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ABSTRACT

In this work, we present a joint experimental and theoretical study towards unveiling the
photocatalytic (photodegradation of Rhodamine B), the antifungal (towards Candida glabrata)
and cytotoxicity (against the L[929 cell line) of Ag,CrO,. X-ray diffraction, Rietveld
refinements, micro-Raman, UV-Visible spectroscopies, and photoluminescence emissions have
been employed to characterize the as-synthetized samples by a co-precipitation method in H,O
and NH; solvent. To complement and rationalize the experimental results, first-principles
calculations have been performed within the framework of density functional theory. The
crystal morphologies were characterized by field emission scanning electron microscopy
images, while the Wulff construction, obtained by the calculated values of the surface energy,
was employed to model and match the experimental images by tuning the relative stability of
the exposed surfaces. This experimental and theoretical study provides a detailed understanding
of the transformations of morphology and can aid in the development of the surface-dependent
photocatalytic and biological activities of Ag,CrO,. We believe that our results offer new
insights regarding the local coordination of superficial Ag and Cr cations on each exposed
surface of the corresponding morphology, provided some general principles for material design,

that dictate the properties of Ag,CrO,, a field that has so far remained unexplored.

Keywords: Ag,CrO,4, Photocatalytic and biological activities, Morphology, Wulff construction,
First-principles calculations.



1. Introduction

Silver chromate/molybdate/tungstate with the composition Ag,MOQO,, being M = Cr,
Mo and W, respectively, are an important family of Ag-containing compounds. These
materials present a wide range of technological applications as photoluminescent
materials, photocatalysts, cathodes of lithium batteries, sensors, and so on [1-14].
Among them, a vast set of works has been performed on silver chromate (Ag,CrO4) due
to its intrinsic and extrinsic properties, associated with its unique crystal and electronic
structure, [14-25]. From an electronic point of view, the valence band (VB) is
composed of the hybridization of Ag 4d and O 2p orbitals, while the conduction band
(CB) is dominated by Cr 3d orbitals with a narrow band gap lower than 1.8 eV. The
crystal structure is composed by elongated octahedral [AgOg¢] clusters, distorted off-
centered [AgO4] clusters and tetrahedral [CrO,4] clusters, as building blocks at the
orthorhombic unit cell (Pnma space group). This crystal structure, in which both Ag—O
bond lengths and O—Ag—O bond angles, at both [AgO¢] and [AgO,] clusters, present
large values, is adequate to enhance the migration process of the photogenerated
electrons (e') and holes (h") [15,18,25-28].

Due to its practical applications, Ag,CrO, has been extensively studied both
experimentally [17,19,23,24,29-32] and theoretically [15,25-28,33,34]. These works
highlight the importance of analyzing the crystal and the electronic structures to
understand their properties, thus opening a doorway for developing this kind of material
as visible-light-driven photocatalysts. However, its application as microbiological agents
have not been investigated so far.

Our group is engaged in research projects devoted to the study of the structural,
morphological, optical and photocatalytic properties of Ag,CrO, microcrystals using a
combination of theoretical calculations and experimental techniques [27,28]. As an
extension of our research, in this article, Ag,CrO4 was synthetized by means of a co-
precipitation (CP) method, in H,O and NH; as a solvent, with the formation of
homogeneous morphologies at different temperatures (30, 60 and 90 °C). The
performances of the as-synthesized Ag,CrO,4 samples for the degradation of Rhodamine
B (RhB) are evaluated under visible-light irradiation. A systematic study of the
antifungal activity (against Candida glabrata ATCC 2001, C. glabrata) and

cytotoxicity (using the 929 cell line) were carried out in order to analyze the beneficial



implications of Ag,CrO4 in two of the most important bio-medical applications that
directly impact the healthcare of human kind. To gain further insights, we performed
density functional theory (DFT) calculations to complement the experimental results
and rationalize the structure, electronic and optical properties of Ag,CrO,, and
consequently, its photocatalytic, antifungal and antitumor performances.

Nowadays, the controlled synthesis of a great variety of semiconductors has been
documented for an immense range of applications [35][36][37]. The novelty of the
current work is in the study of the the morphology evolution systematically by varying
solvent and temperature to better understand the complex behavior of the as-synthetized
Ag,CrO, samples. The remarkable aspect is the utilization of the first-principles
calculations, on the basis of DFT, to complement and rationalize the experimental
results. Based on the above considerations, in this study, we combine experimental and
theoretical efforts to gather a comprehensive understanding of intrinsic properties of
Ag,CrO,4. To do so, the energetic, structural, electronic, morphological, and optical
properties of Ag,CrO, were analyzed by experimental techniques, with the major
aspects being substantiated and further elucidated by DFT calculations.

Hence, we aim to achieve the following goals: (i) to determine the energy profiles
associated with the morphology transformation processes at different temperatures, (ii)
to clarify the critical role of the exposed surfaces and their singular chemical
environments which govern the main properties of Ag,CrO, material, (iii) to
demonstrate, for first time, the antifungal activity and cytotoxicity of Ag,CrOy, (iv) to
provide a deeper insight not only to disclose the nature of the mechanism but also to
rationalize the origin of the photocatalytic, antifungal and cytotoxicity activities, and (v)
to find a surface-dependent photocatalytic and biological activity relationship.
Therefore, the projection of this work aims to extend the current efforts in terms of
designing of multifunctional applications of Ag,CrO4 based materials with a unique

morphology and potential for their use in biocide applications.

2. Experimental Section

Details of methods of synthesis, characterization techniques, and experimental and

theoretical procedures are described in the Supplementary Information (SI). The

analysis of the structural properties obtained from X-ray diffraction (XRD) with



Rietveld refinements, micro-Raman and UV-vis spectroscopies, and also the
photoluminescence emissions related to the degree of order/disorder in the samples, are

also presented in the SI.

3. Results and Discussion

3.1. Field Emission Scanning Electron Microscopy (FE-SEM) Analysis and Wulff
Construction

It was observed in the literature that the morphology of the as-synthetized Ag,CrO4
microcrystals are dependent on the synthesis conditions, such as precursor
physicochemical properties, temperature, pH, pressure, agitation, addition of
surfactants, etc. Xu et al. [14] obtained Ag,CrO4 nanospheres with average diameter
size of 30 nm, while Silva et al. [27] obtained several faceted polyhedra with an average
size between 1 to 4 um.

Fig. 1 displays the FE-SEM images of the samples synthetized by CP method using
H,0 and NHj as a solvent. When the material was synthesized in H,O at different
temperatures, it was obtained a large amount of irregular morphologies (Fig.1A-C),
while a morphological homogeneity is obtained for the samples synthetized with NH;

(Fig. 1D-F) and the formation of rods in flower-like morphology (Fig. 1D) is observed.

Fig. 1. FE-SEM imagens of Ag,CrO, powders obtained by CP method with H,O as a solvent at A) 30, B)
60 and C) 90 °C and with NHj as a solvent at D) 30, E) 60 and F) 90 °C.

According to the size and width distribution on Fig. 2A-C for the samples
synthetized with H,O, as the temperature increases, both the average length (0.63, 0.72
and 0.73 pm, for 30, 60 and 90 °C, respectively) and width (0.52, 0.61 and 0.64 pum, for
30, 60 and 90 °C, respectively) of the obtained microcrystals increase, due to an
enhancement of the effective collisions at higher temperatures. The samples synthetized
with NH3, a decrease in average length (12.37, 6.57 and 4.97 um, for 30, 60 and 90 °C,
respectively) and an increase of the average width were observed (2.40, 2.68 and 3.36
um, for 30, 60 and 90 °C, respectively), due to the stabilization of the surfaces

associated with the formation of the tip of the rods.



Fig. 2. Width and length distribution of Ag,CrO4 powders obtained by CP method with H,O as a solvent
at A-D) 30, B-E) 60 and C-F) 90 °C and with NHj as a solvent at G-J) 30, H-K) 60 and I-L) 90 °C.

In order to investigate the morphological evolution of the samples obtained with
H,0 and NH;, it was constructed the surfaces models from the Ag,CrO,4 bulk structure
from first-principles calculations. Fig. 3 presents the surfaces modeled from DFT
calculations for the Ag,CrO,4 and their respective surface energy (Eqyf) are reported in

Table 1.

Fig. 3. Surfaces models of the Ag,CrO,4 with their respective upper (/1) and lower (/) terminations.

The (111) surfaces show the lowest values of Eg,r and among them, the /,
terminated (bottom part of the slab) is energetically the most favorable. This stability is
mainly due to the smaller relaxation energy of the /, compared to the /; termination,
indicating that the rearrangement of the most external atoms plays the main contribution
to the surface stability. For the others surfaces, the most favored terminations are
represented in Fig. 3. As can be seen, the (001), (011) and (110) surfaces have high
cleavage energy (E.y), as a result of a significant number of broken bonds, i.e. large
number of undercoordinated atoms as indicated by their relaxation energy (E.) values

(Table 1).

Table 1. Studied surfaces, the corresponding terminations (/;), the cleavage (E.y), relaxation (E,), and
surface (Eq.) energy values (in J/m?), and number of atoms (NA) and their coordination number (CN) in

the exposed surfaces.

From the calculated Eg,s values and applying the Wulff construction it is possible to
predict the equilibrium morphology for Ag,CrO4 crystals in vacuum using the VESTA
program [38]. The ideal morphology, directly constructed from the computed FEg:r
values, is represented in the center of the Fig. 4, and it shows clearly the prevalence of
the (111) surfaces with the lowest value of Eg,r (0.90 J/m?). In order to achieve the
experimental morphologies, the surfaces stabilities were affected by increasing or
decreasing some specific surfaces and the new Ej, ¢ values were indicated [39][40][41].
In Fig. 4 we can select the experimental morphologies, obtained by the FE-SEM images

that match with the theoretical morphologies using our procedure (morphologies 1 to 6).



Fig. 4. Theoretical and experimental morphologies obtained by tuning the values of Eg,¢ for Ag,CrO,.

The FE-SEM imagens for each sample is inserted for comparison purposes. Surface energy value in J/m?2.

According to the strategy used to achieve a specific morphology, it is possible to
obtain the energy profiles, via the calculation of the polyhedron energy values
(Epolyhedron),' ! that are capable to connect the ideal morphology with the experimental
FE-SEM images obtained experimentally in both solvents at the three different
temperatures. Fig. 5 shows the different energy pathways, while in Fig. 1 and Table 2
are presented the FEg,+ and Epoynearon Values for each morphology and also the

contribution of the total surface area of each surface.

Fig. 5. Polyhedron energy profiles connecting the ideal and experimental morphologies (1-6).

Table 2. Surface energy values (Eyr, J/m?), contribution of the surface area to the total area (C;), and the

polyhedron energy (Eporyhedron, J/m?) for each crystal morphology of Ag,CrOs,.

An analysis of the results presented in Table 2 renders that the crystal morphology
obtained at 30 °C in H,O medium is the most stable (Fig. 5, morphology 1). The (001),
(101), (011), and (110) surfaces are exposed, with prevalence of the first two surfaces.
To obtain this morphology, the values of E,s for these four surfaces need to be
decreased, like shown in Fig. 4. The morphology obtained in NH; medium at the same
temperature has a lower Eyoyhedron Value than that computed for the ideal crystal
morphology (Fig. 5, morphology 4). Therefore, their presence is associated to the
decreases of the Eg,r values due to surface/medium interactions in relation to that
predicted in vacuum. Indeed, the predominant surfaces at this morphology are the (100)
and (101) surfaces, and they require a decrease in the values of Egy, 0.89 J/m? and 0.92
J/m?, respectively. Simultaneously, the (010), (110) and (111) surfaces are destabilized
by 1.65, 0.42 and 1.00 J/m?, respectively. An inversion of the relative stability is
observed in the samples obtained at 60 °C. The product synthesized in NHj (Fig. 5,
morphology 5) has an E,qynedron Value smaller than the one obtained in H,O (Fig. S,
morphology 2). In the last case, the (010), (011) and (110) surfaces are the main
components of the morphology with predominance of the first two surfaces and

significant reduction of Eg, to 0.63 and 0.95 J/m? for both surfaces while the value of



Eg,¢ of the (110) surface is maintained. Concomitantly, the E,¢ value for the (100),
(101) and (111) surfaces need to be increased to 3.65, 2.90 and 2.40 J/m?, respectively.
These changes result in a high Ejoyhedqron Value (1.05 J/m?) indicating that this
morphology occurs from a strong energy destabilization in relation to the ideal
morphology.

For the synthesis in NH;, we have a crystal morphology that exposes,
predominantly, the (001), (011) and (111) surfaces. This morphology is obtained after a
considerable reduction of the corresponding E, ¢ values at about 1.35 and 1.29 J/m?, for
(001) and (011) surfaces, respectively. The larger energetic stability of morphology 5 in
relation to morphology 2 can be explained through the chemical composition of the
clusters at the exposed surfaces. Additionally, it is worth to mention that the (011)
surface is exposed in both morphologies and the most stable (111) surface is present
only in the morphology 5. At 90 °C, similarly to described for the samples obtained at
30 °C, the crystal morphology in H,O is the most energetically stable, and as can be
seen in the Fig. 5 (morphology 3), the (010), (001) and (011) surfaces are not present,
while the crystal morphology of 6 is widely dominated by the (001) and (101) surfaces
with a smaller contribution of the (100), (011) and (110) surfaces and present the
highest Eqiynedron among the morphologies obtained in NHj.

The theoretical morphologies obtained from the calculated E,¢ values by using the
Wulff construction for the Ag,CrO, samples, synthesized in H,O and NH;3 were formed
by different combination of surfaces and, from the theoretical study, it is possible to
disclose the nature of the clusters of Ag and Cr atoms, i.e. local coordinations present in
each surfaces of all morphologies. In this way, we can also calculate the broken bonds
density (Dp) which is the result of the ratio of the number of broken bonds (N,) by the
area of the surface (A). Using the Kroger-Vink notation[42] to assign the neutral oxygen
vacancy as V7, the clusters of the undercoordinated Ag and Cr atoms at the top of all
surfaces can be written as illustrated on Fig. 6. At this point, it is important to remark
the geometry and electronic structure of the models used to represent the exposed

surfaces are responsible of the chemical/physical properties of the semiconductors.

Fig. 6. Surface models for the Ag,CrO, structure where the Ag and Cr clusters are highlighted. V3

corresponds to a neutral oxygen vacancy. The values of Dp and E, are also presented.



As can be seen in Fig. 6, the undercoordinated [Ag03 - 3V3] clusters are present in
all surfaces and the (001) and (101) surfaces are constituted by only this kind of
undercoordinated cluster. By the other side, the undercoordinated [Ag0, - 2V}] clusters
are present in the (010), (100) and (011) surfaces. Therefore, the top of these three
surfaces has the same undercoordinated Ag clusters. The undercoordinated [Ag0,; - 4V
] clusters are presented in the (110) and (111) surfaces and the (110) surface is also
constituted by the undercoordinated [CrOj3- V3] clusters. The D calculated shows a
structural disorder at the top of surface, i.e., a higher D, value indicates a higher value
of broken bonds on the surface, while smaller D}, values indicate a local order at the
surface, less undercoordinated cluster with neutral oxygen vacancy. Therefore, the D),
values follow the order: (001) < (111) < (110) < (010) < (011) < (100) < (101), with
values of 8.45, 14.00, 15.71, 15.79, 17.39, 17.72, and 22.00 nm2, respectively. These
results indicated that the (001) and (101) surfaces are the most and less organized

surfaces with Eg,sof 1.70 J/m? and 1.41 J/m?, respectively.

3.2. Photocatalytic Tests

The photocatalytic activity of Ag,CrO4 samples were tested for the degradation of
RhB under visible light irradiation. The RhB shows the characteristic absorption peak
located at 554 nm, relative to its conjugated chromophore xanthene ring [43], which due
to the action of light undergoes a hypochromic displacement of the absorption as result
of the de-ethylation of the N,N'-diethylammonium functional groups [44]. The
photodegradation results are shown in Fig. 7 and Fig. 8 by variations of RhB
concentration (C,/Cy) as function of irradiation time, being C,, and C, the concentration

at a time ¢ and the initial concentration, respectively.

Fig. 7. UV-vis absorption spectra of the RhB aqueous solution in the presence of Ag,CrO, powders,
obtained by the CP method with H,O as a solvent at A) 30, B) 60 and C) 90 °C and with NHj; as a solvent
at D) 30, E) 60 and F) 90 °C.

Since most of the heterogeneous photocatalytic mechanisms for semiconductors are
considered as pseudo-first order reaction due to low initial concentration of dye and the
constant concentration of catalyst [45,46], the Langmuir-Hinshelwood (L-H) model [47]
was used according to equation 1. In this equation, k is the rate constant and ¢ the

reaction time. Therefore, if the reaction order is of pseudo-first order, the plot of In



Cy/C, in function of irradiation time gives a straight line in which the angular
coefficient is the £ value. The L-H plots were performed in order to verify the reaction

order and to obtain the rate constant for all samples, as shown in Fig. 8C-D.

Inc' =kt 1)

Fig. 8. A) Relative concentration of RhB dye (C/C,) versus time (min) of Ag,CrO, powders obtained by
CP method with H,O as a solvent at different temperatures and B) with NHj; as a solvent. (C) Reaction
kinetics of RhB degradation In(Cy/C,) versus ¢ (min) for of Ag,CrO4 powders and D) with NH; addition.
E) Efficiency of degradation (%) of RhB dye under exposure to UV-vis radiation, in the presence of
Ag,CrO,4 and different scavengers for the both samples synthesized at 60 °C.

It can be observed that RhB underwent faster degradation in the presence of
Ag,CrO,4 prepared at 60 °C with H,O, and the same with NH; compared to other
temperatures, with 59 and 24% of degradation in one hour of reaction, respectively (Fig.
8A-B). For comparison, when RhB solution was subjected to visible light irradiation
without the samples, i.e. photolysis test, under the same experimental conditions,
practically no degradation was observed. As expected, the samples synthesized at 60 °C
in H,O and NH; presented a higher rate constant in relation to the other samples, with &
= 0.0126 and 0.0037, respectively (Fig. 8C-D). The photocatalytic mechanisms for all
samples were well fitted as pseudo-first order reaction, which agrees with literature data
[48-50].

On the whole, it can be observed that in the crystals obtained in NH3; medium there
is a preference by the exposition of the surfaces rich in low-coordinated Ag atoms and
exposed coordinated Cr atoms (Fig. 6 and Table 1). In the same way, the higher
photocatalytic activity of the species obtained at 60 °C may be associated with the
exposition of the undercoordinated Ag rich facets. As aforementioned, the (011) surface
1s exposed in both morphologies 2 and 5 (obtained in H,O and in NHj, respectively),
which is composed by [Ag0, - 4V3], [AgOs3 - 3V3] and [CrO4] clusters, accomplished by
the (010) and (110) surfaces and by the (001) and (111) surfaces, respectively.
According to Table 1, these surfaces in addition to the (101) surface have the largest
number of [Ag0s3-3V3] clusters (Fig. 6). In this sense, the correlation between the
theoretical models and the experimental data suggest that the photocatalytic activity
may be associated to the presence of these crystalline planes in the final morphologies,

demonstrated that the photocatalytic activity of Ag,CrO, crystals is surface-dependent.



In majority of these surfaces, the Ag and O atoms are in the [AgO5 - 3V3] clusters in a
planar configuration with small RMSD (Root-Mean-Square Deviation) (less than 0.1 A)
with two angles around 90° and one close to 180°. This configuration can be seen as a
residual geometry of the octahedral [AgOg] clusters. In this arrangement the Ag cations
are exposed and they are capable to interact with electron donor species. Comparatively,
the Ag formal oxidation state in bulk is +0.78 while in the (011) surface it varies from
+0.59 to +0.75. The presence of these reduced Ag atoms in the surface might act as a
driving force to improve the photocatalytic activity.

As previously described, both samples obtained with H,O and NH; solvents at 60
°C presented higher photodegradation activity compared to samples obtained in 30 and
90 °C. Due to these results, photocatalytic experiments using scavengers’ reagents were
performed for these two samples in order to understand the photodegradation
mechanism. Tert-butyl alcohol (TBA), silver nitrate (SN), p-benzoquinone (BQ), and
ammonium oxalate (AO) were used as scavengers for hydroxyl radical (OH *), electron
(e), superoxide radical (03), and hole (h°), respectively. Fig. 8E shows the
photodegradation efficiency of samples obtained with H,O and NH; with and without
scavengers. As can be seen, the experiments using BQ and AO for both samples
obtained with H,O and NHj, i.e. the absence of superoxide and holes for reactions,
presented lower photodegradation efficiency compared to others charge carriers and
reactive oxygen species (ROS). Therefore, we can conclude that the 07 and h® are the
main responsible for photodegradation reactions in both samples.

As observed by the results of Rietveld refinements of these samples (see section 4
of the SI), the clusters that compose the structure of obtained Ag,CrO4 with higher
structural distortions were octahedral [AgOg], while both tetrahedral [AgO,] and [CrO4]
clusters presented structural order at short-range. Considering that the ordering degree
of cluster is directly associated to local symmetry, these distorted and ordered clusters
correspond to asymmetric and symmetric clusters, respectively. Furthermore, the
electronic bands structure by partial DOS indicates that the top of VB of Ag,CrO; is
mainly composed of Ag 4d and O 2p orbitals, while the bottom of CB is mainly
composed of Cr 3d and O 2p orbitals (see section C of the SI). Therefore, the structural
composition of top of VB is mainly formed by [AgOg] clusters while the bottom of CB

is composed by the [CrO4] clusters. Besides, it was shown in the analysis of the surfaces
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that there are undercoordinated Ag atoms with oxygen vacancies and completed
coordinated Cr atoms on the top of the surfaces that composed the crystal morphologies.
From these results, it is possible to propose a photodegradation mechanism, as given

by equations 2-6, which were constructed using Kréger-Vink notation [42]:

[Cr04]* +[Ag03 - 3V5]— [CT04] +[Ag03 - 3V7] (2)
[Ag03-3V;] + H,0— [Ag03-3VX]|+ OH™ + H" 3)
[CT04] + 0,- [CrO4])* + 05 4)
05+ H'>0,H* (5)
OH* + 0,H" +RhB— CO, + H,0 + degradation products (6)

where the ('), (¢), (x) sub-index mean negative, positive and neutral chargers,
respectively, in the Kroger-Vink notation.

As can be seen above, the Ag and Cr clusters generate a polarization of the electron
density, leading to formation of electrons in pre-excited states [51,52]. These electrons
can interact with neutral neighbors [Cr04]* and [Ag03 - 3V}] clusters, resulting in a
charge transfer between these clusters and then forming negatively and positively
charged [Cr04] and [Ag0Os - 3V}] clusters, respectively. The positively charged [Ag03
- 3V,] clusters are considered to keep the hole, which is well known that can easily
oxidizes the H,0 molecules in contact with the surface, generating OH * and a proton (
H") [4,53]. The negatively [Cr0,4] clusters in the CB can promote the reduction reaction
of dissolved O, to form the 03. This radical reacts with the proton released in equation
5 to produce the hydroperoxyl radical (O,H ™), which is one of the most reactive
species generated in the photodegradation mechanism [4,54]. Therefore, the holes, i.e.
[Ag03 - 3V;] , play a key role along the reaction mechanism since they are responsible
for production of H* and also the OH * radical. In addition, the 0% radical plays also a

crucial role to reaction mechanism since they react with protons to produce a highly

reactive species, the O,H * radical. Herewith, a quenching process involving holes and
03 radicals directly hinders the production of O,H * radicals due to absence of the

reactants in equation 5, thus drastically reducing the photodegradation efficiency in the

equation 6.

3.3. Microbiological and cellular viability tests

11



Biofilms of C. glabrata present a reduction of the susceptibility to antifungals
commonly used, in comparison to the planktonic form [55]. These species are naturally
resistant to various antifungal and host protective molecules [56], making its
elimination even more difficult. In this way, the development of new antifungal agents
for its elimination becomes very important.

The colony forming units of C. glabrata after exposure to different concentrations
of Ag,CrO4 are shown in Fig. 9A. It can be observed that all the samples were able to
eliminate C. glabrata. The material that presented the highest antifungal activity was
AgyCrO,4 prepared at 60 °C with water. A concentration of 0.24 pug/mL of this material
avoided the growth of C. glabrata. 1t is widely known that silver is a powerful anti-
microbial agent acting against fungi [13], gram-negative and gram-positive bacteria
[11], including methicillin-resistant Staphylococcus aureus (MRSA), a highly
pathogenic species responsible for severe nosocomial infections [57]. In our case, for
the samples that presented the highest minimum fungicidal concentration (MFC), the
values are lower than those reported by other materials associated with silver [58,59].

The viability of 1929 cells exposed to different sample for 24h at different
concentrations were evaluated. The results showed that the cellular viability (> 80%)
was high to concentrations below 1.5 pg/mL independently of the material (Fig. 9B).
However, the Ag,CrO4,-NH; 30°C and Ag,CrO4-NH;3 60 °C at low levels (~5 pg/mL)
presented a high cytotoxicity that was able to drop the cellular viability to levels below
to 50%. In contrast, Ag,CrO4 30 °C, Ag,CrO,4 60 °C and Ag,CrO4-NH;3 90°C showed
elevated level of cytotoxicity only at concentrations above of 18 pg/mL, being
approximately 5-fold less cytotoxic than the previous types of materials. In relation to
Ag,CrO4 90 °C, the level of its cytotoxicity was intermediary in comparison with the

two previous groups.

Fig. 9. A) Candida glabrata growth as a function of different concentrations of Ag,CrO,4. B) Cellular
viability of L929 cells exposed to Ag,CrO, obtained by CP method with H,O and NH; as a solvent.

Silver nanoparticles and silver-based materials are widely studied in biological and
biomedical fields, such as antibacterial [60—62], antifungal [59,63,64] and anticancer
therapeutics [65]. However, its cytotocixity can make its application unfeasible. In this

study, it is possible to observe that for all samples, the cells showed high viability
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(above 70%) when treated with the concentrations of greater antifungal activity (Fig.
9B).

Studies have shown that the use of chromium-based materials may accumulate in
some organisms [66] and present a wide range of lethal effects [67]. Wise et al. [68]
demonstrated that exposure of cultured cells to chromate samples was able to induce
cell death, cause chromosomal aberrations and double-strand breaks of the genetic
material. In humans, chromate is reported to be a highly genotoxic agent [69]. Its
insoluble form in water results in the partial dissolution of the sample in the
extracellular environment, releasing Cr ions, and the toxic effects resulting from the
uptake and intracellular reduction of Cr (VI) to Cr (III) ions. Genotoxic effects may
cause carcinogenic, teratogenic and developmental problems.

In an attempt to minimize the effects of the exposure of chromate to biological
systems, several methods of synthesis are studied. In this work, we can observe that
Ag,CrO4—NH; 90°C presented lower cytotoxicity power than the other samples,
showing that in some way, its characteristics can minimize the effects caused to the
cells.

The mechanism of action is related to the production of ROS, through the
interaction of the undercoordinated clusters present in the morphology with the H,O and
O, molecules. The ROS in contact with the microorganism causes membrane damage
and death [8]. In this study, the release of ROS can be proven by the photodegradation
tests with the presence of scavengers, where we can assume that both 07, and h* species
are key in the antifungal activity. At nanoscale, the surface atoms and structural defects
increase, the active sites at the exposed surfaces exponentially increase to be capable to

churn out a plethora of ROS and provoke oxidative stress.

4. Conclusions

In summary, the surface-dependent photocatalytic (degradation of Rhodamine B),
antifungal (towards Candida glabrata) and cellular viability (against the L929 cell line)
activities of Ag,CrO, microcrystals were studied in detail by combining experimental
techniques and first-principles calculations. The integration of experimental results and
computational modeling led to a deep insight to clarify important issues and established

a theoretical base. Taking advantage of the fact that the synthesis method used in H,O

13



and NH; has allowed to obtain samples with homogeneous morphologies, herein, we
have systematically investigated, for the first time, both the surface characteristics and
electronic structures of Ag,CrO4 microcrystals with different exposed surfaces and
morphology, which were prepared by the co-precipitation method. The variations in
structure and electronic properties were monitored by XRD with Rietveld refinements,
micro-Raman and UV-vis spectroscopies, and photoluminescence emissions, while
surface morphology were characterized by FE-SEM images. To obtain a wide variety of
crystal morphologies, the surface chemistry, i.e., the relative stability of the faceted
crystals was tuned. Samples obtained with H,O and NHj solvents at 60 °C presented
higher photodegradation activity, and the superoxide radical and holes are the main
responsible for photodegradation reactions in both samples.

Present experimental and theoretical work has highlighted several key parameters
(surface dependent) that determine the photocatalytic, antifungal and cytotoxicity of
Ag,CrO,4 microcrystals and provided some general principles for material design.
Different activities can be associated to the different number of superficial
undercoordinated Ag atoms. Presence of (011) surface with a larger amount of

undercoordinated Ag clusters, like [Ag03 - 3V%], and [Ag0g] and [CrO4] clusters that

formed the Ag,CrO, morphologies is the key factor that can rationalize both the
photocatalytic, antifungal and cytotoxicity activities.

We have demonstrated a new approach to understand the role of the Ag,CrO,
crystal surfaces, which also has great potential for addressing many fundamental issues
in related materials. We believe that our results offer new insights regarding the local
coordination of superficial Ag and Cr cations (i.e., clusters) on each exposed surface of
the corresponding morphology, that dictate these properties, a field that has so far
remained unexplored.

Our study illustrates the enormous potential of surface oriented Ag,CrOy,
confirming that DFT calculations combined with experimental evidence play a
fundamental role not only to obtain a number of crystal morphologies, that may offer
improved performance, but also these insights can contribute to the rational design of

new materials for multifunctional applications.
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Fig. 1. FE-SEM imagens of Ag,CrO,4 powders obtained by CP method with H,O as a solvent at A) 30, B)
60 and C) 90 °C and with NHj as a solvent at D) 30, E) 60 and F) 90 °C.
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Fig. 2. Width and length distribution of Ag,CrO, powders obtained by CP method with H,O as a solvent

at A-D) 30, B-E) 60 and C-F) 90 °C and with NH; as a solvent at G-J) 30, H-K) 60 and I-L) 90 °C.
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Fig. 3. Surfaces models of the Ag,CrO, with their respective upper (/;) and lower (/,) terminations.
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Fig. 4. Theoretical and experimental morphologies obtained by tuning the values of E,¢ for Ag,CrO,.

The FE-SEM imagens for each sample is inserted for comparison purposes. Surface energy value in J/m?2.
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Fig. 6. Surface models for the Ag,CrO, structure where the Ag and Cr clusters are highlighted. V3

corresponds to a neutral oxygen vacancy. The values of Dj and E,r are also presented.
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Ag,CrO,4 and different scavengers for the both samples synthesized at 60 °C.
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Table 1. Studied surfaces, the corresponding terminations (/;), the cleavage (E..), relaxation (E), and

surface (Eq.) energy values (in J/m?), and number of atoms (NA) and their coordination number (CN) in

the exposed surfaces.

NA (CN)
Surfaces E E.q Equt

Ag Cr
o1y 1, 2.378 -0.677 1.702 2(3) 2(4)
o1y L 2.378 -0.669 1710 3(3),1(4), 1(5)  1(3), 1(4)
010) 1, 1.718 -0.265 1.453 3(4), 1(5) 2(4)
010y 1 1.718 -0.354 1.364 2(4), 2(3) 2(4)
(100) 1, 1.579 0.175 1.404 2(4) 2(4)
(100) 1, 1.579 -0.284 1.294 4(3), 2(4) 2(4)
o1y 2.502 -0.561 1.941 2(6), 2(3) 2(3)
ol L 2.502 -0.615 1.886 4(3), 2(4) 2(4)
(110) 1, 3.161 -1.098 2.062 4(4),1(5) 2(4), 1(3)
110y 1 3.161 -0.905 2.569 23), 1) 13)
(o) 1, 1.628 -0.220 1408 '@ 11((35)) 1@), 4(4)
oty L 1.628 -0.309 1.319 6(3) 2(4)
ay 1.230 -0.186 1oas 1O 11((52)) 1), 4(4)
ary 5L 1.230 -0.333 0.897  3(3),1(5), 1(2) 4(4)

Table 2. Surface energy values (Eg,s, J/m?), contribution of the surface area to the total area (C;), and the

polyhedron energy (Epolyhedron, J/m?) for each crystal morphology of Ag,CrOs,.

Morphology Ideal 1 2 3 4 5 6
Surface Eq¢ G Eqt G E. ¢ G; Equt (of Equt G E.¢ G Equt
(100) 1.29 8.44 1.29 - 3.65 - 0.36 31.11 040 31.78 2.29 - 1.29 8.80
(010) 1.36 1.10 1.36 - 0.63 3471 1.36 - 3.01 - 1.36 - 3.05
(001) 1.70 - 030 3572 1.70 - 1.70 - 1.70 - 0.35 3649 050 3833
(101) 1.32 - 0.50 3448 290 - 046 27.62 040 58.19 132 - 0.78 35.53
(011) 1.89 - 0.70 11.07 095 46.06 1.89 - 1.89 726 0.60 2727 1.89 9.22
110) 2.06 - 090 1872 206 1924 071 1096 248 276 2.06 - 2.53 8.12
a1y 0.90 90.46 0.90 - 2.40 - 0.60 3031 1.90 - 0.90 3624 2.08
Eoiyhedron 0.94 0.53 1.05 0.50 0.57 0.62 0.96
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Highlights

Evaluation of the surface-dependent response of Ag,CrO, computational models.

Study toward unveiling the photocatalytic activity against RhB of Ag,CrO,.

Antifungal and cytotoxicity activities of Ag,CrQO, are also investigated.
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