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Abstract

The water splitting hydrogen evolution reaction which is used as an alternative method of
hydrogen production currently relies on platinum group metal electrocatalysts to function.
Currently this method accounts for only a small portion of actual hydrogen production. To
achieve broad utilization of this method of hydrogen generation it would be beneficial if these
precious metal catalysts were replaced with low-cost materials that use easily scalable production
methods. Many different materials have been investigated attempting to identify effective
replacements for precious metal electrocatalysts and FeS, nanomaterials are a class of materials
that meet these utilization requirements and have a demonstrated catalytic ability. This work
examines the synthetic parameters and fundamental reaction mechanism involved in the
formation of novel low dimensional iron disulfide nanostructures and subsequently details their
development as replacement electrocatalysts.

The low-dimensional hyperthin FeS, nanostructures were generated by a scalable
modified hot-injection technique. Maintaining low reaction temperatures kinetically confined
the reaction to its early stages. Subsequent manipulation of the sulfur in the reaction allowed for
the formation of novel one (1D) and two (2D) dimensional nanostructures which were observed
in both transmission electron microscopy (TEM) and scanning electron microscopy (SEM).
Furthermore, increased dwell times allowed for stoichiometric control of products to produce a
1:2 Fe:S structure as characterized by energy dispersive X-ray (EDS), X-ray diffraction (XRD),
and Raman spectroscopy. Additionally, these nanomaterials did not adhere to the normally
observed reaction pathway and formed without undergoing growth through Ostwald ripening or
orientated attachment.

Electrocatalytic performance of 1D and 2D FeS, materials coated on a glassy carbon

electrode was tested against platinum as well as a common 3D FeS; structure in a phosphate



buffered solution (PBS) at neutral pH using linear sweep voltammetry (LSV). The near zero
onset potential of the 2D structures was similar to platinum and both had calculated charge
transfer coefficients of 0.71. Exchange current densities calculated using Butler-Volmer
equations from best-fit lines yielding 2.2 and 8.0 wA cm™ for the 2D structures and platinum,
respectively. Scanning electrochemical microscopy (SECM) confirmed the formation of
hydrogen and subsequent stability test showed stable performance for over 125 hours
demonstrating that functional low-dimensional FeS, nanomaterials are promising platinum

electrocatalyst replacement.
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1 Introduction

Green energy initiatives have given rise to extensive research investigating various
renewable and sustainable resources. Resource diversification is desired since the goal is to shift
the current reliance on fossil fuels towards renewable and sustainable materials. One such
method of resource diversification revolves around the use of a renewable energy source such as
solar or wind power to drive water splitting reactions and generate hydrogen.! This hydrogen
can be used to temporarily store energy as an alternative to conventional batteries.” The
hydrogen can also be utilized as feedstock in numerous other reactions such as the Haber process
for ammonia formation.®> However, hydrogen evolution reactions (HER) are governed by
electrocatalysts which usually are comprised of a platinum group precious metal (e.g. Pt, Ir, Ru).
These metals are efficient but are also incredibly costly, rare, and production can be easily
thwarted when impurities are present.* This has led to the search for replacement materials for
these catalysts that hope to achieve similar catalytic efficiencies but with reduced cost.” FeS,
materials have been subject to extensive study in the context of green energy applications®
because of the abundance of its elemental components, lack of heavy/precious metals, and low-
cost.
1.1 Goals

It is the goal of this work to develop low-cost abundant FeS, nanomaterials that function
as replacement HER electrocatalysts possessing comparable efficiency and stability to current
precious metal catalysts. The focus will be on the design of large surface area to volume FeS,
materials, in our case one dimensional (1D) and two-dimensional (2D) nanostructures, to
maximize available catalytic area as well as development of stoichiometric control to form more
stable FeS; phases instead of other less stable Fe; S stoichiometries. Furthermore, this work

will address the deviant growth patterns of these low dimensional materials by presenting a new



set of reaction pathways and how they fit into accepted growth models. Finally a comparison of
the electrocatalytic performance of 1D and 2D structures will be made in relation the standard
platinum catalyst material.
1.2 The FeS; Nanoparticle Growth Model

A brief description of general nanoparticle synthetic procedures and the associated
growth mechanisms must be presented to better understand the rationale behind the synthetic
conditions used. It will also act as a reference for the later discussion of the low-dimensional

nanoparticle growth and how this growth fits in this standard reaction pathway.
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Figure 1. Stages of nucleation and growth of colloidal nanocrystals following La Mer theory.
The dotted lines depict the nucleation threshold (top) and the precursor saturation limit (bottom).
The effects of Ostwald ripening are pictorially presented below the plot. Adapted with
permission from reference ’

Initial nucleation and seed particle formation can be generally described by La Mer
theory.® As described in Fig. 1 nucleation occurs to reduce the supersaturation of precursor in

solution producing small seed particles and nucleation continues to occur until precursor



concentration falls below supersaturation levels. Precursor solutions were injected into the
reaction flask causing the initial increase in precursor concentration to supersaturation levels.
Once the nucleation stops, further size increases of these seed particles occurs by diffusion
limited growth which can be described by Ostwald ripening. In this phase of the reaction small
particles eliminate high surface energy. In essence large particles become larger and small
particles become smaller. This growth mechanism persists until monomer concentration drops
below saturation levels. This progression of nucleation through diffusion limited growth
describes most nanoparticles systems, however, it has been shown that FeS, systems can develop
larger structural formations of various shapes through an oriented attachment (OA) growth

mechanism.®

Figure 2. Oriented attachment growth mechanism in FeS; systems illustrating aggregation,
collision, coalescence, and recrystallization steps. Adapted with permission from Reference °

The OA mechanism in FeS; systems can be broken down into four parts: (1) the
aggregation, (2) reorientation/collisions, (3) elimination/coalescence, and (4) recrystallization.
In the aggregation step small particles are brought together by various interaction forces. Once
these particles are in close proximity they reorient themselves to align and collide high energy
faces. As these faces coalesce together the coordinating ligand is expelled from the interior of

the forming structure. Finally recrystallization occurs with interparticle bond formation



alleviating and/or removing internal dislocations to form large nanocrystals.

Overall, this pathway from nucleation to OA outlines the fundamental growth process of
standard formations of FeS, structures such as plates, spheres, cubes and as mentioned earlier
will be used as the basis for our subsequent FeS; nanoparticle synthesis.

2 FeS; Nanoparticle Synthesis
2.1 Motivation

FeS, materials have been subject to extensive study in the context of green energy
applications because of the abundance of its elemental components with iron being the fourth
most abundant element in the earth’s crust and sulfur is a refinery byproduct, the lack of
heavy/precious metals and low-cost.’>** Inherent material properties found in nanoscale FeS;
particles have led to the development of several synthetic pathways to yield a variety of
nanostructures.”>** For catalytic work, structures that have high surface area to volume ratios
(low-dimensional) are preferred; but, these atomic layer thickness low dimensional FeS;
nanostructures have scarcely been reported. Moreover, many of the low dimensional structures
that have been reported were seen as short-lived intermediate phases that lacked ideal
stoichiometry (i.e. not FeS,) and consequently not thoroughly studied.*>*® Existing methods for
producing thin low dimensional materials have utilized various deposition techniques that
usually requiring additional high temperature sulfurization, or a brute force approach through
cleavage.”™ The problem with these aforementioned methods are that they size limited and
introduce levels of complexity making scaling up of these reactions for broad utilization in green
energy applications difficult. Hence the initial goal was to develop a simple scalable method of
producing low dimensional FeS;, nanoparticles. The focus was on taking the previously
mentioned short lived intermediates that had the desired dimensionality and used a scalable

process and identifying parameters that instead would produce stable 1:2 Fe:S with the same



dimensions. This scalable process would offer a tangible solution to achieve the goal of broad
utilization by reducing production effort with the material stability allowing for long term usage.
2.2 Low Dimensional Reaction Pathway

Lowering the reaction temperature of a standard hot-injection iron sulfide synthesis
restricted the reaction to its early stages and prevented the formation of the usual three-
dimensional (3D) FeS, materials. The low temperature slowed the reaction kinetics significantly
enough for the observation not only of the structural formation process of the low dimensional
materials but also the presence of additional reactions. It was found that prior to the injection of
sulfur in the Fe(l1) salt/octadecylamine (ODA) ligand solution the Fe?* was being reduced to Fe”

as seen in Equation 1.

Fe?t + 2e~ 5 Feo
Equation 1. Ligand reduction for the formation of iron seed particles
This led to the formation of small ~3-5 nm Fe® nanoparticles in solution and meant that
the ODA ligand was acting as a capping layer as well as a reducing agent in the solution. Since
the iron in solution had been sequestered into large Fe particles then in order to form iron
sulfides they would need to undergo a subsequent oxidation reaction once the sulfur had been
injected following Equation 2.
Fe®+ S, - Fe?t + 52
Equation 2. Oxidation of iron seed particles and reduction of sulfur

From here the reactions would follow the previously known reaction pathway producing iron

monosulfide (Equation 3) and subsequently iron disulfide (Equation 4).

Fe?* +S2 > FeS+ S,

Equation 3. Formation of iron monosulfide intermediate



FeS + S2™ - FeS, + S27,

Equation 4. Rate limiting iron monosulfide to disulfide transition

2.2.1 Morphological Control

Using this low temperature reaction method three types of low dimensional
nanostructures were produced: 0D Fe nanoparticles, 1D “wires,” and 2D “discs.” The
dimensionality was found to be dependent upon the initial sulfur concentration. Instead of
producing a different phase upon increasing the initial sulfur concentration as occurred in the
higher temperature reactions forming 3D materials it surprisingly encouraged 2D growth.
Therefore by tuning the initial sulfur concentration 1D or 2D growth could be achieved. Ata
Fe:S ratio of 1:0 (i.e. prior to sulfur injection) iron seed particles formed (Fig 3a). Maintaining a
1:6 Fe:S ratio in the precursor solution produces 1D wires (Fig. 3b). Further increasing the Fe:S

ratio to 1:24 promotes the formation of discs (Fig. 3c).

a Iron seed particles b FeS2 "wires" c FeS2 "discs"
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Figure 3. Schematic representation of the different nanostructures formed with varying sulfur
concentration.

Both the wires and discs are individually separated from neighboring structures by a
compact and uniform ligand layer with a spacing of approximately 2.7 nm as seen in Fig. 4. The
separation distance corresponds to the actual size of the ligand assuming an orderly close packed
bilayer. This ligand layer allows for the parallel stacking of the individual wires or discs and in

the case of the wires there does not appear to be intersections among wire segments.
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Figure 4. Representation of the ligand interstitial layer separating FeS, wire and disc layers
causing ordering of them into lamellar-type structures.

The final structures as observed by transmission electron microscopy (TEM) show the
large disparity in shape and size between the structures caused by the different growth patterns.
The Fe° seed particles are mostly spherical and high resolution TEM shows them to be highly
crystalline. The wires (Fig. 5b) appear as dark bands on TEM and are on average 1-2 nm in
thickness with varying lengths up to several hundred nanometers. Discs as seen in Fig. 5c are
extremely thin as seen by the transparency of the structures and individual discs range in

diameters from 100 to 400 nm.

Figure 5. TEM images of (a) zero-dimensional iron seed particles, (b) FeS, wire structures, and
(c) FeS, disc structures.



2.2.2  Wire and Disc Structural Evolution

Using fixed initial sulfur concentrations the time dependent structural evolution of the
wires and discs was monitored by TEM. The wire reaction (Fig. 6a-d) appears to have no
discernable change in appearance after the first 30 seconds and visible wire formation does not
occur until a few minutes into the reaction. The initial particles seen are the Fe® seed particles
which slowly diminish as the reaction proceeds and have been completely consumed by 60
minutes into the reaction. The reaction was left to run for an additional 3 hours but shows no
structural change in comparison to the 60 minute TEM image. Similarly tracking the disc
reaction a much quicker reaction is observed. Individual discs begin to form and are visible in
the first 30 seconds of the reaction but are still interspersed with large amounts of the Fe® seed
particles. By 5 minutes into the reaction large disc structures have formed and began stacking
and most of the Fe0 has been consumed. Analogous to the wire reaction after 60 minutes all the
Fe0 has been consumed and there is no visible structural change in the period between 60 and
240 minutes. In terms of structural formation it should be noted that there does not appear to be
a linear growth pathway from 1D to 2D nor is there any observed coalescence of wires to form
discs. Wire and disc reactions show visually distinct growth patterns starting from the initial
injection at time zero. This suggests that the additional sulfur is disrupting ligand coordination
around the iron atom and allowing multidimensional growth which previously had been
accomplish through higher reaction temperatures. Also, the different reaction kinetics can be
estimated visually by using the presence of the Fe® seed particles and following the rate at which

they disappear in both wire and disc TEM panels.



Figure 6. TEM images of aliquots taken at 0.5 min (a,e), 5 min (b,f), 60 min (c,g), and 240 min
(d,h).

Characterization of the bulk material performed by scanning electron microscopy (SEM)
was used to observe large scale interactions which could affect its intended application as an
electrocatalyst. The final wire structure (Fig. 7a) shows the wires forming large sponge-like
structures as a result of the ligand-ligand interactions. The wires themselves form bundled
strands that span lengths of over a micron with each bundled strand connected to an adjacent one
essentially forming one continuous bulk structure. The final disc structure (Fig. 7b) shows the
stacking of the individual discs into thicker disc structures likewise held together by ligand-
ligand interactions. These thicker disc structures also have increased diameters ranging from
300-800 um and once again because of ligand-ligand interactions appear to form one continuous

bulk structure.



Figure 7. SEM images of (a) wires and (b) discs after 240 minutes as cast on Si substrates.
2.2.3 Stoichiometric Control and Reaction Kinetics

Previous reports of low dimensional materials have typically been non ideal Fe;S
stoichiometries many of which lack stability as compared to FeS,.” It was found that by simply
extending the reaction time both wire and disc reactions would achieve the desired 1:2 Fe:S
stoichiometry. These stoichiometric changes over time were monitored via energy-dispersive X-

ray spectroscopy (EDS) measurements and are presented in Fig. 8.
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Figure 8. EDS of reactions with various Fe:S precursor ratios. (1:6 Fe:S) corresponds to wire
and (1:24 Fe:S) corresponds to discs. The inset magnifies the first 15 minutes of the reaction.
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The wire reaction (1:6 Fe:S precursor ratio) initially shows a large excess of Fe close to
6:1 Fe:S caused by the presence of large amounts of Fe® seed particles scattered between small
amounts of Fe;.,S particles. As these seed particles are consumed there is a rapid drop in Fe and
by 10 minutes into the reaction the wires formed are at an approximate 1:1 Fe:S ratio. In
comparison to previous work'® which also saw some of these wire structures the wires presented
here during the approximate same reaction time length share a similar 1:1 Fe:S stoichiometry.
Since the temperature difference between the reactions is approximately 100°C it could be
assumed that the conversion of starting materials to iron monosulfide is not appreciably
temperature dependent. After approximately 60 minutes into the reaction the stoichiometry
shows an approximate 1:2 Fe:S ratio which corresponds well to the TEM images which show no
excess Fe? and an unchanging structure from 60 minutes onward. In contrast the disc reaction
(1:24 Fe:S precursor ratio) initially does not show such a gross excess of Fe even though visually
Fe seed particles can be seen by TEM. The initial stoichiometry is closer to 1:1 and shortly
thereafter reaches 1:2. Once again in reference to TEM the disc structures can be seen in the
initial TEM images and be closer to a 1:2 Fe:S stoichiometry but the presence of the Fe° seeds is
initially distorting the actual ratio. From this data as well as the TEM images it appears that a
minimum reaction time of 90 minutes is necessary to achieve a 1:2 Fe:S stoichiometry for final
products.

In addition to monitoring stoichiometric changes this EDS data can also allow the
measurement of reaction kinetics by monitoring the rate at which the Fe:S ratio changes over
time. This indicates that the lower the initial sulfur concentration the slower the reaction
proceeds and at sulfur concentrations near that of the discs the reaction proceeds rapidly with
large structural formation occurring in less than 30 seconds.

The EDS kinetics data is further supported by UV-Vis-IR absorbance measurements.

11



UV-Vis-IR measurements were taken of aliquots of wire and disc reactions at 0.5, 5, 10, 30, 90,
and 240 minutes. Initially peaks are not readily apparent, but after reaction times greater than 1
minute the characteristic peaks appear at 320, 430, 530, 660, and 700 nm in both the wire (Fig.
9a) and the disc (Fig. 9b) reactions. Optically the 2-D growth of the discs causes rapid peak
formation with little difference between scans at earlier and later reaction times. The 1D growth
of the wires shows slower peak formation, and the resulting spectra is similar to those previously
reported when investing growth of other pyrite structures where the wires were an intermediate
stage. In the early stages of the wire reaction, the shorter wavelengths dominate the spectra and
have the highest relative intensities. However, as the reaction progresses, the peaks at 660 and
700 nm proceed to become the dominant peaks with the 700 nm peak appearing as a lower
intensity shoulder. The absorbance spectra stabilize when the 700 nm shoulder eclipses the 660

nm peak achieving the highest maximum relative intensity of all the characteristic peaks.
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Figure 9. Time dependent UV-Vis-IR absorbance spectra of (a) wires and (b) discs

This spectral stabilization can be plotted to better illustrate the reaction rate differences
and such plots for wires (Fig. 10a) and discs (Fig. 10c) are shown below. The point at which the
700 nm peak becomes dominant correlates to the final structural formation and can be seen as
reaching the 1:2 stoichiometry. These plots do not completely match timescales most likely

because of EDS measurements taking into account Fe® while the iron is not contributing to the
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absorbance seen at all so it is Fe1.4S dependent. Additionally, the growth of the 700 nm

absorbance peak over the course of the reaction was plotted (Fig. 10c) and shows a strong

correlation with the EDS data monitoring stoichiometry. The fact that the 700 nm peak grows in

and does not appear to shift as it grows suggests a structural (i.e. stoichiometry) change instead

of a size dependent shift in peak absorbance because of confinement. Also, the rate and time at

which the 700 nm peak reaches its maximum could

be used as an in-situ method for

characterizing wires or discs formation as well as reaction progress, respectively.
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Figure 10. Time dependent relative peak height comparisons of the 660 and 700 nm peaks of (a)
wires and (b) disc reactions. (c) is time dependent relative peak height comparison between both
wires and discs. The inset in (c) shows a magnified view of the initial 30 minutes of the reaction

2.2.4 Structural Characterization and Phase Identification

Different crystal structures exist for FeS, and since these low-dimensional materials have

13



not been previously made before with a 1:2 Fe:S stoichiometry it is important to identify which
phase or phases are present. To help clarify structure Raman spectroscopy was used and the
results are presented in Fig. 11. Both the wire and disc structures share a characteristic set of
Raman peaks at 291 and 358 cm™.2>#" These peaks commonly appear in other FeS, reactions in
the early stages but usually disappear as the reaction progresses.'® In this case the thinness of
these 1D and 2D 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;.xS phases. However, the
combination of the EDS stoichiometry data and the presence of highly ordered nanostructures
visible in the TEM images lead to the conclusion that these peaks correspond to an ordered FeS,

structure.
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Figure 11. Raman spectra of wires and discs

Further structural characterization of the materials by X-ray diffraction (XRD, Fig. 12)
was used to determine phase and follow structural evolution during the course of the reaction.
Samples tested after 1 minute confirmed the formation of crystalline Fe nanoparticles prior to
sulfur injection as well showed their persistence as the reactions progressed. The Fe peaks match
to Fe,O3 (Fig. 12a,b) as a result of exposure of these small particles to open air during the

measurement. The differences in the rates of Fe seed consumption rates are evident here as well

14



with prominent diffraction peaks seen for the wires (Fig. 12b) but subtle peaks seen in the discs
(Fig. 12a). As the reaction progressed, the iron oxide peaks disappeared and what is left is
mostly noise with small peaks observed that do not match with the typical 1:2 Fe:S structures of
iron pyrite or marcasite. Numerous other Fe,Sy XRD patterns were investigated but none
matched appropriately. This may be caused by the limitations of the XRD when scanning

particles with atomic layer dimensions leading to insufficient scattering volume and thus too low

of a signal.
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Figure 12. X-ray diffraction of discs (a,c,e) and wires (b,d,f) taken at reactions times of 1 min
(a,b), 30 min (c,d) and 240 min (e,f). The red peaks correspond to Maghemite, Fe203 (00-004-
0755) and the green peaks correspond to Pyrite, FeS2 (00-001-1295)
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Confirmation of the presence of ligand in the interstitial layers between wires and discs
was done by Fourier transform infrared spectroscopy (FTIR) and data taken of the different
samples suggests a large amount of residual ligand in both wire and disc samples. These FTIR
bands associated with ODA remain in these materials even after extensive washing. Since the
interlayer between the individual wires or discs is supposedly ODA, ODA peaks should appear

and are visible in the spectra (Fig. 13).
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Figure 13. Comparison of FTIR spectra showing the presence of residual ODA ligand in both
wire and disc samples.

2.3 Reuvisions to the FeS, growth model

Clearly this approach to making FeS; nanostructures does not follow the normal reaction
pathway as described by the combination of La Mer theory, Ostwald ripening (OR), and oriented
attachment (OA). In fact there appears to be to separate nucleation and growth events that occur
in the formation of the 1D and 2D structures with the first being the formation of Fe seed
particles and the second being the formation of the actual FeS; structures. Since the reaction is
operating at a low temperature it was thought that the transition to higher order structures was
limited by a kinetic barrier that prevents Ostwald ripening and OA growth from occurring. In
previous work that has shown the formation of FeS wire structures it was assumed that they were

some intermediate phase and subsequently annealed at high temperatures (~500°C) to form large
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crystals FeS;, crystals. If this were a true intermediate phase then increasing the reaction
temperature after forming these 1D and 2D structures should allow for the transition of these
materials from 1D—2D—3D materials. Understanding this fundamental reaction pathway
would be beneficial not only for the 1D and 2D structures but could allow for a better
understanding of defects in higher order structures that are targeting other applications such as
the solar or battery market. To test if this low temperature reaction allowed for an alternate
pathway or it was only an intermediate phase the wires and discs were grown and then heated to
normal FeS; reaction temperatures.
2.3.1 Temperature Dependent Structural Evolution

A standard wire reaction was run for 90 minutes to form stable FeS, wires then the
temperature was quickly increased and the reaction was allowed to continue for the rest of its
240 minute reaction time. The rationale behind choosing these timescales was based on the data
presented earlier showing that stoichiometry and structure essentially go unchanged after 90
minutes and prior work indicating that 3-D particle formation occurs within 90 minutes in the
high temperature reactions. The reactions were varied by ~30°C increments using 120°C as a
baseline and 220°C as the upper limited giving data points at 120°C, 160°C, 190°C, and 220°C.

TEM images taken at 160°C (Fig. 14a-d) show the initially formed wires gradually
change from visible strands to thinner shorter strands with less distinction between them. Also,
small spherical particles approximately 2-4 nm in diameter appear intermixed with the wire
structures. At 190°C (Fig 14e-h) a much more distinct change in the wire reaction is seen.
Visibly wires begin to smooth out by the 120 minute mark and by 180 minutes the wires have
become large thin sheets with small particles once again scattered around them. By the end of
the reaction there is visible evidence of Ostwald ripening and even oriented attachment growth

occurring to form larger particles. Once the reaction is increase to 220°C (Fig. 14i-l)seed
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particles are visible at the 120 minute mark and once again there is visible evidence of these
particles undergoing OR and OA growth. These 3D cubes that form appear to be encased in the
thin sheets that formed earlier in the reaction. The disc reaction run at 220°C (Fig. 14m-p)
shows once again a much faster transition showing large amounts of seed formation early in the
reaction and cube formation by 180 minutes. In contrast to the wires there are no residual thin

sheets present at the end of the disc reaction.
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Figure 14. TEM images of the wire reaction at 160°C (a-d), 190°C (e-h), 220°C (i-1) and Disc
reaction at 220°C (m-p). Images from left to right are taken at 90, 120, 180, 240 min,
respectively.

Examination of the bulk structures by SEM reinforces what was seen in the TEM images.
Discs (Fig. 15a) produce clean sets of cubes with a fairly narrow size distribution while the wire

reaction (Fig. 15b) produce a lesser amount of cubes embedded in what appear to be platelet-like

structures which seem to correspond to the thin sheets observed in TEM.
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Figure 15. SEM images of (a) disc and (b) wire reactions at 220°C after 240 minutes

The TEM and SEM data seem to contradict previous assumptions that these low-
dimensional structures are intermediates. If these structures were true intermediates they would
coalescence or self-assemble in some way into the larger higher dimensional nanostructures such
as plates, spheres, or cubes. Instead they appear to gradually disintegrate and undergo a second
nucleation and growth period followed by oriented attachment to form cube structures.

2.3.2 Stoichiometric Differences and Reaction Kinetics

Time and temperature dependent stoichiometric differences as well as reaction kinetics
were tracked by EDS to note any similarities between these higher temperature reactions and the
1D and 2D reactions. Fig 16a illustrates the changes in composition at increasingly higher
temperatures for the wire reaction. It appears as if instead of breaking apart into smaller FeS,
subunits to undergo OR and OA the iron goes through additional redox steps to then form what
would be a third nucleation and growth period as seen by the spike in relative Fe concentration.
Interestingly, reaction temperatures below 220°C appear to shift the third nucleation step to
longer reaction times. However in the case of the 160°C reaction it is unknown if it did not have

enough energy to overcome the kinetic barrier preventing this third nucleation step or the
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reaction time was not adequate enough to witness it. Comparison of the disc and wire reactions
at 220°C (Fig 16b) once again illustrates the much faster kinetics present in the disc reaction.
The lower Fe/S peak suggest that either the iron is being consumed more rapidly and therefore
high Fe concentrations can never be achieved or that the relative maximum lies between when
first 2 data points. The presence of large amounts of seed particles seen after 120 minutes seems

to indicate that the latter explanation is the realistic cause.
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Figure 16. Temperature dependent EDS measurements for the wires are shown in (a). EDS data
plotted in (b) shows the comparison of wires and discs at 220°C

Differences in observed reaction kinetics may also be caused by a combination of several
other factors. The wires as seen in both TEM and SEM images are resistant to this disintegration
and leave extremely thin platelet like structures interspersed with cubes. As seen in the low
temperature reaction the disc reaction proceeds quicker than the wires so it would make sense
that the discs would undergo the disintegration and reformation steps more quickly.
Additionally, the presence of the ligand as the interstitial layer in the wires may be acting as a
barrier layer preventing rapid dissolution as several layers sit between the wires and the surface
exposed to solution.

The effects on the optical characteristics are illustrated in Fig. 17 where both reactions

rapidly lose the characteristic set of 5 absorbance peaks. The wire reaction (Fig. 17a) maintains
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absorbance in the lower wavelengths but characteristic low dimensional absorbance peaks they
smooth out to form a broad absorbance peak that extends into the near-IR (NIR) region. Only at
the end of the reaction at 240 minutes is the NIR peak which is characteristic of cubes observed
(weakly). The wire reaction retains some small amount of the absorbance most likely caused by
the high abundance of thin wire-like material present. The disc reaction (Fig. 17b) never
develops the broad absorbance peak seen in the wire reaction and instead shows the formation of
IR peaks initially at 1000 nm which as the cubes grow red shift to 1200 nm which is consistent

with the formation of cubes.
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Figure 17. UV-Vis-IR spectra taken of (a) wire and (b) disc reactions starting at 90 minutes
2.4 Conclusions

Hyperthin low-dimensional FeS, nanostructures were prepared via a low-cost and
scalable solution processing method. Tuning of the dimensionality of the structures between 1D
and 2D was found to be dependent on the initial sulfur concentration and a 1:2 Fe:S
stoichiometry could be achieved by simply increasing reaction time. Investigation of the 1D and
2D reaction pathway has shown that these low dimensional nanostructures are not reaction
intermediates as previously thought but instead are the product of side reactions that occur in the
initial stages of the reaction. Furthermore these low dimensional materials do not undergo

Ostwald ripening or orientated attachment as a result of confinement by a high temperature
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kinetic barrier. Additionally how these side reactions sequester the Fe and S have a significant
impact on the final product which is crucial to understanding the formation of subsequent
structures. Finally, design of these high surface area materials in stable phases is essential for
development of these materials as electrocatalysts.
2.5 Materials and Methods
2.5.1 Materials

Fel, (Sigma-Aldrich, anhydrous, >99.99%), sulfur powder (Sigma-Aldrich, Colloidal),
octadecylamine (Acros Organics, technical grade, 90%), diphenyl ether (Acros Organics, 99%),
chloroform (BDH, Anhydrous), methanol (Fischer Chemical, ACS), tetrachloroethylene (Sigma-
Aldrich, ACS) were all used as received.
2.5.2  Wires and Discs Synthetic Procedure

To make the FeS; wires, 0.5 mmol of Fel, and 1 mL of phenyl ether was added to a septa
sealed vial in a N flushed glovebox. This mixture was sonicated to form a uniform slurry,
approximately 1 hour. In a round bottom flask 12 g of ODA was added and degassed and
backfilled with argon. The flask was then heated to 120°C, degassed and backfilled with argon
again, and allowed to cool to ~80°C. The Fel, precursor solution was injected into the flask
containing ODA and heated back to 120°C and then left to stir for 1 hour to allow the precursor
to decompose. In a separate flask, 128 mg of sulfur and 5 mL of phenyl ether was added and then
degassed and backfilled with argon. This flask was heated to 70°C and left to stir for 1 hour.
After 1 hour, the sulfur solution was rapidly injected into the Fe-ODA solution and left to react at
120°C for 4 hours. The solution was allowed to cool to ~100°C before injection of 10 mL of
chloroform to prevent the solution from congealing and then was transferred to centrifuge tubes,
topped off with methanol, and centrifuged at 4000 rpm for 7 minutes. The supernatant was

poured off and an additional 5 mL of chloroform and 40 mL of methanol was added the solution
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mixed and was centrifuged again. This step was repeated two more times resulting in a fluffy
black solid that was suspended in chloroform and stored under nitrogen. The same procedure is
used to make discs except only 0.125 mmol of Fel, was used.
2.5.3 Characterization Methods

UV-Vis absorbance spectra were taken on a UV-3600 Shimadzu UV-Vis—NIR
spectrophotometer with all samples being dispersed in tetrachloroethylene. X-ray powder
diffraction was done at room temperature using monochromatic Cu-Ka radiation on a
Brukerproteum diffraction system equipped with Helios multilayer optics, and APEX Il CCD
detector and a Bruker MicroStar microfocus rotation anode X-ray source operating at 45 kV and
60 mA. Powders were suspended in Paratone N oil and placed into a nylon loop and mounted on
a goniometer head. TEM images were obtained using a field emission FEI Tecnai F20 XT
200kV Field Emission Transmission Electron Microscope. EDS spectra were acquired using an
EDAX SiLi detector. SEM images were obtained using a Zeiss LEO 1550 Field Emission
Scanning Electron Microscope. Fourier transform infrared spectroscopy (FTIR) was performed
using a Nicolet 6700. Raman spectroscopy was performed using a Witec alpha 300 with a 633
nm wavelength laser.

3 FeS; Electrocatalysts

3.1 Motivation

Many different materials have been investigated attempting to identify effective
replacements for precious metal electrocatalysts.?** One class of materials that has received a
large amount of attention for this purpose is that of nanostructured transition metal
dichalcogenides such as WS,, NiS,, CoS,, NiSe,, M0S,, and CoSe,.”>?® Several of these have
shown promising results as HER electrocatalysts however they still suffer from problems with

not only efficiency and stability but a lack of available synthetic routes leading to an overall
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reduced cost effectiveness. As an example, 2D MoS; which is one the most studied metal
dichalcogenide catalysts has limited efficiency because only the edge sites have appreciable
activity.2”*® However, the metal dichalcogenide FeS, nanostructures are orders of magnitude
less expensive and have a variety of facile synthetic routes. Nevertheless, there have been
limited reports on the catalytic activity of FeS, for the HER, and none have shown high
electrocatalytic activity for FeS, structures.?*?® The objective was to develop the high surface
area, stable-phase, and low-dimensional FeS, materials into effective HER catalysts and identify
which structure offers the best performance.
3.2 Catalytic Performance of 1D and 2D materials

Measurements involving electrocatalytic performance, stability, and the confirmation of
hydrogen evolution were conducted in collaboration with Dr. Kevin Leonard and Joe
Barforoush. Electrocatalytic activity for 1D wire, 2D disc, and 3D cube FeS; nanostructures
was tested using linear sweep voltammetry in a neutral pH buffered solution. Multiple runs with
each type of nanostructure show little variability within each type but do not show overlap
between runs of different structures as seen in Fig. 18a. Calculating theoretical active area of
each structure the 1D wires should have performed the best followed closely by the 2D discs but
surprisingly from these experiments the 2D structure had the highest electrocatalytic
performance. The low performance of the wires may be caused by the presence ligand-ligand
interlayer and formation of bundled strands are most likely limiting access to the wires active
sites. Additionally a platinum electrode was run using the same conditions as the FeS,
nanostructures to compare performance and a bare glassy carbon electrode was run as a control.
Data from the highest performing wire, disc, and cube runs were plotted alongside the platinum
and carbon electrode data and can be seen in Fig. 18b. The increase in current as the voltage is

swept from positive to negative potentials is known as the hydrogen evolution onset potential
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and indicates the potential at which hydrogen formation occurs. The onset potential for both
platinum and the FeS; discs are similarly low indicating higher efficiency while the other
structures show higher and higher potentials signifying lower and lower efficiency with the bare
carbon electrode lacking an onset potential completely. This experimental onset potential for
both platinum and the FeS, discs is near the theoretical onset potential signifying a low

overpotential and further confirming the high efficiency of the materials.
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Figure 18. Linear sweep voltammetry measurements of wires and disc structures as well as
reference materials. (a) contains the results of triplicate runs denoting highest performance and
“2"% and “3™ best runs (b) contains highest performance experimental data (solid line) and
Butler-Volmer fit data (dashed line) (data generated by collaborator J. Barforoush).

To quantify the electrocatalytic activity, the experimental data was fit (dashed lines, Fig.
18b) to the single-electron transfer Butler-Volmer equation®® (Equation 5) assuming no mass
transfer effects.

Jj = joe™ "
Equation 5. Butler-Volmer equation

Here j is the current density, jo is the exchange current density, a is the transfer
coefficient, f is the faraday constant and, n is the overpotential. The exchange current densities,

jo, for the FeS, discs, wires, and cubes were determined to be 2.2, 0.32, and 0.41 pA cm,

respectively. Higher exchange current density for the discs corresponds to higher catalytic
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activity.30 The transfer coefficients, a, were determined to be 0.71, 0.65, and 0.31 for the FeS,
discs, wires, and cubes, respectively. For comparison, the exchange current density and transfer
coefficient were also determined for platinum equation and came out to be 8.0 uA cm™ and 0.71,
respectively. Similar values obtained for the discs and platinum once again indicate that FeS,
discs have an overall efficiency comparable to platinum.

In addition to high performance these discs must also be stable if they are to be used as
electrocatalysts. To determine the stability of the FeS; discs, a sample was prepared on an
electrode and a constant potential of -0.14 V vs RHE was applied for over 125 hours in a
buffered neutral pH solution while stirring. The reduction current was measured as a function of
time and Fig. 19 shows that the reduction current did not change significantly over the 125-hour
experiment. Degradation of the electrocatalytic performance would be observed as a negative
trending slope which is not observed. Oscillations in the current are caused by outside vibrations
while some of the larger dips are caused by the nucleation of bubbles in solution causing
temporary drop in current until the bubble is eliminated. This suggests that the FeS, discs can

stably generate hydrogen for long periods of time if when held at negative potentials.
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Figure 19. Stability measurement for 125 hour period under constant negative potential (data
generated by collaborator J. Barforoush)
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3.3 Verifying hydrogen evolution

There is a possibility for chemical reactions to occur and skew results by generating false

positives therefore to ensure that the material itself was responsible for generating hydrogen a
technique known as scanning electrochemical microscopy (SECM) was employed..*
3.3.1 Scanning Electrochemical Microscopy (SECM)

Electrochemical reactivity maps were obtained via SECM (Fig. 20) to verify that

hydrogen was evolving from the FeS; surface. Fig. 20a shows the SECM schematic for obtaining

a hydrogen evolution electrochemical reactivity map. The catalytic electrode was held at a
reductive potential to generate hydrogen, and a SECM tip electrode (platinum) was held at an
oxidative potential to oxidize the hydrogen back to protons. The SECM tip was rastered above
the catalyst electrode and the tip current was recorded as a function of position. Hydrogen
generation by the catalyst electrode produces current and areas of high current appear as red on

the color scale while areas with little or no current appear as blue.
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Figure 20. SECM setup (a) illustrating hydrogen generation and collection. (b) is the control
run with bare glassy carbon electrode. (c) and (d) are the HER reactivity maps for Pt and FeS;
discs, respectively (data generated by collaborator J. Barforoush).

As a control to ensure negligible contributions of hydrogen generation by the substrate
electrode and electrochemical reactivity map was generated with a bare glassy carbon electrode
as seen in Fig. 20b. In this case, without the FeS; discs, no oxidation current was recorded on
the tip electrode under an applied potential, which demonstrated that no hydrogen was present in
solution when only the bare glassy carbon electrode was used. As a reference, an
electrochemical reactivity map for the HER on a platinum electrode was obtained (Fig. 20c) and
shows significant current which indicates the presence of hydrogen. The HER electrochemical
reactivity map for the FeS, discs electrode (Fig. 20d) also shows a significant current, thus, via
these SECM electrochemical reactivity maps, we can conclude that the FeS, discs catalyst is
indeed generating hydrogen gas.

3.4 Conclusions

Electrocatalytic measurement results show that the 2D disc structure had the best
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efficiency compared to 1D and 3D FeS; structures with an onset potential near 0 vs RHE and
overpotential close to that of Pt. The exchange current density for the 2D disc structures was
calculated to be 2.2 pA cm™ with a transfer coefficient of 0.71 which indicate high catalytic
activity. Hydrogen generation was confirmed using an SECM technique and the discs were
shown to be stable under reactive conditions for over 125 hours without severe degradation.
Accounting for the extremely low-cost of the FeS, disc nanostructure with its excellent catalytic
performance the 2D FeS, discs are a promising HER electrocatalyst.
3.5 Materials and Methods

All materials and methods in this section respectively were procured and generated by
our collaborators K.C. Leonard and J. Barforoush.
3.5.1 Materials

Carbon black (Alfa-Aesar, acetylene, 100% compressed, >99.9%), monobasic dihydrate
sodium phosphate (Acros Organics, >99%), and dibasic sodium phosphate (Acros Organics,
anhydrous, ACS Reagent) were used as received.
3.5.2 Electrode Fabrication

A suspension was made by combining 5 mg carbon black, 200 uL of 5 wt% Nafion
solution (Fuel Cell Earth), and 1 mL of ~50 mg/mL of either the FeS, wires or discs suspended
in chloroform. Because of the difference in concentration between the wires/discs and the cubes,
the FeS, cubes suspension was fabricated by combining 5 mg carbon black, 100 uL of 5 wt%
Nafion solution, and 500 puL of ~12.5 mg/mL FeS; cubes suspended in chloroform. Each
nanostructure suspension was sonicated for ~15 min then <10 pL was dropcasted on a 3 mm
diameter glassy carbon electrode (CH Instruments) and allowed to dry for ~15 min before
testing.

A laser capillary pipet puller (Model P-2000, Sutter Instruments, USA), quartz capillaries
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(2 mm O.D., 0.3 mm I.D., 7.5 cm in length, Sutter Instruments, USA), 200 um diameter Pt wire
(Electron Microscopy Sciences 99.95% Pt wire), conductive silver epoxy (Circuit Works, USA),
and silver connection wire (30 AWG, Belden, USA) were utilized in the fabrication of 200 um
SECM tip electrodes. MicroCloth polishing disks (Buehler, Canada), alumina micropolish (1
pm, 0.3 um, Buehler, Canada), and MicroCut 1200 grit silicon carbide grinding paper (P2500,
Buehler, Canada) were utilized to polish SECM tips before experiments.

Microdisk Pt electrodes 200 um in diameter were fabricated for the SECM tip. The 200
um Pt wire was centered in the quartz capillary before sealing the capillary to the wire and
pulling to a tip with a laser capillary pipet puller (Sutter P-2000). Course polishing of the
electrode tip with 1200 grit silicon carbide grinding paper was performed before fine polishing
with 1 pm and 0.3 pm alumina micropolish, consecutively. Silver connection wire lightly coated
with silver epoxy was inserted into the open end of the capillary tip electrode such that the silver
epoxy was connecting the silver connection wire and the Pt wire. The SECM tip electrode was
allowed to dry in a Model 30GC Lab Oven (Quincy Lab Inc.) at ~100 °C for ~20 min before
using.

3.5.3 Electrochemical Characterization

Electrochemical measurements were performed in a glass cell with a simple 3-electrode
configuration and carried out in a 0.1 M pH 7 phosphate buffer solution (PBS) bubbled with
argon for ~5 min before use. The 0.1 M PBS was made by combining 4 mL of 1 M NaH,PO, and
6 mL of 1 M Na,HPO, and diluting with 90 mL of deionized Milli-Q water. The electrochemical
measurements used either the FeS, coated 3 mm glassy carbon electrode, or a bare 3 mm glassy
carbon electrode, or a bare 2 mm Pt electrode (CH Instruments) as the working electrode, a Pt
wire (CH Instruments) as the counter electrode, and an Ag/AgCl electrode with porous Teflon tip

(CH Instruments) as the reference electrode; however, the experiments were reported using the
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reversible hydrogen electrode as the reference potential. Linear sweep voltammetry (LSV)
experiments were performed at 1 mV s™* with a CHI660E potentiostat (CH Instruments). All
reported LSVs were corrected for double-layer capacitance and uncompensated resistance. The
FeS; discs stability test was performed by utilizing chronoamperometry at an applied potential of
-0.14 V vs RHE, with stirring provided by a magnetic stir bar to overcome mass transfer
limitations. Time average data was recorded with each data point corresponding to an average
current over 5 minutes.
3.5.4 SECM Characterization

The scanning electrochemical microscopy (SECM) experiments were performed in a
Teflon cell using either the FeS; discs coated 3 mm glassy carbon electrode, or a bare 3 mm
glassy carbon electrode, or a bare 2 mm Pt electrode as the substrate, a 200 pm Pt
ultramicroelectrode (UME) as the SECM tip, a 200 um Pt wire (Electron Microscopy
Instruments) as the counter electrode, and an Ag/AgCl electrode with porous Teflon tip as the
reference electrode with 0.1 M PBS, bubbled with argon for ~10 min, as the electrolyte. The
SECM tip electrode was positioned approximately 100 um away from the substrate electrode
before scanning. Scanning was performed with the substrate electrode at a negative potential
sufficient to produce hydrogen while the SECM tip electrode was held at a positive potential
sufficient to collect hydrogen. A 666.67 um/s scanning speed was utilized with 100 pm steps
over a 3500 um x 3500 um area for the Pt substrate electrode, or a 4000 pum x 4000 um area for
the FeS; discs coated glassy carbon and bare glassy carbon substrate electrodes.

4 Conclusions and Future Work

Novel low-dimensional hyperthin FeS, nanostructures were generated by a scalable

modified hot-injection technique. Low reaction temperatures kinetically confined the reaction to

its early stages and prevented Ostwald ripening and oriented attachment from occurring to form
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larger 3D structures. Also with these slower kinetics two separate nucleation and growth events
were observed and increasing temperature caused a third to occur. Subsequent manipulation of
the sulfur concentration in the initial reaction promoted one-dimensional or two-dimensional
growth. To expand on this relationship of increasing sulfur concentration yielding increased
dimensional growth more testing would need to be done to see if 3D structures could be achieved
by using extreme sulfur concentrations. Furthermore, increased dwell times allowed for
stoichiometric control of products to produce a 1:2 Fe:S structure but size limitations did not
allow for definitive characterization. Additional structural characterization using X-ray
photoelectron spectroscopy (XPS) may be necessary to confirm true elemental composition as
well as composition of the different layers in the materials.

The electrocatalytic performance of these 1D and 2D FeS;, materials as tested against
platinum as well as a common 3D FeS; structure revealed the 2D structure’s high relative
efficiency. The near zero onset potential of the 2D structure was similar to platinum and
possessed a low overpotential near 0 vs RHE. Both had calculated charge transfer coefficients
of 0.71 and the exchange current densities calculated using Butler-VVolmer equations from best-
fit lines yielded values of 2.2 and 8.0 pA cm™ for the 2D structures and platinum, respectively.
Scanning electrochemical microscopy (SECM) confirmed the formation of hydrogen and
subsequent stability test showed stable performance for over 125 hours at constant potential. To
fully demonstrate the stability of these materials a long term cycling tests need to be performed
as this would better mimic real-world conditions. Future work would also include SEM
characterization of the electrodes before and after catalytic testing to ensure that the applied bias
is not causing structural or morphological changes through repeated use or as a function of time.

Overall the fundamental reaction mechanism for producing 1D and 2D materials is now

better understood and it has been demonstrated that these functional low-dimensional FeS,
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nanomaterials are promising precious metal electrocatalyst replacements.
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