Mg(ClO4)2. The resulting yellow needles were washed with two 5 mL portions
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of cold methanol and dried in an oil pump vacuum at room temperature. The yield was
81% for nicotinic acid. (Mr = 654 g/mol).

2.3. Synthesis of Complexes bis(3-pyridinecarboxylic Acid) Uranile Tetrachloride,
(HNic)2[UO2Cl4] (II)

In a 10 mL two-necked flask equipped with a thermometer and a reflux condenser,
10 mg of nicotinic acid was dissolved in 2 mL of 0.1 M HCl. After dissolving all the
nicotinic acid, 3 ml of a 0.01 M solution of uranyl acetate in 0.1 M HCl was added. The
solution was stirred at room temperature for 5 min, then the mixture’s temperature was
gradually raised to 70 ◦C and held for 10 min. The resulting solution was cooled to room
temperature without stopping stirring the flask, then removed the return condenser and
thermometer; the flask with the solution was transferred to a vacuum desiccator and left
for 12 h over anhydrous Mg(ClO4)2. The resulting yellow fluorescent crystals were washed
with 5 mL of cold methanol and dried in vacuo at room temperature. The yield was 97%
for nicotinic acid.

The precipitate I obtained was characterized by X-ray powder diffraction analysis;
the diffraction pattern (Figure S1) was in a good agreement with the theoretical one and
does not contain peaks corresponding to the starting substances. For compound II, the
amount of the precipitate was insufficient for X-ray powder analysis. Some good crystals
were selected for single-crystal X-ray diffraction studies.

2.4. Powder XRD Analysis

X-ray phase analysis was performed on a PANalytical AERIS diffractometer (Malvern,
Worcestershire, United Kingdom; Almelo, Netherlands) with a Cu anode (40 kV). The
analysis was performed over a 28 angle range from 3 to 70◦.

2.5. Single-Crystal XRD Analysis

The crystal structure of all synthesized substances was determined by X-ray structural
analysis using an automatic four-circle area-detector diffractometer Bruker KAPPA APEX
II (Billerica, MA, USA) with MoKα radiation at a temperature of 100 and 296 K (for I) and
100 K (for II). The cell parameters were refined over the entire data set and data reduction
by using SAINT-Plus software [30]. Absorption corrections were introduced using the
SADABS program [31]. The structures were solved directly with the SHELXS97 [32] and
refined by SHELXL-2018/3 [33]. The N- and C-bound hydrogen atoms were placed at
calculated positions. The O-bound H atoms were located from different Fourier maps and
refined with fixed isotropic displacement parameters [Uiso(H) = 1.2 Ueq(O)]. The hydrogen
atoms of the OH groups in I were disordered over two positions with occupancies close to
0.5 (in final refinement, the occupancies were fixed at 0.5 at both temperatures). Tables and
pictures for structures were generated by Olex2 [34].

Crystal data, data collection, and structure refinement details are summarized in
Table 1. All other crystallographic parameters of structures I and II are indicated in Tables
S1–S10. The atomic coordinates were deposited at the Cambridge Crystallographic Data
Centre [35], CCDC № 2145387-2145389 for I at 296 K, at 100 K, and II, respectively. The
Supplementary crystallographic data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif (accessed on
30 January 2022).
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Table 1. Crystal data and structure refinement for structures I and II.

I II

Empirical formula C12H12N2O4Cl6Pt C12H12N2O4Cl6Pt C12H12N2O6Cl4U
Formula weight 656.03 656.03 660.07
Temperature/K 296(2) 100(2) 100(2)
Crystal system monoclinic monoclinic monoclinic

Space group P21/n P21/n P21/n
a/Å 9.0534(3) 8.9552(14) 6.6653(2)
b/Å 9.4852(3) 9.4270(16) 18.4856(5)
c/Å 11.9423(3) 11.8579(19) 7.4266(2)
α/◦ 90 90 90
β/◦ 110.521(1) 110.400(8) 95.0330(10)
γ/◦ 90 90 90

Volume/Å3 960.45(5) 938.3(3) 911.52(4)
Z 2 2 2
Z’ 0.5 0.5 0.5

ρcalcg/cm3 2.268 2.322 2.405
μ/mm−1 8.159 8.352 9.521

F(000) 620.0 620.0 612.0
Crystal size/mm3 0.2 × 0.18 × 0.1 0.32 × 0.12 × 0.1 0.16 × 0.14 × 0.06

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073)
2Θ range for data collection/◦ 8.194 to 59.998 8.44 to 59.988 8.182 to 70

Index ranges −11 ≤ h ≤ 12, −12 ≤ k ≤ 13,
−16 ≤ l ≤ 16

−12 ≤ h ≤ 12, −13 ≤ k ≤ 13,
−16 ≤ l ≤ 16

−8 ≤ h ≤ 10, −29 ≤ k ≤ 29,
−11 ≤ l ≤ 11

Reflections collected 10,006 14,377 18,010

Independent reflections 2794 [Rint = 0.0205,
Rsigma = 0.0201]

2735 [Rint = 0.0559,
Rsigma = 0.0416]

4002 [Rint = 0.0283,
Rsigma = 0.0253]

Data/restraints/parameters 2794/2/122 2735/2/121 4002/0/115
Goodness-of-fit on F2 1.048 1.030 1.284

Final R indexes [I >= 2σ (I)] R1 = 0.0160, wR2 = 0.0372 R1 = 0.0235, wR2 = 0.0529 R1 = 0.0310, wR2 = 0.0546
Final R indexes [all data] R1 = 0.0234, wR2 = 0.0404 R1 = 0.0323, wR2 = 0.0568 R1 = 0.0398, wR2 = 0.0562

Largest diff. peak/hole/e Å-3 0.78/−0.69 0.82/−1.21 1.47/−2.32

3. Results and Discussion

3.1. Structural Description

Both compounds crystallize in the space group P21/n with two formula units in the
unit cell. The asymmetric units are illustrated in Figure 1. Platinum and uranium atoms
are in special positions two a and 2 b, respectively. In both compounds, the platinum and
uranium atoms are octahedrally coordinated. Pt—Cl distances are changed from 2.3090(8)
Å to 2.3180(8) Å in I at 100 K, and the average distance is 2.313 Å, which can be seen
from Table 2. With the increase in temperature to 296 K, this distance slightly increases
and amounts to 2.317 Å. At both temperatures, the Cl—Pt—Cl angles in I are close to 90◦
(Table 2).

Table 2. Selected geometric parameters (Å, ◦) for I.

100 K 296 K

Pt1—Cl1 2.3180(8) Cl2—Pt1—Cl3 90.89(3) Pt1—Cl1 2.3220(6)
Pt1—Cl2 2.3090(8) Cl2—Pt1—Cl1 89.06(3) Pt1—Cl3 2.3139(5)
Pt1—Cl3 2.3107(8) Cl3—Pt1—Cl1 90.43(3) Pt1—Cl2 2.3144(5)
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Figure 1. Molecular structure of I (a) and II (b) at 100 K, including atom labeling. Only one position
of the disordered H-atom of the carboxyl group is shown in I. Displacement ellipsoids are drawn at
the 50% probability level.

Uranyl tetrachloride forms a bipyramid. The average U–Cl distance in II is 2.658 Å,
which is slightly shorter than in previous works in the CSD, where it was 2.67 Å. The U—O
distance is 1.780(2) Å, which is longer than the average distance at 100 K in CSD, where
it was 1.772 Å. This may be due to the participation of the oxygen atom of the anion in
H-bonds. The angles Cl—U—Cl and O—U—Cl are close to 90◦, as shown in Table 3. The
position of the protonated oxygen atom in I and II is different relative to the nitrogen atom
of the six-membered ring (torsion angles C4-C3-C7-О2(3) are −28.85◦ in I and −162.50◦
in II).

Table 3. Selected geometric parameters (Å, ◦) for II.

U1—O1 1.780(2) O1—U1—Cl1 89.81(8)

U1—Cl1 2.6461(8) O1—U1—Cl2 89.86(8)
U1—Cl2 2.6694(7) O1—U1—Cl1 89.81(8)

The hydrogen bond system of I is shown in Figure 2a. In I, one bifurcate hydrogen
bond O2–H2B···Cl1i and O2–H2B···Cl3i [symmetry code: (i) −x+1, −y+1, −z+2] is formed
(Table 4). The strongest hydrogen bond is formed by N1–H1A with O1iii of another cation
with an N···O distance of 2.728(4) Å [symmetry code: (iii) x−1/2, −y+3/2, z−1/2]. In II,
one bifurcate hydrogen bond is also formed (Figure 2b). N1 – H1A forms a bifurcate H-bond
with Cl2i and O2ii [symmetry codes: (i) x+1, y, z+1; (ii) x, y, z+1]. In both compounds, the
CH groups of the six-membered rings form weak H–bonds of the C—H···Cl type, which
provide additional bonding of cations and anions in the compounds, such as in [36,37]. In
I, only one C—H···Cl bond is formed, in II three (Table 5), but two of them in II are weaker
than in I.

Table 4. Hydrogen-bond geometry for I at 100 K (Å, ◦).

D—H···A D—H H···A D···A D—H···A
O2—H2B···Cl1 i 0.85(2) 2.70(5) 3.486(3) 155(10)
O2—H2B···Cl3 i 0.85(2) 2.79(8) 3.401(3) 131(9)
O2—H2C···Cl3 ii 0.86(2) 2.61(4) 3.413(3) 155(8)
N1—H1A···O1 iii 0.88 1.87 2.728(4) 163.0
C2—H2A···Cl1 iv 0.95 2.66 3.500(3) 148.0

Symmetry codes: (i) −x+1, −y+1, −z+2; (ii) x−1/2, −y+1/2, z+1/2; (iii) x−1/2, −y+3/2, z−1/2; (iv) −x+1/2,
y+1/2, −z+3/2.
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Figure 2. View showing the hydrogen and halogen bonds in I (a) [Symmetry codes: (i) −x+1, −y+1,
−z+2; (ii) x−1/2, −y+1/2, z+1/2; (iii) x−1/2, −y+3/2, z−1/2; (iv) 3/2−x, 1/2+y, 3/2−z.] and
hydrogen bonds in II (b) [Symmetry codes: (i) x+1, y, z+1; (ii) x, y, z+1]. Both positions of the
disordered hydrogen atom of carboxyl group in I are shown.

Table 5. Hydrogen-bond geometry for II (Å, ◦).

D—H···A D—H H···A D···A D—H···A
O3—H3···O1 0.857(3) 2.287(2) 3.125(3) 165.7(2)
N1—H1A···Cl2 i 0.88 2.81 3.380(3) 123.9
N1—H1A···O2 ii 0.88 2.00 2.721(3) 138.3
C2—H2A···Cl2 iii 0.95 2.69 3.611(3) 163.4
C5—H5A···Cl2 iv 0.95 2.82 3.543(3) 133.8
C6—H6A···Cl1 v 0.95 2.67 3.411(3) 135.4

Symmetry codes: (i) x+1, y, z+1; (ii) x, y, z+1; (iii) −x+1, −y+1, −z+1; (iv) x+1/2, −y+3/2, z+1/2; (v) −x+3/2,
y+1/2, −z+3/2.

The crystal packing in I can be represented as cationic and anionic layers parallel
to the plane (-101) (Figure 3a). The cations in the layers are linked by hydrogen bonds
of the N–H···O type and are connected to the anionic layers by hydrogen bonds of the
O–H···Cl type. Anions in I are interconnected by halogen bonds Cl2···Cl3v with a distance
of 3.2074(12) Å [symmetry code: (v) 3/2−x, 1/2+y, 3/2−z], as in [38]. The crystal packing
in II can also consist of cationic and anionic layers parallel to the plane (010). In this case,
cations interact with anions and other cations, but anions do not interact, unlike in I.

 
Figure 3. Crystal packing of I (a), showing the layers parallel to the plane (−101) with hydrogen and
halogen bonds between them, and II (b), showing the layers parallel to plane (010) with hydrogen
bonds between them.

In the earlier research works only one compound of singly protonated nicotinic acid
with an octahedral anion was found, bis(3-carboxypyridinium) hexafluorosilicate (III) [39].
In [39], hexafluorosilicate was also added to nicotinic acid by hydrogen bonds. Compound
III, like ours, crystallizes in P21/n sp. gr. However, other layers are formed in III, in
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which the anions do not interact with each other and in which there are no halogen bonds.
However, in III, layers are stabilized due to the presence of π-stacking interaction between
the rings, which is absent in I and II.

It has been established from the literature data that, upon interaction with nicotinic
acid, platinum usually participates in Pt–N bonds and is attached directly to the nitrogen
atom of the six-membered ring, as in [40,41]. Only one uranium-containing compound
with nicotinic acid is known [42].

3.2. Hirshfeld Surface Analysis

Hirshfeld surface (HS) analysis was proposed as a new means of separating space in
molecular crystals. The Hirshfeld surface covers the molecule and determines the volume of
space in which the electron density of the promolecule exceeds the density of all neighboring
molecules [43]. Fingerprint plots are a convenient way of summarizing the intermolecular
contacts present in crystals, decomposing this fingerprint plot into features to identify
specific interactions. This method can be used to analyze π-π stacking interactions [44],
halogen and hydrogen bonds [45,46], and other weak non-covalent interactions [47,48].

The Crystal Explorer 21 [49] program was used to analyze the crystal and Hirshfeld
surface analysis interactions. The donor-acceptor groups are visualized using a standard
(high) surface resolution and dnorm surfaces, as illustrated in Figure 4. Red spots on the
surface of the dnorm plot indicate intermolecular contacts involving the hydrogen and
halogen bonds. The brightest red spots correspond to the strongest hydrogen bond N—
H···O in both compounds and O–H···O in II (Figure 4). Weaker red spots correspond to
bonds O—H···Cl in I and C—H···Cl for cations in both compounds. For the anion, red spots
on the surface dnorm correspond to hydrogen bonds in I and II, and halogen bonds in I.

Figure 4. Hirshfeld surface mapper over dnorm for (a) cation and (b) for anion to visualize the
interactions in compound I and in II (c).

π-stacking interactions are absent in I and II, which can be seen from the absence of
characteristic red and blue triangles on the shape-index surface (Figure 5).
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Figure 5. Hirshfeld surface mapper shape-index of cation in I (a) and II (b).

On the Hirschfeld surface dnorm above the six-membered ring, a weak red spot corre-
sponds to the C···Cl interaction, which is also seen from the bright red spot on the shape
index surface. The C6···Cl distance in I is 3.299 Å, which is shorter than the sum of the
van der Waals radii of C and Cl. The distance between the center of the ring and the
chlorine atom Cl1 in I at 100 K is 3.431 Å (3.489 Å at 296 K), and the angle α (Figure 6) is
70.97◦ (70.92◦ at 296 K). This contact can be called an anion-π interaction since the distance
between the center of the ring and the anion is less than 5 Å, and the angle α is greater than
50 ◦ [3,50,51].

Figure 6. View showing halogen-π interactions in the structure I at 100 K (a) and "spacefill" image (b).

Since there are analogies with (HNic)2[SiF6], the Hirschfeld surfaces were also con-
structed and compared for this derivative of the nicotinium cation. Fingerprint plots for
compounds I–III are shown in Figures S1–S6 and can be used to highlight specific short
interactions. Separately, 2D branchings for cations and anions were built. It should be
noted that the shape of fingerprint graphs for different types of contacts in compounds
I–III is different. For example, the O···H/H···O hydrogen bonds, although there are two
elongated peaks in I and II, they are sharper in I than in II, and in III they look like some-
thing in between. In this case, all contacts occupy approximately the same position on the
fingerprint plots. The different anionic geometry can explain the different shapes of the
fingerprint graphs in the compounds and the substitution of chlorine atoms by other atoms.

The temperature changes do not introduce significant changes in the percentage
contribution of each type of contacts in cation I, as shown in Figure 7. In all compounds
in cations, the main contribution to intermolecular interactions is made by hydrogen
bonds (contacts H···Hal/Hal···H and O···H/H···O). The van der Waals interactions H···H
and C···H/H···C also play an essential role in the cations of all compounds. The total
contribution of hydrogen bonds of the type H···Hal/Hal···H and O···H/H···O in cations
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in I and II is the same and is approximately 50%. However, the proportion of van der
Waals interactions changes from I to II. The share of H···H decreases, while the share of
C···H/H···C, on the contrary, increases. The proportion of contacts of the C···Cl/Cl···C type
decreases, which in compound I is explained by the presence of the anion–π interaction.
The replacement of the anion leads to an increase in the proportion of H···Hal/Hal···H and
O···H/H···O contacts in the cation in compound III compared to I and II.

 

Figure 7. Percentage contributions to the Hirshfeld surface area for the various close intermolecular
contacts for cations in I–III.

In the anions in compound I, a temperature change also does not affect the fraction of
intermolecular interactions (Figure 8). In the transition from I to II in anions, the proportion
of hydrogen bonds in the total increases. In II, the ratio of C···Cl/Cl···C and Cl···Cl
interactions strongly decreases, which, as noted above, is due to the absence of anion–π
interaction and halogen bonds in II. The replacement of a chlorine atom by fluorine leads
to an increase in the proportion H···Hal/Hal···H, which may not all be called hydrogen
bonds [52], but the virtual absence of other types of interactions. This may be because
fluorine is not characterized by the formation of both hydrogen bonds and different types
of non-valent interactions.

 

Figure 8. Percentage contributions to the Hirshfeld surface area for the various close intermolecular
contacts for anions in I–III.

4. Conclusions

Although the compounds are similar (the same cation and octahedral or pseudoocta-
hedral anion) and crystallize in the same space group, the compounds are not isostructural.
They form a different system of hydrogen bonds and packing. For the first time, uranium
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and platinum compounds with protonated nicotinic acid were obtained, in which there
are no M-N or M-O coordination bonds. These compounds are stabilized by classical
hydrogen bonds of the N–H···Cl/O and O–H···Cl/O types, as well as by nonclassical
C–H···Cl hydrogen bonds, halogen bonds, and π-anionic interactions in (HNic)2[PtCl6].
In (HNic)2[UO2Cl4], the structure is stabilized by N–H···Cl/O and O–H···Cl/O hydrogen
bonds. Replacement of the anion in (HNic)2[SiF6] leads to the formation of another type
of packing.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cryst12020271/s1, Figure S1. Experimental and theoretical powder XRD spectra of I at 296
K. Figure S2. The 2D fingerprint plots of interatomic interactions for cation in I at 100 K show the
percentages of contacts contributed to the total Hirshfeld surface area of the molecules. Figure S3.
The 2D fingerprint plots of interatomic interactions for cation in II at 100 K show the percentages of
contacts contributed to the total Hirshfeld surface area of the molecules. Figure S4. The 2D fingerprint
plots of interatomic interactions for cation in III at 100 K show the percentages of contacts contributed
to the total Hirshfeld surface area of the molecules. Figure S5. The 2D fingerprint plots of interatomic
interactions for anion in I at 100 K show the percentages of contacts contributed to the total Hirshfeld
surface area of the molecules. Figure S6. The 2D fingerprint plots of interatomic interactions for anion
in II at 100 K show the percentages of contacts contributed to the total Hirshfeld surface area of the
molecules. Figure S7. The 2D fingerprint plots of interatomic interactions for anion in III at 100 K
show the percentages of contacts contributed to the total Hirshfeld surface area of the molecules.
Table S1. Bond lengths for I at 100 K. Table S2. Bond angles for I at 100 K. Table S3. Torsion angles
for I at 100 K. Table S4. Bond lengths for I at 296 K. Table S5. Bond angles for I at 296 K. Table S6.
Hydrogen bonds for I at 296 K. Table S7. Torsion angles for I at 296 K. Table S8. Bond lengths for II at
100 K. Table S9. Bond angles for II at 100 K. Table S10. Torsion angles for II at 100 K.
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Abstract: In this study, a platinum-coated Ni foam catalyst (denoted PtNi/Ni foam) was investigated
for the oxidation of the formate reaction (FOR) in an alkaline medium. The catalyst was fabricated
via a two-step procedure, which involved an electroless deposition of the Ni layer using sodium
hypophosphite as a reducing agent and the subsequent electrodeposition of the platinum layer. The
PtNi/Ni foam catalyst demonstrated enhanced electrocatalytic activity for the FOR in an alkaline
medium compared to the Ni/Ni foam catalyst and pure Pt electrode. Moreover, the PtNi/Ni foam
catalyst promoted the FOR at more negative potentials than the Pt electrode. This contributed to a
significant negative shift in the onset potential, indicating the high activity of the catalyst. Notably, in
alkaline media with the PtNi/Ni foam catalyst, the FOR proceeds via a direct pathway mechanism
without significant accumulation of poisonous carbonaceous species on the PtNi/Ni foam catalyst.

Keywords: platinum; nickel foam; electroless deposition; formate; oxidation

1. Introduction

The large-scale commercialization of formic acid (FA)/formate-based fuel cells is
challenging because of the unavailability of highly active, durable, and low-cost catalysts
for anodic oxidation reactions. The most promising are based on Pt or Pt-group materials
(PGMs) [1–5]. Pd and Pd-based catalysts are the most widely studied and are currently
regarded as state-of-the-art electrocatalysts for FA/formate oxidation because of their high
catalytic activity and good anti-poisoning properties in acidic and alkaline media [6–8].
Combining Pd with other metals or metal nanoparticles, such as Ag [8–10], Cu [10,11],
Ni [9], CeO2 [12], In [13], and B [14], improves the characteristics of the catalysts while
simultaneously reducing the cost. In some cases, especially under alkaline conditions,
Pd-based catalysts are even more active and less prone to deactivation by carbon monoxide
(CO) than Pt-based catalysts [15]; however, their insufficient stability remains a major
concern. Meanwhile, significantly less attention has been paid to Pt-based electrodes for
the FOR. However, further development is required to mitigate the high cost and low
performance of Pt-based catalysts owing to the fast deactivation of the in situ-generated
poisonous carbonaceous intermediates, such as CO, and to develop CO-tolerant catalysts.
Some efficient ways to overcome the present drawbacks are to decrease the Pt loading
and fabricate nanostructured materials with Pt to exploit its mass activity and stability, or
decorate and modify catalysts with Pt heteroatoms for better poison resistance [8,16,17].
Another way to enhance Pt electrocatalysis is to control the acidity of fuel solutions by
maintaining a low concentration of FA and a high concentration of formate, which results
in a smaller volume of FA being adsorbed. This contributes to a lower level of severe
Pt poisoning by the adsorbed CO [18]. However, decreasing FA concentration is closely
related to decreases in the current density of FA oxidation. Recently, free formate was
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demonstrated to promote anode oxidation in acidic solutions and suppress the poisoning
pathway [18]. The FOR demonstrates faster reaction kinetics, a lower overpotential, and
less poisoning of the anode catalyst in an alkaline media than in an acidic media [19–22].

Several conventional design principles for catalysts have been applied to improve
their poisoning resistance. The following two strategies have been used: (1) Pt is coupled
with other metals such as Ni [23–26], Au [8,27], Bi [28,29], Sb [30], and Rh [31], to prevent
CO adsorption on the Pt surface through so-called ensemble and electronic effects, and
(2) oxidative removal of adsorbed CO from the Pt surface is facilitated at low potentials by
enriching the surface with oxygen-containing species via a bifunctional mechanism. This
may be achieved by alloying Pt with oxophilic transition metals or metal oxides, such as
NiOx [32–35], CoOx [32], Cu2O [36], FeOx [37], MnOx [38,39], and SnO2 [40]. The presence
of oxophilic materials, including Ni-oxy species, in the catalyst composition can assist with
the electrochemical dissociation of water to form OH– ions at a more negative potential
than that required for OH– to be formed in the presence of bare Pt [32,41–43]. This phe-
nomenon aids in the removal of adsorbed surface CO (COads) by oxidation, allowing for the
development of CO-tolerant catalysts. In addition, the β-NiOOH phase, which originates
from the oxidation of the lower oxidation state Ni or NiO through Ni(OH)2, is considered
to be the active anti-poison site, and can act as a catalytic mediator through a reversible Ni
(II)/Ni (III) redox system to facilitate a charge transfer for the FA oxidation reaction [32].
Moreover, Ni-based oxides/hydroxides are of significant interest as electrocatalysts because
of their low price, nontoxicity, and earth-abundant resources. Recently, the spontaneous
deposition of Pt on commercial Ni foams (Nifoam) was used to produce Pt-modified 3D Ni
electrodes, which are perfect candidates for efficient catalysis owing to the high surface
area and synergistic effects between the Pt nanoparticles and the supporting material [44].
This unique three-dimensional structure benefits significantly from the use of noble metals.
As a result, Ni foams with a particular architecture and excellent conductivity have been
successively used as supports for the preparation of catalysts for various electrochemical
reactions, such as hydrogen evolution [45], water splitting in alkaline media [46], direct
ammonia oxidation [47], methanol oxidation [48], ethanol oxidation [49], sodium boro-
hydride hydrolysis [50], borohydride oxidation [51], hydrazine oxidation [52], and urea
oxidation [53]. However, there are no reports of Ni foam as a support for FA oxidation.

Large surfaces are important for the good spacious dispersion of heterogeneous
catalysts, as they provide an increased contact area for reactants to facilitate catalysis.
Therefore, we deposited a Ni layer on the Ni foam surface (Ni/Nifoam) using the electroless
deposition technique. Subsequently, a thin Pt layer was electrochemically deposited on the
surface. The electrocatalytic activity of the PtNi/Nifoam catalysts for FOR was evaluated in
alkaline media. Owing to the synergy between the active sites of Pt, the porous structure of
the Ni-oxy species layer on the Ni foam, and the extremely high specific surface area of
the catalyst, the prepared catalyst demonstrated advanced activity in alkaline media and
pronounced resistance to poisoning by carbonaceous species.

2. Materials and Methods

The Ni foam with 20 pores/cm, a bulk density of 0.45 g cm−3, and a thickness of
1.6 mm was purchased from GoodFellow GmbH Supplier (Hamburg, Germany). The thin
Ni layer was deposited on Ni foam, using sodium hypophosphite as a reducing agent
described in detail in Ref. [50].

The Pt thin layer was electroplated on Ni/Nifoam using the electrolyte containing
PtCl2(NH3)2, NH4NO3, NH4OH, and NaNO2 (pH 8) at the current density of 1 A dm−2 for
40 min. The temperature of the electrolyte was kept at a temperature of 95 ◦C.

The chemical composition of the samples was analyzed using the X-ray photoelectron
spectroscopy method employing Kratos AXIS Supra+ spectrometer (Kratos Analytical,
Manchester, UK, 2019) with monochromatic Al Kα (1486.6 eV) X-ray radiation powered
at 225 W. The base pressure in the analysis chamber was less than 1 × 10−8 mbar and
a low electron flood gun was used as a charge neutralizer. The survey spectra for each
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sample were recorded at a pass energy of 80 eV with a 1 eV energy step and high-resolution
spectra (pass energy—10 eV, in 0.1 eV steps) over individual element peaks. The binding
energy scale was calibrated by setting the adventitious carbon peak at 284.8 eV. XPS data
were converted to VAMAS format and processed using the Avantage Software (Thermo
Scientific, East Grinstead, UK).

The morphology and composition of the prepared coatings were investigated by scan-
ning electron microscopy (SEM) using a SEM/FIB workstation Helios NanoLab 650 with
an energy dispersive X-ray (EDX) spectrometer INCA Energy 350 X-Max 20. Pt loading
was determined by inductively coupled plasma optical emission spectrometry (ICP-OES).
It was determined that the Pt loading in the PtNi/Nifoam catalyst was ca. 71 μg cm−2.

The oxidation of formate (FOR) was investigated using a Zennium electrochemi-
cal workstation (ZAHNER-Elektrik GmbH & Co.KG, Kronach, Germany). A conven-
tional three-electrode cell was used for electrochemical measurements. The Ni/Nifoam
and PtNi/Nifoam catalysts with a geometric area of 2.45 cm2 were employed as working
electrodes. An Ag/AgCl/KCl (3 M KCl) electrode was used as a reference, Pt sheet with
a geometric area of 4 cm2 was used as a counter electrode. For comparison, the Pt bulk
electrode with a geometric area of 1 cm2. Cyclic voltammograms (CVs) were recorded
at a potential scan rate of 50 mV s−1 from the open-circuit potential value in the anodic
voltammetric scan up to +0.6 V unless otherwise stated in a 1 M NaOH solution containing
FA concentration in the range of 0.1–0.7 M at a temperature of 25 ◦C. All reported potential
values are referred to as “Ag/AgCl”.

Chronoamperometric measurements were carried out at a constant electrode potential
of −0.6 V for 2600 s.

3. Results

3.1. Characterization of the Electrodes

X-ray photoelectron spectroscopy (XPS) was performed to analyze the electronic state
of the surface composition of the as-prepared PtNi/Nifoam. The Pt 4f spectra reveal a
doublet consisting of high-energy (Pt 4f5/2) and low-energy (Pt 4f7/2) bands (Figure 1a).
Deconvolution of the latter reveals two peaks centered at 70.9 and 72.4 eV, indicating that
Pt is in two different oxidation states, Pt (0) and Pt (II), respectively, and the lower binding
energy (BE) peak at 70.9 eV is clearly dominant. This indicates that almost all Pt species
grown on Ni/Nifoam exist in a metallic state. The higher BE peak (72.4 eV) represents PtO
or Pt(OH)2 [54].

The Ni 2p3/2 XPS spectrum splits into three resolved peaks centered at 852.3 eV, 853.9,
and 855.8 eV, indicating the presence of Ni, NiO, and Ni(OH)2 species, respectively, on the
Nifoam surface (Figure 1b). The dominant BE peak at 855.8 eV indicates that the Ni(OH)2
species predominates in the catalyst composition. Moreover, the BE peak of Pt 4f7/2 for
the PtNi/Nifoam catalyst shifted from 71.20 to 70.91 eV when compared to that for metallic
Pt, suggesting that Pt undergoes electronic structural changes when it is coupled with
Ni(OH)2 [55]. This shift implies that the Ni atoms occupy the Pt lattice and that the metallic
grains are intermixed with Ni(OH)2 [56,57]. Furthermore, the O 1s XPS spectrum reveals
three resolved peaks centered at 529.8, 531.3, and 532.8 eV (Figure 1c). The lowest energy
contributions at 529.8 and 531.3 eV were assigned to oxide/hydroxide species such as NiO
and Ni(OH)2, respectively [45]. The highest BE value (532.8 eV) generally corresponds to
physically adsorbed water molecules [58,59]. The coexistence of Pt and Ni(OH)2 species
was determined by XPS analysis and is supported by cyclic voltammetry measurements.

The cyclic voltammograms (CVs) of the bare Pt and PtNi/Nifoam electrodes in 1 M
NaOH solution measured at a potential scan rate of 50 mV s−1 are displayed in Figure 2.
The existence of a pair of coupled peaks at ca. +0.46 V is generally attributed to the
reversible transformation of Ni (II)/Ni (III) species via the redox reaction between Ni(OH)2
and NiOOH, according to the following Equation (1) [60]:

Ni(OH)2 + OH− ↔ NiOOH + H2O + e− (1)
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Figure 1. High-resolution XPS spectra of PtNi/Nifoam: (a) Pt 4f; (b) Ni 2p; (c) O1s.

E

j j

Figure 2. CVs of Pt (red dotted line) and PtNi/Nifoam (solid blue line) were recorded in 1 M NaOH
solution at a scan rate of 50 mV s−1.

The presence of Pt on the surface of the Ni/Nifoam electrode was confirmed by the ca-
thodic peak located at ca. −0.4 V in the alkaline 1 M NaOH solution. The electrochemically
active surface areas (ECSAs) of the prepared Pt and PtNi/Nifoam catalysts were determined
from the CVs recorded in a deaerated 0.5 M H2SO4 solution at a scan rate of 50 mV s−1

(Figure S1, Supplementary Material) by calculating the charge associated with hydrogen
adsorption at 210 μC cm−2 [61]. The ECSA for the PtNi/Nifoam electrode is 71 cm2, and
that for the bare Pt substrate is 1.5 cm2. The above results reveal that the PtNi/Nifoam
electrode has significantly higher current values and a larger surface area than the bare Pt
substrate, and it outperforms the Pt electrode ca. 47-fold.
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The electrochemical performance of the Pt and PtNi/Nifoam catalysts was evaluated
by progressively increasing the anodic reverse potential limit (Era). A series of CVs for Pt
and PtNi/Nifoam catalysts were recorded in a 1 M NaOH solution at different Era values
at a scan rate of 50 mV s−1 (Figure 3). The CV curves of the bare Pt electrodes (Figure 3a)
are consistent with those typically found for bare Pt electrodes in an alkaline solution.
They are characterized by the following three potential regions: (a) a hydrogen adsorp-
tion/desorption region (−0.9 < E < −0.6 V), (b) a double layer region (−0.6 < E < −0.45 V),
and (c) a hydroxide–oxide formation region (−0.45 < E < +0.6 V) [62–64]. The applied poten-
tial region can generate two types of oxygen-containing species, namely, PtOH and PtO [65].
This common potential domain, up to ca. −0.10 V, is attributed to OH− ion electroabsorp-
tion with charge transfer and the formation of surface hydroxides (OH− → OHad + e− in
alkaline solutions) [63,66,67]. This potential domain is associated with reversible and weak
OHad adsorption before the oxide layer formation. A more positive E domain represents
the only somewhat reversible formation of strongly bound OHad species and high-valent
oxides. The most positive potential region up to +0.6 V is attributed to stoichiometrically
different Pt-OH species that transform into Pt-O−, Pt=O, or Pt2=O, depending on the
surface coverage of strongly adsorbed OHad.

E

j

 E

j

(a) (b) 

Figure 3. The CVs of Pt (a) and PtNi/Nifoam (b) catalysts at the different anodic potential limit (Era)
were recorded in 1 M NaOH solution at a scan rate of 50 mV s−1.

The cathodic peak generated in the backward (cathodic voltammetric) scan when the
electrode potential was scanned at progressively more positive values was attributed to
the reduction of Pt oxides, which increased and shifted to more negative potential values,
indicating the formation of irreversible oxide species.

Meanwhile, the hydrogen adsorption/desorption peaks at the bare Pt electrode
changed significantly less in response to the applied Era than those of Pt oxides. How-
ever, the processes mentioned above in an alkaline medium are not well separated in
potential ranges, as in the case of an acidic medium [68,69]. The coupled H and OH ad-
sorption/desorption processes in alkaline media are thought to occur reversibly up to
ca. +0.65 V vs. RHE for Pt (100) and Pt (110), respectively. The OH− adsorption on Pt in an
alkaline medium begins quite low at (ca. +0.35 V vs. RHE) [68,69], as soon as the desorption
of hydrogen ceases. Notably, the presence of small quantities of adsorbed OHad species on
the Pt surface was confirmed, even in the Hupd region in alkaline solutions [64,66]. Thus,
the coupled competing adsorption/desorption processes of Hupd and OHad proceeded in
the Hupd region.

Similarly, CVs were recorded for the PtNi/Nifoam electrode with a gradual increase
in the upper Era (up to +0.6 V, Figure 3b). In contrast to the CVs determined for the Pt
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electrode, those for PtNi/Nifoam reveal a pronounced redox current peak pair at ca. +0.46 V,
which was attributed to the reversible transformation of Ni (II)/Ni (III) species during the
anodic and cathodic scans. With an increase in the upper Era, a slight negative shift of the
Pt oxide formation/reduction potentials was observed, together with an increase in the
corresponding current peak values during both anodic and cathodic scans. Meanwhile,
almost complete suppression of the peak current was observed in the hydrogen adsorp-
tion/desorption domain, unlike in bulk Pt. The corresponding Pt oxide reduction current
density peak values (jpc) for the Pt and PtNi/Nifoam catalysts determined in a 1 M NaOH
solution with increasing Era are presented in Table 1. The results clearly reveal that jpc
shifted to more negative potential regions. The reduction current density peak values for
the PtNi/Nifoam catalysts increased by ca. 39.78 and 46.49 times compared to those for the
bare Pt electrode, with increases in Era of +0.5 or +0.6 V, respectively. These data indicate
that when the oxidation of Ni2+ to Ni3+ is achieved, the reduction of more Pt oxides to
metallic Pt are revealed on the backward scan, demonstrating the synergy between the Pt
and Ni species.

Table 1. Comparison of electrochemical activities for the bare Pt and PtNi/Nifoam catalysts in a 1 M
NaOH solution with respect to different anodic potential limits (Era).

Era, V
Epc, V jpc, mA cm−2 Epc, V jpc, mA cm−2 jpc PtNi/Nifoam/

jpc PtPt PtNi/Nifoam

+0.1 −0.205 −0.069 −0.235 −2.151 30.77

+0.2 −0.221 −0.079 −0.256 −2.508 31.39

+0.3 −0.252 −0.090 −0.288 −2.988 33.13

+0.4 −0.281 −0.105 −0.321 −3.711 35.32

+0.5 −0.303 −0.125 −0.356 −5.004 39.78

+0.6 −0.332 −0.139 −0.389 −6.489 46.49

3.2. Electrocatalytic Evaluation for Formate Oxidation

The electrocatalytic activity of the Pt and PtNi/Nifoam catalysts in a 1 M NaOH solution
containing 0.3 M or 0.5 M FA with different Era was evaluated by the CV measurements
at a potential scan rate of 50 mV s−1 (Figure 4). Stabilized CVs of FOR for the Pt catalyst
plotted in Figure 4a,b reveal one broad peak on the anodic scan, followed by another on
the backward scan, regardless of the Era applied. Meanwhile, the first scans presented
in Figure S2 (Supplementary Material) for different FA concentrations are significantly
different from the stabilized ones. Three current peaks (labeled Peak I, Peak II, and Peak
III) can be observed in the positive-going potential scan (solid lines), and one more peak
(labeled Peak IV, dashed lines) appears in the negative-going potential scan. The nature
of those peaks can be interpreted regarding the fact that all FA solutions with different
concentrations studied in our work are strongly alkaline, and that the pKa of HCOOH is
well above ~3.8; therefore, it is inevitable that a formate (HCOO−) oxidation reaction will
occur [19]. A dual-pathway mechanism, analogous to FAO in acidic media, takes place
for formate oxidation in alkaline media on polycrystalline Pt at pH ≈ 14 [19]. Formate
typically undergoes oxidation through a reactive intermediate either directly to CO2, or
indirectly through a strongly chemisorbed intermediate (COad) that is further oxidized to
CO2 at higher potentials. Additionally, a third independent pathway, involving formate
oxidation via the formation of less-active surface formate (HCOOads), and its oxidation to
CO2 on the Pt surface at significantly higher potentials, should be considered [70].
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Figure 4. Stabilized CVs of the Pt (a,b) and PtNi/Nifoam (c,d) catalysts at different Era recorded in
a 1 M NaOH solution containing different FA concentrations of 0.3 M (a,c) or 0.5 M (b,d) at a scan
rate of 50 mV s−1. (a,b) The dotted lines indicate the stabilized CV curve of Pt recorded in a 1 M
NaOH solution at a scan rate of 50 mV s−1. (c,d) Solid lines and dotted lines represent the anodic and
cathodic potential scans, respectively, in the CVs.

The first peak (I) at ca. −0.5 V in Figure S2 was assigned to the direct oxidation of
formate, and a second hardly discernible peak (II) at ca. −0.35 V was attributed to the
indirect oxidation pathway via the strongly chemisorbed intermediate COads [19]. The
third peak (III) at ca. +0.00 V indicates an independent pathway of formate oxidation via
the formation of the less active surface formate (HCOOads) and its oxidation to CO2 [70].
At ca. −0.5 V, the last peak (IV) on the reverse potential scan developed in the electrode
potential region where no surface hydrogen adsorption occurs. The oxide was reduced
almost to completion. The properties of peak IV depend on several factors, such as the
reduction of surface oxides, CO adsorption on the electrode surface, and mass transfer
limitation [70]. As the catalyst active sites were cleaned of adsorbed intermediates at high
potentials and the Pt oxides/hydroxides were reduced, this peak is most likely related to
the direct oxidation pathway (dehydrogenation). Moreover, the presence of this peak and
the potential region of peak I both suggest a similar reaction pathway. Peak IV might have
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been influenced by the oxidation of adsorbed residual species in this potential region, but
this does not seem likely under the conditions of our experiment.

An increase in the number of applied scan cycles leads to a change in the slight shape
transformation of the stabilized CVs, resulting in a broader formate oxidation current
density peak on the bare Pt electrode (Figure 4a,b). Current density peaks for FO on
forward (anodic voltammetric) and backward scans are denoted (jpf) and (jpb), respectively.
It is impossible to propose an unambiguous treatment of the origin of the oxidation peak
obtained in the case of stabilized CVs on the bare Pt electrode, as the overlapping of the
peaks is not excluded, and the merging of direct and indirect FO pathways is presumable.

The stabilized CVs (Figure 4a,b) clearly reveal that a progressive increase in the upper
anodic potential limit accelerates the formation of Pt oxides and results in higher Pt oxide
reduction peak values on the negative-going potential scans and higher FO current density
peak values on the forward-going potential scans of the Pt electrode. These results are
similar to those obtained when the FA concentration is increased from 0.3 to 0.5 M.

The increase in the current density peak value for the Pt oxide reduction to metallic
Pt occurs with a reduction potential shift to a more negative value. This indicates a more
difficult reduction of Pt oxides. Meanwhile, the FO potential for both jpf and jpb remains
almost unchanged regardless of the applied Era value. The jpf value triples if Era is changed
from −0.2 to +0.6 V for FO at the Pt electrode in 0.3 M FA + 1 M NaOH solution (Figure 4a)
and is ca. 1.40 times higher in 0.5 M FA + 1 M NaOH solution (Table 2).

Table 2. Summary of electrochemical measurements at Pt catalyst in 1 M NaOH + 0.5 M FA from the
data in Figure 4b.

Era, V Epf, V jpf, mA cm−2 Epb, V jpb, mA cm−2 jpf/jpb jpf at X V/jpf at +0.0 V

+0.0 −0.493 0.1185 −0.497 0.0913 1.30 1.00

+0.1 −0.490 0.1322 −0.500 0.0976 1.35 1.12

+0.2 −0.500 0.1423 −0.507 0.0978 1.46 1.20

+0.3 −0.495 0.1501 −0.501 0.0943 1.59 1.27

+0.4 −0.499 0.1537 −0.507 0.0875 1.76 1.30

+0.5 −0.493 0.1549 −0.509 0.0785 1.97 1.31

+0.6 −0.507 0.1661 −0.512 0.0989 1.68 1.40

The presence of an extremely clean metallic Pt surface thermodynamically improves
the oxidation reaction of COads. However, the decrease in jpb with increasing Era in the
forward scan in 0.3 M FA + 1 M NaOH solution is associated with the oxidation of residual
incompletely oxidized carbon species on the catalyst surface rather than the oxidation of
freshly chemisorbed species. Meanwhile, the absence of a clear correlation between the
change in jpb value and the Era in 0.5 M FA + 1 M NaOH solution could be explained by the
competitive oxidation between residual incompletely oxidized carbon species and freshly
chemisorbed species due to the activation of the surface by the reduction of Pt oxides
and/or hydroxides. The presence of Pt oxides and/or hydroxide oxides (such as PtO2) on
the catalyst surface is thought to help oxidize the COad, and thus, reduce catalyst poisoning,
similar to the case of PdO2 and Au2O3 in an alkaline media [6,70–72]. Nevertheless, the
scope of the results indicates that the increase in the upper Era appears to favor the direct
oxidation pathway in all cases for peaks I and IV.

Similarly, stabilized CVs were recorded for the PtNi/Nifoam catalyst with increasing Era
(Figure 4c,d). One broad current density peak was generated in the negative potential region
of the PtNi/Nifoam catalyst, characterized by FO via a direct pathway that was followed by
a clear current density peak at positive potentials corresponding to the Ni(OH)/NiOOH
surface transformation. The formate oxidation current density peak values increased
tremendously with increases in the positively going potential limit. Current density peak
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values ca. 400 times higher than those obtained with the bare Pt electrode were observed,
confirming that the ECSAs of PtNi/Nifoam are much larger and that there are many more
active sites that facilitate significantly improved FO catalytic reactions owing to the synergy
between the Pt and the porous Ni-coated foam substrate. The increase in FA concentration
contributes similarly to current growth. A summary of the electrochemical measurements
of the PtNi/Nifoam catalyst in 1 M NaOH with 0.3 or 0.5 M FA (Figure 4c,d) is presented
in Tables 3 and 4. The jpf value increased ca. 1.4 or 1.8 times for the PtNi/Nifoam catalyst
in 1 M NaOH containing 0.3 M or 0.5 M FA, respectively, when the Era was changed from
−0.2 to +0.6 V. The jpf/jpb ratio varied from ca. 1.0–0.8, confirming that the incorporation
of Ni oxy-species effectively improves the electrocatalytic kinetics of the Pt-based catalysts
and can prevent the accumulation of incompletely oxidized carbonaceous species (COads),
directing the FOR toward the dehydrogenation pathway.

Table 3. Summary of electrochemical measurements at PtNi/Nifoam catalyst in 1 M NaOH + 0.3 M
FA from the data in Figure 4c.

Era, V Epf, V jpf, mA cm−2 Epb, V jpb, mA cm−2 jpf/jpb jpf at X V/jpf at −0.2 V

−0.2 −0.530 26.75 −0.591 25.99 1.03 1.00

−0.1 −0.563 29.30 −0.597 29.57 0.99 1.10

+0.0 −0.570 35.38 −0.582 40.10 0.88 1.32

+0.5 −0.549 37.77 −0.565 48.04 0.79 1.41

+0.6 −0.552 36.80 −0.557 47.22 0.78 1.38

Table 4. Summary of electrochemical measurements at PtNi/Nifoam catalyst in 1 M NaOH + 0.5 M
FA for the data in Figure 4d.

Era, V Epf, V jpf, mA cm−2 Epb, V jpb, mA cm−2 jpf/jpb jpf at X V/jpf at −0.2 V

−0.2 −0.461 39.48 −0.478 38.40 1.03 1.00

−0.1 −0.446 48.73 −0.490 49.55 0.98 1.23

+0.0 −0.454 54.00 −0.483 62.53 0.86 1.37

+0.5 −0.451 69.91 −0.481 91.95 0.76 1.77

+0.6 −0.449 70.32 −0.496 88.61 0.79 1.78

The influence of the first applied potential scan cycles recorded for the PtNi/Nifoam
catalyst for different Era values in alkaline FA was investigated. For the sake of simplicity,
only the positive-going potential CVs with two different Eras (−0.2 and +0.6 V) for the
PtNi/Nifoam catalyst in a 1 M NaOH solution, containing different FA concentrations of 0.1,
0.3, and 0.5 M, are presented in Figure 5. Successive cycling in the potential region with
an Era of −0.2 V resulted in an apparent jpf decrease at all FA concentrations applied to
the PtNi/Nifoam catalyst. Meanwhile, when the Era was decreased to −0.6 V to include
the potential window for the oxidation of Ni2+ to Ni3+, the jpf increased (unlike when
Era = −0.2 V) and increased further with increasing FA concentration, indicating an im-
provement in FO. Changing the Era from −0.2 to +0.6 V resulted in increases of ca. 1.3, 1.4,
and even 1.8 times for the Ipf values, for 0.1, 0.3, and 0.5 M FA containing alkaline solutions,
respectively, on the PtNi/Nifoam catalyst. An increase in FA concentration from 0.1 to
0.5 M led to ca. 4.4–6.1-fold increased jpf values when the upper potential limit was −0.2 V
or +0.6 V. Furthermore, a decrease in jpb values can be observed on the negative-going
potential scans presented in Figure S3 (Supplementary Material), regardless of the Era value
applied. Notably, when Era = −0.6 V, the forward and backward-going current density peak
values become closer to each other, indicating better catalyst tolerance to the accumulation
of carbonaceous species.
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Figure 5. Positive-going potential scans of PtNi/Nifoam recorded at anodic potential limit of +0.2
(a,c,e) and +0.6 V (b,d,f) in a 1 M NaOH solution, containing 0.1 (a,b), 0.3 (c,d) and 0.5 (e,f) M FA, at
a scan rate of 50 mV s−1.
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FO improves with increasing (more positive) Era because of the impact of the oxophilic
transition metal component in the catalyst composition, which involves the potential
region in which the Ni(OH)/NiOOH surface transformation takes place and provides an
additional quantity of oxygen-containing species at low potentials, which contributes to
the oxidation of adsorbed CO, thus decreasing the catalytic poisoning of the catalyst. In
general, nickel hydroxide nanostructures play a crucial role in facilitating the dissociative
adsorption of water molecules in alkaline media and the subsequent oxidative removal of
carbonaceous poisons from neighboring platinum sites [33–35].

The electrocatalytic activity of the investigated catalysts toward FO on FA concen-
trations is shown in Figure 6. The insets in Figure 6a,b represent the linear relationship
between jpeak and CFA, indicating the irreversible electrochemical process kinetics on both
Pt and PtNi/Nifoam catalysts [73]. Moreover, the peak potential slightly shifted to the
positive potential values with increasing FA concentration (Figure 6a,b). The reaction
order of FO oxidation was determined by the slopes of lnjpeak vs. lnCFA (Figure 6c) using
Equation (2) [73].

jpeak = zCβ
FA (2)

where jpeak is the peak current density (mA cm−2), z is a constant, C refers to the FA
concentration (mol L−1), and β the reaction order concerning CFA. The value of β is
obtained as 1.11 on the PtNi/Nifoam catalyst and 1.19 on the bare Pt electrode (Figure 6c).
The determined values corresponded to a first-order reaction.
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Figure 6. Positive-going potential scans of Pt (a) and PtNi/Nifoam (b) for different FA concentrations
with the corresponding jpeak vs. E (the insets) and lnjpeak vs. lnCFA (c). (d) The current density peak
values normalized with reference to the Pt loading for PtNi/Nifoam.
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Nevertheless, increasing the FA concentration from 0.3 to 0.5 M led to a ca. 1.8-times
increase in jpf on both catalysts (Figure 6a,b). However, at all FA concentrations, the jpf
on PtNi/Nifoam notably outperforms those on the bare Pt electrode. This result was more
than ca. 390–420 times higher in alkaline media on PtNi/Nifoam than on bare Pt. The onset
potential of the PtNi/Nifoam (ca. −0.9 V) electrode shifted significantly to a more negative
potential region than that of the bare Pt electrode (ca. −0.7 V). The large difference in
Eonset indicates higher PtNi/Nifoam electrocatalytic activity than that of Pt. Moreover, the
obtained characteristics of the PtNi/Nifoam catalyst are consistent with those of the state-of-
the-art PGM catalysts for formate oxidation. A comparison of their properties with those of
Pt-and Pt-based electrocatalysts used for formate oxidation in alkaline media is presented
in Table 5. The results reveal that the developed PtNi/Nifoam catalyst is competitive with
state-of-the-art PGM catalysts and outperforms them in many cases. Such favorable results
are attributed to the synergy between the Pt and the Ni-coated porous structure of the
Nifoam substrate, which prevented the accumulation of incompletely oxidized carbonaceous
species (COads), directing the FO reaction toward the dehydrogenation pathway.

Table 5. Comparison of Pt and the Pt-based electrocatalysts for formic acid/formate oxidation at
ambient conditions in an alkaline media with respect to the onset potential (Eonset) and maximum
current density (Imax, normalized by electrode geometric area) obtained on anodic peaks (at a peak
potential (Epeak)). The data are adopted from [4,8,9,11,12,14,22,70,74–77].

Catalyst Conditions of Experiment
Eonset

(V vs. RHE)

Imax (mA cm−2)
at Epeak (V vs.

RHE)
Ref.

Pt disk 0.2 M HCOONa + 1 M NaOH
(pH ≈ 14.0) 20 mV s−1 +0.3 0.1 mA cm−2

(+0.5 V vs. RHE)
[19]

Pt disk 0.4 M HCOO- + 1 M KNO3
(pH 13) 5 mV s−1 +0.5 3.1 mA cm−2

(+1.1 V vs. RHE)
[74]

Pt
nanoparticles

(Pt black)

0.5 M HCOOK + 0.5 M KOH
(pH ≈ 13.7) 50 mV s−1 +0.2 0.2 mA cm−2

(+0.5 V vs. RHE)
[70]

Pt (40%)/
Vulcan carbon

1 M HCOOK + 1 M KOH
(pH ≈ 14.0) 20 mV s−1 +0.4 14.6 mA cm−2

(+0.6 V vs. RHE)
[22]

Pt (50%)/C 0.5 M HCOOH + 0.5 M KOH
(pH ≈ 13.7) 50 mV s−1 +0.8 33.9 mA cm−2

(+1.2 V vs. RHE)
[11]

PtAg alloy
nanoballoon

nanoassembly

1 M HCOOK + 1 M KOH
(pH ≈ 14.0) 50 mV s−1 +0.2 32.6 mA cm−2

(+0.7 V vs. RHE)
[17]

Pd black 0.5 M HCOOH + 0.5 M KOH
(pH ≈ 13.7) 50 mV s−1 +0.8 27.3 mA cm−2

(+1.2 V vs. RHE)
[11]

Pd/C 1 M HCOOK + 1 M KOH
(pH ≈ 14.0) 50 mV s−1 +0.1 108.8 mA cm−2

(+0.7 V vs. RHE)
[4]

Pd (20%)-H/Vulcan
carbon

0.5 M HCOOK + 1 M KOH
(pH ≈ 14.0) 20 mV s−1 +0.2 71.0 mA c cm−2

(+0.8 V vs. RHE)
[76]

Pd (20%)/C 1 M HCOONa + 1 M NaOH
(pH ≈ 14.0) 20 mV s−1 +0.2 40.0 mA cm−2

(+0.8 V vs. RHE)
[75]

Pd (25%)/Vulcan
carbon

1 M HCOOK + 1 M KOH
(pH ≈ 14.0) 50 mV s−1 +0.2 4.6 mA cm−2

(+0.7 V vs. RHE)
[8]

Pd (40%)/Vulcan
carbon

1 M HCOOK + 1 M KOH
(pH ≈ 14.0) 20 mV s−1 +0.2 102.0 mA cm−2

(+1.0 V vs. RHE)
[22]

Pd/Vulcan
carbon

1 M HCOOK + 1 M KOH
(pH ≈ 14.0) 50 mV s−1 +0.4 23.0 mA cm−2

(+0.8 V vs. RHE)
[77]

Pd (20%)/Reduced
graphene oxide

1 M HCOONa + 1 M NaOH
(pH ≈ 14.0) 20 mV s−1 +0.2 57.0 mA cm−2

(+0.8 V vs. RHE)
[75]
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Table 5. Cont.

Catalyst Conditions of Experiment
Eonset

(V vs. RHE)

Imax (mA cm−2)
at Epeak (V vs.

RHE)
Ref.

Pd54Ag46 (core-shell) 1 M HCOOK + 1 M KOH
(pH ≈ 14.0) 50 mV s−1 +0.2 31.0 mA cm−2

(+0.7 V vs. RHE)
[8]

Pd70Cu30/Vulcan
carbon

1 M HCOOK + 1 M KOH
(pH ≈ 14.0) 50 mV s−1 +0.2 4.3 mA cm−2

(+0.6 V vs. RHE)

[12]

Pd72Ce28/Vulcan
carbon

1 M HCOOK + 1 M KOH
(pH ≈ 14.0) 50 mV s−1 +0.1 19.4 mA cm−2

(+0.6 V vs. RHE)

Pd2.3Co/Vulcan
carbon

1 M HCOOK + 1 M KOH
(pH ≈ 14.0) 50 mV s−1 +0.3 38.0 mA cm−2

(+0.8 V vs. RHE)

PdNi/Vulcan carbon 1 M HCOOK + 1 M KOH
(pH ≈ 14.0) 50 mV s−1 0.2 74.0 mA cm−2

(+0.8 V vs. RHE)

PdNi/Ketjen carbon 1 M HCOOK + 1 M KOH
(pH ≈ 14.0) 50 mV s−1 0.2 117.0 mA cm−2

(+0.8 V vs. RHE)
[77]

Pd60Ag20Ni20
(alloyed)

1 M HCOOK + 1 M KOH
(pH ≈ 14.0) 50 mV s−1 0.2 99.6 mA cm−2

(+0.8 V vs. RHE
[9]

Pd2Ag1 aerogel 0.5 M HCOOK + 0.5 M KOH
(pH ≈ 13.7) 50 mV s−1 0.2 27.5 mA cm−2

(+0.8 V vs. RHE) [8]

Pd2Ag1Pt0.25 aerogel 0.5 M HCOOK + 0.5 M KOH
(pH ≈ 13.7) 50 mV s−1 0.1 60.0 mA cm−2

(+0.7 V vs. RHE)

Pd (interstitial B) 0.5 M HCOOK + 1 M KOH
(pH ≈ 14.0) 100 mv s−1 0.2 90 mA cm−2

(+0.8 V vs. RHE)
[14]

PdCuPt (hierarchical
zigzag-branched

urchin-like
superstructure

0.5 M HCOOH + 0.5 M KOH
(pH ≈ 13.7) 50 mV s−1 0.5 102.4 mA cm−2

(+1.2 V vs. RHE)
[11]

Pt 0.5 M HCOOH + 1 M NaOH
(pH ≈ 14.0) 50 mV s−1 0.34 0.17 mA cm−2

(+0.53 V vs. RHE)
Our
work

PtNi/Nifoam
0.5 M HCOOH + 1 M NaOH

(pH ≈ 14.0) 50 mV s−1 0.14 70.32 mA cm−2

(+0.59 V vs. RHE
Our
work

To evaluate the mass activity of the investigated PtNi/Nifoam catalyst toward FO, the
current density values for different FA concentrations in alkaline media were normalized
with reference to the Pt loading for the PtNi/Nifoam catalysts (Figure 6d). The highest
FO mass activity of the PtNi/Nifoam catalyst is ca. 990 mA mgPt

−1, larger than Pt/C (ca.
225 mA mgPt

−1) [40], Pt/C (391.2 mA mgPt
−1) [11], and PtSnO2/C (ca. 600 mA mgPt

−1) [40].
The stability of the PtNi/Nifoam catalyst was examined by chronoamperometry in 1

M NaOH solutions containing 0.1, 0.3, and 0.5 M FA (Figure 7). As illustrated, the FOR
current density for the PtNi/Nifoam catalyst was the highest in 0.5 M FA + 1 M NaOH
media; meanwhile, the current density disappeared completely after only 2000 s in a
solution containing a lower concentration of FA. This indicates that an increase in the FA
concentration increases the stability of the PtNi/Nifoam catalyst.

Additionally, the morphological measurements confirmed the stability of the PtNi/Nifoam
catalyst. Figure S4 (Supplementary Material) shows an SEM view of a thin Ni layer
deposited on the Nifoam substrate, using sodium hypophosphite as a reducing agent
before the electrochemical deposition of Pt. The Ni layer accurately replicates the three-
dimensional network structure of the Nifoam backbone with micro-open cages and wide
flow channels inside them (Figure S4a). The SEM image of the Pt layer on the Ni/Nifoam
surface after continuous electrode cycling in 0.5 M FA + 1 M NaOH in the potential region
from –0.9 to +0.6 V vs. Ag/AgCl is displayed in Figure S4b,c (Supplementary Material).
Bright spots of Pt the size of about 12–18 nm are evenly distributed over the entire Ni/Nifoam
surface, as depicted in Figure S4c (Supplementary Material). The presence of Pt is further
supported by EDX data indicating that the amount of deposited Pt in the PtNi/Nifoam
catalyst reaches 39.63 at%. Meanwhile, the amount of Ni is 60.37 at%. Continuous cycling in
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FA solution does not significantly change the surface morphology of the catalyst, indicating
the high stability and activity of the PtNi/Nifoam catalyst.

t

j

Figure 7. CA data for the PtNi/Nifoam catalyst were recorded in a 1 M NaOH solution containing 0.1,
0.3 and 0.5 M FA, at a constant potential value E = −0.6 V for 2600 s.

To confirm the better tolerance toward catalyst poisoning by adsorbed carbonaceous
species on the PtNi/Nifoam catalyst compared to that on the bare Pt electrode, the CO
stripping parameters were adjusted. The obtained data are shown in Figure 8.

E

j

 E 

j

(a) (b) 

Figure 8. CVs for the oxidative CO stripping from the Pt (a) and PtNi/Nifoam (b) catalysts surface in
1 M NaOH at a scan rate of 50 mV s−1. CO was adsorbed at −0.9 V from 1 M NaOH for 15 min; a
potential sweep was carried out in an N2-saturated solution.

A prominent COads oxidation current density peak was observed during the positive
potential scan of the bare Pt electrode in 1 M NaOH. Concurrently, the same peak for the
PtNi/Nifoam catalyst completely disappeared, indicating that the PtNi/Nifoam catalyst has
almost total CO poisoning tolerance in an alkaline medium, unlike bare Pt. The results
indicate that the oxidative removal of carbonaceous poisoning species from adjacent Pt
sites by Ni(OH)2 was facilitated by the presence of a stable and reversible Ni (II)/Ni (III)
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redox transformation in alkaline media, as shown in Equation (1). The improvement in
the formate oxidation reaction could be explained by the presence of a Ni-oxy species that
can act as catalytic mediators via the abovementioned reaction by facilitating a charge
transfer during the direct oxidation of formate to CO2, simultaneously oxidizing CO at a
low potential throughout subsequent reactions [32,42,43].

4. Conclusions

A promising novel binary catalyst composed of a Pt-modified Ni layer coated on Nifoam
was proposed for efficient formate oxidation in an alkaline medium. The PtNi/Nifoam
catalyst was found to have a significantly high FO mass activity (990 mA mgPt

−1). Moreover,
it exhibited enhanced electrocatalytic activity toward formate oxidation via a direct pathway
in an alkaline medium, unlike the pure Pt electrode. The prepared PtNi/Nifoam catalyst
was tolerant to CO poisoning in an alkaline medium and demonstrated high poison
removal ability. It shows rather negative onset potential on the bare Pt. The significant
improvement in the Eonset to ca. −0.9 V for PtNi/Nifoam, compared to ca. −0.7 V for bare
Pt, indicates that the PtNi/Nifoam electrode is competitive with the benchmark Pt and
Pt-based electrocatalysts for formate oxidation in alkaline media. The improvement in
electrocatalytic activity is a result of synergy between Pt and the porous structure of the
Ni-oxy species layer on the Nifoam, which is intended to assist in the oxidative removal of
the accumulated carbonaceous species from the surface by acting as a catalytic mediator
for charge transfer in the oxidation process.

The PtNi/Nifoam catalyst appears to be a promising anode material for application in
direct liquid FA fuel cells.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst12030362/s1, Figure S1: CVs of Pt (dotted lines) and PtNi/Nifoam
(blue solid line) recorded in a 0.5 M H2SO4 solution at a scan rate of 50 mV s−1; Figure S2: CVs at
the Pt electrode recorded in a 1 M NaOH solution (red solid line) and that containing 0.3, 0.5, and
0.7 M FA (anodic potential scan—solid lines and cathodic potential scan—dotted lines) at a scan rate
50 mV s−1; Figure S3: Negative-going potential CVs of PtNi/Nifoam recorded at anodic potential
limit of 0.2 (a,c,e) and 0.6 V (b,d,f) in a 1 M NaOH solution containing 0.1 (a,b), 0.3 (c,d), and 0.5 (e,f)
M FA at a scan rate of 50 mV s−1; Figure S4: SEM views of as-prepared Nifoam substrate coated by
a Ni layer (a) and PtNi/Nifoam electrode at different magnifications (b,c) after continuous cycling
in 0.5 M FA + 1 M NaOH in a potential region from −0.9 to +0.6 V vs. Ag/AgCl at a scan rate of
50 mV s−1. (d) The corresponding EDX spectra for PtNi/Nifoam electrode.
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73. Šljukić, B.; Milikić, J.; Santos, D.M.F.; Sequeira, C.A.C.; Macciò, D.; Saccone, A. Electrocatalytic performance of Pt–Dy alloys for
direct borohydride fuel cells. J. Power Sources 2014, 272, 335–343. [CrossRef]
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Abstract: In this work, graphite intercalation compounds (GICs) were synthesized using three
different oxidizers: (NH4)2S2O8, K2S2O8, and CrO3 with and without P2O5 as a water-binding
agent. Furthermore, the samples obtained were heat-treated at 800 ◦C. Specimens were characterized
by optical microscopy, Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR), X-ray
powder diffraction (XRD), and scanning electron microscopy (SEM). The correlation between different
characteristic parameters of the Raman analysis has shown that the use of CrO3 results in a much
higher structural disorder compared to the products obtained using persulfate oxidizers. Narrowing
the correlation set revealed that minimal defect concentration can be reached by using K2S2O8, while
the use of (NH4)2S2O8 causes a slightly higher concentration of defects. It was also established
that the additional use of P2O5 can help to achieve more effective intercalation and has a positive
effect on the formation of the stage I GIC phase. After heat treatment, the intercalated products
mostly return to a graphite-like structure; however, the samples obtained with CrO3 stand out with
the most significant changes in their surface morphology. Therefore, analysis suggests that GICs
obtained using persulfate oxidizers and P2O5 could be a candidate to produce high-quality graphene
or graphene oxide.

Keywords: graphite intercalation compounds; graphite bisulfate; staging in graphite intercalation
compounds; structural characterization; thermal treatment

1. Introduction

A special group of compounds known as graphite intercalation compounds (GICs)
was first mentioned in 1840 by German chemist C. Schafhaeutl [1]. In 1855, B. C. Brodie
described the synthesis of GIC using a mixture of sulfuric and nitric acids [2]. This work is
considered to be the beginning of GIC research. Nowadays, research in the area of GICs is
the focus, especially due to their use in Li-ion batteries [3]. Furthermore, GICs can form
numerous groups of compounds. A variety of GICs can be generally divided into two
groups: covalent and ionic. The number of compounds in the latter group far exceeds that
in the former [4]. Ionic GICs, such as graphite salts, graphite-halogen compounds, graphite-
metal chloride compounds, and graphite alkali-metal compounds, have received more
recognition than covalent GICs due to the change in the electronic properties of graphite,
which is attributed to the π-bonds that can donate or accept electrons [5]. Therefore, ionic
GICs can be further divided into donor-type (Lewis base guests, e.g., alkali metals) and
acceptor-type (Lewis acid guests, e.g., strong mineral acids), while unique redox amphoteric
characteristics enable graphite to host both cations and anions.

The significance of GICs is not limited to their use in energy storage systems. Some of
them reveal the superconductivity phenomenon at low temperatures, while others are used
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as reagents and catalysts in organic synthesis [6,7]. Another relevant area where GICs play
a key role is the production of graphene and graphene oxide. High-quality, low-defective
graphene can be obtained using the GIC as a direct precursor [8]. Likewise, GIC, known
as graphite bisulfate (GBS), forms as an intermediate in the process of the preparation
of graphene oxide, which is widely used for the further production and processing of
graphene [9]. GBS is the GIC, where graphite layers are intercalated by HSO4

− ions and
H2SO4 molecules. The reaction of GBS formation implies oxidation of the graphite matrix
conjugated with insertion of the molecules and ions in the presence of an oxidant (Ox):{

nC24
[Ox]→ C24n

+

C24n
+ + HSO4

− + mH2SO4 → C24n
+·HSO4

−·mH2SO4,
(1)

where m/n ratio stands for the staging index, i.e., the number of graphite layers between
two intercalant layers [10]. Formula C24

+·HSO4
−·2H2SO4 represents the stage I compound,

where a single layer of graphene is alternated regularly with intercalated species. In
subsequent stages (stage II, stage III, etc.), the corresponding number of graphene layers (2,
3, etc.) are separated by layers of HSO4

− ions and H2SO4 molecules [11].
GBS is also the most widely used precursor for manufacturing exfoliated graphite,

which is valued for compactness, flexibility, high electrical and thermal conductivity, and
corrosion resistance. For this purpose, GBS is treated with microwaves or thermal shock
conditions. Under these conditions, graphene layers are separated and form a characteristic
cellular structure. When pressed without binder, exfoliated graphite can be formed into
disks, coatings, fabric, etc., and used as a fire retardant, absorbent, electrode material,
photo-catalyst, and many similar cases [12].

Although GICs have been known for a long time and are extensively used nowadays,
the knowledge in this field so far is not sufficient. Thermodynamics of GIC formation do
not always correspond to the theoretical model, and it is still difficult to predict the potential
of the system that includes GIC. Simultaneously, very limited structural information is
given in the literature concerning these systems, at most due to their instability. Since the
properties of GIC with the same chemical composition may vary depending on graphite
precursor, preparation conditions, and other factors, it is important to investigate as many
different synthesis variations as possible [13].

In this research, GBS compounds were chemically synthesized using three different
oxidizing agents as well as P2O5 as a water binding agent. All obtained samples were heat-
treated at 800 ◦C in order to get exfoliated graphite. The obtained samples were investigated
using optical microscopy, Raman spectroscopy, Fourier transform infrared spectroscopy
(FTIR), X-ray powder diffraction (XRD), and scanning electron microscopy (SEM).

2. Materials and Methods

2.1. Materials

In the synthesis, all reagents were used without further purification. Extra pure
graphite powder (<50 μm (≥99.5%)) was purchased from Merck KGaA (Darmstadt, Ger-
many), H2SO4 (98%), (NH4)2S2O8 (98%), K2S2O8 (99.99%), CrO3 (99.99%), and P2O5 (99%)—
from Sigma-Aldrich (Darmstadt, Germany).

2.2. Synthesis of GBS Products

The synthesis of GBS was performed according to the protocol described by Dimiev
et al. [14]. Three different oxidizing agents (ammonium persulfate—(NH4)2S2O8, potassium
persulfate—K2S2O8, and chromium trioxide—CrO3) were used. The oxidizing mixture
was prepared in a 50 mL Erlenmeyer flask with a ground glass joint by adding 1.6 g of an
oxidant to 10 mL of H2SO4 (≥98%) at constant swirling. After 5 min, 0.25 g of graphite
powder was slowly added to the solution of the oxidizing mixture. The Erlenmeyer flask
was covered with a ground glass stopper, and the swirling procedure was continued for
1 week. The procedure of GBS synthesis was repeated with all three oxidizing agents,
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adding 2 g of P2O5 to the oxidizing mixture. Abbreviations of obtained 6 GBS products
are summarized in Table 1. Additional synthesis in the mixture of CrO3 and H2SO4 was
repeated following the protocol, but at the end stage, 40 mL of deionized water was added,
ensuring that the temperature of the mixture would not rise above 60 ◦C. The GBS product
of this synthesis is also introduced in Table 1. After synthesis, the GBS products were
filtered through a sintered glass filter and stored in a desiccator.

Table 1. Synthesized and heat-treated GBS products.

Oxidizer
Addition of

P2O5

Addition of
H2O

Thermal
Treatment

Abbreviation in
Text

(NH4)2S2O8 − − − A000
K2S2O8 − − − P000

CrO3 − − − C000
(NH4)2S2O8 + − − A100

K2S2O8 + − − P100
CrO3 + − − C100
CrO3 − + − C010

(NH4)2S2O8 − − + A001
K2S2O8 − − + P001

CrO3 − − + C001
(NH4)2S2O8 + − + A101

K2S2O8 + − + P101
CrO3 + − + C101
CrO3 − + + C011

All GBS samples obtained by the synthesis described above were heat-treated under
thermal shock conditions. For this purpose, samples were placed into ceramic combustion
boats, which were inserted into a quartz glass tube. The tube was sealed and placed
in a furnace preheated to 800 ◦C (heating rate was 5 ◦C·min−1) and annealed in argon
ambient for 15 min. The flow rate of argon was maintained at 15 mL·min−1. Samples
reached 800 ◦C approximately in a minute. After a set time, the tube was taken out of the
furnace and cooled to room temperature in 15 min (cooling rate was about 50 ◦C·min−1).
The heat-treated samples were stored in a desiccator. The thermally treated products are
summarized in Table 1. In the table, “+” means that the P2O5 or H2O was added to the
reaction mixture or that the obtained products were thermally treated.

2.3. Characterization

Optical images were obtained using a BX51, Olympus optical microscope (Tokyo,
Japan) at a magnification of 50×. Raman spectra were recorded using an inVia, Ren-
ishaw spectrometer (Wotton-under Edge, UK) equipped with an optical microscope at
a magnification of 20× and an objective numerical aperture of 0.40, a CCD camera, and
1800 grooves·mm−1 grating. The laser excitation wavelength was 532 nm, beam concen-
tration area—2 μm2, and integration time—100 s. To analyze the band changes, Raman
peaks were fitted with a pseudo-Voigt function—a linear combination of Lorentzian and
Gaussian functions [15]. FTIR measurements were carried out using a Frontier PerkinElmer
FTIR spectrometer (Seattle, WA, USA) in the spectral range of 4000–800 cm−1 with 4 cm−1

resolution and 25 scans. The samples were prepared using the KBr pellet technique. For
this purpose, sample powder (0.5% by wt.) was mixed with pure KBr powder. Then, for
5 min, the mixtures were pressed into transparent pellets using a CrushIR PIKE hydraulic
press (Madison, WI, USA) with 8 ton·cm−2 pressure. Background correction was made
using a reference blank KBr pellet. The wet samples were analyzed by applying a thin layer
of the substance on the surface of a pure KBr pellet. XRD measurements were performed
in the 2θ range between 5–60◦ with a Miniflex II, Rigaku diffractometer (Neu-Isenburg,
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Germany) (Cu Kα radiation with a graphite monochromator). The interlayer distance d
was calculated according to Bragg’s equation [16]:

nλ = 2d· sin θ, (2)

where n is a positive integer, λ is the wavelength of the X-ray, d is the interlayer distance and
θ is the scattering angle. Crystallite size L was calculated using the Scherrer equation [17]:

L =
0.89·λ
β·cos θ

, (3)

where λ is the wavelength of the X-ray, β is a full width at half maximum (FWHM) and θ is
the scattering angle. The morphology of the samples was examined using a SU-70, Hitachi
microscope (Tokyo, Japan) at an accelerating voltage of 10 kV and magnification of 5000×.

3. Results and Discussion

Synthesized and heat-treated GBS products were characterized using optical and SEM
microscopy, FTIR and Raman spectroscopy, and XRD measurements. GBS products are
unstable (sensitive to moisture and higher temperatures) and have a significant corrosive
effect. For this reason, SEM and XRD analyses were applied only to those products (treated
at higher temperatures or washed with H2O), from which the H2SO4 intercalant was
removed.

The effect of the synthesis duration of GBS products was examined using optical
microscopy. The specimens for analysis were collected after 2 h and 24 h from the beginning
of the synthesis, respectively. The optical micrographs of the GBS samples are presented in
Figures 1 and 2.

 

Figure 1. Optical micrographs of GBS obtained after 2 h from the start of the synthesis—A000 (a),
A100 (b), P000 (c), P100 (d), C000 (e), and C100 (f).
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Figure 2. Optical micrographs of GBS obtained after 24 h from the start of the synthesis—A000 (a),
A100 (b), P000 (c), P100 (d), C000 (e), and C100 (f).

Many stage I and stage II GICs are colored. A rich blue color is observed in optical
microscopy pictures both 2 h and 24 h from the start of the synthesis, indicating the
formation of stage I GBS [18,19]. The abundance of blue zones is approximately the same
and does not depend on the duration of the synthesis. Therefore, we can conclude that
the GBS of stage I represented by the formula C24

+·HSO4
−·2H2SO4 is stable under the

synthesis conditions in a medium of conc. H2SO4. We can also note that the GBS of stage I
is more likely to form in the central part of larger crystallites, irrespective of the oxidizing
agent. Blue areas are commonly surrounded by crystallites of darker color, which vary
from black to brown-yellowish tint. These crystallites might be attributed both to non-
intercalated graphite and GBS with a lower staging index [19,20]. Single inserts of this
color can be detected in the micrographs of all GBS samples. However, the shape and tint
of the brown-yellowish inserts of the GBS samples obtained using CrO3 (Figure 1e,f and
Figure 2f) are slightly different: some of them are lighter in color with more expressed
yellow tint and more regular shape. Such a difference may occur due to the presence of
either orange-yellowish CrO3 crystals or miscellaneous Cr(VI) compounds [21].

Raman spectroscopy may help reveal the defectiveness of the carbon materials, stag-
ing indices, and the amount of stacked graphene sheets in a layered graphene-like mate-
rial [19,22–24]. Raman spectra of all samples are provided below (Figures 3–5), and data
obtained from the analysis are presented in Table 2 and Figure 6.
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Figure 3. Raman spectra of GBS products obtained using (NH4)2S2O8 oxidizing agent (a), G band
frequencies (b), and 2D band frequencies (c).

Figure 4. Raman spectra of GBS products obtained using K2S2O8 oxidizing agent (a), G band
frequencies (b), and 2D band frequencies (c).
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Figure 5. Raman spectra of GBS products obtained using CrO3 oxidizing agent (a), G band frequencies
(b), and 2D band frequencies (c).

Table 2. Amount (%) of stage I, stage II, and non-intercalated graphite phases in GBS samples
determined according to the intensities of the G1, G2, and G peaks, respectively.

Sample Stage I (%) Stage II (%) Non-Intercalated Graphite (%)

A000 45.62 46.78 7.60
A100 40.96 38.79 20.25
P000 44.28 45.47 10.25
P100 56.60 37.14 6.26
C000 30.15 31.81 30.05
C100 50.85 29.34 19.81
C010 − 49.63 50.37

Three prominent bands were observed in the resonance Raman spectra of graphite.
The D band at 1345 cm−1 is caused by defects of the graphene layer (A1g symmetry mode),
the G band at 1581 cm−1 is assigned to the first-order scattering of E2g mode arising from
the sp2 bonded carbon, and the 2D band at 2709 cm−1 is an overtone of the D mode;
however, contrary to the D band, this mode is always Raman-allowed and the presence
of defects or disorders is not required for activation of this band in the resonance Raman
spectrum [22,23,25–29]. In addition to these peaks, at about 1622 cm−1 a low intensity
band named D’ can be seen in Raman spectra of annealed samples. The D’ band is the
second Raman-forbidden band, which appears as a shoulder at the high-frequency side
of the G peak due to the presence of disorder. The D’ band appears when randomly
distributed impurities interact with extended graphene phonon modes [30]. However, the
main attribute observed in the Raman spectra of GBS products is splitting of the G band (see
Figures 3–5). Splitting can occur when charged graphite layers adjacent to the intercalated
layers are differentiated from those uncharged next to the empty galleries [31]. The effect
of splitting is clearly noticeable using the persulfate oxidizing agents ((NH4)2S2O8 and
K2S2O8; Figures 3 and 4; samples A000, A100, P000, and P100). Simultaneously, the blue
shift occurs when the graphene layers are charged with intercalant molecules [18]. This
shift, also accompanied by the splitting of the G band into three peaks, evidences the
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process of graphite intercalation [32]. The smaller G bands at approximately 1586 cm−1,
which remain in the samples A000, A100, P000, and P100, represent the part of graphite that
must have remained non-intercalated [13]. The other two peaks, G1 at about 1632 cm−1 and
G2 at about 1618 cm−1 represent stage I and stage II GBS phases, respectively, present in
the samples A000, A100, P000, and P100 [33]. The Raman spectra of G bands of GBS phases
obtained using both persulfate oxidizing agents are quite similar (Figures 3b and 4b); more
differences can be found between the samples with and without using P2O5 additive.
Meantime, the Raman spectra of the GBS phases obtained using CrO3 oxidizing agent
(Figure 5) show a significant difference from those obtained using the persulfate oxidizing
agents. Splitting of the G band for C000 and C100 is implicit, also different from that in the
case of the A000, A100, P000, and P100 samples. The G2 peak at 1611 cm−1 can be assigned
to the GBS stage II phase, and the peak G1 at about 1626 cm−1 indicates the stage I GBS
compound. In the spectrum of C010, two peaks may be hidden in the amid G band region.
The peak in the lower wavenumbers corresponds to graphite, and the G2 peak at about
1616 cm−1 is characteristic of stage II GIC. Moreover, it can be seen that the G peaks of
the samples synthesized with CrO3 are clearly broadened. FWHM(G) (full width at half
maximum of the G band) represents the degree of the graphitization of carbon materials,
which is the grade to which the carbon atoms form a hexagonal close-packed graphite
crystalline structure [28]. Therefore, high FWHM(G) values reveal that the use of CrO3
oxidizer could result in an almost amorphous structure, the formation of vacancies, sp3

defects as well as reduction in particle size [34].
A comparison of the intensities of peaks G, G1, and G2, evaluated by the fit procedure,

was used as a relative indicator of the quantity of different intercalation phases in the sam-
ples [13]. The amount of stage I, stage II phases, and non-intercalated graphite according to
the intensities of the G1, G2, and G peaks, respectively, are presented in Table 2. Samples
A000, P000, and C000 have the majority of stage II GBS compounds, while the stage I GBS
is formed mostly when P2O5 is added. The GBS sample obtained using CrO3 oxidizing
agent and water at the end of the reaction (sample C010) shows a different case. In this
spectrum, the G1 peak cannot be found, which suggests that the stage I GBS phase was
not formed in this compound. For this reason, the value of stage I for C010 is blank in
Table 2. However, Raman analysis reveals that stage II phase remains in the sample even
after washing it with water. Nevertheless, non-intercalated graphite makes up the majority
of this compound. Apparently, the addition of P2O5 can help to get a higher proportion
of intercalated compound, while the addition of H2O gives the opposite results. In this
work, P2O5 was used as a dehydration agent. When dissociation of concentrated sulfuric
acid occurs, H3O+ ion, which is responsible for the acidity, is obtained. When there is no
water present, the dissociation of sulfuric acid proceeds in a different way. In that case,
H3SO4

+ dominates among ions and it is a much stronger acid than H3O+. This results in a
higher oxidation state of graphite. For this reason, the addition of P2O5 and dehydration
can help to reach a higher oxidation state of graphite and, therefore, a higher degree of
intercalation [35].

The D band is present in Raman spectra of graphite, all GBS samples, and their
annealed products (Figures 3–5). Although the I(D)/I(G) ratio is the most commonly used
Raman marker to evaluate the concentration of defects in graphite and graphene-like
materials, the splitting of the G band due to the presence of intercalated phases raises the
question of whether this ratio can be directly applied as a defect marker. Furthermore,
a parameter named FWHM(D) (full width at half maximum of the band D) shows high
sensitivity to all types of defects [36]. We used both parameters to evaluate the concentration
of defects in the GBS products and to assess the correlation between them (Figure 6a). For
I(D)/I(G) calculation, the maximum peak at the G band was normalized to be 1 in an
arbitrary unit scale. As one can see in Figure 6a, a positive correlation exists between these
two parameters: the higher I(D)/I(G) ratio, as well as the wider FWHM(D), results in a
higher concentration of defects. In the correlation chart, a sample C101 stands out; the R2

value including C101 reaches 0.6256. After excluding C101 from the correlation data set, R2
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rises to 0.8598. The Raman spectrum of C101 is rather different from the other spectra of
that series; the D peak is extremely high, and the G band includes a pronounced shoulder
of the D’ peak. Since the D’ peak appears as a result of defects that are different from those
caused by the broadening of the D band [36], the high concentration of specific defects may
be the reason for non-fitting of the C101 sample to the correlation data set. Figure 6a also
shows that the concentration of defects in GBS products obtained using ammonium and
potassium persulfate oxidizing agents is much lower compared to those obtained using
CrO3. Meanwhile, no significant differences can be detected between these two persulfate
oxidizing agents. Similar results were obtained by measuring the correlation between
the FWHM of two main bands in the Raman spectra of GBS products: FWHM(D) and
FWHM(G) (see Figure 6b). While the higher values of both FWHM(D) and FWHM(G) mean
the higher defect concentration, two characteristic zones, one for the samples oxidized
with CrO3 and another for the samples oxidized with ((NH4)2S2O8 and K2S2O8, can be
distinguished in the correlation chart. As in the previous case, no significant differences
were observed between the action of (NH4)2S2O8 and K2S2O8.

Figure 6. Correlation between FWHM data of Raman spectra of GBS products obtained using
different oxidizing agents: FWHM(D) and I(D)/I(G) ratio representing defect concentration in GBS
products (a), FWHM(D) and FWHM(G) representing defect and sp2 bonded carbon vibrations (b),
FWHM(D) and FWHM(2D) representing defect and second mode defect vibrations (c), FWHM(G1)
and FWHM(G2) representing the staging index (stage I and stage II) (d).
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Another important Raman marker is the FWHM(2D) (full width at half maximum
of the 2D band), which is frequently used to identify the amount of graphene layers [27].
Single layer graphene has FWHM(2D) values around 30 cm−1. When the number of
layers increases, the FWHM values also show an increase [33]. In addition to this, the
2D Raman band shape also helps to distinguish single and bilayer graphene from the
multilayer. Monolayer graphene has a single 2D component, bilayer graphene is fitted
to four components, and the 2D mode in bulk graphite can be decomposed into two
components. In this work, calculated FWHM(2D) values of all samples exceed 60 cm−1

and can be best fitted with two components (see Figures 3c, 4c and 5c). Thus, it can
be concluded that the materials obtained feature a multilayer structure. The correlation
between FWHM(D) and FWHM(2D) shows the presence of two zones, as in previous
cases: one for the samples oxidized with CrO3, another—for the samples oxidized with
persulfates (Figure 6c).

Previously discussed correlations between the parameters in Raman spectra of GBS
products do not allow us to distinguish any significant difference between the action of
(NH4)2S2O8 and K2S2O8. Such a result can be treated as an evident outcome, since the
samples in the correlation set include completely different compounds (e.g., intercalates
and annealed graphene-like phases). We tried to narrow the correlation set and compared
the features of the Raman spectra of intercalated GBS phases (see Figure 6d). By comparing
the FWHM(G1) and FWHM(G2), which are sensitive to the presence of defects in the
corresponding GBS phase (stage I and stage II correspondingly), one can see that the
quality of the phase is extremely sensitive to the use of CrO3—it results in the evident
increase of defect concentration [36]. Meanwhile, the minimal defect concentration in GBS
phases can be reached by using K2S2O8, while the use of (NH4)2S2O8 causes a slightly
higher concentration of defects. Supposedly, the effect of NH4

+ ion may be related to its
higher redox activity in comparison with the K+ ion, which is significant in the reaction of
carbocation formation (see Equation (1)).

FTIR spectra were employed to determine the functional groups that emerged on the
surface of the GBS products obtained using three oxidizing agents: (NH4)2S2O8 (Figure 7),
K2S2O8 (Figure 8), and CrO3 (Figure 9). Additionally, the spectrum of the graphite precursor
is presented (Figure 7), where the low intensity of the peaks represents a low concentration
of surface functional groups in pristine graphite. The most characteristic features are the
following: the absorption band at 3435 cm−1 (stretching vibrations of the O–H bond), band
at 1637 cm−1 (stretching vibrations of the C=C bond), and peak at 1418 cm−1 (deformation
vibrations of the C–OH bond) [28,37]. The addition of an oxidant increases both the intensity
and variety of peaks in the FTIR spectra. Some newly appeared peaks may correspond to
the SO2 asymmetric stretching vibrations (1293 cm−1) and S=O (1070 cm−1) groups [13,38].
Peaks at 1231 cm−1 and 1167 cm−1 may be related to C–O vibrations [28,39,40]; the peak at
1004 cm−1 can be assigned to graphitic domains C–O vibrations [41,42], while 882 cm−1

and 850 cm−1 may correspond to out-of-plane vibrations of the C–H bond [42]. The broad
feature in the vicinity of 2700−3100 cm−1 might be related to O−H stretching vibrations
of strongly hydrogen-bonded carboxylate groups or adsorbed water molecules and C−H
stretching motions [27]. In addition to these bands, the peak at 1117 cm−1 (asymmetric
SO4

2− vibrations) appears in the FTIR spectrum of the P001 sample [43]. In the spectra
of GBS products obtained using CrO3 (C010 and C011), minor bands that indicate the
vibrations in the Cr=O group (950 cm−1 and 914 cm−1), are also introduced [44]. After
thermal treatment, absorption bands related to oxygen-containing groups in the fingerprint
area mostly disappear, though a band in the vicinity of about 1070 cm−1, which indicates
the presence of S=O group, remains. As can be seen, during the intercalation of graphite,
some of the carbon double bonds can be oxidized by strong acids, leading to the formation
of oxygen-containing functional groups, and sulfur derivatives can be intercalated into the
graphite structure [45]. In addition, analysis showed that the functional groups introduced
during the intercalation process were not influenced using different persulfate oxidizing
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agents; however, using CrO3 oxidizer determined that a small part of Cr=O groups was
formed during the synthesis reaction.

Figure 7. FTIR spectra of GBS products obtained using (NH4)2S2O8 oxidizing agent in the region of
4000–800 cm−1 (a) and 1300–800 cm−1 (b).

Figure 8. FTIR spectra of GBS products obtained using K2S2O8 oxidizing agent in the region of
4000–800 cm−1 (a) and 1300–800 cm−1 (b).
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Figure 9. FTIR spectra of GBS products obtained using CrO3 oxidizing agent in the region of
4000–800 cm−1 (a) and 1300–800 cm−1 (b).

The annealed GBS products, together with the GBS sample washed with H2O (C010),
were examined using XRD analysis. The XRD patterns are presented in Figure 10. The
XRD pattern of pristine graphite is also presented for comparison. The determined values
of interplanar spacing d002 and crystallite size L are presented in Table 3.

Figure 10. XRD patterns of GBS products, graphite, and Cr2O3 (ICDD 38-147; marked with •).
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Table 3. XRD peak positions, interplanar spacing d002 and crystallite size of the annealed and
water-treated GBS products.

Sample 2θ (deg) d002 (nm) L (nm)

Graphite 26.53 0.335 27.87
A001 26.55 0.335 27.40
P001 26.54 0.335 27.58
C001 26.48 0.336 7.34
A101 26.61 0.334 27.37
P101 26.52 0.335 23.71
C101 26.41 0.337 4.49
C010 26.41 0.337 4.36
C011 26.43 0.337 5.87

The use of (NH4)2S2O8 and K2S2O8 oxidizing agents made it possible to obtain GBS
products which, after annealing, return to the graphite-like structure: the peak positions,
crystallite sizes and interplanar spacing of A001, A101, P001, and P101 closely coincide
with that of pristine graphite (Table 3). Different results were obtained using the CrO3
oxidizing agent. The peak (002) is clearly broadened compared to that of pure graphite.
This is most likely caused by the drastic decrease in average particle size. As in most cases,
smaller particles lead to broader reflections as estimated by the Scherrer equation. Such
a result is observed not only for the annealed GBS products, but also for sample C010,
which is obtained by adding water at the end of the intercalation reaction. A broadened
peak with the maximum position at about 11.5◦ in the XRD pattern of the C010 sample
supposedly indicates the presence of the structure, which is similar to that of graphite
oxide. Furthermore, compared to the graphite, the (002) peak is shifted to lower 2θ angles
and the interplanar spacing is increased from 0.335 nm up to 0.337 nm in GBS products
obtained with CrO3. A shift to lower angles can occur due to the presence of defects in
the crystal lattice [13]. This observation, together with the Raman analysis, indicates that
the GBS produced with CrO3 can have a significant number of defects. Additional peaks
(marked with dots) were also observed in the XRD patterns, where CrO3 was used. These
peaks may indicate the presence of Cr2O3. This compound can be formed when CrO3
remains in the mixture and decomposes into Cr2O3 during thermal treatment [46]. The
Cr2O3 reference pattern (ICDD 38-147) is shown in Figure 10 for comparison.

SEM micrographs were used to assess the surface morphology of the annealed GBS
samples and compare it to that of pristine graphite (Figure 11).

The variable surface morphology of GBS products is evident. The SEM image of the
pristine graphite sample (Figure 11a) revealed the presence of lamellar structure and flat
surfaces with regular edges. The use of (NH4)2S2O8 and K2S2O8 oxidizing agents produces
particles with an expanded lamellar structure and less regular edges (Figure 11b–e). Signif-
icant differences in the morphology of GBS products appear after the use of CrO3 oxidizing
agent (Figure 11f–i); the lamellar structure becomes much less pronounced, while the edges
of the particles turn highly jagged and irregular. This observation is in good agreement
with the results discussed previously, as the use of CrO3 in the GBS synthesis results in the
most affected graphite structure.
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Figure 11. SEM micrographs of pristine graphite and GBS products: graphite (a), A001 (b), A101 (c),
P001 (d), P101 (e), C001 (f), C101 (g), C010 (h), and C011 (i).

4. Conclusions

In this work, samples of GBS were synthesized using three different oxidizing agents:
(NH4)2S2O8, K2S2O8, and CrO3 with and without using P2O5 as the water-binding agent.
In addition, all the specimens obtained were heat-treated at 800 ◦C. Optical microscopy
pictures taken after 2 and 24 h from the start of the synthesis show blue GBS particles,
which correspond to stage I of the GBS compound, confirming that graphite has been
successfully intercalated and is stable under used synthesis conditions in a medium of conc.
H2SO4. Raman spectroscopy analysis revealed differences between the GBS phases and
annealed GBS products when using all three oxidizing agents and P2O5. It was established
that when P2O5 acts as a dehydration agent, the intercalation system can reach a higher
acidity, resulting in a higher oxidation state of graphite and a more effective intercalation.
Correlation between different characteristic parameters of the Raman analysis has shown
that the use of CrO3 results in a much higher defect concentration compared to the GBS
products obtained using persulfate oxidizers. The correlation among all GBS products did
not allow us to distinguish any significant difference between the action of (NH4)2S2O8
and K2S2O8. However, narrowing the correlation set only to the characteristic parameters
of GBS phases (stage I and stage II) revealed that the difference between the action of
K2S2O8 and (NH4)2S2O8 is still noticeable. The minimal defect concentration in the GBS
phases can be reached by using K2S2O8, while the use of (NH4)2S2O8 causes a slightly
higher concentration of defects. Supposedly, the effect of the NH4

+ ion may be related to

100



Crystals 2022, 12, 421

its higher redox activity in comparison with the K+ ion, which is significant in the reaction
of carbocation formation. FTIR analysis has shown that during graphite intercalation, part
of the carbon double bonds is oxidized, and sulfur derivatives are intercalated into the
graphite structure. XRD analysis revealed that after heat treatment, GBS products mostly
returned to a graphite-like structure; however, several differences were observed in samples
with CrO3. These compounds are characterized by the largest interplanar distances and the
smallest crystallite sizes. SEM pictures confirm that the most significant changes in surface
morphology were observed in the GBS products obtained using the CrO3 oxidizing agent.
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28. Trusovas, R.; Račiukaitis, G.; Niaura, G.; Barkauskas, J.; Valušis, G.; Pauliukaite, R. Recent Advances in Laser Utilization in the

Chemical Modification of Graphene Oxide and Its Applications. Adv. Opt. Mater. 2016, 4, 37–65. [CrossRef]
29. Ferrari, A.C. Raman Spectroscopy of Graphene and Graphite: Disorder, Electron-Phonon Coupling, Doping and Nonadiabatic

Effects. Solid State Commun. 2007, 143, 47–57. [CrossRef]
30. Douda, J.; González Vargas, C.R.; Basiuk, E.V.; Díaz Cano, A.I.; Fuentes García, J.A.; Hernández Contreras, X.A. Optical Properties

of Amine-Functionalized Graphene Oxide. Appl. Nanosci. 2019, 9, 567–578. [CrossRef]
31. Zou, J.; Sole, C.; Drewett, N.E.; Velický, M.; Hardwick, L.J. In Situ Study of Li Intercalation into Highly Crystalline Graphitic

Flakes of Varying Thicknesses. J. Phys. Chem. Lett. 2016, 7, 4291–4296. [CrossRef]
32. Zhou, X.; Liu, Q.; Jiang, C.; Ji, B.; Ji, X.; Tang, Y.; Cheng, H.-M. Strategies towards Low-Cost Dual-Ion Batteries with High

Performance. Angew. Chem. Int. Ed. 2020, 59, 3802–3832. [CrossRef]
33. Dimiev, A.M.; Ceriotti, G.; Behabtu, N.; Zakhidov, D.; Pasquali, M.; Saito, R.; Tour, J.M. Direct Real-Time Monitoring of Stage

Transitions in Graphite Intercalation Compounds. ACS Nano 2013, 7, 2773–2780. [CrossRef] [PubMed]
34. Gaidukevic, J.; Aukstakojyte, R.; Navickas, T.; Pauliukaite, R.; Barkauskas, J. A Novel Approach to Prepare Highly Oxidized

Graphene Oxide: Structural and Electrochemical Investigations. Appl. Surf. Sci. 2021, 567, 150883. [CrossRef]
35. Melezhyk, A.V.; Tkachev, A.G. Synthesis of graphene nanoplatelets from peroxosulfate graphite intercalation compounds.

Нaнoсистемы φизикa Химия Мaтемaтикa 2014, 5, 294–306.
36. Nagyte, V.; Kelly, D.J.; Felten, A.; Picardi, G.; Shin, Y.Y.; Alieva, A.; Worsley, R.E.; Parvez, K.; Dehm, S.; Krupke, R.; et al. Raman

Fingerprints of Graphene Produced by Anodic Electrochemical Exfoliation. Nano Lett. 2020, 20, 3411–3419. [CrossRef]
37. Lavin-Lopez, M.P.; Patón-Carrero, A.; Muñoz-Garcia, N.; Enguilo, V.; Valverde, J.L.; Romero, A. The Influence of Graphite Particle

Size on the Synthesis of Graphene-Based Materials and Their Adsorption Capacity. Colloids Surf. A Physicochem. Eng. Asp. 2019,
582, 123935. [CrossRef]

38. Martinez-Rubi, Y.; Gonzalez-Dominguez, J.M.; Ansón-Casaos, A.; Kingston, C.T.; Daroszewska, M.; Barnes, M.; Hubert, P.;
Cattin, C.; Martinez, M.T.; Simard, B. Tailored SWCNT Functionalization Optimized for Compatibility with Epoxy Matrices.
Nanotechnology 2012, 23, 285701. [CrossRef]

39. Bera, M.; Gupta, P.; Maji, P.K. Facile One-Pot Synthesis of Graphene Oxide by Sonication Assisted Mechanochemical Approach
and Its Surface Chemistry. J. Nanosci. Nanotechnol. 2018, 18, 902–912. [CrossRef]
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Abstract: Because the impact of the full-scale substitution of Ca2+ in brushite (CaHPO4·2H2O) with
Ni2+ ions has never been systematically explored, it is the focus of this investigation, as it holds
potential for use in CaxNi1−xHPO4·nH2O production. These biomaterials have many beneficial
characteristics that can be modified to suit diverse applications, including bone tissue regeneration
and pharmaceutics. For the present study, NaH2PO4·2H2O, Ca(NO3)2·4H2O, and Ni(NO3)2·6H2O
were used in various molar concentrations to obtain the required starting solutions. Previous studies
have shown that adding Ni ions in the initial solution below 20% results in the precipitation of
monophasic brushite with slight changes in the crystal structure. However, this study confirms
that when the Ni ions substitution increases to 20%, a mixture of phases from both brushite and
hexaaquanickel(II) hydrogenphosphate monohydrate HNiP (Ni(H2O)6·HPO4·H2O) is formed. The
results confirm that the full replacement (100%) of Ca ions by Ni ions results in a monophasic
compound solely comprising orthorhombic HNiP nanocrystals. Therefore, a novel technique of HNiP
synthesis using the precipitation method is introduced in this research work. These materials are
subsequently analyzed utilizing powder X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), thermogravimetric analysis (TGA), and scanning electron microscopy (SEM). The obtained
results confirm that the material microstructure is controlled by the Ni/Ca ratio in the starting
solution and can be modified to obtain the desired characteristics of phases and crystals.

Keywords: brushite; hexaaquanickel(II) hydrogen phosphate monohydrate; biomaterials; XPS;
kidney stone

1. Introduction

Owing to their beneficial mineralogical and biochemical characteristics, calcium
phosphates (CaPs) already have diverse applications, including those in the environ-
mental sciences and the field of engineering. However, their similarity with the mineral
phases present in osseous tissue—as well as a low toxicity, high bioactivity, and excellent
biocompatibility—makes them particularly useful candidates for medical applications [1–4].
Presently, CaPs serve as precursors for biocements and bioceramics, to be used in medicine
and dentistry, and to obtain other types of advanced materials [4,5]. Available evidence fur-
ther indicates that CaPs can be adopted for drug delivery or bone tissue engineering [5,6],
in fertilizers [7], and in the construction industry [8–10].
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Nickel is one of the trace elements in the human body, where the average amount in a
healthy individual is about 10 mg [11,12]. The concentration of nickel per liter of serum
is about 0.2 μg/L in a normal population [11]. Nickel is known to be harmful to human
health, causing cancer, inflammation, skin allergies, lung fibrosis, asthma, and kidney
diseases [13]. Yet later, it was found that nickel toxicity depends on the amount of the dose
so that it can be used in vivo under certain conditions and modifications. In view of these
facts, nickel has been adopted for biomedical applications involving stainless steel (15% Ni)
or shape-memory alloys such as nitinol (50% Ni) [14,15]. Such Nickel-based alloys are now
used in biomedical implants for clinical application [12].

Nickel ions and other d-block elements (Co, Cu, V, Ti, Cr) exhibit one very important
property, which is the stabilization of HIF-1α; therefore, they can induce cellular VEGF
secretion by creating intracellular hypoxia mimicking conditions. Nickel-doped nHAp hav-
ing different percentages of Ni (1%, 5%, and 10% w/w) [12] is a proangiogenic–osteogenic
material that could be used in bone tissue engineering, as doped samples proved bone-cell
compatible and osteoconductive. Analysis showed that Ni2+ doped nHAp samples were
potent inducers of the cellular Vascular Endothelial Growth Factor (VEGF), the expression
of VEGF being directly proportional to the doping concentration of Ni2+ [12].

Several studies indicate that dicalcium phosphate dehydrate (DCPD)—commonly
known as brushite, with the chemical formula CaHPO4·2H2O—is one of the most widely
used CaPs [8,11]. This mineral acts as a precursor of hydroxyapatite (HA), bone cement,
and bioceramics. Hence, the brushite encountered in mineralized tissues can be useful in
medicine, especially in bone cement formulations [16]. It shows high stability in environ-
ments characterized by pH 4.0–6.5 and temperatures below 60 ◦C [17–20]. Moreover, as it
is usually metastable at pH ~7.4, it can be quickly resorbed in the human body to aid in
bone remodeling [21–23].

The influence of ionic substitution on the morphology, structure, synthesis and hy-
drolysis process of brushite has been investigated [1]. The results of structural refinements
indicate that the range of possible substitutions can reach different values based on the
doped ions. This study showed that the Sr substitution can reach up to about 38%, whereas
it is quite limited for Co, Mn, and Zn. A previous study [24] has shown the most complete
incorporation of Ni2+ to the solid phase of brushite up to 15%. However, for larger Ni2+

concentrations in the initial solution, a mixture of phases has been detected [24,25].
Such findings have prompted us to study the crystal morphology, thermal properties,

chemical composition, phases, and mineralogy of the produced compounds when Ca2+ in
brushite is gradually substituted or replaced (from 20% to 100%) by Ni2+. The findings fill an
important research gap and may prove valuable for mineral synthesis to derive biomaterials
for a variety of applications in the bone tissue engineering and the pharmaceutical industry.

2. Experimental Methodology

2.1. Materials

Sodium dihydrogen orthophosphate dihydrate (NaH2PO4·2H2O) was purchased
from Techno Pharmchem, India; while calcium nitrate tetrahydrate (Ca(NO3)2·4H2O) and
nickel (II) nitrate hexahydrate (Ni(NO3)2·6H2O) were procured from LOBA Chemie, India.
Distilled water (0.055 μS/cm) was prepared using a water purification system (PURELAB
option-Q, ELGA, Oxford, UK). A digital analytical balance (EX324N, OHAUS, Parsippany,
NJ, USA) and a magnetic stirrer (ISOTEMP, Fisher Scientific, Shanghai, China) were used
when required.

2.2. Synthesis of CaxNi1−xHPO4·nH2O Compounds

A series of six CaxNi1−xHPO4·nH2O compounds (with x = 0, 2, 4, 5, 6, and 10) was
synthesized at room temperature (RT) based on the reaction given in Equation (1), which
called for the use of Na2HPO4·2H2O, Ca(NO3)2·4H2O and Ni(NO3)2·6H2O 0.5 moL/L
solutions in the molar proportions provided in Table 1.
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αNi(NO3)2·6H2O + (1 − α)Ca(NO3)2 + Na2HPO4 + NH3 + H2O → (Ca1−α + Niα)HPO4·2H2O + 2NaNO3 (1)

Table 1. Molar proportions of NaH2PO4·2H2O, Ca(NO3)2·4H2O, and Ni(NO3)2·6H2O, as well as
Ni/Ca molar ratios used for the synthesis of CaxNi1−xHPO4·nH2O compounds.

Product
ID

NaH2PO4·2H2O Ca(NO3)2·4H2O Ni(NO3)2·6H2O
Ni/Ca Molar

Ratio

BNi0 1 1 0 0
BNi2 1 0.8 0.2 0.25
BNi4 1 0.6 0.4 0.67
BNi5 1 0.5 0.5 1.0
BNi6 1 0.4 0.6 1.5

BNi10 1 0 1 -

To obtain pure brushite (denoted in Table 1 as BNi0), 100 mL of Ca(NO3)2·4H2O
solution was added at the ≈2 mL/min flow rate to the Na2HPO4·2H2O solution using a
glass funnel with a glass stopcock while stirring at 450 rpm until a 1.0 Ca/P molar ratio
was achieved (which typically took about 60 min). The resulting solution was stirred at RT
for 60 min to ensure that it was fully homogenized, after which the pH was adjusted to
6−6.5 by adding ammonia solution (≈15 moL/L, Labochemie, Mumbai, India) as required.
The aim was to obtain a white precipitate that was then vacuum filtered using a Buchner
funnel and a qualitative filter paper (45 μm, ∅12 cm, Double Rings, Shanghai, China). The
filter cake was first washed three times with deionized water, which was followed by three
washes in ethanol to prevent agglomeration [26–28]. Finally, the sample was placed on
a watch glass and was left to dry in an oven set at 40 ◦C for one week (ED53/E2, Binder,
Tuttlingen, Germany) [29].

To obtain BNi2, BNi4, BNi5, and BNi6 compounds, the Ca(NO3)2·4H2O and Ni(NO3)2·6H2O
solutions were mixed in the molar ratios outlined in Table 1, after which 100 mL of the
resulting solution was added at the ≈2 mL/min flow rate to 100 mL of Na2HPO4·2H2O
solution as described above. For BNi10, the same process was performed after mixing
NaH2PO4·2H2O and Ni(NO3)2·6H2O.

2.3. Characterization Techniques

The obtained BNi0−BNi10 samples were subjected to powder diffraction phase anal-
ysis using a Shimadzu XRD diffractometer-6000 (Japan) with a cobalt tube and a 2-theta
scanning range of 10−60◦ at a 2◦/min scan rate. Product morphology was established via
scanning electron microscopy with the Inspect F50 (The Netherlands) apparatus. An XPS
system (Thermo K Alpha spectrometer, Thermo Fisher Scientific, Waltham, MA, USA) was
used to conduct X-ray photoelectron spectroscopy to determine the surface chemistry and
conduct elemental analysis of the samples. Finally, a thermogravimetric (TGA) analyzer
(TG 209 F1 Libra, Netzsch, Selb, Germany) served to ascertain the mass loss (≈100 mg)
resulting from heating each product from 40 to 600 ◦C, at 5 ◦C min−1 increments under
a helium atmosphere. An FT-IR spectrometer (Perkin–Elmer system 2000) was used for
recording FTIR spectra in the range of 4000–400 cm−1.

3. Results and Discussion

3.1. Mineralogical and Microstructural Analysis

The XRD patterns produced by all samples, including standard brushite (CaHPO4·2H2O)
and hexaaquanickel(II) hydrogenphosphate monohydrate (Ni(H2O)6·HPO4·H2O) (HNiP),
are presented in Figure 1. The qualitative mineralogical analysis confirmed that after mixing
NaH2PO4·2H2O and Ca(NO3)2·4H2O solutions with a Ca:P molar ratio of 1:1 (Table 1), pure
brushite (BNi0) is precipitated. Moreover, after nucleation, its crystals grow proportionately
to the three major crystallographic planes, i.e., (020), (12-1), and (14-1). In addition, all
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peaks identified in the pattern produced by BNi0 are indicative of brushite’s monoclinic
structure [19,30], while the peak at 11.7◦ 2-theta suggests that crystal growth primarily
progresses along the (020) plane [31].

Figure 1. XRD patterns of the CaxNi1−xHPO4·nH2O compounds synthesized under the conditions
provided in Table 1.

In addition to the growth of XRD peaks corresponding to HNiP, all the main brushite
peaks can be identified in the pattern, BNi2, and show higher intensity than in the BNi0
spectrum, especially for peaks associated with the (020), (121), and (141) planes [32,33].

The patterns produced by BNi2 to BNi6 (corresponding to the Ni/Ca molar ratio of
0.25 to 1.5), as expected, indicate that a greater proportion of Ca is substituted by Ni, while
hexaaquanickel(II) hydrogenphosphate monohydrate (Ni(H2O)6·HPO4·H2O) (HNiP) also
began to precipitate. The planes corresponding to Ni(H2O)6·HPO4·H2O—(101), (002), (011),
(111) and (103)—are thus observed. The XRD patterns further show that as the Ni/Ca molar
ratio increases, so does the HNiP peak intensity. Finally, the pattern produced by BNi10
(with the Ni/P ratio of 1.0) confirms the presence of pure HNiP with an orthorhombic
crystal structure, as seen in Figure 1.

Figure 2 provides the SEM images of brushite (BNi0), along with those of biphasic
compounds (BNi2, BNi4, and BNi6) based on different Ni/Ca molar ratios. The SEM image
of pure HNiP (Ni(H2O)6·HPO4·H2O; BNi10) is presented in Figure 3.
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Figure 2. SEM images of CaxNi1−xHPO4·nH2O compounds (labeled using product names provided
in Table 1 and obtained with the same magnification): (A) BNi0; (B) BNi2; (C) BNi4; (D) BNi5, and
(E) BNi6. (Point 1—brushite crystals, Point 2—hexaaquanickel(II) hydrogenphosphate monohydrate).

Figure 3. SEM images of hexaaquanickel(II) hydrogenphosphate monohydrate crystals
(Ni(H2O)6·HPO4·H2O (HNiP); product name BNi10).

As can be seen at Point 1 in Figure 2A (pertaining to BNi0 with the Ca/P molar
ratio 1.0), the precipitation of pure brushite results in plate-like crystals, as expected
for the solution pH used in this work [17,18]. The dimensions of these plate-like crys-
tals are ≈500 nm × 15 μm × 30 μm, which is comparable to those obtained by other au-
thors [10,34]. Moreover, flat-plate morphology is a typical crystal structure for precipitated
brushite [35]. It is evident from Point 1 in Figure 2B that as Ca replacement with Ni intensi-
fies due to the increase in the Ni/Ca molar ratio, the length of brushite crystals in the (020)
direction decreases, ranging between ≈5 and ≈20 μm. Finally, as seen in Figure 2B–E—
depicting a biphase compound—brushite crystals (Point 1) of different sizes are formed
alongside HNiP crystals (Point 2).

BNi10 is depicted in Figure 3, which confirms that the full replacement of Ca by Ni
results in a monophasic compound made up only of orthorhombic HNiP nanocrystals.
Thus, the findings yielded by SEM analysis confirm those obtained via the XRD shown in
Figure 1.

Rietveld refined unit cell parameters for brushite and HNiP materials are presented
in Tables 2 and 3. As evidenced by the tabulated data, the values of unit cell parameters
related to brushite increase as the Ni/Ca molar ratio increases from 0 to 1; hence, brushite
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is the dominant phase formed. Yet, when the Ni/Ca molar ratio exceeds 1, the brushite unit
cell parameters decrease. Similarly, the parameters pertaining to the HNiP unit cell increase
as the Ni/Ca molar ratio increases from 0.25 to 1 (Table 3). Still, the unit cell dimensions of
pure HNiP are larger than those characterizing the standard unit cell.

Table 2. The unit cell parameters for brushite are derived from the XRD scans (Rietveld refinement).

Product
ID

Brushite
wt %

a (Å) b (Å) c (Å) βo V (Å3)

Standard Brushite 100 5.812 15.18 6.239 116.43 492.91
BNi0 100 5.8145 15.1693 6.2399 116.43 492.8455
BNi2 93 5.81143 15.17852 6.23839 116.43 492.7654
BNi4 25.5 5.8195 15.19959 6.24705 116.43 494.8206
BNi5 34.5 5.82386 15.21097 6.25173 116.43 495.9334
BNi6 14.6 5.81326 15.18328 6.24035 116.43 493.2301

BNi10 0 - - - - -

Table 3. The unit cell parameters for HNiP (product name BNi10) are derived from XRD scans
(Rietveld refinement).

Product
ID

Brushite
wt %

a (Å) b (Å) c (Å) V (Å3)

Standard HNiP 100 6.916 6.1032 11.1679 471.394
BNi0 0 - - - -
BNi2 7 6.91997 6.09953 11.14389 470.3676
BNi4 74.5 6.93074 6.11028 11.17562 473.2737
BNi5 65.5 6.94044 6.11663 11.18034 474.629
BNi6 85.4 6.9211 6.10223 11.16156 471.3989
BNi10 100 6.9356 6.10915 11.17447 473.4692

The FT-IR spectrum of the CaxNi1−xHPO4·nH2O compounds is shown in Figure 4. The
broad absorption peak between 3500 and 2400 cm−1 is due to O-H stretching vibration [36].
The P-O-P asymmetric stretching vibration band was observed at 983 cm−1 as a result of
P=O stretching vibrations; other bands at 654 and 568 cm−1 may be attributed to (H-O-)P=O
for acid phosphates [36,37]. Another two peaks were observed at 3470 and 1640 cm−1,
indicating the existence of water, and their intensity decreased along with the decreasing
trend in brushite contents in the samples (BNi2, BNi4, BNi5, and BNi6), whereas the BiN6
and BNi10 spectra reflected an absence of water [38]. On the other hand, the samples
showed new peaks at 1645 and 1432 cm−1, which were respectively indexed to O–H and
P–O–bending vibrations, owing to the presence of Ni and its intensity, which reached a
maximum in samples BNi6 and BNi10 [39,40].

Figure 4. FT-IR spectrum of CaxNi1−xHPO4·nH2O compounds.
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3.2. Elemental and Chemical Composition of CaxNi1−xHPO4·nH2O Compounds

The prepared samples were subjected to XPS analysis to appraise how the Ni/Ca
ratio present in the starting solution affected the surface chemistry and chemical state of P,
Ca, and Ni as the main constituents of the synthesized CaxNi1−xHPO4·nH2O compounds;
these findings are presented in Figure 5. As previously noted, the Ni/Ca ratio affects the
degree of substitution of Ca with Ni in brushite as well as the precipitation of HNiP (when
higher Ni/Ca ratios are used). The peaks corresponding to the Ni 2p orbital are visible in
the XPS spectra of BNi2 to BNi10, and their intensity progressively increases, whereas the
intensity of the Ca 2s and Ca 2p peaks decreases almost proportionally with the increase in
the Ni/Ca ratio. Meanwhile, the intensity of the P 2s peaks remains nearly constant. This
means that the intensity of P, Ca, and Ni peaks depend on the degree of Ca replacement
with Ni as well as on the amount of the precipitated HNiP (for higher Ni/Ca ratios).

Figure 5. XPS spectra of CaxNi1−xHPO4·nH2O compounds.

The effect of the Ni/Ca ratio on the binding energies of Ca 2s, P 2s, and Ni 2p peaks,
which are shown in Figure 6A−C, respectively, evidence that increasing the Ni/Ca molar
ratio from 0 to 0.25 (BNi2) results in an increase in the binding energies of the Ca 2s and
P 2s peaks: from 438 to 442 eV and from 190 to 194 eV, respectively. In turn, the findings
pertaining to sample BNi10 show that the binding energies of Ca 2s and P 2s remain
relatively stable once nearly 100% of Ca is replaced by Ni.

The analyses also indicate that as the Ni/Ca ratio increases to 0.67 (BNi4), to 1 (BNi5),
and further to 1.5 (BNi6), the intensity of the Ni 2p peak markedly increases—likewise to be
expected, since the rate of replacement of Ca with Ni is accompanied by the precipitation
of hexaaquanickel(II) hydrogenphosphate monohydrate. As confirmed by the XRD pattern
shown in Figure 1, BNi4 is the first compound formed that contains HNiP crystals, while
BNi10 comprises only pure hexaaquanickel(II) hydrogenphosphate monohydrate and thus
produces Ni 2p and Ni Auger peaks of the highest intensity.

In sum, the XPS results reported above confirm that when the Ni/Ca ratio in the start-
ing solution is low, Ca is partially replaced by Ni, but this is sufficient to alter the crystal
structure of the CaxNi1−xHPO4·nH2O compounds by increasing the binding energies of Ca
2s and P 2s peaks [41]. As the Ni concentration increases with the decrease in Ca concen-
tration, supersaturation decreases (increases) with respect to brushite (hexaaquanickel(II)
hydrogenphosphate monohydrate). Consequently, pure HNiP is obtained when no Ca is
present in the system, as is the case for the BNi10 compound.
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Figure 6. XPS analysis of the chemical state of (A) Ca 2s, (B) P 2s, and (C) Ni 2p orbitals in
CaxNi1−xHPO4·nH2O compounds.

3.3. Thermogravimetric Analysis (TGA)

The TGA results for all analyzed compounds (BNi0 to BNi10) are shown in Figure 7.
Brushite has a crystal structure made up of compact sheets formed by parallel chains in
which Ca ions are coordinated by six phosphate ions and two oxygen atoms belonging
to the water molecules, making it a water-bearing phosphate [9]. Moreover, two sharp
peaks reflect the mass loss as a result of heating from 80 to 220 ◦C. Brushite is characterized
by two water molecules in its lattice and adsorbed water molecules on its surface [42,43].
Available evidence indicates that some of the chemically-bound water is released as brushite
transforms to monetite (CaHPO4) at ≈220 ◦C [44] and further to calcium pyrophosphate
(Ca2P2O7) as the temperature increases to ≈440 ◦C [8]. According to our results, when pure
brushite (BNi0) is heated to 750 ◦C, approximately 21 wt % of its mass is lost [10], which
is comparable to the theoretical mass loss of 20.93 wt % [45]. The BNi2−BNi6 samples with
progressively greater Ni/Ca ratios lose more mass (27−35%), while a mass loss of 31.5 wt % is
obtained for BNi10 containing solely hexaaquanickel(II) hydrogenphosphate monohydrate.

 

Figure 7. TG curves of CaxNi1−xHPO4·nH2O compounds (product names Bni0–Bni10).

110



Crystals 2022, 12, 940

The brushite dehydration reaction is provided in Equation (2), while the formation of
calcium pyrophosphate is described in Equation (3).

CaHPO4·2H2O → CaHPO4 + 2H2O (2)

2CaHPO4 → Ca2P2O7 + H2O (3)

The mass-loss rate for CaxNi1−xHPO4·nH2O compounds as a function of temperature
is shown in Figure 8. In Figure 8A–E, the dehydration peaks corresponding to the two
water molecules of pure brushite (Bni0) are evident, and they are accompanied by the
peaks characterizing the compounds obtained when the Ni/Ca ratio increased from 0.25
(BNi2) to 1.5 (BNi6). As indicated previously [24], partial replacement of Ca by Ni is
initially accompanied by limited production of hexaaquanickel(II) hydrogenphosphate
monohydrate. However, when the Ca is fully replaced by Ni in the starting solution (BNi10,
Figure 8F), a primary zone of mass loss corresponding to HNiP is obtained at approximately
93 ◦C.

Figure 8. Differential TGA of diverse CaxNi1−xHPO4·nH2O compounds: (A) BNi0; (B) BNi2;
(C) BNi4; (D) BNi5; (E) BNi6, and (F) BNi10.

3.4. Phase Evolution during the Precipitation of CaxNi1−xHPO4·nH2O Compounds

The results obtained in the present study indicate that the original shape of plate-like
brushite crystals is preserved when the Ni/Ca ratio in the starting solution does not exceed
0.25 [39]. On the other hand, their size decreases due to the presence of Ni, as nickel inhibits
crystal growth [20].

When the Ni/Ca ratio increases to 0.25 and even to 1.5 (BNi4−BNi6), HNiP with
orthorhombic crystals starts to precipitate and eventually remains as the only phase when
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the Ni/Ca ratio increases further (with nano-scale crystals of approximately 500 nm size,
as shown in Table 4).

Table 4. Phase evolution, crystal size, and structure as a function of the Ni/Ca molar ratio in solution.

Ni/Ca Ratio
Crystal

Structure
Crystal

Size (μm)
Compounds

Formed

0 < 0.25 Monoclinic ~10 Brushite
0.25 ≤ x ≤ 1.5 Monoclinic/orthorhombic ~5 + 0.5 Brushite + HNiP

>1.5 Orthorhombic ~0.5 HNiP

4. Conclusions

In this study, the degree of replacement of Ca by Ni in brushite was investigated by
examining a range of CaxNi1−xHPO4·nH2O biomaterials that were subjected to XRD, SEM,
XPS, FTIR, and TG analysis.

This study is consistent with previous studies [24], where the substitution of Ca2+

with Ni2+ by 20% or more leads to the formation of a mixture of compounds. The findings
indicate that when the Ni/Ca molar ratio gradually increases to 1.5 (whereby the solution
superstation with respect to Ni increases), both monoclinic Brushite and nanocrystals of
orthorhombic HNiP precipitate. This study puts forth a novel procedure for HNiP synthesis
(BNi10), utilizing the precipitation method. While brushite is considered a biomaterial
precursor and a source of Ca ions, HNiP could be a promising compound as a source of
Ni ions.

These insights might be valuable for the future synthesis of biomaterials with spe-
cific composition and properties, as they indicate that by controlling the Ni/Ca ratio
in the starting solution, a variety of material compositions and morphologies can be at-
tained. However, additional studies are required to assess the performance of the produced
biomaterials, focusing specifically on their biological and mechanical aspects as well as
physicochemical and antibacterial properties. The effect of doping with additional ions
should also be investigated in depth, given that Ni may exhibit both beneficial and detri-
mental effects upon the biomaterials aimed for medical applications (such as kidney stone
treatment and bone tissue engineering).
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Abstract: Two different phase-pure cobalt(II) cyanoguanidine bromide coordination compounds,
Co(C2N4H4)2(H2O)4·2Br·2H2O (1) and Co3(C2N4H4)8(H2O)8·6Br (2), were precipitated from aque-
ous and methanol solutions, respectively, and their structures were solved and refined from X-ray
single-crystal data at 100 K. Both 1 and 2 crystallize in the triclinic system with space group P1. The
structure of 1 consists of two crystallographically distinct isolated CoO4N2 octahedral units plus
bromide anions and crystal water molecules, whereas 2 is built from both isolated octahedra and
discrete binuclear cluster units made from edge-sharing octahedra. Diffuse reflectance spectra and IR
analysis then go on to highlight optical and vibrational differences between these two compounds.
The magnetic susceptibility of 1 is consistent with either isolated or very weakly interacting Co2+

centers whereas the magnetic susceptibility of 2 evidences the potential weak antiferromagnetic
exchange interactions that may arise from superexchange within the binuclear clusters.

Keywords: solvent induction; crystal structure; optical properties; magnetic properties

1. Introduction

Over the last two decades, a large number of cyanoguanidine coordination compounds
have been reported, such as Zn(C2N4H4)2Cl2 [1–3], [Ag(C2N4H4)2]F, [Ag(C2N4H4)2](BF4) [4],
Cu(C2N4H4)2Br2·2H2O [5] and others [6–9]. As a nitrogenous ligand, cyanoguanidine was
discovered by Beilstein and Geuther at the end of the 19th century [10], and since then it
has attracted widespread attention because of its interesting structure and important role
in medicinal and industrial applications [11–13]. Cyanoguanidine is known to exist in two
planar tautomeric forms, one with the cyano group at the imine nitrogen (Figure 1a) [14]
and the other at the amine nitrogen (Figure 1b) [15]. Furthermore, cyanoguanidine is
not only capable of acting as a monodentate ligand bonded to the metal by the cyano
nitrogen alone, but also as a bridging ligand when it coordinates to two metal centers via
the terminal (cyano) and inner (imine) nitrogens.

Figure 1. The two forms of cyanoguanidine with the cyano group at (a) imine (cyanoimine) nitrogen
and (b) amine (cyanoamine) nitrogen.

As a late transition metal, divalent cobalt possesses an abundant coordination chem-
istry. In previous studies, many coordination compounds composed of cobalt and ligands
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of guanidine derivatives were found [16–18] but no coordination compound composed of
cobalt and simple cyanoguanidine has been reported.

The structural motifs of coordination compounds are affected by several factors, not
only the nature of the central metal atoms and the performance of ligands, but also the
coordinated counter ions or small neutral molecules, the solvent system, temperature,
pressure and so on [19,20]. Even if the same ligand reacts with the same metal salt in
different solvents, the ligands, neutral molecules and the solvent often play an important
role in the structural formation of the crystal such that different crystal structures will be
obtained [21,22].

In order to investigate the combination of the coordination ability of cyanoguanidine
with magnetic cobalt(II), we have designed two cobaltous bromide (CoBr2) cyanoguanidine
coordination complexes, Co(C2N4H4)2(H2O)4·2Br·2H2O (1) and Co3(C2N4H4)8(H2O)8·6Br
(2), in distilled water and methanol, respectively. Single-crystal X-ray diffraction revealed
the structural differences of these two crystals, as also mirrored from diffuse reflectance
and IR spectra in terms of optical differences. As is well-known, cobalt(II) compounds are
particularly interesting as regards their magnetic properties [23–25], due to the 3d7 electron
configuration of Co(II) and three unpaired electrons per ion (S = 3/2). The magnetic suscep-
tibility of 1 was in agreement with either isolated or very weakly interacting Co2+ centers
whereas the magnetic susceptibility of 2 evidenced the potential weak antiferromagnetic
exchange interactions in terms of a superexchange model.

2. Materials and Methods

2.1. Synthetic Procedures: All Reagents Were Commercially Bought (Alfa, Kandel,
Rheinland-Pfalz, Germany) and Used without Further Purification

1 Co(C2N4H4)2(H2O)4·2Br·2H2O: stoichiometric 1:2 molar ratios of CoBr2 (1 mmol)
and C2N4H4 (2 mmol), according to the empirical formula, were dissolved separately in
10 mL of distilled water. The solutions were then mixed in a 100 mL beaker and stirred
for 30 minutes. After filtration, the clarified rose-red solution was left in a fume hood to
evaporate naturally, yielding light-red crystals at the bottom of the beaker. After all of the
solution was evaporated, the remaining crystals gave a 92% yield. (Figure S1).

2 Co3(C2N4H4)8(H2O)8·6Br: A similar method was used for synthesis; that is, CoBr2
(1.5 mmol) and C2N4H4 (4 mmol) with 3 to 8 ratios were dissolved separately in 10 mL of
methanol. The solutions were then mixed in a 100 mL beaker and stirred for 30 minutes.
After filtration, the clarified blue solution was left in a fume hood to evaporate naturally,
resulting in dark-red crystals in the bottom of the beaker. The remaining crystals corre-
sponded to a 90% yield (Figure S1). For illustration, in a methanol solvent, cyanoguanidine
reacts with solvent molecules, displaying a clarified blue solution, and this reaction is
reversible [26]. As the methanol solution evaporates, the reaction runs in reverse, so
2 is eventually formed. In contrast, the preparation of copper(II) and nickel(II) complexes
under reflux conditions results in substituted cyanoguanidine ligands cnge-OCH3 [12,27].

2.2. PXRD Measurements

The PXRD patterns of 1 and 2 were recorded on a STOE STADI-P powder diffractome-
ter with a flat sample holder (Cu Kα1, linear PSD, 2θ range 5−60◦, with individual steps
of 0.01◦) at room temperature. The powder X-ray diffraction (PXRD) patterns match well
with the simulated data generated from the single-crystal models, thereby demonstrating
the purity of 1 (Figure S2) and 2 (Figure S3).

2.3. CHN Measurements and Thermogravimetric Analysis (TGA)

The CNH analysis for 1 and 2 was carried out using a CHN Rapid VarioEI analyzer
from Heraeus. The TGA was performed on a STA1600 from Linseis, a combined system
that measures HDSC and TGA simultaneously.
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2.4. IR Spectra

The infrared spectra of the two samples were performed on a SHIMADZU IR Spirit
QATR-S spectrometer in ATR mode using a diamond crystal.

2.5. UV-Vis Spectra

The UV-Vis diffuse reflectance spectra for 1 and 2 were recorded on a UV-2600 Shi-
madzu spectrophotometer in the range of 200–800 nm at room temperature, with barium
sulfate pellets as background standard.

2.6. Single-Crystal Diffraction

The single-crystal X-ray diffraction data for 1 and 2 were collected on a Bruker D8
goniometer at 100 K (Oxford Cryostream 700), equipped with an Incoatec microsource
(Mo Kα radiation, λ = 0.71073 Å, multilayer optics). The crystal structures were solved by
intrinsic phasing as implemented in SHELXT, and SHELXL-2018 was used for full-matrix
least-squares refinements on F2. All non-hydrogen atoms were refined with anisotropic
thermal parameters, and all hydrogen atoms were isotropically refined as riding on the
parent atoms. In addition, the N−H, O−H bond lengths and H−N−H, H−O−H angles
were restrained according to neutron-diffraction data [28,29]. All data reported in this paper
were deposited in the Cambridge Crystallographic Data Centre (CCDC, numbers 2196005
for 1 and 2196006 for 2) and can be obtained from there (12 Union Road, Cambridge CB2
1EZ, UK; fax: +44 1223 336033).

2.7. Magnetic Measurement

Magnetic data of 1 and 2 were collected on a Quantum Design MPMS-5XL SQUID
magnetometer. A cylindrical PTFE capsule was used to immobilize the microcrystalline
sample. Experimental data were collected in different sets, namely, at 2.0 K in the magnetic
field scale 0.1–5.0 T and in the temperature range 2–290 K at 0.1 and 1.0 T. All experimental
data were collected for the diamagnetic contributions of both sample holder and compound
[χm,dia (10−4 cm3 mol−1) = −2.48 for 1 and −7.37 for 2].

3. Results and Discussion

3.1. Stability and Structure

After slow evaporation of the solutions in a fume hood for several weeks, light-red
(1) and dark-red (2) crystals were obtained (Figure S1, Supporting Information, SI). In the
thermogravimetric analysis curve of 1 (Figure S4), one finds several steps for thermal de-
composition. With increasing temperature, crystal water and coordinated water molecules
(20.20%) are first lost between room temperature and 600 K. Then the ligands (35.54%)
are sequentially removed (Table S1). As regards 2 depicted in Figure S5, the presence of
a first step at 373 K is attributed to the loss of absorbed solvent [30]. The second step in
the 400–600 K range corresponds to coordinated water molecules (9.51%). The final loss
between 600–850 K indicates removal of ligands.

To reveal the structural differences, single-crystal X-ray diffraction data were collected
at 100 K (Table S3). Both 1 and 2 crystallized in the triclinic system with space group
P1 (No. 2, Table S3) but differed structurally. For 1 (Co(C2N4H4)2(H2O)4·2Br·2H2O, in
accordance with the CHN analysis (Table S4)), the cell parameters were a = 6.946(2) Å,
b = 11.173(3) Å, c = 12.485(3) Å, α = 114.642(4)◦, β = 98.284(4)◦, γ = 100.028(4)◦, Z = 2 and
V = 841.5(3) Å3. As shown in Figure 2, 1 was composed of two isolated Co-centered
octahedra, bromide anions and additional crystal water molecules. The two crystallograph-
ically distinct octahedra were located at the centers of the (100) and (010) faces. In both
octahedral units, the cobalt ion was coordinated by two N-containing cyanoguanidine
ligands and four water molecules. It is also noteworthy that the two different octahedral
units in every cell were both slightly distorted, as inferred from the divergence of the bond
lengths. For example, the bond lengths for the Co1-centered octahedra were 2.046(2) Å for
Co1−O1, while the Co1−O2 bond was 2.180(2) Å and Co1−N4 was 2.087(2) Å (Table S5).
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A similar situation could be observed in the other isolated Co2-centered octahedral unit
(Co2−O4 = 2.056(2) Å, Co2−O3 = 2.142(2) Å and Co2−N8 = 2.091(2) Å). Moreover, the
isolated octahedra, crystal water molecules and bromide ions were connected by weak
O−H···O, O−H···N, O−H···Br and N−H···Br hydrogen bonds (Figure S6).

 

Figure 2. Crystal structure of 1 with Co in rose-red, O in red, N in green, C in black and H in white.

In contrast, 2 Co3(C2N4H4)8(H2O)8·6Br, in accordance with the CHN analysis (Table S6))
crystallized with a = 10.731(2) Å, b = 11.658(2) Å, c = 12.318(2) Å, α = 94.173(3)◦,
β = 114.733(3)◦, γ = 108.593(3)◦, Z = 1 and V = 1288.0(3) Å3 (Table S3). In Figure 3,
there are two types of structural moieties with distinct crystallographic configurations in
the structure of 2, namely, isolated octahedra and discrete binuclear clusters made from
edge-sharing octahedra. For convenience, the binuclear cluster units and octahedra were
labelled type A and type B, respectively. In type A, the framework consisted of edge-sharing
octahedra, in which the adjacent central cobalt atoms are connected by two bridging oxy-
gen atoms. In addition, every cobalt atom is coordinated to two ligands and two terminal
oxygen water molecules. Interestingly, the edge-sharing octahedra could be considered
almost regular, deduced from the statistically irrelevant divergence of the bond lengths
(Co1−O2 = 2.073(4) Å, Co1−N4 = 2.064(6) Å, Co1−O1 = 2.048(5) Å and Co1−N5 = 2.062(6)
Å, (Table S7)). In the isolated type B octahedra, the central atom, Co2, was coordinated to
four ligands and two water molecules in a trans fashion along c. A modest distortion of the
Co2 octahedra was also observed with distinct bond lengths of Co2−N12 = 2.118(6) Å and
Co2−N13 = 2.072(6) Å. Moreover, the isolated octahedra, discrete binuclear clusters and
bromide ions were bonded through weak O−H···O, O−H···N, O−H···Br and N−H···Br
hydrogen bonds (Figure S7). As previously stated in the introduction, the presence of two
hydrogen atoms at the terminal nitrogen atoms (1: N1, N2, N5, N6; 2: N1, N2, N7, N8,
N9, N10) in 1 and 2 prove these to be amino nitrogen atoms. This indicates that in both 1

and 2 the cyanoguanidine ligand favors the cyanoimine form. In addition, 1 and 2 differ
from compounds that were structurally characterized before such as Zn(C2N4H4)2Cl2 [1–3],
[Ag(C2N4H4)2]F, [Ag(C2N4H4)2](BF4) [4], Cu(C2N4H4)2Br2·2H2O [5] and similar com-
pounds [6–9]. In these earlier examples, the metal cations were coordinated by cyanoguani-
dine (cnge) and anions, whereas the cobalt cations in 1 and 2 were bonded to cnge and
aqua ligands while the counter anions remained uncoordinated.
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Figure 3. Crystal structure of 2 with Co in rose-red, O in red, N in green, C in black and H in white.

Compounds 1 and 2 are based on the same constituents but adopt different structures,
in particular, with respect to their water content. The water capacity for 1 was 21.82%,
much higher than for 2 with 9.78%. The reason is that compound 1 was synthesized in an
aqueous solution, whereas compound 2 was obtained from methanol as a solvent. The
presence of coordinated water in 2 presumably arose because the preparation was per-
formed in ambient atmosphere and moisture was not excluded. The effects of solvent were
obviously observed in the deviation of the coordination polyhedra from ideal octahedral
symmetry. Notably, in 1, the bond lengths subtended a wider range (Co1–O2 = 2.180(2) Å,
Co1–N4 = 2.087(2) Å) than in 2 (Co2–O4 = 2.136(5) Å, Co2–N13 = 2.072(6) Å).

3.2. UV−Vis and IR Optical Properties

The UV-Vis absorption spectra for compounds 1 and 2 were measured on a UV-
2600 Shimadzu spectrophotometer. As shown in Figure 4a, both spectra displayed two
well-resolved bands, one at 266 nm, which was attributed to the π···π* transitions of the
cyanoguanidine ligand, and another one at 484 nm (1) and 505 nm (2) characteristic for d-d
transitions in hexa-coordinate complexes [23,24], indicating that the ligands adopted an
octahedral arrangement [31,32] around Co(II). In addition to that, Figure 4a reveals that
the absorption peaks of 2 (505 nm) occured at a slightly higher wavelength than that in 1

(484 nm), coinciding with their divergent colors. Due to the presence of discrete binuclear
clusters in 2, there were four peaks in the range of 640 to 740 nm, whereas no peaks were
observed in 1.

 

Figure 4. (a) Diffuse powder reflectance spectra for 1 (ochre line) and 2 (blue line); (b) IR spectrum of
free cyanoguanidine (red line), 1 (ochre line) and 2 (blue line).
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The IR spectra of both compounds (Figure 4b) showed an appreciable hypochromatic
shift of the nitrile group (Table S8), compared to the free cyanoguanidine ligand, because of
the coordination to the cobalt atoms [33]. Moreover, the separations of υ(C≡N) vibrations
(45 cm−1) were observed with a doublet character, which resulted from a Fermi resonance
through the Sukhorukov and Finkel’shtein analyses [34,35]. The peaks at 1655 cm−1

(1) and 1637 cm−1 (2) were assigned to be υ(C=N) vibrations, while those at 3529 cm−1 and
3432 cm−1 were attributed to the υ(NH) vibrations [9,36,37].

3.3. Magnetic Properties

The magnetic data of 1 are shown in Figure 5 as χmT vs. T and Mm vs. B plots. At 290 K,
the χmT value was 2.84 cm−1 K mol−1 at 0.1 T, and slightly smaller (2.81 cm−1 K mol−1) at
1.0 T. These values were well within the range 2.3–3.4 cm−1 K mol−1 that is expected [38]
for an isolated octahedral high-spin Co2+ center. Note that this range is above the spin-
only value (1.876 cm−1 K mol−1) due to relevant contributions of the orbital momen-
tum that is typical of octahedral 3d7 metal centers. Upon cooling the compound, the
values continuously decreased, significantly falling off at values below 100 K. At 2.0 K,
χmT = 1.55 cm−1 K mol−1 at 0.1 T, and 1.31 cm−1 K mol−1 at 1.0 T. The observation regard-
ing the decreasing values, in particular below 100 K, was due to the thermal depopulation
of the energy states that originate from the 4T1g ground term, which is accordingly split
due to the combined effects of spin-orbit coupling, electron–electron inter-repulsion and
the ligand field. In addition to the energy splitting, the corresponding energy states are
usually considerably mixed with respect to the mJ eigenstates. Below 10 K, χmT data at
0.1 and 1.0 T diverged due to the Zeeman effect, which becomes a relevant contribution at
larger fields. At 2.0 K, the molar magnetization Mm rapidly grew with increasing fields up
to about 2 T, and subsequently slightly increased up to 2.1 NA μB at 5.0 T without reaching
saturation (see inset in Figure 5). This value was also well below the saturation value
of about 3.7 NA μB (estimated from the χmT value at 290 K) due to the mixed nature of
the ground state. Besides the latter, the cobalt centers were characterized by a medium
magnetic anisotropy. Such anisotropy resulted in smaller values in powder measurements,
since the data represent the mean value over randomly oriented crystallites.

 

Figure 5. Temperature dependence of χmT of 1 at 0.1 (open circles) and 1.0 T (full circles); inset:
molar magnetization Mm vs. applied magnetic field B at 2.0 K.

Therefore, the data are in agreement with either isolated or very weakly interacting
Co2+ centers, and, thus, with the structural model.
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For 2, the χmT vs. T and Mm vs. B plots are shown in Figure 6. At 290 K, the
value of χmT was 8.51 cm−1 K mol−1 at 0.1 and 1.0 T. This was in agreement with the
range 6.9–10.2 cm−1 K mol−1 expected [38] for three non-interacting octahedral high-
spin Co2+ centers. Upon decreasing temperature, χmT continuously decreased. Below
100 K, the values distinctly decreased, and dropped off below 5 K. At 2.0 K, χmT was
4.94 cm−1 K mol−1 at 0.1 T, and 4.20 cm−1 K mol−1 at 1.0 T. The shape of the curve, in
particular, below 100 K, was—as for 1—due to the thermal depopulation of the energy
states originating from the 4T1g ground term. In addition to the Zeeman effect resulting in
diverging χmT vs. T curves at 0.1 and 1.0 T below 10 K, the drop off observed below 5 K
even at 0.1 T hints at antiferromagnetic exchange interactions. However, their magnitude
was weak due to the rather small impact on the curves.

 

Figure 6. Same as before but for 2.

The molar magnetization Mm at 2.0 K rapidly increased with increasing field up to
about 2 T (see inset in Figure 6). At higher fields, Mm increased with a distinctly smaller
rate reaching at 5.0 T a value of 6.3 NA μB without being saturated. This value was well
below the saturation value of about 11.1 NA μB (estimated from the χmT value at 290 K)
due to the reasons mentioned in the discussion of 1.

Therefore, the data are in agreement with the structural information that shows in
good approximation an isolated Co2+ center besides a dimeric unit of two Co2+ centers.
In this unit, the two Co2+ ions were bridged by two oxygen atoms from water molecules
forming Co–O–Co angles of 100.6◦ [39–41], which could explain the potential weak antifer-
romagnetic exchange interactions in terms of a superexchange model.

4. Conclusions

Two solvent-induced Co(II) cyanoguanidine bromides were synthesized and charac-
terized. X-ray crystal structure determinations revealed different structural features, as
1 consisted of isolated octahedral units around Co with additional bromide anions and
crystal water molecules whereas 2 contained both isolated octahedral units and discrete
binuclear clusters. In the UV-vis absorption spectra, the absorption maximum of 2 (505 nm)
was at lower energy than of 1 (484 nm), which was reflected in divergent crystal colors. The
IR spectra displayed an appreciable hypochromatic shift of the C≡N nitrile groups because
of the coordination to Co(II). Magnetic susceptibility measurements of 1 were consistent
with the presence of isolated or very weakly interacting Co2+ centers, in accordance with
the crystal structure, whereas 2 evidenced potential weak antiferromagnetic exchange
interactions, which may have resulted due to superexchange between Co2+ centers via the
bridging O in the binuclear clusters.
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1. Synopsis Two solvent-induced Co(II) cyanoguanidine bromides (1 and 2) were synthe-
sized in water and methanol, respectively. X-ray crystal structure, UV-vis absorption
spectra and IR spectra analysis highlighted similarities and differences between these two
compounds. Magnetic susceptibility measurements were consistent with the presence of
cobalt(II) and evidence for weak antiferromagnetic interactions observed in 2.

2. TOC Figure
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Abstract: Porous silicon (PS) is a promising material for nanostructure fabrication providing a
precise control over its size, shape, and spatial distribution. This makes it an excellent candidate
for constructing highly sensitive, reproducible, and low-cost platforms for surface enhanced Raman
scattering (SERS) spectroscopy. In this work, we connect the PS structural parameters with the
morphology of the gold nanostructures fabricated on its surface, placing the emphasis on the SERS
response. Two different types of PS are considered here, namely meso- and macro-PS. The former
is prepared by Si electrochemical etching, applying three different current densities: 100 mA cm−2,
60 mA cm−2, and 30 mA cm−2, while the technological parameters for the latter are selected to
mimic metal nanovoids’ (Me NVs) configuration. The gold-coated PS surfaces are produced via an
electroless chemical deposition method for different time periods. By performing comprehensive
structural, morphological, and optical characterization, we show the importance of the size and
density of the PS pore openings, which govern the Au growth kinetics. The results presented in
this work assure a simple yet flexible approach for the fabrication of large-area plasmonic gold
nanostructures, which are not only suitable for advanced SERS spectroscopy studies but can also
serve for a wider range of plasmonic applications.

Keywords: porous silicon; gold; fabrication; SERS; XRD

1. Introduction

Nowadays, the rapid development of biomedicine has been increasingly faced with a
demand for the detection, identification, and structural study of different organic analytes
in trace amounts. Several sensing techniques, such as X-ray crystallography [1], nuclear
magnetic resonance [2,3], and circular dichroism spectroscopy [4], have been applied to
meet these needs. However, their routine application outside the framework of laboratory
usage remains challenging: the low speed, high cost, complexity, and lack of complete
databases [5] are major limitations for their practical implementation.

On the other hand, vibrational spectroscopy is a well-established molecular characteri-
zation technique [6], which does not require complex sample preparation and is widely
used to study organic substances, e.g., in medicine [7], biology [8,9], the food industry [10],
and pharmaceutics [11–13], to name a few. Utilizing the latest advancements of the Surface
Enhanced Raman Scattering (SERS) spectroscopy technique, it is also possible to perform
the detailed structure assignment of intricate substances, such as peptides, in small con-
centrations [14]. This is because of the extremely high sensitivity of the SERS technique
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along with the ability to provide molecule fingerprints [15,16]. In addition, the analysis
procedure with SERS spectroscopy is currently straightforward, making it a solid candidate
for future sensing techniques in a wide range of applications.

The SERS effect is associated with a local electromagnetic field enhancement in the
vicinity of the metallic nanostructure as the result of the resonance light interaction with
localized surface plasmons (LSP) [17–19]. The magnitude of this enhancement is defined by
the material choice (usually one of the coinage metals), size, and shape of the nanostructure.
Hence, the research directed towards maximizing the local electromagnetic fields of a
nanoscale platform is of particular importance for SERS sensing. From a practical point
of view, however, such a platform must also demonstrate remarkable spot-to-spot and
sample-to-sample SERS signal reproducibility, preserve the stability of the signal intensity
over the long storage time, and offer inexpensive large-scale production [20]. In attempts
to meet these strict requirements, several types of SERS substrates have been already devel-
oped, including colloidal solutions of metallic nanoparticles [16,21] and solid-supported
arrays of metallic nanostructures with different shapes [22–25]. Although colloids usually
exhibit high enhancement factors [16,26], solid metallic nanostructures are more conve-
nient for utilization and demonstrate better signal reproducibility. Nevertheless, existing
commercially available solid SERS platforms are produced via multistage nanoengineering
processes, which inevitably increases their fabrication cost [27–31]. Therefore, exploring
other possible SERS platform fabrication strategies remains a crucial task for ensuring
broader SERS spectroscopy implementation in practice.

One such promising strategy is the utilization of matrices based on porous silicon
(PS) to create the metal nanostructures on their surfaces [32,33]. PS represents a net of the
periodically altered pore channels formed in Si. It has recently enabled an accurate control
over the morphology of deposited silver layers, leading to a considerable improvement in
SERS signal reproducibility [34,35]. The extraordinary detection limit down to the attomolar
concentration of lactoferrin protein adsorbed on silvered meso-PS covered with graphene
has been also demonstrated [9]. The macroporous PS on the other hand has facilitated the
formation of such sophisticated structures as nanothorns, nanospongy films, dendrites, and
many others [36–38], reaching the prominent 10−11–10−15 M detection limit range. Owing
to the PS capability to precisely control the nanostructures’ morphology, its utilization
for SERS has attracted extensive research during the past decade. The major advantages
and unveiled limitations of metal-coated PS SERS platforms have been comprehensively
discussed in several recent review articles [39,40].

Even though many studies have highlighted the effectiveness of PS-based SERS plat-
forms, most of them are associated with silver nanostructures, which display several critical
drawbacks, while utilizing SERS, especially when studying biomolecules. One familiar is-
sue that the LSP resonance band for the silver nanoparticles lies in the range of 370–500 nm,
depending on the size of the nanoparticles. Hence, to achieve the optimum resonance
conditions and thus the maximum SERS response, the LSP energy must closely match
with the excitation laser energy. Therefore, the usage of high-energy (small wavelength)
laser excitations is usually required in experiments. This excitation is destructive for the
majority of organic analytes. Moreover, considering that silver itself exhibits antibacterial
activity [41,42], the resulting SERS spectra intensities may be dramatically decreased. The
solution for these is relatively simple: silver can be replaced with gold, but this has rarely
been performed for the metalized PS platforms.

In this work, we therefore propose to replace the silver coverage with a more stable and
biocompatible gold layer to develop an effective SERS platform based on PS, and we also fill
the existing gap in the studies of gold deposition mechanisms on different types of PS.

2. Materials and Methods

2.1. PS Substrate Fabrication

The PS was fabricated by the electrochemical anodic etching of a monocrystalline
silicon wafer with (100) surface crystallographic orientation, according to the procedure
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described elsewhere [43]. Briefly, an n+- and p−-Si wafer was used to grow meso- and
macro-PS, respectively. Just before anodization, the native silicon dioxide was removed
from a silicon sample by etching in a diluted hydrofluoric acid (4.5%) for 60 s. After that,
the Si sample was placed in a horizontal electrolytic cell made of polytetrafluoroethylene.
An aqueous–alcoholic solution made of HF (45%), deionized water, and isopropanol at a
volume ratio of 1:3:1 was used to prepare the meso-PS. Dimethylsulfoxide (DMSO) mixed
with HF (45%) at the volume ratio of 10:46 was used for the macro-PS fabrication. The
prepared solutions were gently added to the electrolytic cell. The meso-PS samples were
fabricated at 100 mA cm−2, 60 mA cm−2, and 30 mA cm−2 current densities applied for 20 s,
22 s, and 20 s, respectively. The macro-PS samples were produced at an 8 mA cm−2 current
density applied for 4 min. All freshly prepared PS samples were rinsed with deionized
water and air dried.

2.2. Gold Deposition and Samples’ Characterization

Gold was deposited by the immersion of a PS sample in an aqueous solution of
0.01 M KAu(CN)2 and 0.15 M HF for different time periods according to the slightly
changed procedure reported before [44]. Subsequently, freshly prepared samples were
carefully washed with deionized water and air dried.

The organic dye rhodamine 6G (R6G) was used as an analyte for the SERS study. The
dye molecules were adsorbed on the gold-coated PS sample by dipping it in a 10−6 M
aqueous solution for 2 h. Each substrate was then thoroughly rinsed with deionized water
for 30 s to remove the excess analyte molecules.

The morphology of the gold-coated PS was studied by scanning electron microscopy
(SEM) with the help of an FESEM Hitachi−S4800 microscope. The crystallinity of the
samples was studied with X-ray diffraction (XRD) using Cu Kα radiation (X-ray wavelength
λ = 0.15406 nm). The SEM images were analyzed using ImageJ software. Reflectance spectra
measurements were performed in the 350–900 nm wavelength range with the help of a
Shimadzu UV-3600 equipped with an integrating sphere module (ISR-2200). SERS spectra
were acquired with the help of a WITec Scanning Near-field Optical Microscope alpha300 S
equipped with a 532 nm laser diode and an 60x air objective (0.9 NA). The spectra were
acquired with 1 mW laser power for 1 s sample surface exposition.

3. Results and Discussion

3.1. Morphology of the Au-Coated Meso-PS Substrates

The electroless (galvanic, corrosion) deposition of the Au films on monocrystalline
Si surfaces followed the oxidation–reduction (redox) mechanism, which assumes the re-
duction of Au3+ cations to atomic Au0 by electron (e–) exchange with Si. It is known
that the redox potential for Au3+/Au0 is positive in the presence of Si atoms [45]. Hence,
the Au deposition proceeded spontaneously as the result of the electron transfer from
semiconductor valence band to metal cations:

Au3+ + 3e− → Au0. (1)

As the result of this process, the Si was simultaneously oxidized, since the above
reduction reaction can be also viewed in terms of the holes (h+) “injection” into the valence
band of Si. This injection in the presence of H2O induced silicon dioxide formation:

Si + H2O + 4h+ → SiO2 + 4H+. (2)

On a large timescale, the gold deposition is limited by the passivation of the Si surface with
the oxide, reducing the process rate. However, with the presence of HF in the solution, the SiO2
can be dissolved, producing new charge carriers and water soluble SiF2–

6 species:

SiO2 + 6HF → SiF2−
6 + 2H+ + 2H2O. (3)
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In these conditions, the Au electroless deposition on the Si is not limited by SiO2
growth, and new Au nuclei form on the already adsorbed metal clusters and the available
Si surface. Notably, the former is possible due to the galvanic cell formation between the
noble metals and Si [46].

Considering a porous instead of monocrystalline Si surface, an important role for Au
deposition is the presence of Si-Hx groups, which are usually generated via the hydration of
uncompensated Si bonds produced upon electrochemical Si etching. These hydrated bonds are
very reactive and can be easily oxidized, releasing additional electrons, and thus accelerating
Au deposition:

2Si–Hx(surface) + H2O → SiO2(surface) + 2H+ + 4e−. (4)

Therefore, porous Si substrates can act not only as shape-forming platforms for plasmonic
nanostructures due to the diversity of their surface configurations (meso-, macro-, and microp-
orous surfaces of different porosity), but they also can control the redox reaction kinetics, which
is an intriguing approach for producing even more sophisticated nanostructures, such as noble
metal dendrites [47] or nanothorns [37].

Figure 1 shows the SEM images for the meso-PS templates prepared by different electro-
chemical etching regimes. Figure 1a reports a meso-PS etched at 30 mA cm−2 for 20 s, while
Figure 1b,c show samples etched at 60 mA cm−2 and 100 mA cm−2 for 22 s and 20 s, respectively.
Figure 1 confirms the PS formation with round pore openings of different sizes and densities. In
all cases, a 1.3 μm thick PS layer was produced.

  

(a) (b) 

 
(c) 

Figure 1. SEM images for a meso-PS sample after etching at a (a) 30 mA cm−2, (b) 60 mA cm−2, and
(c) 100 mA cm−2 current density. The top views are presented in the background, while the cross
sections are in the insets.

The quantitative characterization of the PS was carried out with the calculation of the
mean pore opening diameter, pore density, and porosity. The mean pore diameter was
calculated by averaging a Feret diameter distribution [48]. The pore density was calculated
by dividing the number of pore openings by the visible surface area. The porosity of the
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meso-PS samples was estimated by gravimetric [49] and SEM image assessment methods.
Both approaches resulted in the same porosities. When the applied etching current density
was 30 mA cm−2, we obtained an average pore diameter of 19 nm ± 8 nm, a pore density
of 5.3 × 1010 cm−2, and 49% porosity. For the sample etched at 60 mA cm−2, we obtained
an average pore diameter of 28 nm ± 14 nm, a pore density of 3.1 × 1010 cm−2, and 59%
porosity. For the highest etching current density of 100 mA cm−2, we obtained an average
pore diameter of 44 nm ± 32 nm, a pore density of 2.8 × 1010 cm−2, and 72% porosity.
These data are in good agreement with the well-studied mechanism of PS formation [50,51]
and reported experimental observations [52,53], albeit the density of the pores slightly
decreased for the more porous samples. Based on the obtained results, we can attribute the
fabricated samples to the mesoporous material [54].

The fabricated meso-PS matrices were utilized for the following gold deposition step.
Figure 2 represents the SEM images for different Au-coated meso-PS substrates. The
first row shows the samples obtained after 30 min of Au deposition, while the second
row represents the samples after 70 min of Au deposition. Each column in the figure
corresponds to the gold nanostructure on the meso-PS etched at different current densities:
30 mA cm−2, 60 mA cm−2, and 100 mA cm−2. The increase in the Au deposition time led
to the gold layer densification, producing a void-free continuous film along with a second
Au layer nucleation (observe the material excess on top of the formed layer in Figure 2a,d).
The same morphology evolution of a gold layer was obtained when the porosity of the
PS was reduced, while keeping the Au deposition time constant (Figure 2a–c). Notably,
no significant layer alteration was revealed when the porosity of PS varied at higher Au
deposition times (Figure 2d–f). The analysis of the SEM images indicated that the gold
coverage level increased from ~83% to ~97% after 30 min and 70 min of Au deposition,
respectively, and did not alter significantly for different PS matrixes. Although the produced
gold coverage represented a rather quasicontinuous film, there was still a meaningful
number of Au nanoparticles (NPs). Hence, we estimated their mean diameter and standard
deviation, which were varied within the 22–60 nm range for PS matrices after 30 min Au
deposition, while the 70 min Au deposition produced 31–46 nm NPs (Figure 3).

These results reveal the importance of the meso-PS matrix morphology for the accurate
control over the Au layer fabrication process. The obtained Au layer was defined by a
PS surface, which contained an array of densely packed voids on the silicon surface
(Figure 1a–c). Their density primarily depended on the etching current density and could
be characterized by the porosity of the PS. As a rule, the higher the porosity, the denser
the void package on the surface, and the lower the “free” silicon area. Consequently, the
gold deposition rate, which followed the redox reaction mechanism between the silicon
atoms and gold cations, was dramatically reduced for the highly porous matrices. The
number of seed nucleation centers, as well as the surface diffusion of the gold atoms, were
restricted by the voids, preventing the growth of a continuous Au film. Therefore, the Au
coverage appeared in the form of isolated islands, whose sizes strongly depended on the
porosity of the parent meso-PS matrix. It should be emphasized, however, that the situation
changed in the later stages of Au film growth (Figure 2d–f). In these stages, the produced
Au nanoislands became new nucleation centers, leading to the film growth over the pore
openings. Eventually, the Au nanoislands collapsed, and the quasicontinuous Au film on
top of the porous surface was achieved. Continuing the Au deposition induced the new
Au layer formation. Interestingly, the appearance of this layer started with NP nucleation,
suggesting that the Au film formation followed the Stranski–Krastanov mechanism of thin
films’ growth [55–57].
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Figure 2. SEM images after Au deposition on the PS with a 49% (a,d), 59% (b,e), and 72% (c,f) porosity
for 30 min (a–c) and 70 min (d–f). The insets in (b,e) depict the cross-section view for the meso-PS
after the Au deposition.

 

Figure 3. Evolution of the mean Au NP diameter as a function of the meso-PS porosity for different
gold deposition times.

Figure 4 reports the XRD pattern for the Au-coated meso-PS after 30 min and 70 min
of Au deposition on the PS etched at 60 mA cm−2. As can be seen from Figure 4, both XRD
patterns contained the characteristic peaks for the cubic cell Au crystals with orientations
(111), (200), (220), and (311), confirming the polycrystalline nature of the Au coverage.
Remarkably, the intensity of the (200) peak increased after 70 min of Au deposition, while
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the other peaks became less prominent, compare Figure 4a,b. These data indicate the
gold coverage growth along with the deformation of a Au elementary crystal cell by a Si
surface with (100) crystallographic orientation, leading to the monocrystallization of the
Au coverage. The appearance of the Si (400) peak, however, suggested a weak uniformity
of the Au layer for both samples. The same XRD patterns were observed for all the Au-
coated meso-PS samples, albeit with a minor intensity variation of the characteristic peaks,
depending on the porosity of the meso-PS and the Au deposition time.

 
 

(a) (b) 

Figure 4. XRD pattern after 30 min (a) and 70 min (b) of Au deposition on the meso-PS with 49% porosity.

3.2. Morphology of the Au-Coated Macro-PS Substrates

Figure 5 reports the SEM images for the macro-PS template and the corresponding
distribution of the pore openings’ diameter. The SEM images confirmed the 1.1 μm thick PS
layer formation with round pore openings (Figure 5a). The pore diameters’ distribution for
the macro-PS was rather nonuniform, covering the 400–1000 nm range (Figure 5b). These
sizes were about one order of magnitude larger compared to the meso-PS (Figure 1). We
therefore attributed the obtained sample to the macroporous material [54]. These results
were in good agreement with the established macro-PS formation models [51].

Figure 6 shows the SEM images for the Au-coated macro-PS substrates after 30–80 min
of Au deposition. The morphology of the film altered dramatically at various Au depo-
sition steps. An array of closely packed Au NPs was obtained after 30 min deposition,
Figure 6a. These NPs coalesced after 40 min producing a quasicontinuous gold film, as
shown in Figure 6b. The subsequent increase in the deposition time led to the film densifi-
cation together with the new Au seeds’ nucleation over the formed coverage, producing a
multilayered Au film, as shown in Figure 6c–f. The analysis of the SEM images depicted
in Figure 7 reported the average Au NP diameter after different deposition times. No
noticeable dependence of NP size on the deposition time was observed. The average
Au NP diameter for all samples varied from 50 nm to 60 nm. The statistical data for the
samples after 30 min and 40 min of Au deposition is not reported due to the difficulties in
distinguishing individual Au NPs.
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(a) (b) 

Figure 5. SEM images for a macro-PS sample (a) and the corresponding distribution of the pore
opening diameters (b).

Figure 6. SEM images for the macro-PS after 30 min (a), 40 min (b), 50 min (c), 60 min (d), 70 min (e),
and 80 min (f) of Au deposition.
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Figure 7. Mean Au NP diameter as a function of the gold deposition time on the macro-PS.

The observed kinetics of the Au film growth may be explained considering the presence
of a thin microporous layer [58–60] over the entire macro-PS surface. This layer had a
fractal-like geometry, which acted as the main source of the charge carriers for the redox
reaction between the gold cations and the silicon wafer. This layer was also highly porous
and composed of dense tiny voids. The growth of a continuous Au film on such a surface
was even more confined by the voids compared with the meso-PS, leading to the formation
of a dense Au NP layer in an early deposition stage (Figure 6a). As the redox reaction
progressed with time, the thin microporous layer dissolved, leaving the bare macro-PS
surface opened. At this growth stage, the number of Au seed nucleation centers increased,
and the surface diffusion of gold atoms became possible. As the result, the Au NPs
coalesced, and the quasicontinuous film was produced. For the rest of the deposition time,
the gold layer grew similarly to the Au film on the meso-PS.

Figure 8 shows the XRD pattern for the Au-coated macro-PS after 50 min and 80 min
of Au deposition. The patterns reported peaks associated with (111), (200), (220), and (311)
Au crystal orientations, confirming the polycrystalline nature of the samples. Interestingly,
in contrast to the XRD patterns for the Au-coated meso-PS (Figure 4a,b), no characteristic Si
peak was observed in the XRD pattern for the gold-coated macro-PS, as shown in Figure 8a.
This confirmed the introduced mechanism of Au film growth, where the coverage became
uniform after the complete dissolution of the micro-PS layer. Apart from that, no noticeable
difference between the Au-coated meso- and macro-PS samples was observed from the
XRD; compare Figure 4a,b and Figure 8b.

We believe that the gold-coated macro-PS platform developed in this work can serve
as an efficient nanoscale platform for SERS due to the strong plasmonic enhancement of
the Raman signal. This can be better explained by closer inspection of the acquired SEM
images in Figures 5 and 6. These images suggest that the obtained samples repeated the
familiar nanoscale configuration, named metal nanovoids (NVs), which is one of the major
candidates for mass utilization in SERS [61,62]. These NVs usually represent 500–2000 nm
holes coated with various coinage metals and ensure the Raman signal enhancement by
at least two basic optical effects: a localized plasmon mode with a strong rim component
and multiple reflections of excitation light rays through the void. Moreover, the periodic
morphology of the Me NVs guarantees a good spot-to-spot reproducibility of the SERS
signal. The standard approach for Me NVs fabrication involves the deposition of a seed
metallic layer, the coating with polymer spheres, the electrodeposition of a metal, and
finally the dissolution of the polymer spheres. This procedure, however, is rather complex
and limited by the small surface area covered with Me NVs. In contrast, our approach
involved only two simple steps, electrochemical etching and chemical deposition, and can
be extended up to wafer scale. It should be emphasized that the porosity and the thickness
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of the macro-PS in this work were optimized to meet the dimensions of the standard Me
NV configurations, while the optimum Raman signal enhancement was determined by the
variation in the Au deposition time in the 30–80 min range.

  

(a) (b) 

Figure 8. XRD pattern for the macro-PS after 50 min (a) and 80 min (b) of Au deposition.

3.3. UV-Vis and SERS Measurements

Figure 9 depicts the reflectance spectra for the Au-coated meso-PS (Figure 9a) and
macro-PS (Figure 9b) samples. These spectra clearly depict the reflectance minima around
480–495 nm for all samples, which could be associated with the (localized) surface plasmon
resonance ((L)SPR). Considering that the highest Raman signal enhancement was achieved
upon this (L)SPR condition, we therefore utilized the closest to this resonance and available
for us laser wavelength of 532 nm. It should be emphasized that the (L)SPR observation
for gold in the blue region of visible light is rather uncommon. It is known that isolated
spherical Au nanoparticles demonstrate the LSPR band in the 520–580 nm wavelength
region [63]. In some cases, however, it can shift towards the blue part of the spectrum,
which is usually explained by the plasmons coupling between different nanoparticles upon
shortening their spacing distance [64]. Therefore, our nanostructures were most likely to be
affected by such a coupling effect, since they represented collections of densely packed Au
nanoparticles comprising quasicontinuous films.

Figures 10 and 11 show the SERS spectra for 10−6 M R6G adsorbed on either the
Au-coated meso- or macro-PS samples, respectively. To simplify the results represen-
tation and subsequent discussion, all the samples produced in this work and the cor-
responding fabrication regimes are summarized in Table 1. As can be seen from the
figures, all SERS spectra exhibited the same characteristic Raman bands for R6G, namely
613 cm–1 (C-C-C ring in-plane bending); 772 cm–1 (C-H out of plane bending); 1185 cm–1

(C-H in-plane bending); 1311 cm–1 (C-O-C stretch); 1363 cm–1, 1510 cm–1, 1575 cm–1, and
1650 cm–1 (aromatic C–C stretch). These results are in good agreement with the data re-
ported elsewhere [65]. Figure 10 indicates that the intensity of the R6G SERS spectrum
obtained for the best Au-coated macro-PS (sample 6) was two times higher than for the
best Au-coated meso-PS (sample 2′, Figure 9). This confirms the stronger Raman signal
enhancement provided by a configuration mimicking metal NVs compared with the usual
metal NPs. The variation in the SERS spectra intensity between different nanostructures
prepared on the same type of PS may be explained in terms of the stage of Au film growth.
For example, the weak intensity of the R6G SERS spectra corresponded to the samples
with a (quasi)continuous Au film (samples 2 and 5 in Figures 9 and 10, respectively; their
morphology is highlighted in Figures 2a and 6b, respectively), while stronger SERS signals
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originated from the Au NPs (samples 2′ and 6 in Figure 9, respectively; their morphology
is highlighted in Figures 2c and 6c, respectively). These results can be correlated with the
number of so-called “hot spots”, tiny gaps in a metal nanostructure where the localization
of a giant electromagnetic field occurred. The number of these spots was greater for the
nanostructures exhibiting nanoscale roughness compared with the smooth continuous sur-
faces, leading to a higher probability for a molecule to be located within it and contribute
to the enhancement of Raman scattering. With only this in mind, the reasons for the weak
SERS response for sample 4 (Figure 10) are rather unclear. One may expect comparable
intensities of R6G SERS spectra for both samples 4 and 6 because of the similar nanostruc-
ture morphology (compare Figure 6a,c). However, the correct results interpretation also
requires a particle size comparison. The calculated average particle diameter for sample 6
was 51 nm ± 30 nm, which was close to the optimum diameter of 60 nm for an isolated
Au NP, demonstrating the maximum SERS enhancement [66,67]. On the other hand, the
individual Au NPs for sample 4 could not be resolved from the SEM images, suggesting
their sizes were far smaller than the known optimum. A similar analysis can be conducted
for the other Au-coated samples prepared on the same type of PS matrixes. This means that
the careful choice of the initial PS morphological parameters, as well as the Au deposition
regimes, can help to obtain the optimum Au nanostructure with the corresponding NP size
and spacing for maximum SERS enhancement.

  

(a) (b) 

Figure 9. Reflectance spectra for the meso-PS (a) and macro-PS (b) samples after Au deposition for
different time periods.

Table 1. Fabrication regimes for the Au-coated meso- and macro-PS.

Sample
Etching Current Density

for PS, mA cm−2 Etching Time for PS, s Au Deposition Time, min

1/1′ 30 20 30/70
2/2′ 60 22 30/70
3/3′ 100 20 30/70

4 8 240 30
5 8 240 40
6 8 240 50
7 8 240 60
8 8 240 70
9 8 240 80
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Figure 10. SERS spectra for 10−6 M R6G on the gold-coated meso-PS substrates.

Figure 11. SERS spectra for 10−6 M R6G on the gold-coated macro-PS substrates.

4. Conclusions

In summary, we demonstrated that an effective SERS platform may be fabricated
by Au electroless immersion deposition on meso- and macro-PS. SEM, XRD, and SERS
analyses were carried out for sample characterization. In this work, a macro-PS template
was fabricated to reproduce the Me NVs’ structure [61,62], while the meso-PS matrixes
were produced with three different porosities. SERS measurements were performed for
the R6G molecules adsorbed on different Au-coated meso- and macro-PS samples at a
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10−6 M concentration. It should be emphasized that the maximum SERS enhancement
was achieved for the Me NVs’ structures fabricated by a simple two-step procedure, while
the current Me NVs’ fabrication procedures involve at least four complex nanotechnology
techniques, and the final structure is limited by a low surface area. We also demonstrated
the correlation of the R6G SERS spectra intensity with the morphology and structural
properties of Au coverage on the PS surface. Notably, the SERS response from the Au-
coated PS samples may be tuned by the accurate choice of the initial PS morphological
parameters, as well as the Au deposition regimes, which is explained by the formation
of Au NPs with different sizes and spacings. Overall, both types of developed substrates
demonstrated a sufficiently strong SERS response and show great promise for simple and
versatile large-area plasmonic nanostructures fabrication.
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Abstract: Graphene-polypyrrole (GP) nanocomposites were synthesized by a wet-way protocol using
a graphite bisulfate (GBS) precursor. Consequently, GBS, a type of graphite intercalation compound,
was prepared in the presence of concentrated sulfuric acid in the presence of a potassium periodate
oxidizer. Three different types of graphite precursor with particle sizes of <50 μm, ≥150, ≤830 μm,
and ≤2000 μm were used for this purpose. It was found that in the Raman spectra of GBS samples,
the characteristic D band, which is caused by defects in the graphene layer, disappears. Therefore, the
proposed synthesis protocol of GBS could be considered as a prospective intermediate stage in the
preparation of graphene with low defect concentration. In contrast to alkali metal intercalation, the
intercalation process involving anions with a relatively complex structure (e.g., HSO4

−), which has
been much less studied and requires further research. On the basis of the results obtained, structural
models of graphite intercalation compounds as well as GP nanocomposites were discussed. The most
relevant areas of application for GP nanocomposites, including energy storage and (bio)sensing, were
considered. This work contributes to the development of cost-effective, scalable, and highly efficient
intercalation methods, which still remain a significant challenge.

Keywords: graphite intercalation compounds; graphite bisulfate; exfoliated graphite; graphene-
polypyrrole nanocomposites; structural analysis

1. Introduction

Graphene-based materials comprise a wide and diverse class. They originates from
graphite, including graphene itself, graphene oxide, reduced graphene oxide, exfoliated
graphene flakes, graphene nanoplatelets, and chemically functionalized versions of all
these. In graphene technology, the preparation of graphene with low/controllable defect
concentration is among the most important trends today. However, the production of
graphene is primarily facilitated by high temperature processes [1–3]. The high temperature
process is prone to defect formation. The solution to the problem could be the use of wet
synthesis methods, though wet-chemical preparation of graphene of the same quality has
been challenging up until now. In principle, if using a wet synthesis protocol, one could not
only reduce the defect concentration but also introduce preferred functional groups at the
same time. With chemical modification, graphene can become more functional, enabling
more scalable applications in medicine, energy storage, nanotechnology, electronics, and
other fields [4–9]. The conventional wet synthesis protocol of graphene includes intercalation,
oxidation into graphene oxide, delamination, and subsequent reduction. A ruptured
carbon lattice is usually the result of these consecutive operations [10]. Graphene quality
can be improved by both reducing the number of sequential steps and understanding the
underlying mechanisms. By eliminating oxidation and subsequent reduction from the
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preparation protocol of graphene, the number of sequential steps can be reduced. It has
been reported that single-layer graphene flakes can be obtained from graphene intercalation
compounds directly by spontaneous, mechanical, electrochemical, microwave, or liquid
phase exfoliation [11–15]. The prevailing opinion is that graphene prepared in this way has
the best ratio of quality, purity, production costs, scalability, and yield [16].

The graphite intercalation compound with sulfuric acid—graphite bisulfate—was
one of the first graphite intercalation compounds synthesized by C. B. Brodie in 1855 [17].
Its formula is written as C24

+ · HSO4
− · 2 H2SO4; nevertheless, it represents the phase

of maximal saturation, where a single layer of graphene is regularly altered with H2SO4
molecules and HSO4

− ions (also known as the phase of stage 1). In the general case,
the number of graphene layers, n, sandwiched between the two layers of intercalant is
referred to as the stage number, and the corresponding GBS phase is called stage n GBS.
Despite the fact that GBS was discovered long ago, it remains one of the least studied
and poorly understood among graphite intercalation compounds. This is determined in
large part by the fact that sulfuric acid does not spontaneously intercalate into graphite,
as the reaction has a positive Gibbs free energy [18]. The Daumas–Herold model can be
used to understand phase coexistence and stage transition in GBS [19]. Although the
model explains the coexistence of GBS stages with n > 1, it does not always fit well with
the experimental data [20]. The process of GBS formation is initiated by oxidation of
graphite and leads to charge redistribution in the system. A surface charge transfer effect
can control the redistribution of charges. Among low-dimensional materials, because of
their high fraction of surface atoms, this phenomenon was originally demonstrated for
conductive polymers [21]. Since graphene (as well as graphene intercalation compounds)
is a representative 2D material, it interacts strongly with different dopants (halogens, alkali
metals, oxygen-containing anions) [22]. A substantial change in its Fermi level and charge
density is observed as a result. Surface charge transfer enables graphene and graphene
intercalation compounds to be exploited for semiconducting 2D materials [23,24]. However,
doping remains unclear in its mechanistic details despite its broad functional tunability and
application possibilities. Due to the intertwined roles of oxygen, water, and substrates, this
is particularly relevant for oxygen-mediated hole doping [25–28]. It should be noted that
the formation of GBS is strongly dependent on the surface charge transfer effect; therefore,
the role of the oxidant in the intercalation reaction is significant [29].

In this work, structural models of GBS compounds and carbon nanostructures derived
from them were discussed. For this purpose, the GBS compounds were chemically syn-
thesized using a KIO4 oxidizer and three different graphite precursors with grain sizes
of <50 μm, ≥150, ≤830 μm, and ≤2000 μm. The effect of precursor grain size and chemi-
cal constitution on defect concentration and phase constitution in prepared samples was
evaluated. All samples obtained were annealed at 800 ◦C or microwave treated to obtain
exfoliated graphite (EG), which was further modified with conductive polymer polypyrrole
(PPy). The Raman spectra of GBS, EG, and composite samples with PPy were analysed
to reveal the defect concentration. A relatively low defect concentration was found for
EG samples, whereas the defect band completely disappeared in GBS samples. Thus, the
proposed synthesis protocol could be considered as a prospective intermediate stage in
the preparation of graphene with a low defect concentration. The applications of prepared
samples in energy storage and biosensing devices were also considered.

2. Materials and Methods

2.1. Materials

All reagents were used without further purification. Extra pure fine graphite powder
(<50 μm, ≥99.5%) was purchased from Merck KGaA (Darmstadt, Germany), synthetic
graphite powder (≥150, ≤830 μm, 99.9%), natural graphite flakes (≤2000 μm, 99.9%),
and Nafion (5%) were purchased from Alfa Aesar (Kandel, Germany), Na2SO4 (≥99%)
was obtained from Eurochemicals, KIO4 (99.8%), H2SO4 (98%) and pyrrole (≥98%) were
purchased from Sigma-Aldrich (Darmstadt, Germany), (NH4)2S2O8 (98%) from Lach-
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Ner (Neratovice, Czech Republic), and HCl (37%) and KBr (≥99.5%) from Carl Roth
(Karlsruhe, Germany).

2.2. Synthesis of GBS Products

For GBS synthesis, three different graphite precursors with different particle sizes
(<50 μm, ≥150, ≤830 μm and ≤2000 μm) denoted as Gr_1, Gr_2 and Gr_3, respectively,
were used. In this work, the oxidizing mixture was prepared in a 50 mL Erlenmeyer flask
with a ground glass joint by adding 0.1 g of a KIO4 oxidizer to 15 mL of conc. H2SO4 at
constant swirling. When the oxidizer dissolved, 0.25 g of graphite was slowly added to the
mixture. The swirling procedure was continued for 1.5 h. Three synthesized samples were
denoted as GBS_1, GBS_2, and GBS_3.

To achieve liquid phase exfoliation, the GBS_1, GBS_2, and GBS_3 samples were mixed
with anhydrous Na2SO4. For this purpose, 2 mL of the GBS reaction mixture was added to
8 mL of H2SO4 and 5 g of Na2SO4. The mixture was left to stir for 3 days.

2.3. Thermal Treatment of GBS Samples

In order to obtain thermally exfoliated graphite (EG), 6 GBS samples (without and
with liquid phase exfoliation) were annealed under thermal shock conditions. Samples
were placed into ceramic combustion boats, which were inserted into a quartz glass tube.
The tube was sealed and placed in a tubular furnace (SNOL 0.4/1250, Utena, Lithuania)
preheated to 800 ◦C. The samples were heat treated under argon flow (80 mL·min−1) until
the sulfuric acid had stopped evaporating. Then, the tube was taken out of the furnace and
cooled up to room temperature. The annealed products were washed with deionized water
and dried at room temperature. The obtained EG products were denoted as EG_1, EG_2,
EG_3, and EG_1_Na, EG_2_Na, EG_3_Na.

2.4. Microwave Treatment of GBS Samples

Furthermore, the GBS_1, GBS_2, and GBS_3 samples were subjected to direct mi-
crowave irradiation using a domestic microwave oven (Electrolux, 800 W EMS20405X,
Stockholm, Sweden) for 1 min. During the treatment, the samples were placed in a capped
weighting bottle with a ground glass joint. The obtained EG products were denoted as
EG_1_MW, EG_2_MW, and EG_3_MW.

2.5. Synthesis of Graphene-Polypyrrole (GP) Nanocomposites

For the synthesis of GP nanocomposites by a wet-way protocol, EG_1, EG_2, and EG_3
samples were used. For this purpose, a 10% pyrrole solution in 1.0 M HCl, an EG sample,
and (NH4)2S2O8 were mixed and ground in an agate mortar for 30 min. The ratio of pyrrole,
EG, and (NH4)2S2O8 used was 1:2:20 by weight, respectively. The samples obtained were
purified by dialysis in a tube and kept in a drying oven at a temperature of 40 ◦C until the
water evaporated. Resultant samples were denoted as GP_1, GP_2, and GP_3.

2.6. Characterization

Optical microscopy images were acquired using an optical microscope (BX51 Olym-
pus, Tokyo, Japan) at a magnification of 50x. Raman spectroscopy was performed using
a Renishaw inVia spectrometer (Wotton-under-Edge, UK) equipped with an optical mi-
croscope at a magnification of 20×, a CCD camera, an objective numerical aperture of
0.40, and 1800 grooves mm−1 grating. The laser excitation wavelength was 532 nm, the
beam was focussed to an area of 2 μm2, and the integration time was 100 s. To analyse the
changes in characteristic peaks, the Raman bands were fitted with a pseudo-Voigt function
(a linear combination of Gaussian and Lorentzian functions) [30]. XRD measurements were
performed in the 2θ range 10–45◦ with a Rigaku diffractometer (Miniflex II, Neu-Isenburg,
Germany) (Cu Kα radiation with a graphite monochromator). The interplanar spacing d of
the samples was calculated using Bragg’s equation [31]. The crystallite size L was calculated
by the Debye–Scherrer equation [32]. XPS analysis was performed using a Kratos analytical
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spectrometer (Axis Supra, Manchester, UK) equipped with a monochromatized Al Kα X-ray
source (hν = 1486.69 eV, 15 kV, 25 mA). The spectra were acquired with an electron analyzer
pass energy of 20 eV and calibrated using the C 1s peak at 284.6 eV. Core-level peaks were
analysed using a nonlinear Shirley-type background subtraction, and the calculation of the
elemental composition was performed on the basis of Scofield’s relative sensitivity factors.
SEM micrographs were obtained with the scanning electron microscope (Hitachi SU-70,
Tokyo, Japan) at an accelerating voltage of 10.0 kV and magnification of 50,000×.

2.7. Electrochemical Measurements

Electrochemical analysis of the synthesized materials was performed using a glassy
carbon electrode (GCE) (PalmSens BV, Houten, The Netherlands) modified with EG and
GP samples. For this purpose, GCE was first polished with alumina powder (0.05 μm,
Kemet, Kent, UK), rinsed with deionized water, ultrasonicated with deionized water, and
then with ethanol. For the construction of the modified electrodes EG/GCE and GP/GCE,
1.0 mg of synthesized carbon material was dispersed in 1.0 mL of 0.05% Nafion (Alfa Aesar,
Kandel, Germany) solution by sonicating the mixture in an ultrasonic bath for 30 min. In
total, 10 μL of the suspension obtained was drop cast onto the polished surface of the GCE.
The prepared electrodes were dried in air at room temperature.

Characterization of the electrodes was performed using cyclic voltammetry (CV).
CV measurements were performed at room temperature using a CompactStat potentio-
stat/galvanostat (Ivium Technologies, Eindhoven, The Netherlands). All electrochemical
measurements were run in the three-electrode system. A platinum wire, Ag/AgCl bare
or EG/GCE, and GP/GCE (diameter of 3.0 mm) were used as the counter, reference, and
working electrodes, respectively. CV curves were recorded in the potential range of −1.0 to
+1.0 V (vs Ag/AgCl) and at a scan rate of 100 mV·s−1 in 0.1 M phosphate buffer solution
(PBS) at a pH of 7.0.

3. Results

Precursors, or synthesized and heat-treated GBS products, were characterized using
optical and SEM microscopy, Raman spectroscopy, and XPS and XRD analysis. GBS itself
is not stable in air, therefore, SEM, XPS, and XRD measurements were only applied to
those GBS products that were either subjected to the MW treatment or annealed at higher
temperatures, i.e., samples in which H2SO4 was removed.

3.1. Optical Spectroscopy and SEM Characterization

The optical micrographs of the GBS samples are presented in Figure 1.

 

Figure 1. Optical micrographs of GBS_1 (a), GBS_2 (b), and GBS_3 (c).
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It is known that stage 1 and stage 2 GBS phases are coloured. Stage 1 GBS is char-
acterized by a deep blue colour, and stage 2 GBS particles are white, whereas mixed
stage zones (they are also called intermediate phases) can be identified by their iridescent
colours [33]. Optical microscopy pictures of GBS confirmed successful intercalation using
all three graphite precursors (Figure 1). Both blue and white particles of various sizes as
well as blurred iridescent areas (Figure 1b,c) can be observed. In GBS_1 (Figure 1a), the
proportion of bluish particles is the highest. Optical micrographs of the GBS_2 and GBS_3
compounds (Figure 1b,c) show the presence of larger grains of both white and blue colours,
as well as iridescent zones in smaller particles. The obtained results are in good agreement
with those published by Dimiev et al. [33]. Thus, we can assume that the use of graphite
precursor composed of smaller particles is preferable for obtaining a stage 1 GBS, where
the intercalant is interposed between each graphene layer and can be represented by the
formula C24

+·HSO4
−·2H2SO4 [34].

SEM micrographs were used to assess the structure of the EG and GP samples and
compare it with that of pristine graphite (Figure 2). The graphite precursors (Figure 2a–c)
can be characterized by the lamellar structure and flat surfaces with regular edges. The EG
samples after heating also retain their likewise lamellar structure; however, the edges of the
layers are less regular and more jagged (Figure 2d–i). When analysing the SEM micrographs,
one can see an increase in morphological changes along the direction (Gr_1, Gr_2, Gr_3)
< (EG_1, EG_2, EG_3) ≤ (EG_1_MW, EG_2_MW, EG_3_MW) < (EG_1_Na, EG_2_Na,
EG_3_Na) < (GP_1, GP_2, GP_3), which also depend on the particle size. The phenomenon
of partial delamination is typical for the EG and EG_MW samples (Figure 2d–i), whereas
the splitting of the basal graphene planes can be seen in the micrographs of the EG_Na
samples (Figure 2j–l). During the procedures of thermal shock and microwave treatment,
the molecules of H2SO4 evaporate and expand the graphite structure. In the case of
microwave treatment, the edges of the basal planes are more jagged, presumably due to the
presence of oxygen in the reaction zone. The EG_Na samples are obtained using the liquid
phase exfoliation protocol (see Section 2.2), when Na2SO4 is added to the reaction mixture.
NaHSO4 formed in the solution of H2SO4 is eutectic at room temperature and is suitable as
an ionic liquid for exfoliation [35]. Yao et al. found NaHSO4 as an efficient exfoliation agent
for covalent organic frameworks, which are morphologically similar to graphene [36]. SEM
micrographs (Figure 2j–l) show that the procedure of liquid exfoliation in the eutectic of
the H2SO4–NaHSO4 matrix is effective to reduce the particle size; however, the process of
particle size reduction occurs not by exfoliation, but by splitting of the basal planes. The
morphology of GP samples obtained by mechanochemical synthesis of GBS products with
pyrrole is significantly different from the other samples of pristine graphite and other EG
products (Figure 2m–o). An obvious layered structure is no longer visible. It is replaced by
smaller particles of various sizes and individual sheets. Furthermore, in the micrographs
of the GP samples round, regular-shaped particles can be seen, indicating the presence of
the formed PPy. Similar morphology was reported by Wu and co-authors [37]. Therefore, it
can be argued that the core–shell nanocomposite structure, where the EG nanoparticles are
covered with a PPy shell, was obtained during the mechanochemical synthesis procedure.
In our future research, we are planning to apply the TEM technique for more detailed
examination of the composite structure.
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Figure 2. SEM micrographs of precursor graphite of different grain sizes, EG and GP products:
Gr_1 (a), Gr_2 (b), Gr_3 (c), EG_1 (d), EG_2 (e), EG_3 (f), EG_1_MW (g), EG_2_MW (h), EG_3_MW
(i), EG_1_Na (j), EG_1_Na (k), EG_1_Na (l), GP_1 (m), GP_2 (n), and GP_3 (o).
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3.2. XRD Analysis

More detailed analysis of the structure of pristine graphite, EG, and nanocomposite
GP samples was performed using the XRD technique. The obtained XRD patterns are
shown in Figure 3. The values of the peak positions, the interplanar spacing d002 and
the crystallite size L are presented in Table 1. Both pristine graphite as well as EG and
nanocomposite samples exhibit a characteristic diffraction peak for the (002) plane. Therefore,
we can conclude that original graphitic structure was maintained during the procedure
of exfoliation or nanocomposite formation [38]. More precisely, the shift of the XRD peak
and d002 values determined using Bragg’s equation is presented in Table 1. The interplanar
distance of all pristine graphite samples equals 0.336 nm; meanwhile, the crystallite size
varies from 31 to 68 nm. The pristine graphite sample Gr_3 with the largest particle size
(≤2000 μm) is characterized by larger crystallites, whereas the other two samples with
smaller particle sizes (150–800 μm and <50 μm) are characterized by the crystallites of
almost the same size. Thermal exfoliation of all GBS samples prepared from three different
pristine graphite samples results in a slight increase in interplanar spacing. The most
pronounced increase is for EG_1—the sample prepared from the pristine graphite with the
smallest particle size. Meantime, for EG_3, the sample obtained from Gr_3 with the largest
particle size, this increase is insignificant. This result is comparable to that previously
obtained from optical microscopy; the amount of stage 1 GBS is found to be the highest in
GBS_1, which is prepared from Gr_1. Therefore, the small particle size of Gr_1 is beneficial
for the preparation of GBS stage 1, which in turn is the most suitable for efficient thermal
exfoliation. In the case of EG_3, it is possible that part of pristine graphite did not exfoliate
and retained the original graphitic structure [38]. Analysis of the XRD data shows a slight
increase in d002 spacing equally for all three EG_MW samples. The crystallite size L is
significantly reduced after MW exfoliation; it is the most significant in the case of EG_3_MW,
which is obtained from Gr_3 with the largest particle size. Presumably, the disintegration
of the basal plane of graphene should be more intense in the case of MW exfoliation in
comparison with that of thermal exfoliation.

Figure 3. XRD patterns of pristine graphite (a), EG (b), and EG samples modified with PPy (c).
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Table 1. Data obtained from XRD analysis (positions, interplanar spacing d002, and crystallite size),
and Raman spectra (ID/IG ratio).

Sample 2θ (deg) d002 (nm) L (nm) ID/IG

Gr_1 26.54 0.336 31.29 0.297
Gr_2 26.52 0.336 33.80 0.104
Gr_3 26.50 0.336 62.87 0.028
EG_1 26.38 0.338 20.54 0.185
EG_2 26.45 0.337 40.21 0.114
EG_3 26.52 0.336 39.09 0.093

EG_1_MW 26.43 0.337 23.68 0.259
EG_2_MW 26.46 0.337 24.10 0.114
EG_3_MW 26.42 0.337 16.97 0.118
EG_1_Na 26.81 0.332 24.03 0.196
EG_2_Na 26.74 0.333 36.92 0.100
EG_3_Na 26.76 0.333 44.18 0.065

GP_1 26.41 0.337 26.35 0.580
GP_2 26.46 0.337 36.42 0.483
GP_3 26.45 0.337 32.32 0.504

As a conclusion, one can expect that it is better to use thermal shock than MW exfoliation
to obtain graphene layers with less defect concentration. The liquid phase exfoliation in the
melt of NaHSO4 results in the contraction of the interplanar distance. Some authors (e.g., A.J.
Cooper et al.) attribute this phenomenon to planes narrowing as a result of neighbouring
planes separating [39]. Together with the results of the SEM micrographs (Figure 2j–l), one
could suggest that the number of defects after liquid exfoliation in the melt of NaHSO4
should be higher in comparison with that obtained after thermal exfoliation. For this reason,
thermally exfoliated samples were further used for the preparation of nanocomposites
with PPy. The procedure of mechanochemical synthesis affects the structure of GP samples.
The interplanar distance d002 of all three GP samples converges to the value of 0.337 nm;
this may be the effect of the PPy coverage on the EG particles. The crystallite size L either
remains the same or is slightly reduced after the procedure of mechanochemical synthesis.

3.3. Raman Spectroscopy Analysis

Raman spectroscopy was used to assess the amount of stacked graphene layers,
defectiveness of precursors and GBS products, and the precise staging indices of intercalated
products [40–43]. Raman spectra in G (1500–1700 cm−1) and 2D (2500–2900 cm−1) band
frequencies are provided in Figure 4. Continuous Raman spectra running from 1200 cm−1

to 3200 cm−1 are shown in the Supplementary Information file (Figure S1).
One can notice the presence of three characteristic bands in almost all pristine and

synthesized samples: D, G and 2D (Figure S1). The D band at about 1350 cm−1 is caused
by defects in the graphene layer (A1g symmetry mode), the G band at about 1581 cm−1

is designated to the first order scattering of the E2g mode that arises from the sp2 bonded
carbon, and the 2D mode at approximately 2709 cm−1 is an overtone of the D band.
The 2D band is Raman-allowed and defects or disorders are not required to activate
this mode [40,42–48]. In addition to the already mentioned bands, at 1620 cm−1, a low
intensity mode D′ can be seen as a shoulder at the high-frequency side of the G peak in
the Raman spectra of some samples (Gr_1, EG_1, EG_MW_1, EG_1_Na, and EG_2_Na; see
Figure 4a,c,d,e). This band can appear when accidentally spread impurities interact with
extended graphene phonon modes [49]. Therefore, one can suggest that impurities present
in the pristine graphite with the smallest particle size Gr_1 have a significant impact on
defect formation and remain noticeable in exfoliated GBS products.

The Raman spectra of the synthesized GBS samples are shown in Figure 4b and
Figure S1b. Compared with graphite, the shift of the G peak towards the higher wavenum-
bers can be seen. This shift, which indicates the process of graphite intercalation, occurs
when the graphene layers are charged with intercalant molecules [33,50]. Another attribute
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observed in the Raman spectra of the GBS samples is the splitting of the G band. The
splitting occurs when the charged graphite layers adjacent to the intercalated layers are
differentiated from those uncharged next to the empty galleries [51]. Peaks G1 at about 1630
cm−1 and G2 at about 1619 cm−1 represent stage 1 and stage 2 GBS phases, respectively [20].
A comparison of the intensities of the G1 and G2 peaks, evaluated by the fit procedure,
was used to quantify the different intercalation phases in the GBS samples [52]. The GBS_2
sample contains more than half of stage 2 compounds (62.47%), and GBS_3 was composed
of the majority of stage 2 phases (84.42%). However, Raman analysis reveals that the GBS_1
sample contains an almost pure GBS phase of stage 1, which is characterized by an apparent
peak at 1630 cm−1. From that, one can assume that the particle size of pristine graphite is
substantial in determining the constitution of GBS phases of various staging indices.

 
Figure 4. Raman spectra of precursors and GBS products in G (1500–1700 cm−1) and 2D (2500–2900 cm−1)
band frequencies: pristine graphite of different grain sizes (a), GBS samples (b), EG samples
(c), EG_MW samples (d), EG_Na samples (e), and EG samples modified with PPy (f).
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Heated microwave treated samples (Figure 4c–e and Figure S1c–e) show the only one
G peak at approximately 1581 cm−1. Together with the XRD data, this supports the idea that
the elements of the graphite structure are restored after the exfoliation procedure [53]. The
Raman spectra of nanocomposite GP samples (Figure 4f and Figure S1f) are very different
from those previously discussed, yet, they coincide with those reported by the other authors,
where composites of graphitic materials with PPy were examined [54]. In the range of
900–1700 cm−1, new appeared peaks can be seen. Although some peaks overlap, the
existence of D, G, and 2D bands in the GP spectrum is observed at approximately 1352 cm−1,
1585 cm−1, and 2705 cm−1, respectively. Furthermore, some broad peaks at approximately
1410 cm−1 (C–N stretching), 1056 cm−1, and 987 cm−1 (C–H ring deformation vibration)
are associated with the characteristics of PPy [55].

The ID/IG ratio (ratio of the intensity of the D peak and the G peak) is an important
Raman spectra parameter, which is used as an indicator of the defect concentration in
graphene-like materials. The values of ID/IG determined for pristine graphite, EG, and
nanocomposite samples are presented in Table 1. Comparing the obtained results with
the data of other authors, it can be concluded that the EG samples are characterized by
a low concentration of defects [56]. Comparing pristine graphite samples, the lowest
concentration of defects is found in Gr_3 with the largest particle and crystallite size. In
general, a pronounced inverse correlation can be observed between the ID/IG ratio and
crystallite size in each group of thermally exfoliated samples, whereas MW exfoliated
and GP nanocomposite samples show no correlation between these two parameters. The
MW exfoliated samples can be characterized by a lower crystallite size, whereas the GP
samples—by a higher ID/IG ratio. Therefore, the MW exfoliation and mechanochemical
synthesis can be considered as the procedures affecting the structure of the GBS products
in the most significant results.

A characteristic feature emerges in the Raman spectra of the GBS samples—the absence
of the D band (Figure S1b). However, the low-intensity 2D band, which is an overtone of
the D band, remains in the Raman spectra of the GBS_2 and GBS_3 samples. Apparently,
the use of KIO4 oxidizer during the preparation of GBS reduces the defect concentration
in a graphene layer. Therefore, the proposed synthesis protocol could be considered
as a prospective intermediate stage in the preparation of graphene with a low defect
concentration. The disappearance of the D band in graphite intercalation compounds is
rather rarely mentioned by the other authors. Hardwick and co-authors observed this
phenomenon during formation of the Li intercalation compound [57], and they attributed
it either to the change in stacking order (from ABAB to AAAA) during the intercalant
formation, or to solid interphase formation on the surface of crystallites. Dimiev et al. [20]
also reported the phenomenon of D band disappearance during the synthesis of GBS. The
main conclusion of their work was that the D band disappears in the Raman spectra of GBS
consisting of pure stage 1 or stage 2, whereas in the transition stages this band appears.
Considering our results (see Figure 4b), we can suggest that using a KIO4 oxidizer, the
pure GBS of stage 1 was synthesized from the Gr_1 precursor with the smallest particle
size. Precursors Gr_2 and Gr_3, composed of larger graphite particles, yield the mixture
of stage 1 and stage 2. Furthermore, we plan for a more detailed investigation of GBS
samples and their Raman spectra, which would allow for a more detailed explanation of
the phenomenon of disappearance of the D band.

The values of FWHM(2D) (full width at half maximum of the 2D band) can be used
to identify the number of layers in graphene-like material [26,46]. It was determined that
the FWHM(2D) value of a single layer graphene is approximately 30 cm−1. When the
number of stacked graphene layers increases, the values of FWHM(2D) also increases [20].
In addition, the shape of the 2D band can help to distinguish few-layer graphene from
multilayer. Monolayer graphene has a single 2D component, bilayer graphene can be fitted
into four components, and the 2D band of the multilayer graphene can be decomposed into
two components. The calculated FWHM(2D) values of the synthesized samples (Figure 4)
exceed 60 cm−1 and can be best fitted with two components, indicating that the materials
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obtained in this work have a multilayer structure. Different from the other samples, the 2D
band is not visible in the Raman spectra of GBS_1. The other Raman data show that GBS_1
consists of a rather pure stage 1 phase. As the 2D peak is very sensitive to the stacking
order of the graphite material along the c-axis, the decrease in the 2D band may occur due
to the breaking of the mentioned stacking order [58]. The disappearance of the 2D band is
an additional argument for the existing of AAAA stacking order in the GBS stage 1 phase.

3.4. XPS Analysis

Pristine graphite and EG and nanocomposite GP samples were analysed using XPS.
Data about surface elemental composition of all analysed samples are summarised in Figure 5.

 
Figure 5. Surface elemental composition of pristine graphite and EG and nanocomposite samples
determined by XPS analysis.

It should be noted that the difference in elemental composition is evident beginning
from the pristine graphite samples although they are composed mostly of carbon but
also contain traces of oxygen and nitrogen. The relatively high nitrogen content in the
Gr_2 sample (0.33%) could be attributed to its synthetic nature. This precursor sample also
contains the highest amount of oxygen. High resolution spectra in the C 1s region show that
the oxygen is present in both graphite precursor samples as well as in GBS products in the
form of functional groups attached to the edges of the graphene basal planes (see Figure S2).
The signals of the C–O, C–O–C, C=O, and COOR groups are found in different proportions
in all samples analysed. The intercalation procedure with subsequent both thermal and
MW exfoliation, in principle, does not change the oxygen content in the analysed samples.
On the contrary, the procedure of liquid phase exfoliation in the melt of NaHSO4 results in
a significant increase in the oxygen content. This increase is inversely proportional to the
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particle size. Presumably, it occurs due to the reaction between graphite particles and the
remains of the KIO4 oxidizer in GBS samples during the exfoliation procedure. Another
result to be noted is the increase in the oxygen content in the nanocomposite GP samples.
One can suggest that the reason for this increase is the presence of the (NH4)2S2O8 oxidizer
during the mechanochemical reaction.

Some samples (EG_MW, EG_Na and GP) contain traces of sulfur. MW-treated samples
can contain traces of H2SO4 not removed, whereas NaHSO4-treated samples can contain
traces of Na2SO4. The source of sulfur in nanocomposite GP samples should be the
(NH4)2S2O8 oxidizer present in the mechanochemical reaction.

The nitrogen content is significantly increased in the EG nanocomposite samples,
which is a consequence of PPy shell formation on the surface of the EG core. The highest
concentration of N is found in GP_2 (5.12%), whereas the lowest—in GP_3 (3.15%). The
most probable explanation of this should be the highest concentration of oxygen and
nitrogen in the pristine Gr_2, which is beneficial for the formation of PPy.

The high-resolution spectra in the N 1s region of the nanocomposite GP samples are
presented in Figure 6.

Figure 6. N 1s XPS spectra of nanocomposite GP samples: GP_1 (a), GP_2 (b), and GP_3 (c).
Distribution of nitrogen bonds in GP samples (d).
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Deconvolution of N 1s shows two nitrogen functional groups in the GP samples. The
peak at around 400.0 eV is assigned to pyrrolic-N and the peak at around 402.0 eV belongs
to graphitic-N. Pyrrolic-N refers to nitrogen atoms that are bonded to two carbon atoms
and contribute to the π-system with two p-electrons. Graphitic-N refers to nitrogen atoms
incorporated into graphene [59–61]. In this study, the pyrrolic-N has the most intense
peak for all GP samples. It is evident that the main part of nitrogen in nanocomposite GP
samples should be derived from PPy. Graphitic-N either may be found in pristine graphite
samples (Gr_2) or can be formed near the graphitic core in the PPy shell. Huang et al.
reported that graphitic-N contributes more effectively to catalytic activity [62]. Taking into
account the data in Figure 6d, one can suggest that the GP_2 sample should provide the
best electrocatalytic performance.

3.5. Electrochemical Study

The electrochemical study of synthesized EG, EG_MW, EG_Na, and nanocomposite
GP samples was performed using CV. It is a standard technique for the characterization of
the capacitive behaviour of cathode or anode materials [63]. CV at bare GCE is presented in
Figure S3, whereas CVs obtained using modified GCEs are shown in Figure 7. A reduction
of the oxy-species is observed at −0.8 V at bare GCE. GCEs modified with EG, EG_MW,
and EG_Na samples showed a weak electrocatalytic response (Figure 7a–c), i.e., peak
potential is observed at almost the same position as an unmodified electrode. Thereby,
they are unsuitable as effective electrode materials. In Figure 7d, representing the CVs at
nanocomposite GP samples, a cathodic peak at around –0.36 V and a new anodic peak at
ca. –0.18 V are observed.

Therefore, the nanocomposite GP samples with a core–shell structure have much
better electrocatalytic activity in comparison with those without a PPy shell. As seen, the
most pronounced cathodic and anodic peaks are obtained using the GP_2 sample. As
mentioned, this sample contains the highest amount of graphitic-N. The cathodic and
anodic peaks appear due to the electron transfer associated with functional groups present
on the surface and the incorporation of N atoms into graphene layers, since it could
have provided the formation of active sites suitable for electrochemical events [64,65].
In addition, an increase in the electrochemical performance of GCE after modification
with GP_1, GP_2, and GP_3 samples could be caused by good electrical conductivity
acquired after the wet synthesis with the conducting polymer PPy. Thus, electrochemical
investigations demonstrated that GP nanocomposites could be prospective for energy
storage and/or biosensing.
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Figure 7. CVs of EG/GCE (a), EG_MW/GCE (b), EG_Na/GCE (c) and GP/GCE (d) samples.

4. Conclusions

The graphite bisulfate intercalation compound was prepared from three graphite pre-
cursors with different grain sizes using the KIO4 oxidising agent to assist the intercalation.
The intercalation compounds obtained were further annealed, subjected to microwave
irradiation, or stirred in the NaHSO4 melt to achieve the delamination/exfoliation effect. The
heat-treated samples were used for the preparation of nanocomposites with polypyrrole by
a wet synthesis protocol via a mechanochemical reaction. It was found that the particle
size of the graphite precursor is substantial in determining the constitution of GBS phases
of various staging indices; the smaller particles are beneficial for the formation of the
stage 1 phase, whereas the larger particles result in the formation of the mixture of stage
1 and stage 2. The characteristic D band, which is caused by defects in the graphene layer,
disappears in all Raman spectra of the GBS samples. Apparently, the use of the KIO4
oxidizer during the preparation of GBS reduces the defect concentration in a graphene
layer. Thus, the proposed synthesis protocol could be considered as a prospective inter-
mediate stage in the preparation of graphene with a low defect concentration. Therefore,
this work contributes to the development of cost-effective, scalable, and highly efficient
intercalation methods, which remain a significant challenge. Furthermore, the obtained
results suggest that there was a structural change during the GBS formation reaction; the
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stacking order should change from ABAB to AAAA. In addition to Raman spectroscopy,
SEM, XRD, and XPS data demonstrate that the exfoliation of GBS using thermal shock,
microwave irradiation, or liquid phase delamination leads to a more defective structure
than that of pristine graphite. It was established that the nanocomposites prepared from
exfoliated graphene and polypyrrole have a core–shell structure, where the particle core
is composed of exfoliated graphene covered by a polypyrrole shell. The electrochemical
investigation of exfoliated samples and nanocomposites showed that the nanocomposite
samples exhibit cathodic and anodic peaks and electrocatalytic properties. Among the
samples of pristine graphite, the graphite containing the highest amount of graphitic-N
has the highest electrocatalytic efficiency. Therefore, synthesized nanocomposites could be
prospective materials for energy storage and/or biosensing.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst12121793/s1, Figure S1. Raman spectra of graphite (a), GBS
products (b), EG products (c), EG_MW products (d), EG_Na products (e), and EG samples modified
with PPy (f). Figure S2. C 1s XPS spectra of pristine graphite, EG, and nanocomposite GP samples.
Figure S3. CV at bare GCE.
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47. Trusovas, R.; Račiukaitis, G.; Niaura, G.; Barkauskas, J.; Valušis, G.; Pauliukaite, R. Recent advances in laser utilization in the
chemical modification of graphene oxide and its applications. Adv. Opt. Mater. 2016, 4, 37–65. [CrossRef]

48. Ferrari, A.C. Raman spectroscopy of graphene and graphite: Disorder, electron-phonon coupling, doping and nonadiabatic
effects. Solid State Commun. 2007, 143, 47–57. [CrossRef]

49. Douda, J.; González Vargas, C.R.; Basiuk, E.V.; Díaz Cano, A.I.; Fuentes García, J.A.; Hernández Contreras, X.A. Optical properties
of amine-functionalized graphene oxide. Appl. Nanosci. 2019, 9, 567–578. [CrossRef]

50. Zhou, X.; Liu, Q.; Jiang, C.; Ji, B.; Ji, X.; Tang, Y.; Cheng, H.-M. Strategies towards low-cost dual-ion batteries with high
performance. Angew. Chem. Int. Ed. 2020, 59, 3802–3832. [CrossRef]

51. Zou, J.; Sole, C.; Drewett, N.E.; Velický, M.; Hardwick, L.J. In situ study of li intercalation into highly crystalline graphitic flakes
of varying thicknesses. J. Phys. Chem. Lett. 2016, 7, 4291–4296. [CrossRef]

52. Salvatore, M.; Carotenuto, G.; de Nicola, S.; Camerlingo, C.; Ambrogi, V.; Carfagna, C. Synthesis and characterization of highly
intercalated graphite bisulfate. Nanoscale Res. Lett. 2017, 12, 167. [CrossRef]

53. Chung, D.D.L. A review of exfoliated graphite. J. Mater. Sci. 2015, 51, 554–568. [CrossRef]
54. Okan, B.S.; Yürüm, A.; Gorgülü, N.; Gürsel, S.A.; Yürüm, Y. Polypyrrole coated thermally exfoliated graphite nanoplatelets and

the effect of oxygen surface groups on the interaction of platinum catalysts with graphene-based nanocomposites. Ind. Eng. Chem.
Res. 2011, 50, 12562–12571. [CrossRef]

55. Kulandaivalu, S.; Suhaimi, N.; Sulaiman, Y. Unveiling high specific energy supercapacitor from layer-by-layer assembled
polypyrrole/graphene oxide|polypyrrole/manganese oxide electrode material. Sci. Rep. 2019, 9, 4884. [CrossRef]

56. Shams, S.S.; Zhang, R.; Zhu, J. Graphene synthesis: A Review. Mater. Sci. Pol. 2015, 33, 566–578. [CrossRef]
57. Hardwick, L.J.; Buqa, H.; Novák, P. Graphite surface disorder detection using in situ Raman microscopy. Solid State Ion. 2006, 177,

2801–2806. [CrossRef]
58. Krishnamoorthy, K.; Veerapandian, M.; Yun, K.; Kim, S.J. The chemical and structural analysis of graphene oxide with different

degrees of oxidation. Carbon 2013, 53, 38–49. [CrossRef]
59. Shao, Y.; Zhang, S.; Engelhard, M.H.; Li, G.; Shao, G.; Wang, Y.; Liu, J.; Aksay, I.A.; Lin, Y. Nitrogen-doped graphene and its

electrochemical applications. J. Mater. Chem. 2010, 20, 7491–7496. [CrossRef]
60. Lai, L.; Potts, J.R.; Zhan, D.; Wang, L.; Poh, C.K.; Tang, C.; Gong, H.; Shen, Z.; Lin, J.; Ruoff, R.S. Exploration of the active center

structure of nitrogen-doped graphene-based catalysts for oxygen reduction reaction. Energy Environ. Sci. 2012, 5, 7936–7942.
[CrossRef]

61. Lee, Y.H.; Chang, K.H.; Hu, C.C. Differentiate the pseudocapacitance and double-layer capacitance contributions for nitrogen-
doped reduced graphene oxide in acidic and alkaline electrolytes. J. Power Sources 2013, 227, 300–308. [CrossRef]

62. Huang, Z.; Zhou, H.; Yang, W.; Fu, C.; Chen, L.; Kuang, Y. Three-dimensional hierarchical porous nitrogen and sulfur-codoped
graphene nanosheets for oxygen reduction in both alkaline and acidic media. ChemCatChem 2017, 9, 987–996. [CrossRef]

63. Zhang, Y.; Ma, M.; Yang, J.; Huang, W.; Dong, X. Graphene-based three-dimensional hierarchical sandwich-type architecture for
high performance supercapacitors. RSC Adv. 2014, 4, 8466–8471. [CrossRef]

64. Gaidukevic, J.; Aukstakojyte, R.; Barkauskas, J.; Niaura, G.; Murauskas, T.; Pauliukaite, R. A novel electrochemical sensor based
on thermally reduced graphene oxide for the sensitive determination of dopamine. Appl. Surf. Sci. 2022, 592, 153257. [CrossRef]

65. Oliveira, L.S.; Alba, J.F.G.; Silva, V.L.; Ribeiro, R.T.; Falcão, E.H.L.; Navarro, M. The effect of surface functional groups on the
performance of graphite powders used as electrodes. J. Electroanal. Chem. 2018, 818, 106–113. [CrossRef]

157





crystals

±

159



→

→ τ ≈ μ

→ τ ≈ μ →
τ ≈

− μ

◦
◦

− −

160



◦

·

◦

◦

−
◦

≥

•

•

161



◦

◦

◦ ≤ θ≤ ◦

α
◦

◦

−

λ

λ

μ μ λ

λ

±

162



I(T) =
I0

1 + Be−
Ea

kBT

TQ1/2 = − Ea

kB ln 1
B

· −

163



◦ ◦

164



− − −

− −

−

165



λ

↔
→ → → →

→ →
→ → →

− →
→ →

→

λ λ

λ λ

τ

λ

→ → →
→ →

166



→ →

→ →

λ

→
λ λ

τ1/e =

∫ ∞
0 I(t)tdt∫ ∞
0 I(t)dt

τ
τ

μ μ

±
±

167



λ λ

λ λ τ

μ

μ

168



±

λ →
λ

−
λ λ

λ

λ

169



·

·

· ≈

·

170



í í í í

ó

·

·

·

171



172



Citation: Melnyk, I.; Tomina, V.;

Stolyarchuk, N. Synthetic Conditions

for Obtaining Different Types of

Amine-Holding Silica Particles and

Their Sorption Behavior. Crystals

2023, 13, 190. https://doi.org/

10.3390/cryst13020190

Academic Editors: Aleksej Zarkov,

Aivaras Kareiva and Loreta

Tamasauskaite-Tamasiunaite

Received: 30 December 2022

Revised: 17 January 2023

Accepted: 18 January 2023

Published: 21 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

crystals

Article

Synthetic Conditions for Obtaining Different Types of
Amine-Holding Silica Particles and Their Sorption Behavior

Inna Melnyk 1,2,*, Veronika Tomina 2 and Nataliya Stolyarchuk 2

1 Department of Physical and Physico-Chemical Methods of Mineral Processing, Institute of
Geotechnics SAS, 45, Watsonova, 04001 Košice, Slovakia

2 Department of Chemisorption and Hybrid Materials, Chuiko Institute of Surface Chemistry
NASU, 17, Generala Naumova, 03164 Kyiv, Ukraine

* Correspondence: melnyk@saske.sk; Tel.: +421-55-7922612

Abstract: The Stöber version of a sol-gel method of co-condensation of two alkoxysilanes (structuring
tetraethoxysilane (TEOS) and functionalising N-containing silane) in an ammonia medium was used
for the one-pot synthesis of spherical silica particles with ≡Si(CH2)3NH2, ≡Si(CH2)3NH(CH2)2NH2,
and ≡[Si(CH2)3NH]2 functional groups with available groups content of 1.3–2.3 mmol/g. The
materials were researched by a range of methods, including SEM, TEM, IR spectroscopy, 13C, and 29Si
solid-state NMR spectroscopy, acid-base titration, and thermal analysis to identify the peculiarities
of the morphology, functional groups content, composition, and thermal resistance of the surface
layers in the synthesised samples. The type of N-containing silane was shown to affect the structure
and properties of the synthesised spherical particles. The silane with the simplest, 3-aminopropyl,
functional group caused the formation of nonporous material composed of large 600–800 nm spherical
microparticles. Meanwhile, the complication of functional groups enhanced the emergence of small
15 nm primary particles and the origination of porosity, generated by the slits between particles and
particle agglomerates. Thereafter, the sorption properties of the synthesised hybrid materials for
nickel(II) and copper(II)ions, and bovine serum albumin (BSA) were also found to be dependent
on the structure of the materials and the type of incorporated functional group. The maximal
static sorption capacity values towards the targeted adsorbates were shown by the samples with
3-aminopropyl groups (1.27 mmol Ni/g), diamine groups (1.09 mmol Cu/g), and secondary amine
groups (204.6 mg BSA/g). The conducted research opens up the prospects of directed one-pot
synthesis of amino-functionalised hybrid organosilica materials for different applications.

Keywords: sol-gel technique; one-pot synthesis; 3-aminopropyl groups; ethylenediamine groups;
secondary amine groups; Cu(II) ions sorption; Ni(II) ions sorption; bovine serum albumin sorption

1. Introduction

The influence of anthropogenic factors on environmental pollution has aggravated
recently. Heavy metals that are widely used in various industries form a special group of
pollutants [1]. Heavy metal ions are usually distributed in the environment by means of
water [2]. Therefore, their removal from water is an urgent problem that constantly causes
concern [3]. Respecting sorption technologies, the search for approaches to synthesise novel
materials with a well-developed porous structure (ensuring good kinetic characteristics)
and a high content of available functional groups is worthy of attention.

Silica-based materials can be used for catalysis and environmental applications [4].
However, the efficiency of pure silica sorbents is relatively low [5]. To improve the sorption
properties of these materials, oxygen-, nitrogen-, or sulfur-containing functional groups are
incorporated into them [6]. Recently, silicas functionalised with amino groups have been
of considerable interest, because their surface layer allows binding ions of such metals as
copper and nickel into stable complex compounds [7,8]. Nitrogen-containing polysiloxane
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sorbents have been well-studied, described in detail in [9,10], and even produced as
commercial materials [11,12].

It should be mentioned that sorption materials formed by spherical particles are more
effective for sorption processes from a technological point of view. Such materials are
characterised by greater availability of complex-forming functional groups for interaction
with metal ions, which improves the process of extraction of metal ions from their aqueous
solutions. Sorption materials in the form of spherical particles can be prepared using the
Stöber version of sol-gel synthesis [13]. Spherical silica particles with amino groups have
recently been very popular as carriers for various applications, such as drug delivery [14],
chemotherapy [15], biomedicine [16], antibacterial therapy [17], liquid chromatography [18],
catalysis [19]; as fillers for the flame retardants [20]; as sorbents of organic molecules [21,22],
gasses [23,24], and metal ions [25–27]. Therefore, their economically feasible production is
an urgent task. In many cases in the above-mentioned references, surface modification was
used to attach amino groups to the silica surface, while a template method was applied
to create mesoporous materials. Functionalising alkoxysilanes of different compositions
can be used to affix different types of nitrogen-containing groups onto the surface of the
materials. Previously, we described a one-step synthesis of aminosilica particles [28] and
the possibility of influencing their size and surface chemistry [29]. Moreover, for the certain
tasks, silanes with diamine groups [30,31] and bridged silanes with amino groups [32,33]
are increasingly used, so the research data will be of practical interest to the scientists in this
area. The main idea of this work is to use the Stöber method for the one-component system
(TEOS) and apply it to the two-component system, where the second component is a silane
with amino groups of different structure. In this study, it is proposed to obtain in one step
silica spheres with 3-aminopropyl groups, diamine groups (which increases the number
of heteroatoms on the surface), as well as to synthesise materials with bridging silanes
containing a secondary amino group and affecting the porosity of the obtained materials. It
was shown that the suggested method of synthesis promotes the fixation of a large number
of amino-containing groups and they are available for interactions with metal cations and
protein molecules on the example of bovine serum albumin.

2. Materials and Methods

2.1. Reagents

The following substances were used to prepare the samples: tetraethoxysilane, Si(OC2H5)4
(TEOS, 98%, Aldrich, St.Louis, MO, USA); 3-aminopropyltriethoxysilane, C9H23NO3Si
(APTES, 98%, Fluka); N-[3-(trimethoxysilyl)propyl]ethylenediamine, C8H22N2O3Si (TMPED,
97%, Aldrich, USA); bis [3-(trimethoxysilyl)propyl]amine, [(CH3O)3Si(CH2)3]2NH (BTMPA,
95%, ABCR); ethanol (96%, Ukrspirt); ammonia solution, 25% (NH4OH, p.a., Macrochem, Ukraine).

Reagents used for acid-base titration and sorption: Cu(NO3)2·3H2O (Merck); Ni(NO3)2·3H2O
(Macrochem, Ukraine); bovine serum albumin (BSA, for biochemistry, protease free, Acros
organics); buffer aqueous solution (phosphate buffered saline tablets, Fisher BioReagents,
pH = 7.4); solutions of 0.1 M HNO3, 0.1 M NaOH, and 0.1 M HCl prepared from fixanal
concentrates; 0.1 M NaNO3 solution prepared from NaNO3 salt (chem.pure, Macrochem,
Ukraine), methyl orange (1% solution prepared from methyl orange powder, chem.pure,
Macrochem, Ukraine).

2.2. Synthesis of Silica-Based Particles with Amino Groups in the Surface Layer

For the synthesis of TEOS/APTES, TA (and TEOS/TMPED, TEDA) samples, 100 cm3

(70 cm3) of ethanol, 21.7 cm3 of NH4OH and 14 cm3 of distilled water were mixed in a glass
at a constant stirring with a magnetic stirrer. In a few minutes, 2 cm3 (0.0083 mol) of APTES
(1.9 cm3 (0.0085 mol) of TMPED) were added, followed by 6 cm3 (0.0263 mol) of TEOS. The
precipitation started in 2 min (after that for TEDA, another 30 cm3 of ethanol were added).

For the synthesis of TEOS/BTMPA, TBA sample, 30 cm3 of ethanol, 21.7 cm3 of
NH4OH and 14 cm3 of distilled water were mixed in a glass at a constant stirring with a
magnetic stirrer. Then, 2.8 cm3 (0.0081 mol) of BTMPA in 40 cm3 of ethanol were added to
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the reaction, followed by 6 cm3 (0.0263 mol) of TEOS. In 2 min, the precipitation started,
and when in several more minutes the precipitate turned curd-like, another 30 cm3 of
ethanol was added to the reaction.

In general, the molar ratio of TEOS/N-containing silane was ~3/1 (Table 1). The reac-
tions continued for 1 h. The particles were separated from the solutions by centrifugation
(10 min, 5000 rpm), and washed 3 times with ethanol. The samples were dried at 120 ◦C
for 3 days.

Table 1. The content of functional groups in the studied samples and the value of the specific surface.

Sample Composition and Its Label
Molar Ratio

TEOS/Amino-Silane
Cgroups Theor.,

mmol/g
Cgroups Titrat.,

mmol/g
Cgroups Therm.an.,

mmol/g

Ssp,

m2/g

SiO2/≡Si(CH2)3NH2 (TA) 3/1 3.3 1.3 1.9 17

SiO2/≡Si(CH2)3NH(CH2)2NH2 (TEDA) 3/1 3.0 2.3 2.9 174

SiO2/[≡Si(CH2)3]2NH (TBA) 3/1 2.6 2.0 2.1 179

2.3. Analysis Methods

The content of amine functional groups on the surface of the synthesised silica particles
was determined by the method of acid-base back titration [34]. It is based on the determi-
nation of the number of protons absorbed by the amino group after holding the sorbent
batch (0.1 g) in an excess of 0.1 M HCl solution (with periodic stirring) until equilibrium
is established (72 h). The excess of hydrochloric acid was titrated with 0.1 M NaOH and
methyl orange as an indicator.

Scanning electron microscopy (SEM) is widely used to study the morphology of
sorbents and determine their particle sizes. The sample was mounted on the surface of
the table with a pre-applied adhesive coating and sputtered with gold by the method of
cathodic sputtering. The SEM images were collected with a scanning electron microscope
JSM 6060 LA (Jeol, Tokyo, Japan) in the secondary electron mode at an accelerating voltage
of 30 kV. The materials (previously deposited on a transparent carbon film on a copper sub-
strate) were also analysed by transmission electron microscopy (TEM) using TEM/HRTEM
(JEOL JEM 2010-Fx) at 200 kV and energy-dispersive X-ray spectroscopy (EDXS).

Nitrogen adsorption-desorption isotherms for all samples were collected using a
Kelvin-1042 sorptometer. The samples were previously degassed in a helium stream at
110 ◦C for 1 h. The specific surface area (Ssp) was calculated according to BET [35] in the
range of relative pressures 0.05–0.35.

Infrared (IR) reflectance spectra of the samples ground with KBr (FT-IR grade, Sigma-
Aldrich) at 1/20 weight ratio were recorded on a Thermo Nicolet Nexus FTIR spectrometer
using the “SMART Collector” diffuse reflectance attachment in the region of 4000–400 cm−1

at a resolution of 8 cm−1.
The thermal analysis (differential thermal analysis (DTA), differential thermal gravime-

try (DTG), and thermogravimetry (TG)) was performed on the MOM Q-1500 D (Paulik–
Paulik–Erdey) derivatograph operating in the range of 20–1000 ◦C, with a heating rate of
10 ◦C·min−1.

The 13C and 29Si MAS NMR experiments were conducted on a Bruker Avance II 400
spectrometer with 4 mm rotors (ZrO2) spun at 10 kHz. 13C NMR spectra were measured
using 1H→13C CP/MAS, 1H decoupling during acquisition, a contact time of 3 ms, and 5 s
of recycle delay. The number of scans was between 768 and 2300. 29Si NMR spectra were
recorded with 3 μs excitation pulses, a contact time of 2 ms, and 5 s of recycle delay. The
number of scans was between 640 and 1024. 13C and 29Si chemical shifts are referenced
towards 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS).

2.4. Adsorption Studies

The sorption of heavy metals nickel(II) and copper(II) was studied under static condi-
tions. A batch of sorbent (0.05 g) was poured with 25 cm3 of working solutions of metal
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ions. The content of copper and nickel in the aqueous phase was determined by the atomic
absorption method on a C-115-M1 spectrophotometer along the resonance line of 324.7 nm
(for copper) and 232.0 nm in a depleted (oxidizing) flame of an acetylene/air mixture. The
source of resonant radiation was the LS-2 spectral lamp. The detection limit for metals was
0.01 μg/cm3.

To study the physical adsorption of bovine serum albumin (BSA) from aqueous solution
on functionalised nanoparticles, there was used 1% BSA stock solution in phosphate saline
buffer and its diluted solutions 0.1–1.0%. UV–Vis spectrophotometer Helios Gamma (Thermo
Electron Corporation, Great Britain) was used to register absorption spectra of BSA in solution.
Experimental conditions: m = 0.02 g, V (working volume of albumin solution) = 10 cm3,
the contact time of phases was 1.0 h, t = 36◦C. The equilibrium concentration of albumin
was determined spectrophotometrically at λ = 278 nm (the thickness of the cell = 1 cm) after
removing the sorbent.

3. Results and Discussion

In the current research we synthesised three different types of particles via co-condensation
of TEOS (as the main structuring agent) and divergent amino-containing silanes (as func-
tionalising agents), as schematically depicted in Figure 1 and summarized in Table 1. The
first sample (TA) is carrying the usual 3-aminopropyl groups incorporated with APTES.
The second sample (TEDA) bears (propyl)ethylenediamine functional groups, i.e., it has
lengthened aminoorganic fragments with larger number of nitrogen donor centres. Finally,
the third sample (TBA) carries secondary amino groups introduced by means of a bissilane
having an amino group in the structure of the bridge. The syntheses of sorption materials
were carried out in the same conditions of a water-ethanol environment with a molar ratio
of reacting components TEOS/functionalising alkoxysilane of 3/1. Ammonium hydroxide
was used as a catalyst for the hydrolytic polycondensation reaction [13].

Figure 1. Synthesis of amino-containing spherical silica particles.

3.1. Morphology

The morphology and sizes of the synthesised particles were analysed with SEM mi-
crophotographs. In keeping with the SEM and TEM images of the TA sample presented in
Figure 2, the material is formed by clearly visible spherical particles from 600 to 800 nm in
size. Meanwhile, samples TEDA and TBA (Figure 2) are formed by 220–275 nm agglomer-
ates and aggregates, whereas their primary particles are much smaller in size ~15 nm. That
is, by the developed technique of synthesis, the emerging silica spheres with 3-aminopropyl
groups are spherical microparticles with a size of 500–800 nm. In the same conditions of
synthesis, the introduction of a larger functional group, as well as a group with a higher
basicity, leads to the formation of much smaller-sized primary particles, which tend to
agglomerate. Such a difference is explained by the rates of hydrolysis and condensation.
The kinetics of hydrolysis of methoxy derivatives (functionalising methoxy silanes TMPED
and BTMPA used in the synthesis of TEDA and TBA samples, respectively) is very fast,
faster than that of ethoxy derivatives (functionalising ethoxy silanes APTES used in the
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synthesis of TA sample). However, the rate of condensation decreases with the increase
in the size of the organic group near the silicon atom [36]. Thus, slow hydrolysis and
fast condensation of APTES in the case of TA sample result in the formation of large mi-
crospheres. Meanwhile, fast hydrolysis and slow condensation of TMPED and BTMPA,
as well as electrosteric barriers prevent the primary particles from uniting into spherical
secondary particles and facilitating dendromer formation [37], lead to the emergence of
15 nm particles of TEDA and TBA samples.

Figure 2. SEM (the left column) and TEM (the right column) images of the synthesised samples.

3.2. The Composition and Structure of the Obtained Samples

Table 1 shows the values of the specific surface area for silica-based samples, which were
calculated from the isotherms of low-temperature nitrogen adsorption-desorption (Figure 3).
These data correlate with TEM data and are related to the particle sizes. Observing the
results of low-temperature nitrogen adsorption-desorption analysis, 3-aminopropyl-bearing
TA is a non-porous sample with the value of the specific surface Ssp. = 17 m2/g (Table 1),
which is consistent with its large particle sizes (about 600–800 nm). Meanwhile, TEDA

material with ethylenediamine groups and TBA material with secondary amine groups,
formed by much smaller primary particles, are characterised by specific surfaces of 174 and
179 m2/g. Calculations based on the SCV/SCR method [38] have shown that most pores
are formed by slits between particles and particle agglomerates, and belong to mesopores
for the TEDA sample and meso- and macropores for the TBA sample (Figure S1, Table S1)
(see Supplementary Materials).
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Figure 3. Low-temperature nitrogen adsorption-desorption isotherms for TEDA and TBA samples.

The IR spectra of the samples are illustrated in Figure 4. All of them contain an intense
absorption band in the region of 1000–1200 cm−1 with a shoulder in the higher frequencies,
which is characteristic of ν(Si-O-Si) stretches and indicates the formation of a network
of polysiloxane bonds. A broad absorption band at 3300 cm−1 and a band of medium
intensity at 1630–1640 cm−1 are caused by stretching and bending vibrations of water
molecules adsorbed on the surface of the samples. However, there are absorption bands of
amino groups in the same region [39] overlapping with water vibrations: two low-intensity
absorption bands for TA and TEDA samples, and one weak band for TBA in the region
of 3288–3366 cm−1 are related to νs,as(NH) of the amino groups involved in the hydrogen
bond. An additional band at ~1540 cm−1 refers to deformations δ(NH2) of NH2 groups [31],
while a broad strong absorption band around ~800 cm−1 belongs to wagging and twisting
vibrations of NH2 (in TA and TEDA) and NH wagging (in TBA).

Figure 4. IR spectra of the synthesised samples.
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Absorption bands in the region of 2850–2950 cm−1 belong to symmetric and asymmet-
ric CH stretches of the aminopropyl radical, whereas a group of bands in the 1350–1480 cm−1

region correspond to bending vibrations of CH2.
Summarizing the analysis of the IR spectra, the particles that were synthesised consist

of a well-developed polysiloxane network with affixed targeted amine functional groups.
Furthermore, EDXS data (Figure S2) also confirm the existence of nitrogen-containing

functional groups in the surface layers of the silica particles (for the TA sample, due to the
small number of functional groups, signal N-K, apparently overlaps with oxygen signal).

The quantitative content of the organic component in the prepared samples was
additionally assessed on the basis of thermal analysis data (Figure 5). Analysing thermoan-
alytical curves, all the samples lose weight when heated to 100 ◦C (TA—7.9%; TEDA—5.5%;
TBA—12.2%), which can be associated with the removal of the remains of sorbed water,
the evidence of which in the samples was also recorded by IR spectra. The TEDA and
TBA samples have similar thermograms. For the TEDA sample, the exoeffect at 230 ◦C
is more pronounced than for the TBA sample at 275 ◦C, and it is completely absent in
the TA sample. The reason for such a difference may lie both in the porosity and in the
more complex structure of the functional groups in TEDA and TBA, due to which the
organic component burns out unevenly in several stages. The lack of endo effects above
200 ◦C in the DTG curve and the presence of exoeffects in the DTA curve of TA sample
indicate processes of oxidation of organic groups, accompanied by the weight loss at a
constant speed, due to the mutually compensating processes of formation and collapse of
decomposition compounds [40]. Taking into account the weight loss for the combustion of
the organic groups, the number of functional groups in the samples were calculated, and
they agree with the titration data (Table 1). Following Table 1, amino groups content in the
spherical silica microparticles TA is about 2 times less than in samples TEDA and TBA.
Again, such a relatively high content of functional groups (TEDA and TBA) at the taken
ratio of reacting components is more typical for xerogels with amino groups [41].

The 13C NMR spectra (Figure 6, Table 2) of the synthesised samples confirm the
presence of functional groups introduced during the synthesis, as well as the presence
of residual ethoxy and methoxy groups [42,43]. These results correlate with the data
of 29Si NMR spectroscopy (Figure 6, Table 3). The presence of methoxy groups in the
prepared samples demonstrates an incompleteness of hydrolysis of nitrogen-containing
alkoxysilanes (TMPED or BTMPA) and, accordingly, explains the appearance of signals in
29Si NMR spectra at ~57–58 ppm related to the T2 structural units [32]. In addition, in the
29Si NMR spectrum of the TBA sample (Figure 6), a signal at −50.5 ppm corresponding
to the T1 structural unit is observed (Table 3). The appearance of such a structural unit
may be related to the nature of functionalising alkoxysilane (bissilane BTMPA), when the
hydrolysis and polycondensation processes are hindered by the size of the bridging group.
Such hindered hydrolysis and polycondensation of BTMPA may be one of the reasons for
lower content of functional groups in TBA compared to TEDA sample (Table 1). However,
as secondary amino groups of TBA are located within polysiloxane network, some of them
may be both unavailable for titration and their burnout may be complicated. The presence
in the 29Si NMR spectra of TA of only Q4 and Q3 structural units indicates the completeness
of hydrolysis in the TEOS/APTES system [44].
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Figure 5. Thermoanalysis curves for the amino-containing samples.
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Figure 6. 13C NMR spectra (a) and 29Si NMR spectra (b) of synthesised samples.

Table 2. 13C CP/MAS NMR spectroscopy data for samples with nitrogen-containing groups.

Peak Assignments
Chemical Shifts, ppm

TA TEDA TBA

≡Si-CH2-CH2-CH2- N 10.47 11.1 11.17

≡Si-O-CH2-CH3 18.14 - -

≡Si-CH2-CH2-CH2-N 22.38 22.6 22.14

≡Si-CH2-CH2-CH2-N 43.15 40.38 40.1

≡Si-O-CH3 - 51.05 50.59

≡Si-O-CH2-CH3 58.7 - -

Table 3. 29Si CP/MAS NMR spectroscopy data for samples with nitrogen-containing groups.

Structural Units
Chemical Shifts, Ppm

TA TEDA TBA

Q4 −109.8 −108.7 −109.8

Q3 −101.1 −100.3 −100.3

Q2 - - -

T3 −65.3 −65.1 −66.6

T2 - −57.1 −58.5

T1 - - −50.5

3.3. Sorption of Copper(II) and Nickel(II) Ions from Aqueous Solutions

The sorption studies of Cu(II) ions were carried out at pH ~5.5, and Ni(II) at ~6.5 [14],
because the higher the pH, the better the sorption of these metals, but copper(II) and
nickel(II) hydroxides begin to form at pH values ~5.5 and ~7, respectively [45]. As demon-
strated in Figure 7, these materials are not an exception, and the best sorption of nickel(II)
by all samples was observed at pH = 6. The addition of acids promotes the protonation of
the amino groups reducing their sorption capacity. Meanwhile, the addition of alkali can
cause the formation of basic metal salts. Therefore, aqueous solutions of salts with their
natural pH were used in the sorption experiments.
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Figure 7. Dependence of nickel(II) ions adsorption on pH for all samples (a) and kinetic curves of
Ni(II) (green line and symbols) and Cu(II) (blue line and symbols) sorption by TEDA sorbent (b).

The study of the kinetics of Ni2+ and Cu2+ sorption by the obtained sorbents was
carried out in static mode. Graphically, the kinetics of the Ni2+ and Cu2+ sorption process
by the TEDA sample (as an example) is presented in Figure 7. The kinetic curves of Ni(II)
and Cu(II) sorption align well with the pseudo-second-order equation (Figure S3, Table S2):
the cations sorption process occurs on the same type of active centres on the surface of
functional silicas, but with the formation of different complexes. Although the initial uptake
of Cu2+ by TEDA is faster than Ni2+, the rate constant of Ni2+ sorption is higher. However,
it appeared that 4 h of contact of TEDA with either of the mentioned ions was enough to
establish a state of dynamic equilibrium. However, relying on our previous research [22,29],
the establishment of adsorption equilibrium between copper cations and the samples with
3-aminopropyl groups lasted longer, so 24 h was chosen as the optimal time for further
investigations of isothermal sorption.

The experimental isotherms of copper(II) and nickel(II) ions sorption on aminosilica
particles, as well as their plots in the coordinates of the linearised Langmuir and Freundlich
isotherm model equations, are illustrated in Figure 8, and Table 4 presents the parameters
of Ni(II) and Cu(II) sorption. According to these calculations, the adsorption occurs
on a heterogeneous surface for a TA sample with 3-aminopropyl groups, which are the
simplest in structure among the others. This may be due to the fact that amino groups
form hydrogen bonds with other amino and silanol groups [22], and adsorption occurs
on adsorption centres of different energy. For the samples with diamine groups (TEDA)

and secondary amines (TBA), the isotherms are well fitted by the Langmuir model, which
indicates chemisorption [46].

Moreover, the CLINP 2.1 program [47] was used to calculate the composition of the
complexes formed on the surface of such sorbents. The composition of copper(II)/N-group
complexes is 1/1 for the 3-aminopropyl group and 1/1 and 1/2 for the ethylenediamine
and the secondary amine groups, respectively (Figure 8). In the case of nickel(II) complexes,
their composition depends on the number of functional groups in the surface layer. If the
group content is approximately 1 mmol/g, then complexes of composition 1/1 (TA sample)
are formed, and if the group content increases, then 1/1 and 1/2 (for TBA sample) and
1/2 (for TEDA sample) complexes are formed. Thus, the number of nitrogen-containing
groups and their structure determine the formation of various complexes on the surface,
which affects the total sorption capacity of the samples.
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Figure 8. (a) Copper(II) and Nickel(II) adsorption isotherms (Adsorption vs. equilibrium concen-
tration of metal ions [M2+]) for amine-containing silica microspheres (points—experimental data,
lines—calculated data); adsorption isotherms in the coordinates of the Langmuir (b) and Freundlich
(c) equations.

Table 4. Parameters of Ni(II) and Cu(II) ions sorption in the Langmuir and Freundlich equations.

Sample Cation
SSC,

mmol/g

Langmuir Equation
Ceq/Aeq = 1/(KL · Amax) + (1/Amax) · Ceq

Freundlich Equation
ln Aeq = ln KF + (1/n) · ln Ceq

Amax,
mmol/g

KL,
dm3/mmol

R2 KF,
mmol/g

n R2

TA
Ni(II) 1.27 −3.69 −0.077 0.2429 0.311 0.82 0.9541

Cu(II) 0.53 7.54 0.015 0.0669 0.112 1.04 0.9824

TEDA
Ni(II) 0.43 0.51 0.314 0.8599 0.147 2.23 0.8206

Cu(II) 1.09 1.17 1.512 0.9888 0.719 4.40 0.9397

TBA
Ni(II) 0.63 0.96 0.147 0.9142 0.143 1.65 0.9274

Cu(II) 1.01 1.12 1.084 0.9980 0.589 3.68 0.9458

Aeq—adsorption capacity at equilibrium, mmol/g; KL—the Langmuir constant, which characterises the adsorption
energy, dm3/mmol; Ceq—equilibrium concentration of metal ions in the solution, mmol/dm3; Amax—maximal
adsorption capacity for complete monolayer covering of the surface, mmol/g; KF—a Freundlich constant, mmol/g;
n—an empirical parameter related to the intensity of adsorption.

3.4. Albumin Adsorption Research

The adsorption of BSA on samples with different types of amino groups was also probed
(Figure 9, Table 5). In terms of sorption capacity to BSA molecules, the tested samples can be
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ranged as the following: TBA (204.6 mg/g) > TEDA (181.5 mg/g) > TA (78.3 mg/g). It was
shown that such large protein molecules as BSA have a higher affinity to the materials with
higher specific surface area and content of available amino groups for interactions, TEDA

and TBA.

Figure 9. BSA adsorption isotherms for amine-containing silica microspheres (a); adsorption
isotherms in the coordinates of the Langmuir (b) and Freundlich (c) equations.

Table 5. Parameters of BSA sorption in the Langmuir and Freundlich equations.

Sample SSC, mg/g

Langmuir Equation
Ceq/Aeq = 1/(KL · Amax) + (1/Amax) · Ceq

Freundlich Equation
ln Aeq = ln KF + (1/n) · ln Ceq

Amax, mg/g KL, dm3/mg R2 KF, mg/g n R2

TA 78.3 200.8 0.0001 0.682 0.064 1.28 0.965

TEDA 181.5 549.5 0.0001 0.356 0.066 1.13 0.904

TBA 204.6 641.0 0.0001 0.400 0.067 1.11 0.927

Aeq—adsorption capacity at equilibrium, mmol/g; KL—the Langmuir constant, which characterises the adsorption
energy, dm3/mmol; Ceq—equilibrium concentration of metal ions in the solution, mmol/dm3; Amax—maximal
adsorption capacity for complete monolayer covering of the surface, mmol/g; KF—a Freundlich constant, mmol/g;
n—an empirical parameter related to the intensity of adsorption.

The higher values of correlation coefficients of isotherms of BSA adsorption by all the
studied samples with Freindlich isotherm model indicate adsorption on heterogeneous
adsorption centres (Table 5). Thus, a TBA material, which apart from amino groups also
contains the most significant among the samples hydrocarbon component, is characterised
by the highest SSA value towards BSA. Moreover, the molecules of BSA can also be trapped
between the aggregates of small particles of TEDA and TBA in the course of sorption.

4. Conclusions

The sol-gel method and its variant, Stöber technique, were applied for the synthesis of
spherical silica particles containing 3-aminopropyl, ethylenediamine and secondary amine
groups. It was demonstrated that the size of the obtained particles is affected by the size of
the functional group (steric factor), the type of applied (methoxy or ethoxy) functionalising
derivative, and, consequently, the hydrolysis rate, leading to the formation of spherical
particles with 3-aminopropyl groups with a size up to 800 nm, and dendric silica particles
with ethylenediamine and secondary amine groups making aggregates up to 275 nm. The
presence of functional groups was qualitatively confirmed by IR spectroscopy, 13C NMR
spectroscopy, thermal analysis, and titration, and the quantitative content of functional
groups available for interaction was 1.3–2.3 mmol/g. The calculated composition of surface
complexes of metal ions indicates the complexation of one Cu(II) and Ni(II) ion with one or
two surface amine-containing groups, depending on the concentration and geometry of the
surface functional groups. Therefore, current research explains how under similar condi-
tions of synthesis, functional silanes of a similar nature, but of a different structure, affect
the morphology and the properties of the obtained materials. Using nitrogen-containing
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silanes of various configurations, it is possible to form various complexes of copper(II) and
nickel(II) on the surface, and to regulate the sorption capacity of the materials. Besides, the
amino-containing spherical silicas are suitable for the adsorption of biomolecules, whereby
the sorption activity of the samples depends on the number of available functional groups,
the value of the specific surface and the presence of heterogeneous sorption centres on
the surface.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst13020190/s1, Figure S1: Pore-size distribution curves for
the porous samples: TEDA and TBA plotted based on the SCV/SCR method; Figure S2: The EDXS
spectra of the synthesised samples title; Figure S3: Kinetic curves of Ni(II) and Cu(II) sorption by
TEDA silica in Lagergren equation coordinates for pseudo-first (left) and pseudo-second (right) order
processes; Table S1: Structural and adsorption characteristics of the synthesised porous samples;
Table S2: Kinetic parameters of Cu(II) and Ni(II) ions adsorption by the TEDA sample.
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Abstract: In this study, the effects of sodium lauryl sulfate and various amino acids (DL-aspartic
acid, dodecanedioic acid, and suberic acid) on the formation of calcium-deficient hydroxyapatite
via hydrolysis of α-tricalcium phosphate (α-TCP) were investigated; moreover, a combined effect
of these additives and ethylene glycol as a synthesis medium was also estimated. The hydrolysis
reaction was performed in solutions containing different concentrations of additives in aqueous
and mixed aqueous–organic media under solvothermal conditions. It was demonstrated that the
nature and the concentration of organic additives influence the phase purity and morphology of the
final product. Higher concentrations of sodium lauryl sulfate and dodecanedioic acid induced the
formation of impurities in addition to hydroxyapatite, while aspartic and suberic acid did not affect
the phase purity. The morphology of the samples varied from plate- to rod-like depending on the
concentrations of specific organic additive.

Keywords: calcium hydroxyapatite; α-tricalcium phosphate; amino acids; organic additives;
solvothermal synthesis

1. Introduction

Calcium phosphates (CPs) are the group of materials which are widely used in differ-
ent areas, including medicine and bone regeneration [1], catalysis [2], sorption of organic
pollutants [3], and heavy metals [4], as host matrices for the development of optical ma-
terials [5] and many others. Probably, the most popular member of the CPs family is
calcium hydroxyapatite (Ca10(PO4)6(OH)2, HAp), which is the main inorganic component
of human hard tissues.

HAp crystallizes in a hexagonal crystal structure with a space group P63/m. The crys-
tal structure of HAp is notable due to the fact that it has two types of crystal planes, namely,
a-face and c-face. The a-face is positively charged due to calcium ions, while the c-face
is negatively charged due to oxygen atoms belonging to phosphate ions [6]. Anisotropic
growth of HAp crystals in one or another crystallographic direction is an important factor
from the point of view of specific interaction of oriented crystals with other substances,
which may lead to enhanced performance and specific application of this material. For ex-
ample, the adsorption of proteins on HAp crystals depends on their morphology. Different
types of proteins, such as basic and acidic proteins, can adsorb selectively on the crystal
planes of HAp [7,8]. Another effect of crystallographically oriented HAp particles was
shown by Goto et al. [3] who demonstrated that tuning the morphology of HAp crystals
may lead to enhanced or selective adsorption of cationic or anionic dyes. In this light,
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the controllable synthesis of plate-like or rod-like crystals with different aspect ratios and
surface charges is an important task for many industries and purification technologies.

Synthetic HAp can be obtained in a variety of ways, including solid-state reaction [9],
sol-gel method [10], as well as wet precipitation [11], hydrothermal [12] and solvothermal
syntheses [13], and others. Another group of synthetic approaches employed for the syn-
thesis of HAp considers the phase conversion from other less stable CPs. For instance,
Ca-deficient HAp can be obtained through the transformation from alpha-tricalcium phos-
phate (Ca3(PO4)2, α-TCP) or amorphous CP in aqueous medium [14]. Synthetic pathways
employing high-temperature treatment, such as solid-state reaction or sol-gel, usually
result in the formation of large agglomerated particles and do not lead to the anisotropic
growth of the crystals. Crystallographically oriented products are usually obtained by
low-temperature wet chemical methods.

Functional groups of organic substances, such as carboxyl or amino, can specifically
interact with the planes of HAp particles during the crystal growth process and affect
particle growth in one or another direction. Different additives were previously employed
in order to investigate their effect on the crystal growth, morphology, and properties of HAp.
For instance, Suchanek et al. [15] successfully synthesized HAp nanofibers in the presence
of monoethanolamine under hydrothermal conditions. In et al. [16] investigated the role of
sebacic acid on the formation of HAp and demonstrated that sebacic acid can accelerate
nucleation and act as an inhibitor in the specific direction of HAp crystal growth. Jiang
et al. [17] showed that poly(acrylic acid), depending on its concentration, can promote or
inhibit HAp crystallization; moreover, the composition of mixed aqueous–organic reaction
medium also has an effect on the crystallization and morphology of HAp [18].

In the present work, a comprehensive study has been performed to investigate the
influence of various organic additives on the phase purity and morphology of HAp synthe-
sized via a hydrolysis of α-TCP under hydrothermal/solvothermal conditions. The effects
of different concentrations of sodium lauryl sulfate (SLS, CH3(CH2)11OSO3Na) and three
amino acids—dodecanedioic acid (C12H22O4), DL-aspartic acid (C4H7NO4), and suberic
acid (C8H14O4)—were studied and compared. To the best of our knowledge, the effect
of these additives on the hydrolysis of low-temperature synthesized metastable α-TCP
and simultaneous formation of HAp had never been investigated. These compounds
have different functional groups and different carbon chain length. Two of the selected
molecules contain only carboxyl groups (dodecanedioic and suberic acids); however, they
have different chains containing 12 and 8 carbon atoms, respectively. Aspartic acid has a
very short chain having only 4 carbon atoms. At the same time, in addition to the carboxyl
group, there is a –NH2 group in this molecule. Finally, sodium lauryl sulfate has a long
chain (C12) and an SO4

– functional group, which is absent in other selected molecules;
moreover, a complex effect of amino acids and ethylene glycol was studied as well.

2. Materials and Methods

2.1. Synthesis

Starting α-TCP powders were synthesized following the procedure described else-
where [19]. Briefly, a certain amount (3.42 g) of calcium nitrate tetrahydrate (Ca(NO3)2·4H2O,
99%, Roth, Karlsruhe, Germany) was dissolved in 20 mL of deionized water and a por-
tion of diammonium hydrogen phosphate ((NH4)2HPO4, 98%, Roth, Karlsruhe, Germany)
(1.27 g) was dissolved in a separate beaker in 15 mL of deionized water. After a full dissolu-
tion, 5 mL of concentrated ammonium hydroxide (NH4OH, 25%, Roth, Karlsruhe, Germany)
was added to the (NH4)2HPO4 solution and stirred; subsequently, the Ca-containing so-
lution was added, rapidly resulting in the formation of white precipitates, which were
aged in the solution for 10 min. Next, the precipitates were filtered and washed with
100 mL of deionized water and 150 mL of isopropyl alcohol. The synthesis product was
dried overnight in an oven at 50 ◦C and annealed at 700 ◦C for 5 h with a heating rate of
5 ◦C/min.
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The α-TCP was further used as a precursor for the synthesis of hydroxyapatite (HAp)
via a hydrolysis reaction under hydrothermal conditions. The reactions were performed in
the presence of different concentrations of sodium lauryl sulfate (SLS, NaC12H25SO4, ≥99%,
Roth, Karlsruhe, Germany) and amino acids—dodecanedioic acid (DDDA, C12H22O4,
99%, Sigma Aldrich, Darmstadt, Germany), DL-aspartic acid (Asp, C4H7NO4, 99%, Sigma
Aldrich, Darmstadt, Germany), and suberic acid (Sa, C8H14O4, 99%, Sigma Aldrich, Darm-
stadt, Germany). In a typical procedure, 0.3 g of α-TCP powder and appropriate amount of
SLS or amino acids were placed into a 90 mL polytetrafluoroethylene-lined stainless-steel
pressure vessel, diluted with 20 mL of water, and treated at 200 ◦C for 5 h.

Solvothermal reactions were performed in the presence of different concentrations of
DL-aspartic acid and suberic acid in water and ethylene glycol (W:EG) mixture (v/v ratio
of 40:60). The synthetic procedure was analogical to that with aqueous solutions.

After the hydrothermal treatment the resulting powders were filtered, washed with
ethyl alcohol, and dried at 50 ◦C overnight. The sample notations and concentrations of
additives in the reaction solution are given in Table 1.

Table 1. Sample codes, used organic additive, concentration of additives, and reaction media.

Notation Organic Additive
Concentration

of Additive
Water to Ethylene
Glycol Ratio (v/v)

SLS:005 Sodium lauryl sulfate 0.005 mol/L 100:0

SLS:025 Sodium lauryl sulfate 0.025 mol/L 100:0

SLS:05 Sodium lauryl sulfate 0.05 mol/L 100:0

SLS:075 Sodium lauryl sulfate 0.075 mol/L 100:0

SLS:1 Sodium lauryl sulfate 0.1 mol/L 100:0

DDDA:005 Dodecanedioic acid 0.005 mol/L 100:0

DDDA:025 Dodecanedioic acid 0.025 mol/L 100:0

DDDA:05 Dodecanedioic acid 0.05 mol/L 100:0

DDDA:075 Dodecanedioic acid 0.075 mol/L 100:0

DDDA:1 Dodecanedioic acid 0.1 mol/L 100:0

Asp:005 DL-Aspartic acid 0.005 mol/L 100:0

Asp:025 DL-Aspartic acid 0.025 mol/L 100:0

Asp:05 DL-Aspartic acid 0.05 mol/L 100:0

Asp:075 DL-Aspartic acid 0.075 mol/L 100:0

Asp:1 DL-Aspartic acid 0.1 mol/L 100:0

Sa:005 Suberic acid 0.005 mol/L 100:0

Sa:025 Suberic acid 0.025 mol/L 100:0

Sa:05 Suberic acid 0.05 mol/L 100:0

Sa:075 Suberic acid 0.075 mol/L 100:0

Sa:1 Suberic acid 0.1 mol/L 100:0

Asp:005:EG DL-Aspartic acid 0.005 mol/L 40:60

Asp:025:EG DL-Aspartic acid 0.025 mol/L 40:60

Asp:05:EG DL-Aspartic acid 0.05 mol/L 40:60

Asp:075:EG DL-Aspartic acid 0.075 mol/L 40:60

Asp:1:EG DL-Aspartic acid 0.1 mol/L 40:60

Sa:005:EG Suberic acid 0.005 mol/L 40:60
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Table 1. Cont.

Notation Organic Additive
Concentration

of Additive
Water to Ethylene
Glycol Ratio (v/v)

Sa:025:EG Suberic acid 0.025 mol/L 40:60

Sa:05:EG Suberic acid 0.05 mol/L 40:60

Sa:075:EG Suberic acid 0.075 mol/L 40:60

Sa:1:EG Suberic acid 0.1 mol/L 40:60

2.2. Characterization

Powder X-ray diffraction data were collected on a Rigaku miniFlex II diffractometer
(Rigaku, The Woodlands, TX, USA) working in Bragg–Brentano (θ/2θ) geometry, using
Ni-filtered Cu Kα1 radiation. The data were collected within a 2θ angle range from 10 to
60◦ at a step width of 0.01◦ and speed of 5◦/min. Infrared (FTIR) spectra were taken in the
range of 4000−400 cm−1 with Bruker Alpha ATR spectrometer (Bruker, Billerica, MA, USA).
To study the morphological features of the samples, a field-emission scanning electron
microscope (FE-SEM), the Hitachi SU-70 (FE-SEM, Hitachi, Tokyo, Japan), was employed.

3. Results

The XRD pattern and FTIR spectrum of starting α-TCP powder used for the synthesis
of CDHA are shown in Figures S1 and S2 (see Supplementary Materials), respectively. The
XRD pattern did not reveal the presence of neighboring crystalline CP, such as β-TCP or
others, and all diffraction peaks were ascribed to α-TCP. The FTIR spectrum confirms the
results of XRD analysis. The shape of the spectrum is in a good agreement with those
reported in literature [20]; moreover, the absence of absorption band at around 729 cm−1

indicates the absence of calcium pyrophosphate, which is a commonly observed impurity
in TCP powders synthesized by wet precipitation [21].

In aqueous medium α-TCP reacts with water and converts to calcium-deficient hy-
droxyapatite (Ca9(HPO4)(PO4)5(OH), CDHA), as described by the following equation [13]:

3α-Ca3(PO4)2 + H2O → Ca9(HPO4)(PO4)5(OH) (1)

The characteristics of the CDHA sample prepared in aqueous solution under hy-
drothermal conditions without any additives are given in Figure 1. As seen from the XRD
pattern, under selected synthesis conditions α-TCP was fully converted to CDHA, and all
diffraction peaks matched the standard XRD data of Ca10(PO4)6(OH)2 (ICDD #00-76-0694).
There were no peaks associated with the starting material. The SEM image revealed that
the morphology of the sample was dominated by plate-like particles of micrometric di-
mensions. HAp of slightly different morphology was obtained from commercial α-TCP
by Goto et al. [13]. The difference might be due to the different starting α-TCP, since the
authors used commercial α-TCP of micrometric size, whereas our α-TCP consisted of
smaller particles [20].

Figure 1. XRD pattern (left) and SEM image (right) of HAp prepared from α-TCP without additives.
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Different results were observed when varying concentrations of SLS and amino acids
were applied as additives. The XRD patterns of the final products are given in Figure 2.
The lowest concentration of SLS (0.005 mol/L) did not affect the formation of CDHA
in terms of phase purity; however, increasing the SLS amount in the reaction solution
resulted in the formation of neighboring phase (Figure 2a). In addition to the typical CDHA
diffraction pattern, a sharp peak at ca. 25.4◦ could be seen, and the intensity of this peak
gradually increased with an increase in the SLS concentration. This peak was attributed
to calcium sulfate (CaSO4, ICDD #00-072-0503). The observed results suggest that under
selected synthesis conditions the released Ca2+ ions were more easily precipitated by SO4

2−
counterions rather than phosphate species. A similar trend was observed for DDDA: the
lowest concentration of DDDA (0.005 mol/L) did not affect the formation of CDHA, but
higher DDDA content resulted in the formation of secondary crystal phase (Figure 2c).
The diffraction peak centered at ca. 13.6◦ emerged in the XRD pattern of the sample
prepared using 0.025 mol/L DDDA. The intensity of this peak increased significantly
with an increase in DDDA concentration. This peak corresponded to calcium hydrogen
phosphate hydrate (CaH3O5P, ICDD #00-046-0494). Hydrothermal reactions in the presence
of DL-aspartic and suberic acids resulted in the formation of single-phase CDHA, regardless
of the concentration of additives (Figure 2b,d). No formation of impurities or traces of TCP
were observed in these cases. It should be noted that in the case of suberic acid (Figure 2d)
the intensity of three major peaks varied depending on the concentration of the additive,
which could suggest the change in the powders’ morphology. To summarize, two of four
selected additives led to the formation of secondary phases, while two others did not affect
the phase purity.

 

Figure 2. XRD patterns of the samples prepared using various concentrations of SLS (a), DL-aspartic
acid (b), dodecanedioic acid (c), and suberic acid (d) after a hydrothermal treatment at 200 ◦C for 5 h.
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In this study, we also aimed to check the combined effect of amino acids and organic
solvents on the phase purity and morphology of the sample. Since single-phase CDHA was
obtained using DL-aspartic and suberic acids, these two additives were used for further
experiments. Our previous study revealed that among various organic solvents, ethylene
glycol had the greatest influence on the sample morphology [18]. The highest effect on
morphology was observed with water to ethylene glycol ratio of 40:60; hence, solvothermal
synthesis with DL-aspartic and suberic acids was performed with this mixture. The XRD
patterns of the reaction products are demonstrated in Figure 3.

Figure 3. XRD patterns of the samples prepared using various concentrations of DL-aspartic
(a) and suberic (b) acids in water–ethylene glycol mixture (40:60, v/v) after a solvothermal treatment
at 200 ◦C for 5 h.

It is seen that phase composition strongly depends on the concentration of additive.
With the lowest concentration of DL-aspartic acid (0.005 mol/L), a significant amount
of neighboring β-TCP phase was obtained along with a major CDHA phase; however,
the amount of β-TCP was reduced with an increase in the concentration of additive
(Figure 3a). The XRD pattern of the sample synthesized with 0.05 mol/L of aspartic
acid did not reveal the presence of any secondary crystal phase. At the same time,
the diffraction peaks attributed to monetite (CaHPO4) emerged in the XRD patterns
with the highest concentrations of acid (0.075 and 0.1 mol/L). The presence of suberic
acid demonstrated a very similar effect (Figure 3b) with a minor difference in phase
composition. In this case, a negligible amount of monetite was detected already in the
sample with the concentration of acid of 0.05 mol/L. In our previous study [18], the
formation of monetite in the presence of organic solvents was also observed at higher
temperatures (200 ◦C) of the solvothermal treatment; however, in this case, increasing
concentrations of amino acids promoted the formation of monetite revealing the complex
nature of phase transitions in CPs.

Figures 4 and 5 present the FTIR spectra of the samples prepared by hydrothermal
and solvothermal treatments.
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Figure 4. FTIR spectra of the samples prepared using various concentrations of SLS (a), DL-aspartic
acid (b), dodecanedioic acid (c), and suberic acid (d) after a hydrothermal treatment at 200 ◦C for 5 h.

Figure 5. FTIR spectra of the samples prepared using various concentrations of DL-aspartic (a) and
suberic (b) acids in water–ethylene glycol mixture (40:60, v/v) after a solvothermal treatment at
200 ◦C for 5 h.
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The spectral range of 1500–400 cm−1 was chosen as representative, because in this
range the main absorption bands assigned to CDHA can be observed. As was expected, all
the spectra exhibited the absorption bands characteristic of CDHA [22]. The absorption
bands of phosphate group in CDHA structure were observed at ca. 560 and 603 cm−1

(ν4), 1020 and 1090 cm−1 (ν3), 960 cm−1 (ν1) which were assigned to O–P–O bending,
asymmetric P–O stretching, and symmetric P–O stretching vibrations, respectively. The O–
P–O bending vibration mode (ν2) was observed at 470 cm−1 and the band at ca. 630 cm−1

was assigned to the hydroxyl group [22]. The absorption band centered at around 870 cm−1

was ascribed to the P–O(H) stretching mode of the HPO4
2− group, which confirms the

formation of CDHA, since this group is absent in stoichiometric non-deficient HAp [14].
Other bands of low intensity (Figure 4a,c) can be ascribed to the impurities formed during
the synthesis and identified by XRD.

The FTIR spectra of synthesized products in the range from 4000 to 400 cm–1 are
provided in Figures S3–S8; moreover, the spectra of the used organic additives are shown
for comparison. The broader range additionally reveals the presence of absorption band
centered at ca. 3570 cm−1, which corresponds to the stretching mode of the hydroxyl
group [22]. It is seen that in most cases the absorption bands corresponding to additives are
absent in the spectra of fabricated CDHA powders, which suggests that the additives were
removed from the surface during the washing procedure or the amount of residual organic
species is negligible and cannot be detected by FTIR spectroscopy. The only exceptions
are the products synthesized with DDDA (Figure S5). The absorption band of DDDA at
1690 cm−1 is visible in the spectra of samples synthesized with concentrations of 0.05 mol/L
and higher.

The particle size and morphology of HAp are important characteristics of this material
due to several reasons [23]. For instance, Dey et al. [24] studied the influence of HAp particle
size, morphology, and crystallinity on proliferation of HCT116 colon cancer cells. It was
demonstrated that decreasing the HAp powder crystallite size significantly increases the
cell inhibition. Another study investigated the effect of nano-HAp particles of different sizes
on the proliferation of odontoblast-like MDPC-23 cells comparing them with conventional
HAp [25]. The results revealed that nano-HAp expressed an obvious growth-promoting
effect. Wen et al. [26] showed that the larger specific surface area associated with the smaller
particle size was beneficial for the drug-loading properties of HAp.

The morphology of the samples was found to be dependent both on the nature and
concentration of the organic additive. When a small amount of SLS (0.005 mol/L) was used
in the hydrothermal reaction, the plate-like crystals dominated in the sample; however, a
small number of rods were also seen (Figure 6a). After increasing the amount of organic
compound (0.05–0.1 mol/L), the morphology of the CDHA powders changed considerably
and rod-shaped assemblies started to form (Figure 6e,i). The huge plate seen in Figure 6i
corresponds to CaSO4. The use of low concentration of DL-aspartic acid resulted in the
formation of micrometric plate-like particles (Figure 6b), while increasing the amount of
acid first led to the reduction of particle size (Figure 6f) and further formation of some rods
(Figure 6j). The effect of DDDA was similar to that of aspartic acid and the morphology
evolution from plate-like particles to the mixture of plates and rods was observed with
an increase in additive concentration. The influence of suberic acid on the morphology of
CDHA samples was found to be minor, and plate-like particles were obtained regardless
of the concentration of acid. We assume that the effect on the sample morphology might
become prominent if the concentrations of suberic acid were further increased.

The SEM images of the samples synthesized in a mixture of water and ethylene glycol
in the presence of DL-aspartic and suberic acids are given in Figure 7. In the case of aspartic
acid, the presence of the lowest concentration of additive resulted in the formation of a
mixture of relatively long rods and short rods (Figure 7a). Using a higher concentration of
aspartic acid obtained powders which consisted of micrometric agglomerates, which, in
turn, were composed of smaller plate- and rod-like particles (Figure 7b–e). The size of the
particles was significantly smaller compared to those synthesized in the aqueous medium
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(Figure 6). In the case of suberic acid, relatively large plate-like particles were obtained
regardless of the concentration of additive (Figure 7f–j). The morphology was comparable
with that of powders obtained by the hydrothermal synthesis with no additives.

Figure 6. SEM micrographs of the samples after hydrothermal treatment SLS:005 (a), SLS:05 (e), and
SLS:1 (i); Asp:005 (b), Asp:05 (f), and Asp:1 (j); DDDA:005 (c), DDDA:05 (g), and DDDA:1 (k); and
Sa:005 (d), Sa:05 (h), and Sa:1 (l).

Figure 7. SEM micrographs of the samples after solvothermal treatment under ratio 40:60 of water
to ethylene glycol Asp:005:EG (a), Asp:025:EG (b), Asp:05:EG (c), Asp:075:EG (d), and Asp:1:EG (e);
and Sa:005:EG (f), Sa:025:EG (g), Sa:05:EG (h), Sa:075:EG (i), and Sa:1:EG (j).

To summarize, different impact of additives on the morphology of HAp is probably re-
lated to different structures and chemical compositions of organic additives, which leads to
a different interaction with HAp particles during the nucleation and crystal growth process.

4. Conclusions

A comprehensive experimental study was carried out to compare the effects of sodium
lauryl sulfate and three amino acids (DL-aspartic acid, dodecanedioic acid, and suberic
acid) on the formation of calcium-deficient hydroxyapatite via a hydrolysis of α-tricalcium
phosphate. It was demonstrated that the phase purity and morphology of the final product
strongly depends on the nature and the concentration of organic additives. In aqueous
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medium at particular concentrations of sodium lauryl sulfate and dodecanedioic acid,
the formation of impurities in addition to hydroxyapatite was observed. On the other
hand, the use of aspartic and suberic acids did not affect the phase purity. The different
impacts of additives on the morphology of hydroxyapatite are probably related to the
different structures and chemical compositions of the organic additives, which lea to
different interactions with hydroxyapatite particles during the nucleation and crystal
growth process. The morphology of the samples prepared in the aqueous medium varied
from plate- to rod-like depending on the concentrations of the specific organic additive.
The use of a mixture of water and ethylene glycol led to the formation of significantly
smaller particles having a shape of rods and narrow plates.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst13020265/s1, Figure S1: XRD pattern of α-TCP used for the
synthesis of CDHA; Figure S2: FTIR spectrum of α-TCP used for the synthesis of CDHA; and
Figures S3–S8: FTIR spectra of the samples prepared using various concentrations of SLS, DL-aspartic
acid, dodecanedioic acid, and suberic acid in the range from 4000 to 400 cm−1.
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