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Abstract: In the present work, AgCl microcrystals were obtained by solvothermal crystallization to
investigate the effect of H+, Na+, K+, and different shape-tailoring agents (non-ionic: polyvinylpyrroli-
done vs. anionic: sodium dodecyl sulfate) on the textural and photocatalytic properties of the samples.
The crystallization process resulted in secondary products, such as AgxO or Ag, AgClO3, AgClO4,
which were further transformed during the photocatalytic tests. The most efficient photocatalyst
(assessed for methyl orange degradation) was synthesized using HCl, as a chloride source and
polyvinylpyrrolidone, as a shape-tailoring agent. Therefore, the ability of polyvinylpyrrolidone to
enhance the photocatalytic activity was also investigated, and it was found that the addition of 0.6 g
polyvinylpyrrolidone resulted in the most efficient photocatalyst. Moreover, AgxO, being a charge
separator, could play a critical role in the photocatalytic process, while reversibly transforming to Ag
back and forth.

Keywords: AgCl; methyl orange; polyhedral morphology; polyvinylpyrrolidone; sodium dode-
cyl sulfate

1. Introduction

The increasing interest in the use of silver-based materials is not surprising due
to their advantageous properties, such as strong optical absorption, narrow band gap
energy [1], high quantum efficiency, and enhanced photochemical properties [2] (especially
photoluminescence [1]). These compounds can be used in several applications, such
as sensors [3], photocatalytic H2 production [4], organic pollutant degradation [5], and
antibacterial applications [6].

The most investigated Ag-based semiconductors include Ag2O [7], Ag2S [4,5], AgX
(X = Cl− [8], Br− [9], I− [10]), Ag3PO4 [11] and Ag2CO3 [12]. Unfortunately, the photo-
stability of these materials is an issue that must be dealt with, as the photodeposition
of Ag nanoparticles may occur on the surface of the main catalyst, that is, the silver-
based material [13]. However, these nanoparticles can increase the stability of Ag-based
semiconductors against further (photo)corrosion [14].
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Silver chloride (AgCl) is a well-known material in photography [15], electrochem-
istry [16], and it is also used in photocatalytic processes [17]. Despite its relatively wide
band gap energy (3.25 eV [18]/ultraviolet (UV) active), it is widely used as a photocatalyst,
as several studies showed that it can be excited by visible light as well. A suitable way to
achieve that is to make composites with other materials (e.g., noble metals [19] or other
semiconductors). Noble metal nanoparticles deposited on the surface of a semiconduc-
tor can decrease the band gap energy of UV-active semiconductors (e.g., Ag/TiO2 [19],
Ag/ZnO [20]) due to the localized surface plasmon resonance (LSPR) effect of the no-
ble metal or the Schottky barrier between the metal and semiconductor [21]. The main
differences between the two phenomena are as follows:

• the presence of LSPR facilitates the utilization of visible light by the plasmonic effect
of the Ag nanoparticles that gives rise to an electronic absorption signal in this spectral
domain [21];

• the Schottky barrier effect occurs when an electron is quickly moving from the semi-
conductor to the noble metal, often leading to the favorable change of the Fermi level
in terms of photocatalytic efficiency [22].

Moreover, due to the low photostability of AgCl, Ag nanoparticles can appear on the
surface of AgCl samples in which both LSPR and Schottky barrier are present. Ag nanopar-
ticles on the surface of AgCl particles can appear during the synthesis or spontaneously
under light irradiation. Tian et al. [14] claimed that the presence of Ag nanoparticles is
mandatory for the operational stability of AgCl.

The photocatalytic activity of AgCl is often influenced by the morphology of the parti-
cles; therefore, it is not surprising that several synthesis approaches (e.g., hydrothermal
synthesis method [23]; in situ oxidation strategy [24]; direct-precipitation method [25]) were
used to obtain this semiconductor. The morphology can also be controlled using different
additives (e.g., polymers [23]). Polyvinylpyrrolidone (PVP) is among the well-known
polymers (used as a non-ionic shape-tailoring agent), which was used in several proce-
dures to form different morphologies (e.g., nanoframes [17], nanospheres [26], cube-like
structures [18]). Guo et al. [23] showed that the additives/stabilizers (such as cetyltrimethy-
lammonium chloride or PVP) could significantly affect the catalyst’s photoactivity. To
the best of our knowledge, sodium dodecyl sulfate (SDS) was not used until now as a
shape-tailoring agent in the synthesis of AgCl. Moreover, the anionic shape-tailoring agent
was not used previously either to control the morphology of AgCl, while SDS is one of
the most used anionic shape-tailoring agents/surfactants in nanoparticle synthesis (e.g.,
Ag-based compounds: AgI nanoparticle [27] or Ag2S microcrystal [28]).

The usage of different Cl− sources can influence the photocatalytic activity of AgCl.
HCl has been used in several synthesis procedures for the deposition of Ag nanoparticles
during the synthesis [29]. As a Cl− source, NaCl [25] and KCl [30] are the ones used most
frequently, while NaCl can also act as a sacrificial salt-crystal template in the synthesis of
AgCl microcrystals [31]. Moreover, changing the concentration of Cl− during the synthesis
of 3D-structured AgCl is frequently investigated [32].

Considering the aspects mentioned above, the present work will include the following
research steps:

• the solvothermal synthesis of AgCl microcrystals at 160 ◦C;
• the synergic effect of the used chloride sources (HCl, NaCl, and KCl);
• the nature of shape-tailoring agents (non-ionic: PVP and anionic: SDS) on the AgCl

microcrystals and their stability;
• the effect of the as-appeared Ag nanoparticles (during the synthesis/photocatalytic

degradation of methyl orange (MO)) on the photocatalytic activity and stability of the
AgCl microcrystals.



Catalysts 2021, 11, 379 3 of 15

2. Results
2.1. Characterization of AgCl Microcrystals

X-ray diffraction (XRD) patterns were recorded to evaluate the crystal phase com-
position of AgCl samples. All the characteristic reflections (Figure 1) of face-centered
cubic AgCl were found at 27.7◦, 32.1◦, and 46.1◦ 2θ◦ values. These reflections were as-
signed to the (111), (200), and (220) crystallographic planes of AgCl particles, respectively
(Crystallography Open Database (COD) file no. 00-031-1238, Supplementary Table S1).
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Figure 1. Structural properties of AgCl photocatalysts: (a) X-ray diffraction (XRD) patterns of
AgCl photocatalysts prepared using different shape-tailoring agents (NØ); polyvinylpyrrolidone
(PVP) and sodium dodecyl sulfate (SDS)), alkali metals (Na+, K+) and H+; diffraction patterns of
(b) AgCl_NaCl_PVP and (c) AgCl_HCl_NØ.

In some specific cases (such as for AgCl_KCl_NØ and AgCl_HCl_SDS), additional
overlapping diffraction peaks appeared at 2θ ≈ 27.6◦, 32.5◦, and 45.9◦ (which mainly
overlapped with the reflections of AgCl mentioned above). The explanation of these
signals may be found in the synthesis procedure/crystallization conditions:

• the crystallization of AgCl was incomplete, showing a partially crystallized structure
with crystal lattice defects, since the “shoulders” follow the original AgCl diffraction
peaks.

• other Ag-based structures were formed (the most probable ones are AgO-32.0◦ (COD
file no. 00-150-9488); Ag2O-46.2◦ (COD file no. 00-101-0486); and AgClO2-32.37◦

(COD file no. 00-231-0062)).

Other researchers also observed this phenomenon, but no further discussion of the sig-
nals’ origin was found [33–35]. Besides the reflections of AgCl mentioned above, other weak
reflections (2θ ≈ 24.9◦, 29.0◦, and 41.4◦, 38.2◦; Supplementary Table S1, Figure 1b,c) were
observed, which could be attributed to the presence of AgClO4, AgClO3, and Ag, although
their quantity was very low. It should be mentioned that for sample AgCl_NaCl_PVP none
of these signals were found, while the one at 2θ = 38.2◦ appeared only in the AgCl_KCl
sample series (Supplementary Table S1). This signal can be attributed either to Ag or
Ag2O; therefore, it can be concluded that KCl is responsible for their appearance. It is
well known that Ag-containing samples always transform into Ag2O on the surface of
Ag-based materials in low percentages. The formation of AgClO4 was not observed for the
NØ sample series. Thus, the used surfactants may be responsible for the appearance of
AgClO4 (exception: AgCl_NaCl_PVP, Supplementary Table S1).
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The primary crystallite mean size of the samples was calculated using the Scher-
rer equation [36] following the deconvolution of the overlapped diffraction peaks. The
calculated values were between 33–36 nm.

It was also observed that the intensity ratios of the (111)/(200) and (220)/(200) crys-
tallographic planes showed opposite trends in all sample series (AgCl_HCl, AgCl_NaCl
and AgCl_KCl; Supplementary Figure S1). For sample series NØ, the increase in the
used alkali metal cation radii showed a positive effect on the formation of the (220)
crystallographic plane.

Since the shape-tailoring agents affected the crystallographic plane ratios of (111)/(200)
and (220)/(200), it was also expected to affect the morphology of the samples. Therefore,
scanning electron microscopy (SEM) measurements were carried out to provide information
about the size and morphology of the particles. It can be observed that not only can the
shape-tailoring agents influence the morphology, but also the nature of the chloride source
(Figure 2a). Quasi-spherical particles were formed by using K+, while in the case of Na+

and H+, polyhedral particles were observed. This is because they presumably increased the
number of steps and kinks on the crystal surface. It should be mentioned that by using PVP,
the appearance of the polyhedral morphology was even more dominant in comparison
with the NØ and SDS sample series.
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Figure 2. Morphological investigation of AgCl-based samples: (a) scanning electron microscopy
(SEM) micrographs and (b) particle size distribution of AgCl photocatalysts prepared using different
shape-tailoring agents (NØ; PVP and SDS), alkali metals (Na+, K+) and H+.

The type of alkali metal cation influenced the crystal size of the particles, which
was the most evident in the NØ sample series: as the cation ionic radius increased, the
average primary crystallite size decreased (Figure 2b). In contrast, the crystallite size values
increased with the increase of the cationic radii by using a non-ionic shape-tailoring agent
(PVP sample series). Interestingly, the usage of SDS did not have a clear effect on the crystal
size of the particles.

It could also be observed that in the AgCl_NaCl_PVP and AgCl_NaCl_SDS samples
small nanoparticles were formed on the surface of the “main” microparticles (Supplemen-
tary Figure S2). Therefore, transmission electron microscopy (TEM) measurements were
performed, and an in-depth analysis of the small particles was carried out (Supplementary
Figure S3). The results showed that the average diameter mainly depends on the alkali
metal cation (AgCl_KCl: ≈40 nm and AgCl_NaCl: ≈100 nm). The nanoparticles did
not possess any specific morphology; however, in some cases, aggregation was observed.
These nanoparticles most probably contained Ag2O or Ag nanoparticles, according to the
color of the material (visible by the naked eye), that appeared on the surface of AgCl (the
amount is lower than the limit of detection of the X-ray diffractometer for NaCl, which was
used as chloride source). It has to be mentioned that the silver nanoparticles could have
been formed in situ by electron beam irradiation [37] (Supplementary Figure S4a). Typical
surface plasmon resonance bands of Ag or Ag-based samples (which depend on the size
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and morphology of the noble metals as well as the dielectric environment in which they
are present) was analyzed to investigate the formation of Ag nanoparticles. Moreover, light
absorption capacity and the band gap energy of the samples were investigated by using
diffuse reflectance spectra (DRS) measurements.

The information elucidated from the DRS measurement are the following:
(i) surface plasmon resonance band
The typical surface plasmon band of very small (i.e., <10 nm), metallic and spherical

Ag nanoparticles is located approximately at 400 nm [38]. Meanwhile, Ag2O can have a
wide and strong light absorption band in the range of 200–700 nm [39] (in some studies the
maximum of the surface plasmon resonance band of Ag2O is located at ≈430 nm [40]).

On the other hand, it is known [41] that if metallic silver particles are not spherical
(or equiaxial), the electronic absorption band is expected to be located at longer wave-
lengths. Moreover, it gradually shifts to shorter wavelengths (towards 400 nm) as the
shape of the particles becomes more spherical. The shift of the surface plasmon resonance
band to higher wavelength values than 400 nm can also be due to the increase of the
spherical silver nanoparticles and their aggregation. Therefore, one can conclude that all
the aforementioned parameters, i.e., the shape, size, and aggregation of silver particles,
can contribute individually or in various combinations to the shift of the silver plasmon
resonance absorption band to higher wavelengths.

Considering these aspects, the as-prepared materials can be divided into two spectral
categories (Supplementary Figure S4a):

I. In four samples (AgCl_HCl_NØ; AgCl_HCl_SDS; AgCl_NaCl_PVP; and AgCl_KCl_
NØ), only one surface plasmon resonance band was detected between 400–500 nm. These
samples enlisted in category I. were those which showed two overlapping reflections
in the XRD patterns (Figure 1, Supplementary Table S1). AgCl_NaCl_PVP showed a
surface plasmon resonance band at a shorter wavelength (λmin ≈ 454 nm) compared to
the other three bands’ position, which was located at λmin ≈ 471 nm (Supplementary
Figure S4a). The latter can be presumably attributed to Ag2O or aggregation of Ag and/or
Ag2O nanoparticles.

II. In the rest of the cases, two bands were observed (one due to the presence of Ag
nanoparticles on the surface of the catalyst [8] and the other caused by the aggregation of the
Ag nanoparticles [42]). However, for the AgCl_KCl sample series the presence of metallic
Ag was also confirmed by XRD (Figure 1a, Supplementary Table S1). Meanwhile, for the
AgCl_NaCl and AgCl_HCl sample series, the amount of silver was lower (< ≈1 wt%) than
the limit of detection of the X-ray diffractometer. It is worth mentioning that AgClO4
and AgClO3 do not give a plasmon resonance band; therefore, they cannot be present in
this material.

Since the samples contained multiple compounds, their light absorption capacity
was different. To elucidate the cause of the differences between the absorption capacities,
the first derivate spectra were investigated. Despite the expectations, no new electronic
transition bands could be observed in the spectra (Supplementary Figure S4b–d) except
for AgCl.

(ii) band gap energy values of the samples
Based on the information derived from the X-ray diffractograms, the as-investigated

samples consist of multiple components. Thus, it was expected that multiple peaks would
appear in their absorption spectra. However, in their first-order derivative spectra (Supple-
mentary Figure S4b–d), only one peak was observed. Moreover, the light absorption bands
were shifted compared to each other; thus, the band gap energy values of the samples were
also calculated.

It should be mentioned that by using HCl as chloride source the band gap energy
values were increasing as follows: AgCl_HCl_NØ < AgCl_HCl_PVP < AgCl_HCl_SDS (
2.34 eV < 2.41 eV < 2.67 eV, Supplementary Table S1, Figure 3a), which is the opposite of
the result obtained for the NaCl-containing series (AgCl_NaCl_NØ > AgCl_NaCl_PVP
> AgCl_NaCl_SDS, 2.55 eV > 2.38 eV > 2.35 eV, Supplementary Table S1, Figure 3a). The
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usage of KCl as a chloride source did not influence the band gap energy values (2.49 eV,
Supplementary Table S1, Figure 3a) of the corresponding samples.
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Figure 3. (a) Band gap energy values and (b) photocatalytic performance of AgCl photocatalysts.

2.2. Photocatalytic Efficiency of the Samples
2.2.1. AgCl_NØ Sample Series

As the cation radii of the alkali metal salts increased, the degradation yield increased
as well, resulting in the decrease of the average particle size or the increase of the intensity
ratio of the (220)/(200) crystallographic planes. Therefore, it can be concluded that the
particle size, the growth of the (220) crystallographic plane, and the photocatalytic activity
are influenced by the cation radii of the alkali metal salts.

2.2.2. AgCl_KCl Sample Series

Similar degradation yields (9.8–11.8%, Figure 3b, Supplementary Table S1) were
observed for the sample series that was obtained by using KCl, which is in good agreement
with our former observations, namely: (1) identical optical properties [band gap energy
values (2.49 eV, Supplementary Table S1, Figure 3a) and first-order derivative DRS spectra
(Supplementary Figure S4b–d)]; (2) similar average particles size ranges (2.06-2.42 µm,
Figure 2b). Therefore, in this case, we can conclude that no apparent influence could be
observed in this sample series.

2.2.3. AgCl_NaCl Sample Series

Using NaCl as a chloride source, the conversion for MO degradation was between 5.6–
9.3% (Supplementary Table S1; Figure 3b). The band gap energy values did not significantly
influence the efficiency of the AgCl_NaCl sample series. The highest degradation yield of
sample AgCl_NaCl_PVP could be mainly attributed to the fact that it not only contained
AgCl, but Ag2O or Ag as well, which was also proved by X-ray photoelectron spectroscopy
(XPS) measurements (presented later). In our previous works it was proved that Ag2O can
act as a charge separator, thus increase the lifetime of charge carriers [43,44].

2.2.4. AgCl_HCl Sample Series

The PVP-modified samples showed the highest degradation efficiency in comparison
with other sample series. This could be due to the polyhedral morphology (Figure 2a),
which may increase the number of steps and kinks on the surface of the catalyst. These
steps and kinks could be responsible for the enhanced adsorption of dyes on the surface of
the catalysts [25]. Also, the Ag nanoparticles (whose presence was proven by the surface
plasmon resonance band in the DRS spectra (Supplementary Figure S4a) and was assumed
based on the small particles on the surface of the photocatalyst in the TEM micrographs
(Supplementary Figure S3)) could enhance the lifetime of charge carriers, thus increasing
the overall efficiency of the photocatalytic processes.
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As it was shown above, AgCl_HCl_PVP had the highest degradation efficiency. There-
fore, the effect of PVP concentration during the solvothermal synthesis was further investi-
gated in the AgCl_HCl sample series.

2.3. Effect of Polyvinylpyrrolidone (PVP) Amount on the Properties and Photocatalytic Activity of
AgCl_HCl Sample Series

The crystal phase composition and crystal structure of the synthesized AgCl mi-
crostructures using different concentrations of PVP were investigated. The face-centered
cubic crystal phase of AgCl was identified in all samples (Supplementary Table S1).

It should be noted that the previously mentioned diffraction peak shoulders appeared
in this case as well (similar to Figure 1a). Moreover, an Ag-related diffraction peak was also
observed at 38◦ (2θ◦), but only for the AgCl_HCl_0.1PVP sample (Supplementary Table S1).
AgClO4 was not present, while AgClO3 appeared in very low amounts (Supplementary
Table S1).

Since the usage of PVP generally affects the formation of the (111) crystallographic
plane [23], the ratios between the (111)/(200) and (220)/(200) crystallographic planes were
calculated (Figure 4). The (111)/(200) ratio values were in the range of 0.40–0.48. Therefore,
it can be concluded that the examined PVP amount presumably does not significantly
affect the growth rate and the dominance of the (111) crystallographic plane. However, the
formation of the (220) crystallographic plane could be reliably attributed to the intensity
ratios of the (220)/(200) crystallographic planes, which were between 1.06–0.79.
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Figure 4. Effect of PVP amount on the structural properties of AgCl photocatalysts (intensity ratio of
the (111)/(200) crystallographic planes—red line; intensity ratio of the (220)/(200) crystallographic
planes—black line).

The primary crystallite size values varied between 27–33 nm, from which AgCl_HCl_
0.6PVP had the lowest value (27 nm). The presence of Ag nanoparticles (Figure 5) was
also observed via TEM, but they did not have any specific shape or size, and in most cases
they were aggregated (Figure 5). Polyhedral morphology was dominant in all samples
(Figure 5). However, in some cases cube-like particles were also observed, for example, in
AgCl_HCl_0.6PVP. The average particle size was almost identical in all cases (0.92–1.11 µm,
Supplementary Figure S5).
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Figure 5. Effect of PVP amount on the morphology of AgCl (SEM micrographs—top row; transmis-
sion electron microscopy (TEM) micrographs—bottom row).

Optical investigations revealed that the surface plasmon resonance bands (Supple-
mentary Figure S6a) were like those obtained before (Supplementary Figure S4a). For
AgCl_HCl_0.1PVP and AgCl_HCl_0.2PVP, the intensity of the surface plasmon resonance
band was low. For these samples, only one specific plasmon resonance minimum could be
seen, but the signal itself was broad, which could be attributed to the aggregation of Ag
nanoparticles (visible also in the TEM micrographs, Figure 5).

The first derivative spectra of the AgCl_HCl_xPVP sample series were also analyzed,
and their maxima were located at λmax = 394 nm (Supplementary Figure S6b). The as-
calculated band gap values were lower than 3.00 eV. Therefore, the samples may be active
under visible light. Moreover, the band gap energy values were increasing with the PVP
amount: the lowest band gap energy value (2.17 eV, Supplementary Table S1; Figure 6a) was
assigned to AgCl_HCl_0.1PVP, while the highest value (2.63 eV, Supplementary Table S1;
Figure 6a) to AgCl_HCl_1.0PVP.
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The highest degradation yield (32.8%; Supplementary Table S1; Figure 6b) was ob-
tained for AgCl_HCl_0.6PVP, which could be explained by: (1) the high-intensity ratio of
the (220)/(200) crystallographic plane, and (2) the lowest primary crystallite size (27 nm).
The low particles size and dominant presence of (220) may be associated with an increase
in the samples’ photoactivity.

Based on the high photocatalytic activity [45] of AgCl_HCl_0.6PVP (32.8%; Supple-
mentary Table S1; Figure 6b), it was not surprising that the second highest value was
observed for AgCl_HCl_1.0PVP (27.6%; Supplementary Table S1; Figure 6b). Very similar
degradation values (AgCl_HCl_0.1PVP: 23.7% and AgCl_HCl_0.2PVP: 24.2%; Supplemen-
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tary Table S1; Figure 6b) were observed for AgCl_HCl_0.1PVP and AgCl_HCl_0.2PVP,
which may originate from the similar optical properties.

2.4. Surface Structure of AgCl Materials

The presence of different silver species on the surface of silver-containing materials is
always a crucial question as it influences the applicability of the material. The following
species were identified in the investigated samples: AgO (366.9 eV 3d5/2 and 372.9 eV
3d3/2, [46]), Ag2O (367.7 eV 3d5/2 and 373.7 eV 3d3/2, [47]) and Ag (368.3 eV 3d5/2 and
374.3 eV 3d3/2, [48]). From the aforementioned three species, AgO and Ag2O were present
in each sample in the same ratio within experimental errors: 71.4% of AgO and 28.6% of
Ag2O from the total amount of silver.

However, the situation changed when the HCl_PVP samples (Figure 7) were investi-
gated. The sample obtained in the presence of 0.4 g of PVP contained all the three species
(49.5% of AgO, 31.3% of Ag2O, and 19.2% of Ag). When the PVP amount was increased
to 0.6 g, the amount of metallic silver was 0, while AgO became even more dominant in
the samples, as they contained AgO up to 80.2%. The increased amount of AgO proved
beneficial for the photocatalytic activity, since the samples from the HCl_PVP series were
the most active as they degraded up to 32.8% of MO (Supplementary Table S1). AgO could
only be observed by XPS measurements, most probably due to its amorphous nature and
that it was only present on the surface of the particles (making its bulk-related concentra-
tion very low). Moreover, based on our previous studies, AgO is more stable than Ag or
Ag2O species [43].
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Figure 7. Ag 3d X-ray photoelectron spectroscopy (XPS) spectrum of AgCl_HCl_PVP, showing the
presence of different silver species.

2.5. Structural and Optical Parameters of AgCl after Degradation Processes

The low stability of Ag-based materials is already known in the literature [49]. How-
ever, during the irradiation of these compounds, Ag nanoparticles may form on the surface
of the material [50]. They can protect the AgCl particle from further decomposition, and act
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as a charge separator at the same time [14]. As was already mentioned in the introduction
section, silver nanoparticles can form: (i) during the synthesis and (ii) during the degrada-
tion process of the model pollutant. Tian et al. [14] reported that the latter scenario resulted
in the higher stability of Ag/AgCl, compared to the first one. Taking this information into
account, the photocatalytic materials were re-characterized after the degradation processes
of MO. XRD and DRS were used to determine the possible structural and optical changes
(Figure 8).
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Figure 8. Characterization of AgCl photocatalysts after photocatalytic processes: effect of chloride
source and shape-tailoring agent (top row): (a) optical and (b) structural properties; effect of PVP
amount (bottom row): (c) optical and (d) structural characters.

(i) effect of shape-tailoring agent on the stability of photocatalysts
AgCl_HCl_NØ_after and AgCl_HCl_SDS_after lost their photocatalytic activity, which

seems to be due to the increased light absorption (Figure 8a) compared with those measured
before the degradation processes (Supplementary Figure S4a). In AgCl_HCl_NØ (before
MO degradation) no metallic Ag-related reflection was observable, neither before nor after
the degradation process.

In AgCl_HCl_SDS (Figure 1a), specific reflections for Ag nanoparticles were observed
at 37.6◦ (2θ◦) and 44◦ (2θ◦) (COD no. 00-001-1167). Thus, it could be concluded that
the AgCl_HCl_SDS_after (Figure 8b) sample began to transform into Ag during the pho-
tocatalytic experiment. Moreover, these silver nanoparticles proved to positively affect
the activity (Figure 3b) compared to AgCl_HCl_NØ, in which no Ag nanoparticles could
be found.



Catalysts 2021, 11, 379 11 of 15

Interestingly, in AgCl_HCl_PVP_after a new surface plasmon resonance band was
found at ≈390 nm (Figure 8a), and metallic Ag was detected in the XRD patterns (Figure 8b).
Moreover, the AgCl reflections did not overlap with any other reflections, and the signals
of AgClO4 disappeared as well. Presumably, the aforementioned stabilization occurred
during the photocatalytic experiment (Figure 3b). The newly formed surface plasmon
resonance band was attributed to Ag nanoparticles. Its size was lower compared with
those obtained during the synthesis (Supplementary Figure S4), proved by the location of
the specific surface plasmon band at lower wavelengths.

AgCl_NaCl_NØ_after did not show the plasmonic resonance band of Ag nanoparticles,
but the specific reflections of Ag were found in the XRD patterns (Figure 8b). The shoulders
of AgCl (which were not observed after the synthesis processes; Figure 1) were present;
however, just barely. Since there were no visible plasmon resonance bands, but the XRD
measurements confirmed the presence of Ag, the newly formed shoulders most likely
originated from the formation of crystal defects.

(ii) effect of PVP on the photocatalysts’ stability during photocatalytic processes
In each modified sample, new surface plasmon resonance bands were observed

at λmin ≈ 390 nm (Figure 8c), together with the typical reflections of Ag nanoparticles
(Figure 8d). The signals of AgClO3 may be present, but the amount should be quite low,
due to its low formation possibility. Interestingly, the third shoulder of AgCl (located at
≈45.6◦) was absent from all samples. Therefore, the possibility of Ag nanoparticles being
re-obtained by the reduction of Ag2O to Ag is plausible as was proven in our previous
publication [43].

3. Materials and Methods
3.1. Chemicals

The following chemicals were used without further purification: silver nitrate (AgNO3,
99.8%, Penta industry; Prague, Czech Republic), polyvinylpyrrolidone (PVP, average molec-
ular weight 40,000, Molar Chemicals; Halásztelek, Hungary), sodium dodecyl sulfate (SDS,
Reagent Plus, Sigma Aldrich, Schnelldorf, Germany), ethylene glycol, and ethyl alcohol
(EG and EtOH, respectively, analytical reagent, Molar Chemicals; Halásztelek, Hungary),
hydrochloric acid (HCl, 37%, Alfa Aesar; Haverhill, MA, USA), sodium chloride (NaCl,
>99.0%, Spectrum-3D), potassium chloride (KCl, 99.5%, Molar Chemicals; Halásztelek,
Hungary) and Milli-Q (MQ; Budapest, Hungary) water.

3.2. Synthesis of Silver Chloride Particles

A simple solvothermal method was used to synthesize the AgCl photocatalysts. For
the precipitation step, two solutions (referred to as “solution A” and “solution B”) were
prepared; the former contained the Cl− ions, and the latter contained the Ag+ source.
Solution A consisted of 7.7 mmol MCl (M = Na+, K+, including the corresponding acid—
HCl) together with 0.4 g of the shape-tailoring agent (non-ionic: PVP/anionic: SDS). Both
were dissolved in 100 mL of EG and kept at 60 ◦C for one hour under constant magnetic
stirring. Solution B was prepared using 3.3 mmol AgNO3 dissolved in 20 mL of EG, which
was kept at room temperature for 10 min under constant magnetic stirring. In the next step,
solution B was added slowly into solution A to form a white precipitate; afterward, the
whole reaction mixture was kept at 60 ◦C for 1 h under continuous stirring. As the next
step, solvothermal crystallization was carried out in a Teflon®-lined autoclave (≈160 mL),
which was kept at 160 ◦C for 2 h. The as-obtained pink precipitate was washed with 2 ×
45 mL of MQ water and 1 × 35 mL of EtOH at 4400 RPM, followed by drying at 40 ◦C
for 12 h. The samples obtained without applying any shape-tailoring agent were referred
to with “NØ”, while the powders prepared in the presence of the mentioned compounds
were denoted as “AgCl_XCl_shape-tailoring agent” (X = H, Na or K; shape-tailoring agent:
PVP and SDS).
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Moreover, different quantities of PVP ranging from 0.1 g to 1 g was also used to
investigate its effect on the morphology of the photocatalysts. The PVP-modified samples
were denoted as “AgCl_HCl_xPVP”, where x = 0.1, 0.2, 0.4, 0.6 and 1.0 g.

3.3. Characterization Methods, Instrumentation, and Assessment of Photocatalytic Efficiencies

The morphological characterization of the samples was performed with a Hitachi
S-4700 type II cold field emission scanning electron microscope (SEM; Hitachi, Tokyo,
Japan) equipped with an Everhart–Thornley detector. The particle size distribution was
calculated with ImageJ 1.35a.

FEI Technai G2 20 X-TWIN transmission electron microscope (TEM; FEI, Hillsboro,
OR, USA) was used to carry out the in-depth analysis (deposition/formation of small
nanoparticles) of the AgCl particles.

X-ray diffraction (XRD) analysis of the powder samples was carried out with a Rigaku
Miniflex-II diffractometer (Rigaku, Neu-Isenburg, Germanyand between 20–50◦ (2θ◦),
before and after photodegradation of the model pollutant) λ = 0.15418 nm, scanning speed:
1◦·min−1 (2θ◦) using characteristic X-ray (CuKα) radiation.

Diffuse reflectance spectra (DRS) of the samples were recorded with a Jasco-V650
spectrophotometer (equipped with an ILV-724 integrative sphere; Jasco, Wien, Austria) to
determine the ultraviolet–visible (UV–Vis) light absorption capacity of the samples. The
spectra were recorded in the range of 250–800 nm, with 0.5 nm resolution and 100 nm·min−1

scan speed. The band gap values of the synthesized materials were estimated using the
Kubelka–Munk equation [51] based on the obtained reflectance data.

A Specs Phoibos 150 MCD X-ray photoelectron spectroscope (SPECS Surface Nano
Analysis GmbH, Berlin, Germany XPS) equipped with a monochromatic Al-Kα source
(1486.6 eV) at 14 kV and 20 mA, a hemispherical analyzer, and a charge neutralization device
was used to analyze the appeared Ag species on the surface of the semiconductor. The
photocatalyst samples were fixed on a double-sided carbon tape, the powder completely
covering the tape. The binding energy scale was charge referenced to the C1s at 284.6 eV.
High-resolution Ag3d spectra were obtained using analyzer pass energy of 20 eV in steps
of 0.05 eV. Data analysis was carried out with CasaXPS software.

The photocatalytic activity of the AgCl materials was assessed by the degradation of
methyl orange (Cmethyl orange = 125 µM). The reactor system contained a double-walled
reactor and 4 × 24 W (DÜWI 25920/R7S, Düwi Kft., Budapest, Hungary, λ > 400 nm) lamps.
The photoreactor was thermostated at 25 ◦C with sodium nitrite solution (CNaNO2 = 1 M)
to absorb UV photons. The suspension concentration was 1 g·L−1 and, throughout the
photodegradation process, the suspension was purged continuously with air and stirred
using a magnetic stirrer. After 15 min of ultrasonication, the suspension was kept in the
dark for 10 min. The photocatalytic experiments were performed for 2 h (sampling every
10 min in the first hour and 20 min in the second hour). The samples were centrifuged
(3 min at 13,400 RPM) and filtered (with a Whatman® Anotop® 25 (0.02 µm pore size)
syringe filter). The supernatants were analyzed by recording the absorption band maxima
with an Agilent 8453 spectrophotometer (λmax = 464 nm; 0.2 mm optical quartz cuvette)
from which the concentration changes were determined.

The samples were remeasured after the degradation processes by XRD and DRS to
investigate their stability. The samples obtained after the experiments were denoted as
“sample name_after”, where “sample name” was identical to that used before degradation.

4. Conclusions

AgCl microcrystals were synthesized by a solvothermal method, using HCl, NaCl
or KCl as chloride source. The nature of different shape-tailoring agents (non-ionic: PVP
and anionic: SDS) and the effect of different alkali metal salts (NaCl and KCl; including
the corresponding acid, HCl) were investigated on the structure, optical, morphological,
and photocatalytic properties of the samples. It was shown that not only AgCl, but other
compounds, including AgxO, Ag, AgClO3, and AgClO4 were formed as well.
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The anionic shape-tailoring agent in the synthesis of AgCl did not have a more positive
effect on the properties of the resulting photocatalysts than the non-ionic surfactant used.
Using HCl as a chloride source and PVP (0.4 g) as shape-tailoring agent was found to be
the most efficient combination of synthesis parameters, reaching 21.7% of MO degradation.
Therefore, the effect of PVP amount was further investigated, and it was established that
the addition of 0.6 g of PVP resulted in the highest MO degradation, reaching 32.8%. The
reason for the high degradation yield was attributed to the resultant effect of the polyhedral
morphology and the deposited Ag species (Ag or/and AgxO). After the degradation
processes the samples were re-characterized, and some changes were observed in the
structure of the material raising further questions concerning this interesting material.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-434
4/11/3/379/s1, Figure S1: Structural properties of AgCl: Intensity ratios of (111)/(200) (red line)
and (220)/(200) (black line) crystallographic planes., Figure S2: Appearance of small particles on
the surface of the catalyst: SEM micrograph of AgCl_NaCl_SDS, Figure S3: In-depth analysis of the
AgCl microcrystal’s morphology: transmission electron microscopy (TEM) micrographs of AgCl
photocatalysts prepared using different shape-tailoring agents (NØ; PVP and SDS), alkali metals
(Na+, K+), and H+, Figure S4: Optical parameters investigation of AgCl photocatalyst: (a) diffuse
reflectance spectra (DRS) using different shape-tailoring agents (NØ; PVP and SDS), alkali metals
(Na+, K+), and H+ and the first-order derivative of DRS spectra: (b) AgCl_HCl; (c) AgCl_NaCl; and (d)
AgCl_KCl sample series, Figure S5: Particle size distribution of the samples: (a) AgCl_HCl_0.1PVP;
(b) AgCl_HCl_0.2PVP; (c) AgCl_HCl_0.6PVP; and (d) AgCl_HCl_1.0PVP, Figure S6: The effect of
PVP amount on the optical properties of the catalysts: (a) DRS spectra; (b) inset graph: first-order
derivative DRS spectra of the AgCl_HCl_xPVP samples series (x = 0.1, 0.2, 0.6, and 1.0 g), Table S1:
Summary of the diffractions patterns, band gap energy value of the samples and conversion values
of the degradation of MO.
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