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ABSTRACT

Tin disulfide (SnS;) is a promising candidate for electrochemical applications, showcasing
improved performance via tailored structure and morphology This study discusses a plasma-
enhanced atomic layer deposition (PE-ALD) method for depositing crystalline SnS; thin films

using tetrakis(dimethylamino)tin(IV)) precursor and H,S plasma at a temperature of 80 °C and

180 °C. X-ray diffraction confirms a layered hexagonal crystal structure and strong c-axis-
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oriented film growth with the alignment of the basal planes mainly parallel to the substrate. At
80 °C, the film surface consists of continuous grain-like structures, whereas, at 180 °C, the
smooth film surface during the initial growth evolves to out-of-plane oriented structures when
more SnS, is deposited. The influence of crystallinity and surface morphology on the
electrochemical performance of crystalline SnS, thin films deposited by the PE-ALD process
is evaluated for lithium-ion battery and electrochemical CO, reduction applications. A
comparison is made with amorphous SnS, thin films deposited by the corresponding thermal
ALD process. As an anode material in Li-ion batteries, SnS, thin film with out-of-plane
oriented structures outperforms the other films with 77% capacity retention after 100
charge/discharge cycles despite its lower initial capacity. In contrast, the crystalline SnS, with
grain-like morphology and amorphous SnS, retain only 65% and 34% respectively of the initial
capacity after 100 charge/discharge cycles regardless of their higher initial capacity. In a
similar fashion, the SnS, thin films with out-of-plane oriented structures exhibit lower Faradaic
efficiencies for formate production by CO, electroreduction at 100 mA c¢cm™ as compared to
the SnS, with grains (i.e. 64% vs. 80%) albeit at lower overpotentials (i.e. 260 mV less
negative) and maintaining a better structural and electrochemical stability. The amorphous
SnS, thin film showed similar Faradaic efficiencies (i.e. 80%), stability, and overpotentials (i.e.

-0.84 V vs RHE) compared to the crystalline SnS; thin film with grain-like morphology.

Keywords : Plasma-enhanced atomic layer deposition, Tin disulfide, Crystalline thin films,

Li-ion battery, CO, electroreduction
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1. INTRODUCTION

In the realm of two-dimensional (2D) materials, transition metal dichalcogenides (TMD’s)
have attracted significant scientific interest in the past years.! This group of TMD’s
encompasses MoS,, WS,, and WSe,, etc., which appear to be forerunners in the fields of
catalysis,> energy storage and conversion,*> electronics,®’ optoelectronics,® and sensors.!%-
12 Like these TMD’s, SnS, is also a layered metal dichalcogenide (LMD) consisting of
covalently bonded in-plane atoms, and successive layers are held together by van der Waals
forces.!* Due to an optical bandgap in the range of 2.1 to 2.4 ¢V,'* SnS, turns out to be a
promising candidate in the domains of photovoltaics!3-16 and photocatalysis.!”-!° Besides, SnS,
is known for its electrochemical properties with application potential as an anode material in

Li-ion batteries, and a catalyst for CO, electroreduction.?0-2!

Owing to its high theoretical capacity and lower operating potential over the commercial
graphite electrode, SnS, finds its place among the most investigated anode materials in Li-ion
batteries.?? This high capacity is attributed to the conversion and alloying reactions occurring
during the lithiation/delithiation cycles.?? Also, being a 2D material with a large interlayer
distance (0.59 nm), SnS, facilitates the diffusion of lithium ions during charge/discharge

cycles.?*

Moreover, SnS; is a potential substitute for pure metal-based catalysts (for example, Pd, Cd,
Pb, and Hg) in the electrochemical reduction reaction of CO, (CO,RR) thanks to its earth-
abundant constituents, eco-friendliness, and low cost.?3 In addition, SnS, is well known for its
selectivity towards formate/formic acid.?® Among the different CO,RR products,

formate/formic acid is a liquid fuel product attractive in view of easy storage and transport.

One efficient strategy to further enhance the electrochemical performance of SnS, is by

modulating crystallinity and morphology.?* 27 Appropriate control of the morphology and

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Energy Materials

structure of SnS, anodes can provide more active sites for hosting lithium ions during
charge/discharge cycles in Li-ion batteries.?’ Similarly, SnS, electrocatalysts also benefit from
morphological adjustments that induce new sites for CO, activation and thereby improve the

catalytic performance.?®

In view of the aforementioned applications, there is a demand for a scalable technique to
deposit SnS, with control over thickness, crystallinity, and morphology at lower temperatures.
Atomic layer deposition (ALD) is a thin film deposition technique to grow uniform and
conformal thin films with excellent thickness control.?? The self-limiting characteristics
established by the alternate pulsing of well-designed chemical precursors render this vapor
phase technique to meet the above requirements.’ Tin disulfide thin films have previously
been deposited by plasma-enhanced ALD (PE-ALD) of bis(1-dimethylamino-2-methyl-2-
propoxy)tin(II) [Sn(dmamp),]3! and H,S plasma, and thermal ALD of tetrakis(dimethylamino)

tin(IV) [TDMASn], and tin (IV) acetate [Sn(OAc),]3? precursors each in combination with H,S.

Due to its high vapor pressure, the TDMASn precursor has been employed for many Sn-based
ALD processes.?336 Combining TDMASn precursor with H,S gas resulted in the growth of

amorphous SnS, films below 120 °C, and crystalline SnS, films in the range of 140 — 150 °C.37

Recently, there has been increasing interest in exploring the PE-ALD technique in the
development of LMD materials.?¥-3° Beyond the thermally driven ALD process, the PE-ALD
process puts forward more opportunities for developing thin films at lower temperatures with
control over material properties.*’ This inspired us to attempt a PE-ALD-based approach to
deposit SnS; thin films and compare their properties with those of films grown by the

corresponding thermal ALD process.

Herein, we introduce a PE-ALD method for depositing crystalline SnS, thin films using

TDMASn precursor and H,S plasma, at temperatures of 80 °C and 180 °C. Even though PE-
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ALD of SnS, thin films has been attempted before,3! crystalline SnS, thin films using ALD at
temperatures as low as 80 °C have not been reported to the best of our knowledge. First, the
growth characteristics of the PE-ALD process and the corresponding thermal ALD process
were evaluated, and this was followed by a comparative study of the synthesized thin films in
terms of their crystallinity, surface morphology, and chemical composition. Moreover, the
optical properties of the PE-ALD deposited SnS, thin films were investigated. Finally, we
employed these SnS; thin films as anode material in lithium-ion batteries and electrocatalysts
for CO,RR and demonstrated the influence of structure and surface morphology on their

electrochemical performance.

2. EXPERIMENTAL DETAILS

2.1 Film Growth

Tin sulfide thin films were deposited in a home-built pump-type ALD reactor compatible with
H,S based on the recommendations by Dasgupta et al.*' This ALD reactor can be pumped
down to a base pressure of below 6 x 10-® mbar. The chamber walls were heated to 90 °C. The
depositions were performed on native SiO,/Si substrates (for ALD process and thin film
characterization), quartz substrates (for optical property characterization), TiN(40 nm)/SiO,(20
nm)/Si substrates (for electrochemical tests as Li-ion battery electrode) and porous carbon gas
diffusion electrodes (for CO, electroreduction). The metal-organic precursor
tetrakis(dimethylamino)tin (TDMASn) (99% pure, Strem Chemicals) was stored in a glass
bubbler heated to 45 °C and the precursor line temperature was maintained at 55 °C to avoid
precursor condensation. For the TDMASnh precursor, Ar was used as a carrier gas. As a
reactant, either pure H,S gas (for thermal ALD experiments) or H,S gas mixed with Ar in the

ratio 3:2 (for PE-ALD experiments) was used. For the PE-ALD experiments, H,S/Ar plasma
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was ignited at 200 W employing an inductively coupled plasma source in remote plasma
configuration. During the first half cycle, TDMASn precursor was pulsed into the chamber at
6 x 103 mbar for a duration of 25 s for both the PE-ALD and thermal ALD process. Over the
second half cycle, for the PE-ALD process, H,S/Ar plasma was introduced to the chamber at
1 x 10°2 mbar pressure for 25 s, whereas for the thermal ALD process, H,S gas at 6 x 10-3 mbar
was dosed into the chamber for 25 s. In between the pulses of precursor and reactant, the
reaction chamber was pumped down to the base pressure. For simplicity, the thin films
deposited by the PE-ALD process and thermal ALD process at 80 °C and 180 °C temperature
are mentioned using the abbreviations P80, P180, T80, and T180 respectively and the term H,S

plasma is used instead of H,S/Ar plasma in the following sections.

2.2 Analysis Techniques

The thickness of the SnS, thin films was measured ex-sifu with X-ray reflectivity (XRR) and
X-ray fluorescence (XRF) techniques. The crystallinity of the SnS, thin films was studied
utilizing the X-ray diffraction (XRD) technique. Both XRR and XRD were performed in a
Bruker D8 discover system with copper Ka radiation and XRF measurements were carried out
using a Bruker Artax system with a molybdenum X-ray source and XFlash Si drift detector
with an acquisition time of 90 s. The roughness of the SnS, thin films deposited by the PE-
ALD process hampered the proper fitting of the XRR patterns. Hence, the thickness of those
films was determined based on calibrated XRF measurements. The calibration curve was
obtained by plotting the thickness of smooth T80 thin films, obtained by XRR fitting, against
the corresponding Sn XRF counts [Figure S1]. The surface morphology of the thin films was
studied using Scanning Electron Microscopy (SEM) on an FEI Quanta 200F instrument. The

Energy Dispersive X-ray spectroscopy (EDS) measurements were also conducted on FEI
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Quanta 200F instrument at 10 keV utilizing an energy dispersive X-ray analysis silicon-drift

detector from the company EDAX.

The chemical composition of the SnS, films was investigated using X-ray photoelectron
spectroscopy (XPS) on a Thermo Scientific theta probe system equipped with a monochromatic
Al Ka X-ray source (1486.7 eV). Depth profiling of the thin films was done using an EX05
Ar"ion gun. All the reported binding energy (BE) values were calibrated using the Cls (285

eV) signal as a reference. All the obtained XPS spectra were analyzed using CasaXPS software.

A spectrophotometer (Perkin Elmer Lambda 1050) in the ultraviolet-visible range was used for
studying the optical properties of SnS; thin films on quartz substrates and the transmittance

spectra of the films were measured in a wavelength range of 250 - 1100 nm.

The hydrophilicity of as-deposited SnS, thin films was investigated by the sessile-drop
technique employing a contact-angle analyzer (Kruss, DSA30) with deionized water. The
contact angle images were captured by a charge-coupled device video camera and analyzed
using Drop shape Analysis software. The volume of each deionized water droplet used was

setat 1 pL.

Electrochemical characterization of the thin films as Li-ion battery anode was carried out using
a home-built potentiostat/galvanostat connected to a three-electrode setup in an argon-filled
glovebox.#> All thin films for this characterization were deposited on TiN(40 nm)/SiO,(20
nm)/Si substrates. Lithium ribbons served as the counter/reference electrode, and 1 M LiClOy4
in propylene carbonate was used as the electrolyte. The cyclic voltammetry measurements were

performed in the voltage range of 0.1 to 3 V at a scan rate of | mV s°'.

The CO,RR chronopotentiometry experiments were carried out in a small-scale flow cell with
an exposed geometric electrode area of 1 cm? Three electrodes were used in this system: (i) a

gas diffusion electrode (Sigracet® 39BB, SGL Carbon) with atomic layer deposited SnS, as
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working electrode, (i) a leak-free 3 M Ag/AgCl electrode (Harvard Apparatus) as reference
electrode, and (ii1) a Ni foam (Nanografi Nano Technology) as the counter electrode. CO, gas
was fed to the reactor using a Brooks flow controller (GF040, 100 sccm) at 25 sccm. The
catholyte and anolyte respectively consisted of a 0.5 M KHCOj5 solution (Chem-Lab, 99.5+%)
(pH 8.6) and a 2 M KOH solution (Chem-Lab, 85+%) which were pumped to the reactor at a
flow rate of 2.6 mL min! using a peristaltic pump (Ismatec ISM4408). These electrolytes were
separated in the reactor by a Nafion 117 cation exchange membrane (CEM). Subsequently, the
catholyte and the CO, flow leaving the reactor were separated in a gas-liquid divider with the
gaseous stream consisting of CO, and products, such as H, and CO_ being fed to an in-line gas
chromatograph with a TCD (GC) (Shimadzu 2014 series with a micropacked column (Restek
Shincarbon ST, 2 m, 1 mm ID, 100/120 mesh). The catholyte was pumped from the gas-liquid
divider and sampled every 20 minutes for two minutes to complement the GC analysis. These
liquid samples were analyzed using a high-performance liquid chromatograph (Waters
Alliance HPLC, equipped with a Shodex KC-811 column and a PDA detector (Waters 2996))
to quantify the amount of formate produced. The electrochemical measurement procedure
consisted of electrochemical impedance spectroscopy, chronopotentiometry, and cyclic
voltammetry using a multi Autolab M204 with a FRA module. The latter method was used to
estimate the electrochemical double-layer capacitance (Cy)) of the various thin films by cycling
from 50 mV s! to 200 mV s! in the non-Faradaic region. Subsequently, the electrochemical
active surface area (EASA) was calculated using the specific capacitance (C) value of 40 uF

cm? for a flat standard with a geometric area of 1 cm? resulting in the following formula:

EASA Cai 2
= ———-CMhn
40 pF cm =2 FasA

Chronopotentiometry was used to determine the selectivity, activity, and stability of the

catalysts and was used with a current density of 100 mA cm™ for six hours. The selectivity was
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calculated by taking into account the outgoing CO, flow rate. All measurements were
replicated two times and average values plus standard deviation are given in the graphs.
Electrochemical impedance spectroscopy was used to derive the uncompensated ohmic
resistance (R,) of the catholyte and correct the potential (vs. Ag/AgCl) obtained during the
chronopotentiometry measurement. Conversion to the RHE scale was calculated using the

following formula:

Erng = Eref +0.059 pH + Eag/agci + iRy

Where Eryg and E,¢ are the potentials versus the RHE and reference electrode (Ag/AgCl),

respectively. E°ag/aqc11s the standard electrode potential of the Ag/AgCl system.

3. RESULTS AND DISCUSSION

3.1 ALD Characterization

We studied the film growth as a function of the number of ALD cycles for both the PE-ALD
and the thermal ALD process at a low temperature of 80 °C and a high temperature of 180 °C.
Here, one cycle of the ALD process is defined as [T 25s—-P 90s—H 25 s—P 100 s], where T
and H stand for TDMASn and H,S gas or H,S plasma, respectively. In between the pulses of
precursor and reactant, the reactor was pumped down to the base pressure which required
pumping times (P) of 90 s and 100 s after TDMASn and H,S gas or H,S plasma, respectively.
Figure 1 shows the film thickness after different numbers of ALD cycles in the range of 80 up
to 300 ALD cycles. The film thickness was either determined by XRR, for smooth films, or by
XRF, for the rougher films, as explained in the experimental section. Linear fits to the data
points are included in Figure 1. For all investigated processes, the x-intercept of the fitted lines

is observed at several tens of ALD cycles (> 30 cycles), indicative of inhibited growth at the
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start of the deposition processes. After this incubation period, steady growth behavior is
observed for all processes. While the thermal and PE-ALD processes behave very similarly,
the deposition temperature has an impact on the growth per cycle (GPC) and incubation, with
the highest GPC and lowest incubation observed for the low deposition temperature of 80 °C.
For the thermal ALD process, GPCs of 1.06 A and 0.92 A are extracted from the linear fits at
80 °C and 180 °C, respectively. In the previous report by Ham et al. on the thermal ALD
process, a slightly higher GPC of 1.31 A at 80 °C and a slightly lower GPC of 0.35 A at 180
°C was observed wherein a flow-type reactor was used. 37 Yet, the linearity of the process was
not investigated. The PE-ALD process also demonstrates a linear relationship between
thickness and the number of cycles after the incubation period with a GPC of 1.07 A at 80 °C
and a GPC of 0.90 A at 180 °C. The lower GPC obtained in both cases at 180 °C can be

attributed to the decrease in density of surface thiol species at higher temperatures.*3
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Figure 1. Thickness against the number of ALD cycles for the PE-ALD process and the thermal
ALD process at 80 °C and 180 °C. Some data points represent the average thickness value of

two different samples. Error bars indicate the standard deviation.

The self-limiting characteristics of the PE-ALD process were verified by varying the pulse time
of the TDMASn precursor and H,S plasma steps at 80 °C. In this series of depositions, 80 ALD
cycles were performed and the exposure time of one reactant was varied, while the other
exposure time was kept constant at 25 s for both thermal ALD and PE-ALD processes. From
the data in Figure 2, it can be seen that saturation is observed for both the TDMASn precursor
and H;,S plasma step. Because the ALD growth is affected by inhibited growth during the first
several tens of ALD cycles, the calculated GPC (0.45 A) for the 80 cycles depositions is lower
than the GPC that we extracted from the linear fits in Figure 1 (1.07 A). Similarly, the
saturation behavior of the PE-ALD process at 180 °C and the thermal ALD processes at 80 °C
and 180 °C was also investigated, suggesting self-limiting reactions for all investigated process
conditions [Figure S2]. The TDMASn-H,S atomic layer deposition process is anticipated to
follow a ligand exchange mechanism, similar to the gallium sulfide ALD process based on
alkyl amide precursor and H,S.* Moreover, the surface thiol (-SH) species is expected to play
a similar role as (-OH) species in the oxide ALD processes based on TDMASn precursor and

H,O reactant which have also been observed to undergo ligand exchange reaction.*3-46

11
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Figure 2. GPC against the pulse time of TDMASn and H,S plasma for the PE-ALD at 80°C.
When the TDMASn (H,S plasma) pulse time was varied, the H,S plasma (TDMASn) pulse
time was fixed at 25 s. Each data point was obtained from 80 ALD cycle depositions, and the

GPC was calculated by dividing the obtained thickness by 80. The dotted lines are given as a

guide to the eye.

3.2 Structural Characterization

The effect of growth temperature on the crystallinity and surface morphology of the thin films
deposited by both the PE-ALD process and the thermal ALD process was studied using XRD
and SEM, respectively. Figure 3(a) shows the XRD pattern of as-deposited films at 80 °C and
180 °C. The XRD pattern of the P80 thin film (28 nm) shows a strong peak around 26 = 14.9°,
corresponding to the (001) peak of the hexagonal SnS, crystal structure along with two weak
peaks at 29.8° and 45.7° corresponding to the (002) and (003) crystal planes indicating an
orientation effect (JCPDS 23-0677). This means that most of the basal planes of SnS, are

aligned parallel to the substrate. Similar to the P80 film, the P180 film (21 nm) also shows a

12
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peak at 14.9°, revealing a hexagonal SnS, crystal structure. However, the less intense (001)
peak and absence of (002) and (003) peaks for the P180 film suggest a change in basal plane
texture. This is studied in more detail by XRD rocking curve measurements at the (001)
reflection [Figure 3(b)]. A full width at half maximum (FWHM) of 4.8° and 5.8° is obtained
for SnS, films deposited by the P80 and P180 process, respectively. The smaller FWHM for
the P80 film shows the better alignment of basal planes parallel to the substrate in comparison
to the P180 film. Coming back to the thermal ALD process, amorphous thin films are grown
with the T80 process (28 nm), while thin films deposited by the T180 process (22 nm) are
poorly crystalline showing both SnS and SnS, phases with a small XRD peak at 31.5°
corresponding to the (111) diffraction of the orthorhombic SnS crystal structure (JCPDS 39-
0354), and a small peak at 14.9° corresponding to the (001) diffraction of the hexagonal SnS,
structure. The XRD pattern of the T80 and T180 films in high resolution is added to the
supporting information.[Figure S3] These results are in line with the work by Ham et al.’’
Therefore, compared to the thermal ALD process, the PE-ALD process deposits films with

high crystallinity and preferred orientation at temperatures as low as 80 °C.

13
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Figure 3. (a) XRD patterns of the SnS, films deposited by the PE-ALD and thermal ALD
processes at 80 °C and 180 °C. (b) XRD rocking curve measurements for the (001) reflection

of SnS; deposited by PE-ALD at 80°C and 180 °C.

The influence of deposition temperature on the surface morphology of the thin films is
evaluated by top-view SEM imaging as shown in Figure 4. For the thermal ALD process,

smooth thin films are deposited at 80 °C, whereas, at 180 °C, small crystallites are observed,
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in agreement with the report by Ham et al.3” In contrast, SEM images of PE-ALD films
correspond to rough films. The surface morphology of P80 thin films displays large crystallites
with sizes in the range of 30-50 nm for a film of similar thickness (~22-28 nm), whereas the
P180 films develop out-of-plane oriented (OoPO) structures. Similar behavior of out-of-plane
oriented growth was previously reported for MoS, and TiS, thin films deposited by PE-ALD.3%
47 Surface imaging was done after 80, 150, 200, and 300 ALD cycles of the P180 films
corresponding to equivalent film thicknesses of 2, 6, 10, and 21 nm, respectively. Figure 4(¢)
- (h) shows a clear evolution of the surface morphology from an almost smooth surface with
discrete crystallites to a film surface dominated by out-of-plane oriented structures. This is in
line with the nucleation mechanism put forward by Sharma et al. in their study on PE-ALD of
MoS,.#’ They observed the formation of discrete islands at the beginning of film growth, which
coalesced at certain points during subsequent ALD cycles, thus forming a nearly continuous
film. In subsequent ALD cycles, film growth occurs at the edges of the islands leading to out-
of-plane growth. Here, 80 ALD cycles already show the transition from in-plane to out-of-

plane orientation, and out-of-plane oriented mode is clearly visible at 300 ALD cycles.

Additionally, the larger roughness of the PE-ALD films is evident from the X-ray reflectivity
(XRR) patterns as shown in Figure 4(d). The XRR pattern of thermal-ALD films displays
characteristic fringes, without the significant decrease in intensity and oscillation, suggestive
of smooth films. Compared to the smooth films deposited by the thermal ALD process, the
XRR intensity of the films deposited by the PE-ALD process decays promptly. Also, among
the PE-ALD films, the reflectivity of the films deposited at 180 °C decreases more quickly

suggesting higher roughness, consistent with the SEM results.

15
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Figure 4. Top-view SEM images of films (a) T80 (28 nm) (b) T180 (22 nm) (c) P80 (28 nm)
(d) XRR pattern corresponding to the SnS; films and top-view SEM images of P180 films for

different ALD cycles (e) P180 (2 nm) (f) P180 (6 nm) (g) P180 (10 nm) (h) P180 (21 nm)

XPS was utilized to investigate the chemical states of tin and sulfur present in the as-deposited
thin films. The high-resolution spectra of the S 2p and Sn 3d regions (measured at 50 eV pass
energy) were subjected to the Gaussian Lorentzian product function fitting (70% Gaussian
character) following Shirley background subtraction as depicted in Figure 5. Notably, the Sn
3ds, spectra of P80 and P180 films are fitted by a single peak at 486.6 and 486.7 eV
respectively, attributed to the tetravalent Sn oxidation state.*84° Also, the S 2p doublet was
deconvoluted into two peaks spaced 1.2 eV apart and with an area ratio of 2:1. These peaks

obtained at 161.6 and 162.8 eV correspond to S 2ps;, and S 2p,, features respectively.

16
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Similarly, the T80 film also exhibits a single Sn 3ds/, fitted peak alongside a doublet resolved
S 2p peak. The binding energies for Sn 3ds, and S 2ps, peak are at 486.6 eV and 161.6 eV
respectively, thus confirming the SnS; phase. In contrast, for the T180 thin film, the Sn 3ds,,
spectrum is fitted by three peaks corresponding to the tetravalent and divalent tin with a
separation of 0.9 eV at binding energies of 486.7 and 485.8 eV respectively, with another peak
at 487.5 showing the presence of SnO,. In the T180 film, the presence of SnO, unlike others
can be attributed to aging as the time gap between sample preparation and measurement was
longer for the T180 film compared to the rest. The obtained S 2p peak is deconvoluted into
doublet peaks at 161.5 and 162.7 eV corresponding to the S 2ps, and S 2p;, features. In
addition, a small feature is observed at 169 eV corresponding to sulfates.’® It was expected to
see two doublets in the S 2p spectrum of the T180 film, but the deconvolution was challenging
due to the proximity of the S 2ps, binding energies for the SnS and SnS, phases and the
resolution constraints of the measured spectrum. However, the higher FWHM of the S 2ps,,
spectrum of the T180 compared to the rest of the films (1.5 vs 1.1) suggests the presence of
more than one doublet within the S 2p spectrum. The Sn 3ds;, and S 2p;/, binding energies of
all as-deposited films are shown in Table 1 and are in alignment with literature values. These

results are thus in agreement with the crystalline phases observed in the XRD patterns.

In addition, the XPS survey scans measured at 200 eV pass energy at the film surfaces and in
the bulk, are shown in Figure S4. The film surfaces displayed noticeable contamination arising
from adventitious carbon, nitrogen, and oxygen impurities. Notably, no impurities were
detected in the bulk of the P80, P180, and T80 films. In contrast, for the T180 film, carbon (ca.
5%) and oxygen (ca. 20%) contamination has been observed in the bulk. Table S1 depicts the
atomic concentrations of the detected elements exclusively from the film surfaces, as binding
energy shifts and preferential sputtering of sulfur atoms are observed due to argon sputtering.

For the T180 film, the S/Sn ratio has been calculated by quantifying the Sn 3d component
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associated with the Sn-S bonding and the S 2p peaks in the survey scan (measured at 200 eV

pass energy) after accounting for Shirley background subtraction and atomic sensitivity factors

and is found to be 1.1. In contrast, for the P80, P180, and T80 films, the S/Sn ratios were found

tobe 1.9, 2.1, and 1.8, respectively, which are closely aligned with SnS, stoichiometry.

Table 1. XPS binding energies (in eV) of Sn 3ds,, and S 2ps/, peaks of as-deposited SnS; thin

films. The FWHM of the fitted peaks are shown in parentheses. Please note that the binding

energies reported in this work are subject to an error bar of 0.2 eV.

Binding energy (eV)
Method
Sn 3d5/2
S 2p3p
Sn (IV) Sn (1)
PE - ALD process at 486.6 (1.0) - 161.5 (1.0)
80 °C

PE - ALD process at 486.7 (1.1) - 161.6 (1.0)
180 °C

Thermal ALD at 80 °C 486.6 (1.1) - 161.6 (1.1)

Thermal ALD at 180 °C 486.7 (1.1) 485.8 (1.1) 161.5 (1.5)

ACS Paragon Plus Environment
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Figure 5. (a) & (b) Sn 3ds; and S 2p XPS spectra of SnS, thin films deposited by the PE-ALD

and thermal ALD process at 80°C and 180 °C.

SnS; thin films deposited by the PE-ALD process were investigated for their optical properties
to further complement the analysis of their film quality. SnS; thin films were deposited on a
quartz substrate and transmittance measurements were acquired in the wavelength range of 250
to 1100 nm. Figure S5(a) shows the transmittance spectra of SnS, thin films deposited by the
PE-ALD process at 80 °C and 180 °C with a thickness of 97 nm and 83 nm, respectively. The
spectra are corrected for the transmittance of the bare quartz substrate. Also, the bandgap of
the SnS, thin films is obtained from the tauc plot — (athv)!? against hv — by extrapolation of a
linear fit to the absorption edge to intersect the hv axis [Figure S5(b)]. An indirect bandgap of
2.30 eV and 2.25 eV is obtained for the P80 and P180 thin films respectively, in agreement

with literature values.>!-32

3.3 SnS, as anode material for Lithium-ion batteries

The layered structure of SnS, makes itself an ideal electrode material for lithium-ion batteries.
SnS, has a large interlayer spacing of 0.59 nm, thus facilitating the insertion and extraction of
Li* ions.>3 It is known that the SnS, material is characterized by insertion, conversion, and
alloying reactions while undergoing the lithiation cycle,?> °* Herein, we compare the
electrochemical performance of SnS, anode materials deposited by the PE-ALD and thermal
ALD process in the Li-ion battery. For the electrochemical testing, SnS, films (~30-40 nm
thickness) deposited on TiN(40 nm)/SiO,(20 nm)/Si substrates were used as the anode material.
The SEM images and high-resolution XPS spectra of the Sn 3d and S 2p regions of the SnS,
films deposited on TiN substrates by the PE-ALD and thermal ALD process are consistent with
those obtained on the silicon substrates indicating that the film growth is similar on both

substrates [Figure S6 & S7]. In addition, the obtained binding energies of the Sn 3ds, and S
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2ps; spectra of the as-deposited SnS, films, as well as the S/Sn atomic ratio are summarized in

Table S2.

Figure 6(a)-(c) shows the first three cycles of the cyclic voltammetry (CV) profile of P80,
P180, and T80 SnS, electrodes where the voltage is varied in the range of 0.1 to 3.0 V at a scan
rate of 1 mV s'!. Both the P80 and P180 films possess similar CV characteristics and redox
peak couples for the initial three cycles. The oxidation/reduction reactions occurring during the
electrochemical testing of SnS; anode material are shown in five steps as in Figure 7. In their
first lithiation cycle (discharge cycle), two cathodic peaks at 1.8 V and 1.5 V correspond to the
multistep insertion of lithium ions into SnS, forming Li,SnS, 33 (Step 1). The strong cathodic
peak at 1.2 V can be ascribed to the decomposition of Li,SnS, to Li,S and metallic tin as well
as the formation of a solid electrolyte interface (SEI)>>-¢ (Step 2). This formation of SEI film

accounts for the high irreversible capacity of the first charge/discharge cycle.

The redox peak couple formed by the cathodic peak at 0.2 V and anodic peak at 0.4 V can be
assigned to the reversible alloying and dealloying of Li,Sn (Steps 3 & 4). The set of anodic
peaks in the potential range of 1.6 — 1.8 V corresponds to the deconversion back to an altered
SnS, phase.>* Also, the peak at 2.3 V corresponds to the conversion of unreacted Li,S to
polysulfides.>” In the subsequent cycles, the peaks at 1.8 V and 1.5 V related to the insertion of
lithium ions in the SnS, layered structure in the subsequent cycles are absent indicating that
the SnS, crystal structure is not completely restored after the first charge/discharge cycle.
However, the constant cathodic peaks at 1.2 V, 0.2 V and anodic peaks at 0.4 V and 1.6 — 2.3
V during the subsequent charge/discharge cycles demonstrate reversible conversion and
alloying reactions occurring around the altered SnS; phase and are visualized by the reactions

shown in the red box in Figure 7.
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Figure 6. First three CV cycles at a scan rate of 1 mV s*! of (a) P80 film, (b) P180 film, and

(c) T80 film. (d) Discharge capacity of SnS, films for 100 cycles at a current density of 1 Ag-

1

The modification of the crystalline SnS, anode has been further investigated by analyzing the
crystallinity and elemental composition utilizing XRD and EDS techniques. After the cyclic
voltammetry scans, the XRD analysis of the P180 film revealed an absence of characteristic
peaks corresponding to the SnS, phase. Instead, peaks corresponding to metallic tin appeared
[Figure S8]. This transformation underscores the structural changes that occurred during the
CV cycling. Complementary EDS analysis corroborated these findings, showing a substantial

reduction in sulfur content within the films following CV scans [Figure S9]. Notably, the

22

ACS Paragon Plus Environment

Page 22 of 41



Page 23 of 41 ACS Applied Energy Materials

presence of oxygen was detected in the films and can be attributed to air exposure afterwards

the CV scans.
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Figure 7: Representative schematic of the electrochemical reactions occurring at the crystalline

39 SnS, anode material during the Li-ion battery cycling process.

On the contrary, during the first lithiation, the amorphous electrode does not exhibit any
45 cathodic peaks corresponding to lithium intercalation. Instead, it shows cathodic peaks at 1.2
47 V and 0.1 V corresponding to the conversion and alloying reactions, respectively, similar to a
49 previously reported amorphous SnS, electrode.’® Except for the anodic peak at 0.4 V
corresponding to the dealloying reaction, the delithiation process does not indicate the recovery
54 of the SnS, structure. Upon further scanning, the electrode exhibits weak cathodic/anodic peaks
56 corresponding to alloying/dealloying. According to a recent study, lithium intercalation into

the crystal structure of SnS; prior to the conversion reaction leads to an even distribution of the
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Li,S allowing a large portion of the active material to take part in the electrochemical
reactions.’® However, it is clear that the amorphous SnS, does not exhibit lithium intercalation
reactions. Also, it shows irreversible conversion reactions suggesting that the structure of the
anode is altered and/or destroyed, preventing further Li+ ion insertion/extraction transport. The
galvanostatic charge/discharge profile of all three electrodes is consistent with the

corresponding CV profiles and is given in the supporting information [Figure S10].

The cycling performance of the SnS, electrodes was studied at a current density of 1 Ag™!' as
shown in Figure 6(d). The first discharge capacity of the amorphous electrode is 1427 mAhg
! higher than the theoretical initial discharge capacity but fades rapidly with the number of
cycles, and the final discharge capacity after 100 cycles is only 496 mAhg-! exhibiting a non-
ideal capacity retention of 34% after 100 charge/discharge cycles. This higher initial discharge
capacity is likely due to the formation of a solid electrolyte interface.’® Unlike the dramatic
capacity fading displayed by the amorphous SnS; electrode, the crystalline P80 SnS, electrode
delivers a high initial capacity of 1012 mAhg-!, which drops to 664 mAhg-! at the 100 cycle.
This higher discharge capacity can be possibly due to the strong crystallite orientation of the
film which is proven more favorable for the lithium intercalation/deintercalation reactions as
per previous reports.®? Retaining 65% of its initial capacity, the crystalline P80 electrode thus
outperforms the amorphous T80 electrode. Even better cyclability is obtained for the crystalline
P180 SnS, electrodes with OoPO structures. However, the P180 electrode shows a slightly
lesser initial discharge capacity of 861 mAhg! which evolves to 665 mAhg-! after 100 cycles
thereby retaining 77% of the initial capacity. In this case, the capacity degrades more slowly
and even becomes nearly steady after 80 charge/discharge cycles showing up as the best
candidate in terms of capacity retention. Compared to many existing literature reports indicated
in Table 2, the PE-ALD deposited SnS, anodes demonstrate better cycling retention even after
100 charge/discharge cycles. The P80 and P180 electrodes retain higher capacity (65% and
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77% respectively) compared to the SnS, nanosheets and carbonaceous polypyrrole nanotubes

coated SnS, nanosheets (CPN@SnS2) (40% and 49%) reported by Chen et al.,’! and SnS,

oNOYTULT D WN =

nanoparticles and SnS,/SnO, nanoparticles (59% and 64%) tested by L. Yin et al.> but at
10 lower initial capacity. Moreover, in comparison to the SnS, nanosheets reported by Kim et al.>>
which exhibit an initial discharge capacity of 300 mAhg! and retain only 63% of the initial
15 capacity after 50 cycles, the P80, P180 and T80 films show enhanced performance in terms of

17 initial capacity as well as the capacity retention.

20 Table 2. Literature overview of the electrochemical performance of SnS, electrodes tested for

Li-ion battery

Specific Current
31 Electrode capacity density Cycle Retention Ref
32 (mA hg™) (Alg) no (%)

33 CPN@SnS, nanosheets o1
34 (coin cells) 1422 0.06 100 49

SnS, nanosheets 61
(coin cells) 979.6 0.06 100 39

40 SnS,/SnO, composite NPs 62
41 (coin cells) 1420.06 0.1 50 63

43 Plate-like SnS, NPs 62
44 (coin cells) 1382.39 0.1 50 59

47 SnS, nanosheets 55
48 (coin cells) 300 0.3 50 63

51 Amorphous SnS, -T80 1427 1 100 34 This
work

55 Crystalline SnS,; -P80 1012 100 65 This
56 work

58 Crystalline SnS, -P180 861 100 77 This
work
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Hence, a clear influence of crystallinity can be observed on the discharge capacity and the
cyclic performance of the SnS, electrodes. Compared to the amorphous film which
demonstrates an irreversible conversion reaction of SnS, to Sn, crystalline films demonstrate
partially reversible reactions along with improved cyclic performance clearly showing the
predominance of crystallinity in enabling smooth and stable lithium insertion/extraction during
prolonged cycling and hence improved capacity retention. Among the two crystalline
electrodes, the SnS; electrode with OoPO structures exhibits steady cyclic performance despite
its lower initial discharge capacity. Although the exact reason for the enhanced capacity
retention is not fully understood, it is clear that the specific structural characteristics are
beneficial for enhanced electrode stability and hence improved cyclic performance. An
additional in-depth investigation is proposed to effectively understand structural correlations
with electrochemical performance and can be applied to other layer metal dichalcogenide

materials for better battery performance.

3.4 SnS; as the catalyst for electrochemical reduction of CO,

All three SnS, films (~20 nm thickness) deposited on gas diffusion electrodes (GDE) were
subjected to six-hour-long chronopotentiometry tests at 100 mA cm2 to assess their selectivity,
activity, and stability [Figure S11]. The results offer an insight into the influence of the utilized
ALD parameters on CO, electroreduction over SnS,-coated GDEs. Figure 8(a) depicts the
Faradaic efficiency (FE) to formate of each of the SnS,; thin films in which a clear distinction
between the different samples can be observed. At the onset of the measurement, a clear
disparity in terms of selectivity can be seen for P180, which only reached a selectivity of 64 +
2% at a current density of 100 mA cm 2 whereas the other samples, P80 and T80, started around

79 £ 5% and 80 £ 2%, respectively.
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As observed, crystallinity is not the main factor governing the initial selectivity since both the

crystalline (P80) and amorphous (T80) structures outperform the crystalline (P180) film. In

oNOYTULT D WN =

addition, XPS of the as-prepared films does not provide an immediate explanation for the
10 observed difference in formate FE, as Sn*" was the only species detected in all three films
[Figure S12 & Table S3]. However, after five minutes of chronopotentiometry at 100 mA cm-
15 2, XPS showed the presence of Sn?* in all three films [Figure S13]. According to literature®?,
17 the presence of Sn** effectively reduces the overpotential for the CO,RR, while that of Sn?* is
expected to enhance the selectivity to formate. Nevertheless, the share of Sn?>* was higher in
22 P80 relative to P180 and T80. Given the invariance in initial FE and overpotential between P80
24 and T80, oxidation state does not seem to be the major descriptor of catalytic performance

under these particular electrolyzer operating conditions.
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Figure 8. SnS; thin films deposited on a GDE used for the electrochemical CO, reduction
tested in a flow-by reactor at 100 mA cm= with 0.5 M KHCOj as catholyte and 2 M KOH as
anolyte resulting in the following Faradaic efficiencies for (a) formate, (b) hydrogen, and (c)
carbon monoxide while measuring the (d) potentials over six hours. The total FE amounted to

100 £+ 4 % for all measurements.

It was, therefore, further hypothesized that the varying physical properties of the thin films,

notably their roughness and hydrophobicity, could affect both the effective applied current
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density (and thus overpotential) and the extent of electrolyte permeation into the catalyst
layer®, which may thereby partially impede CO, mass transport. To test this hypothesis,
contact angle (CA) measurements of as-prepared SnS,/GDEs and multiple control samples
were performed. The surface of a bare GDE is hydrophobic mainly due to the incorporation of
23 wt% of polytetrafluoroethylene (PTFE) in its microporous layer (MPL). This is manifested
by a CA of 140.3 + 0.3°. In contrast, the three SnS,; thin films exhibited lower values. Firstly,
the measured CAs of T80 and P80 were 126 £ 2°, and 90 + 2°, respectively, thereby
demonstrating the effect of the deposition technique on the hydrophobicity since both samples
were prepared at 80 °C [Figure S14(c-f)]. P180, on the other hand, was significantly more

hydrophilic, with a CA of 31 £ 1°.[Figure S14(g)]

The change in the films’ hydrophobicity can be attributed to two factors: (i) lower apparent
CA due to higher surface roughness (Wenzel state) and (ii) modification of the GDE surface.
The latter effect arises from the highly reactive plasma environment to which the GDE was
exposed, potentially leading to the functionalization of the carbon surface and/or
redistribution/functionalization of PTFE in the MPL.6>-%6 Additionally, the energetic species
within the plasma may cause structural damage to the substrate through bombardment. Hence,
to investigate the impact of plasma exposure on the hydrophobicity of the GDE, both its
microporous layer (MPL) and gas diffusion layer (GDL) was evaluated for the influence of an
H,S/Ar plasma in the absence of the Sn precursor. The hydrophobicity of the GDL - which
contains only 5 wt% of PTFE - remained unaltered, as indicated by the comparable CA to its
initial state (133.8 = 0.3° for H,S/Ar plasma at 180 °C vs 137 = 1° for the bare GDE)[Figure
S15(b-f)]. However, a discernible change in hydrophobicity was observed in the MPL (107.3
+ 0.5° for H,S/Ar plasma at 180 °C vs 140 + 0.3° for the bare GDE) [Figure S15(a-e)]. This
suggests that the modification induced by the plasma treatment primarily targeted the PTFE
chains rather than the carbon structure. Furthermore, the Wenzel state describes a surface in
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which droplets penetrate easily due to increased roughness and strong adhesive forces. Cgy
measurements showed that the roughness was altered by depositing the SnS, films on the MPL
of the GDE [Figure S16(a-¢)]. Whereas the Cy of a bare GDE equalled 85 + 1 uF cm™, that of
the SnS, films was lower due to the coverage of the substrate and the lower conductivity of
SnS, relative to carbon. The Cgy increased from 39 + 2 uF cm2 for T80 to 72 + 4 uF cm for
P80, thus providing a higher surface area for the same mass loading. A further increase in
roughness and the highest Cy; of the series, i.e. 82 + 3 uF cm2, was obtained with P180, in line
with the lowest measured CA. Furthermore, cyclic voltammetry measurements of the initial
SnS, thin films showed a reduction peak at -1.0 vs Ag/AgCl, which is attributed to SnS,
reduction to metallic Sn with the release of S? into solution®’ [Figure S17(a-d)]. Similarly, the
reduction peak current increased with increasing roughness and decreasing CA. That
correlation between the CA and the reduction peak current was proven to be significant and
thus confirms the effect of roughness on the electrochemical activity of the SnS, thin films.
Taken together, the difference in the initial selectivity and activity between the different SnS,
samples is explained as follows: P180 has a rough surface with big out-of-plane structures
while P80 and T80 have a smoother surface with smaller structures in comparison. Given that
a rougher surface is typically correlated with a higher Cy and thus a higher activity (for both
CO,RR and the hydrogen evolution reaction), it is judged to be a major reason as to why P180
has a lower overpotential (-0.580 £+ 0.003 V vs RHE) than P80 and T80 (-0.83 + 0.02 V and -

0.84 £ 0.06 V vs. RHE, respectively.[Figure 8(d)]

When looking at the stability of those SnS, thin films, P180 clearly stands out [Fig. 8(a-c)]. It
can be observed that the formate FE of P80 and T80 starts to decline - at the cost of increased
hydrogen production - already after two hours of measurement. In contrast, P180 shows a
slightly increasing formate FE trend, ultimately resulting in comparable values (70.3 £ 0.2%)
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to P80 and T80 after 6 h. That change in performance is caused by the reduction of SnS, to Sn
which brings down formate selectivity to about 70%%-6° and the accompanying change in Sn
morphology and film roughness. That change in morphology is visualized in Figure 9(a-d) for
P80 and P180 [See Figure S18 for T80 along with bare GDE] using SEM images taken before
and after CO,RR. At the same time, SnS; reduction is confirmed by the elimination of the
sulfur signal from the corresponding EDS data after CO,RR, as seen in Figure 9(e).
Importantly, P180 still showed a fair coverage of the carbon substrate — a major reason for its
steady potential and formate production. For P80 and T80, an apparent decrease in the carbon
coverage of the film due to film reconstruction and particle formation is observed.
Consequently, the pores in the carbon substrate become more accessible to electrolyte and
susceptible to electrolyte salt precipitation, as detected by the pronounced potassium signal
intensity in the EDS spectra of Figure 9(e). This in turn can result in elevated hydrogen
production and lower formate FE since the carbon support also acts as a catalyst under such

conditions.

Finally, it is important to briefly discuss the differences in the measured Cq values before and
after CO,RR [Figure S19 and Table S4] and explain how they relate to the foregoing
observations. As mentioned, the Cq before CO,RR did not exceed 85 uF cm=2. After 1 hr of
CO,RR at 100 mA cm2, a notable two orders of magnitude increase in Cyq is recorded for all
films, including a blank benchmark GDE. That increase comes as a consequence of
electrowetting during chronopotentiometry and the induced changes in film morphology that
lead to exposure of the carbon substrate. It is important to note that the Cy of P180 (3.7 mF
cm?) is roughly 15% lower in comparison to the other films, which we attribute to its more
homogeneous coverage of the carbon substrate. These findings emphasize the importance of

interfacial physical properties and restructuring of thin-film-based catalyst layers, and how
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seemingly minor variations in Cgq and CA can help rationalize their electrocatalytic

performance and stability.
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Figure 9. SEM image of SnS, deposited on a GDE by PE-ALD process at 80 °C (a) before

CO3RR, and (b) after CO,RR, SEM image of SnS, deposited on a GDE by PE-ALD process at
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180 °C (c) before CO,RR, and (d) after CO,RR, and (¢) SEM-EDS of all tested SnS, thin films

deposited on a GDE before and after CO,RR.

In comparison to other SnS, catalysts available in the literature, the activity of SnS, thin films
prepared with ALD is improved, especially in terms of the overpotential [Table 3] For instance,
P180 lowers the overpotential by 320 mV while the current density (more than eight-fold
higher) and the FE (7% increase) exceed those of the SnS, nanosheets tested by Zhang et al..”®
P80 and T80 exhibit FEs that are reasonably comparable to those reported by Zhang et al. and
Li et al. (87% and 84.5% respectively). However, the ALD-deposited SnS,/GDEs demonstrate
superior activity, achieving both a higher current density at slightly higher overpotential.®7- 70
Moreover, this improved performance is obtained at extremely low catalyst loadings in
comparison with typical literature reports. This further evidences the promising nature of thin
films in general and SnS,-based thin films prepared by thermal ALD and PE-ALD in particular

towards application in the CO,RR.

Table 3. Literature overview of SnS, electrocatalysts for CO,RR tested in the aqueous

environment.

FE to Current
Catalyst Loading  Catholyte formate density Potential  Ref.
(mA cm)
SnS,; NS 0.75 mgsns> 0.1 M o -0.9Vvs 70
H-cell cm2 KHCO; ST 12.3 RHE
H-SnS; NS 0.75 mgp. 0.I1M o -0.9 Vs 70
H-cell SnS2 CIl’l_2 KHCO3 87% 18.6 RHE
SnS,/rGO
Three 0.0872 mg 05M o -1.4 Vs 7
electrode cm? NaHCO; 84.5% 139 Ag/AgCl
cell
Sn(S)/Au
Three 0.1 M o -0.75 vs 25
electrode / KHCO; 93.3% >3 RHE
cell
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4. CONCLUSION

This work succeeded in the PE-ALD of SnS,; thin films using TDMASn precursor and H,S
plasma. In contrast to the corresponding thermal ALD process, the PE-ALD process grows
crystalline SnS, thin films at temperatures as low as 80 °C. XRD patterns confirmed the
hexagonal crystal structure of SnS,. The presence of tin as Sn*" was also confirmed by XPS.
SEM analysis revealed a continuous film surface consisting of small SnS, grains at 80°C,
whereas the grains become larger at 180°C and eventually form out-of-plane oriented structures

for larger film thicknesses. Optical transmission measurements indicated an indirect bandgap

of 2.25 — 2.3 eV for the SnS, thin films.

Given the interest in SnS; for electrochemical energy conversion and storage applications, we
compared the electrochemical performance of crystalline and amorphous SnS; thin films,
deposited by PE-ALD and thermal ALD, respectively. Our results show that crystalline SnS,
outperforms amorphous SnS, films in terms of cycle stability as anode material in lithium-ion
batteries, with the best cycling performance established for thin films with out-of-plane
oriented structures on their surface despite their lower initial capacity. The crystalline SnS,
with out-of-plane orientation structures and grain-like structures and amorphous SnS, exhibit
77%, 65%, and 34% respectively of the capacity retention after 100 charge/discharge cycles.

The CO, electroreduction results indicate the significant benefits of crystalline SnS, with out-
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of-plane orientation structures as they result in a lower potential (-0.58 V vs RHE) but still
provide decent and stable Faradaic efficiencies towards formate of 64% On the other hand, the
amorphous SnS, and crystalline SnS, with small crystallite structures, improve the selectivity
towards formate up to 80% at the cost of a higher potential (-0.83 V vs RHE) and significantly
lower stability of the thin films. Therefore, it is evident that exploring the PE-ALD process
offers a great opportunity to develop crystalline SnS, thin films at mild deposition temperatures

and enables tuning of material properties suitable for various practical applications.
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