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ABSTRACT

Transition metal sulfides have received great attention as electrocatalysts for electrochemical
sensors and water electrolysis. In the present study, a facile and rapid chemical conversion route
was used for the synthesis of partially and fully converted Ag>S from tube-like CuS. The
morphology of the obtained materials was investigated by scanning electron microscopy (SEM)
and transition electron microscopy (TEM), revealing that the complex shape of CuS was
maintained after the conversion. Information about phase and elemental composition was
obtained by X-ray diffraction (XRD), Raman spectroscopy, X-ray fluorescence spectrometry
(XRF), and inductively coupled plasma optical emission spectrometry (ICP-OES). The surface
composition was analyzed utilizing X-ray photoelectron spectroscopy (XPS). The results
indicated that it was possible to precisely control the contribution of each sulfide by varying
precursors ratio. Moreover, the conducted experiments enabled to schematically illustrate the
CuS-Ag;S junction and propose a conversion mechanism. The electrochemical behavior of the
materials was examined using cyclic voltammetry (CV) in the potential range of biomolecules
electrooxidation as well as water splitting. Special attention was devoted to reactions occurring
on Ag>S-modified electrodes in alkaline and neutral media. It was found that the formation of

subsequent oxides, their reduction, and the recovery of Ag>S are diffusion-controlled processes.

KEYWORDS: silver sulfide, copper sulfide, chemical conversion, cation exchange,

electrochemical behavior
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1. Introduction

Electrochemistry remains a very active area of both fundamental and application research. A
vast number of currently developed sustainable technologies are based on redox reactions. This
includes fuel cells, supercapacitors, batteries, electrochemical sensors, and photoelectrochemical
cells. Among materials exhibiting interesting electrochemical properties, transition metal sulfides
(TMYS) have attracted significant attention [1,2]. The electrocatalytic activity of TMS is
considered to be greater than that of appropriate oxides and hydroxides due to their higher
electronic conductivity [3—5]. Moreover, this group of materials possess rich redox chemistry
and unique electronic structures [6]. To fully exploit the material potential as an electrocatalyst,
the evaluation of the basic processes occurring at the electrode-electrolyte interface remains
crucial. The electrochemical behavior of metals in alkaline solutions has been extensively
studied in terms of their application in electrochemical sensors [7-9], as well as water splitting
[10,11]. However, for metal sulfides, a basic understanding of the interactions between the
material and the electrolyte is still lacking.

Acanthite (monoclinic Ag>S) is a narrow band gap semiconductor (~0.9 eV). It has been
investigated as an electrode material for a wide range of electrochemical applications, such as
electrochemical biosensors [12,13], gas sensors [14,15], and water electrolysis [16,17].
Moreover, silver sulfide has also been used to enhance the electrocatalytic performance of other
sulfides such as CuS, CoS, or MoS; [5,18-20].

In our previous work [21,22], we have shown, based on the example of electrodes for
photoelectrochemistry, that the activity of heterostructures is determined by the morphology and
physicochemical properties of the constituents. Therefore, it is important to consider their
architecture in the material design process. Among the proposed techniques for the synthesis of

Ag>S, chemical conversion offers certain unique features. This method extends the available
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morphologies for silver sulfide and enables to benefit from the abundance of possible shapes of
other compounds such as copper sulfides. For example, Basu et al. utilized CuS with two
different morphologies, flower balls and wires, as sacrificial templates for the synthesis of
Ag>S/Ag heterostructures [23]. Furthermore, chemical conversion can aid in shaping the
interface between converted materials. In the study by Tan et al., sequential cation exchange of
CdS to CuzS and further to AgzS induced the preferential nucleation of silver sulfide along the
twin boundaries that were created in the first stage of the process [24]. By varying the reaction
time, it was possible to roughly tune the length of the Ag>S segments. This indicates that the
degree of conversion can be adjusted. However, the strictly quantitative approach as well as a
more feasible way of precise control over the phase composition have not been investigated yet.
Another challenging issue remains the conversion of hierarchical microstructures while retaining
their morphology.

In this work, we propose a facile and rapid chemical conversion route of CuS to Ag>S at room
temperature. By simply varying CuS:AgNOs ratio, it was possible to gain control over the final
composition of the powders and at the same time retain the complex morphology of the starting
material. Partial as well as full conversion were achieved. Detailed studies were devoted to
describing the junction between copper and silver sulfide. In addition, the origins of trace
amounts of silver in converted Ag>S were discussed. The electrochemical behavior of the
obtained materials was investigated to provide a firm theoretical background for their application

as electrocatalysts in an alkaline and neutral medium.
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2. Materials and methods
2.1 Materials

Ethylene glycol (EG, C2HeO2), silver nitrate (AgNO3), and sodium hydroxide solution (0.1 M
NaOH) were purchased from Avantor. Copper sulfate (CuSO4-5H>0) was provided by Chempur
and sodium thiosulfate pentahydrate (Na>S>03-5H>0) by Acros Organics. Polyvinylpyrrolidone
(PVP, M.W. 40 000) was supplied by Alfa Aesar. Phosphate buffered saline (PBS) tablets,
Sigma, were used. All solutions were prepared using deionized water.
2.2 Synthesis of CuS

For the synthesis of copper sulfide, the method proposed by Kundu et al. [25] was used with
certain alterations. As a copper precursor served CuSO4-5H>0 (0.05 mM) and as a sulfur
precursor — NaxS>03-5H>0 (0.05 mM). They were mixed for 2 h in a solution of water (50 mL)
and ethylene glycol (150 mL) cooled to 1 °C in an ice bath. Subsequently, the reaction mixture
was left at room temperature for 4 weeks. After this time, the black precipitate was separated
from the solution by centrifugation and washed with a water/ethanol mixture
(50 vol.%/50 vol.%) three times. The powder was dried in a vacuum dryer at 60 °C for 12 h.
2.3 Chemical conversion of CuS to Ag>S

Copper sulfide was converted to silver sulfide by a cation exchange process. As obtained CuS
powder was suspended in 25 mL of ethylene glycol using ultrasounds for 1 min. Then a solution
of silver nitrate in ethylene glycol (25 mL) was added to the CuS suspension and everything was
mixed for 1 min on the magnetic stirrer. The variable was the molar ratio of CuS to AgNOs (see
Table 1). The powder was separated from the solution by 5 min of centrifugation and
subsequently washed with a water/ethanol mixture (50 vol.%/50 vol.%) three times. The product

was dried in the vacuum dryer at 25 °C for 12 h. Additionally, three conversion processes were



102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

conducted with a set nCu:nAg molar ratio of 1:2, but with variable other parameters - overall
concentration, solvent, and type of laboratory glass (Table 1). For comparison purposes, pure
Ag>S was obtained following the same procedure as for copper sulfide, but with silver nitrate as

a silver precursor.

Table 1. Composition of suspensions used for chemical conversion.

Sample nCuS/mmol nAgNO3;/mmol nCu:nAg Remarks

CA 4:1 4.00 1.00 4:1 standard procedure
CA_2:1 3.35 1.65 2:1 standard procedure
CA 1:2 1.65 3.35 1:2 standard procedure
AC _1:2 0.63 1.25 1:2 decreased concentrations
WW _1:2 1.65 3.35 1:2 water used as a solvent
AG_1:2 1.65 3.35 1:2 amber volumetric flask

2.4 Characterization of materials

The surface morphology of the obtained materials was analyzed by scanning electron
microscopy (SEM, Nova NanoSEM 200, FEI Company). A specific surface area assessment
utilizing the Brunaer-Emmet-Teller (BET) method was carried out on the ASAP 2020 Plus
Adsorption Analyzer, Micrometrics. The degassing temperature was 150 °C. The phase
composition was determined by X-ray diffraction (XRD). Spectra were collected using the
X’Pert MPD diffractometer, Malvern Panalytical Ltd., with the Johansson monochromator (Cu
Kay radiation, 1.5406 A). Rietveld refinement was performed using HighScore Plus software,
Malvern Panalytical Ltd. Raman spectroscopy measurements were conducted on the Raman
confocal microscope alpha 300R, WITec GmbH. The excitation wavelength was 488 nm and the
objective 50x was used. The integration time was set to 20 s and the accumulation number to 5.

The presented spectra are the average of three independent measurements. For wavelength
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dispersive X-ray fluorescence spectrometry (WDXRF), the Axios mAX spectrometer, Malvern
Panalytical Ltd., with the Rh lamp (4 kW) was employed. For inductively coupled plasma optical
emission spectrometry (ICP-OES) experiments served Optima 7300DV ICP-OES spectrometer,
Perkin Elmer. The powder samples were mineralized in concentrated HNO; at 230 °C and
68 bar. Surface composition was evaluated by X-ray photoelectron spectroscopy (XPS),
PHI5000 VersaProbe II Scanning XPS Microprobe, Physical Electronics. Monochromatic Al Ka.
(1486.6 eV) was utilized as an X-ray source. The area of analysis was 400 um x 400 pm and the
depth of analysis around 5 nm. Detailed information on the materials structure provided
transmission electron microscopy (TEM) performed on Tecnai TF 20 X-TWIN, FEI Company.
2.5 Preparation of the electrodes

Glassy carbon electrodes (GCE) were modified with the obtained materials using a drop
casting method as described previously [26]. Briefly, 12.5 mg of appropriate powder were added
to 5 ml of aqueous solution containing 50 mg of PVP. Subsequently, the suspension was
homogenized by mixing on the magnetic stirrer for 30 min and applying ultrasounds for 10 min.
A drop of 10 ul was then casted onto the activated GCE surface and left for drying. When not in
use, electrodes were stored in the refrigerator suspended over the deionized water.
2.6 Electrochemical measurements

To investigate the electrochemical properties of the modified electrodes, cyclic voltammetry
(CV) was used. CV measurements were performed in a three electrode system on the
electrochemical analyzer M161E, MTM Anko. The role of a working electrode played modified
GCE, as a reference electrode served Ag/AgCl (3 M KCl) and as an auxiliary — platinum wire
(Pt). All electrodes were provided by Mineral. The experiments were conducted in 15 mL of

appropriate electrolyte - 0.1 M NaOH or 0.1 M PBS.
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3. Results and Discussion
3.1 Morphology and structure characterization

The morphology of synthesized CuS, converted materials (CA_4:1, CA_2:1 and CA 1:2) and
Ag>S can be seen in Fig. 1. Tube-like copper sulfides with diameter and height of around 1 pm
were filled with clusters of spherical particles loosely tied with the hexagonal shell. After
subsequent conversion, the powders retained their morphology, indicating the perfect structural
stability of the tubes. In the case of the directly obtained silver sulfide, it was composed of
agglomerated nanosized particles. The powders changed their color from bottle green to gray for
pure CuS and Ag>S, respectively (Fig. S1). The specific surface area determined using the BET

method for the initial CuS powder was 7.4 m?/g (the obtained isotherm is presented in Fig. S2).

e) Ag,S

a) Cus b) CA_4:1 c)CA_2:1

) Lo

d) CA_1:2

Figure 1. SEM images of CuS (a), CA_4:1 (b), CA 2:1 (c), CA_1:2 (d) and AgsS (e).

XRD analysis (Fig. 2a) revealed the presence of a pure covellite phase (hexagonal, space
group: P63/mmc, JCPDS no. 98-006-1792) within the CuS sample. Upon its successive
conversion to silver sulfide and decreased molar ratio of Cu:Ag, the presence of an acanthite
phase (monoclinic, space group: P2i/c, JCPDS no. 98-004-4507) become more pronounced.
These results were supported by Raman spectroscopy (Fig. 2b). In the spectrum for CuS, two

bands were observed at 265 and 472 cm’!, which can be assigned to Cu-S and S-S bonds,
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respectively, within copper sulfide. These bands were diminished for converted samples and
disappeared in the case of CA_1:2 and Ag>S. On the other hand, the emerging broad bands in the

range of 100-300 cm™! indicated an increasing content of silver sulfide [27].

a) Ag,S N b) Ag,S
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Figure 2. XRD patterns for all samples (a). Peaks characteristic for covellite are marked with
blue stars and for acanthite with red ones. Raman spectra versus normalized intensity for all
samples (b).

To determine the phase composition of each of the converted samples, Rietveld refinement
was performed. It revealed that in the case of CA_4:1, CuS:Ag>S ratio was 78:22 wt.%
(theoretical 73:27 wt.%) and for CA_2:1 the ratio was 56:44 wt.% (theoretical 54:46 wt.%). For
CA_1:2, no covellite phase was detected. However, small amount (2 wt.%) of metallic silver
(cubic, JCPDS no. 01-087-0717) was present. Importantly, no shifts in the diffractograms
characteristic for doped materials were observed. These results indicate that the proposed
conversion process is highly controllable. The calculated crystallite size for CuS based on the
Scherrer equation increased from 12+3 nm to 24+4 nm (CuS and CA_2:1 samples, respectively).

On the other hand, the crystallite size of Ag>S was the largest in pure silver sulfide (14144 nm)
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and decreased when the degree of conversion was lower (54+2 nm for CA_4:1). The evaluated
phase compositions and crystallite size values are summarized in Table 2.
Table 2. Summary of the phase composition, crystallite sizes determined for CuS and Ag>S, and

Cu:Ag molar ratio in the samples given as a weight percentage.

CuS:Ag:S /wt.%  Crystallite size / nm Cu:Ag / wt.%
Sample theoretical XRD CuS Ag>S  theoretical WDXRF ICP-OES
CuS 100:0 100:0 12+3 - - - -
CA_4:1 73:27 78:22 16£3 54+2 67:33 69:31 67:33
CA_2:1 54:46 56:44 2444 75+6 47:53 47:53 46:54
CA_1:2 0:100 0:100* - 83+4 0:100 2:98 1:99
Ag:S 0:100 0:100 - 141+4 - - -

* without considering the presence of metallic silver

Based on XRD and Raman spectroscopy, it was concluded that the CA 4:1 and CA_2:1
samples are composed of CuS/Ag>S, whereas CA_1:2 consists of Ag/Ag>S and no residues of
copper sulfide were detected. Additionally, no bands of copper sulfate were observed in the
Raman spectra. To further investigate the composition of powders, WDXRF and ICP-OES
measurements were carried out to determine Cu:Ag ratio in the converted powders. As can be
seen in Table 2., the results of both measurements were convergent and supported conclusions
drawn from XRD. The Cu:Ag ratio determined by WDXRF and ICP-OES for the CA 4:1
sample was 69:31 and 67:34 wt.% (theoretical 67:33 wt.%), respectively, and for CA_2:1 —
47:53 and 46:54 wt.% (theoretical 60:40 wt.%). In the case of CA_1:2, trace amounts of copper
were detected (2 wt.% in WDXRF and 1 wt.% in ICP-OES).

3.2. XPS analysis
XPS analysis was used to study in detail the surface composition of the CA 2:1 and CA 1:2

samples. Special attention was devoted to the determination of the bonds between the elements.

10
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In the Ag 3d high-resolution spectra (Fig. 3a,d), two well-defined symmetrical lines centered at
374.8 and 368.8 eV (dz2-ds;2 doublet, separated by 6.0 eV) were observed. These values were
more positive compared to the line positions of Ag" in Ag,S reported in the literature [28]. It can
be explained by the presence of Ag’ along with Ag* in both samples [16,29], as indicated by
XRD. The line positions of metallic silver and silver ions in AgsS are too close to distinguish
them properly in our spectra. The high-resolution Cu 2p3, spectrum for CA_2:1 presented in Fig.
3b was fitted with the two lines positioned at 932.7 eV (with an asymmetric tail) and 935.3 eV.
They were attributed to Cu™ as the major oxidation state of copper in covellite [30] and Cu-SO
bonds in copper sulfate [28], respectively. In the spectrum for CA 1:2 (Fig. 3e) no lines specific
for Cu-S bond in copper sulfide were detected. However, trace amounts of copper hydroxides
and sulfates were identified. It was further proved by the three satellite lines within the energy
range of 940 — 945 eV characteristic for Cu*" shake-up processes in Cu(OH), and CuSO4 [28].
They might originate from the adsorbed byproducts of conversion. Analysis of the S 2p region
for the CA_2:1 sample (Fig. 3c) revealed the presence of three p3»-p12 doublets separated by

1.2 eV centered at 162.0 and 163.2 eV, 162.7 and 163.9 eV, 164.0 and 165.2 €V, which can be
assigned to sulfides and polysulfides [31]. Such spectrum is typical for covellite due to the
presence of S* and S>> moieties within this compound [30,32]. Additionally, a doublet at 168.8
and 170.0 eV indicated the existence of sulfates on the powder surface [31]. As can be seen in
Fig. 3f, only sulfides and sulfates lines were observed for the CA 1:2 sample, confirming the

complete conversion. The survey spectra for both samples are presented in Fig. S3 and Fig. S4.

11
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Figure 3. High-resolution XPS spectra of CA_2:1 (a,b,c) and CA_1:2 (d,e,f): Ag 3d (a,d), Cu

2p32 (b,e) and S 2p (c,f).

3.3. TEM analysis

TEM images further proved the specific morphology of the powders composed of a hexagonal

tube-like shell and clusters of nanosized particles trapped inside (Fig. 4a). To investigate the

distribution of the elements within the powder, energy-dispersive X-ray spectroscopy (EDS) was

used. As can be seen in Fig. 4b, copper, sulfur and silver were present within the whole

structures.

12
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Figure 4. TEM image of the converted CA_2:1 sample (a) and dark-field image with EDS
mapping of the region marked with the red frame (b).

The selected area electron diffraction (SAED) measurements of the region with a diameter of
3 um were conducted (Fig. 5a). The obtained ring diffraction pattern is characteristic for
polycrystalline samples (Fig. 5b). Based on the diameter of the fitted rings, the lattice spacings
were determined and the corresponding CuS and Ag>S planes were assigned to them (Table S1),
confirming the presence of these two phases within the sample. Furthermore, high resolution
TEM (HR-TEM) analysis was performed. It revealed that the (020) planes of monoclinic silver
sulfide are parallel to the (002) planes of hexagonal copper sulfide (Fig. 5c). Based on this
observation, we proposed a schematic illustration of the CuS-Ag>S junction within converted

samples (Fig. 5d).
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Figure 5. TEM image of the converted CA_2:1 sample (a), and the SAED pattern with
numbered rings of the region marked with the red circle (b). HR-TEM image with marked d-
spacing values of 3.45 A and 8.16 A assigned to the Ag>S (020) plane and the CuS (002) plane,
respectively (c). Schematic illustration of the CuS-Ag>S junction with marked the (020) plane of
Ag>S and the (002) plane of CuS (d).
3.4. Conversion mechanism

The chemical conversion of CuS to Ag>S is schematically presented in Fig. 6. Based on the
results presented in sections 3.1 - 3.3 and TEM images under different magnifications (Fig. S5),
it was proposed that the nucleation centers of Ag>S were uniformly distributed throughout the
whole structure and were spreading upon conversion. Although the theoretical volume expansion
of the cell is 11% for this reaction, the complex tube-like shape was maintained. The cation-

exchange reaction between Ag"” and CusS is a thermodynamically favored process (the standard

14
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enthalpy of formation for Ag" is 105.9 kJ/mol and for Cu*" 64.4 kJ/mol). The reduction of silver
ions to metallic silver observed in converted samples may have different origins: (1) excessive
silver nitrate concentration in the conversion solution, (2) reducing effect of ethylene glycol [33],
(3) UV light irradiation [34] or (4) redox reaction between Ag" and S* with Ag,S acting as a
catalyst [35]. To verify these hypotheses, additional conversion processes were performed for
nCu:nAg = 1:2 (ratio of reactants). The products were analyzed using XRD and compared with
the CA_1:2 sample. In the case of reduced AgNOj3 concentration from 67 to 25 mM (AC _1:2),
using water as a solvent instead of EG (WW__1:2), as well as conducting experiment in an amber
glass to eliminate UV irradiation (AG_1:2), the same amount of metallic silver (around 2 wt.%)
was determined by Rietveld refinement in all samples. The appropriate XRD patterns are shown
in Fig. S6. Therefore, it can be concluded that silver ions were slowly reduced by abundant S* as
proposed by Motte et al. [35]. During conversion, lattice rearrangement occurred, and the sulfur
coordination number changed from 4 in CuS to 5 in Ag;S, which may explain the source of these

excessive sulfide ions. Nonetheless, the reduction of Ag” was only a marginal process.

Figure 6. Proposed mechanism of CuS-Ag>S chemical conversion involving expansion of the

randomly distributed nucleation centers of silver sulfide.
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3.5. Electrochemical behavior

The electrochemical behavior of compounds in alkaline electrolytes is of special importance in
terms of their application in electrochemical sensors and for water splitting. Fig. 7 shows the
cyclic voltammograms of the GCE modified with CuS, CA 4:1, and CA 2:1 measured in 0.1 M
NaOH. For CuS/GCE, scanning with the increased speed (6.25 to 100 mV/s) did not
significantly influence the curves and no peaks were recorded (Fig. 7a). This is in contrast to
metallic copper-based electrodes for which peaks of subsequent oxidation
Cu’—Cu’—Cu*"—Cu*" are clearly visible in an alkaline medium [8]. On the other hand, the
presence of Ag>S in the converted samples yielded five anodic peaks (one on the cathodic curve)
and two cathodic peaks (Fig. 7b,c) characteristic only for silver [10]. Their signal increased with
scan speed. What is interesting, in the case of Cu-Ag alloys studied by Assaf et al. [36], the

cyclic voltammograms were composed of peaks originating from both copper and silver redox

reactions.
a) 40 | CuS 0.1 M NaOH b) 0.1 M NaOH c) CA_2:10.1 M NaOH
6.25 mVis 6.25 mV/s - 6.25 mVis
- - 125mVis 300 - — 12.5mVis 150 F— - 12.5mVis
30 -- 25mVis 25 mVis 25 mVis
—--50 mV/is ‘ 50 mV/s —--50 mVis

— 100 mV/s I 100 mV/s 100 |— 100 mV/s
L 200 -

100 h—

i
0k

=C, =Cy TNA

%00 200 0 200 400 600 800 1000 400 200 ©0 200 400 600 800 1000 %00 200 0 200 400 600 800 1000
E/ mV (vs. Ag/AgCl) E/ mV (vs. Ag/AgCl) E/ mV (vs. Ag/AgCl)

Figure 7. Cyclic voltammograms recorded at different scan rates (6.25 — 100 mV/s) for
CuS/GCE (a), CA_4:1/GCE (b) and CA_2:1/GCE (c) in 0.1 M NaOH solution.

To better understand the origin of the emerging peaks, a detailed study was conducted on the
behavior of CA_1:2/GCE (Fig. 8) and Ag>S/GCE (Fig. S7) in different electrolytes. Both

electrodes exhibited similar electrochemical behavior. The voltammograms recorded in 0.1 M

16
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NaOH (Fig. 8a and Fig. S7a) consist of four anodic peaks (positive sweep), as well as two anodic
and three cathodic peaks (negative sweep). When the electrodes were scanned in a positive
direction, the two anodic peaks A and A; appeared at 220 and 340 mV, respectively. Typically,
for Ag-based electrodes, they are related to the electrodissolution of silver and the formation of
silver oxide [10]. However, for Ag,S materials, the formation of the hydroxide layer may be
associated rather with a change in the adsorption mechanism. In the initial stage, when the
electrode is immersed in the electrolyte, it is solvated by electrolyte molecules. As a result of
surface/van der Waals forces, OH™ groups are adsorbed on the Ag:S surface. After exceeding a
certain potential, an Ag-O chemical bond is created, resulting in the release of sulfur ions and
their subsequent hydrolysis (A1 peak at 220 mV). The following Az peak at 340 mV can be
ascribed to the formation of silver (I) oxide. The next stages involve electrooxidation to AgO (A3
peak at 730 mV) and higher oxides such as Agz03 (A4 peak at 790 mV). In the case of metallic
silver as well as its alloys, Ag>Os3 formation is not always observed [36—39]. The unusual anodic
peaks emerging during the cathodic scan (As at 680 mV and As at 590 mV) also recorded for
silver electrodes [10] are induced by a continuous growth of Ag>O on native silver sulfide. The
first cathodic peak C;i at 360 mV is correlated with the reduction of AgO to Ag>O, while peaks
C: at -60 mV and C> at -120 mV arise from the Ag>S regeneration. The above description is

summarized as a list of peaks with proposed reactions in Table 3.
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304  Table 3. The list of the detected peaks on the voltammograms for CA 1:2 sample, their

305  potentials (vs. Ag/AgCl, 3M KCl), and corresponding reactions.

Peak Potential / mV Reaction

Anodic curve

Agt +20H™ & [Ag(0H),] 46

A 220 [49(0M);)aas © [Ag(OH); 1z

A 340 [Ag(0H)2]gq © Ag20 + H,0

A3 730 Ag,0 +20H & 2Ag0 + H,0 + 2e”

A4 790 2Ag0 + 20H™ & Ag,03 + H,0 + 2e~

Cathodic curve

As 680

o 590 2AgT +20H™ & Ag,0 + H,0

Ci 360 2Ag0 + H,0 + 2e~ & Ag,0 + 20H™

C2 60

c, 120 Ag,0 + +H,0 < 2Ag* + 20H~
306 The current values of all major peaks increased linearly with the square root of the scan rate

307  (Fig. 8c and Fig. S7c¢), proving diffusion-controlled processes. The mechanism of Ag>O and
308  AgO formation on silver electrodes was studied by Jovic et al. [11], who found that the kinetics
309  of silver oxides formation and their morphological structure depend on the concentration of
310  hydroxides. When NaOH concentrations lower than 1 M were applied, the growth process was

311  controlled by diffusion and the phenomenon of nucleation.

18



312
313

314

315

316

317

318

319

320

321

322

323

324

a) 400 [0-TMNaOH
,,,,,,,, 6.25 mVis

b) . [0TMPBS A,
0F....625mvis |

- -125mVis
-+ 25mVis
—--50mVi/s
— 100 mV/s

- =125mVis
c-- 25mVis
§F—--50mVis
— 100 mV/s

200 -

I/ pA

-200

LLLLLL

-400

L ) L L L . 1 L L L s L L
-400 -200 0 200 400 600 800 1000 -600 -400 -200 O 200 400 600 800 1000

E/ mV (vs. Ag/AgCl) E/ mV (vs. Ag/AgCl)
c) 0.1 M NaOH d)1o [0.1mPBS
150 |- A
o C,

< <
= =1
50 0
. A,
300F % A, 5l
v A,
[} C,1
-450 - o C, 40 |

005 010 015 020 025 030 035 005 010 015 020 025 030 035
vO5 [ (Vis)?s V5[ (VIs)S

Figure 8. Cyclic voltammograms for CA 1:2/GCE recorded at different scan rates (a,b) and
dependence of the peak current on the square roots of scan rate (c,d) in: 0.1 M NaOH (a,c) and
0.1 M PBS (b,d).

To determine the role of OH™ species in the formation of Ag>O and its subsequent oxidation to
AgO, electrochemical experiments were conducted in an electrolyte with neutral pH — 0.1 M
PBS. The electrochemical behavior of the electrodes in this medium is also of particular interest
in terms of electrochemical sensors applied for the detection in blood (pH = 7.4). As can be seen
in Fig. 8b and Fig. S7b, only two small peaks were present. The anodic peak can be attributed to
the formation of silver (I) oxide because of the reaction between Ag™ from silver sulfide and
hydroxyl groups adsorbed during the storage of the modified GCEs in the refrigerator suspended
over deionized water. Further positive scanning did not yield any peaks. The peak observed on

the cathodic curve may be correlated with the recovery of Ag>S. The current values for both
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peaks were proportional to the square root of the scan rate (Fig. 8d and Fig. S7d), indicating a
diffusion-controlled process as also observed in 0.1 M NaOH. To further prove the origin of
these peaks, repetitive cycling at 100 mV/s was carried out in both electrolytes. In the case of
scanning in the alkaline medium, the current of peaks increased slightly (Fig. 9a). However, their
potentials remained constant. Abd El Rehim et al. [10] assigned it to changes in surface
roughness due to the reduction of the oxide layer. On the other hand, when the experiment was
conducted in 0.1 M PBS, the peak currents decreased evidently suggesting consumption of
available OH™ groups (Fig. 9b). The presented results indicate a perspective in boosting the
electrocatalytic performance of CuS-based electrodes working at alkaline conditions with AgS.
In the case of electrochemical sensors, the formation of additional hydrous oxide species, which
mediate the electrooxidation of biomolecules such as glucose [40] may improve the sensitivity of

the electrodes.

Q) [0-1MNaOH, 100 mVis b) 40 [0.1MPBS, 100 mvis
400 | cycet A T e cycle 1
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Figure 9. Cyclic voltammograms for CA _1:2/GCE recorded during repetitive cycling at
100 mV/s in: 0.1 M NaOH (a) and 0.1 M PBS (b).
4. Conclusions
In summary, a controlled and rapid chemical conversion route of CuS to Ag>S at room
temperature was proposed. It enabled to maintain the complex shape of the tube-like copper

sulfide indicating its usefulness for the formation of silver sulfide particles with unusual
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356

357

358
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361

morphology. What is also important, our approach involved direct translation of the CusS to
AgNO; ratio in the reaction solution into the final CuS:Ag:S ratio in the product. Cyclic
voltammetry measurements revealed that in contrast to CuS, the presence of silver sulfide
yielded five anodic peaks and three cathodic peaks in an alkaline medium. They were ascribed to
the formation of Ag-O bonds, Ag>O and its subsequent oxidation. During the negative sweep, the
reduction of AgO occurred, as well as the recovery of Ag>S. The role of hydroxyl species in the
formation of oxides was underlined by conducting experiments in 0.1 M PBS. Furthermore, it
was proved that the converted Ag>S exhibited similar electrochemical properties as a directly
obtained one. The presented studies are of key importance for the interpretation of the
electrochemical performance of the CuS and Ag>S-based sensors planned in our future work.
Additionally, the area of interest of the presented work can be further extended to photocatalysis
and water splitting by proposing a facile route for the fabrication of CuS/Ag:S heterostructures

with controllable composition and complex morphology.
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