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2-dimensional FeS, nanosheets of different sizes are synthesized
by applying different numbers of atomic layer deposition (ALD)
cycles on TiO, nanotube layers and graphite sheets as
supporting materials and used as an electrocatalyst for the
hydrogen evolution reaction (HER). The electrochemical results
confirm electrocatalytic activity in alkaline media with out-
standing long-term stability (>65h) and enhanced catalytic
activity, reflected by a notable drop in the initial HER over-
potential value (up to 26%). By using a range of character-

Introduction

The environmental issues stemming from the use of fossil fuels,
along with the ever-increasing global energy consumption,
have triggered an intense search for sustainable and clean
energy alternatives. Hydrogen (H,), with one of the highest
energy density values and high energy conversion efficiency,
has been identified as an alternative energy source. Although
total H, production using low emission procedures grew by 9%
in 2021, nowadays most H, production methods are based on
non-renewable sources, namely natural gas, oil reforming, and
coal gasification. Water is the most sustainable and renewable
source of H,. Electrochemical water splitting, in particular, based
on the use of electricity to split water into H, and O, gas,
represents a promising process for producing H, fuel.” Water
electrolysis conducted in alkaline media is a well-established
industrial technology that provides a higher stability of
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ization techniques, the origin of the enhanced catalytic activity
was found to be caused by the synergistic interplay between
in situ morphological and compositional changes in the 2D FeS,
nanosheets during HER. Under the application of a cathodic
potential in alkaline media, the as-synthesized 2D FeS, nano-
sheets transformed into iron oxyhydroxide-iron oxysulfide core-
shell nanoparticles, which exhibited a higher active catalytic
surface and newly created Fe-based HER catalytic sites.

electrode materials than in acidic media.?* However, the

hydrogen evolution reaction (HER) faces several drawbacks,
including sluggish kinetics and the regular use of scarce and
costly noble metals as an electrocatalyst. The former is caused
by the low concentration of protons under alkaline conditions,
requiring further efforts to produce protons by dissociation of
water near or on the catalyst surface.”’ The latter has stimulated
an intense search for novel and cost-effective catalysts, based
on abundant and affordable elements of the earth to replace
noble metals. HER, as one of the critical steps of the water
splitting process, has drawn considerable attention, with a view
to developing strategies to attenuate the main drawbacks of
HER that hamper the expansion of water splitting technology.”
On the one hand, the approach of rationally designed
heterostructures represents a pathway to speed up the kinetics
of the HER process by generating a greater number of different
active catalytic sites to assist in the cleavage of 0—OH bonds.”
On the other hand, the search for novel and cost-effective
catalysts drove exploration of a wide range of materials fulfilling
the aforementioned features, such as transition metal phos-
phides, carbides, nitrides and sulfides, among others.” In the
case of 2-dimensional transition metal dichalcogenides (2D
TMDC) and inspired by the first experimental evidence reported
on the catalytic activity of MoS, edge sites,” intense research
work has been devoted to exploring the catalytic properties of
other 2D TMDCs, for example WS,, MoSe,, and MoTe,.*'¥ 2D
materials offer unique structural, optical and electronic proper-
ties as compared to the bulk counterparts. In addition, they
show significant prospects as catalysts mainly due to flake-like
morphology with minimal thickness, high surface-to-volume
ratio, and ability to surface functionalize and adjust the catalyti-
cally active edges sites."*'® Among the TMDCs materials, the
catalytic properties of the different phases of iron sulfide,
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namely FeS,, Fe;S, and FeS, have been largely overlooked and
barely explored compared to other TMDCs, despite the relative
low cost and toxicity and the high natural abundance of iron
and sulfur. Previous works have reported the synthesis of
mesoporous and nanostructures of FeS, and FeS, employing
various methods, such as, hydrothermal,"” solvothermal,®2
hot injection,”?” gas phase sulfidation®®** and chemical vapor
deposition,?**" and explored their electrocatalytic properties
toward HER showing encouraging catalytic results.'®2%%7
Therein, various supporting active materials have been reported
decorated with different phases of FeS, to fabricate composites
with synergistic effects. For example, FeS nanosheets were
deposited on a metal foam substrate!”'®*? and carbon fiber
cloth,?® while FeS, nanoparticles decorated C nanoparticles”
and graphite oxide.® In parallel, FeS, decorated TiO, nano-
particles and TiO, nanotubes heterostructures were used to
assess FeS, photoelectrochemical properties.”*? Although
these works reported successful synthesis of various iron sulfide
phases using different methods mentioned above, they require
high temperatures, the use of harmful chemicals and/or are
time consuming. This work approaches the synthesis of FeS, by
means of atomic layer deposition (ALD) and is essentially
motivated by its unparalleled control over the thickness and
chemical composition of the deposited material. ALD is a well-
established deposition technique based on alternating self-
limiting gas-surface chemical reactions. The precursors are
introduced separately to react with the active surface sites
followed by purging steps using an inert gas (N, or Ar) avoiding
any chemical reaction in the gas phase between the precursors.
The unparalleled sub-nanometer thickness control lies in the
self-limiting nature of the chemical surface reactions, caused by
the limited number of active surface sites (available to react
with the gas phase precursor), restricting the growth process to
one layer per cycle. The ALD cycle is repeated until the desired
sheet thickness is achieved. More importantly, ALD is the only
deposition method that enables conformal and uniform deposi-
tion on complex substrates including high aspect ratio
structures and nanostructured porous materials. Furthermore,
in recent years ALD has been successfully exploited for the
synthesis of 2D materials of different chemical nature.?** There
have been few reports on the use of ALD for the synthesis of
iron sulfide. Shao et al. reported the catalytic properties of ALD
FeS, coatings on porous-Al,O; powder toward the hydro-
genation of azo compounds; Xiong et al. presented the catalytic
activity of Fe,Co,,S, for HER; while Guo etal. published the
synthesis of various metal pyrites by ALD including FeS,.**¥

To our knowledge, this work is the first one to report on the
electrocatalytic properties toward HER of 2D FeS, nanosheets
synthesized by applying different numbers of ALD cycles. FeS,
synthesis was carried out in a fast and simple fashion that offers
significant practical advantages (low temperature, non-time
consuming and single step process) applying different numbers
of ALD cycles, namely 20, 60, 180 and 300, on substrates of
different nature, including soda lime glass, Si wafer, annealed Ti
foil, 5 um-thick TiO, nanotube (TNT) layers and graphite sheets
(GS). The electrocatalytic activity evaluation of FeS, was
conducted using TNT layers and GS. The choice of such
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supporting materials is based on the benefits obtained, as
described below: TNT layers offer a unique tubular architecture,
enhanced charge transfer, chemical stability, and high surface-
area ratio, while GS provide high electrical charge transfer and
chemical stability. Extensive physical and chemical character-
ization of FeS,, carried out before and after the HER process,
showed that the as-deposited FeS, grew as 2D nanosheets
randomly oriented on the surface of the substrates, and
revealed the chemical composition of the as-deposited FeS, as
a mixture of iron sulfide phases, namely Fe;S, (Greigite) and
FeS. The electrochemical characterization confirmed the electro-
catalytic activity of FeS, toward HER. During the electrochemical
HER process, the as-deposited 2D FeS, nanosheets underwent
both a chemical and a morphological transformation and
turned into a core-shell structure of iron oxyhydroxide-iron
oxysulfide nanoparticle aggregates, which demonstrated cata-
lytic activity and long-term chemical stability during chronoam-
perometric measurements up to 65 h.

Results and Discussion

The growth of FeS, by ALD was evaluated on substrates of
different nature such as soda lime glass, Si wafer, annealed Ti
foil, 5um-thick TNT layers and GS (chemically treated for
surface activation as described in the Experimental Section).
Figure 1 shows the FeS, as-deposited on the TNT layers and GS
after applying 20, 60, 180 and 300 ALD cycles. Upon applying
20 and 60 ALD cycles, discrete FeS, nanosheets can be observed
by SEM on GS surface decorated, while on TNT layers they could
not be visualized given their small size. On the contrary, as the
number of ALD cycles increased up to 180 and 300, the 2D FeS,
nanosheets covered extensively the surface of the GS and TNT
layers, exhibiting a dominant out-of-plane orientation.

SEM top-view images (see the Supporting Information,
Figure S1) also verified the growth of FeS, on Si wafer, annealed
Ti foil, and soda lime glass as a 2D flaky nanosheet structure,
randomly oriented on the substrate surface. To gain a deeper
understanding of FeS, growth, it was characterized as a function
of different numbers of ALD cycles (25, 50, 200, 500, 800 and
1000; Figure S2a-f). Therein, SEM top-view images show, how
the initial discrete FeS, nucleation sites observed at a low
number of ALD cycles (25 and 50) turned into thin 2D flaky
nanosheets with a large lateral size at a higher number of ALD
cycles. The SEM cross-sectional image (Figure S2g) allowed for a
rough estimation (due to uneven growth of nanosheets) of the
FeS, thin film thickness in approximately 40 nm upon
1000 cycles, while HR-TEM images illustrated the layered
structure of the FeS, nanosheets with an interlayer distance of
about 5 A (Figure S2h), which matches well with the typical FeS
interlayer distance.” The thickness of the FeS, nanosheets was
statistically evaluated from SEM images to be 10.54+1.2 nm,
11.8+1.3 nm, 15.1£1.6 nm and 15.9+ 1.7 nm upon 200, 500,
800 and 1000 ALD cycles, respectively. It indicates a higher
growth rate of the nanosheets on the flake edges compared to
that of the basal planes, which are comparably inert.
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Figure 1. SEM top-view images of the 5 um-thick TiO, nanotube layers (TNTs;
left) and graphite sheet (GS; right) decorated with FeS, nanosheets grown by
ALD using different numbers of cycles.

The roughness and morphology of the as-deposited FeS,
upon different numbers of cycles was further characterized by

atomic force microscopy (AFM; Figure S3). The AFM measure-
ments indicated that the growth of 2D FeS, nanosheets with
random orientation increased the root-mean-square roughness
(Ry; see Table S1) which is in line with the SEM observation.

Fourier Transform Infrared (DR-FTIR) spectroscopy analysis
was conducted to identify surface functional groups and
determine the bonding of as-deposited FeS,. The spectrum
obtained (Figure S4) showed peaks at 550 and 808 cm™". The
peak at 550 cm™' was ascribed to the bending vibration of
sulfide groups,“**" while the peak at 808 cm™' was associated
to Fe—O—H bending vibrations.*>**! The 1250-900 cm™' region
suggested the presence of products of iron oxidation and sulfur
oxidation revealing that a FeS, surface was oxidized after being
exposed to air.

Grazing-incident X-ray diffractometry (GI-XRD) revealed the
polycrystalline nature of the as-deposited FeS, (Figure S5) and
indicated the presence of two phases of iron sulfide, namely
Fe;S, (Greigite) and FeS (hexagonal). The relatively low intensity
of the diffraction peaks is ascribed to the small size of the
different crystallites, which are restricted by the nanoscale size
of the 2D nanosheets. The diffraction peaks in the GI-XRD
pattern (Figure S5) at 20~ 15°, 29.9°, 52.5°, and 54.9° matched
well with the planes (111), (113), (004) and (135) of the Fe;S,
phase, respectively. Regarding the peaks at 20~34° 44°, and
53.1°, they were assigned to the planes (112), (114), and (030) of
the FeS (hexagonal) phase.

The FeS, nanosheets were characterized by X-ray photo-
electron spectroscopy (XPS; Figure 2). The surface chemical
composition of the as-deposited FeS, using 300 ALD cycles is
shown for TNT layers (Figure 2, top row) and GS (Figure 2,
botom row). In the corresponding survey spectra (Figure 2a,d),
the absence/minor content of other chemical species confirms
the high quality of the FeS, deposited on both the TNT layers
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Figure 2. XPS results for as-deposited TiO, nanotube layers (TNT layers; left column) and graphite sheet (GS; right column) FeS, decorated using 300 ALD
cycles: (a,d) XPS survey spectra; high-resolution deconvoluted XPS spectra of (b,e) Fe2p and (c,f) S2p.
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and the GS. Therefore, whereas TNT layers showed a minor
content of C and O, the higher content of these elements in GS
was directly related in the case of C to the nature of the
substrate, and in the case of O to the generation of O-
containing groups after the chemical activation process of GS
(Figure S6). The high-resolution Fe2p XPS spectra (Figure 2b,e)
exhibited two peaks that correspond to the spin-orbit splitting
of Fe2p,, and Fe2p,,. The corresponding deconvolution
allowed us to obtain a valuable insight into the chemical
composition of the as-deposited FeS,. Thus, it was revealed that
Fe displayed a mixture of oxidation states +2 and + 3: (i) Fe’"
—S?” bond at binding energies (BE) of approximately 707.3 and
720.5 eV,*¥ (ii) Fe**—S,> bond at BE of approximately 708.7
and 722.6 eV, and (jii) Fe**—S,* bond at BE of approximately
710.7 and 724.2 eV.H

The deconvolution of the high-resolution S2p XPS spectra
(Figure 2¢,f) verified these results showing a set of peaks
corresponding to different sulfur species (i) monosulfide S* —Fe
bond at BE values of approximately 161.6 and 162.8 eV,"¥ (ii)
disulfide S, —Fe bond at BE values of approximately 162.2 and
163.4 eV,**¥ and (jii) polysulfide S,>—Fe bond with BE values
of approximately 163.8 and 164.9 eV.***¥ These results sug-
gested that the as-deposited FeS, on both supporting materials
is a high-quality material (absence of other species) composed
of various iron sulfide phases, which is fully consistent with the
XRD results that indicated the concomitant presence of Fe,S,
(Greigite) and FeS (hexagonal; troilite) phases.

The as-deposited FeS, was further characterized by means
of Raman spectroscopy at ambient conditions using both visible
(532 nm) and infrared (633 nm) laser excitation wavelengths
(Figure S7). It should be noted that during preliminary experi-
ments FeS, was found unstable when in the air for a long time,
and the action of the laser on the sample induced oxidation
processes generating FeOOH or Fe,0; compounds. Therefore,
during the main measurements, the laser power was attenuated
to 6 W (532 nm) and 4 W (633 nm) with an increase in exposure

time and accumulation of spectra. Raman spectra at 532 nm
and 633 nm showed peaks at around 335 and 370 cm™' that
have been reported as characteristic bands of pyrrhotite (Fe,_S,
where x=0 to 0.2)."? Likewise, Raman spectra of troilite (FeS
hexagonal) show a peak at around 335 cm™' what suggests that
the phases of pyrrhotite and troilite are coexisting. Fe;S, was
identified by the two bands at around 348 and 358 cm™',®*%"
which were only visible in the spectrum obtained at 633 nm
(infrared wavelength). Therefore, the Raman results confirmed
that the as-deposited FeS, is composed of Fe,S,, FeS (troilite)
and FeS, (where x=0 to 0.2), as described in the XRD and XPS
results described above. Regarding the peak observed in the
spectra at around 319 cm™, it could not be assigned to any
Raman spectra of the iron sulfide phase. We suggest it
originates by some exotic phase formed in the mixture of the
phases present in the as-deposited FeS,, since such a peak is
located in the characteristic region of Fe—S bond. Moreover,
Raman spectra revealed the absence of elemental sulfur (typical
bands centered at 84,151, 218, 248, 437 and 474 cm ™ ').*?

Figure 3 shows high-resolution transmission electron micro-
scopy (HR-TEM) images obtained on a fragment of a single TNT
decorated with FeS, using 300 ALD cycles. The high-angle
annular dark-field image (Figure 3a) proved a homogeneous
FeS, decoration along the TNT wall (inner and outer surface).
The area enclosed by a rectangle in Figure 3a was inspected by
energy dispersive X-ray (EDX) analysis. The EDX spectra
demonstrated the presence of Ti, O, Fe, and S (Figure S8a), and
the elemental mapping identified a homogeneous distribution
of the Ti, O, Fe, and S elements on the TNT surface without the
presence of any other element confirming the chemical
composition (Figure 3b-f). The chemical composition profile
conducted in Figure 3b (indicated by the arrow) illustrates the
sharp interface between the TNT surface and FeS, (Figure S8b).
HR-TEM images show this interface in detail and allowed to
identify the TiO, anatase plane (101) with a characteristic

Figure 3. (a) HAADF-STEM image of a fragment of a single TNT decorated with FeS, using 300 ALD cycles. (b) STEM EDX elemental maps of the area Ti-O—Fe—S
map shown in Figure 3a, showing a color-mix overlapping of Ti-O—Fe—S maps, where the FeS,/TNT interface and homogeneous FeS, decoration along the TNT
wall can be clearly recognized. (c—f) Corresponding STEM-EDX elemental maps that exhibit the distribution of (c) Ti, (d) O, (e) Fe, and (f) S species.
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interlayer distance of about 3.5 A and FeS, nanosheets grown
on the surface of the TNT (Figure 59).”*

Similar results were obtained for the GS decorated with FeS,
after 180 ALD cycles. The HAADF image (Figure S10a) exhibited
a GS with a set of discrete 2D FeS, nanosheets, and the
corresponding STEM EDX elemental maps (Figure S10b-f)
illustrated the distribution of C, O, Fe, and S elements.

The accepted mechanism of HER in an alkaline solution
involves three elementary steps [Eq. (1)—(3)]:>"

Volmer step : 2H,0 + e~ + * — 2H,4, + 20H" 1)
Heyrovsky step : H.4 +H,0+e~ — H, + OH~ )
Tafel step : 2H,4s — H, (3)

where * denotes an active site on the catalyst surface and H,q,
an adsorbed hydrogen atom on a catalyst active site.

The splitting of a water molecule and the subsequent
adsorption of H on an active surface site is described by the
Volmer step (Eq. (1)). Next, the production of H, proceeds by an
electrochemical process (Heyrovsky step, Eq. (2)) or a chemical
process (Tafel step, Eq.(3)). The HER process in an alkaline
solution suffers from slow kinetics, usually two or three orders
of magnitude slower than that in acidic solutions. The main
reason behind this is that the first step is the dissociation of the
water molecule at the active sites (the water molecule plays the
role of the hydronium ion in the acidic solution).”’

The electrocatalytic activity towards HER of FeS,/TNT layers
and FeS,/GS composites was evaluated in 1Tm KOH solution
before (i.e., as-deposited FeS,; Figures S11 and S12) and after
the HER process (i.e., after chronoamperometric measure-
ments), as shown in Figures4 and 5, respectively. We first
describe the electrocatalytic activity of as-deposited FeS,/TNT
layers (Figure S11) and FeS,/GS composites (Figure S12) charac-
terized by linear sweep voltammetry (LSV) applying a potential
value at which all samples achieved a current density value of
—10mA cm™ [-1.7V vs Ag/AgCl (3m); —0.664V vs RHE],
electrochemical impedance spectroscopy (EIS) and chronoam-
perometry (CA), using a standard three-electrode set-up (see
the Experimental Section for detailed information). The HER
polarization curves obtained within a potential range (+1V to
—0.664 V vs RHE) from the FeS,/TNT layers (Figure S11a,b) and
FeS,/GS composites (Figure S12a,b) exhibit a marked drop in
the overpotential required to reach a current density value of
—10mA cm™?, as compared to the blank counterparts
(Table S2), demonstrating the electrocatalytic activity towards
HER. The corresponding Tafel slope values (Table S2) indicated
the splitting of the water molecule and subsequent adsorption
of hydrogen on a catalytic active site (Volmer reaction) as the
rate-limiting step of the HER.™ Significantly, the FeS,/TNT layers
showed lower Tafel slope values than those obtained from
FeS,/GS composites (Table S2). It was attributed to the ability of
TiO, anatase to adsorb and dissociate water molecules, which in
alkaline solution could play an important role in the reaction
kinetics.™ Thus, the splitting of water molecules was promoted
in those TNT layers with a higher accessible surface of TiO,
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Figure 4. Electrochemical performance of TNT layers decorated with FeS,
applying different numbers of ALD cycles after the HER process: (a) HER
polarization curves (iR-corrected) demonstrating electrocatalytic perform-
ance. (b) Tafel plots in 1 M KOH solution; dashed lines are provided as a
guide for the eye. (c) The overpotential value required to maintain a current
density of —10 mAcm 2 compared to the as-deposited catalyst obtained
from FeS,/TNTs decorated with 60 ALD cycles. (d) EIS measurements after
the HER process.

anatase (decorated with a lower number of FeS, ALD cycles)
speeding up the Volmer reaction kinetics (lower Tafel slope).
Although in this work the FeS, photoactivity is not explored,
observation of a photoinduced semiconductor-metal transition
at room temperature in ultrathin troilite FeS nanosheets was
recently reported.” Interestingly, this phase transition revealed
a superior and efficient HER catalyst, opening an exciting path
to explore the photocatalytic activity of the FeS,.

Electrochemical impedance spectroscopy (EIS) measure-
ments, a non-destructive and sensitive method for the evalua-
tion of heterogenous interface properties, were conducted for
investigating the heterogeneous charge transfer resistance of
the FeS/TNT layers and FeS,/GS composites applying a
potential value [-1.5V vs Ag/AgCl (3 M); —464 mV vs RHE]. The
corresponding Nyquist plots exhibited a substantial decrease in
charge transfer resistance values in those FeS,-decorated TNT
layers and GS (Table S3) compared to the blank counterparts
(Figures S11c and S12c¢, respectively). A smaller diameter of the
semicircle indicated an increased charge transfer rate (lower
charge transfer resistance),®® confirming a synergistic effect of
charge transfer in composite heterostructures. Such a decrease
in the charge transfer resistance was particularly prominent in
the FeS,/TNT layers.

Concerning long-term chemical stability, it was evaluated
by CA measurements carried out at a potential value of
—464 mV vs. RHE (Figures S11d and S12d for FeS/TNT layers
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Figure 5. Electrochemical performance of GS decorated with FeS, applying
different numbers of ALD cycles after HER process: (a) HER polarization
curves (iR-corrected) for GS demonstrating electrocatalytic performance.

(b) Tafel plots in 1 m KOH solution; dashed lines are provided as a guide for
the eye. (c) The required overpotential value needed to sustain a current
density of —10 mAcm™ compared to the as-deposited catalyst obtained
from FeS,/GS decorated using 60 ALD cycles. (d) EIS measurements after the
HER process.

and FeS,/GS composites, respectively). CA results revealed an
outstanding catalytic activity of both composite catalysts in
alkaline media. The FeS,/TNT layers did not show degradation
of the catalytic activity over time (no decrease of the current
density was recorded for 16 h). Interestingly, in contrast to FeS,/
TNT layers, the FeS,/GS composites developed a gradual and
constant increase in current density to eventually reach a
plateau after 45 h (Figure S12d). The cause behind this effect is
described below. The chemical stability of the FeS,/GS catalyst
was further confirmed up to 68 h by long-term measurements
with no degradation of catalytic activity (Figure S13).
Furthermore, the chemical stability of the catalyst under
ambient conditions was also tested using a FeS,/GS composite
sample stored under ambient conditions for 60 days before

conducting a second CA measurement for 25 h (application of
the same conditions). Figure S14 illustrates that the catalyst
exhibited very similar current density values (to those registered
after 45 h of the CA test) before eventually reaching a plateau.
Meaningfully, a drop up to 26% in the initial HER overpotential
value required to reach 10 mA cm™? (Table 1) compared to as-
deposited catalyst (Table S2) was revealed by electrocatalytic
activity characterization after the HER process of FeS,/TNT layers
(Figure 4a—c) and FeS,/GS composites (Figure 5a—c).

Similarly, the EIS results showed a decrease in electron
transfer resistance values (Table S3) in both FeS,/TNT layers and
FeS,/GS composites after the HER process (Figures 4d and 5d).
The electrocatalytic activity exhibited here by FeS/TNT layers
and FeS,/GS composites were compared to other iron sulfide
materials in Table S4. However, the comparison was trouble-
some mainly due to significant differences in the experimental
conditions applied (e.g., acidic, neutral, or alkaline media), the
supporting material electrode, or the iron sulfide phase
evaluated (FeS, FeS,).

These results indicated an in-situ electrochemical catalyst
activation induced during the HER process. As demonstrated by
long-term stability measurements described before, the en-
hanced catalytic activity is irreversible, and the origin is not
electronic in nature, as the HER overpotential values do not
return back to its original values once the cathodic bias is
removed. To discern the origin of such enhancement in catalytic
efficiency, we used different characterization techniques that
provided meaningful information. One reasonable approach to
describe the enhanced catalytic efficiency is to determine a
higher electrochemical surface area (ECSA), a key property in
comparing the performance of electrocatalysts.

To test whether the higher catalytic activity (higher current
density) was derived from a superior active ECSA, we estimated
the corresponding electrochemical double-layer capacitance
(Cq) within a nonfaradaic current potential range by cyclic
voltammetry (CV). This is a potential range where no Faradaic
process (redox reactions) occurs, and the current is assumed to
originate by capacitive charging. The proportional relation
between ECSA and Cg allows to relate higher C, values to
greater ECSA.®” Figures S15-518 exhibit the CVs obtained at
different scan rates (see detailed description in the Experimen-
tal section) along with the calculated double-layer capacitance
obtained before and after the HER process for the FeS/TNT
layers and FeS,/GS composites, decorated by applying 20, 60,

numbers of ALD cycles in T m KOH solution after the HER process.

Table 1. Overpotential at the cathodic current density of 10 mA cm? and Tafel slope obtained for the TNT layers and GS decorated with FeS, using different

FeS, ALD cycles TNT samples GS samples
Overpotential Tafel slope Overpotential Tafel slope
[mv]© [mV dec™"] [mV]© [mV dec™"]

Blank 543 167 486 355

20 343 123 463 249

60 362 123 384 191

180 357 126 311 147

300 379 17 362 185

[a] Overpotential value at the current density —10 mA cm™2,
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180 and 300 ALD cycles. The respective double layer capaci-
tance values shown in Table S5 verified a significant increase in
ECSA (data not shown) after the HER process for both FeS,/TNT
layers and FeS,/GS composites compared to the ECSA of as-
prepared catalysts. Importantly, subsequent SEM analysis
revealed an irreversible change in the morphology of the as-
deposited 2D FeS, nanosheets into aggregates of nanoparticles
distributed on the surface of both FeS/TNT layers and FeS,/GS
composites after the HER process (Figure $S19). The presence of
those nanoparticle aggregates distributed on the TNT layers
and GS formed during the HER process was further confirmed
by additional HR-TEM images (Figures S20 and S21). Thus, on
the basis of these results, the higher ECSA obtained after the
HER process was ascribed to the morphological transformation
(called self-optimizing morphological changes) experienced by
the initial FeS, nanosheets to nanoparticle aggregates shape,
which would exhibit a larger surface area. In fact, previous
works on TaS, and NbS, suggested the beneficial impact of self-
optimizing morphological changes in layered TMDCs on the
electrocatalytic activity towards HER by improving charge
transfer and accessibility of active sites.*®*”

In parallel, the EDX analyses (Figures S20 and S21) con-
firmed the presence and consistent distribution of Fe, S, and O
confined within the boundaries of the nanoparticle aggregates,
while the XPS analysis provided the surface chemical composi-
tion of the nanoparticle aggregates formed (Figure S22). Survey
spectra (Figures S22a,d) confirmed the absence of other chem-
ical species, except K (from the 1m KOH solution). The high-
resolution Fe2p XPS spectra (Figures S22b,e) exhibited two
peaks corresponding to spin-orbit splitting of Fe2p,, and Fe2p,,
, with BE of approximately 710.5 and 724.0 eV respectively,
significantly ascribed to the presence of a Fe—O bond which
suggested the replacement of S by O on the surface of the
nanoparticles. The corresponding deconvolution provided more
detailed information, revealing that the peaks matched well
with the presence of Fe**—0O bond (BE~710.5 and 724 eV),’%¢"
and Fe-OH (BE~712.6 and 726.7 eV),%*® suggesting the
formation on the nanoparticle surface of the iron oxide-
hydroxide FeO(OH). XPS measurements also ruled out the origin
of the enhanced catalytic activity displayed by the FeS,/GS
samples to the presence of Ag nanoparticles on the catalyst
surface (diffused from the reference electrode Ag/AgCl). Inter-
estingly, an additional peak was observed in the deconvoluted
GS spectra exhibited at a BE of approximately 706.4 and
719.5 eV (not detected in TNT layers spectra), which revealed
the presence of elemental iron (Fe®).***” The high-resolution
XPS spectra S2p (Figure S22¢,f) indicated that upon replace-
ment of S by O, the content of S at the surface of the
nanoparticles was too low (under XPS detection limits). The lack
of metallic Fe® in the TNT layers samples is particularly
interesting, as the FeS, deposited on both supporting materials
(TNTs layers and GS) can be fully comparable and all the FeS,
samples (both TNT layers and GS) have experienced identical
experimental conditions. In fact, assuming the reduction of FeS,
nanosheets under the application of a proper negative potential
value (in this case —0.6V vs RHE)"® it would denote the
existence of a competing reduction reaction in the case of the

ChemSusChem 2023, 16, €202300115 (7 of 10)

TNT layers samples that hampers the reduction of Fe**/Fe** to
Fe’. Therefore, we propose that a plausible competing reduc-
tion reaction in TiO, under a high enough cathodic potential
value is the reduction of Ti** to Ti*™ (by electron injection). The
high-resolution Ti2p XPS deconvoluted spectra conducted in
blank TNT layers before and after CA measurement for 22 h
demonstrated an increase in Ti** content of almost 1%
(Table S6). Therefore, we assume that the ability of Ti*" to
scavenge injected electrons under the proper cathodic poten-
tial value impedes the reduction of Fe**/Fe’* to Fe® unlike in
the GS samples, where the electrons effectively reduce Fe**/
Fe?* to Fe’. On the basis of these findings, we attributed the
enhanced electrocatalytic activity displayed by FeS,/GS compo-
sites to the presence of Fe® (providing a higher electron
density).

Interestingly, the XRD analysis obtained upon the HER
process (Figure S23) indicated the presence of FeS and Fe,0;.
The diffraction peak at 20=x44° was assigned to the (114)
crystal plane of FeS, while the diffraction peaks at 26 ~35° and
40° matched well with the crystal planes of hematite Fe,O,
(110), and (113), respectively. These XRD results were in good
agreement with those provided by XPS and confirmed the
content of Fe,0; in the nanoparticle aggregates.

In order to describe the chemical composition changes
experienced by as-deposited FeS, nanosheets, it is essential to
consider the stability of iron sulfides under negative applied
potentials in alkaline media. Therefore, the conversion of iron
sulfides in alkaline media into hydroxide and oxyhydroxide by
replacement of sulfur with oxygen can be expected as they are
not thermodynamically stable.®®*® |n parallel, the application of
a negative potential (in this case —0.6V vs RHE) leads to a
partial reduction of FeS, nanosheets that can cause the
presence of metallic Fe in the core of the nanoparticles."® The
result would be a core-shell iron oxide-hydroxide-iron oxy-
sulfide FeO(OH) —FeO,S,/FeS, structure during electrochemical
reduction.

All of the above results allowed us to propose that the
initial ALD deposited 2D FeS, nanosheets underwent an
irreversible morphological transformation and chemical compo-
sition change generated in situ during the HER process (i.e.,
under the application of certain working potential). The nature
of the resulting nanoparticle aggregates is a core-shell structure
in which a FeO(OH) shell enfolds an FeQ,S,/FeS, core (coupled
with Fe® in GS samples). The morphological transformation into
nanoparticle aggregates brings about two beneficial effects on
the electrocatalytic activity: (i) a higher effective active surface
area by improving accessibility of the electrolyte to the active
sites enabling enhanced mass and electron transfer; (ii) shorter
interlayer electron-transfer pathways that reduce the charge-
transfer resistance.

In terms of the effect of the chemical composition change
into FeO(OH)-FeQ,S, on the HER catalytic activity, it is based on
several factors. First, a previous work reported a study based on
density functional theory (DFT) that studied the water adsorp-
tion on the surface of hematite Fe,0,” The results revealed
that dissociative molecular water adsorption on Fe*" ion is
more favorable than molecular adsorption. This starts the
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Volmer step of the HER process in alkaline media, that is, the
cleavage of the water molecule. According to the DFT results,
the adsorption takes place when a single water molecule
attaches with its oxygen atom to an Fe** surface ion and the
water molecule forms a hydrogen bond with a neighboring
surface oxygen ion. Second, the newly created Fe-based
catalytic active sites with favorable free energy of H* (AGy) as
recently described for FeS/iron foam catalysts."® The authors
created an S/O-covered Fe surface as a theoretical model and
an O-covered Fe surface for comparative purposes to shed light
on the origin of the electrocatalytic activity of these core-shell
nanostructures. The authors evaluated on both surfaces the
possible adsorption sites and the corresponding AG,.. The
results showed how the S/O-covered Fe (111) surface exhibited
more efficient catalytic active sites, caused by the content of S.
The key point lies in the significantly different electronegativity
values of S (2.58) and O (3.44). The weaker ability of S atoms to
attract electrons induces a higher electron density on Fe atoms,
generating effective Fe-based catalytic sites toward HER, which
cannot originate on the O-covered Fe surface. Third, another
factor to consider is the role of the surface hydroxy groups in
enhancing the wettability of the electrode, which facilitates the
transportation of molecules/ions to the catalytic active sites. In
summary, the enhanced catalytic activity derived from the
interplay between the newly created Fe-based catalytic active
site, enhanced wettability, and a higher catalytic surface area.

Conclusion

Herein, we have presented 2-dimensional FeS, nanosheets of
different sizes as an electrocatalyst for the hydrogen evolution
reaction (HER). 2D FeS, nanosheets were synthesized by
applying different numbers of atomic layer deposition (ALD)
cycles on TiO, nanotube layers and graphite sheets as
supporting materials. The synthesis was carried out in a fast and
simple fashion, offering significant practical advantages as
compared to other synthesis methods. The 2D FeS, nanosheets
confirmed their electrocatalytic activity, exhibiting enhanced
catalytic activity performance and outstanding long-term
stability in alkaline media. The synergistic interplay between
in situ self-optimizing morphological and chemical composition
changes during HER was revealed to be the origin of the
enhanced catalytic activity. Therefore, the initial 2D FeS, nano-
sheets experienced a transformation to core-shell nanoparticle
aggregates with a higher catalytic surface area, while changes
in the chemical composition of FeO(OH)-FeO,S, exhibited
newly created Fe-based catalytic active sites with a favorable
AG,. These results confirmed the catalytic properties of Fe-
based materials encouraging further works toward the develop-
ment of catalysts based on earth-abundant and affordable
elements.
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Experimental Section

TiO, nanotube layers fabrication

The self-organized TiO, nanotube layers (TNT layers) were fabri-
cated via electrochemical anodization of Ti foils as described in our
previous works.”” The as-prepared amorphous 5 um-thick TNT
layers turned into anatase phase after annealing in a muffle oven at
400°C for 1 h"72

Surface activation of graphite substrates

To generate active surface sites, the surface of the commercial
graphite sheets (Goodfellow, 99.95%) had to be activated. The
activation method applied was mild chemical oxidation. The
graphite sheets were refluxed for 5h in HNO; (65%) at 110°C,
sonicated in distilled water for 5 min and dried with nitrogen prior
to the ALD process.” This acid treatment induced the generation
of functional groups (hydroxy groups) on the surface of the
graphite substrates that acted as nucleation sites during the ALD
process, allowing the growth of the material (FeS,).

Atomic Layer Deposition of FeS,

The FeS, ALD process was carried out by applying a deposition
temperature of 200°C (Beneg-TFS 200). The growth of ALD FeS,
was evaluated on different substrates: soda lime glass, Si wafer,
annealed Ti foil, 5 um-thick TNT layers and GS. The Fe precursor
was bis(N,N'-di-t-butylacetamidinato)iron(ll) (Strem, min. 98 %) while
hydrogen sulfide (Messer, 99.5%) was used as the S source. The Fe
precursor was heated to 90°C to obtain a sufficiently high vapor
pressure. An ALD cycle was defined by the subsequent sequence:
H,S precursor (1.25 s)-N, purge (14 s)-Fe precursor (1.5 s)-N, purge
(14 s). The number of cycles applied were 20, 60, 180 and 300. N,
(99.9999%) was used as the carrier gas at a flow rate of 500
standard cubic centimeters per minute (sccm).

Characterization techniques

The evaluation of the morphology and structure of FeS, on the
different substrates was conducted by field-emission scanning
electron microscope (FE-SEM) JEOL JSM 7500F and a high-
resolution transmission electron microscope (HRTEM) Thermo Fish-
er Scientific Titan Themis 60-300, operated at 300 kV and equipped
with a C; image aberration corrector, a high angle annular dark field
detector for scanning transmission electron microscopy (HAADF-
STEM) imaging, and a Super-X energy dispersive X-ray (EDX)
spectrometer with four 30 mm? windowless detectors for STEM-EDX
analysis. The dimensions of the FeS, nanosheets were measured
and statistically evaluated using proprietary Nanomeasure software.

The roughness and morphology of the FeS, was determined in air
by atomic force microscopy (AFM) using the NTEGRA (NT-MDT)
system and applying tapping mode with a HA-HR tip (ScenSans)
and a step of 8 nm. The roughness value was obtained as the mean
value of 3 measurements of a scanned area of 2x2 um?.

IR spectra (resolution 2 cm™', 64 scans) were recorded on a Vertex
70v FTIR spectrometer (Bruker, Germany) using a single-bounce
diamond ATR crystal.

Regarding the chemical surface composition of FeS,, it was
monitored by X-ray photoelectron spectroscopy (XPS) (ESCA2SR,
Scienta-Omicron) using a monochromatic Aly, (1486.7 eV) X-ray
source operated at 250 W. The binding energy scale correction for
TNT layers was carried out using the adventitious carbon Cls at
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284.8 eV, while for graphite sheets the sp® carbon at 284.0 eV was
used. Data analysis was performed with the CasaXPS program (Casa
software Ltd.. Quantitative analysis was performed using the
elemental sensitivity factors provided by the manufacturer.

X-ray diffraction (XRD) analysis was performed using Panalytical
Empyrean with Cu tube and Pixcel3D detector. Grazing incidence
X-ray diffraction was performed to obtain diffraction peaks of the
as-deposited FeS,. The incident angle was 1 degree. The patterns
were recorded in the range of 5-65°, step size was 0.026 degrees,
and the time per step 11 s.

Raman spectroscopy measurements were acquired under ambient
conditions using the WITec confocal Raman imaging system
alpha300 R equipped with 532 and 633 nm lasers. Measurements
were taken by 532 nm (green) and 633 nm (red) laser excitation
source in the range 100-800cm™'. To minimize a potential
oxidation process of the sample, the laser power was decreased to
6 W (532 nm) and 4 W (633 nm) with an increase in exposure time
(120 s for 532 nm, and 40 s for 633 nm wavelength) and accumu-
lation of spectra (x 10 for 532 nm, and x5 for 633 nm wavelength).
Savitzky-Golay process was performed to reduce the signal noise of
the red laser spectrum (633 nm).

AUTOLAB (PGSTAT 204; Metrohm Autolab B. V.; Nova 1.10 software)
electrochemical workstation was used to conduct the electro-
chemical HER measurements using a 3-electrode system. The
electrocatalytic activity of the FeS,/TNT layers and FeS,/GS towards
HER was evaluated by cyclic voltammetry (CV) in 1Tm KOH in the
potential range from +0.1V to —1V vs Ag/AgCl (3Mm) using a
standard three-electrode set-up with a carbon rod as counter
electrode. The scan rate was 2 mVs ™. The first negative scans for all
FeS,/TNT layers and FeS,/GS are shown in the polarization curves
(see the Results and Discussion section). The potentials were
quoted against the reversible hydrogen electrode (RHE) using
Equation (4), and the current densities were normalized to the
geometric surface area (1.cm? of the samples exposed to the
solution. Potentials were converted to the reversible hydrogen
electrode (RHE) scale by using Equation (4).

Egne—E + (0.059 V)pH + E® et s sue 4)

with F s =0.210V, which is the standard potential of the
reference electrode Ag/AgCl (3m KCI) vs the standard hydrogen
electrode (SHE) and the pH was considered 14.

Chronoamperometry (CA) was performed for the TNT layers and GS
coated with 20, 60, 180 and 300 FeS, ALD cycles in 1m KOH at
—464 mV versus RHE for 16 and 45 h, respectively.

Electrochemical impedance spectroscopy (EIS) measurements were
performed in the frequency range of 10 mHz-100 kHz with an AC
voltage amplitude of 10 mV applying a potential value of —464 mV
vs RHE.

The electrochemically active surface area (ECSA) was estimated
from the electrochemical double-layer capacitance (Cy) measured
in a non-Faradaic potential region, where the measured current is
assumed to be due to double-layer charging. The double-layer
charging current, i., is measured from cyclic voltammetry (CV) at
different scan rates. The charging current is equal to the product of
the scan rate, v, and the electrochemical double-layer capacitance,
Cq, as given by Equation (5):"¥

i.=v x Cy (5)

Thus, a plot of i. as a function of v yields a straight line with a slope
equal to Cy.
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The electrochemical capacitance was monitored by sweeping the
potential from 0.74 to 0.84 V (vs RHE) and back to 0.74 V in the case
of TNT layers, and from 0.89 to 0.99 V (vs RHE) and back to 0.89 V in
the case of GS. Nine different scan rates were applied (20, 30, 40,
50, 60, 70, 80, 90 and 100 mVs™") were applied measuring ten CVs
in each. The capacitive currents were measured as a function of the
scan rate. Such potential ranges of 0.74 to 0.84 V and 0.89 to 0.99 V
(vs. RHE) were selected because no apparent electrochemical
features corresponding to the faradic current were observed. The
linear dependence found between the current and the scan rate is
consistent with the capacitive charging behavior. In the case of
faradaic process, a square root dependence with respect to the
scan rate would be observed due to mass transfer limitations
(diffusion processes).
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