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Section S1. EIS theory concise basics.

A concise theoretical description of EIS is provided in this section.

The EIS method is used to determine the transport functions of a system under its excitation
with a low amplitude signal in the form of a sinusoidal wave. The low amplitude of the signal
makes it possible to consider the response as linear, so that the signal passed through the system
under study changes its amplitude and phase, but the signal does not change its shape. Such signal
changes can be described using impedance (Z), which is defined as the total resistance and is
represented in a form of a complex number having two components—real (Z’°, active resistance)
and imaginary (Z”, reactive resistance) parts:

zZ=7-j7" (2)
where j is an imaginary unit.

The studied system usually consists of an electrochemical cell with two (working and
counter) or three (working, counter, and reference) electrodes that (for the wet systems) are
immersed in a liquid electrolyte and are connected to an electrochemical workstation. The system
under investigation is disturbed by an input sinusoidal signal (potential or current), and an output
response (current or potential) is measured. We will focus on the sinusoidal disturbance of the
potential hereafter.

The EIS method consists of the following steps:



1. The potential (E) of the working electrode in the system under study is set at an
initial value (Einir). Then, E is programmatically perturbed around its value in a sinusoidal manner
with a certain amplitude (Eanp), with the frequency (@) changing step-by-step in a selected region.

2. The resulting sinusoidal current (/) flows through the investigated system.

3. Two parameters are measured as an output signal: the phase angle (¢) between the
input potential and output current and the system’s total impedance (Z2).

Thus, the measured Z values are divided into two components by software. Then, the
collected EIS results are represented in either Nyquist (2’—2) or Bode (wv—Z or w—¢) coordinates
[Mark E. Orazem, B. Tribollet, Electrochemical impedance spectroscopy, John Wiley & Sons, Inc.,
Hoboken, New Jersey, 2008.]. The obtained experimental data is analysed using software (ZView,
EIS Spectrum Analyser, ZSimpWin, MEISP, and others). Subsequently, the equivalent electric
circuit is constructed via simulation, fitting, and verification of a physical meaning. Simulation
expresses the kinetic parameters of electrochemical reactions and physical processes on the
electrode through the electric circuits. The experimental data were fitted with the simulation results
to provide the values of the parameters corresponding to the circuit elements. These elements and
their locations in the circuit must possess a physical meaning. Thus, the creation of the equivalent
circuit provides a connection between the physical/chemical and electrical parameters. The
obtained circuit can help to reveal the mechanisms of the processes in the studied system [A4. Lasia,
Electrochemical impedance spectroscopy and its applications, Springer, New York, 2014.].

The equivalent circuit comprises individual elements, usually including the resistance,
capacitance, constant phase element, Warburg impedance, etc. [J. Brock, Electrochemical
impedance spectroscopy. Methods, analysis and research, Nova, New York, 2017.]. The resistance
in EIS-equivalent circuits are usually attributed to charge transfer phenomena. This element’s
electrochemical meaning is the electrolyte’s resistance, the resistance of a charge transfer through
the electric double layer (EDL), the effective rate of electrochemical reaction, etc. Capacitance (C)
simulates the accumulation of charge carriers at electrochemical interfaces and the accumulation
or depletion of charge carriers in the semiconductor’s space charge (SC) layer. In addition, this
element simulates a delay of a process in relation to another one.

A constant phase element (CPE) is an element for simulating the impedance of a wide class
of electrochemical processes. This element combines simulations of the impedance behavior of
the electrochemical reaction caused by both the overcoming energy barrier during charge/mass
transfer and the structure’s inhomogeneity of the electrode surface [J.-B. Jorcin, M. E. Orazen, N.
Pebere, B. Tribollet, CPE analysis by local electrochemical impedance spectroscopy,
Electrochim. Acta. 51 (2006) 1473—1479. https://doi.org/10.1016/j.electacta.2005.02.128.]. CPE
is described by two parameters: CPE-P and CPE-T.

2



E. Warburg introduced the Warburg element (W) to describe the impedance of ideal linear
semi-infinite diffusion [E. Warburg, Ueber das Verhalten sogenannter unpolarisirbarer
Elektroden gegen Wechselstrom, Annalen deb physik und chemie. 67 (1899), 493—499.
https://doi.org/10.1002/andp.18993030302.]. The W element consists of three parameters: the
diffusion time (W-T), the diffusion resistance (W-R), and a characteristic of the diffusion ideality
(W-P). For an ideal diffusion process, the W-P parameter is 0.5 [4. Doi, Comment on Warburg
impedance and related phenomena, Solid State lon. 40 (1990) 262-265.
https://doi.org/10.1016/0167-2738(90)90336-P.]. Deviation from this value means a deviation
from the ideal diffusion nature for the process. This is due to the inhomogeneity of the composition
and/or the electrode surface’s structure.

Thus, the EIS experimental results are commonly represented as equivalent circuits with
the fitted parameters’ values. Within such an approach, the corresponding elements of the circuit
can qualitatively and quantitatively describe the physical processes in the investigated system.

The Nyquist plot demonstrates both the area of kinetic control of the process (semicircle
part) and the diffusion-controlled area (straight line with a single slope). The equivalent circuit
contains a double-layer capacitance Ca and uncompensated solution resistance Rs. The reaction
resistance is characterized by the sum of the charge transfer resistance R.: and Warburg impedance
W. Oxidation and reduction processes occurring on the electrode’s surface are associated with the
diffusion delivery/removal of the ions to or from the surface. In this case, the Warburg impedance
implies a series connection of resistance and capacitance [V. F. Lvovich, Impedance spectroscopy.
Applications to electrochemical and dielectric phenomena, John Wiley & Sons, Inc., Hoboken,
New Jersey, 2012.].

Thus, the EIS method provides information about the mechanisms and kinetics of the
processes occurring on the electrode’s surface without disturbing the nature of these processes. On
the basis of the equivalent circuits, the elements can be interpreted according to the physical-
chemical nature of the processes occurring in the system. Despite some subjectivity and ambiguity
in the interpretation of the EIS data, the results are informative and illustrative, making this method

very effective.
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Figure S1 — Scheme of synthesis for the BSO nanomaterials used.



Table S1.

Table S1 — Relative content of elements on sample surfaces according to XPS analysis

Relative content of element Approximate
Sample )
Bi Si O Na Bi:Si:0 ratio
BSO/TEOS 1 3.6 7.9 0 2:8:16
BSO/OH 1 1.1 3.1 0.1 2:2:6
BSO/NaSi 1 0.6 2.6 0.2 2:1:5
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Figure S2 — LSVs for the electrodes with the BSO samples in two liquids: 0.5 M aqueous
Na2S0s4 (blue color) and mixed aqueous 0.5 M NaxSOs and 0.05 M glycerol (pink color).



Section S2. An overview of some results of EIS study of semiconductors in

different solutions.

The majority of EIS measurements for semiconductor electrodes are carried out in Na2SO4
solutions (see, for example [1-5]). Dai [6] used the classic Randles equivalent circuit R—(C||Ry) to
simulate the processes on a passivating film of a FeCoCrNiMo alloy electrode. Si et al. [7] obtained
a circuit containing both Randles and modified Randles circuits in a series for MoS2/WSe2 in
sodium sulfate solution. Bashiri and co-authors [8] registered the impedance spectra for a
Ti02/Fe20s3 electrode in KOH solution in the presence of 5% glycerol. The circuit contained two
parts, with one characterizing the charge transfer on the electrode/electrolyte interface and the
diffusion process. Lopes et al. [9] obtained two-component circuit for Fe2O3 in NaOH solution.
One component, consisting of the CPE and R,, simulated the processes at the semiconductor’s
depletion layer, while the second part (CPE, W, and Ry) was attributed to the Helmholtz component
of the electrode/electrolyte interface. Hwang [10] studied BiVOs4 films in a phosphate buffer
solution in the presence of a hole scavenger (H202). The circuit they used to simulate the processes
consisted of two Randles circuits in a series. Half of the second circuit was attributed to the solution
component, while the rest of the circuit (excluding a part of Rs) simulated the processes on the
photo-anode. Hence, analysis of the EIS data are interpreted differently, depending on the

electrode system, material, solution, and the analyst’s choice.



Section S3. More details on the results of electro-kinetic properties study

The initial colloids in distilled water were characterized by a pH between 5.7 and 5.9 and
negative values for the particle’s zeta-potential. A decrease in pH leads to an increase in the
potential. The change of the zeta-potential sign is observed at pH values of 3-3.2.

The colloids in Na2SO4 demonstrated a similar nature of the potential’s change with the
pH (it increased as pH decreased). But the curves shifted towards lower pH values. Hence, the
potential’s sign changed at a pH of 1.7. The results obtained in the joint solution of sodium sulfate
and glycerol are close to those registered in Na2SO4. The same shift towards lower pH was
observed, and the surface charge changed at a pH of 1.7-2.3. The isoelectric point (IEP) values
were close. However, when moving away from the IEP, the particles exhibited higher zeta-
potentials at the same pH values in the presence of glycerol.

In glycerol solution, the zeta-potential increases as the pH decreases as well. However, the
curves shifted towards higher pH values. Here, the surface charge changed to the opposite sign at

apH of4.2-4.7.
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Figure S3 — Change in zeta-potential values as the colloids’ pH increased: samples (a)

BSO/TEQS, (b) BSO/OH, and (c) BSO/NaSi.



Table S2.

Table S2 — Zeta-potential values of the particles of BSO samples in different media.

Zeta-potential, mV

Sample H20 Naz2SO4 g;zcseg;‘l glycerol
BSO/TEOS —24.2 —46.0 -16.8 —12.6
BSO/OH —15.4 -31.8 -25.7 -9.6
BSO/NaSi -30.3 -33.5 —24.4 -12.8




Section S4. Surface composition discussion.

The BSO surface is positively charged (n-type semiconductor) when in contact with the
solution. This positive charge is located on the Bi**, [Bi202]*" sites or other surface centers and
interacts with the ions from the solution.

One can suppose that in deionized water, the surface charge of BSO particles is determined
by the functional groups formed from interactions with water molecules. At pH levels higher than

the IEP, this process can be written as follows:

(=Bi-OH)s + OH" <> (=Bi-0")s + H20
or

(=Si-OH)s + OH < (=Si-0)s + H20

At a pH lower than the IEP, the interaction would change by:

(=Bi-OH)s + H" <> (=Bi-OH2")s
or

(=Si-OH)s + H' <> (=Si-OH2")s

Thus, the EDL formed in water should consist of relatively small single-charged ions.
However, the water used in this work was not free from ions. As mentioned before, it contained
NOs~, SO4*, CI” and Ca**. They could also adsorb on the surface and contribute to its charge.
Since their concentration was low (much lower than that of Na2SQOa4), their contribution was not

considered in this study.
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Figure S4 — Schematic representation of the BSO surface layer’s composition in different

liquids.
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In glycerol solution, the zeta-potential became more positive. In this case, polyol can be
adsorbed via the interaction with positive charged centres on the surface. Therefore, the functional
groups of the polyol become potential-determining groups. Because glycerol does not dissociate
(as a non-electrolyte) and its molecules are quite large, the negative surface charge of the BSO
particles in glycerol solution decreased compared to BSO particles in water alone (Figure 5). This
is because large glycerol molecules containing three OH groups cover the surface more sparsely
than a denser layer of the functional groups obtained via interaction with small water molecules,
or small ions from water, does (Figure 6).

The zeta-potential decreased when the samples were immersed in Na2SO4 solution, and the
low IEP values might be connected with the surface’s recharging, caused by the SO4>" anions being
adsorbed on the positively charged surficial centres (Figure 6). The adsorbed ions became potential
determining. In the aqueous solution, adsorbed sulfate-anions were present in a hydrolysed form

according to the following reaction:

(=BiSO4’)s + H20 < (=BiSO4H)s + OH"

At a pH higher than the IEP, the surface is negatively charged due to the interaction with
the OH" ions:

(=BiSO4H)s + OH" < (=BiS0x«’)s + H20

At a pH lower than the IEP, the surface is positively charged due to the interaction with H*

ions:

(=BiSO4H)s + H" <> (=BiSO4H2")s
Or
=0s + H" < (=OH")s

Therefore, the presence of large double-charged ions on the electrode’s surface increased
the Ca for both Na2SO4 and Na2SO4 with glycerol joint solutions. Furthermore, the results obtained
in the joint solution point at the competitive adsorption of Na2SO4 and glycerol when the sulfate-

anions are in a leading position (Figure 6).



Section SS. Solution resistance study.

The equivalent circuit shown in Figure 4 (insets) simulated the processes in the studied
systems. The Rs values for solution resistance were in the range of 20—130 Q in the presence of
the strong electrolyte. The calculated Rs (Table 6) was approximately equal to the Z” values in the
high-frequency region of the Nyquist plot (Figure 4). The highest resistance was detected for
BSO/TEOS material in the electrolyte alone solution. Here, we suggested that the difference in
phase composition played its role: this sample was the only one that contained bismuth oxides (a-
and B-, around 5%), whose conductivity is lower than that of bismuth silicates. So, Bi2O3 presence
affected the measurements on the electrolyte/material interface providing the higher resistance
value.

For Na2SO4 and glycerol joint solution we supposed that the glycerol molecules might
block the semiconductor’s surface, resulting in higher measured Rs values. However, Rs did not
change for BSO/OH and BSO/NaSi in two liquids. And, unexpectedly, for BSO/TEOS the Rs for
the joint Na2SOs4 glycerol solution decreased compared to Na2SOs alone. Adding glycerol to the
water solution leads to a rearrangement of hydrogen bonds [11,12] that affects the proton-transfer
phenomena. According to Behrends et al. [13], the glycerol-water mixtures exhibit a micro-
heterogeneous nature. The existence of specific inter-molecular structures in such mixtures leads
to relaxation phenomena in the bulk of the solution. As a result, the higher AC conductivity of
glycerol-water mixtures can be observed [14]. Possibly, this is why for the BSO/TEOS sample,

the presence of glycerol led to a significant decrease in the Rs value.



Section S6. Diffusion process at the SLI.

Moving on to the diffusion component of the electrochemical cell, it should be noted that
the open circuit potential value in this study was determined by the oxygen and hydrogen evolution
reactions (OER and HER, respectively). Thus, the Warburg component of the equivalent circuit
(Figure 4) simulated the diffusion of the OER and HER products from the surface.

The parameter characterizing the diffusion’s ideality (W,-P) was basically lower than the
required 0.5 value. This points to the deviation from the ideal diffusion due to the inhomogeneity
of the electrode surface’s composition and/or structure. Therefore, all of the studied electrodes
demonstrated non-ideal diffusion behaviour.

The electrode surfaces consisted of BSO particles mixed with polystyrene. SEM images
showed that the particle distribution in the polymer was not ideally homogenous. Hence, the
electrodes’ surfaces comprise two types of regions: dielectric polymer and semiconductor regions.
This is the first degree of the inhomogeneity (structural inhomogeneity) that was characteristic of
all of the samples. The second degree of inhomogeneity (structural as well) is from the non-
homogeneous distribution of the BSO particles in their agglomerations, which differed from
sample to sample. The third degree of inhomogeneity (compositional) is in how the phases in the
particles are distributed (Bi2SiOs, Bi12S1020, and two bismuth oxides for the BSO/TEOS sample).
Thus, the deviation from the ideal diffusion is quite reasonable.

Wo-R and Wo-T are the two main parameters characterizing the species transport processes
to/from the SLI. The diffusion resistance and time values in both solutions differed by one order
of magnitude for BSO/TEOS and BSO/NaSi materials. And they differed for BSO/OH in the
presence and absence of glycerol. This could be explained by the nature of glycerol molecules. As
mentioned above, 0.05 M glycerol solution contains massive hydrated glycerol molecules, which
cannot form a dense layer close to the semiconductor’s surface. Therefore, the diffusion to the SLI
was affected by the presence of large non-electrolyte molecules, even at a concentration lower
than 10%. And from the Table 6 it is seen that the BSO/OH sample undergoes the glycerol

adsorption influence stronger than other samples.
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