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Abstract—Layered two-dimensional materials, whose properties dramatically differ from their bulk precur-
sors, are of great theoretical and applied importance. Recently, a layered 2D material, an analog of a natural
mineral, valleriite, in which quasi-monoatomic Cu—Fe—S sheets alternate with brucite-like ones, has been
prepared using a simple hydrothermal synthesis procedure. The features of the electronic structure of these
materials make it possible to propose them as new materials for a wide field of applications such as (elec-
tro)photocatalysis, high-capacity batteries, etc. In this work, nanocomposite materials have been prepared
via immobilization of gold nanoparticles (AuNPs) from citrate hydrosols on the surface of the synthesized
valleriites having different compositions of hydroxide layers, which control the surface charge density. According
to X-ray photoelectron spectroscopy (XPS), transmission electron microscopy (TEM), energy-dispersive X-ray
microanalysis (EDX), and selected area electron diffraction (SAED) data, AuNPs are immobilized on valleriite
nanoflakes, which have lateral sizes of 150—200 nm and thicknesses of several tens of nanometers, as isolated
metal nanoparticles with an average diameter of 11 nm. A small amount of aggregates indicates a high affinity
of AuNPs for the valleriite surface. The amounts of immobilized gold are the same on all studied valleriites
(~0.2%). This finding may be related to the simultaneous sorption of free citrate ions from the AuNP hydro-
sols, with these ions, according to zeta potential measurements, charging the surfaces of all studied valleriite
samples to nearly the same negative value of —40 mV. According to the XPS data, the AuNPs immobilization
markedly decreases the magnesium and oxygen contents on the surfaces of the synthesized valleriites due to
the partial degradation/dissolution of the brucite layer. In addition, the amount of Fe*" ions bound to OH
groups decreases with a simultaneous increase in the fraction of Fe**—O species. The TEM data have con-
firmed the preservation of the layered structure of valleriites after the immobilization of AuNPs.

Keywords: synthetic valleriites, gold nanoparticles, X-ray photoelectron spectroscopy, transmission electron
microscopy, zeta potential
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1. INTRODUCTION

The great interest in two-dimensional materials is
due to their developed surface and a wide spectrum of
electronic, magnetic, optical, catalytic, and other
properties [1—4]. In addition to graphene, the family
of 2D materials is represented by transition metal chal-
cogenides, metal carbides and nitrides (so-called
MXenes), layered double hydroxides (LDHs) of Mg,
Al, Fe, etc., with the quasi-atomic layers in the latter
being retained by van der Waals forces [5—18].
Recently, we have obtained a new promising type of
mixed-layer materials, whose structures are similar to
valleriite and tochilinite, and found their unusual opti-
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cal and magnetic properties [20—22]. The effects of
doping (modifying) both magnesium hydroxide (bru-
cite) layer with lithium or aluminum and simultane-
ously the sulfide and brucite layers (Co, Cr, Ni) have
been studied, and it has been shown that the band gap
width and the density of the states near the valence
band top can be regulated by varying the nature and
concentration of a dopant/modifier [23, 24].

The generation of electron—hole pairs is of funda-
mental importance for a number of applications, pri-
marily for photocatalysis [25—27]. There are many
works, in which composites of semiconductor parti-
cles with metal nanoparticles were used to improve the
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efficiency of photocatalysts [28—35]. A number of
mechanisms have been described for the enhancement
of the efficiency of composite-type photocatalysts,
among which an increase in the lifetime of electron—
hole pairs via the capture of charge carriers by metal
particles is most often considered [31, 32, 36—38].

Due to the unique physical and chemical proper-
ties, gold nanoparticles (AuNPs) are used in various
fields of catalysis, analytics (chemical sensors and test
systems), biomedical applications (biomarkers and
carriers of biologically active compounds), etc. [25,
39—45]. Beginning from the pioneering work by
Haruta et al., who showed the high catalytic activity of
AuNPs deposited onto the surface of TiO, in low-tem-
perature reactions of CO oxidation, the interest in the
preparation and study of such catalysts based on
AuNPs is continuously growing [45, 46]. Today, the
immobilization of AuNPs on oxide carriers is widely
used to produce hybrid materials for heterogeneous
catalysis, including (electro)photocatalysis, sensors
for the analysis of various media, etc. [26, 46—50].
Methods available for the synthesis of hybrid gold-
containing materials include the techniques of copre-
cipitation, amorphous alloying, deposition of AuNPs
from colloidal solutions, coprecipitation of Au(OH);
with metal oxides and hydroxides, and chemical depo-
sition [26, 46, 48—50]. It has recently been shown that
the spontaneous precipitation of gold onto oxides of
copper(Il) and iron(IIl) (hematite) from aqueous
solutions containing liquid intermediates of HAuCl,
reduction with sodium sulfide at a molar ratio of 1 : 3
is significantly more efficient than the precipitation
from an initial HAuCl, solution [51].

The nature of a carrier used for the preparation of
composite materials containing AuNPs has a signifi-
cant effect on their physicochemical properties and,
therefore, largely determines their application fields
[27]. Besides TiO, and other d-metal oxides, carbon-
based materials (activated carbon, thermally expanded
carbon, etc.) or materials with semiconductor proper-
ties, e.g., sulfides and other metal chalcogenides, are
used as substrates for the immobilization of AuNPs
[28—32, 52—54]. Moreover, the deposition of AuNPs
onto semiconductor substrates causes a change in the
positions of the valence and conduction bands,
thereby making it possible to regulate the band gap
width of a substrate material and its optical properties,
in particular, the frequency of the localized surface
plasmon resonance, thereby increasing its efficiency in
(electro)photocatalysis, photodegradation of organic
substances in the presence of oxygen, and many other
plasmon-mediated chemical reactions [31], as well as
the conversion of solar energy [34—38, 55—58]. Thus,
materials, such as valleriite, the properties of which
can be efficiently tuned and controlled by varying their
composition, size, (nano)particle morphology, and
other parameters, can become a new class of 2D mate-
rials having a wide spectrum of potential applications.
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The goal of this work was to study the effect of alu-
minum and/or lithium additives on the surface prop-
erties (zeta potential and chemical composition) of
synthetic valleriite samples and the immobilization of
gold nanoparticles from colloidal solutions. The objec-
tives of the work also included studying the influence of
a number of factors on the value of the zeta potential
of valleriite particles: the number of washing cycles of
freshly synthesized materials, the conditions of drying
and grinding with the formation of dry powders, etc.

2. EXPERIMENTAL

2.1. Reagents Used to Synthesize Valleriite
and Gold Nanoparticles

The following commercial reagents were used for
the synthesis of AuNPs: a 0.025 M chloroauric acid
solution (OAO Kirastsvetmet, Krasnoyarsk, Russia)
stabilized with 1 M HCI, solutions of trisodium citrate
(0.05 M) and sodium hydroxide (0.1 M). All solutions
were prepared using reagents of at least analytical grade.

The hydrothermal synthesis of valleriite was carried
out using the following commercial reagents:
FeSO,7H,0, CuSO,5H,0, MgSO,7H,0,
Al,(SO,)518H,0, LiClyH,0, Na,S-9H,0, and an
aqueous 25% NH,OH solution. All reagents were of at
least reagent grade.

Deionized water with a resistance of at least 18 MQ
m (Milli-Q, MilliPore) was used to prepare solutions
and wash samples in all experiments.

2.2. Synthesis Procedures

2.2.1. Procedure for the autoclave synthesis of valle-
riite. The procedure for the autoclave synthesis of pure
sulfide—hydroxide materials is described in detail in
our study [23]. In this work, the procedure was some-
what simplified. Calculated weighed portions
(Table 1) of iron and copper sulfates taken in a stoi-
chiometric ratio of 1 : 1 were placed into a quartz bea-
ker and dissolved in a minimum amount of deionized
water. The solution was transferred into a fluoroplastic
test tube, and a freshly prepared saturated solution of
sodium sulfide was added. To prepare the saturated
solution, Na,S-9H,0 (15 mmol, 3.6 g), was dissolved
in a minimum amount of deionized water (5—8 mL).
After the reagents were mixed, a black precipitate
characteristic of sulfides of these metals was formed.
In parallel, a precipitate of magnesium hydroxide or a
mixture of magnesium, aluminum, and/or lithium
hydroxides was obtained in a beaker by precipitating
them with a 25% ammonium hydroxide solution,
which was added until pH 10—11 was reached. Then it
was transferred into the fluoroplastic test tube, the air
phase in the test tube was replaced with argon. The
fluoroplastic insert was placed into a stainless steel
housing and sealed. The reaction mixture was heated
in an autoclave to 160°C under continuous stirring.
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Table 1. Molar ratios of precursors for sample synthesis

Valleriite Amounts of precursors, mmol

samples Fe Cu Mg Al Li Na,S
VL 1 2.0 2.0 2.0 - — 15
VL_2 (doped with Al) 2.0 2.0 2.0 0.5 — 15
VL_3 (doped with Li) 2.0 2.0 2.0 — 0.5 15
VL _4 (doped with Al and Li) 2.0 2.0 2.0 0.5 0.5 15

The mixture was thermostated for 50 h; then, the auto-
clave was cooled, a black precipitate was separated in a
CR4000 ultracentrifuge (Centurion Scientific, United
Kingdom) at 4000 rpm for 15 min. The precipitate was
washed 5 times by redispersing in deionized water fol-
lowed by centrifuging. The zeta potential was mea-
sured at each stage of purification.

The precipitates were dried at 30°C in air for 3 days
and attrited in an agate mortar. Then, they were stud-
ied by physicochemical methods.

2.2.2. Preparation of a colloidal solution of gold
nanoparticles. Gold nanoparticles were synthesized by
the method of citrate reduction of Au(IIl) in a solution
of chloroauric acid (HAuCl,) with citrate ions at a
neutral pH value (the so-called Turkevich method)
[59—61]. A typical synthesis procedure involved heat-
inga 0.3 mM HAuClI, solution (33 mL) in a water bath
to 75°C followed by rapid addition of a 0.01 M NaOH
solution (5 mL) of and a 0.01 M sodium citrate solu-
tion (0.610 mL). The resulting solution was heated in a
water bath at 75°C (for nearly 30 min) until the solu-
tion acquired a ruby red color indicating the formation
of final spherical gold nanoparticles with an
average diameter of 21 = 10 nm and a zeta potential
value of —35 mV [59].

2.3. Immobilization of Gold Nanoparticles on Valleriite

To immobilize gold nanoparticles, a sample of dry
valleriite powder (5 mg) was redispersed for 3 min in a
small volume of water (about 1 mL) using a Sapphire
UZV-1.3 ultrasonic bath (Sapphire, Russia) operating
at a frequency of 35 kHz and a power of 50 W. An
AuNP sol (30 mL) was added to the resulting suspen-
sion. The sorption was carried out under continuous
stirring on a magnetic stirrer for 45 min. The precipi-
tate was then separated from the mother solution by
centrifugation at 4000 rpm for 8 min using a CR4000
ultracentrifuge (Centurion Scientific, United King-
dom). The resulting precipitate was washed 3 times by
redispersing in deionized water followed by centrifu-
gation at 5000 rpm.

2.4. Characterization of Samples

2.4.1. Measurement of zeta potentials. To deter-
mine the zeta potential value at each stage of purifica-

tion of valleriite samples, a sample (0.5 mL) of a sus-
pension was taken, dispersed in an aqueous 5 mM KCI
solution (50 mL), which served as a background elec-
trolyte, and the zeta potential of the particles was mea-
sured at 25°C with a Zetasizer Nano ZS particle size
and zeta potential analyzer (Malvern Instruments,
United Kingdom) operating at a scattering angle of
173° in a DTS 1070 polycarbonate cell equipped with
Pd electrodes.

In the case of dried valleriite samples, to measure
the zeta potential, a precipitate (0.5 mg) was prelimi-
narily redispersed in a 1 mM KCI solution (50 mL)
using a Sapphire UZV-1.3 ultrasonic bath (35 kHz,
50 W, 3 min). In addition, sodium citrate-containing
samples were analyzed.

2.4.2. Procedure for determining the ratio of metals
in valleriite. The ratio between the metals (Fe, Cu,
Mg) in the samples was determined by atomic absorp-
tion analysis performed with an AAnalyst-400 spec-
trometer (Perkin Elmer, United States). For this pur-
pose, a weighed portion of the material (10 £ 0.01 mg)
was dissolved upon heating in 6 M hydrochloric acid
(distilled isothermally), while adding hydrogen perox-
ide until complete dissolution. The solution was trans-
ferred into a graduated flask, the volume was brought
to the mark with deionized water, and the sample ana-
lyzed. The contents of Al and Li in the solution were
determined by inductively coupled plasma mass spec-
trometry (MS-ICP) with a 7500a instrument (Agilent,
United States). The molar ratios between the metals
were calculated relative to iron.

2.4.3. Transmission electron microscopy. Transmis-
sion electron microscopy (TEM) micrographs,
energy-dispersive X-ray microanalysis (EDX) data,
and selected area electron diffraction (SAED) patterns
were obtained using a JEM 2100 transmission electron
microscope (JEOL, Japan) operating at an accelerat-
ing voltage of 200 kV. Sample preparation for the study
involved dispersing a small amount of a wet paste in
distilled water under sonication for 30 min. A droplet
of the resulting suspension was applied onto an
EMCN Formvar ultrathin carbon film on a copper
grid (Zhejiang, China) for 10 s; then, the droplet was
removed with filter paper.

2.4.4. X-ray photoelectron spectroscopy. Photo-
electron spectra were recorded using a SPECS spec-
trometer (SPECS GmbH, Germany) equipped with
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a PHOIBOS 150 MCD?9 hemispherical energy ana-
lyzer upon excitation by monochromatic radiation of
an X-ray tube equipped with an aluminum anode
(AlK,-radiation, 1486.7 eV) operating at a power of
180 W and a tube voltage of 12.5 kV. The pressure in
the analytical chamber was approximately 10~ mbar.
Survey spectra were recorded with a step of 0.5 eV at an
energy analyzer transmission energy of 20 eV; the lines
of individual elements (high-resolution spectra) were
recorded with a step of 0.05 eV at a transmission energy
of 8 eV. The C 1s line of a carbon contaminant layer with
abinding energy (BE) of 284.7 eV was used as an internal
reference to take into account electrostatic charging.
Atomic concentrations of the elements were determined
from the survey spectra with allowance for empirical sen-
sitivity coefficients [62] taken from the database of the
CasaXPS software package (version 2.3.16, Casa Soft-
ware, Teignmouth, United Kingdom).

Element lines in the high-resolution spectra were
deconvoluted with the help of the CasaXPS program
using the Gauss—Lorentz line shape after Shirley
background subtraction. The Fe 2p spectra were
approximated by three sets of multiplet lines (four nar-
row lines and one wider line that corresponded to the
shake-up satellite) for Fe3* cations bonded to hydrox-
ide, oxide, and sulfide anions; possible contributions
from Fe?" were also taken into account [63]. The
S 2p3,, and Au 4f; 5, bands were approximated
after background subtraction according to Shirley by
doublet lines using the Voight function with spin—
orbit splittings of 1.19 and 3.67 eV and area ratios of 0.5
and 0.75, respectively. It is of importance to note that,
due to the superposition of the Mg 2s line on the Au
4f5,, doublet component of the 4f line of Au, the
amount of gold was determined and the deconvolution
into components was carried out focusing on the
shape and intensity of the Au 4f;, second doublet
component.

A sample to be examined by X-ray photoelectron
spectroscopy (XPS) was applied in the form of a wet
paste with a spatula as a uniform layer onto the surface
of a titanium plate and dried in air. Then, the sample
was transferred into the lock chamber of the spectrom-
eter for complete drying.

3. RESULTS AND DISCUSSION

3. 1. Measurements of Zeta Potentials
of Freshly Synthesized Samples

According to the results of measuring zeta poten-
tials (Fig. 1), the successive washing of freshly synthe-
sized valleriites significantly decreased their absolute
values probably due to the removal of background ions
from both the solution and the valleriite surface. In the
course of washing, a significant decrease in the nega-
tive value of the zeta potential was observed. After the
fifth washing cycle, a positive zeta potential value
(+7.8 mV) was found only for the aluminum-doped
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valleriite sample. A decrease in the absolute value of
the zeta potential indicates a decrease in the aggrega-
tive stability of the resulting suspensions and an increase
in the rate of their separation, as is clearly seen in the pre-
sented photograph (see Fig. 1). Valleriite doping with
aluminum leads to a shift in the zeta potential to the
positive region, while the addition of lithium has
almost no effect as compared with pure valleriite. The
maximum positive zeta potential of aluminum-doped
valleriite after fivefold washing is apparently reached
due to the easiest desorption of anionic adsorbates
(hydrosulfide and di- and polysulfide ions, as well as
oxygen-containing anions) from the surface of the
hydroxide layer. This becomes clear after the analysis
of the published values of the isoelectric points of two-
layer hydroxides [64], which shows that such a layer
must have the lowest positive value of the surface
charge density in the series of the studied valleriites
and, hence, weaker retain the layer of counterions.

As can be seen from the data presented in Fig. 1,
the drying of valleriite pastes, which yields dry sam-
ples, leads to a change in the values of their zeta poten-
tials, measured under the same conditions. The zeta
potential values become positive for all samples with the
exception of lithium-doped valleriite (—1.7 mV). The
changes observed in the zeta potential in the course of
drying seem to be associated with the processes of par-
ticle aggregation and, possibly, with the oxidation of
the surface sulfide layers of valleriite [19, 23, 24].

Apparently, the shift in the zeta potential to the
positive region for valleriite samples, especially for dry
powders, will facilitate the immobilization (sorption)
of gold nanoparticles on their surfaces, because these
nanoparticles have a negative zeta potential (on aver-
age, —35 mV). It should be taken into account that,
along with metallic gold nanoparticles, Na*, Cl—, and,
especially, citrate ions and citrate oxidation products
are present in the colloidal solutions, because citrate is
taken in a threefold excess relative to HAuCl,.

3.2. Composition and Structure
of Synthesized Materials

The ratio between the metals (Fe, Cu, and Mg) in
the synthesized samples, as determined by atomic
absorption analysis, is presented in Table 2.

Note that the overall composition does not enable
us to determine the distribution of the metals between
the layers; however, it evidently indicates that the ratio
between iron, copper, and magnesium in the samples
is in close correlation with the initial one. Aluminum
and lithium are, most probably, included into the
structure of the material only partially. The sulfur con-
tent in the samples was not determined.

Unlike atomic absorption analysis, XPS is a sur-
face-sensitive method. Table 3 presents the data on the
surface concentrations of the elements calculated from
the survey XPS spectra measured for valleriite samples
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Fig. 1. Dependence of the zeta potential on the number of washing cycles (left) for freshly synthesized samples of (a) pure valleriite
and that doped with (b) aluminum, (c) lithium and (d) a lithium—aluminum mixture. The values of the zeta potentials are pre-
sented for valleriite samples after drying and subsequent redispersion in a 0.05 M KClI solution. Photographs (right) of the syn-
thesized materials after first cycle of washing with deionized water. Settling time is 5 min. Red lines indicate the boundaries of
clarification. The given values of the zeta potentials were measured using the method described in the Experimental section.

before and after their contact with colloidal solutions
of AuNPs.

The presented data suggest that AuNPs are immo-
bilized on the surface of valleriite samples in small
amounts. According to the intensities of the Au 4f;,
lines, the highest gold surface concentration of
0.26 at % corresponds to the sample doped with an
aluminum-—lithium mixture, while the lowest concen-
tration of 0.17 at % is observed for the sample of pure
valleriite. For valleriite samples doped with either alu-
minum or lithium, the gold content is the same and
amounts to 0.22 at %. Thus, there is no reliable correla-
tion between the values of the zeta potential of valleriite
samples and the amounts of gold immobilized on their
surfaces in the form of metallic nanoparticles.

The following regularities can be identified for the
changes in the concentrations of other elements on the
surfaces of the samples during the sorption of AuNPs
(Table 3). For all samples, the sorption of AuNPs
causes a decrease in the contents of magnesium and
oxygen on the surface probably due to the partial deg-

Table 2. Molar ratios of metals in sulfide—hydroxide materials

radation of the brucite layer and an increase in the car-
bon content due to the sorption of free citrate ions and
their oxidation products, as well as those immobilized
on the surface of AuNPs. The iron content does not
increase significantly. Note that, for pure valleriite and
valleriite doped with aluminum, the surface concen-
trations of copper and sulfur slightly decrease. In turn,
for valleriite doped with lithium or a lithium—alumi-
num mixture, the concentrations of copper and sulfur,
on the contrary, increase apparently due to the partial
dissolution of the brucite layer.

The Au 4 XPS spectrum (Fig. 2) is approximated
by one doublet line with the binding energy of the
Au 4f; , component equal to 84 eV, which corresponds
to gold in the zero oxidation state. Thus, according to
the XPS data, gold is immobilized on the surface of
valleriite samples in the form of metal nanoparticles
and does not contain other forms of gold in intermedi-
ate oxidation states (Figs. 2a, 2d, 2g, 2j).

The 2p line (Fig. 2) of iron was deconvoluted using
three multiplet sets consisting of five lines, with the

Valleriite Molar ratio of metals

samples Fe Cu Mg Al Li
VL_1 2.0 1.95 1.97 Absent Absent
VL_2 (doped with Al) 2.0 1.98 1.95 0.15 Absent
VL_3 (doped with Li) 2.0 1.96 1.94 Absent 0.18
VL_4 (doped with Al and Li) 2.0 1.98 1.92 0.12 0.21
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Table 3. Surface concentrations of elements in valleriite samples before (unfilled columns) and after (filled columns) sorp-

tion of AuNPs
Concentration, at %
Valleriite samples
Cu Fe C S Mg Au
VL 1 9.4 71 | 6.8 7.1 | 46 298 | 119 | 359 | 156 | 145|104 | 87 | — | 0.17
VL _2 (Al-doped) 64 | 96 | 44 | 63 | 441|378 | 142 (204|153 | 169 | 156 | 87 | — |0.22
VL _3 (Li-doped) 6.1 | 141 | 53 | 6.6 | 463|319 | 139 | 153 | 14 227 1144192 | — |0.22
VL 4(Al-and Li-doped)| 7.3 | 11.3 | 5.1 52 | 4571367 | 11.5 | 13.4 | 159 | 23.3 | 145| 9.8 | — |0.26

maximum of the first line at 708, 710, and 711—-712 eV
for that bound to sulfide, oxide, and hydroxide anions,
respectively.

Fitting of the Fe 2p spectra for the initial minerals
have shown that in the samples iron is bound mainly to
sulfide (Fe3*—S) and hydroxide (Fe3*—OH) anions.
As we have shown previously [23], the incorporation
of aluminum reduces the concentration of Fe3*—OH
bonds in the hydroxide layers, in contrast to doping
with lithium, which does not change the content of the
main forms of iron(IIl) in a sample (Figs. 2b, 2e).
Comparing the results of measuring the zeta potentials
of valleriite samples (see Section 3.1, Fig. 1) with the

XPS data on the distribution of iron forms in the
hydroxide layers, it can be concluded that the outer
surfaces of the samples are represented by brucite-like
layers, which impart positive zeta potentials to the sur-
faces of valleriite samples to this or that extent depend-
ing on the contribution of Fe(3+)OH; octahedrons.
The contact with a colloidal solution of AuNPs
reduces the content Fe?' ions bound to hydroxide
anions; this is especially noticeable for pure (undoped)
and lithium-doped valleriite (Figs. 2b, 2c, 2e, 2f). The
intensity of the components corresponding to Fe(3+)
compounds bound to oxygen (Fe’*—O) increases,

Mg2s Audfs, .
Fe3t—0
Au 4f7/2

(a) (b)
2] 2] 2]
A= = =
[= =} =
= =] =
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Fig. 2. Au 4f; 5 ; {2 and Fe 2p; 5 | » XPS spectra for samples of (a, b, ¢) pure (undoped) valleriite and valleriite doped with (d, e, f) alu-

minum, (g, h, 1)
colloidal solutions.
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ithium, and (j, k, 1) lithium—aluminum mixture (b, e, h, k) before and (a, ¢, d, f, g, i, j, I) after sorption of AuNPs from



46

2 £

= =

3 5

s 5 .

= = =

ey z |

& 2

2 2

= =

Ll I - A
(h)

S2-

n .
= Satellit

e Satellit

170168 166164162160
Binding energy, eV

170 168 166 164 162 160
Binding energy, eV

Intensity, rel. units

KARACHAROV et al.

284.7eV

(®)

Intensity, rel. units

284
Binding energy, eV

292 288 284 280 292 288

Binding energy, eV

280

ig.3.S2p an s spectra for samples of (a, b, a', b') pure (undoped) valleriite and that doped with (¢, f, ¢', f') alu-
F'3SZ3(121/2 d C 1s XPS f les of (a, b, 2, b') (undoped) valleriite and that doped with (c, f, ¢', f') al

minum, (g,
after sorption of AuNPs from colloidal solutions.

while the content of iron sulfide remains almost
unchanged (Figs. 2b, 2c, 2e, 2f, 2h, 2i, 2k, 21).

According to the XPS data, sorption of AuNPs
does not affect the shape of the Cu 2p line; while the
main contribution (more than 80% of the total peak
intensity) is made by the component with a BE of
932.5 = 0.1 eV, which corresponds to copper that has
the +1 oxidation state and is bound to sulfur. In addi-
tion, the absence of shake-up satellites at 944—948 eV
in the 2p spectra of copper also confirms the absence
of copper having the +2 oxidation state in the valleriite
samples [65].

As in the case of the XPS spectra of copper, the
oxygen ls lines of the valleriite samples do not change
significantly after sorption of AuNPs on them. The
sorption of gold nanoparticles causes only a slight
increase in the contribution of the component with a
BE of 531.5 eV, which corresponds to oxygen con-
tained in oxides (O*~ compounds).

The S 2p XPS spectra (Figs. 3a—3h) of the initial
valleriite samples and those subjected to the contact
with a colloidal solution of AuNPs contain the most
intense doublet component (about 80% of the total
line intensity) with a binding energy of the S 2p; ; line
equal to 161.7 = 0.1 eV, which corresponds to sulfur in
sulfide. In addition, the components of di- (BE
162.5 eV) and polysulfide (BE 163.5 eV) forms of sul-
fur are present in significantly smaller amounts. For a
better fit, we used an additional broad line with a max-
imum at 164.5 eV attributed to the shake-up satellite,
which results from the electron transfer to vacant Fe 3d
orbitals [63, 65—67].

J'g' ') lithium, and (i, j, 1, j') lithium—aluminum mixture (a, a', ¢, ¢', e, ¢, g, ') before and (b, b', d, d', f, f', h, h')

The S 2p spectra of the initial samples contain a
doublet component with a BE of 169 eV corresponding
to oxidized sulfur contained in sulfate ions. This com-
ponent is absent in the sulfur spectra of valleriite sam-
ples that were brought in contact with colloidal solu-
tions of AuNPs. Sulfate ions are most likely removed
from the sample surfaces at the stage of washing off the
pastes after the sorption of AuNPs is completed. The
intensities of the lines corresponding to other forms of
sulfur on the sample surfaces remain almost
unchanged after the sorption of AuNPs.

The XPS spectra of the C s line (Figs. 3a'—3h'") can
be well fitted by three components: the most intense
one with a BE of 284.7 eV, corresponding to the bonds
of carbon in the composition of hydrocarbon contam-
inants, and less intense components with BEs of 286
and 288 eV, corresponding to the carbon atoms of C—
OH and C—OOH groups, respectively.

It is important to note that, after the contact of
valleriite samples with colloidal solutions of AuNPs,
the content of C—OOH groups on the surface of the
samples increases (Figs. 3b', 3d', 3f', 3h'). That is,
during the immobilization of AuNPs, citrate ions
present in the colloidal solutions of AuNPs are mark-
edly adsorbed in parallel. The adsorption of such a sig-
nificant amount of citrate ions can lead to the sign
reversal of the zeta potential of valleriite particles from
positive to negative and an increase in its value in the
negative region. Thus, the differences in the zeta poten-
tials of the initial particles will be leveled out, and, conse-
quently, the electrostatic attraction of negatively charged
AuNPs to the surface of the minerals will decrease. In
this regard, the surface zeta potentials of valleriite
powders were measured after they were redispersed in
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Fig. 4. Variations in the zeta potentials of dry powders (/—
4) before and (I'—4') after sorption of sodium citrate

an aqueous solution of KCl before and after the addi-
tion of citrate ions in a concentration of 3 x 10~* M.
The measurement results are presented in Fig. 4.

As can be seen in Fig. 4, the sorption of citrate ions
radically changes the zeta potential of the surface of all
valleriite samples shifting it to the negative region and
making it almost the same and equal to —40 mV
(Fig. 4, curves I'—4"). Thus, the initial difference in
the zeta potential values of differently doped valleriite
samples, which could affect the sorption of negatively
charged AuNPs, is leveled by the sorption of free
citrate ions, which are present even in the final colloi-
dal solutions of AuNPs. Nevertheless, the sorption of
citrate ions does not hinder the immobilization of
AuNPs on the surface of valleriite samples in an
amount sufficient to obtain nanocomposite materials.

In order to study the morphology and the character
of the immobilization of gold nanoparticles on the sur-
face of valleriite, a sample of aluminum-doped synthetic
valleriite was studied by TEM with obtaining selected
area electron diffraction (SAED) patterns and energy-
dispersive X-ray (EDX) microanalysis (Fig. 5).

According to the obtained TEM data, gold
nanoparticles are mainly immobilized on the surface
of valleriite in the form of separately located spherical
nanoparticles with an average diameter of 11 nm
(Figs. 5a—5d). We believe that the adsorption of pre-
dominantly small gold nanoparticles on valleriite par-
ticles is due to the following factors: first, the smaller
the particles the lower the potential barrier, because,
according to the DLVO theory [68, 69], the force of
mutual repulsion of colloidal particles is proportional
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to the particle radius. Second, particles with smaller
radii have a higher frequency of collisions with other
particles due to their higher mobility in a solution at a
given temperature. Since the aggregation of lyophobic
sols is thermodynamically favorable, their aggregative
stability is determined only by the kinetic factor;
hence, the aggregation rate directly depends on the
frequency of collisions. Third, the fraction of coordi-
nationally unsaturated atoms is larger for particles with
smaller radii due to the large specific surface area.

Moreover, few aggregates are present on the sample
surfaces, thereby indicating good adhesion of AuNPs
to the valleriite surface, with this adhesion preventing
them from aggregation during the sorption from col-
loidal solutions. The EDX data have confirmed that
the detected particles consist of gold (Fig. 5f).

The interpretation of SAED patterns has shown the
presence of rings characteristic of valleriite, as well as
intense reflections (dots) corresponding to the crystal
lattice of metallic gold (Fig. 5e).

CONCLUSIONS

It has been shown that successive washing of freshly
synthesized valleriite samples leads to a decrease in the
absolute value of their surface zeta potential. The dry-
ing procedure with obtaining dry powders of the min-
erals leads to the sign reversal of their surface zeta
potential from negative to positive or a decrease to val-
ues close to zero upon subsequent redispersion in
aqueous media, with the exception of the lithium-
doped valleriite sample.

It has been found that the addition of aluminum as
a dopant increases the positive charge of the valleriite
surface by reducing the content of surface OH~
groups. In particular, the fraction of Fe** ions bonded
to OH~ groups decreases due to their displacement into
the sulfide layer. Doping with lithium has the opposite
effect increasing the content of the surface OH-groups
(the fraction of Fe3*—OH bonds also increases) stabi-
lizing the brucite layer of valleriite, thereby increasing
the negative zeta potential of its surface.

XPS data have shown that AuNPs of colloidal solu-
tions are immobilized on the surface of all synthetic
valleriite samples in approximately equal amounts of
about 0.2% irrespective of the sign and value of the
zeta potential of the initial valleriite particle surface.
This finding is explained by the previous sorption of
free citrate ions and their oxidation products, which
causes charging of the mineral surface to approxi-
mately the same value of —40 mV.

According to the TEM, EDX, SAED, and XPS
data, AuNPs immobilized from colloidal solutions on
the surface of valleriite are in the form of spherical
metal nanoparticles with an average diameter of 11 nm
arranged, predominantly, separately, thus indicating
their high affinity for the surface of the synthetic min-
erals.
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