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ABSTRACT: We report a scalable, solution-processing method for synthesizing low-
dimensional hyperthin FeS, nanostructures, and show that 2D FeS, disc nanostructures are an
efficient and stable hydrogen evolution electrocatalyst. By changing the Fe:S ratio in the
precursor solution, we were able to preferentially synthesize either 1D wire or 2D disc
nanostructures. The 2D FeS, disc structure has the highest electrocatalytic activity for the
hydrogen evolution reaction, comparable to platinum in neutral pH conditions. The ability of the
FeS, nanostructures to generate hydrogen was confirmed by scanning electrochemical

microscopy, and the 2D disc nanostructures were able to generate hydrogen for over 125 hours.

MAIN TEXT:

A key green energy initiative is the discovery of efficient, stable, and elemental abundant
electrocatalysts for the water splitting reactions, i.e. the hydrogen evolution reaction (HER) and
the oxygen evolution reaction (OER)."” Water splitting with HER and OER electrocatalysts play
a vital role in converting solar energy into chemical energy via artificial photosynthesis, and also
provides a pathway to use water (as opposed to natural gas) as a feedstock for hydrogen
production.*® Nanostructured transition-metal chalcogenides have previously been studied as
HER electrocatalysts.”"* In particular, two-dimensional (2D) MoS, nanosheets are effective HER
catalysts under acidic conditions,”"” and it has been discussed that the HER activity correlates
with number of edge sites on the MoS, and/or the hopping efficiency of electrons in the vertical
direction.'*"” While other transition-metal chalcogenides have also been studied as HER catalysts
(e.g. WS,, NiS,, CoS,, NiSe,, and CoSe,),*'® there have been only limited reports on the catalytic
activity of FeS,,*'"” and none have shown high efficiency for FeS,. In order to improve the
electrocataltyic activity of earth-abundant FeS,, we report a novel synthesis technique for the

creation of hyperthin 1D and 2D FeS, nanostructures, which we term “wires” and “discs”



respectively. We show that the 2D FeS, disc nanostructure has high catalytic activity for the
HER, very similar to Pt, and is stable in neutral pH conditions.

Many different nanostructured morphologies of iron sulfides have previously been
identified."** However, reports of low dimensional iron sulfide nanostructures with atomic layer
thickness have been rare and were typically seen as an intermediate.”"> Previous, methods for
producing iron sulfides with atomic layer thickness have relied on chemical vapor deposition
(CVD), electrodeposition, techniques requiring high temperature sulfurization, and/or a brute
force cleavage ™’

Here we utilize a solution hot-injection method, analogous to a previously reported iron
sulfide synthesis,” to create unique hyperthin iron sulfide nanostructures with atomic layer
thickness. In the first step of the synthesis, an octadecylamine (ODA) ligand was added to a Fe**
solution, which formed ~3-5 nm iron nanoparticles as seen in the transmission electron
microscopy, TEM, images (Figure la,e). The ODA ligand acts as both a reducing agent for the
Fe** (Equation 1) and as a capping layer on the subsequent nanocrystal formation. Next, upon

injection of sulfur, the iron seed particles oxidize to form Fe** and S,* moieties (Equation 2) and

these species form the FeS, nanostructures via Equations 3 and 4.

Fe?*t +2e‘£>Fe° (1)
Fe® + S, — Fe?t + S%- (2)
Fe?t + 82~ > FeS+ S, (3)
FeS + S2™ - FeS, + S2Z, 4)

It was found that low dimensional structural formation could be tuned through
adjustments of the initial sulfur concentration with two primary low dimensional FeS,

nanostructures being observed. Changing the Fe:S ratio present in the precursor solutions formed



either distinct wire or disc nanostructures as seen in Figure 1. We determined that a 1:6 Fe:S
ratio yields wires (Figure 1b,f) uniformly separated by a tightly packed layer of ligand (Figure
1d) with a spacing of approximately 2.7 nm. Increasing the Fe:S ratio to 1:24 results in the
formation of discs (Figure 1c,g) which appear in a stack of thin sheets also separated by a ligand

layer.

Figure 1. Schematic representation and TEM images of the 1D and 2D FeS, structure formation.
(a) and (e) are the Fe” nanoparticles that are formed in the absence of sulfur. (b) and (f) are the
FeS, wires formed from 1:6 Fe:S precursor solution. (c¢) and (g) are the FeS, discs formed in the
1:24 Fe:S precursor. (d) is the ~2.7 nm wide ligand interstitial layer that separates both wires and

discs to form their respective bulk structures.

The kinetics of the wire and disc reactions were tracked through (1) time dependent
growth patterns monitored by TEM (Figure 2); (2) energy-dispersive X-ray spectroscopy (EDS)
measurements (Figure 2i), which monitored the rate at which the Fe:S stoichiometry changed;

and (3) UV-Vis-IR spectra (Figure S1) which showed the changes in the relative peak heights of



the FeS, characteristic set of absorbance peaks with respect to reaction time. The transition to
FeS, was kinetically different between the wire and disc structures. The wire reaction (Figure 2a-
¢) occurred relatively slowly, with the iron seed particles still present for several minutes into the
reaction. Examination of the disc reaction (Figure 2e-g) revealed faster kinetics with initial disc
formation occurring within seconds of the injection and the seed particles being consumed
minutes earlier than the wires. The EDS measurements correlate well with both the TEM and
absorbance data. The wires reached the desired 1:2 stoichiometry after 30-60 minutes and
maintained that stoichiometry for the duration of the reaction. The 1:24 Fe:S precursor ratio
(discs) showed a faster conversion. Within 30 seconds, disc formations were observed, and 10
minutes into the reaction the discs reached a 1:2 Fe:S ratio. The scanning electron microscopy
(SEM) characterization of the final wire structure (Figure 2d) showed the bulk wires forming
long bundled strands with lengths well over a micron which come together to form a porous
sponge-like structure held together by ligand-ligand interactions. The SEM image of the final
disc structure (Figure 2h) also showed the stacking of discs to form larger structures with a range
of diameters from 300 to 800 nm that most likely are connected by ligand-ligand interactions.
Raman spectroscopy was used to further elucidate structure and phase identification
(Figure 2j). Both the wire and disc structures share a characteristic set of Raman peaks at 291
and 358 cm™' .’ The combination of the EDS data and ordered nanostructures within TEM images
led to the conclusion that these peaks correspond to an ordered FeS, structure. The thinness of
these materials may not allow for the more typical Raman active modes®* of the usual FeS,
phases (e.g. pyrite, marcasite) nor of the other typical Fe, S phases. X-ray diffraction (XRD,

Figure S2) confirmed the presence of Fe nanoparticles in the early stages but exhibited no



discernable phase in the final products, potentially due to the thinness of the material leading to

insufficient scattering volume.

Figure 2. Time Dependent TEM characterization is shown for the wires (a-c) and discs (e-g)
taken at 0.5, 5, and 240 minutes, respectively. SEM characterization of the final wire (d) and
disc (h) formations cast on Si substrates. Time dependent EDS measurements (i) are shown with
the inset focusing on the first 15 minutes of the reaction. The plot of the Raman spectroscopy

data (j) is to establish phase identification.



The HER electrocatalytic activity of the nanostructured FeS, (drop-casted on a glassy
carbon electrode) was measured via linear sweep voltammetry (LSV) at 1 mV/s in 0.1 M pH 7
phosphate buffer solution (PBS) (see Supporting Information for experimental details). Figure 3a
(solid lines) shows the capacitance and i-R corrected LSVs for the champion FeS, 1D wires, 2D
discs, 3D cubes (TEM for the 3D FeS, cubes shown in Figure S3b) along with a blank glassy
carbon electrode and Pt electrode. By synthesizing 2D FeS, nanostructures, we were able to shift
the onset potential to very near the thermodynamic potential for hydrogen evolution (0 V vs
RHE) indicative of exceptionally high electrocatalytic activity. In fact, these novel 2D FeS,
nanostructures have an overpotential less than 50 mV larger than that of Pt. Triplicates of the
LSV experiments obtained from separate batches of the FeS, 1D wires, 2D discs, and 3D cubes
(Figure S3a) show good reproducibility between samples with variances attributed to variability

in electrode fabrication.



Figure 3. Electrochemical characterization of FeS, discs, wires, and cubes in 0.1 M pH 7
phosphate buffer solution (PBS) for the hydrogen evolution reaction. (a) Experimental linear
sweep voltammograms at 1 mV/s (solid lines) for the champion FeS, discs, wires, and cubes
coated on glassy carbon along with a bare Pt electrode and a bare glassy carbon electrode. Also
shown are the corresponding best-fit single-electron Butler-Volmer equations (dashed lines) for
each electrode. (b) Tafel plot showing the experimental data in the Tafel region (circle markers)
with the corresponding Tafel slopes (solid lines) for Pt, FeS, discs, wires, and cubes. (c) Current
density vs. time profile for a 125-hour constant potential (-0.14 V vs. RHE) stability test for the

FeS, discs under continuous stirring.

To quantify the electrocatalytic activity, the pseudo-steady state measurements were fit to
the single-electron transfer Butler-Volmer equation (dashed lines, Figure 3a) assuming no mass-
transfer effects (Equation S1). This allowed for accurate exchange current densities and transfer

coefficients to be obtained for each structure. It should be noted that at this scan rate, the mass-



transfer limited regime is reached at much lower currents than typically seen at faster scan rates
(Figure S4) due to limited transient effects and lower concentration gradients near the electrode
surface. From the Butler-Volmer equation, the exchange current density, which is a measure of
kinetics for the hydrogen evolution reaction,” for the FeS, discs, wires, and cubes were
determined to be 2.2, 0.32, and 0.41 pA cm?, respectively, while Pt had an exchange current
density of 8.0 uA cm™. This shows that only the 2D FeS, disc nanostructures had an exchange
current density on the same order of magnitude as Pt. A secondary calculation of the exchange
current densities and transfer coefficients were obtained from Tafel analysis (Figure 3b). The
Tafel plot yielded exchange current densities of 6.3, 1.7, 0.30, and 0.47 pA cm™ for Pt and the
FeS, discs, wires, and cubes, respectively. All of the exchange current densities as calculated via
the Tafel plot are within 25% of those values calculated with the Bulter-Volmer equation.

The transfer coefficients, a, obtained from the Butler-Volmer equation were determined
to be 0.71, 0.71, 0.65, and 0.31 for Pt and the FeS, discs, wires, and cubes, respectively. Tafel
slopes of Pt and the FeS, discs, wires, and cubes were 70.53, 76.05, 91.38, and 200.4 mV per
decade, respectively, which correlates to transfer coefficients of 0.82, 0.76, 0.64, and 0.29. The
transfer coefficient is a measure of the symmetry of the energy barrier going from the oxidized to
the reduced species.” Similar transfer coefficients and Tafel slopes between the 2D FeS, disc
structure and Pt suggests that the 2D FeS, structure has a Pt-like HER mechanism in neutral pH.

To determine the stability of the FeS, discs, a constant potential of -0.14 V vs RHE was
applied for over 125 hours in 0.1 M pH 7 PBS while vigorously stirring, and the reduction
current was measured as a function of time. Figure 3¢ shows that the reduction current did not
change significantly over the 125-hour experiment. This suggests that, by maintaining reducing

conditions (i.e. negative potentials) sufficient to evolve hydrogen, the FeS, discs catalyst is stable



for generating hydrogen from water under neutral pH conditions. The turnover frequency (TOF)
was calculated from Equation S2 using the data presented in Figure 3c and the electrochemical
surface area, which was calculated from double-layer capacitance measurements. The TOFs of
the FeS, discs and the Pt electrode were determined to be 128 electrons h™ and 644 electrons h™'
under the same conditions (Figure S5) with the FeS, discs having more than double the
electrochemical surface area than the Pt electrode.

To verify that hydrogen was evolving from the surface of the 2D FeS, discs, an HER
electrochemical reactivity map was obtained via scanning electrochemical microscopy (SECM,
Figure 4). SECM is a powerful technique for imaging the reactivity of electrocatalytic surfaces
and for studying electrochemical reactions.”* Figure 4a shows the schematic for obtaining a
hydrogen evolution electrochemical reactivity map. Here the catalytic electrode was held at a
negative potential sufficient to evolve hydrogen and a 200 um Pt SECM tip electrode was held at
a positive potential sufficient to oxidize any hydrogen present in solution. The SECM tip
electrode was placed c.a. 100 pum above the catalyst electrode and was scanned across the
catalyst surface while the tip current was recorded as a function of tip position. Areas where
hydrogen is being generated by the catalyst electrode will produce an oxidation current on the
SECM tip electrode at that position.

HER electrochemical reactivity maps were obtained on the Pt electrode, the 2D FeS,
discs coated on glassy carbon, and a bare glassy carbon electrode (Figures 4b-d). Both the Pt
(Figure 4c) and the 2D FeS, discs-coated electrode (Figure 4d) shows oxidation currents (reds,
yellows, and greens) on the SECM tip electrode, indicative of hydrogen existing in solution over
each electrode. For comparison, Figure 4b shows no hydrogen in solution for the bare glassy

carbon electrode operated at the same potential at which Figure 4c was generated. Thus, via
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these SECM electrochemical reactivity maps, we can conclude that the FeS, discs catalyst is

indeed generating hydrogen gas.

Figure 4. Hydrogen evolution electrochemical reactivity maps obtained via scanning
electrochemical microscopy (SECM). (a) Schematic of the SECM experiment showing hydrogen
collection on the SECM tip electrode. (b) The reactivity map for bare glassy carbon electrode.
(c) and (d) Electrochemical reactivity maps for the HER on Pt and FeS, discs on glassy carbon,

respectively.

In summary, we report a novel synthesis method to create 2D FeS, nanostructures, which
significantly improves the electrocatalytic performance of earth-abundant FeS, for the HER. It
was found that the morphology and stoichiometry of the FeS, could be tuned by the initial sulfur
concentration. The 1D FeS, wires and the 2D FeS, discs showed higher electrocatalytic activity
compared to the conventional 3D FeS, cubes for the HER under neutral pH conditions. In fact,
the 2D FeS, materials displayed excellent electrochemical activity — similar to platinum — with
high exchange current densities and an onset potential for hydrogen evolution near the
thermodynamic potential. The 2D FeS, discs also proved to be remarkably stable demonstrating
the ability to generate hydrogen for over 125 hours when under reducing conditions. Using
SECM, we verified that hydrogen was being generated from both the Pt and FeS, discs

electrodes, but not from a bare glassy carbon electrode.
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